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   A quarter of a century ago, I dedicated a signifi cant amount of my professional career to 
the study of pathologic myopia. At that time, I realized the importance of this ocular dis-
ease worldwide, specifi cally, in terms of its prevalence and severe impact on visual dis-
abilities. In an attempt to meet the need of the eye care community with a comprehensive 
clinical and scientifi c study of the disorder, I wrote a comprehensive text in 1985. This 
was based on the accumulated knowledge of the subject at the time. It included the history 
and signifi cance of myopia on the refractive state of the eye, the prevalence of the disor-
der, the related pathophysical and clinical factors that affected the visual prognosis, the 
hereditary and environmental causes, and the optical considerations. Back then, there was 
very little available to clinicians to help them provide meaningful management and visual 
rehabilitation. The same was true for the evaluation of these eyes. All that existed was 
ophthalmoscopy and limited imaging with fundus photography, ultrasonography, and fl uo-
rescein angiography. 

 Today multimodal imaging, including high-speed fundus autofl uorescence, angiographic 
studies of the two ocular circulations, optical coherence tomography, and 3-dimensional 
MRI imaging, has assisted in incorporating basic science knowledge of the disease in the 
clinical setting. At this time of my life, it is such a great pleasure to witness these develop-
ments, which now provide great promise towards unraveling many of the diagnostic and 
therapeutic mysteries of the disease. Yet today, pathologic myopia is still clearly the critical 
aspect of the nearsighted eye. It has intensifi ed in its clinical importance and impact in the 
eye care community, especially with an increase in its prevalence and the expected longevity 
of the population. 

 It should be mentioned that pathologic myopia can occur in all stages of life, from the new-
born to the elderly. Congenital developmental abnormalities such as coloboma, retinopathy of 
prematurity, anisometropia, and amblyopia rival the adult nemesis, the posterior staphyloma 
and its clinical implications and consequences. It is my hope that this new text will lead to a 
better appreciation of the great importance of the posterior staphyloma in pathologic myopia 
and the need for physicians to monitor closely all of the clinical features of the disease that are 
major factors in its visual prognosis. 

 Several years ago, I invited one of my inquisitive, industrious, and, I might add, intellectu-
ally gifted students to revise my text. He promised to do so, since he was also a dear friend and 
I was, as he put it, one of his principal mentors. I am pleased that he (LAY) keeps his promises 
and, in this case, collaborated with two additional editors (distinguished colleagues and 
friends) whom he has stated, “know more about pathologic myopia than I.” These three edi-
tors have managed to recruit contributing authors and to assimilate their combined knowledge 
and experience in pathologic myopia into a comprehensive and current text and atlas. The 
contributing authors represent an elite corps of clinical scientists who are leaders in the fi eld. 
Each has devoted a large part of his or her career to the study of certain aspects of this disease. 
Their combined effort represents a labor of love by the editors and the authors, all of whom are 
true experts with encyclopedic knowledge of the disease and an accurate vision of the future 
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research needed to provide the necessary advances in its management. I am sure that their 
combined efforts will be rewarded by the gratitude of clinicians, scientists, ophthalmologists, 
retinal specialists, ophthalmologists, students, and patients by the incalculable pleasure that 
will result on the part of the casual, as well as the discerning reader of this, in my opinion, 
masterpiece in pathologic myopia. 

 New York, NY Brian J. Curtin  

Foreword I
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 A book specialized to myopia has long been expected. In 1985, Dr. Curtin published his book 
 The Myopias  in response to such expectations. In the original version of  The Myopias , Dr. 
Curtin described the details about myopia from basic knowledge to clinical management with 
a huge number of cited literatures on myopia. For a long period of time,  The Myopias  has been 
the only book specialized to myopia and has been a kind of bible for many researchers on 
myopia. However, recent advances in myopic research have been outstanding and making this 
great book now in need of a revision, 30 years after its original publication. 

 Myopia is generally divided into simple myopia and pathologic myopia. Simple myopia is 
within a normal variation of refractive error and the patients obtain a good vision by appropri-
ate optical correction. In contrast, the patients with pathologic myopia could show a decrease 
of corrected visual acuity. Recently, the rate of myopia has been increasing worldwide, and 
pathologic myopia is currently a major cause of blindness in various countries. In general, 
progression of pathologic myopia is slow; however, the patients sometimes develop acute 
visual loss. Treating complications due to pathologic myopia is in need; however, prediction 
of the natural course and preventive management are also necessary. Thanks to the recent 
advances in clinical examinations as well as in experimental procedures, some of the underly-
ing features of pathologic myopia have been clarifi ed and new insights have been obtained for 
prevention and treatment against pathologic myopia. 

 The recent examinations include optical measurements of axial length, indocyanine green 
angiography, optical coherence tomography (OCT) of the anterior and posterior segment of the 
eye, fundus imaging using adaptive optics, and the analysis of eye shape using three dimen-
sional magnetic resonance imaging (3D MRI). Using these new modalities, novel insights on 
the eye shape characteristic to pathologic myopia and new fi ndings of the myopic fundus 
lesions have been clarifi ed. 

 Both genetic and environmental factors are causes of developing myopia; however, the 
genetic infl uence is considered more important for pathologic myopia. Thus, gene analysis for 
pathologic myopia has been actively performed. Also, animal models of experimental myopia 
induced by form deprivation or induced by optical lens have contributed to the research inves-
tigating the pathogenesis of myopia development. 

 The interventions to prevent myopia progression include progressive multifocal glasses, the 
glass lens or contact lens which is designed specifi cally to decrease peripheral defocus, and 
orthokeratology. Long-term data are necessary to confi rm whether these treatments are effec-
tive in preventing the progression to pathologic myopia. 

 Myopic choroidal neovascularization, which is a major cause of visual decrease in the 
patients with pathologic myopia, can now be treated by anti-VEGF agents to at least some 
extent. Glaucoma or myopic optic neuropathy, both of which are common problems in eyes 
with pathologic myopia, are still being treated by decreasing the intraocular pressure by eye 
drops, which are not fundamental treatments. Thus, the modalities to treat the features of 
pathologic myopia, an increase of axial length and staphyloma formation, have been expected. 

 Due to many new fi ndings in myopia research, prevention and treatments for myopia have 
been obtaining a lot more attention in the world. 
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 In such circumstances, the publishing of the revised version of  The Myopias  edited by 
Dr. Spaide, Dr. Ohno-Matsui, and Dr. Yannuzzi is very timely. In this book, the fi rst set of 
chapters are assigned for the basic aspects of myopia including the defi nition, epidemiology, 
genetics, and animal models. The second set of chapters are for the analysis of human eye 
shape, and the third set of chapters cover the pathologies and possible therapies for pathologic 
myopia. The last chapters mention the treatment strategies to prevent myopia progression. 
Along with the three editors, the world leaders in each fi eld have contributed to the chapters as 
well. I believe that this book will be an essential book for many researchers and clinicians who 
would like to study myopia. 

 Finally, I would like to greatly expect that this book will be the fundamental step for future 
research of pathologic myopia. 

 Tokyo, Japan   Takashi Tokoro, MD        

Foreword II
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 Poorly understood, highly prevalent, and vastly under researched, myopia is a leading  worldwide 
cause of severe vision loss, transcending gender, age, and racial boundaries. Furthermore, the 
incidence of myopia is increasing worldwide, especially in East Asian countries. There is esti-
mated to be 400,000,000 myopes in China alone. The portion of the population that is highly 
myopic is also increasing in these same countries. The prevalence of high myopia in the United 
States is said to be approximately 1–2 %, lower in that range for African-Americans and higher 
for Caucasians. High myopia in Japan affects 5–6 % of the population; in Singapore 15 % 
of military recruits are highly myopic. An astounding 38 % of university students in Taiwan 
have high myopia. The magnitude of change in myopia in East Asian countries followed their 
transitions from agrarian to modern highly technical societies and suggests that, in addition to 
environmental factors, genetic and epigenetic factors may play a role in susceptibility. There 
does not seem to be anywhere in the world where the desire for socioeconomic progress will 
abate, so the environmental factors contributing to the development of myopia are not likely to 
change. That is, unless we come to understand, and control, the precise mechanisms by which 
myopia develops. 

 Myopia is the second largest cause of blindness in the world, following cataracts. With 
increasing progress and delivery of modern medical care around the world, cataracts seem to 
be a surmountable problem. Myopia presents numerous challenges because it affects every 
important structure related to eye function. We have little information about the frequency or 
severity of any of these component changes and even less about their pathophysiology. The 
interconnectedness of all of constituent transformations occurring in the development of myo-
pia makes these same changes diffi cult to research. The goal in science is often reductionist; 
we try to isolate clean-cut questions and hypotheses to evaluate through experiment. In myo-
pia, any one change is associated with numerous confounding alterations. As one example, the 
expansion of the eye wall in myopia is associated with choroidal thinning and eventual atro-
phy, stretching of the retina, distortion of normal vitreoretinal interface interactions, alteration 
in the regional shape of the eye, and induction of various potential stresses on the optic nerve, 
so determining why visual function in any one given patient is affected can be challenging. 
Determining these factors and their interactions in populations of patients with high myopia is 
multiplicatively harder. There isn’t a simple way to isolate any one problem to study it, and 
there is a lack of suitable animal models for many of the problems seen in human myopia. 

 Progress in the understanding of myopia, its pathologic consequences, and the development 
of effective treatment has been the result of hard work by ophthalmologists and scientists 
around the world. The number of publications related in some way to high myopia, ranging 
from basic science investigations such as scleral morphogenesis or the biomechanics of the 
optic nerve to clinical application of new imaging modalities or the development of biologic 
agents directed against growth factors promoting new vessel growth, has grown exponentially. 
The range, sophistication, and expertise evident in these publications are amazing, but with 
each passing year, the scope and complexity of the information becomes increasingly diffi cult 
to take in. Because of the complexity and interconnectedness of the problems induced by myo-
pia, the solutions are likely to require interconnected networks of knowledgeable researchers. 
It is a purpose of this text on pathologic myopia to report on the current status of our 
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 understanding of these eyes with regard to converging lines of experimental and clinical 
advances in virtually every aspect of the disease: its epidemiology, genetics, molecular bio-
logical basis, clinical manifestations, and potential therapeutic approaches to management. 
Obviously no single investigator has the ability to excel in all of these clinical scientifi c areas. 
Accordingly, we have assembled an elite corps of contributors, indisputable experts in their 
specialized study of pathologic myopia. Each has also surveyed the ophthalmic literature to 
assimilate the contributions of others in conjunction with his or her investigations, knowledge, 
experience, and perspectives. 

 Myopia is rapidly increasing worldwide, establishing it as one of the most prevalent abnor-
malities found in humans and a major cause of severe vision loss worldwide. Converging lines 
of clinical and scientifi c research are currently under investigation by clinicians and research-
ers alike, across a broad spectrum of disciplines. Meaningful therapeutic concepts are now 
being tested in a broad range of areas to advance our management of the disease. Hopefully 
our text and illustrations will serve in the delineation of the natural course of the disease, iden-
tifi cation of potential risk factors, codify our understanding of the pathophysiology of disease, 
and highlight the management of currently treatable manifestations. We realize that most of the 
road lies ahead of us and that we have made insuffi cient progress so far. In that, we hope that 
the text will also inspire the eye care fi eld, from the casual observer to the discerning investiga-
tor, to devote time and talent to the understanding of its pathogenesis and to the development 
of new methods of prevention and treatment in the future. 

 New York, NY, USA   Richard F. Spaide, MD 
 Tokyo, Japan   Kyoko Ohno-Matsui, MD, PhD 
 New York, NY, USA   Lawrence A. Yannuzzi, MD  
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1R.F. Spaide et al. (eds.), Pathologic Myopia, 
DOI 10.1007/978-1-4614-8338-0_1, © Springer Science+Business Media New York 2014

        The word “myopia” is thought to be derived    from New Latin, 
which in turn was derived from the original Greek word 
“mŭopia” (μυωπία, from myein “to shut” + ops [gen. opos] 
“eye”), which means contracting or closing the eye. This is 
an accurate description of the typical facial expression of the 
uncorrected myope as he or she attempts to obtain clear dis-
tance vision. Until the introduction of spectacles, squinting 
the eyelids, resulting in a horizontal stenopeic slit, was the 
only practical means by which clearer distance vision could 
be achieved. In ancient times, the myope was reliant upon 
others with normal vision for the spoils of the hunt and pro-
tection in war. In prehistoric times, this dependency must 
have been even greater. With the advent of civilization, the 
emergence of agricultural handicrafts, and the written word, 
the nearsighted at least found a place of more worth in soci-
ety. As knowledge and fi ne skills have become increasingly 
important in our advancing culture, this place of the myope 
has been continually expanded. 

 It is interesting to trace the historical perspectives of patho-
logic myopia in the ophthalmic literature. First to consider is 
the evolution of our knowledge of myopia, which has been 
marked by occasional giant strides based on numerous careful 
investigations and their impartial analysis. However too often, 
confl icting observations on this subject have been bewilder-
ing by their varied and complex protocols, their results, and 
their conclusions. A tendency toward advocacy rather than 

investigatory curiosity can be seen to infl uence the early lit-
erature. Yet, myopia remains incredibly to this day one of the 
major causes of visual disability and blindness about which 
little is known. As a result, myopia continues to be a perplex-
ing problem of major proportions worldwide. Table  1.1  lists 
some historical landmarks in myopia.

1.1       Pre-ophthalmoscopic Historical 
Landmarks in Myopia 

 Pre-ophthalmoscopic development in myopia started from 
light, optics, and anatomical studies. There are many reviews 
of the history of myopia that chronicalize the history of the 
disease [ 1 – 6 ]. Aristotle (384–321 BC) was generally thought 
to be one of the fi rst to consider the problem seriously 
(Fig.  1.1 ). He described the difference between “long sight” 
and “short sight” and noted the tendency of the myope to 
blink the lids and write in small script [ 7 ]. Galen’s (13–
201 AD, Fig.  1.2 ) concepts very much dominated the early 
years of medicine. Galen thought that ocular refraction was 
dependent upon both the composition and quantity of the eye 
fl uids (animal spirit), and he was the fi rst to use the term 
myopia [ 7 ]. From Aristotle’s time, it was believed that the 
eye itself was a source of vision rays, an idea fi nally dis-
missed by Alhazin (AD 1100) [ 8 ]. Optical correction and 
myopia evolved very slowly. Although Nero is believed to 
have watched gladiator battles through a concave ruby, cor-
recting spectacles did not make their appearance until near 
the end of the thirteenth century. These lenses were convex, 
and the myope had to wait a few more centuries before the 
general introduction of minus lenses. Even then, there were 
few people who wore these minus lenses or advised wearing 
them [ 8 ].

    The optics and image formation of refraction were poorly 
understood in those times. Porta (1558–1593) believed that 
the image fell on the anterior surface of the lens, whereas his 
contemporary, Maurolycus (1575), thought that the lens was 
involved in focusing the image, and that it was more convex 
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   Table 1.1    Historical 
landmarks in myopia   

 Year  Author  Description 

 384–321 BC  Aristotle  Difference between near sighted and far sighted 
 138–201  Galen  First used the term “myopia” from original Greek word: myein 

“to shut” + ops (gen. opos) “eye” 
 Ocular refraction was dependent upon the composition and 
quantity of the eye fl uids 

 1604  Johannes Kepler  Described retina as the site of vision, not the lens. 
 Demonstrated concave lenses correct myopia and convex 
lenses correct hyperopia 

 1801  Antonio Scarpa  First anatomical description of posterior staphyloma, but did 
not make the link to myopia 

 1813  James Ware  Noted that people who were educated were often myopic 
 1854  Von Graefe  First postulated the association between myopia and axial 

length 
 1856  Carl Ferdinand von Arlt  First connected staphyloma and myopic refraction 
 1861  Eduard Jäger von Jaxtthal  First described and illustrated myopia “conus” and enlarged 

subarachnoid space around the nerve 
 1862  Carl Friedrich Richard Förster  First observed sub-RPE choroidal neovascularization; “Forster 

spot” 
 1887  Adolf Eugen Fick  First used the term “contact lens” and designed glass contact 

lenses 
 1901  Ernst Fuchs  “Central black spot in myopia;” “Fuchs’ spot” 
 1902  Maximilian Salzmann  First described defect in lamina vitrea (Bruch’s membrane); 

was later coined as “lacquer crack” 
 1913  Adolf Steiger  Myopic refraction depends on corneal refraction and axial 

length 
 1938  Rushton, R.H.  Measured axial length by x-rays 
 1965  Gernet, H,  Measured axial length by ultrasonography 
 1970  Brian J. Curtin and David B. 

Karlin 
 Discovered relationship between axial length and chorioretinal 
atrophy 
 First used “lacquer crack” in this article 

 1977  Brian J. Curtin  Classifi cation scheme for staphyloma 
 1988  Takashi Tokoro  Classifi cation of chorioretinal atrophy in the posterior pole in 

pathologic myopia 
 Defi nition of pathologic myopia 

 1996  Brancato R, et al.  Indocyanine green angiography (ICGA) in pathological 
myopia 

 1999  Morito Takano and Shoji Kishi  First illustrated foveal retinoschisis using optical coherence 
tomography (OCT) 

 2001  Verteporfi n in Photodynamic 
Therapy Study Group 

 Treated myopic choroidal neovascularization with 
photodynamic therapy 

 2002  Baba T, et al.  First described different stages of myopic CNV using optical 
coherence tomography (OCT) 

 2005  Nguyen QD, et al.  Treated myopic choroidal neovascularization with 
bevacizumab 

 2008  Spaide RF, et al.  Enhanced depth imaging spectral domain OCT for choroidal 
imaging 

 2012  Ohno-Matsui K, et al.  Relationship between myopic retinochoroidal lesions with 
shape of sclera using 3D-MRI 
  Intrachoroidal cavitation in pathologically myopic eyes  

in myopia and fl atter in hyperopia [ 9 ]. He did not mention 
the retina, however, and believed the focal plane was on the 
optic nerve. Adding to the confusion was the problem of 
obtaining an upright image in the eye, an accomplishment 
that early workers considered indispensable for normal 
vision. A dramatic step forward was made by Kepler 

(Fig.  1.3 ), who because of his background in both mathemat-
ics and myopia seemed appropriate to address the subject. In 
1604, Kepler was able to demonstrate the image formation 
of the eye and the role played by the cornea and lens. He 
placed the inverted image at the retina and defi ned the action 
of convex and concave lenses upon this system [ 10 ]. Later, in 
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1611, Kepler noted that in myopic eyes, parallel rays of light 
fell in front of the retina [ 11 ]. He also wrote about accom-
modation, but in this era, there was much confusion as a 
result of an inability to appreciate the fact that presbyopia 
occurred in both myopia and hyperopia. Kepler further 
attributed the ability to see clearly at both distance and near 
to alterations in the shape of the eye. He went on to propose 
the “near-work” hypothesis for myopia by stating that study 
and fi ne work in childhood rapidly accustoms the eye to near 
objects [ 11 ]. With age and advancing years, this adaptive 
mechanism produces a permanent, fi nite far point such that 
distant objects were seen poorly, a theory that is still accepted 
today [ 9 ].

   Newton (1704) wrote about the concept of hyperopia as a 
condition due to parallel rays of light converging behind the 
retina and set the stage for the acceptance of axial length of 
the eye as the sole determinant of refraction. Plempius (1632) 
[ 9 ] provided anatomical proof of increased axial lengthening 
of the eye was provided by. Boerhaave (1708) confi rmed this 
lengthening while also fi nding another cause of myopia: 
increased convexity of the refractive surfaces [ 8 ]. Other 
causes that had been hypothesized were an increase in the 

  Fig. 1.1    Painting of Aristotle by Francesco Hayez (1791–1882)       

  Fig. 1.2    A portrait of Galen by Pierre Roche Vigneron (Paris: Lith de 
Gregoire et Deneux, ca. 1865) (Courtesy of the National Library of 
Medicine)       

  Fig. 1.3    A 1610 portrait of Johannes Kepler by an unknown artist       
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thickness of the lens, an increase in the refractive index, and 
a change in its position. 

 In the absence of the instruments necessary to measure 
corneal and lenticular variables, there were a number of 
studies confi rming the variability of axial length. These 
included the studies of Morgagni (1761) [ 9 ], Guerin (1769) 
[ 9 ], Gendron (1770) [ 5 ], and Pichter (1790) [ 5 ]. Scarpa 
(Fig.  1.4 ) is the fi rst to describe anatomically posterior 
staphyloma (Fig.  1.5 ) in two female eyes in 1801 [ 12 ]. He 

coined the Greek word  staphylos  literally means “a bunch 
of grapes.” It is of note that Scarpa described staphyloma, 
but did not make the link to myopia. Von Ammon (1832) 
noted that posterior staphyloma was due to a distention of 
the posterior pole and was not a rare entity. However, he did 
not make the association between this posterior staphyloma 
and myopia [ 13 ]. It is possible he may have described 
incomplete closure of the fetal fi ssure and not a myopic 
 staphyloma. Early epidemiological information on myopia 
was observed. In 1813, James Ware described the examina-
tions of approximately 10,000 soldiers and made the obser-
vation that conscripts in the British Army were almost 
never myopic, while offi cers in the Queens’ Guard, who 
were educated, were often myopic [ 14 ]. In the mid-nine-
teenth century, Cohn reported on his examination of 10,000 
children in which he noted a link between amount of 
schooling and myopia [ 15 ]. In 1871 Erismann examined 
4,358 scholars in St. Petersburg and found that 42.8 % of 
the highest classes were myopic [ 16 ]. In 1885, Randall col-
lected statistics of 146,500 examinations and noted the pro-
portion of myopia in general was very low, with only 1.5 % 
having simple myopia [ 17 ].

1.2         Post-ophthalmoscopic Historical 
Landmarks in Myopia (1851) 

 Post-ophthalmoscopic development in myopia started from 
observations of the optic nerve, the macula, and chorioretinal 
changes. Von Graefe (1854), in a combined ophthalmoscopic 
and anatomical study of two eyes measuring 29 and 30.5 mm 
in length, fi rst postulated the association between myopia 
and axial length [ 18 ]. It was Arlt (1856) (Fig.  1.6 ), however, 
whose anatomical studies convinced the scientifi c world of 
the intimate association of myopia with axial elongation of   Fig. 1.4    Portrait of Antonio Scarpa       

  Fig. 1.5    The earliest depiction of 
posterior staphyloma as contained 
in the text of Antonio Scarpa 
(Scarpa [ 57 ])       
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the globe at the expense of the posterior pole [ 19 ]. Arlt made 
the connection between staphyloma and myopic refraction 
[ 19 ]. After this, clinical fi ndings in pathologic myopia were 
noted.

   Von Jaeger (Fig.  1.7 ) was the fi rst to describe and illus-
trate myopic conus and enlarged subarachnoid space around 
the nerve in 1861 [ 20 ]. He found that the choriocapillaris 
was sometimes absent within the limits of the conus, and that 
in extensive staphyloma the choroid over the conus presented 
the appearance of a glass-like, homogenous  membrane 
which was exceedingly fi ne and delicately striated and con-
tained a few vessels [ 20 ]. In 1862 Carl Friedrich Richard 
Forster (Fig.  1.8 ) fi rst observed sub-RPE choroidal neovas-
cularization (Fig.  1.9 ) [ 21 ], and this is what we called 
“Forster spots.” In the same vein, in 1901 Ernst Fuchs 
(Fig.  1.10 ) later discovered “central black spot in myopia” 
[ 22 ] (Fig.  1.11 ) [ 23 ], and this is what we called “Fuchs’ 
spots.” Its typical course is enlargement to the size of the disc 
and beyond, growing lighter, and the formation of an atro-
phic peripheral zone. Fuchs concluded that the choroid is not 
destroyed, but is either converted into, or covered by, a cal-
losity. It starts with sudden visual disturbances in the form of 

metamorphoses or positive scotomas, which in the course of 
years become more marked. Anatomically there is an intense 
proliferation of the pigment epithelium covered by a gelati-
nous acellular exudation (coagulum of fi brin), adherent to 
the retina. The etiology is obscure; certain only is its connec-
tion with myopia, or with its process of ectasia [ 8 ]. Henry 
Wilson described atrophy of choroidal epithelium in 1868 
[ 24 ]. In 1902, Salzmann (Fig.  1.12 ) noted that cleft-shaped 
or branched defects were found in atrophic areas in the lam-
ina vitrea that were concentric with the optic disc (Fig.  1.13 ) 
[ 25 ,  26 ]. The lamina vitrea is also referred to as “Bruch’s 
membrane.” He felt that these defects seemed to be the result 
of purely mechanical stretching. Later, the term “lacquer 
cracks” was used by Curtin and Kerlin to describe this lesion, 
which typically occurs as yellowish to white lines in the pos-
terior segment of highly myopic eyes, resulting from pro-
gressive eyeball elongation. Salzmann believed that atrophic 
changes noted in the myopic choroid followed infl ammation 
and the primary process driving this was stretching of the 
choroidal stroma [ 27 ].

  Fig. 1.6    A portrait of Carl Ferdinand Ritter von Arlt by Fritz Luckhardt. 
The anatomical studies of Carl Ferdinand Ritter von Arlt convinced the 
scientifi c world of the intimate association of myopia with axial elonga-
tion of the globe at the expense of the posterior pole       

  Fig. 1.7    A portrait of Eduard Jäger von Jaxtthal by Adolf Dauthage in 
1859       
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1.3              Modern Historical Landmarks 
in Myopia 

 Modern historical landmarks include studies dedicated to 
explore the individual optical elements of myopia, axial 
length measurement (x-ray and ultrasound), and the develop-
ment of contact lenses. 

 Because of these studies the greatest efforts of the oph-
thalmologic community were concentrated on a search for 
the causes of increased axial length of the eye. This central 
tenet of the older school would eventually be challenged. 
Donders [ 1 ] and undoubtedly many others appreciated that 
axial length was not the sole determinant of refraction. 
Schnabel and Herrnheiser (1895) had found axial lengths 
varying from 22.25 to 26.24 mm in 35 emmetropic eyes and 
hypothesized that emmetropia was determined by the rela-
tion between the axial length and total refraction [ 28 ]. 
Ludwig Hein (1899) thought that myopia was due to elon-
gation of the globe [ 8 ]. Steiger (1913), in a large statistical 
study of corneal power in children, de-emphasized the 
importance of axial length as the only determinant of 
refraction. His biomathematical study was large (5,000 
children), but his experimental method was somewhat 
faulty in that he assumed lens power to be a constant and 
therefore calculated the axial length of the eye from total 
refraction in this manner [ 9 ]. The variability of lens power 
had been alluded to as early as 1575 by Maurolycus [ 5 ] and 
variations in lens thickness, refractive index, and position 
had been considered as possible causes of myopia prior to 
Donders’ time [ 1 ]. In addition, actual lens power measure-
ments, albeit in small samples, had been demonstrated by 
von Reuss (1887–1890), Awerbach (1900), and Zeeman 
(1911) to show considerable variations [ 7 ]. Steiger’s cor-
neal measurements gave a Gaussian curve extending from 
39 D to 48 D [ 29 ]. He did not note any set value of corneal 
power in emmetropia. He further made a distribution curve 
of from +7 D to −7 D using his corneal values and then 
calculated axial lengths found in emmetropia (21.5–
25.5 mm). Steiger viewed emmetropia and refractive errors 
as points on a normal distribution curve, with corneal power 
and axial lengths as free and independent variables [ 29 ]. 
Tscherning (1854–1939) was crucial in the understanding 
of optics in pathologic myopia [ 30 ], and he made many 
contributions in this area. In addition, he wrote a thesis 
about the frequency of myopia in Denmark [ 31 ]. Schnabel, 
Fuchs, Siegrest, and Elschnig were important to the study 
of histopathology in myopic eyes, especially in relation to 
optic nerve changes in pathologic myopia [ 9 ]. These con-
cepts brought an entirely new approach to the study of 
myopia. 

  Fig. 1.8    A portrait of Carl Friedrich Richard Förster (Reprinted with 
permission from The Royal Library, The National Library of Denmark 
and Copenhagen University Library)       

Wagenschieber si.

a

b

c

  Fig. 1.9    Cross section of the 
retina, choroid, and the sclera 
from a myopic eye shows a 
circumscript inclusion in the 
choroidal stroma which 
encroaches into the anterior layer 
of the choroid (Förster [ 21 ])       

 

V.P. Shah and N.-K. Wang



7

 Tron (1934–1935) followed with a study of 275 eyes and 
carefully avoided the pitfalls of Steiger’s work [ 32 ,  33 ]. In his 
study, the only optical element not measured directly was 

axial length, which was calculated from the refraction, cor-
neal power, lens power, and anterior chamber depth. Tron 
confi rmed the wide range of axial lengths in emmetropia 
(22.4–27.3 mm) [ 32 ]. He also deduced that axial length was 
the determining factor for refraction only in the range beyond 
+4 D and −6 D [ 32 ]. He obtained essentially binomial curves 
for all the elements of refraction except for axial length. With 
the elimination of myopic eyes of more than 6 D, the curve for 
axial length also assumed a normal distribution [ 7 ]. Stenstrom 
(1946) [ 34 ] was able to directly measure axial length by using 
x-rays owing to the development of this technique by Rushton 
(1938) [ 35 ]. Stenstrom undertook a study of 1,000 right eyes 
and confi rmed the results Tron had obtained in his smaller 
series. Both of these biometric studies found essentially nor-
mal distribution curves for corneal power, anterior chamber 
depth, lens power, and total refraction. Both also showed a 
peaking (excess) for axial length above the binomial curve as 
well as an extension of the limb toward increased axial length 
(skewness) [ 32 ,  34 ]. Stenstrom noted that the distribution 
curve of refraction had basically the same disposition as that 
of axial length, featuring both a positive excess at emmetropia 
and a skewness toward myopia [ 5 ]. 

  Fig. 1.10    Portrait of Ernst Fuchs. Original etching by Emil Orlik, 
1910 (Reprinted with permission from the Medical University of 
Vienna, Austria)       

  Fig. 1.11    The earliest fi gure of “Fuchs’ spot,” which was described by 
Dr. Ernst Fuchs as “the central black spot in myopia” (Fuchs [ 23 ])       

  Fig. 1.12    Photograph of Maximilian Salzmann, MD (Reprinted with 
permission from The Royal Library, The National Library of Denmark 
and Copenhagen University Library)       
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 This deviation in the population refraction curve had been 
noted previously by Scheerer and Betsch (1928–1929) [ 7 ], 
who had attributed this to the incorporation of eyes with 
crescent formation at the optic nerve. When these eyes were 
deleted from the data, a symmetric curve was obtained for 
the distribution of refraction. In the analysis of these data, it 
was pointed out that a positive excess still persisted in the 
“corrected” curve. Stenstrom’s refractive curve [ 7 ] after the 
removal of eyes with crescent also demonstrated an excess. 
This central peaking was attributed to two factors: the fi rst 
was the effect of the component correlation in the emme-
tropic range as postulated by Wibaut (1928) [ 5 ] and Berg 
(1931) [ 5 ], and the second was the direct effect of axial 
length distribution upon the curve of refraction [ 7 ]. Sorsby 
and co-workers (1957) [ 9 ] were later to confi rm again the 
results of both Tron and Stenstrom and to further explore the 
variables in the correlations between the optical components 
in various refractions. This had been done to a limited extent 
by Berg [ 5 ]. Sorsby and co-workers demonstrated conclu-
sively in their study of 341 eyes, the “emmetropization” 
effect was noted in distribution curves of refraction as a 
result of a correlation of corneal power and axial length. In 
ametropia +4 D and above, this correlation appeared to break 
down. Their study also indicated that neither the lens nor the 
chamber depth was an effective emmetropization factor [ 2 ]. 
Gernet (1965) proposed the use of ultrasound to measure the 
ocular axial length [ 36 ] after ultrasonography was pioneered 
in ophthalmology by Mundt and Hughes in 1956 [ 37 ]. 

 In 1887, Adolf Eugen Fick submitted a very original 
paper entitled “Eine Contactbrille” (A contact spectacle) to 
the Archiv für Augenheilkunde. This was a report on his 
work, which led to the development of contact lenses. He 
published his paper in 1888 and coined the term “contact 
lens” [ 38 ]. Fick designed glass contact lenses to correct 
myopia and irregular astigmatism using lenses that were spe-
cially ground by Abbe, of Jena [ 39 ]. There were many early 
contact lens designs, but the fi rst designed to allow circula-
tion of tear fi lm was made by Tuohy in 1948; this lens also 
was made of plastic. Contact lenses have proven to be useful 
by myopes.  

1.4     Recent Historical Landmarks 
in Myopia 

 There are many recent contributors to the fi eld of pathologic 
myopia. No body of work has infl uenced and inspired the 
eye care fi eld more than the published comprehensive text-
book on myopia in 1985 by Brian J. Curtin, MD [ 7 ] 
(Fig.  1.14 ): The Myopias: Basic Science and Clinical 
Management. It was becoming increasingly evident that 
pathological myopia represented an important cause for 
severe vision loss worldwide, particularly in selected racial 
populations. Curtin’s textbook was an awakening on the 
importance of the disease. It was also an appeal to clinical 
scientists to accelerate and intensify their research to expand 
our knowledge of the related embryological, epidemiologi-
cal, molecular, biological, genetic, and clinical aspects of 
pathological myopia, in hope of reducing the inherent visual 
disability. Curtin has many scientifi c contributions, and some 
of these will be briefl y described here. Curtin and Karlin fi rst 
used “lacquer cracks” and described the relationship between 
axial length and chorioretinal atrophy in 1970 [ 40 ]. In addi-
tion to this accomplishment, Klein and Curtin discovered 
that formation of lacquer cracks could cause subretinal hem-
orrhage in the absence of choroidal neovascularization in 
1975 [ 41 ]. In 1977 Curtin created a classifi cation scheme for 
staphyloma [ 42 ]. His textbook also emphasized the impor-
tance of the posterior staphyloma which was incriminated in 
the clinical manifestations associated with severe visual 
decline. In addition, Curtin helped to identify the optic nerve 
as an important cause of visual changes in myopia and 
described in detail the peripheral retinal myopic changes 
putting patients at risk for retinal detachment, early cataract 
formation, glaucoma, and a myriad of macular manifesta-
tions as adverse complications leading to severe vision loss 
in myopic patients [ 1 ].

   The other important fi gure is Tokoro (Fig.  1.15 ), and 
some of his accomplishments will be mentioned here. 
Tokoro described the mechanism of axial elongation and 

Lv

Lv

Lv

Scl

Scl

  Fig. 1.13     Top : break in lamina of vitrea (LV) covered with epithelium. 
 Middle : changes in epithelium.  Bottom : break in lamina vitrea with epithe-
lial covering and hyaline membrane. Scl: sclera (Salzmann [ 26 ])       
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 chorioretinal atrophy in high myopia [ 43 ]. In 1988, Tokoro 
defi ned pathologic myopia [ 44 ], and this defi nition has been 
used for many myopic studies. In 1998 Tokoro classifi ed 
chorioretinal atrophy in the posterior pole in pathologic 
myopia as tessellated fundus, diffuse chorioretinal atrophy, 
small patch atrophy, and small macular hemorrhage [ 45 ].

   Some other recent landmarks in myopia can be attributed 
to advanced technology and new treatment. Although fl uo-
rescein angiography (FA) is the main tool for diagnosing 
myopic choroidal neovascularization (CNV), indocyanine 
green angiography (ICGA) may better identify the CNV 
when large hemorrhages are present. ICGA also allows a 
better defi nition of lacquer cracks than FA [ 46 ,  47 ]. Optical 
coherence tomography (OCT) is a powerful real-time imag-
ing modality. Since its introduction in ophthalmology, it has 
been utilized in understanding the ocular structure in many 
eye diseases. For example, in 1999, Takano and Kishi 
reported foveal retinoschisis and retinal detachment in 
severely myopic eyes with posterior staphyloma [ 48 ]. In 
2002, Baba et al. fi rst used OCT to demonstrate characteris-
tic features at each stage of myopic CNV [ 49 ]. Spaide 
invented enhanced depth imaging spectral domain OCT to 

obtain images of choroid [ 50 ] and found thinner choroids in 
highly myopic eyes [ 51 ]. Ohno-Matsui et al. described intra-
choroidal cavitation using swept-source OCT [ 52 ]. Ohno- 
Matsui and Moriyama have furthered our understanding of 
the shape of pathologically myopic eyes using high- 
resolution 3 D magnetic resonance images [ 53 ,  54 ]. Because 
of potential of visual loss from myopic CNV, several treat-
ments have been tried, for example, thermal laser photoco-
agulation [ 55 ] and photodynamic therapy (PDT) with 
Visudyne [ 56 ]. In 2005, Nguyen et al. reported the effective-
ness of bevacizumab in treating CNV secondary to patho-
logic myopia. After that, ophthalmologists started to use 
anti-vascular endothelium growth factor to treat myopic 
CNV. Many details of diagnosis and treatment for myopic 
patients will be mentioned in later chapters.     

  Acknowledgement: Dr. Brian J Curtin   The early documentation of 
the history of myopia was based on his work. The update was incorpo-
rated in this perspective with his full consent.  
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        Both environmental factors and genetic factors have been 
implicated in the development of myopia. Family studies 
and twin studies have revealed the heritability of myopia 
since the 1960s. To identify the causative genes for myopia, 
common myopia (>−6D) and high myopia (≤−6D) have 
been investigated in familial studies, twin studies, case– 
control studies, and cohort studies. In familial studies and 
twin studies, linkage analysis using microsatellite markers 
has identifi ed 19 loci for myopia: MYP1 to MYP19 
(Table  2.1 ). Although many genes in these loci were evalu-
ated as candidate genes for myopia or high myopia, most 
genes were found not to be involved in the pathogenesis of 
myopia or high myopia. After the completion of the Human 
Genome Project, many researchers performed genome-wide 
association studies (GWAS) in case–control cohorts and 
population- based cohorts. The allele frequency in single 
nucleotide polymorphisms (SNPs) was compared between 
cases of myopia or high myopia and controls in case–control 
studies, and the association of the allele to refractive error or 
axial length was evaluated in quantitative trait locus (QTL) 
analysis. In spite of these intensive studies, genes for myopia 
have not been determined until recently.

2.1       Loci Suggested by Linkage Analysis 

2.1.1     MYP1 

 In 1990, a linkage analysis in a family with X-linked reces-
sive myopia found linkage on Xq28 [ 1 ], which was desig-
nated as the MYP1 locus. This linkage was confi rmed by 

later studies using an additional Caucasian family [ 2 ], a large 
Chinese family [ 3 ], an Indian family [ 4 ], and an international 
collaborative family-based study [ 5 ]. In the region of MYP1, 
a mutation search was performed in candidate genes of 
CTAG2, GAB3, MPP1, F8Bver, FUNDC2, VBP1, RAB39B, 
CLIC2, TMLHE, SYBL, IL9R, SPRY3, and CXYorf1, but 
these genes turned out not to be involved in the pathogenesis 
of high myopia [ 4 ].  

2.1.2     MYP2–3 

 The MYP2 and MYP3 loci were identifi ed in 1998. A link-
age study with seven families showed a signifi cant linkage of 
autosomal dominant high myopia to the 18p11.31 region 
(MYP2 locus) [ 6 ,  7 ]. Another linkage study by the same 
group found that the 12q21–23 region (MYP3 locus) showed 
signifi cant linkage to high myopia using a single large family 
whose MYP2 locus did not show a linkage [ 11 ]. 

 The linkage of the MYP2 locus was successfully repli-
cated in several studies on high myopia [ 8 – 10 ]. In contrast to 
its linkage to high myopia, it seems that MYP2 locus is not 
associated with common myopia [ 32 ,  33 ]. In the region of 
MYP2, LPIN2 was evaluated as a candidate gene for autoso-
mal dominant high myopia using original MYP2 families 
and external controls, but there were no sequence variants 
associated with high myopia [ 34 ]. They further examined 
LPIN2, CLUL1, EMILIN1, MYOM1, MYL12A (MRCL3), 
MYL12B (MRLC2), TGIF1, DLGAP1, and ZEP161 using 
the original MYP2 families and external controls, but none 
of these genes showed sequence alterations associated with 
high myopia [ 35 ,  36 ]. 

 Many studies support the linkage of the MYP3 locus to 
high myopia [ 5 ,  9 ,  12 – 14 ]. As with MYP2, however, it seems 
that the MYP3 locus is not associated with common myopia 
[ 32 ,  33 ]. In the region of MYP3, the gene-encoding lumican 
(LUM) was evaluated as a candidate gene for autosomal 
dominant high myopia. Since lumican is a proteoglycan in 
the extracellular matrix (ECM) in sclera, other proteoglycan 
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components of the ECM such as FMOD, PRELP, and OPTC 
were also evaluated. Examination of LUM, FMOD, PRELP, 
and OPTC in English and Finnish high myopia subjects 
revealed several variations that cosegregated with high myo-
pia in four families [ 37 ]. However, other reports showed that 
LUM and FMOD did not show pathologic mutations or 
polymorphisms segregated with high myopia when evalu-
ated using the original MYP3 family and an additional 
 family [ 38 ]. 

 In 2013, furthermore, an association study of the MYP3 
locus using 67 families including 235 high myopes 
 identifi ed the candidate genes UHRF1BP1L, PTPRR, and 
PPFIA2 [ 39 ].  

2.1.3     MYP4–5 

 MYP4 was found as a third autosomal locus for high myopia 
in 2002. A linkage analysis of 23 families in France and 
Algeria suggested that the 7q36 region has a linkage to high 
myopia [ 9 ]. In 2003, MYP5 (17q21–22) was identifi ed as a 
fourth autosomal locus for high myopia by linkage analysis 
in an English/Canadian family [ 15 ]. So far, successful repli-
cation studies have not been reported for these two loci.  

2.1.4     MYP6–10 

 The fi rst locus for common myopia, MYP6, was reported in 
2004. A study on 44 American families of Ashkenazi Jewish 
descendents (964 participants) revealed that 22q12 is a 
 susceptibility locus for common myopia [ 16 ]. This linkage 
was successfully replicated in later studies. [ 5 ,  17 ] 

 Further loci for common myopia, MYP7–10 (MYP7, 
11p13; MYP8, 3q26; MYP9, 4q12; MYP10, 8p23), were 
found in a twin study with common myopia in 2004 [ 18 ]. 
Among these four loci, the MYP10 linkage was replicated in 
a later family study [ 19 ]. In addition to common myopia, 
a case–control study in a French population supported 
its association with high myopia [ 20 ]. In the original linkage 
study, PAX6 in the MYP7 locus was chosen as a candidate 
gene to be further evaluated. Although PAX6 showed signifi -
cant linkage, the study did not reveal a signifi cant association 
of tag SNPs in PAX6 to myopia. Besides PAX6, fi ne-scale 
association mapping revealed three candidate genes for myo-
pia susceptibility in the MYP8 locus: MFN1, SOX2OT, and 
PSARL [ 40 ].  

2.1.5     MYP11 

 Thus far, MYP loci had been identifi ed in Caucasians. 
MYP11 was the fi rst locus for myopia found in an Asian 
population. Linkage analysis on a Chinese family with auto-
somal dominant high myopia mapped 4q22–q27 for high 
myopia in 2005 [ 21 ]. This linkage was successfully repli-
cated by an international collaborative family-based whole- 
genome linkage scan for high myopia [ 5 ].  

2.1.6     MYP12 

 The sixth locus for high myopia, MYP12 (2q37.1), was 
found in a US family study in 2005 [ 22 ]. This linkage was 
successfully replicated by later studies [ 5 ,  14 ]. Furthermore, 
its linkage to common myopia was also suggested [ 23 ].  

   Table 2.1    MYP loci found by linkage analysis   

 MYP locus  Locus  Myopia  Original  Replication 

 MYP1  Xq28  X-linked high myopia  [ 1 ]  [ 2 – 5 ] 
 MYP2  18p11.31  High myopia (AD)  [ 6 ,  7 ]  [ 8 – 10 ] 
 MYP3  12q21–q23  High myopia (AD)  [ 11 ]  [ 5 ,  9 ,  12 – 14 ] 
 MYP4  7q36  High myopia (AD)  [ 9 ] 
 MYP5  17q21–q22  High myopia (AD)  [ 15 ] 
 MYP6  22q12  Common myopia  [ 16 ]  [ 5 ,  17 ] 
 MYP7  11p13  Common myopia  [ 18 ] 
 MYP8  3q26  Common myopia 
 MYP9  4q12  Common myopia 
 MYP10  8p23  Common myopia  [ 19 ]  [ 20 ] (High myopia) 
 MYP11  4q22–q27  High myopia (AD)  [ 21 ]  [ 5 ] 
 MYP12  2q37.1  High myopia (AD)  [ 22 ]  [ 5 ,  14 ]  [ 23 ] (Common myopia) 
 MYP13  Xq23–q25  X-linked high myopia  [ 24 ]  [ 25 ] 
 MYP14  1p36  Common myopia  [ 26 ]  [ 5 ] (High myopia) 

 MYP15  10q21.2  High myopia (AD)  [ 27 ]  [ 20 ] 
 MYP16  5p15.33–p15.2  High myopia (AD)  [ 28 ] 
 MYP17  7p15  Common myopia  [ 29 ] 

 High myopia (AD)  [ 30 ] 
 MYP18  14q22.1–q24.2  High myopia (AR)  [ 31 ] 
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2.1.7     MYP13 

 MYP13 is a second locus for X-linked recessive high myo-
pia. A Chinese family study mapped Xq23–q25, but this was 
outside the MYP1 region in 2006 [ 24 ]. Another study on a 
Chinese family with X-linked recessive high myopia 
 suggested Xq25–q27.2 as a susceptible locus for X-linked 
recessive high myopia [ 25 ].  

2.1.8     MYP14 

 MYP14 is the sixth locus identifi ed for common myopia. 
QTL linkage analysis was performed on 49 Ashkenazi 
Jewish families in 2006, revealing that refractive error was 
linked to 1p36 [ 26 ]. A later study showed that MYP14 also 
has linkage to high myopia [ 5 ].  

2.1.9     MYP15–16 

 In 2007, high myopia was shown to be linked to 10q21.2 
(MYP15) in a Hutterite family study [ 27 ]. A case–control 
GWAS in a French population supported the association of 
MYP15 with high myopia [ 20 ]. In 2008, a study on three 
Chinese families that found 5p15 (MYP16) is susceptible to 
high myopia [ 28 ].  

2.1.10     MYP17 

 MYP17 was reported in two separate studies in 2008. A QTL 
linkage analysis on African-American families found that 
7p15 is associated with common myopia [ 29 ], and a linkage 
analysis in a French population found that 7p15 is associated 
with high myopia [ 30 ].  

2.1.11     MYP18 

 MYP18 is the fi rst locus for autosomal recessive high myo-
pia. A linkage study on a Chinese family with autosomal 
recessive high myopia showed that 14q22.1–q24.2 was sus-
ceptible to autosomal recessive high myopia [ 31 ].  

2.1.12     MYP19 

 In 2010, a genetic locus was mapped to 5p13.3–5p15.1 in a 
Chinese family with autosomal dominant high myopia [ 41 ]. 

 Besides these MYP loci, several other loci were found to 
be linked to myopia or high myopia. An international 
 collaborative family-based whole-genome linkage scan 
showed that 9q34.11 and 12q21.2–24.12 are linked to high 
myopia [ 5 ], and an international collaborative family-based 

 whole- genome quantitative trait linkage scan showed that 
6q13–16.1 and 5q35.1–35.2 are linked to myopic refractive 
error [ 14 ]. Furthermore, genome-wide linkage scans in 
Caucasian families suggested the linkage of 12q24 and 4q21 
to common myopia, and genome-wide linkage scans in Old 
Order Amish families suggested the linkage of 5qter to com-
mon myopia [ 42 ]. 

 Fine-mapping linkage analysis identifi ed a locus for 
 myopia on 2q37 adjacent to, but not overlapping, MYP12, 
although SNPs in this region did not show any signifi cant 
association to myopia in a subsequent case–control study 
[ 43 ].   

2.2     Candidate Genes 

 Among the genes located in MYP loci, various genes were 
chosen as candidate genes associated with myopia or high 
myopia. Furthermore, genes outside MYP loci were also 
evaluated. Most studies evaluated the association of SNPs to 
myopia or high myopia in case–control studies. Since repli-
cation studies are very important for association studies, 
studies on each gene are described in the following 
sections. 

2.2.1     TGIF1 in MYP2 

 In addition to the abovementioned familial studies, trans-
forming growth factor-induced factor homeobox 1 gene 
(TGIF1) was also evaluated in case–control studies. In 2003, 
a Chinese case–control study showed a signifi cant associa-
tion of one SNP in TGIF1 to high myopia using 71 high 
myopia cases and 105 controls [ 44 ]. However, subsequent 
studies denied this association in Chinese [ 45 ,  46 ], Japanese 
[ 47 ], and Caucasian [ 48 ] populations using larger cohorts.  

2.2.2     LUM in MYP3 

 Lumican, encoded by LUM gene, is proteoglycan in the 
scleral ECM binding to type 1 collagen. Although a familial 
study denied the role of LUM in the pathogenesis of high 
myopia, a case–control study showed signifi cant association 
between polymorphisms in LUM and high myopia in a 
Chinese population [ 49 ]. This study group also performed 
haplotype analysis to show its association [ 50 ]. Other studies 
from two study groups in China also showed a signifi cant 
association of LUM to high myopia [ 51 – 53 ]. However, three 
studies from China and one study from Korea denied the 
association of LUM with high myopia [ 46 ,  54 – 56 ]. 
Considering that lumican can control collagen fi brillogene-
sis, which will lead to collagen remodeling in the sclera of 
myopic eyes, it is reasonable that lumican is associated with 
the development of high myopia. However, further studies 
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have to be performed to conclude that LUM is a  susceptibility 
gene for high myopia.  

2.2.3     DCN and EPYC in MYP3 

 Decorin (DCN) and epiphycan (EPYC), also known as der-
matan sulfate proteoglycan 3 (DSPG3), are also proteogly-
cans in the scleral extracellular matrix. In contrast to LUM, 
however, these two genes were not associated with high 
myopia when evaluated for SNPs [ 49 ] and haplotype [ 50 ] in 
Taiwan Chinese. A Hong Kong Chinese study also denied 
the association of DCN and EPYC to high myopia [ 54 ]. 
Although one more study in China denied the association of 
EPYC [ 57 ], other study in Chinese showed a signifi cant 
association of DCN with high myopia [ 51 ].  

2.2.4     FMOD and OPTC 

 Other ECM proteoglycan genes in the sclera outside MYP 
loci were also evaluated as candidate genes for myopia. 
Fibromodulin (FMOD) was evaluated in two independent 
Chinese case–control studies, but it was not associated with 
high myopia [ 54 ,  58 ]. The associations of opticin (OPTC) 
were also denied in a Chinese study [ 57 ].  

2.2.5     COL1A1 in MYP5 

 Remodeling of sclera is one of the mechanisms during devel-
opment of high myopia. Since type 1 collagen consists of 
sclera and collagen type 1 alpha 1 gene (COL1A1), which is 
located in the MYP5 locus, several studies evaluated the 
association of COL1A1 to high myopia. Although the fi rst 
study failed to demonstrate COL1A1 as a signifi cant risk 
factor for high myopia in a Chinese study [ 59 ], a Japanese 
study showed that the COL1A1 gene is a susceptibility gene 
for high myopia [ 60 ]. However, this association could not be 
replicated in a later study by another Japanese group [ 61 ]. 
Furthermore, studies in Croatia [ 62 ], US [ 63 ], and China 
[ 64 ] showed that COL1A1 was not associated with high 
myopia.  

2.2.6     COL2A1, COL11A1, COL18A1, FBN1, and 
PLOD1 

 The collagen type 2 alpha 1 (COL2A1) gene is known as a 
causative gene for Stickler type 1 disease. The COL11A1 
gene is known as a causative gene for Stickler type 2 disease. 
The COL18A1 gene is known as a causative gene for 
Knobloch syndrome. The fi brillin 1 (FBN1) gene is a 
 causative gene for Marfan syndrome. Type 4 Ehlers-Danlos 

syndrome is caused by mutations in the PLOD1 gene. Since 
these fi ve conditions are characterized by high myopia, these 
genes have been evaluated as susceptibility genes for high 
myopia. 

 In Caucasian cohorts, two family studies revealed an asso-
ciation of COL2A1 with myopia [ 63 ,  65 ]. However, a case–
control study in a Chinese population denied its association 
with high myopia [ 66 ]. The association of COL11A and 
FBN1 with high myopia was evaluated in a Chinese popula-
tion, but these two genes were not associated with high myo-
pia [ 67 ]. Although COL18A1 was evaluated in a Caucasian 
family with myopia and in a Chinese high myopia case– 
control study, it was not found to be associated [ 65 ,  67 ].  

2.2.7     PAX6 in MYP7 and SOX2 in MYP8 

 Paired box 6 (PAX6) is a master gene to control eye develop-
ment. The association of PAX6 with myopia was fi rst evalu-
ated in common myopia using a Caucasian cohort. Although 
genome-wide linkage scans in a study of twins suggested the 
PAX6 region was strongly linked to common myopia [ 18 ], 
further case–control studies denied the association of PAX6 
to common myopia [ 65 ,  68 ]. However, the association of 
PAX6 to high myopia seems to be certain based on the fol-
lowing studies. A Chinese nuclear family study fi rst reported 
that PAX6 is associated with high myopia [ 69 ]. Two more 
case–control studies in Chinese supported the observation 
that PAX6 is associated with extreme myopia although not 
with high myopia [ 70 ,  71 ]. Furthermore, haplotype analyses 
[ 72 ] and promoter region analysis [ 73 ] performed in the 
Chinese population, and a large-scale case–control study in 
Japan [ 74 ] supports the association of PAX6 with high 
myopia. 

 PAX6 works together with sex-determining region Y-box 
2 (SOX2) in the developmental stage. The SOX2 gene is 
located in the MYP8 locus. So far, however, the association 
of SOX2 with myopia has not been established [ 68 ].  

2.2.8     FGF2 (bFGF) in MYP11 

 Fibroblast growth factor 2 (FGF2), also known as basic 
fi broblast growth factor (bFGF), is ECM component of the 
sclera. The association of FGF2 with myopia has been evalu-
ated in Caucasian and Chinese populations. Both the 
Caucasian study [ 65 ] and the Chinese studies [ 58 ,  75 ] did not 
reveal any association of FGF2 with high myopia.  

2.2.9     TGFB1 

 Transforming growth factor beta 1 (TGFB1) is also ECM 
component of the sclera. The TGFB1 gene has been  evaluated 
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only in East Asian cohorts. Two reports in Chinese popula-
tions showed a signifi cant association of TGFB1 with high 
myopia in case–control studies [ 76 ,  77 ]. However, other 
reports in a Chinese population denied the association of 
TGFB1 with high myopia [ 46 ]. Furthermore, a case–control 
study in a Japanese cohort failed to replicate its association 
with high myopia [ 78 ], while the association evaluated in 
Singaporean children was marginal [ 79 ]. Although reports 
are limited for TGFB2, a Chinese case–control study sug-
gested an association of TGFB2 with high myopia [ 58 ].  

2.2.10     MMPs and TIMPs 

 Matrix metalloproteinases (MMPs) and their inhibitors, tis-
sue inhibitors of metalloproteinases (TIMPs), have been 
evaluated in many studies as candidate genes for myopia, 
although these genes do not exist in MYP loci. Among Asian 
populations, MMP2 and TIMP1-3 were evaluated in Chinese 
cohorts [ 80 – 82 ] and MMP1–3 were evaluated in a Japanese 
cohort [ 83 ], but no report supported their association with 
high myopia. In contrast, their association with myopia is 
still controversial. In the UK, MMP3 and MMP9 were shown 
to be associated with common myopia [ 84 ]. In the USA, 
MMP1 and MMP2 were shown to be associated with com-
mon myopia in Old Order Amish but not in Ashkenazi Jewish 
populations [ 85 ]. However, in Australia, MMP1–3, MMP8–
11, and MMP12 were shown not to be associated with com-
mon myopia [ 86 ].  

2.2.11     HGF and cMET 

 The hepatocyte growth factor (HGF) works by binding to its 
receptor cMET, which is closely related to the biological 
activities of MMPs and TIMPs. The possible association of 
HGF to high myopia was shown in a Chinese family study 
[ 87 ]. However, replication studies in Chinese denied its 
association, although one study showed an association 
between HGF and vitreous chamber depth [ 46 ,  88 ]. In con-
trast, the association of HGF with myopia and high myopia 
was successfully replicated in Caucasian cohorts [ 89 ,  90 ]. 
Although cMET was shown to have an association with 
myopia in Singaporean children [ 91 ], a Caucasian study did 
not replicate this association [ 89 ].  

2.2.12     MYOC 

 Mutations in the myocilin gene (MYOC) were originally 
identifi ed as the cause of glaucoma. Since glaucoma is fre-
quently observed in myopic eyes, MYOC has been evaluated 
for its association with myopia. So far, this is still controver-
sial. Although a Chinese family study showed an association 

of MYOC with high myopia [ 92 ], a Korean study denied this 
association [ 56 ]. Among Caucasian populations, a study per-
formed in the USA denied this association [ 93 ], while a 
study in Croatia supported it [ 62 ].   

2.3     GWAS and Exome Sequencing 

 After the completion of the Human Genome Project in 2003 
and the completion of the International HapMap Project in 
2005, GWAS using SNPs became practical. Furthermore, 
since DNA chip technology improved and became easily 
available, many GWAS were performed to evaluate the asso-
ciations of SNPs in case–control studies or quantitative trait 
locus (QTL) studies for refractive error or axial length 
(Table  2.2 ). With the improvement of the DNA chip, the 
number of SNPs examined at once increased, and the num-
ber of SNPs able to be imputed increased after the comple-
tion of the 1000 Genomes Project. Besides SNP evaluation, 
exome sequencing has become practical, which allows the 
identifi cation of rare variants involved in the pathogenesis of 
myopia.

2.3.1       11q24.1 (BLID, LOC399959) 

 The fi rst GWAS using SNPs was reported in 2009. This 
study compared 411,777 SNPs between 297 high myopia 
(AL <28.0 mm in the discovery stage and AL <26.0 mm in 
the replication stage) cases and 934 controls in a Japanese 
population [ 94 ]. Although the  P -value in the discovery stage 
did not reach the genome-wide signifi cance level (2.80 × 10 −5 ), 
the  P -value of rs577948 in 11q24.1 region was 1.42 × 10 −5  in 
the replication stage using 537 cases and 980 controls, and 
the  P -value was 2.22 × 10 −7  in a meta-analysis of both stages. 
Rs577948 is located in the second intron of hypothetical 
noncoding RNA, LOC399959. Furthermore, the BLID gene 
is located near rs577948. 

 One study in a Chinese cohort successfully reported that 
the 11q24.1 region was signifi cantly associated with high 
myopia using 321 cases and 310 controls [ 95 ]. However, two 
other studies in the Chinese population denied its association 
with high myopia using larger case–control cohorts [ 96 ,  97 ].  

2.3.2     15q14 (GJD2, ACTC1) and 15q25 
(RASGFR1) 

 In 2010, 2 large-scale GWAS in Caucasian populations were 
reported. Associations of 15q14 to refractive error were 
identifi ed by a QTL study in a population of 5,328 individu-
als in the discovery stage, and these associations were repli-
cated in 10,280 individuals in the replication stage [ 98 ]. The 
 P -value of rs688220 was 1.76 × 10 −8  in the discovery stage 
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and 2.79 × 10 −11  in the meta-analysis. The locus on 15q14 is 
within an intergenic region in the vicinity of the genes GJD2 
and ACTC1. The other QTL study in 4,270 individuals in the 
discovery stage and 13,414 individuals in the replication 
stage identifi ed the association of 15q25 with refractive error 
[ 99 ]. The  P -value of rs8027411 was 7.91 × 10 −8  in the discov-
ery stage and 2.07 × 10 −9  in the meta-analysis. The LD block 
of the associated SNPs included the transcription initiation 
site of RASGRF1. 

 The association of 15q14 were successfully replicated 
both in QTL analysis for refractive error in Caucasian popu-
lations and high myopia case–control studies in East Asian 
populations [ 100 – 105 ]. In contrast, the associations of 15q25 
are slightly weak and cannot be consistently replicated. In 
high myopia case–control studies in East Asians, these asso-
ciations were replicated only when evaluated in a large 
cohort [ 100 ,  103 ]. When its association with refractive error 
was evaluated, two studies reported that 15q25 was not asso-
ciated [ 101 ,  102 ]. However, its associations were  successfully 
replicated in a large genome-wide meta-analysis including 
37,382 Caucasians [ 104 ]. A survival analysis on age of myo-
pia onset in 45,771 participants also supports the notion that 
15q25 is associated with myopia [ 105 ].  

2.3.3     CTNND2 in MYP16 

 A GWAS using two independent Singaporean Chinese 
cohorts in 2011 suggested that CTNND2 is a possible sus-
ceptibility gene for high myopia [ 106 ]. In the discovery 
stage, 472,048 SNPs in 65 cases and 238 controls and 

462,291 SNPs in 222 cases and 435 controls were evaluated. 
Rs6885224 in CTNND2 showed  P -values of 1.51 × 10 −5  in a 
meta-analysis of these two cohorts. Furthermore, this asso-
ciation was successfully replicated in a Japanese cohort of 
959 cases and 2,128 controls. 

 A replication study for the association of CTNND2 with 
high myopia was conducted in China [ 107 ]. Although this 
study confi rmed the association between CTNND2 and 
myopia, the risk allele reported in the original study showed 
a protective effect against myopia in this replication study. In 
contrast, another study performed in China showed that 
CTNND2 is associated with high myopia with the same risk 
allele reported in the original report [ 95 ]. Considering that 
CTNND2 is located at the MYP16 locus, the association of 
CTNND2 should be further evaluated.  

2.3.4     4q25 in MYP11 

 A GWAS in China in 2011 found that 4q25 is a susceptibility 
locus for high myopia [ 108 ]. In the discovery stage, 681,783 
SNPs were evaluated in 102 cases and 335 controls. Although 
the top 3 SNPs with  P -values <10 −7  could not be replicated, 
rs10034228 in 4q25, where the top 3 SNPs were located, 
showed  P -values of 9.41 × 10 −5  in the discovery study, 
1.73 × 10 −9  in the stage 1 replication study with 2,628 cases and 
9,485 controls, 6.47 × 10 −3  in the stage 2 replication study with 
263 cases and 586 controls, and 7.70 × 10 −13  in the meta-analy-
sis. This association of 4q25 was successfully replicated in a 
Chinese case–control study [ 109 ]. Considering that 4q25 is 
located in the MYP11 locus, this locus might be promising.  

   Table 2.2    Myopia-susceptible genes found in GWAS   

 Study design  Loci  Genes 

 Case–control  First: AL >28.0 mm  East Asian  11q24.1  BLID, LOC399959 
 Second: AL 
>26.0 mm 

 QTL  Refractive error  Caucasian  15q14  GJD2, ACTC1 
 QTL  Refractive error  Caucasian  15q25  RASGFR1 
 Case-control  SE ≤−6.0 D  East Asian  5p15.2  CTNND2  In MYP16 
 Case-control  First: SE<−8.0 D  East Asian  4q25  BI480957  In MYP11 

 Second: SE ≤−6.0 D 
 Case-control  SE ≤−8.0 D  East Asian  13q12.12  MIPER, C1QTNF9B-AS1, C1QTNF9B  = MYP20 

 AL ≥26.0 mm 
 QTL  AL  East Asian  1q41  ZC3H11A, SLC30A10, LYPLAL1 
 QTL  Refractive error  Caucasian  CD55, PRSS56, CHRNG, CACNA1D, BMP3, LAMA2, 

CHD7, TOX, ZMAT4, RORB, CYP26A1, BICC1, 
GRIA4, RDH5, PCCA, ZIC2, RASGRF1, MYO1D, 
KCNJ2, CNDP2 

 Caucasian and 
East Asian 

 LOC100506035, KCNQ5, TJP2, PTPRR, SIX6, 
RBFOX1, SHISA6, BMP2 

 First: survival 
analysis 

 Onset of myopia  Caucasian  PRSS56, PDE11A, SETMAR, BMP3, LAMA2, QKI, 
TOX/CA8, LRRC4C, DLG2, RDH5, ZIC2, GOLGA8B/
GJD2, SHISA6, NPLOC4  Second: 

case–control 
 Onset of myopia 
before the age of 10 
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2.3.5     13q12.12 (= MYP20) 

 Another GWAS in a Chinese population in 2011 a high myo-
pia susceptibility locus at 13q12.12, which was designated as 
MYP20 [ 110 ]. In the discovery stage, 493,947 SNPs were 
evaluated in 419 cases and 669 controls. Thirty-two SNPs 
showing  P -values <10 −4  were evaluated in the replication stage 
using 2,803 cases and 5,642 controls. Rs9318086 at 13q12.12 
showed  P -values of 8.14 × 10 −5  in the discovery stage and 
6.32 × 10 −14  when combined. The associated locus contains 
three genes: MIPER, C1QTNF9B-AS1, and C1QTNF9B. So 
far, replication studies have not been reported.  

2.3.6     1q41 

 In 2012, a meta-analysis of 3 GWAS in 1,860 Chinese adults, 
929 Chinese children, and 2,155 Malay adults found that the 
1q41 locus was associated with axial length [ 111 ]. This QTL 
analysis found four SNPs with genome-wide signifi cance 
with  P -values <10 −8  associated with axial length. Replication 
studies for these four SNPs were performed in high myopia 

case–control studies, and these four SNPs showed signifi cant 
associations to high myopia in fi ve case–control studies in 
Japanese, Chinese, and Malay populations. This study sug-
gested ZC3H11A, SLC30A10, and LYPLAL1 as candidate 
genes for high myopia.  

2.3.7     Genes Reported by Large-Scale GWAS 
by CREAM and 23andMe 

 In 2013, two large-scale GWAS found several susceptibility 
genes for myopia. The Consortium for Refractive Error and 
Myopia (CREAM) performed international genome-wide 
meta-analysis on refractive error using 45,758 individuals in 
32 studies from Europe, the USA, Australia, and Asia [ 104 ]. 
Another large-scale GWAS was performed by 23andMe, a 
company to provide personal genetic test, using 54,094 par-
ticipants [ 105 ]. The genes reported in both studies are 
PRSS56, LAMA2, TOX, RDH5, ZIC2, GJD2, and SHISA6 
(Fig.  2.1 ). Furthermore, BMP3, KCNQ5, TJP2, BICC1, 
RASGRF1, RBFOX1, and MYO1D were reported both in the 
CREAM study and in the fi rst stage of the 23andMe study.
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  Fig. 2.1    Myopia susceptibility genes reported in two large genome-
wide association studies. MYP loci are indicated in numbers 1–19 in 
circle. Chromosome images are from the National Library of Medicine 

(US) [Cited 5 Jun 2013]. Available from:   http://ghr.nlm.nih.gov/
dynamicImages/chromomap/chr-1.jpeg     to   http://ghr.nlm.nih.gov/
dynamicImages/chromomap/chr-22.jpeg           
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2.3.8        ZNF644 (= MYP21) 

 In 2011, exome sequencing identifi ed novel mutations that 
cause high myopia [ 112 ]. Exome sequencing was per-
formed in two highly myopic individuals in a Chinese fam-
ily. When compared with Chinese population data, these 
two family members shared 393 genetic variants. These 
variants were genotyped in other family members, which 
revealed that a mutation in the ZNF644 gene co-segregated 
with high myopia. Although a US cohort did not show the 
same mutations, two novel single nucleotide variants were 
found to be associated with high myopia in Caucasian and 
African-American [ 113 ].   

2.4     Genes Associated with Choroidal 
Neovascularization Secondary 
to High Myopia 

 Myopic axial length elongation can lead to choroidal neo-
vascularization (CNV), a vision-threatening complication in 
highly myopic eyes. In contrast to genetic studies on 
 age- related macular degeneration that also leads to the 
development of CNV, the genetic contribution to the devel-
opment of CNV in highly myopic eyes has not been thor-
oughly investigated. The associations of popular 
susceptibility genes for age-related macular degeneration, 
CFH and ARMS2/HTRA1, were evaluated both in 
Caucasian and Asian populations [ 114 ,  115 ]. These genes 
were not associated with the development of CNV second-
ary to high myopia. In Asian populations, 15q14, 15q25, 
and the VEGF gene were evaluated for their association 
with the development of CNV, but these genes were not 
associated [ 100 ,  116 ]. In Caucasians, CFI was shown to be 
associated with CNV development in high myopia [ 117 ]. 
Further evaluation should be performed. 

 Genetic associations with the phenotype of CNV have 
also been evaluated. In contrast to its association with the 
development of CNV, the VEGF gene polymorphism was 
shown to affect the size of CNV in high myopia [ 116 ]. 
Furthermore, VEGF gene polymorphism is also associated 
with treatment outcome after anti-VEGF treatment for 
CNV in highly myopic eyes [ 118 ]. As for photodynamic 
therapy, the coagulation-balance genes of FXIIIA and 
MTHFR were shown to be associated with the treatment 
response of CNV [ 119 ]. In the future, we might be able to 
predict who is prone to being myopic and who will be 
severely affected by CNV. Furthermore, we might be able 
to predict the response to treatment and choose the best 
treatment methods for each patient with myopic CNV. 
Understanding the mechanisms of myopia and its compli-
cations through genetic studies will lead to novel treatment 
strategies.     
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        Myopia is a signifi cant global public health concern with a 
rapid increase in prevalence in recent decades worldwide 
[ 1 – 3 ]. It is estimated that globally 153 million people over 5 
years of age are visually impaired as a result of uncorrected 
myopia and other refractive errors, and of these eight million 
are blind [ 4 ]. The economic costs of myopia to individuals 
and society have been estimated to be $250 million/year in 
the USA alone [ 5 ]. Myopia is an important and usually 
underestimated eye disease. Although impaired vision result-
ing from myopia can often be corrected with visual aids, 
such as glasses, contact lenses, or refractive surgery, uncor-
rected refractive error is still the major cause of visual 
impairment worldwide, accounting for at least 33 % of visual 
impairment [ 6 ]. Furthermore, myopia is more common than 
other eye diseases such as glaucoma, cataract, or diabetic 
retinopathy in East Asian populations. High myopia poses an 
enormous burden because of the higher risks of macular and 
retinal complications [ 7 – 10 ]. 

 Myopia is a complex multifactorial trait driven by both 
genetic and environmental factors [ 2 ,  11 – 13 ]. Environmental 
exposures play a major role [ 1 ,  2 ]. This is supported by 
 animal experiments which showed that manipulation of the 

environment can be achieved by making animals wear 
 negative lenses, which would place the images of distant 
objects behind photoreceptors (hyperopic defocus), or most 
 commonly by lens-induced myopia or form-deprivation 
myopia [ 14 ]. Macaque monkeys with surgically fused eye-
lids, i.e., form deprivation, experienced excessive axial 
length (AL) elongation and eventually develop myopia [ 15 ]. 
In addition, the environmental impact on myopia is also sup-
ported by the rapid increases in the prevalence of myopia 
over the past few decades that cannot be attributed to chang-
ing gene pools [ 1 ]. 

3.1     East–West Patterns in the Prevalence 
of Myopia 

 Myopia prevalence has been reported to be high in middle- 
aged to elderly Chinese adults in urban Asian cities. The 
prevalence of myopia of any amount (spherical equivalent 
[SE] <−0.5 D) in Singapore Chinese aged over 40 years 
( n  = 1,232) was reported to be 38.7 % [ 16 ], similar to a study 
of 335 Hong Kong Chinese over 40 years, which reported a 
40 % prevalence of myopia (SE <−0.5 D) [ 17 ]. However, 
prevalence of myopia of any amount was reported to be sig-
nifi cantly lower in the rural area of China in the Handan Eye 
Study (SE <−0.5 D) [ 18 ] (26.7 %;  n  = 7,557; aged over 30 
years) and urban city in the Beijing Eye Study (SE <−0.5 D) 
[ 19 ] (22.9 %,  n  = 4,319, aged over 30 years). Although differ-
ences in sampling strategies, preferred immigration to large 
cities (myopes are more likely to move to big cities due to 
higher educational level), and study participant characteris-
tics may partially contribute to the observed difference in 
myopia rates between Chinese living in and outside the 
mainland of China, the difference may still refl ect country- 
specifi c environmental impact on the risk of myopia. 
However, compared to the current prevalence rates in 
younger birth cohorts in these areas, none of these rates are 
particularly high. Among Chinese children in the urban 
region of China such as Guangzhou, the prevalence of 
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 myopia of any amount (SE ≤−0.5 D) was 30.1 % in the 
10-year- olds and increasing to 78.4 % in the 15-year-olds 
[ 20 ]. Among the children of similar age in Singapore, the 
prevalence of myopia of any amount (SE ≤−0.5 D) was 
29.0 % in 7-year-olds, 34.7 % in 8-year-olds, and 53.1 % in 
9-year-olds based on the school-based population [ 21 ]. The 
school sample in SCORM was not statistically derived by 
randomization, but was arbitrarily recruited, and thus could 
easily not be representative of the population. In another 
population- based study on Singapore preschool children, the 
prevalence of myopia of any amount (SE ≤−0.5 D) was 
reported to be 6.4 % in children aged 5–6 years [ 22 ]. 
Relatively lower prevalence of myopia of any amount was 
reported in some rural areas of China (18 % in Shunyi) [ 23 ] 
and in west part city (13.7 % in Chongqing) [ 24 ]. 

 Comparing Chinese with other East Asians such as 
Japanese and Koreans of the similar age, the prevalence of 
myopia of any amount was comparable in Japanese and 
Koreans. For example, the myopia prevalence (SE <−0.5 D) 
of urban Japanese adults aged 40–49 years was 70 % in men 
and 68 % in women in Tajimi City [ 25 ] whereas it was 
45.2 % in men and 51.7 % in women in Singapore Chinese 
although there may be secular trends as the Japanese studies 
were conducted more recently [ 16 ]. In adolescents, a recent 
report on Korean male conscripts ( n  = 23,616, age = 19 years) 
in Seoul reported extremely high myopia prevalence (96 %) 
[ 26 ] while 82 % of    Singapore Chinese male conscripts 
( n  = 15,095, ages = 17–19 years) were reported to have myo-
pia [ 27 ]. Considering cycloplegic refraction was performed 
in the Korean study but not in the Singaporean study, the real 
difference in prevalence may be even higher than it seems to 
be. Chinese are always considered the most myopic due to 
ethnic genetic differences. However, comparison among 
Chinese, Koreans, and Japanese indicates that this may not 
in fact be true. 

 However, reports from other Asian countries have not 
always revealed a high prevalence of myopia. In urban and 
rural settings in Cambodia’s Phnom Penh and Kandal prov-
inces, the prevalence (SE ≤−0.5 D) was only 5.5–6.0 % in 
children aged 12–14 years ( n  = 5,527) [ 28 ]. In Vientiane 
Province, an urbanizing region of Laos, the prevalence of 
myopia of any amount (SE ≤−0.5 D) was only 0.8 % in chil-
dren aged 6–11 years ( n  = 2,899) [ 29 ]. In rural Nepal, only 
less than 3 % of the Nepalese children aged 5–15 years were 
affected by myopia (SE ≤−0.5 D) [ 30 ]. These low fi gures 
contrasted with the higher prevalence of myopia in children 
with similar age observed in other Southeast Asian countries 
with higher socioeconomic levels such as Singapore and 
Malaysia. 

 In the Indian state of Andhra Pradesh, the prevalence of 
myopia of any amount in adults aged over 40 years was 
34.6 % ( n  = 3,723) [ 31 ] while it was 31.0 % in rural Chennai 
( n  = 2,508) [ 32 ]. Although the overall prevalence of myopia 

was reported to be lower among Singapore Indians (28.0 %; 
 n  = 2,805) [ 33 ] than Indians of a similar age range residing in 
southern India, myopia was more prevalent in Singapore 
Indians than India Indians aged 40–49 years, refl ecting a 
potentially    “myopigenic” environment in Singapore. In 
adults aged more that 50 years, India Indians exceeded 
Singapore Indians in the prevalence of myopia due to earlier 
onset and more severity of nuclear cataract among India 
Indians. The Singapore Indian Eye Study also found a major 
difference in myopia rates between Indians born in and out-
side Singapore, which is a powerful evidence of impact of 
environmental factors [ 34 ]. However, myopia rates between 
Singapore Indians and Singapore Chinese did not show a 
signifi cant difference in younger cohorts, albeit a bit higher 
in Chinese (82.2 % vs. 68.7 %) [ 27 ]. 

 The implication that the prevalence of myopia is always 
higher in East Asia than Western countries due to ethnic dif-
ferences is debatable. Recent data showed that there is rapid 
increase in the prevalence of myopia of any amount in 
Whites in the USA. The 1999–2004 National Health and 
Nutrition Examination Survey (NHANES) reported that 
33 % of the Whites aged over 40 years in the USA have been 
affected by myopia using a more stringent criterion of −1 D 
[ 35 ,  36 ], which was not lower than the fi gures reported in 
most Asian studies. The data in old cohort show that there is 
not a lot of difference in the prevalence of myopia in older 
cohorts between Singapore and the USA. However, there are 
huge differences in more recent birth cohorts. 

 In conclusion, data from Singapore, Hong Kong, China, 
and Southeast Asian countries indicated that Asia is not con-
ceptually “myopigenic” and there are large variations in 
myopia rates in Asia associated with urbanization. 
Furthermore, myopia rates in the USA are not much lower 
than in Singapore but signifi cantly higher than in Southeast 
Asian countries such as Laos and Cambodia, indicating that 
urbanization rather than geographic variation may play more 
important roles in myopia etiology.  

3.2     Prevalence of High Myopia 

 It is important to document the variations in prevalence of 
high myopia in addition to myopia as individuals with high 
myopia have an increased susceptibility to visual loss and 
blindness. In Singapore, the prevalence of high myopia 
defi ned as SE at least −5 D in Indians ( n  = 2,805) was 4.1 % 
[ 33 ], which is signifi cantly lower than that of Chinese in 
Singapore (9.1 %) ( n  = 1,113) [ 16 ] but slightly higher than 
Malays in Singapore (3.9 %) ( n  = 2,974) [ 37 ] of the same age 
range. The prevalence rates of high myopia were reported in 
Whites and Blacks aged over 40 years in the Baltimore Eye 
Study (1.4 %) [ 38 ] (SE <−6 D,  n  = 5,028), Whites aged 
49–97 years in the Blue Mountains Study (3.0 %) [ 39 ] 
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(SE <−6 D,  n  = 3,654), and Hispanics (2.4 %) [ 40 ] (SE <−6 
D,  n  = 5,927) aged over 40 years in the Los Angeles Latino 
Eye Study. Although the prevalence of high myopia has been 
documented in several population-based cohorts with higher 
values in Asia, the pattern is diffi cult to interpret. First, these 
studies were conducted in different years and secular trends 
should not be neglected, considering the rapid increase in 
prevalence. Today’s 80-year-olds were born in the 1930s, 
and 40-year-olds were born in the 1970s. Thus, the age range 
values were hard to interpret. In addition, most studies did 
not exclude the subjects with cataract, which is known to be 
highly correlated with myopia, especially high myopia 
[ 41 ,  42 ]. However, there is no doubt that the prevalence of 
high myopia is increasing as well as myopia, at least in East 
Asians. In the last report, about 20 % of the Korean male 
conscripts have been reported to be affected by high myopia. 
This fi nding has an important implication, because the 
increase may represent an extension to extreme levels of 
acquired myopia, rather than the arguably more genetic high 
myopia of earlier generations.  

3.3     Prevalence of Myopic Retinopathy 

 The most common complication of high myopia is myopic 
retinopathy, which is a major cause of irreversible vision loss 
and blindness. In Japan, myopic retinopathy was reported to 
be the leading cause of blindness (22.4 %) in the Tajimi 
Study [ 43 ]. In the Beijing Eye Study, myopic retinopathy 
was also the second most common cause of low vision 
(32.7 %) and blindness (7.7 %) among adult Chinese aged 40 
years and above [ 44 ]. In the Shihpai Eye Study among 
Taiwan elderly Chinese population 65 years of age or older, 
it was the second most frequent cause of visual impairment 
(12.5 %) [ 45 ]. In Western countries, myopic retinopathy was 
found to be the most frequent cause of visual impairment in 
subjects aged between 55 and 75 years in the Rotterdam 
Study [ 46 ]. 

 Myopic retinopathy is characterized by the presence of 
posterior staphyloma, lacquer cracks, myopic choroidal neo-
vascularization, and chorioretinal atrophy in the posterior 
fundus. In our Singapore Epidemiology of Eye Diseases 
(SEED) [ 47 ,  48 ] program, there were a signifi cant propor-
tion of high myopes affected by myopic retinopathy. 
Figure  3.1  shows the retinal fundus photographs of the right 
eye of a 44-year-old Malaysian woman with SE of −11 D. 
Temporal PPA and disc tilt were demonstrated with type II 
staphyloma (macula involved). Figure  3.2  shows the left eye 
of a 47-year-old male of Chinese ethnicity with SE of −11.00 
D. Temporal PPA was demonstrated with type III staphy-
loma (peripapillary). The impact of myopic retinopathy on 
visual impairment is important because it is often bilateral 
and irreversible and frequently affects individuals during 

their productive years [ 49 ]. It has been estimated that patients 
with myopic retinopathy are legally blind for an average of 
17 years, a fi gure that nearly matches the mean duration of 
blindness from diabetes (5 years), age-related maculopathy 
(5 years), and glaucoma (10 years) combined [ 50 ]. The rea-
sons for the development of myopic retinopathy are not clear, 
but may be due to excessive axial elongation, thinning of the 
retina and choroid, and weakening of the sclera [ 1 ]. The 
development of a posterior staphyloma might further stretch 
and thin the retina and choroid, leading to characteristic 
lesions.

    Table  3.1  summarizes the prevalence of myopic retinopa-
thy in population-based studies. In the Blue Mountains Eye 
Study, myopic retinopathy was defi ned as the presence of 

  Fig. 3.1    Retinal fundus photograph of the right eye of a 44-year-old 
Malaysian female in the Singapore Epidemiology of Eye Diseases 
Program       

  Fig. 3.2    Retinal fundus photograph of the left eye of a 47-year-old 
male of Chinese ethnicity in the Singapore Epidemiology of Eye 
Diseases Program       
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staphyloma, lacquer cracks, Fuchs’ spot, and chorioretinal 
thinning or atrophy. The overall prevalence of myopic reti-
nopathy was 1.2 %.    Staphyloma was present in 0.7 % of the 
participants, lacquer cracks were seen in 0.2 %, Fuchs’ spot 
was present in 0.1 %, and chorioretinal atrophy was present 
in 0.2 %. In addition, the Blue Mountains Eye Study showed 
a marked and highly nonlinear relationship between refrac-
tion and the prevalence of myopic retinopathy. Myopes of 
less than −5 D had a myopic retinopathy prevalence of 
0.42 % as compared to 25.3 % for myopes with greater than 
−5 D [ 51 ]. In the Beijing Eye Study using the same defi ni-
tion of myopic retinopathy as the Blue Mountains Eye 
Study, myopic retinopathy was present in 3.1 % of the total 
4,319 participants aged over 50 years. Chorioretinal atrophy 
at the posterior pole was the most commonly encountered 
feature of myopic retinopathy, being present in all eyes with 
myopic retinopathy. The prevalence of staphyloma, lacquer 
cracks, Fuchs’ spot, and chorioretinal atrophy at the poste-
rior pole were 1.6, 0.2, 0.1, and 3.1 %, respectively. The 
prevalence of myopic retinopathy increased signifi cantly 
with increasing myopic refractive error, from 3.8 % in eyes 
with a myopic refractive error of <−4.0 D to 89.6 % in eyes 
with a myopic refractive error of at least −10.0 D [ 52 ]. In 
another study of 6,603 adults aged over 30 years in rural 
China, the prevalence of myopic retinopathy was only 
0.9 %. Staphyloma was the most frequent myopic retinopa-
thy sign (86.9 %), followed by chorioretinal atrophy 
(56.0 %), lacquer cracks (36.9 %), and Fuchs’ spot (14.3 %) 
[ 53 ]. In a Japanese cohort of 1,892 adults aged over 40 
years, myopic retinopathy was defi ned as the presence of at 

least one of the following lesions: diffuse chorioretinal atro-
phy at the posterior pole, patchy chorioretinal atrophy, lac-
quer cracks, or macular atrophy. The prevalence of myopic 
retinopathy was 1.7 % with 2.2 % in women and 1.2 % in 
men [ 54 ]. In Taiwan, myopic retinopathy was defi ned as the 
presence of lacquer cracks, focal area of deep choroidal 
atrophy and macular choroidal neovascularization, or geo-
graphic atrophy in the presence of high myopia. Signs of 
myopic retinopathy were present in 32 (72.7 %) of the 44 
high myopic adults, representing a prevalence of 3.0 % [ 55 ]. 
   These studies cannot be directly compared primarily 
because the defi nitions of myopic retinopathy are different 
and there are variations in the characteristics of study par-
ticipants (e.g., the age and proportion of either gender) and 
differences in the methodology or study design (e.g., the 
defi nition of myopic retinopathy) including sampling strate-
gies and response rates. In the population- based studies 
reporting the prevalence of myopic retinopathy, the pres-
ence of high myopia was not a prerequisite for the defi nition 
of myopic retinopathy in most studies. Thus, in some stud-
ies, the prevalence of myopic retinopathy was even higher 
than high myopia as adults with low to moderate myopia 
may have pathologic changes in retina. This may also lead 
to misclassifi cation bias. For example, peripapillary atrophy 
was a criterion for myopic retinopathy in the Blue Mountains 
Eye Study, the Beijing Eye Study, and the Handan Eye 
Study, but peripapillary atrophy is also seen in glaucoma-
tous and apparently otherwise normal retinas.

   Visual prognosis for highly myopic patients with retinop-
athy is much poorer than for those without retinopathy. 

   Table 3.1    Prevalence of myopic retinopathy and high myopia (SE <−5.0 D) in population-based studies   

 Study   n   Age  Defi nition of myopic retinopathy 
 Prevalence of myopic 
retinopathy (%) 

 Prevalence of high 
myopia (<−5 D) (%) 

 Blue Mountains Eye 
Study (Australia) 

 3,653  ≥49  Staphyloma  1.2  2.2 
 Chorioretinal atrophy 
 Fuchs’ spot 
 Lacquer cracks 

 Beijing Eye Study 
(China) 

 4,139  ≥40  Staphyloma  3.7  3.3 
 Chorioretinal atrophy 
 Fuchs’ spot 
 Lacquer cracks 

 Handan Eye Study 
(China) 

 6,603  ≥30  Staphyloma  0.9  2.1 
 Chorioretinal atrophy 
 Fuchs’ spot 
 Lacquer cracks 

 Shihpai Eye Study 
(Taiwan) 

 1,058  ≥65  Lacquer cracks, focal area of deep choroidal 
atrophy and macular choroidal 
neovascularization, or geographic atrophy in the 
presence of high myopia 

 3.0  2.3 

 Hisayama Study 
(Japan) 

 1,892  ≥40  Diffuse chorioretinal atrophy  1.7  5.7 
 Patchy chorioretinal atrophy 
 Lacquer cracks 
 Macular atrophy 
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In a Japanese natural history study, 327 of the 806 highly 
myopic eyes (40.6 %) showed progression of myopic reti-
nopathy during the follow-up of 12.7 years. Only 13.4 % of 
the eyes with a tessellated fundus showed a progression of 
myopic retinopathy during the follow-up period, whereas 
69.3 % of the eyes with lacquer cracks, 49.2 % of the eyes 
with diffuse atrophy, 70.3 % of the eyes with patchy atrophy, 
and 90.1 % of the eyes with choroidal neovascularization 
showed progression of myopic retinopathy. The results 
 indicated that the incidence and type of progression were 
 different for the different types of fundus lesion [ 56 ].  

3.4     Associations of Myopia with Other 
Age-Related Eye Diseases 

3.4.1     Age-Related Macular Degeneration 
(AMD) 

 The association between refractive error and AMD was ini-
tially reported in several case–control studies [ 57 – 59 ] and 
then further assessed in population-based studies. For exam-
ple, among White populations, the Rotterdam Study reported 
that increasing hyperopic refraction was associated with 
both prevalent and incident AMD [ 60 ]. The Blue Mountains 
Eye Study in Australia reported a weak association of hyper-
opic refraction with prevalent early AMD [ 61 ]. In Asians, 
both the Singapore Malay Eye Study and the Beijing Eye 
Study found a signifi cant association between hyperopia and 
AMD in cross-sectional designs [ 62 ,  63 ]. However, evi-
dences from longitudinal population-based data have not 
supported this cross-sectional association. The US Beaver 
Dam Eye Study reported that baseline refraction was not 
associated with either incident early or late AMD [ 64 ,  65 ]. 
The Blue Mountains Eye Study also found no signifi cant 
association between hyperopia and the 5-year incidence of 
early or late AMD [ 66 ]. It is possible, however, that longitu-
dinal population-based studies which have assessed this 
association to date have lacked suffi cient study power for 
incident AMD. Meanwhile, the impact of increasing age- 
related nuclear cataract with its secondary effect on refrac-
tive error (through induced index myopia) could also have 
confounded the ability to assess this longitudinal association 
using refractive measures rather than AL. Differences in 
study design and methods could possibly explain the incon-
sistent results observed among different ethnic groups as 
well. Examining the relationship between AL and AMD may 
provide further insights into possible mechanisms underly-
ing the association of hyperopic refraction and AMD. 
However, only two studies to date have evaluated the rela-
tionship between AMD and AL with inconsistent results. 
A Norwegian prevalence survey examined AL and AMD but 
found no relationship [ 67 ]. On the other hand, the Singapore 

Malay Eye Study found that each millimeter decrease in AL 
was associated with 29 % increased odds of early AMD [ 62 ].  

3.4.2     Diabetic Retinopathy (DR) 

 The relationship between refractive errors and DR is not 
clear. In some clinic-based studies, myopic refraction was 
found to be associated with lower risk of DR [ 68 ,  69 ]. 
However, clinic-based studies may be biased because myo-
pic diabetics may undergo a routine eye examination. Only 
three population-based studies assessed this association with 
inconsistent results. The Wisconsin Epidemiologic Study of 
Diabetic Retinopathy (WESDR) demonstrated that myopia 
was not associated with incident DR in univariate analyses, 
but showed a protective effect against progression to prolif-
erative diabetic retinopathy in persons with younger-onset 
diabetes in multivariate models [ 70 ]. The Visual Impairment 
Project did not fi nd any signifi cant association between DR 
and myopia in a cross-sectional design [ 71 ]. In Malays living 
in Singapore, myopic refraction is associated with a lower 
risk of DR, particularly vision-threatening retinopathy, with-
out any evidence of a threshold [ 72 ]. The inconsistent results 
require further studies to examine the association between 
myopia and DR.  

3.4.3     Age-Related Cataract 

 Cataract is the leading cause of blindness worldwide. In the 
USA, the Beaver Dam Eye Study of adults 43–84 years sup-
ported the cross-sectional association between myopia and 
nuclear cataract (odds ratio [OR], 1.67; 95 % confi dence 
interval [CI], 1.23, 2.27), but provide no evidence of a rela-
tionship between myopia and 5-year incident cataract [ 73 ]. 
The Australian Blue Mountains Eye Study of adults aged 
over 49 years reported that posterior subcapsular cataract 
(PSC) was associated with low myopia (OR 2.1; 95 % CI 
1.4, 3.5), moderate myopia (OR 3.1; 95 % CI 1.6, 5.7), and 
high myopia (OR 5.5; 95 % CI 2.8, 10.9) while high myopia 
was associated with all three types of cataract [ 74 ]. The 
multivariate- adjusted OR of incident nuclear cataract in 
myopic adults (SE <−0.5 D) in the Barbados Eye Study of 
adults aged 40–84 years ( n  = 2,609; follow-up = 4 years) was 
2.8 (95 % CI 2.0, 4.0) (PSC and cortical cataract results were 
not reported) [ 75 ]. In cross-sectional studies, refractive asso-
ciations with PSC, cortical, and nuclear cataract were exam-
ined in the Visual Impairment Project in Australia ( n  = 5,147) 
of adults 40 years and older. Only cortical cataract was found 
to be associated with myopia (SE <−1.0 D) [ 76 ]. 
A population- based study on Singapore Chinese supported 
the associations between nuclear cataract or PSC and myo-
pia. This study also indicated that the PSC is also associated 
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with deeper anterior chamber, thinner lens, and longer vitre-
ous chamber, with vitreous chamber depth explaining most 
of the association between PSC and myopia [ 77 ] (Table  3.2 ).

3.4.4        Primary Open-Angle Glaucoma (POAG) 

 Glaucoma is a group of diseases, which have a fi nal common 
pathway of progressive nerve fi ber layer thinning and con-
comitant ganglion cell loss. The association of glaucoma and 
myopia has been summarized in a systematic review and 
meta-analysis of 13 population-based studies [ 79 ]. We have 
also summarized these studies in detail in Table  3.3 . However, 
all these studies are case control or cross-sectional, which 
are limited to determine the casual relationship in nature.

3.5         Environmental Risk Factors 
for Myopia 

3.5.1     Near Work 

 Near work involving visual tasks at near distance including 
reading/writing and computer use has been found to be 
associated with myopia in several cross-sectional studies 
[ 92 – 94 ]. For example, Australian children who read con-
tinuously for more than 30 min were 1.5-fold (OR 1.5; 95 % 
CI 1.05, 2.1) more likely to develop myopia when compared 
to those who read less than 30 min continuously. Likewise, 
children who performed close reading distance of less than 
30 cm were 2.5 times (OR 2.5; 95 % CI 1.7, 4.0) more likely 
to have myopia than those who performed more than this 
distance [ 92 ]. However, this study concluded that near work 
per SE was not important. Our Singapore Cohort Study of 
the Risk Factors for Myopia found that children who read 
more than two books per week were about 3 times more 
likely (OR 3.05; 95 % CI 1.80, 5.18) to have higher myopia 
(defi ned as SE at least −3.0 D) compared to those who read 

less than two books per week, after controlling for con-
founders [ 93 ]. But the results have not been replicated in 
other studies. However, the association was still inconsistent 
in cross-sectional studies. Near work was not shown to be 
associated with myopia in several other studies. For exam-
ple, Lu and coworkers [ 95 ] analyzed 998 Chinese school 
children aged 13–17 years from Xichang, China, and 
reported the multivariate-adjusted OR of myopia (SE at 
least −0.5 D) was 1.27 (95 % CI 0.75, 2.14) for reading in 
hours per week. Similarly, Saw and coworkers recruited 128 
children from one kindergarten in Singapore [ 96 ] and found 
that after adjusting for parental history of myopia and age, 
the OR of myopia was 1.0 (95 % CI 0.8, 1.3) for near-work 
activity. Longitudinal cohort studies establish the temporal 
sequence of prior exposure to environmental factors and 
subsequent increase in the risks of disease. However, evi-
dence supporting near work as a risk factor for myopia in 
cohort studies is limited in both Asian [ 97 ] and non-Asian 
children [ 98 ]. Based on current evidence, it is still impossi-
ble to conclude that near work is an independent risk factor 
for myopia [ 99 ]. Latest animal studies provided new insights 
into the role of near work. Smith et al. found that relatively 
long periods of form deprivation can be counterbalanced by 
quite short periods of unrestricted vision [ 100 ]. Norton et al. 
examine the ability of hyperopic defocus, minimal defocus, 
and myopic defocus to compete against a myopigenic −5 D 
lens in juvenile tree shrew eyes [ 101 ]. They found myopic 
defocus encoded by at tree shrew retinas as being different 
from hyperopic defocus, and myopic defocus can some-
times counteract the myopigenic effect of the −5 D lens 
(hyperopic defocus). Therefore, animal data indicated that 
whether the reading took place in many short periods or less 
frequent longer periods might have played an important role 
in myopia development. 

 Josh Wallman’s work on chicks further indicated that the 
effects of episodes of defocus rise rapidly with episode dura-
tion to an asymptote and decline between episodes, with the 
time course depending strongly on the sign of defocus and 

   Table 3.2    The association of myopia with age-related cataract in population-based studies   

 Author (year)  Study design   N   Age 
 Defi nition of 
myopia 

 OR (HR) of cataract for myopia (95% CI) 

 Nuclear  Cortical  PSC 

 Lim et al. (1999) 
[ 74 ] 

 Cross-sectional 
study 

 7,308  49+  SE <−1.0 D  1.3 (1.0, 1.6)  1.2 (0.8, 1.6)  2.5 (1.6, 4.7) 

 McCarty (1999) 
[ 78 ] 

 Cross-sectional 
study 

 5,147  40+  SE <−1.0 D  2.7 (1.9, 3.9)  1.8 (1.3, 2.4)  3.6 (2.5, 5.2) 

 Wong et al. (2001) 
[ 73 ] 

 Cohort study  4,470  43–84  SE <−1.0 D  1.7 (1.3, 2.4)  0.9 (0.6, 1.2)  1.2 (0.8, 2.0) 

 Leske et al. (2002) 
[ 75 ] 

 Cohort study  2,609  40–84  SE <−0.5 D  2.8 (2.0, 4.0)  –  – 

 Wong et al. (2003) 
[ 77 ] 

 Cross-sectional 
study 

 1,029  40–79  −3 D < SE <−0.5 
D 

 2.6 (1.5, 4.3)  1.1 (0.7, 1.8)  1.7 (0.9, 3.3) 

 Pan et al. (2012) 
[ 3 ] 

 Cross-sectional 
study 

 3,400  40–84  SE <−0.5 D  1.6 (1.1, 2.2)  1.1 (0.8, 1.3)  1.7 (1.1, 2.7) 

   OR  odds ratio,  HR  hazards ratio,  CI  confi dence interval,  SE  spherical equivalent  
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   Table 3.3    The association of myopia with open-angle glaucoma   

 Author (year) 
 Study 
ethnicity  Study design 

 Study 
population ( n )  Defi nition  Result (odds ratio/ P -values) 

 Daubs and 
Crick (1981) 
[ 80 ] 

 White  Case–control 
study 

 General 
ophthalmology 
patients 
( n  = 953) 

 OAG defi ned as eyes with open angles 
and characteristic VFD 

 OR of OAG 3.1 (95 % CI 1.6–5.8) for 
high myopia compared with 
hyperopia, adjusted for age, IOP, sex, 
family history, season, blood pressure, 
astigmatism, urinalysis, and health 

 Ponte et al. 
(1994) [ 81 ] 

 White  Case–control 
study 

 40 years and 
older ( n  = 264) 

 Cases: IOP >24 mmHg or history of 
glaucoma or VF suggestive of 
glaucoma Controls: IOP <20 mmHg, 
CDR 0–0.2 and pink discs 

 OR of prevalent glaucoma for myopia 
(SE at least −1.5 D) was 5.56 (95 % 
CI 1.85, 16.67), adjusted for diabetes, 
hypertension, steroid use, and iris 
texture 

 Mitchell et al. 
(1999) [ 82 ] 

 White  Cross-sectional 
study 

 49 years and 
older 
( n  = 3,654) 

 OAG defi ned as cup–disc ratio >0.7 or 
cup–disc asymmetry >0.3 

 OR of prevalent OAG was 3.3 (95 % 
CI 1.7, 6.4) for moderate to high 
myopia (SE at least −3.0 D) and 2.3 
(95 % CI 1.3, 4.1) for patients with 
low myopia (SE <−3.0 D and >1.0 D), 
adjusted for sex, family history, 
diabetes, hypertension, migraine, 
steroid use, and pseudoexfoliation 

 Leske et al. 
(2001) [ 83 ] 

 African 
descent 

 Observational 
study of families 
of probands 

 230 probands 
and 1,056 
relatives (from 
207 families) 

 OAG defi nition includes visual fi eld 
criteria, optic disc criteria, 
ophthalmologic criteria 

 OR of OAG for refractive error 
(<−0.5 D) is 2.82 (95 % CI 1.5, 5.3) 

 Wong et al. 
(2003) [ 77 ] 

 White  Cross-sectional 
study 

 43–86 years 
( n  = 4,670) 

 POAG defi ned as VFD compatible 
with glaucoma, IOP >22 mmHg, CDR 
0.8 or more, history of glaucoma 
treatment 

 The age- and gender- adjusted ORs 
of prevalent POAG for myopia 
(SE at least −1.0 D) were 1.6 (95 % CI 
1.1, 2.3) 

 Ramakrishnan 
et al. (2003) 
[ 84 ] 

 Indian  Cross-sectional 
study 

 40 years and 
older 
( n  = 5,150) 

 POAG was defi ned as angles open on 
gonioscopy and glaucomatous optic 
disc changes with matching visual 
fi eld defects 

 OR of POAG for mild myopia was 2.9 
(95 % CI 1.3, 6.9), for moderate 
myopia was 2.1 (95 % CI 1.0, 4.6), 
for severe myopia was 3.9 (95 % CI 
1.6, 9.5) 

 Vijaya et al. 
(2005) [ 85 ] 

 Indian  Cross-sectional 
study 

 40 years and 
more 
( n  = 3,934) 

 Cases of glaucoma were defi ned 
according to the ISGEO classifi cation 

 OR of POAG for myopia was 0.68 
(95 % CI 0.40, 1.17). There were no 
associations between POAG and 
myopia 

 Suzuki et al. 
(2006) [ 86 ] 

 Japanese  Cross-sectional 
study 

 119 POAG 
patients and 
2,755 controls 

 Diagnosis of glaucoma was made 
based on optic disc appearance, 
perimetric results, and other ocular 
fi ndings 

 OR of POAG for low myopia 
(SE >−1.0 D and SE <−3.0 D) was 
1.85 (95 % CI 1.03–3.31) and for 2.60 
[95 % CI, 1.56–4.35] for moderate 
to high myopia (SE >−3 D) 

 Xu et al. 
(2007) [ 87 ] 

 Chinese  Cross-sectional 
study 

 40 years and 
older 
( n  = 5,324) 

 Optic disc glaucoma with structural 
optic disc abnormalities, perimetric 
glaucoma with optic disc 
abnormalities plus frequency doubling 
perimetry defects 

 In binary logistic regression analysis, 
presence of glaucoma was 
signifi cantly associated with the 
myopic refractive error ( P  < 0.001) 

 Casson et al. 
(2007) [ 88 ] 

 Burmese  Cross-sectional 
study 

 40 years and 
more 
( n  = 2,076) 

 Primary open-angle glaucoma was 
diagnosed if the criteria for categories 
1–3 were met and >90° of posterior 
TM was visible on static gonioscopy 
and no secondary cause for glaucoma 
was present 

 OR of POAG for myopia (SE <0.5 D) 
was 2.82 (95 % CI 1.28, 6.25) 
in univariate analysis and 2.74 (95 % 
CI 1.0, 7.48) in multivariate analysis 

 Czudowska 
et al. (2010) 
[ 89 ] 

 White  Cohort study  55 years and 
more 
( n  = 3,939) 

 Glaucomatous visual fi eld loss  RR of POAG for myopia (SE <0.5 D) 
was 1.5 (95 % CI 1.1, 2.0) in 
multivariate analysis 

 Perera et al. 
(2010) [ 90 ] 

 Malays  Cross-sectional 
study 

 40 years and 
more 
( n  = 3,109) 

 Optic disc abnormalities and 
glaucomatous visual fi eld loss 

 OR of POAG for moderate myopia 
(SE <−4.0 D) was 2.8 (95 % CI 1.1, 
7.4) in multivariate analysis 

 Kuzin et al. 
(2010) [ 91 ] 

 Latinos  Cross-sectional 
study 

 40 years and 
more 
( n  = 5,927) 

 Optic disc abnormalities and 
glaucomatous visual fi eld loss 

 OR of OAG for myopia (SE <−1.0 D) 
was 1.8 (95 % CI 1.2, 2.8) in 
multivariate analysis 

   SE  spherical equivalent,  D  diopters,  OR  odds ratio,  CI  confi dence interval,  CDR  cup–disc ratio,  POAG  primary open-angle glaucoma,  AL  axial 
length,  VFD  visual fi eld defect,  IOP  intraocular pressure  
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the ocular component [ 102 ]. This fi nding has important 
implications on myopia prevention in children. The develop-
ment of myopia in school-age children has been associated 
with the presumed hyperopic defocus that the eyes experi-
ence during reading. Given the distinctively different fall 
times of ocular compensation caused by positive and nega-
tive lens wear in chicks, it is likely that the total amount of 
near work does not capture all the temporal information used 
for integration of the defocus signals. It would not be possi-
ble to advise children in some Asian community such as 
Singapore and Hong Kong to spend less time in homework 
because of academic demands; it may be important to 
encourage children to take frequent breaks from reading and 
to view distant objects.  

3.5.2     Time Outdoors 

 In cross-sectional studies, the association between time out-
doors and myopia is well documented. In Singapore, the 
total time spent outdoors was associated with signifi cantly 
less myopic refraction (regression coeffi cient 0.17; 95 % CI 
0.10, 0.25,  P  < 0.001) and shorter axial length (regression 
coeffi cient 20.06; 95 % CI 20.1, 20.03,  P  < 0.001). Total 
sports was also signifi cantly negatively associated with myo-
pia ( P  = 0.008), but not indoor sports ( P  = 0.16) [ 103 ]. In the 
Sydney Myopia Study, a greater number of hours spent out-
doors were associated with a more hyperopic refraction after 
multivariate adjustment. When hours spent on outdoor activ-
ities excluding sport were considered, the trends were highly 
signifi cant ( P  = 0.0001). In contrast, time spent on indoor 
sport had no signifi cant effect on refractive error ( P  = 0.9) 
[ 104 ]. In addition, the prevalence of myopia in children of 
Chinese ethnicity was signifi cantly lower in Sydney (3.3 %) 
than in Singapore (29.1 %). The lower prevalence of myopia 
in Sydney was associated with increased hours of outdoor 
activities (13.75 vs. 3.05 h/week) [ 105 ]. Sherwin et al. sum-
marized the relationship between time spent outdoors and 
myopia in children and young adults by a systematic review 
and meta-analysis of observational studies [ 106 ]. They 
searched 4 databases (Medline, Web of Science, Embase, 
and Cochrane) for studies that examined the association 
between time spent outdoors and the development or pro-
gression of myopia among children and adolescents aged 20 
years or younger. The meta-analysis revealed that an 
 additional hour spent outdoors per week was associated with 
a lower prevalence of myopia (pooled OR 0.98; 95 % CI 
0.97, 0.99;  P  OR  < 0.001;  I  2  = 44.3 %;  P  heterogeneity  = 0.09). In 
subgroup analysis, a stronger protective association was 
found between outdoor time and myopia risk in non-East 
Asian studies (OR 0.97; 95 % CI 0.94, 0.99;  P  OR  = 0.003) 
than in East Asian studies (OR 0.99; 95 % CI 0.98, 1.00; 
 P  OR  = 0.002). The limitations of the meta-analysis included 

the cross-sectional design of the included studies and the low 
number of studies included in the analysis. 

 Longitudinal studies [ 98 ,  107 ] have provided some evi-
dence that time engaged in sports/outdoor activity is associ-
ated with the onset of myopia. In a prospective cohort study 
of 1,038 children with no myopia in the third grade of school 
(ages 8–9 years), Jones et al. followed 5 years and found the 
odds ratio of developing myopia for every 1 h of sport/out-
door activity per week (OR 0.91; 95 % CI 0.87, 0.95). In the 
Collaborative Longitudinal Evaluation of Ethnicity and 
Refractive Error (CLEERE) Study, hours per week spent in 
outdoor/sports activities were signifi cantly less for children 
who became myopic 3 years before onset through 4 years 
after onset by 1.1–1.8 h/week. A recent longitudinal study of 
9,109 children aged 7 years at baseline used survival analysis 
to investigate whether time spent outdoors or time spent in 
physical activity was predictive of myopia development, 
using a multidisciplinary data set from a birth cohort study. 
Children classifi ed as spending a “low” amount of time out-
doors at ages 8–9 years were about 40 % more likely to have 
myopia between the ages of 11 and 15 years, compared to 
those classifi ed as spending a “high” amount of time out-
doors [ 108 ]. A recent report from the CLEERE study exam-
ined 835 myopes to explore the relationship between time 
spent in various activities and the rate of myopia progres-
sion. This study showed that the performance of outdoor/
sports activity was not associated with annual myopia pro-
gression following onset [ 109 ]. Randomized Clinical Trials 
(RCT) are important to test whether the association between 
time spent outdoors and myopia onset/progression is causal 
in nature. In the preliminary (1-year) fi ndings from a RCT in 
Guangzhou, China (Xiang et al. IOVS 2011;52: ARVO 
E-Abstract 3057), the intervention ( N  = 1,789, ages 6–7 
years) was an additional 1 h of time outdoors during each 
school day. Children in the intervention arm had less myopic 
refraction (−0.25 D vs. −0.34 D) and less axial elongation 
(0.29 mm vs. 0.33 mm) than controls, supporting a possible 
causal relationship. 

 In our 1-year Family Incentive Trial (FIT), 285 children 
were randomized to either the intervention ( n  = 147) or con-
trol ( n  = 138) arm. The intervention comprised of structured 
weekend outdoor activities in parks and incentives for 
 children to increase their daily steps as measured via pedom-
eters. Figure  3.3  demonstrates the mean hours children spent 
throughout the week in the control arm in our FIT. In  general, 
children in Singapore spent far more time doing indoor than 
outdoor activities. Figure  3.4  shows the average reading of 
light meter by different kinds of indoor and outdoor activi-
ties. We found that the light meter readings varied 
 signifi cantly by outdoor activities. The mean light meter 
reading for outdoor activities including outdoor sports and 
walking in the park or on the way to school is much higher 
than indoor activities such as reading, watching TV, and 
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indoor shopping or playing. In this study, we also found that 
outdoor time increased by more 2.5 h/week for children in 
the intervention compared with the control arm, but the 

 difference between the two groups decreased at the end of 
the trail (Saw et al. ARVO 2012 E-Abstract 2301). However, 
these preliminary results are diffi cult to justify and further 

Activities

Reading and writing

Computer use

Indoor playing

Personal lessons
such as
music/dance/arts
Shopping

Watching TV
Walking to
school/back
home/tuition center
etc

Playing, walking,
strolling etc in the
neighborhood/park

Outdoor sports

Travelling in the
buses or cars

  Fig. 3.3    Mean hours spent per 
week for indoor and outdoor 
activities in Singapore children       
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studies with larger sample size and longer follow-up periods 
may be warranted. In addition, more systematic monitoring 
of light exposures in epidemiological studies should be con-
ducted by asking the participants to wear light meters and 
complete diaries of daily activities.

    The role of UV exposure on myopia is also limited. 
A study on chicks was conducted to determine if emme-
tropization is possible in young chicks reared under higher 
luminance, UV lighting conditions. This study showed that 
the spatial resolving power of the UV cone photoreceptor 
network in the chick was suffi cient to detect optical defocus 
and guided the emmetropization response, provided illumi-
nation was suffi ciently high [ 110 ]. A recent study extended 
the previous epidemiological research by showing that there 
was a protective association between area of conjunctival 
ultraviolet autofl uorescence and prevalent myopia. More 
direct measures of UV exposures may provide a surrogate 
measure of overall light exposures [ 111 ]. 

 The exact biological plausibility behind the observed 
association between time outdoors and myopia development 
has not been fully elucidated. The high ambient light level 
encountered typically outdoors may be a potential mediator 
of the effects attributable to time outdoors. This has been 
supported by animal studies where ambient light levels have 
been found to infl uence the rate of visually induced form- 
deprivation myopia [ 112 ,  113 ], as well as the rate of com-
pensation to monocularly imposed myopic and hyperopic 
defocus [ 114 ]. In animal models, chicks exposed to high illu-
minances (15,000 lx) for 5 h/day signifi cantly slowed com-
pensation for negative lenses compared with those under 
500 lx. High illuminance also reduced deprivation myopia 
by about 60 %, compared with that seen under 500 lx. This 
protective effect was abolished by the daily injection of spi-
perone, a dopamine receptor antagonist [ 112 ]. In addition, 
high-light-reared monkeys showed signifi cantly lower aver-
age degrees of myopic anisometropia and average  treated- eye 
refractive errors that were signifi cantly more hyperopic than 
those observed in monocularly form-deprived monkeys 
reared under normal light levels [ 113 ]. Mehdizadeh and 
Nowroozzadeh have suggested an alternative possibility that 
the predominance of longer wavelength (red) light in the 
spectrum from incandescent lights, which would be in hyper-
opic defocus behind the retina, would promote greater axial 
elongation and more myopia [ 115 ]. However, this hypothesis 
was purely speculative and was not supported by a study on 
3,905 Polish students, where no differences in the use of 
light emitted by incandescent or fl uorescent lamps on myo-
pia were found ( P  > 0.05) [ 116 ]. In a recent review article, 
Flitcroft used computer-generated images to visualize the 
world in dioptric terms. He found that the indoor world is 
essentially never optically fl at while the outdoor world diop-
trically is much fl atter than interior scenes. He believed that 
the three-dimensional structure of the environment could 

impact the patterns of defocus across the retina, thus result-
ing in a difference in the risk of myopia between indoor and 
outdoor [ 117 ]. However, this is an unproven hypothesis and 
there is no evidence that a relatively more uniform dioptric 
environment would stabilize eye growth and prevent the 
development of myopia. In addition, vitamin D may be in 
link between time outdoors and myopia since time outdoors 
might create differences in vitamin D while myopes appear 
to have lower average blood levels of vitamin D than non- 
myopes [ 118 ]. However, this theory is unlikely because of 
the lack of related evidence. The only evidence supporting 
this idea comes from a case–control study, which showed 
that single-nucleotide polymorphisms within vitamin D 
receptor appear to be associated with low to moderate 
amounts of myopia. However, future studies should deter-
mine whether this fi nding can be replicated and should 
explore the biological signifi cance of these variations with 
respect to myopia [ 119 ].   

3.6     Unanswered Questions 

 Key questions for understanding the epidemiology of myo-
pia remain. First, elucidating the reasons for the observed 
differences in myopia prevalence across different popula-
tions and between old and young generations is of public 
health signifi cance, particularly in Asian societies. Is it really 
explained by more time spent on near work and less time 
outdoors? Are there any other factors such as change in cli-
mate, diet, or other lifestyle-related factors which could 
explain the observed differences in myopia prevalence? 
Second, while there has long been a concern that increasing 
levels and severity of myopia will lead to a major increase in 
the number of people blind from myopia, whether this will 
actually occur is not known. Third, a better defi nition of the 
exact spectrum of ocular morbidity from myopia and AL 
needs to be investigated. For example, while there is good 
evidence that pathologic myopia is associated with myopic 
macular degeneration, macular holes, retinal breaks, and 
retinal detachment, the effects of low and moderate levels of 
myopia, which affects the vast majority of the population, 
are uncertain. Finally, the interactions of gene-environment 
mechanisms for etiology of myopia and changes in refractive 
errors and AL are unknown.  

    Conclusions 

 In summary, new epidemiological data suggest the fol-
lowing. First, current studies do not support the concept 
that Asians are more susceptible to myopia. Second, there 
is a large variation in myopia rates in Asia associated with 
urbanization of different countries. The prevalence of 
myopia is higher in new urbanized Asian societies such as 
Singapore and Hong Kong but lower in Cambodia, Nepal, 
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and Laos. Third, myopic retinopathy, a major cause for 
low vision and blindness, affects about 1–3 % of the gen-
eral population. Since the visual prognosis for highly 
myopic patients with retinopathy is poor, prevention of 
myopia, especially high myopia, is of utmost importance 
from a public health perspective. Fourth, outdoor time 
appears to be the most important modifi able factor related 
to myopia. Therefore, health behavior programs aiming to 
increase outdoor time may prevent the onset of myopia. 
Interventions to slow the progression of low myopia to 
high myopia may prevent severe disease and associated 
pathologic myopia complications. Fifth, considering the 
rapid increase in prevalence of myopia and high myopia 
in younger generations, there may be an epidemic of 
pathologic myopia in the next few decades. This will be 
apparent when the young “myopic” generation in urban 
Asian cities age in the next few decades. However, it is 
possible that adults with acquired high myopia are less 
susceptible to myopic pathology than adults with a genetic 
predisposition to high myopia. Finally, the pattern of 
myopic retinopathy has not been well understood due to 
the different grading systems in different studies. A stan-
dardized grading system of myopic retinopathy should be 
established to facilitate the comparison of data from dif-
ferent studies and our understanding of the natural history 
of the disease.     
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        While interest in human myopia has a long history [ 1 ], 
research into experimental myopia in animal models is much 
more recent. After some early attempts at experiments in ani-
mals [ 2 ,  3 ], the fi eld took off after the publication of two 
papers – the fi rst a paper on induced myopia in primates in 
1977 by Wiesel and Raviola [ 4 ], which was an offshoot of the 
research on visual pathways which later won Hubel and 
Wiesel the Nobel Prize. This was rapidly followed by a paper 
by Wallman and colleagues on experimental myopia in 
chickens [ 5 ]. Since then, experimental myopia has been 
expanded to a much wider range of species, including com-
mon laboratory animals such as mice [ 6 ,  7 ] and guinea pigs 
[ 8 ,  9 ], as well as more exotic species such as tree shrews [ 10 ]. 

 While experimental myopia is a biologically interesting 
problem in its own right [ 11 ], we will deal primarily with 
what experimental myopia can tell us about human myopia. 
This perspective means that the ideal animal model should 
reproduce the developmental features of human myopia in 
the time-course of change in the ocular determinants of 
refraction and use methods of inducing experimental myopia 
which mimic those important in human myopia – although 
departures from this ideal do not doom a model to 
irrelevance. 

4.1     Refractive Development 
and Incident Myopia in Children 

 Given these criteria, a brief overview of refractive develop-
ment in children is necessary. Children are born with a nor-
mal (Gaussian) distribution of spherical equivalent refraction 
(SER), with a mean hyperopic refraction [ 12 ]. Rapid changes 
over the fi rst year or two after birth result in a narrower distri-
bution of SER, often described as leptokurtotic, due to a 
reduction in both myopic and highly hyperopic refractive 
errors [ 13 – 15 ]. These changes involve loss of corneal power, 
loss of lens power and axial elongation. While the mean SER 
moves towards emmetropia, at the end of this developmental 
period the mean SER remains distinctly hyperopic. From 
then on, the cornea stabilises, and up to the age of 5–6, these 
characteristic features of the distribution of SER (hyperopic 
mean SER and narrow distribution) are seen in all popula-
tions that have been studied, even those that subsequently 
become highly myopic [ 16 ]. By the age of 5–6, the distribu-
tion of the ratio of AL to CR is also narrow, suggesting that an 
important part of the changes up to this age involves matching 
the axial length of the eye to the corneal power, but the under-
lying distributions of AL and CR remain normal [ 17 ]. In 
 general, the prevalence of myopia is low over this period. 

 After the cornea stabilises, axial elongation can continue 
for as much as 20 years, at rates which seem to be infl uenced 
by the environments in which the children are growing up 
[ 18 ,  19 ]. This period of development appears to create the 
marked differences in the prevalence of myopia currently 
seen around the world [ 16 ]. Up to 10–12 years, there are 
rapid decreases in lens thickness and power [ 18 ,  20 ], which 
minimise increases in myopia associated with axial elonga-
tion. The rate of loss of lens power decreases after the age of 
10–12, and the lens starts to thicken. Mutti and colleagues 
[ 21 ] have reported that, close to the onset of myopia, loss of 
lens power ceases abruptly, but this phenomenon has not 
been reported in all studies [ 22 ]. After this age, with a slower 
rate of loss of lens power, axial elongation is translated 
almost completely into myopic shifts in refraction. 

      Animal Models of Experimental 
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 It is important to note that most human myopia appears 
after the age of 5–6 across a range of ethnic groups [ 16 ]. In 
children of European origin, the prevalence is generally less 
than 1 % up to the age of 5–6 [ 23 ]. In children of African- 
American and Hispanic origin in the United States [ 23 ,  24 ], it 
has been reported that the prevalence of myopia is higher up 
to this age (5–10 %). In particular the prevalence of myopia is 
higher in neonates and drops during development. Particularly 
high myopia prevalence rates, as high as 20 %, have been 
reported in children of Chinese origin in this age group in 
Singapore [ 25 ]. At present, it is not clear whether these differ-
ences represent genuine ethnic differences, whether they are 
specifi c features of the sites examined or whether they are due 
to problems with cycloplegia in children with dark irises, but 
it should be noted that little myopia is detected in children of 
Chinese origin when more rigorous cycloplegia is used [ 26 ]. 

 An important feature of human myopia is that, although 
the term emmetropisation is widely used [ 27 ], the end point 
of refractive development is not, in fact, emmetropia [ 16 ]. 
Rather the “normal” refractive state is mild hyperopia (any-
where in the range of +0.5 D to +2.00 D) – a level at which 
normal visual acuity can be achieved through accommoda-
tion by most people up to the age of about 40 [ 28 ]. In popula-
tions where the prevalence of myopia is low, this refractive 
state persists into at least the early adult years, provided that 
cycloplegia is used [ 29 ,  30 ]. In contrast, in populations which 
later develop signifi cant myopia, the refractive distribution 
shifts towards myopia, but emmetropia rarely becomes the 

dominant refractive category, because it appears that, as 
some children enter the emmetropic category, others pass 
from emmetropia to myopia [ 16 ].

   Thus, in human refractive development, we need to con-
sider several developmental phases defi ned by changes in 
refraction and in the biometric components of refraction. At 
least four phases can be distinguished (Fig.  4.1 ). The bound-
aries between these stages are not tightly defi ned but provide 
an important point of reference for studies on experimental 
myopia.  

4.2     Experimental Myopia 

4.2.1     The Basic Paradigms in Experimental 
Myopia 

 The basic methods for research in experimental myopia, and 
the results obtained, have been extensively reviewed [ 11 ]. 
Wiesel and Raviola [ 4 ] carried out their pioneering studies 
on monkeys with sutured eyelids, an approach with analo-
gies to the myopia associated with infantile ptosis [ 31 ]. In 
contrast, Wallman and colleagues placed translucent diffus-
ers over the eyes of chickens to induce myopia [ 5 ]. Roughly 
10 years later, a different technique for inducing experimen-
tal myopia was introduced, in which negative lenses were 
placed over the eyes, and compensatory changes in eye 
growth were observed [ 32 ]. 

Birth Age 2–3 years Age 10–12 years Age 25–30 years Age 50–60 years on

This is the most plastic stage of refractive development.
Corneal and lens power decrease rapidly, while axial
length increases. Axial length is matched to corneal

power, producing narrow distributions of mean spherical
equivalent refraction and the ratio of axial length to corneal

radius of curvature (AL/CR)

Cornea is stable, but axial
elongation can be rapid. It is
largely matched by rapid loss

of lens power

Cornea is stable, but there is
continuing, but slower, axial

elongation. Lens power
slowly decreases

Cornea is stable, and axial elongation
has ceased. There is continusing slow
loss of lens power, accompanied by

lens thickening

  Fig. 4.1    Phases of refractive development in humans. Four phases can 
be distinguished. A highly plastic neonatal stage lasts 2–3 years, after 
which the cornea stabilises. Following this, axial elongation can con-
tinue for at least 20 years. For some of this time, loss of lens power 
tends to minimise the myopic refractive shift associated with axial 

 elongation, but around the age of 10–12, the rate of loss of lens power 
decreases but is then maintained at a slow rate for several decades. This 
results in hyperopic shifts for much of adult life, except where marked 
increases in lens power associated with cataract lead to marked myopic 
shifts in the elderly       
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 These studies have led to general use of two paradigms 
for inducing experimental myopia. 

4.2.1.1     Form-Deprivation Myopia (FDM) 
or Deprivation Myopia (DM) 

 This paradigm uses translucent diffusers, fi tted over the 
experimental eye, which allow considerable light through, 
typically with a reduction of light intensity of less than one 
log unit. These diffusers, however, markedly reduce spatial 
contrast, and, in moving animals, the reduced spatial contrast 
translates automatically into reduced temporal contrast. This 
kind of manipulation results in rapid development of 
myopia – for example, in chickens as much as 20 D of 
 myopia is achieved in less than 2 weeks, although the 
develop ment of myopia is somewhat slower in other animals. 
As in humans, the development of myopia in this paradigm 
primarily depends on axial elongation and particularly elon-
gation of the vitreous chamber.  

4.2.1.2     Lens-Induced Myopia (LIM) 
 When negative lenses are fi tted over the developing eye, the 
eye responds rapidly with compensatory increased growth, 
which continues until the imposed defocus has been neutral-
ised [ 32 ,  33 ]. Thus the experimental eyes move towards 
emmetropia with the lens in place and develop an intrinsic 
refractive error which, after the lens is removed, corresponds 
to the power of the lens fi tted. This occurs largely through 
modulation of vitreous chamber depth. The compensation of 
imposed defocus achieved in LIM appears to be quite 
precise.  

4.2.1.3     How Different Are FDM and LIM? 
 These paradigms differ in several ways. Eyes fi tted with dif-
fusers have no way of overcoming the reduced spatial and 
temporal contrast to which they are exposed, for this is not 
affected by axial elongation. Thus, continued growth does 
not reduce the level of the stimulation towards growth, and 
the eyes continue to grow until natural reductions in body 
growth terminate the process. Accommodation does not 
seem to be important for the development of FDM [ 34 ,  35 ]. 
This is therefore an open loop process, in which there is no 
feedback to limit growth. 

 In contrast, in LIM, the eyes are generally fi tted with 
lenses of powers that are within the accommodative capac-
ity of the eyes. It is therefore expected that, for at least part 
of the time, the animals use accommodation to neutralise 
the imposed defocus to produce focused images. This 
accommodative response does not appear to be a crucial 
factor, since eyes with impaired accommodation seem to 
develop lens-induced myopia [ 36 ,  37 ]. It is thus generally 
assumed that the growth responses are stimulated by the 
magnitude or the sign of defocus, which is detected in some 

way by the retina, although the mechanisms involved are 
not understood. Since axial elongation leads to compensa-
tion for the imposed hyperopic defocus, as the eye grows 
there is a constant reduction in the stimulus to growth, and 
the process terminates when growth has compensated for 
the imposed refractive error. In other words, this is a closed 
loop system. 

 Despite the different properties of the paradigms at the 
level of visual input and feedback, the responses in FDM and 
LIM are very similar at the cellular and molecular levels [ 38 , 
 39 ], suggesting that many of the pathways leading to axial 
elongation and myopia are shared between the two systems. 
But, this is currently a controversial area, and the many simi-
larities do not mean that they are identical.  

4.2.1.4     Recovery from Experimental 
Myopia (REC) 

 After the introduction of the FDM paradigm, it was discov-
ered that if the diffusers were removed, provided that the ani-
mals were still young, the eyes responded by slowing the rate 
of axial elongation [ 40 ]. As a result, the refractive state could 
return to, or at least towards, emmetropia, due to continued 
development of the anterior segment of the eye. This process 
does not appear to be driven by the different shape of the 
myopic eye but is driven by the defocus, because optical cor-
rection of the myopic defocus prevents the changes in eye 
growth [ 41 ,  42 ]. Unlike the FDM paradigm used to induce 
the myopia initially, this is therefore also a closed loop 
paradigm.  

4.2.1.5     Lens-Induced Hyperopia (LIH) 
 In the same set of experiments that introduced LIM [ 32 ,  33 ], 
the effects of fi tting positive lenses were examined. This 
should impose myopic defocus on the eye, which cannot be 
corrected by accommodation, and in this case, the rate of 
axial elongation slows. Since the anterior segment of the eye 
continues to develop, associated loss of corneal and lens 
power can lead to hyperopic shifts in refraction. As with 
LIM, this is a closed loop paradigm, and compensation for 
the imposed lens appears to be quite precise.  

4.2.1.6     How Similar Are the REC 
and LIH Paradigms? 

 These two paradigms enable investigation of the processes 
leading to reduced rates of eye growth. It is generally 
assumed that the paradigms involve reductions in or cessa-
tion of the rate of axial elongation, but recently strong evi-
dence that a proportion of eyes can actually become shorter 
through active remodelling of the sclera has been published 
[ 43 ]. These paradigms which involve reduced axial elonga-
tion. The REC paradigm involves an eye and a retina which 
have already been supporting an excessive rate of eye growth, 
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and thus they are in a different state to that of a normal eye, 
at both the retinal and scleral levels. In contrast, the eye and 
retina in the LIH paradigm are effectively in their control 
state. Much less work has been done on the cellular and 
molecular basis of these paradigms, but there are some indi-
cations that they may be different.   

4.2.2     What Is the Best Model in Terms of 
Stimulus Relevance to Human Myopia? 

 The unfortunate answer to this question is “probably none”. 
With the exception of the very low percentage of myopia 
associated with congenitally blurred vision, such as with pto-
sis, congenital cataract or corneal scarring, children do not 
grow up with the equivalent of translucent plastic goggles 
over their eyes, and thus the FDM model is not regarded as a 
good model of human myopia. In contrast, it is generally 
believed that LIM provides a better model, because the 
imposed hyperopic defocus generated by fi tting negative 
lenses over the eye can be regarded as analogous to the 
demands placed on children’s eyes by too much near work. 
But the evidence that near-work demands and myopia are 
linked has become much weaker, as more quantitative stud-
ies have been performed [ 44 ]. 

 Initially, it was believed that the increased accommoda-
tion associated with high levels of near work might be the 
important factor. But studies on animals have shown that 
experimental myopia can be induced in species without 
accommodative capacity [ 34 ], or with experimental interrup-
tions to accommodation [ 36 ], and that atropine can block eye 
growth in a species (chicken) in which it does not block 
accommodation [ 35 ]. Collectively, this is strong evidence 
that active accommodation is not a crucial factor in the 
development of myopia. 

 In parallel with these developments, while there is a con-
sistent correlation between schooling and educational out-
comes and myopia [ 45 ], attempts to quantify the association 
using precise measurement of near-work exposures have 
produced less than stunning results, and some have con-
cluded that near work may have little role [ 44 ]. Emphasis 
then shifted to the idea that, rather than accommodation 
itself, it was accommodative lag in periods of near work 
which was important. However, while accommodation is 
less accurate in children with myopia than in those with 
emmetropic refractions [ 46 ], there is confl icting evidence on 
whether this difference precedes or follows the development 
of myopia [ 47 – 50 ]. Overall, it is far from clear that the 
mechanisms involved in LIM are really similar to those 
involved in human myopia. More recently, attention has 
shifted to the interplay in space and time between hyperopic 
and myopic defocus on the retina, where myopic defocus 
appears to be a stronger stimulus [ 51 – 53 ]. But it is not clear 
how this would work in detail in the human context. 

 Quite recently, it has been shown that chickens raised on 
light-dark cycles in which the light phase consists of dim 
light (50 lx), slowly become myopic [ 54 ,  55 ]. There has been 
some interest in this as a model for human myopia, but chil-
dren becoming myopic are not generally exposed to condi-
tions of this kind, even where there is an epidemic of myopia. 
It is, in fact, clear that human myopia involves a response to 
environmental exposures, which needs to be part of a good 
animal model. 

 Overall, none of the animal models fi ts well with what we 
know about human myopia. A simple but powerful illustra-
tion of this point is that in both FDM and LIM [ 56 – 58 ], brief 
removal of the optical devices prevents the development of 
myopia. In contrast, it seems almost certain that children are 
not constantly exposed to risk factors such as near work or 
low light intensities, and periods without these conditions do 
not seem to block the development of myopia. Equally, given 
the strong effect of imposed myopic defocus, there is a para-
dox, because the ability of myopic defocus to slow axial 
elongation and the recovery observed in the REC paradigm, 
if simply applied to human myopia, would suggest that 
human myopia should be a self-limiting condition, which it 
clearly is not. 

 Another important difference is that, while compensation 
appears to be quite precise in the LIM and LIH paradigms, 
the same precision is not obvious in human emmetropisa-
tion, given that characteristically in 3–5-year-olds, the mean 
SER is distinctly hyperopic. Thus some of the principles 
which appear to apply to experimental myopia do not seem 
to apply to human myopia. 

 Clearly, none of the existing paradigms provides an ade-
quate model of human myopia, which means that human epi-
demiology will continue to play a critical role as the point of 
reference. But this does not mean that these models are use-
less. Irrespective of the mechanism by which myopia is 
induced, these models can be used to study the nature of the 
changes in ocular components and the corresponding details 
of changes in gene expression and biochemistry, at a level 
which is simply impossible in humans.  

4.2.3     Which Is the Best Species to Study 
for Relevance to Human Myopia? 

 At one level, the answer to the question about the most rele-
vant species is self-evident – non-human primates or mon-
keys. Detailed studies of the development of the refractive 
components of the eye in rhesus monkeys have shown that 
humans and monkeys share common processes of early loss 
of corneal power, followed by stabilisation, and more pro-
longed loss of lens power and thickness, followed by relative 
stabilisation, as well as a mean SER which is in the mildly 
hyperopic rather than emmetropic range [ 59 ]. They have also 
shown that development of myopia in humans and  monkeys 
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predominantly depends on changes in axial length [ 60 ]. But 
while the pattern of change is similar, the absolute timing is 
different (Table  4.1 ). In humans, corneal power (radius of 
curvature) stabilises at about 700 days, while in monkeys it 
stabilises at around 200 days. This difference is not surpris-
ing given the relative differences in maturation and life span 
and is quite consistent with the data on time of half- change. 
It is particularly important to note that most studies on mon-
keys have been carried out in this early developmental 
period, typically from 21 days up to around 140 days, cor-
responding to a developmental period which does not corre-
spond to that in which most myopia develops in humans.

   This difference in developmental age also applies to the 
other species that are studied. As a general rule, studies on 
experimental myopia have overwhelmingly been carried out 
during developmental periods that correspond most closely 
to the neonatal period of development in humans, for the 
simple reason that large and rapid changes can be observed 
in this period. In humans, this is a period in which neonatal 
myopia is naturally reduced or eliminated, signifi cant hyper-
opia is substantially reduced, and there is loss of corneal 
power, major loss of lens power and substantial matching of 
the axial length of the eye to the corneal and lens powers, to 
produce a tight distribution of refraction. In contrast, during 
the period in which myopia typically develops in humans, 
corneal power is stable, lens power loss decreases and after 
the age of 10–12 slows even further. It would therefore not be 
surprising if there were substantial differences in the regula-
tory processes in operation. For example, a simple resolution 
of the paradox that myopic defocus does not prevent the 
development of myopia in humans, although recovery from 
both FDM and LIM is effective in experimental myopia, may 
be that the signals generated by myopic defocus are weaker 
or nonexistent at later developmental stages. There is very 
limited experimental support for this idea [ 61 ], but there is 

also  evidence that myopic defocus can still exert effects later 
in human development [ 22 ]. 

 In the other species that are commonly studied as models 
of experimental myopia, the developmental events deviate 
more markedly from the human pattern, and their use is con-
sequently more contestable. Guinea pigs [ 8 ,  9 ,  62 ] and mice 
[ 7 ,  63 – 65 ] show thickening of the crystalline lens, in contrast 
to humans, although lens power decreases in all three. 
However, tree shrews show the human pattern of combina-
tion of loss of lens power and thinning of the crystalline lens 
but otherwise have a complicated pattern of development, 
including a period after eye opening where experimental 
myopia develops very slowly [ 66 ,  67 ]. 

 Again, this does not mean that the use of models other than 
non-human primates is irrelevant. Experimentation on mon-
keys is limited by justifi ed ethical concerns, as well as by 
logistic and other considerations, and other species have their 
advantages. Chickens are easy and cheap to obtain, and 
induction of experimental myopia is extremely rapid. Mice 
are easy to obtain, but induction and monitoring of myopia is 
more diffi cult. The great advantage of mice lies in the existing 
detailed knowledge of the mouse genome and of their cellular 
and molecular biochemistry. Guinea pigs provide a diurnal 
mammalian model, although they probably differ most in 
terms of the changes in ocular components from the human 
model. Tree shrews provide a diurnal mammalian model and 
are close to the primate line, but again their developmental 
profi le does not correspond closely to the human model, and 
they require specialised breeding facilities. However, pro-
vided that allowance is made for the different responses of the 
ocular components of refraction, these models can be used to 
usefully address many basic questions about changes at the 
cellular and molecular levels which lead to myopia. 

 One important limitation on the use of animal models is 
that most vertebrates, including birds, have a sclera which 
consists of two components – a fi brous layer and a cartilagi-
nous layer [ 68 ,  69 ]. In lower vertebrates, the dominant 
response of the sclera involves expansion of the cartilaginous 
layer, whereas the fi brous layer appears to become thinner. 
Mammals, including humans, appear to have lost the carti-
laginous layer, and thus the scleral response consists only of 
thinning and weakening of the fi brous layer. Thus, chickens 
are not a good model in which to study changes in the sclera.   

4.3     Important Features of Experimental 
Myopia 

4.3.1     Local Control and Spatial Localisation 

 One of the most striking discoveries from experimental 
myopia is that the control of eye growth primarily occurs 
within the eye, presumably involving interactions between 
the retina and sclera, with little impact from central 

   Table 4.1    Temporal characteristics of refractive development in 
humans and monkeys (Time to reach the midpoint between the measure 
at birth and the measure at the developmental plateau, assuming non-
linear regression) [ 59 ]   

 Human (days)  Monkey (days) 

 Ocular component 

 Refraction  276  213 
 Corneal power  251  75 
 Axial length  584  196 
 Anterior chamber depth  384  133 
 Vitreous chamber depth  815  258 

  Data were taken from a study of refractive development in rhesus mon-
keys. Asymptotic regression models were used to defi ne the half-time 
to a developmental plateau. Data on humans was taken from a range of 
studies on humans. Original references are given in the paper on rhesus 
monkeys. The time to half-plateau is higher in humans than in mon-
keys. Studies on humans may overestimate some of these parameters 
because of continuing axial elongation and development of myopia, 
which does not normally occur in monkeys    
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 pathways. In both FDM and LIM, there is minimal impact 
of sectioning of the optic nerve, cutting off the eye from 
 centrifugal input [ 36 ,  70 ]. Equally, lesions to the ciliary 
nerve have little effect [ 36 ]. 

 This point is further emphasised by the evidence that use 
of partial diffusers and lenses produces differential growth 
changes. For example, half diffusers tend to produce exces-
sive growth in roughly half the eye, the half experiencing 
form deprivation [ 71 ], and the same is true of partial lenses 
[ 72 ]. These fi ndings place some important limitations on 
mechanisms, since global processes such as accommodation 
would not be expected to operate in this way. But, at the 
same time, it is not clear how precise this spatial localisation 
is, since most experiments have demonstrated differential 
control over quite large areas, and it should not be assumed 
that the spatial localisation is as precise as point-to-point 
neural pathways can be. Rather, it is probably best to think in 
terms of circles of infl uence for any pathway being consid-
ered, just as blur in the image turns a point focus into a blur 
circle. For example, if the release of dopamine from dopami-
nergic neurons in the retina is important, as the evidence 
strongly implies [ 39 ], then this could be controlled by spa-
tially precise modulation of activity within defi ned pathways 
linking photoreceptors to ON-bipolar cells to dopaminergic 
cells. However, once the transmitter has been released, then 
diffusion of the transmitter, including lateral spread of its 
effects within the retina and choroid, is likely to produce a 
circle of infl uence. How large this circle of infl uence is will 
depend on the speed with which the transmitter or messenger 
diffuses, but this principle is likely to apply at any stage in 
the growth control pathway where the message is transmitted 
by soluble, diffusible messengers.  

4.3.2     Choroidal Changes 

 Another important observation from animal experimentation 
is that, particularly in the chicken, there are major changes in 
the thickness of the choroid, which swells in response to 
myopic defocus and thins in response to hyperopic defocus 
[ 73 ,  74 ]. In chickens, the choroid can expand by some hun-
dreds of microns in response to myopic defocus, although 
thinning is of lesser magnitude. In other species, including 
non-human primates [ 75 ], changes in choroidal thickness are 
much less marked. This is also true for humans [ 76 ,  77 ]. 

 In chickens, it has been suggested that the swelling of the 
choroid in response to myopic defocus may act to reduce the 
level of myopic defocus on a time-scale intermediate between 
that of accommodation and changes in axial length, by bring-
ing the retina towards the myopic focal plane within minutes 
to hours of the imposition of myopic defocus, although the 
accuracy of the compensation is still to be determined. Given 
the smaller magnitude of the responses to hyperopic defocus, 
less effective compensation would be achieved. 

 Whatever, the reasons for these changes, they may be 
involved in the transmission of growth control signals from 
the retina to the sclera, since there is some evidence that cho-
roidal changes are linked to slowing of axial elongation in 
response to myopic defocus [ 78 – 81 ]. The role of the choroid 
has been extensively reviewed recently [ 82 ].  

4.3.3     Summary 

 Despite the many limitations and cautions on the use of 
 animal models of experimental myopia, studies on animal 
models can investigate issues that cannot be addressed in 
humans – in particular animal models of experimental myo-
pia can be used to elucidate details of the molecular and cel-
lular processes involved, which may open up opportunities 
for pharmacological intervention. 

 Of the various limitations of studies on experimental 
myopia, probably the most fundamental is that experimental 
myopia is generally induced during a different developmen-
tal phase to that in which human myopia appears. In addi-
tion, LIM involves a level of precision that does not appear to 
apply to human myopia. Specifi cally, the compensation pro-
cess in LIM (and LIH) appears to be very precise, but, in 
humans, refractive development appears to rather imprecise, 
with refractions in the range +0.5 to +2.0 D appearing after 
the fi rst 2–5 years of life. These are maintained into adult life 
in populations in which the prevalence of myopia is low. 

 The distinction concerning developmental period may be 
crucial. Pooled data from four leading laboratories in the fi eld 
of experimental myopia has shown that in the REC and LIH 
paradigms, there is evidence that the eyes can actually shrink 
in chickens, monkeys (both macaques and marmosets) and 
tree shrews [ 43 ], suggesting a more active remodelling pro-
cess than just the slowing of growth normally assumed. Not 
all eyes shrink however, and shrinking was more common in 
tree shrews than in the monkeys, which the authors attributed 
to the earlier developmental age of the tree shrews. All the 
studies were carried out in the rapid developmental period, 
and, given the evidence in the paper that this active remodel-
ling becomes less active with age, it is questionable whether 
anything like this would occur in human myopia, even if 
methods are developed for preventing myopic progression, 
given the differences in developmental stage.   

4.4     Synergies Between Research on 
Human Myopia and Experimental 
Myopia 

 We suggest that greater integration of the results from these 
two streams of research, human myopia and experimental 
myopia, will increase understanding of the aetiology of myo-
pia and assist in achieving the ultimate goal of controlling 
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human myopia. The interaction is two way – sometimes start-
ing with discoveries in human epidemiology and sometimes 
with discoveries in human myopia. We will discuss some 
case studies which illustrate the synergies that have already 
occurred and suggest some areas that can be more systema-
tically explored in the future. Later, we propose and discuss a 
heuristic model of the control of refractive development 
(Fig.  4.2 ), which can be used for orientation at this stage.

4.4.1       Genes and Environment 

 One of the most immediate conclusions that could have been 
drawn from the animal models of myopia is that refractive 
development could be profoundly altered by changes to 
visual input – stressing the potential for environmental infl u-
ences. Unfortunately, there has often been little interchange 
between the two approaches to myopia research, and conclu-
sions about the tight genetic determination of myopia derived 
from twin studies [ 83 ] were not seriously contrasted with the 
evidence that refractive development was extremely respon-
sive to environmental manipulation. It is, of course, equally 
true that sensitivity to environmental manipulation in experi-
mental myopia does not prove that environmental variation 
makes a major contribution to phenotypic variation in 
humans, and the two confl icting conclusions simply coex-
isted. In fact, it took the emergence of an epidemic of myopia 
in developed parts of East and Southeast Asia to bring the 
issue to the fore [ 45 ]. The realisation of the implications of 
the rapid increase in the prevalence of myopia in East and 
Southeast Asia and the development of research in experi-
mental myopia covered much the same period, and, in com-
bination, they played a major role in the reassessment of the 
balance between genes and environment in the aetiology of 
myopia that has taken place over the past decade [ 84 ]. 

 So far, genetic studies on apparently genetic (generally 
early onset, severe and highly familial) forms of human myo-
pia have only identifi ed a limited set of genes, and there has 
been a major diffi culty in replicating many reported associa-
tions. These account for only a low percentage of myopia in 
most populations. This topic has been extensively reviewed 
[ 85 – 87 ]. Nevertheless, two clusters of mutations, one associ-
ated with scleral constituents and another associated with 
visual processing in the photoreceptor to ON-bipolar cell path-
way and in particular with various forms of stationary night 
blindness, have been identifi ed from candidate gene studies. 
Similarly, in GWAS studies, after some years with little return, 
two recent studies based on large cohorts have identifi ed a lim-
ited core group of around 30 genes that show signifi cant asso-
ciations with myopia, but which collectively explain less than 
5 % of phenotypic variation [ 88 ,  89 ]. There is some overlap 
between discoveries using GWAS in human myopia, results 
on the genetic basis of human syndromic myopias, and 
changes observed using microarray technology in experimental 

myopia in animals – in particular the identifi cation of the 
important role of changes in the outer retina and the sclera. 

 Further examination of changes in expression of at least 
some of these genes in animal models could be very illumi-
nating. For example, one of the genes implicated in the 
development of myopia in several studies is RASGRF1 [ 90 ]. 
It codes for a nuclear exchange factor that promotes the 
exchange of GTP for GDP on Ras family GTPases, and as 
such it is likely to be involved in a range of functions in a 
variety of tissues. Studies on gene expression in human eye 
tissue show strong expression in RPE, photoreceptors and 
choroid, leaving the site of action uncertain. Knockout 
mutants show defects in photoreception, which could be 
associated with myopia by analogy with other mutations, but 
equally these knockout animals show other changes such as 
an enlarged lens, which could equally impact on refractive 
status. RASGRF1 contains a phosphorylation site, where 
stimulation of muscarinic receptors leads to increased phos-
phorylation and increases exchange activity [ 91 ]. 

 GJD2 [ 92 ] provides a different example. It encodes con-
nexin36, a gap junction protein, which is expressed in both 
the outer and inner plexiform layers of the retina and appears 
to play a role in coupling and uncoupling of rods and cones, 
horizontal cells, amacrine cells and ganglion cells. Its func-
tion is regulated by phosphorylation, which is in turn con-
trolled by dopamine, which promotes uncoupling of cells to 
allow for higher-resolution vision under photopic conditions 
[ 39 ,  93 ]. D1-dopamine receptors are involved in this regula-
tion, whereas most dopaminergic effects in experimental 
myopia involve D2-dopamine receptors. 

 It is clear that to unravel the complexities of the retinal 
pathways involved in just these two examples requires the 
use of animal models. In both cases, the modulation of func-
tion involves second messenger systems and protein phos-
phorylation, which might not involve changes in mRNA 
expression, making it diffi cult to detect changes in microar-
ray experiments. The links of these two candidate genes to 
muscarinic and dopaminergic mechanisms are of consider-
able interest, since these mechanisms have been implicated 
in pathways controlling eye growth (see below), and these 
should certainly be explored. 

 Studies of changes in gene expression in experimental 
myopia can help to defi ne the site of action of mutant genes 
identifi ed for human myopia, since they can defi ne, at least 
in some cases, where relevant changes in the expression of 
genes and gene products take place. The link between sites 
of mutations which affect myopia in humans and where 
changes in gene expression take place in experimental myo-
pia is not likely to be absolute, but substantial overlap would 
be anticipated. Where genes identifi ed in human myopia 
studies correspond to those in which changes in expression 
are reported in experimental myopia, the case will be par-
ticularly strong. There are many more opportunities for syn-
ergies, since, as of March 2013, the OMIM database listed 
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Photoreceptors and ON-Bipolar cells
Mutations decrease ON-bipolar cell input
to the dopaminergic amacrine cells

Reduced stimulation of photoreceptors by
lower temporal and spatial contrast (FDM 
and LIM) decreases input to the dopaminergic 
amacrine cells

Reduced stimulation of ON-bipolar cells at
low light intensities decreases input to the
dopaminergic amacrine cells

Dopaminergic amacrine cell
Reduced dopamine release

Glucagonergic amacrine cell
Decreased expression of Egr-1
increased release of glucagon

Choroid

Sclera

Changes in retinoic acid synthesis

Regulation of TGF-beta

Regulation of extracellular matrix metabolism

On
RBC

On
CBC

Circadian
circuit AII - AC

ACh - AC DA - AC

Gluc - AC

  Fig. 4.2    A schematic diagram of a general pathway that may be impor-
tant in control of eye growth. A key element is the link from photo-
receptors though ON-bipolar cells and dopaminergic amacrine cells 
into the inner retina, where the fi rst stages of growth signal cascades, 
which ultimately control scleral metabolism and growth, are generated. 
Animal studies strongly support a role for dopaminergic amacrine cells 

in growth control, and recent studies on the protective effect of time out-
doors in children also suggest that dopamine may be involved in human 
myopia.  Key :  C  Cone photoreceptor,  R  Rod photoreceptor,  On CBC  
On-cone bipolar cell,  On RBC  On-rod bipolar cell,  All-AC  All amacrine 
cell,  Ach-AC  Acetylcholine amacrine cell,  DA-AC  Dopaminergic ama-
crine cell,  Gluc-AC  Glucagonergic amacrine cell       
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300 inherited conditions in which myopia is a symptom, 
although not necessarily a defi ning symptom. 

 The reverse fl ow is also possible. Studies on animal mod-
els have identifi ed a list of candidate genes on the basis of 
changes in gene expression [ 87 ,  94 ,  95 ]. These need to be 
used as candidate genes in studies on human myopia, since 
the chances of the gene playing a signifi cant role seem likely 
to be higher if there are large changes in gene expression 
during the development of myopia. However, so far the list 
of changes in mRNA expression is relatively short, and they 
are small in magnitude. But parallel studies are bound to 
become more systematic in the future. 

 An interesting approach which is impossible in humans, 
but highly feasible in experimental animals, is selective 
breeding. After only two cycles of selective breeding of 
chickens which show large or small responses to form depri-
vation, the strains showed marked differences in their 
responses to FDM, indicating a strong genetic component to 
the differences [ 96 – 98 ]. Whether this is relevant to human 
myopia is not clear, since, for these characteristics to segre-
gate in human populations would require selective mating on 
the basis of sensitivity to develop FDM, which seems 
unlikely. Nevertheless, selectively bred strains could enable 
elegant dissection of the pathways involved. 

 Now that there is a common list of genes associated with 
myopia from the CREAM [ 89 ] and 23andMe studies [ 88 ], 
one of the important next steps is to examine whether there 
are any genetic differences in susceptibility between ethnic 
groups. So far, limited analysis suggests that there are no 
major differences between ethnic groups, consistent with the 
evidence on similar myopia prevalence values in the differ-
ent ethnic groups in Singapore, with Chinese, Malays and 
Indians all showing very high rates of myopia. Another 
important next step is to look for gene-environment interac-
tions involving these identifi ed SNPs and identifi ed environ-
mental factors such as education, near work and time 
outdoors.  

4.4.2     Site of Action of Atropine 

 Atropine was introduced to control the progression of myo-
pia, based on the idea that myopia was due to excessive 
accommodation, and the initial successes seemed to give 
strong support to the excessive accommodation theory [ 99 ]. 
It is still the best validated technique for preventing myopic 
progression [ 99 – 101 ], and it has been extensively used, par-
ticularly in Taiwan [ 102 ]. 

 When muscarinic agents were fi rst used in experimental 
myopia, their ability to block axial elongation was taken as 
strong evidence for an effect on accommodation. However, 
this assumption was critically explored by McBrien and col-
leagues, who showed that experimental myopia could be 

induced in animals with little accommodative capacity, such 
as grey squirrels [ 34 ]. Other studies suggested that experi-
mental myopia developed normally in animals in which 
accommodation had been experimentally disrupted [ 36 ,  37 ]. 
McBrien [ 35 ] also pointed out that atropine was effective in 
chickens, where accommodation was controlled by nicotinic 
rather than muscarinic acetylcholine receptors. Collectively, 
this evidence decisively ruled out a role for excessive accom-
modation per se in the development of experimental myopia, 
which has important implications for human epidemiology. 

 This shifted attention to alternative sites of action. Studies 
on chicken chondrocytes and scleral tissue in culture showed 
that many muscarinic antagonists were able to exert direct 
effects on these tissues [ 103 ]. The other obvious site was the 
retina itself, given that it has an extensive cholinergic system, 
with both muscarinic and nicotinic elements. However, evi-
dence on whether retinal sites are involved is ambiguous. 
Fischer and colleagues [ 104 ] used a cholinergic toxin, which 
had been shown to destroy most cholinergic neurons in the 
chicken retina [ 105 ], to show that eyes in which the choliner-
gic system had been extensively disrupted could still develop 
FDM and LIM, which could be blocked with atropine. This 
evidence tended to favour a non-retinal (scleral?) site of 
action. 

 However, other evidence tends to support a retinal site. 
Specifi cally, one of the earliest responses detected in 
response to myopigenic optical devices, which can be 
detected within 30 min, is decreased expression of the imme-
diate early gene Egr-1 at both the mRNA and protein levels 
in the glucagon-immunoreactive amacrine cells of the 
chicken retina [ 106 ]. It should be noted that this part of the 
pathway may be specifi c to chickens and may not be appli-
cable to the human retina. Atropine reverses this downregu-
lation within 1 h of the fi tting of a diffuser or negative lens 
[ 38 ,  107 ]. It is hard to explain the rapidity of this effect in 
terms of a primary action of atropine on the sclera, with feed-
back to the retina. The ultimate test of site of action should 
come from a full pharmacological analysis of the three pro-
cesses affected by muscarinic antagonists – block of axial 
elongation by muscarinic antagonists, block of scleral gly-
cosaminoglycan synthesis and reversal of downregulation of 
Erg-1 in the retina. Whichever of the latter two replicates the 
pharmacology of the block of axial elongation is likely to be 
the site of action, although the subtleties of muscarinic cho-
linergic pharmacology may make discrimination diffi cult. 

 Irrespective of the outcome of this three-way comparison, 
more detailed analysis of the receptors involved in blocking 
the development of myopia has been pursued. McBrien and 
colleagues have shown that the M4 antagonist himbacine 
blocks experimental myopia [ 108 ], and use of snake toxins 
which have a somewhat greater differential affi nity for recep-
tor subtypes has given further support to the idea that M4 
receptors are involved [ 109 ]. In the chicken, which appears 
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to lack M1 receptors [ 110 ], predominantly M4 receptors 
may be involved. However, in mammals, it appears that both 
M1 and M4 receptors are involved [ 109 ]. 

 This pharmacological characterisation is important 
because the use of atropine to control myopic progression 
has been limited because of the associated pupil dilation and 
block of accommodation which underlie its use as a cyclo-
plegic agent. One approach to this problem is to use lower 
doses of atropine, which avoid some of the side effects [ 100 , 
 111 – 115 ]. The other is to more precisely defi ne the receptors 
involved, so that agents with more specifi c actions can be 
developed.  

4.4.3     Interplay of Defocus Signals 

 In part due to the demolition of the excessive accommoda-
tion hypothesis and in part due to the evidence that growth 
control mechanisms are intrinsic to the eye and do not require 
central input, attention in experimental myopia shifted to an 
emphasis on the ability of the retina to detect sign of defocus, 
with hyperopic defocus stimulating GO (or GROW) signals 
and myopic defocus stimulating STOP signals, even if the 
nature of the signals is poorly defi ned. This area has been 
extensively reviewed [ 11 ,  51 ]. 

 The kinetics of these signals and their spatial and tem-
poral interactions have been extensively studied. 
Interruption of the signals, which is possible experimen-
tally, showed that both were less effective if exposure to the 
stimuli was not constant. However even short periods of 
stimulation which generated STOP signals were effective, 
whereas effective GO signals required essentially constant 
stimulation. Interruptions to FDM of as little as 15 min sig-
nifi cantly reduced the development of myopia [ 56 ,  57 ], and 
the effectiveness of this reduction was markedly increased 
if the light intensity was increased over this period [ 116 ] 
and decreased if the animals were kept in the dark [ 117 ]. In 
addition, the D2-dopamine antagonist spiperone blocked 
the inhibitory effects of diffuser removal in the light, and, 
thus, the inhibitory effect of removal of the diffusers seems 
to involve light-stimulated release of dopamine. This may 
be relevant to the protection from myopia that children 
who spend more time outdoors receive (see below). 

 Experiments involving temporal interactions between 
these signals have also shown that relatively brief periods of 
exposure to myopic defocus are able to block the effects of 
otherwise continuous exposure to hyperopic defocus [ 51 – 53 , 
 118 ]. This is also true when spatial interactions were exam-
ined. When only 25 % of the fi eld was myopically defocused, 
the amount of myopia was substantially reduced, and with 
one third of the fi eld myopically defocused, hyperopic 
refractions were achieved [ 119 ,  120 ]. 

 The major impact of the discovery of the highly non- 
linear interactions between different sorts of defocus has 
been on thinking about the kinds of defocus exposure that 
humans could receive in different environments. This issue 
has been extensively discussed [ 11 ,  121 ]. How this would 
work in human environments is unclear. Consider, for 
example, reading a book. With considerable accommoda-
tion exerted to bring the pages of the book into focus, more 
distant peripheral objects would be myopically defocused, 
which would be expected to prevent the development of 
myopia. However, accommodative lag might lead to hyper-
opic defocus centrally. Also consider the situation out-
doors – with focus on the horizon, all closer objects would 
be hyperopically defocused, which would be expected to 
promote axial elongation, the reverse of the normal assump-
tion that relaxed accommodation would prevent myopia. By 
contrast, a focus on closer objects outdoors would leave 
most other objects myopically defocused, which would be 
expected to prevent myopia. How these would add up to a 
fi nal overall response is unclear, given the non-linearity of 
the interactions in both time and space. Given the current 
interest in the protective effects of time outdoors in children, 
Flitcroft [ 121 ] has suggested that an important factor is that 
the differences in outdoor accommodative demands are 
much smaller than in indoor environments, producing a 
more uniform dioptric space, but whether this difference is 
involved in the protective effects of time outdoors is, at the 
moment, purely speculative. At a more immediately practi-
cal level, spectacles incorporating bands of alternating 
bands of focus and myopic defocus are currently the subject 
of clinical trials.  

4.4.4     Peripheral Defocus 

 A closely related area of interest is the role of peripheral 
defocus in the development and control of myopia. This idea 
originated in observations on eye shape in Dutch trainee 
pilots [ 122 ], which suggested that more prolate eyes at base-
line (eyes with axial diameter greater than equatorial diame-
ter) were more likely to become myopic, which led to the 
hypothesis that peripheral hyperopic defocus in such eyes 
might promote the development of myopia and/or myopic 
progression. 

 There was initial scepticism about this idea, but a series of 
seminal papers by Smith and colleagues showed that lesions 
to the central retina of monkeys did not prevent the normal 
process of emmetropisation or prevent the development of 
FDM and LIM [ 123 – 127 ]. This showed clearly that the 
peripheral retina was able to control central axial elongation 
in the absence of central signals, but further experiments 
were unable to defi nitively show that peripheral signals could 
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override central signals. This area has now been extensively 
reviewed [ 128 ,  129 ]. 

 This area has been pursued in two ways. Firstly, the idea 
that incident myopia was dependent upon hyperopic eye 
shape has been extensively pursued. Since myopic eyes tend 
to be more prolate than emmetropic eyes, the critical ques-
tion is whether eyes that became myopic were more prolate 
prior to the onset of myopia. This idea has not fared well, and 
it appears that the appearance of a prolate eye shape is a con-
sequence of, rather than a cause of, myopia [ 130 – 132 ]. It has 
even been suggested, given the vagueness in the original 
paper on Dutch pilots, that the original results may have been 
misinterpreted [ 133 ]. 

 However, even if a role for peripheral defocus in the 
appearance of incident myopia has not stood up, a possible 
role for peripheral defocus as a continuing drive to myopic 
progression could still be valid, as is the idea that peripheral 
myopic defocus might inhibit myopia. These questions have 
been addressed through the design of spectacles or contact 
lenses which reduce the level of peripheral hyperopia or 
which impose peripheral myopia [ 134 ,  135 ]. These have pro-
duced some benefi ts in terms of slowed progression, although 
the results are not yet consistent. Zeiss now sells a myopia 
control lens of this design, which in clinical trials over 
6 months showed no signifi cant protection in the whole sam-
ple but a signifi cant effect in the subsample with myopic par-
ents. Clearly more comprehensive observations including 
longer-term follow-up are required before this design can be 
regarded as validated.  

4.4.5     Protective Effects of Time Outdoors 

 One of the observations that has excited considerable recent 
interest is that children who spend more time outdoors are 
less likely to be, or become, myopic [ 136 ]. After considering 
a range of possibilities, we [ 137 ,  138 ] suggested that the most 
plausible explanation of this effect was that bright light out-
doors stimulated the release of dopamine from the retina, 
which then acted as an inhibitor of axial elongation. This sug-
gestion was based on considerable prior research on experi-
mental myopia, both FDM and LIM, which suggested that 
one of the early steps in the development of experimental 
myopia was the suppression of dopamine release [ 139 – 141 ]. 
This area has recently been reviewed in detail [ 39 ]. 

 This hypothesis was immediately translated into experi-
mental situations, and it was shown that raising animals in 
lights brighter than those normally used in animal houses, 
from 15,000 to 30,000 lx as compared to normal experimen-
tal conditions of 100–500 lx, could substantially inhibit the 
development of FDM in chickens [ 116 ], primates [ 142 ] and 
tree shrews, and slow the development of LIM in chickens 

[ 143 ] and tree shrews, and more marginally in primates. It 
was also shown that the ability of bright light to block FDM 
was itself blocked by a D2-dopamine receptor antagonist, 
spiperone [ 143 ]. However, subsequent experimentation has 
suggested that the pharmacological properties of the block of 
LIM by light might be different, since the results suggest that 
the effect is not blocked by either D1 or D2 antagonists 
[ 144 ]. This clearly requires further exploration, given that 
dopamine agonists block LIM as well as FDM [ 39 ]. 

 These very promising results need to be put into perspec-
tive in two ways. Firstly, the ranges of light intensity involved 
in the protective effects are commonly encountered in human 
environments. Thus indoor light intensities are generally in 
the range from 200 up to 1,000 lx, with light intensities in 
animal houses at the lower end. Outdoor light intensities can 
range during the day and even in the shade on cloudy days, 
from several thousand Lux up to 150,000 to 200,000 lx on 
bright sunny days at lower latitudes. These, of course, can 
vary quite signifi cantly by latitude and season, both in inten-
sity and duration. 

 Secondly, the protective effects seem to be quite substan-
tial in the experimental studies discussed above and in epide-
miological studies. For example, longitudinal data from the 
CLEERE study have shown that the risk of developing myo-
pia is around three times lower for children spending more 
than 15 h per week outdoors as compared to those spending 
less than fi ve [ 145 ], and this risk reduction applies irrespec-
tive of whether the parents are myopic or not. Similarly, lon-
gitudinal data from the Sydney Myopia Study suggest that 
children from the top tertile of time outdoors are substantially 
less likely to become myopic than those in the bottom tertile 
by a similar factor [ 146 ]. Comparisons of those who combine 
low near work with high time outdoors (low risk), compared 
to those who combine high near work with low time outdoors 
(high risk) are even more stark. The much higher prevalence 
of myopia in Orthodox Jewish boys [ 147 ,  148 ] compared to 
that in boys studying in general schools, as well as that in 
girls irrespective of the school attended, which is generally 
attributed to intensive study habits, also provides evidence of 
the power of environmental effects, although in this case a 
link to time outdoors is not established but is plausible. 

 The evidence for the involvement of dopaminergic path-
ways from human epidemiology and from experimental 
myopia is very detailed, albeit not entirely consistent, but 
there is no direct evidence for involvement of dopaminergic 
pathways in studies on human genetics. However dopami-
nergic pathways have been implicated indirectly. Mutations 
which affect outer retinal processing, and in particular pho-
toreceptor and ON-bipolar cell pathways, could exert their 
effects on the development of myopia by altering the release 
of dopamine, since the ON-bipolar cells provide a major 
input to the dopaminergic cells [ 149 – 152 ]. The glutamate 
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agonist, 2-amino-4-phosphonobutyric acid (2APB), which 
hyperpolarises the ON-bipolar cells and presumably reduces 
dopamine release, leads to the development of myopia in kit-
tens [ 153 ]. Mutant mice with a mutation of nyctalopin simi-
lar to that which causes congenital stationary night blindness 
in humans [ 154 ] have lower pools of dopamine and are more 
sensitive to the development of form-deprivation myopia 
[ 155 ]. But there is a clear gap in the evidence which needs to 
be followed up by more detailed analyses of dopaminergic 
function in human syndromic myopia and in human genetic 
studies with candidate gene approaches. 

 Secondly, the involvement of the GJD2 gene, which 
codes for connexin36, also implicates dopamine, since the 
permeability of gap junctions involving connexin36 is regu-
lated by dopamine [ 156 – 160 ], although in this case via 
D1-dopamine receptors. If dopamine release is reduced 
either by genetic defects in the photoreceptor to ON-bipolar 
cell pathway, which appears to control dopamine release 
[ 147 – 150 ], or by lack of stimulation of the pathway by envi-
ronmental light, this might be expected to lead to reduced 
light adaptation, more diffuse signalling through rod and 
cone pathways and a reduction in the narrowing of receptive 
fi elds that normally occurs in light adaptation. In many ways 
this could be analogous to the lowered spatial and temporal 
stimulation that occurs in the FDM paradigm. 

 How this can be further investigated in human myopia is 
problematic. Changes in the electroretinogram (ERG) may 
provide a relatively non-invasive approach to measuring the 
functions of retinal circuits [ 158 – 160 ]. In fact, studies on ERG 
responses in myopic human eyes have tended to implicate 
changes in the inner retina, with normal a-waves and reduc-
tion in b-waves. There are also more complex changes in the 
oscillatory potentials of the ERG which are believed to involve 
dopaminergic circuits, and changes in adaptation, which could 
be related to changes in dopaminergic function. This evidence 
lends some support to the hypothesis that dopaminergic 
 function is depressed in the inner retina of humans with 
 myopia but falls short of proving that this has taken place. 

 Given the magnitude of the potential effects of outdoor 
exposure, these developments have been rapidly translated 
into clinical trials. Two small trials have reported positive 
results [ 161 ,  162 ], and the interim results of a larger trial, in 
which schools have increased the amount of time that chil-
dren spend outdoors, have reported small but statistically 
signifi cant protection from myopic shifts in refraction and 
incident myopia.  

4.4.6     Changes in Scleral Metabolism 

 This area has been extensively reviewed [ 68 ,  69 ,  163 ]. The 
sclera is the endpoint tissue for both human and experimen-
tal myopia, because it is the structure and metabolism of the 

sclera which ultimately determines the axial length of the 
eye. It is also the site of the development of staphyloma, one 
of the most destructive pathological features of high myopia. 
Studies on human myopia have shown that the sclera from 
myopic eyes is thinner than normal and that marked reduc-
tions in the content and structure of collagens, as well as 
scleral glycosaminoglycans have taken place. Studies on 
human sclera are obviously limited to single-point determi-
nations, except when culture systems, such as human scleral 
fi broblasts (HSF), can be developed. The HSF culture sys-
tem has been used to document regulation of synthesis of 
brain morphogenetic proteins (BMPs) by retinoic acid [ 164 ], 
both of which have been implicated in the development of 
experimental myopia [ 165 – 167 ], and identifi ed as candi-
dates in human genetic studies [ 88 ,  89 ]. More systematic use 
of this approach to examining changes in scleral metabolism 
looks promising. 

 Several animal experiments have documented changes in 
scleral collagens and glycosaminoglycans, which parallel 
those seen in human myopic sclera. There are reductions in 
the synthesis of collagens and glycosaminoglycans and in 
addition increased catabolism. In fact, one of the early events 
in the development of myopia appears to be up-regulation of 
matrix metalloproteinase (MMP) activity [ 168 ], which has 
also been implicated in genetic studies [ 169 – 171 ]. 

 Further work has implicated myofi broblasts in controlling 
the properties of the sclera [ 172 ,  173 ]. Myofi broblasts dif-
ferentiate from fi broblasts and are highly contractile cells 
which express the smooth muscle protein alpha-smooth 
muscle actin. The differentiation of these cells can occur in 
response to local stresses, a process involving regulation of 
the synthesis of extracellular matrix consitutents. They could 
therefore play a role in enabling the sclera to adjust for fl uc-
tuating intraocular pressure and other stresses. Cell adhesion 
molecules such as integrins play a key role in mediating cell-
matrix interactions, and again McBrien and colleagues have 
shown rapid downregulation of the expression of alpha1 and 
alpha2 integrin subunits [ 174 ]. The expression of these two 
subunits seems to be differentially regulated during the 
development of myopia. 

 McBrien has proposed that transforming growth factor- 
beta (TGF-beta) is a key regulator [ 163 ]. The three mamma-
lian isoforms of TGF-beta change rapidly in response to 
stimuli that induce experimental myopia and regulate colla-
gen and glycosaminoglycan production, as well as differen-
tiation of scleral fi broblasts to myofi broblasts. TGF-beta is 
found in retina, choroid and sclera, but it is only in the sclera 
that regulation occurs in relation to myopigenic stimuli. 

 It is important to note that mutations in many genes 
involved in this complex integrated response have been 
identifi ed in human genetic studies as candidate genes, along 
with a number of other scleral constituents. This suggests 
that the sclera in myopia can be both the direct site of action 
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of mutations which affect extracellular matrix metabolism 
and cause a weaker sclera, and the site of modulation of 
scleral metabolism in response to upstream mutations which 
may affect retinal dopamine release, or in response to 
changes in dopamine release caused by environmental expo-
sures. It is not clear how changes in dopamine release in the 
retina are propagated to the sclera, and at present there are 
only a few signposts along the way. It seems unlikely that 
dopamine acts directly on the sclera, since no effects of 
dopamine agonists on the sclera were detected in experi-
ments in vitro (unpublished results). But the model devel-
oped by McBrien implies that regulation of TGF-beta 
expression could be a key event worth further study and is a 
site for potential pharmacological intervention.  

4.4.7     Circadian Rhythms and Myopia 

 There has also been considerable interest in the potential role 
of circadian rhythms in the development of myopia and in 
particular interruptions to normal dark periods [ 95 ,  175 ]. 
This was, in part, stimulated by a report which suggested that 
children who slept with night lights, and even more so with 
room lights, were more likely to be myopic [ 176 ]. The effects 
reported were very substantial, but most subsequent studies 
have failed to replicate this effect. The few that reported pos-
itive effects showed changes that were much smaller. Other 
evidence from human epidemiology has given, at best, very 
limited support to these ideas, since there are only small 
albeit signifi cant effects of season of birth [ 177 ] or latitude of 
birth [ 178 ] which could implicate circadian phenomena but 
which could also have other explanations. 

 Studies of experimental myopia have also given some sup-
port to this idea. Eye growth shows clear circadian rhythms, 
which are perturbed under conditions which change the rate 
of eye growth, and it has been argued that key timing events 
around the transitions between light and dark phases might be 
important for correct regulation of eye growth [ 175 ,  179 , 
 180 ]. Stone [ 95 ] has argued that many of the changes in 
mRNA expression in microarray analysis of animal experi-
ments involve changes in clock genes, but it needs to be 
remembered that dopamine rhythms are perturbed in experi-
mental myopia and probably in human myopia, and these 
rhythms, substantially light-driven in the case of dopamine 
[ 140 ], are quite closely linked to circadian rhythms [ 181 ]. It is 
therefore not clear whether these changes represent an inde-
pendent response to myopigenic conditions or whether they 
refl ect a fundamental effect on dopamine metabolism. While 
human epidemiology does not suggest substantial effects of 
circadian rhythms, with the possible exception of the epi-
demic of myopia that appeared in some Eskimo populations 
under conditions of quite mild urbanisation and engagement 
in schooling [ 182 ,  183 ], this area deserves further study.  

4.4.8     A Role for Retinoic Acid 

 In a seminal paper in this area, Mertz and Wallman [ 167 ] 
showed that, in the chicken retina, the choroid synthesised 
retinoic acid at a much greater rate than any other ocular tis-
sue. The rate of choroidal retinoic acid synthesis was mark-
edly decreased under conditions that increased the rate of 
eye growth (both FDM and LIM) and markedly increased 
under conditions that decreased the rate of eye growth. They 
also provided evidence that retinoic acid was released from 
the choroid and accumulated in a nuclear fraction from the 
sclera, where retinoic acid decreased the rate of scleral gly-
cosaminoglycan synthesis. In contrast, they found that 
changes in the retina were much smaller in magnitude and 
reversed in direction, consistent with previous evidence 
[ 184 ,  185 ]. They therefore suggested that regulation of the 
rate of synthesis of retinoic acid in the choroid could be a 
crucial element in regulation of the rate of eye growth, at 
least in the chicken. These changes were subsequently con-
fi rmed in the chicken [ 186 ]. 

 In one of the early studies, it was reported that retinoic 
acid stimulated the proliferation of sclera chondrocytes but 
inhibited the proliferation of scleral fi broblasts [ 184 ]. Given 
the different composition of the sclera in chickens (predomi-
nantly chondrocytes) compared to mammals (predominantly 
fi broblasts), it is not clear whether these results obtained on 
chickens can be generalised to mammals, and indeed several 
studies suggest that in experimental myopia in mammals, 
increased retinoic acid synthesis and levels, possibly in both 
the retina and the choroid, are involved [ 187 – 189 ]. Human 
fi broblasts in culture express a variety of retinoic acid recep-
tors [ 190 ], and retinoic acid has been shown to inhibit the 
synthesis of brain morphogenetic proteins [ 165 ], which have 
been implicated in both human and experimental myopia, as 
well as another extracellular matrix constituent fi bulin [ 191 ]. 

 While the results are not entirely consistent, the idea that 
retinoic acid may be a mediator of changes in retinal or cho-
roidal visual processing to the sclera is worth pursuing and 
intersects with evidence for a role of retinoic acid receptors 
and synthetic enzymes in experimental myopia [ 186 ,  192 ]. 
The recent CREAM and 23andMe studies [ 88 ,  89 ] have iden-
tifi ed mutations in retinol dehydrogenase 5 as associated with 
myopia, but whether this primarily affects retinal recycling in 
the outer retina, or retinoic acid as a messenger in eye growth 
control, is currently unclear. Studies on experimental myopia 
suggest that retinaldehyde dehydrogenase 2, which converts 
retinal to retinoic acid, is more likely to be involved [ 186 ].  

4.4.9     Fibroblast Growth Factor 

 Based on research on the general regulation of extracellular 
matrix by FGF-beta and TGF-beta, Rohrer and Stell [ 193 ] 
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tested the hypothesis that these growth factors might act as 
regulators of scleral growth in chickens. They showed that 
exogenous FGF-beta reduced the development of FDM and 
that TGF-beta blocked the effect of FGF-beta. This work 
was followed up in a subsequent paper [ 194 ] in which it was 
demonstrated that FDM reduced the rate of retinal dopamine 
synthesis, which was reversed by strobe lighting, which in 
turn was associated with increased expression of cfos in the 
dopaminergic amacrine cells. They also showed that FGF- 
beta did not affect cfos expression, tyrosine hydroxylase lev-
els or dopamine synthesis, suggesting that its effect was 
exerted downstream of the dopaminergic amacrine cells. In 
complete contrast to these results, Seko and colleagues found 
that FGF-beta stimulated proliferation of scleral chondro-
cytes and fi broblasts [ 195 ]. Again in contrast, in tree shrews, 
Gentle and McBrien found that FGF-beta did not change in 
FDM but that FGFR-1 did [ 196 ]. 

 Subsequent experimentation has not clarifi ed further the 
pathways that might be involved but has suggested that in 
addition to links with TGF-beta, interactions with IGF may 
also be involved [ 197 ]. It is not clear if these interactions are 
related to the effects of insulin and glucagon on experimental 
myopia [ 198 ,  199 ]. How important these interactions are is 
far from clear, but both FGF [ 200 ,  201 ] and IGF [ 202 – 204 ] 
have been inconsistently implicated in high myopia, and 
there is other supporting evidence for a role of IGF in experi-
mental myopia [ 205 ,  206 ].  

4.4.10     Summary 

 These case studies illustrate the way in which evidence from 
human studies, both of epidemiology and genetics can cross- 
fertilise with studies on experimental myopia. In some cases 
the fl ow is from human to experimental studies, in some 
cases the other way around. We have chosen examples which 
illustrate the potential for successful integration, where we 
believe that continuing research could deliver major returns. 
This list is in no way comprehensive. For example, major 
effects of GABA agonists in preventing myopia have been 
reported in animal studies [ 207 ,  208 ] which seem to be linked 
to changes in the dopaminergic and cholinergic systems 
[ 209 ]. The magnitude of the effects suggests signifi cant 
potential for pharmacological intervention, but at the same 
time GABA is such a widespread transmitter, both within the 
body and within the eye and retina than any approach to pre-
vention based on manipulation of GABAergic pathways 
would have to be exceptionally cautious. Similar caution has 
been exercised in making use of dopaminergic agents, despite 
the strong evidence base in animal studies. But the ability to 
use natural modulation of dopamine release with light, of the 
kind that appears to be involved in the protective effects of 
light, offers a way of avoiding some of the problems.   

4.5     A Heuristic Model of Growth Control 

 Based on the evidence we have reviewed in this chapter, we 
propose a model which we believe will be useful for orient-
ing future studies on both human and experimental myopia 
(Fig.  4.2 ). A key player is the dopaminergic amacrine cell, 
which may be involved in the appearance of myopia in a 
number of human diseases in which myopia is a feature – 
most notably in congenital stationary night blindness of 
various forms. These mutations, which primarily affect the 
functioning of a photoreceptor to ON-bipolar cells pathway, 
may mediate a reduction in the normal release of dopamine 
by increasing light intensities. The nob mutant mouse pro-
vides a relevant animal model. Dopamine release also 
appears to be regulated by environmental stimulation of the 
dopaminergic amacrine cells, and increased release of dopa-
mine by bright light may mediate the protective effects of 
increased time spent outdoors by children. Some of the 
large number of mutations in the OMIM database which 
result in myopia may also affect this pathway – particularly 
those with the potential to affect visual processing in the 
outer retina. Within the inner retina, experimental myopia 
has shown that dopaminergic function is regulated, at least 
in part, by GABAergic and cholinergic amacrine cells, and 
the effects of the three transmitters – dopamine, acetylcho-
line and GABA – may converge, at least in the chicken ret-
ina, on the glucagon-immunoreactive amacrine cells in 
which decreased expression of the immediate early gene 
 Egr-1  appears to correlate with an increased rate of eye 
growth. Glucagon may be an important messenger released 
at this point in the pathway, but it should be noted that evi-
dence for the involvement of glucagon-immunoreactive 
amacrine cells in humans is limited, and another amacrine 
cell may play a critical role in humans. It is important to 
note that, so far, none of the mutations detected in human 
myopia appear to involve these mechanisms documented in 
the inner retina but primarily involve the outer retina and 
sclera. 

 After that, the potential pathway is poorly defi ned, 
although changes in the retinal pigment epithelium and cho-
roid may be required to transmit growth control signals to 
the sclera, and retinoic acid seems to be the best candidate 
for future studies. McBrien has proposed that the key 
 regulatory event in the sclera involves changes in transform-
ing growth factor-beta, which in turn regulates, directly or 
indirectly, collagen and glycosaminoglycan synthesis, catab-
olism mediated by matrix metalloproteinases, levels of inte-
grins and conversion of fi broblasts to myofi broblasts. Other 
mutations associated with myopia appear to directly affect 
scleral constituents and may produce myopia by generally 
weakening the sclera, just as reduced function in this path-
way results in changes in the sclera which promote sclera 
thinning and weakness. This model does not cover all of the 
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multitude of observations that have been made on human and 
experimental myopia, but we believe that it covers a quite 
extensive range and is capable of explaining much of the cur-
rent evidence on both genetic and environmental control of 
myopia.  

    Conclusions 

 A range of paradigms in which changes in eye growth 
can be induced experimentally have been developed. 
None of the paradigms precisely matches the features 
of human myopia, with particular issues in relation to 
the methods used to induce myopia and the develop-
mental stage at which myopia is induced. Monkeys pro-
vide the model which most closely follows the human 
pattern in terms of the pattern of change in ocular biom-
etry and refraction, but any of the models can be used, 
with appropriate caution, to investigate the molecular 
details of the changes in ways which are not possible in 
humans. 

 There has already been considerable synergy between 
human and animals studies, with fl ow in both directions 
and critical testing of hypotheses. In his classical book, 
published nearly 30 years ago, Curtin commented that 
“…many theories of myopia genesis were the product of 
pure speculation. It would appear at one point towards the 
close of the 19 th  century that any ophthalmologist who 
experienced a night of insomnia arose in the morning with 
a new, and usually more bizarre, theory”. 

 We have now moved well beyond that point and have 
the ability to critically scrutinise new theories through 
both human studies in epidemiology and genetics and 
through animal studies. Hopefully, some of the new ideas 
that have emerged, such as the importance of peripheral 
defocus and the amount of time that children spend out-
doors, are close to delivering preventive strategies to con-
trol both incident myopia and myopic progression. But 
only future research will tell.     
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5.1           Introduction 

 The sclera is a dense, fi brous, viscoelastic connective tissue 
that defi nes the shape of the eye. Moreover, the sclera pro-
vides a strong framework that supports the visual apparatus 
of the inner eye, withstands the expansive force generated 
by intraocular pressure, and protects the eye contents from 
external trauma. However the role of the sclera is much 
more than that of a static container. Strong evidence from 
clinical and experimental studies indicates that the bio-
chemical and biomechanical properties of the sclera are 
actively modulated in response to visual stimuli to adjust the 
axial length of the globe to minimize refractive error. As we 
will discuss below, the sclera is now known to undergo con-
stant remodeling throughout life, and this remodeling is 
highly dependent on scleral fi broblast phenotype and extra-
cellular matrix composition. Moreover, results from research 
over the last 25 years have established that scleral remodel-
ing is regulated by genetic as well as environmental infl u-
ences that can have profound effects on ocular size and the 
refractive state.  

5.2     Development 

 The human sclera differentiates from neural crest and meso-
derm in the sixth week of human embryonic development. 
The majority of the sclera differentiates from neural crest 
that surrounds the optic cup of the neuroectoderm; however, 

a small temporal portion of the sclera differentiates from the 
mesoderm which also contributes to the striated extraocular 
muscles and vascular endothelia [ 1 ,  2 ]. The human sclera 
differentiates from anterior to posterior and from inside to 
outside [ 3 – 5 ]. Electron microscopic studies of human 
embryos and fetuses show that the developmental process 
has already started in the region destined to become the lim-
bus by the sixth week and progresses backward to the equa-
tor by the eighth week and to the posterior pole by the 12th 
week [ 5 ,  6 ]. By the fourth month the scleral spur appears as 
circularly oriented fi bers, and by the fi fth month, scleral 
fi bers around the axons of the optic nerve form the lamina 
cribrosa [ 5 ]. Immature collagen can be detected in the sixth 
week as patches of small fi brils and elastin deposits appear in 
the ninth week of development and increase in amount 
through week 24 [ 7 ]. Defects in the synthesis of extracellular 
matrix (ECM) components during scleral development may 
account for the scleral involvement in Marfan syndrome 
(elastin defect), osteogenesis imperfecta (collagen type I 
defect), and Ehlers–Danlos syndrome (lysyl-protocollagen 
hydroxylase) [ 8 ,  9 ].  

5.3     The Structure of the Sclera 

 The human sclera has a radius of curvature of approximately 
12 mm. The sclera is the thinnest (0.3 mm) under the inser-
tion of the muscle tendons and is the thickest (1.0 mm) at the 
posterior pole near the optic nerve head. The sclera is divided 
into three layers: the episclera, the stroma, and the lamina 
fusca. The scleral stroma constitutes 90 % of the scleral 
thickness and is largely responsible for its biomechanical 
properties [ 10 ]. 

 The sclera has regional specializations for the position-
ing of the cornea, the entry and exit of important nerves 
and blood vessels, as well as for the attachment of extra-
ocular muscles. Despite these regional variations in struc-
ture, the sclera must be able to control eye shape during 
signifi cant events that promote deformation of the globe, 
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such as eye movements, accommodation, and intraocular 
pressure fl uctuations. In doing so, the sclera is able to 
ensure stable refraction and prevent rupture of the ocular 
globe. The sclera meets these requirements through a spe-
cialized dense irregular connective tissue stroma. 

 The scleral stroma is composed of collagen fi brils 
embedded in a matrix of proteoglycans and non-collage-
nous glycoproteins. The collagen fi brils are variable in 
diameter, ranging in size from 25 to 230 nm [ 11 ], and are 
organized into a complex arrangement of interwoven lay-
ers or lamellae (Fig.  5.1 ). This arrangement of collagen 
fi brils gives the sclera its strength and rigidity despite 
its constant movement and pull from the extraocular 
muscles. 

 Located between the collagenous lamellae are the scleral 
fi broblasts, which are responsible for the synthesis and 
remodeling of the scleral stroma (Fig.  5.1 ).

   It is the biochemical composition of the scleral ECM that 
is key to the maintenance of its characteristic rigidity, 
strength, and elasticity. The sclera of most vertebrates con-
sists of two layers: an inner layer of cartilage and an outer 
fi brous layer. Eutherian mammals, as well as snakes and 
salamanders, have lost the cartilage layer, although ECM 
molecules previously believed unique to cartilage, such as 
aggrecan, proline–arginine-rich and leucine-rich repeat pro-
tein (PRELP), and cartilage oligomeric matrix protein 
(COMP), have been identifi ed in the human sclera [ 12 ], 
suggesting that cartilaginous components have been 
retained in the sclera through evolution and serve important 
biochemical and biomechanical functions [ 13 – 15 ]. 
Moreover, the presence of cartilaginous molecules in the 
sclera may account for the association of scleritis with vari-
ous rheumatic diseases such as rheumatoid arthritis and 
polychondritis [ 16 – 18 ]. 

5.3.1     Collagen 

 In mammals, the scleral tissue contains approximately 50 % 
collagen by weight, consisting predominantly of type I col-
lagen [ 19 ]. As discussed above, the formation of the collag-
enous matrix of the human sclera can be observed in the 
sixth week of development, as aggregates of thin-diameter 
collagen fi brils. As development continues, collagen is 
deposited in an anterior to posterior manner such that the 
most immature collagen fi brils are located in the posterior 
sclera. Due to this spatial pattern of development, the poste-
rior region of the sclera contains a population of smaller 
diameter collagen fi brils as compared with the anterior 
region of the sclera throughout early fetal development up to 
week 16, when differences between the anterior and poste-
rior regions become undetectable [ 7 ]. By week 24 of scleral 
development, the diameter of the collagen fi brils has reached 
the diameter of adult collagen fi brils with an average range 
of 94–102 nm and an overall range of 25–250 nm. Because 
the scleral collagen fi brils exhibit such a wide range in diam-
eter, fi brillar spacing within the ECM of the sclera is found 
to be irregular as compared to the regular fi bril spacing of the 
cornea. 

 In addition to type I collagen, the human sclera has been 
shown to contain collagen types III, IV, V, VI,VIII, XII and 
XIII [ 20 – 22 ]. Collagen type I is the major collagen present 
in the human sclera, accounting for approximately 95 % of 
the total collagen present. Interestingly, high congenital 
myopia is pathognomonic for Stickler’s Syndrome, a gene-
tic disorder most commonly involving mutations in the col-
lagen type II (COL2A1) gene, suggesting a major role for 
collage type II in scleral development and structure [ 23 ]. 
However, although collagen type II has been identifi ed in 
the sclera of embryonic mice [ 24 ], and is a major fi brillar 

a b

  Fig. 5.1    Lamellar organization of the human sclera. ( a ) Scleral fi bro-
blasts ( F ) can be seen between irregularly arranged collagenous lamella 
( L ). Within each lamella, collagen fi brils are oriented in the same 

general direction. ( b ). Higher magnifi cation of anterior human sclera 
in which collagenous lamella are interwoven in some areas. 
( a ) Bar = 10 μm; ( b ) Bar = 2 μm       
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collagen of the largely cartilaginous avian sclera, collagen 
type II expression has not been detected in human sclera 
[ 12 ,  25 ]. 

 Immunohistochemical analysis of both fetal and adult 
human specimens have shown that collagens type I and VI 
steadily increase with age while collagens type IV, V, and 
VIII decrease with age. The presence of collagen III 
appears to remain fairly constant throughout fetal and adult 
life. Using atomic force microscopy [ 26 ] scleral collagen 
fi bers can be visualized in close association with discrete 
cross bridge structures between adjacent fi brils, which 
occur at regular intervals; one every 67 nm along the col-
lagen fi bril. It is speculated that these cross-bridges consist 
of aggregated proteoglycans associated with type VI col-
lagen [ 27 ,  28 ]. 

 Collagen fi brils within the sclera are organized into irreg-
ularly arranged and somewhat interwoven lamellae 
(Fig.  5.1 ). This lamellar organization is similar to the colla-
gen arrangement of the cornea, but scleral collagen fi brils are 
highly variable in their diameter, lamellae vary in thickness, 
and the orientation of each lamella is irregular with respect 
to neighboring lamella. Based on studies in cornea [ 28 ], it is 
likely that the outer edges of each lamella, which are adja-
cent to the scleral fi broblasts, contain the most immature col-
lagen fi brils relative to those in the centers of each collagenous 
lamellae.  

5.3.2     Proteoglycans 

 Collagen fi brillogenesis, fi bril orientation, size, and arrange-
ment are infl uenced by a number of non-collagenous ECM 
components [ 29 – 31 ]. Specifi cally, proteoglycans are known 
modulators of collagen fi bril assembly and arrangement and 
are found in abundance throughout the ECM of the sclera. 
Proteoglycans consist of a core protein with at least one 
attached glycosaminoglycan (GAG) side chain made up of 
repeating disaccharide units. GAGs are categorized into four 
main groups: (1) hyaluronan, (2) chondroitin sulfate and der-
matan sulfate, (3) heparan sulfate and heparin, and (4) kera-
tan sulfate. Glycosaminoglycans are present in scleral 
development as early as the 13th week. Analysis of scleral 
tissue shows moderate staining for dermatan sulfate and 
intense staining for chondroitin sulfate (CS) throughout fetal 
development. Hyaluronic acid (HA) is present in the sclera 
at 13 weeks of development and then decreases with the pro-
gression of development. Small amounts of heparan sulfate 
are found in both fetal and adult sclera [ 20 ]. The GAGs of 
the adult sclera are dispersed in a heterogeneous manner 
throughout the ECM. A higher percentage of chondroitin sul-
fate and uronic acid has been observed in the posterior pole 
of the sclera as compared to the anterior and equatorial 
regions [ 14 ]. Staining for hyaluronic acid, on the other hand, 

is found to be more concentrated in the equatorial region of 
the sclera than in the posterior sclera [ 32 ]. 

 Proteoglycans comprise approximately 0.7–0.9 % of the 
total dry weight of the sclera of which dermatan and chon-
droitin sulfate proteoglycans are the most abundant. The 
major sulfated proteoglycans of the sclera include aggrecan, 
decorin, and biglycan [ 14 ]. Aggrecan, the cartilage proteo-
glycan, consists of a core protein covalently linked to over 
100 chondroitin sulfate side chains. The negative charge 
associated with the GAG chains of aggrecan acts to seques-
ter water molecules within the scleral ECM which is key to 
proper tissue hydration and elasticity. In contrast to the small 
proteoglycans which are evenly dispersed throughout all 
regions of the sclera, aggrecan has been found in highest 
concentration in the posterior sclera, where it may be respon-
sible for maintaining the pliancy observed in the posterior 
regions of the sclera [ 33 ]. In the ECM of cartilage, aggrecan 
associates with hyaluronan via linker proteins to form large 
hydrated macromolecules [ 34 ]; however, this has yet to be 
demonstrated for the sclera. 

 The human sclera also contains the core proteins of sev-
eral members of a family of related proteins termed the 
“small leucine-rich proteoglycans” (SLRPs) [ 15 ]. Decorin 
and biglycan, mentioned above, are the best known and most 
studied members of the SLRP family [ 35 ,  36 ], and these pro-
teoglycans have been shown to exist in the human sclera as 
proteoglycans, containing one or two chondroitin/dermatan 
sulfate side chains, respectively [ 14 ]. Additionally, the 
human sclera contains the SLRP core proteins: lumican, 
PRELP (proline–arginine-rich and leucine-rich repeat pro-
tein), keratocan, fi bromodulin, DSPG-3 (dermatan sulfate 
proteoglycan 3; also known as PG-Lb, epiphycan), chon-
droadherin, and osteoglycin [ 15 ]. All SLRPs contain a com-
mon central domain, consisting of ≈10 leucine-rich repeats, 
which have been shown to be involved in strong protein–
protein interactions [ 37 ]. With the exception of decorin and 
biglycan, the SLRPs exist in the sclera with short unsulfated 
or low sulfated GAG side chains. Several members of the 
SLRP family, including decorin, fi bromodulin, lumican, and 
biglycan, have been shown to bind a variety of ECM compo-
nents via their core proteins, including type I collagen where 
they are thought to guide matrix assembly and organization 
[ 29 ,  30 ,  38 ,  39 ].  

5.3.3     Elastic 

 Elastic fi bers are synthesized by scleral fi broblasts and are 
an important component of the scleral extracellular matrix 
[ 40 ]. Elastic fi bers in the mature state consist of an amor-
phous elastin core surrounded by longitudinally aligned 
microfi brils, composed of a number of glycoproteins, 
including fi brillin, which forms a scaffold for elastin. 
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Staining for elastin molecules is fi rst evident in the develop-
ing sclera around week 9 and increases over time [ 7 ]. The 
distribution of elastin is typically homogenous throughout 
the fetal stroma and maintains its homogeneity throughout 
development and into adulthood where elastin concentration 
is low (approximately 2 % of the dry weight). The impor-
tance of elastic fi bers in the sclera is evidenced by the scleral 
pathology and high myopia associated with Marfan syn-
drome, an autosomal dominant disorder due to mutations in 
the fi brillin gene [ 41 ,  42 ].  

5.3.4     Other Glycoproteins 

 Several non-collagenous glycoproteins have been character-
ized in the in ground substance of the sclera and generally 
function to facilitate cell attachment to the extracellular 
matrix. Immunostaining for fi bronectin, vitronectin, and lam-
inin in the fetal sclera indicates that these three glycoproteins 
appear during the 13th week of fetal development and then 
diminish as development progresses [ 7 ]. In the adult sclera, 
fi bronectin is present diffusely throughout the lamina 
cribrosa, while vitronectin is distributed as a fi ne fi brillar 
staining pattern in the lamina cribrosa and to a lesser extent in 
the sclera [ 43 ,  44 ]. Laminin is a trimeric protein that contains 
an α-chain, a β-chain, and a γ-chain. There are a number of 
variants of each chain, resulting in 15 different laminins in 
vivo [ 45 ] .  Laminin is present throughout the sclera in asso-
ciation with basement membranes of blood vessels, the tra-
becular meshwork, and Schlemm’s canal [ 46 ]. Additionally 
laminin has been localized to the surface of cribriform plates 
of the lamina cribrosa of human sclera [ 47 ] but is absent in 
the remaining nonvascular tissue. Interestingly, the alph2a 
chain of laminin has been identifi ed as a genetic locus associ-
ated with myopia development in humans [ 48 ] (see below).  

5.3.5     Matrix Metalloproteinases 

 Scleral remodeling, as with any tissue, is a dynamic pro-
cess that involves continual synthesis and degradation of 
extracellular matrix. Matrix metalloproteinases (MMPs) 
are a family of neutral proteinases that can initiate the deg-
radation of collagens and other extracellular matrix com-
ponents [ 49 ]. These proteins share signifi cant amino acid 
homology, are active at neutral pH, require zinc and cal-
cium ions, and are inhibited by tissue inhibitors of metal-
loproteinases (TIMPs). Human scleral fi broblasts have 
been shown to express MMP-1 (interstitial collagenase), 
MMP-2 (gelatinase A), MMP-3 (stromelysin) [ 50 – 52 ], and 
MMP-9 (gelatinase B) [ 53 ] as well as the MMP inhibitor, 
TIMP-1 [ 53 ,  54 ].  

5.3.6     Scleral Fibroblasts 

 Although the composition of the scleral extracellular matrix 
plays a major role in determining the biomechanical proper-
ties of the sclera, several studies provide evidence that scleral 
cells and their interactions with the scleral matrix have an 
important role in modulating scleral distensibility during eye 
growth. Phillips and McBrien [ 55 ] demonstrated that the tree 
shrew sclera has an initial increase in axial length as a 
response to increases in IOP, but then axial length progres-
sively decreased over the next hour, resulting in no signifi -
cant difference in axial length following 60 min of elevated 
pressure as compared with the pre-pressure length measure-
ment. This reduction in axial length was attributed to the 
presence of α-smooth muscle acting (SMA)-containing 
myofi broblasts in the scleral stroma. Studies in human, mon-
key, and guinea pig sclera suggest that myofi broblasts com-
prise a subset of scleral cells, whose population may increase 
with age [ 56 ,  57 ]. As has been demonstrated with myofi bro-
blasts from the cornea [ 58 ] and skin [ 59 ], scleral myofi bro-
blasts can differentiate from non-contractile scleral 
fi broblasts by imposing mechanical stress on the scleral 
matrix or through stimulation with cell signaling factors such 
as transforming growth factor-beta (TGF-B) [ 60 ]. 

 Scleral fi broblasts have also been shown to synthesize and 
secrete relatively large amounts of a protein, transforming 
growth factor beta-induced, 68kD (TGFB1p) that has the 
potential to modulate interactions of the scleral fi broblast 
with the matrix [ 61 ]. TGFB1p binds to the cell surface of 
scleral fi broblasts via the integrin receptors αvβ3 and αvβ5 
(Fig.  5.2 ) and inhibits scleral cell attachment to collagen type 
I in vitro. The anti-adhesive effect of TGFB1p appeared to be 
specifi c for scleral fi broblasts since TGFB1p did not inhibit 
attachment of human corneal fi broblasts or human foreskin 
fi broblasts [ 61 ].

   Interestingly,     Tgfb1  mRNA levels were shown to be 
increased in the scleras of tree shrew eyes undergoing minus- 
lens compensation [ 62 ] as well as in the choroids of marmo-
sets [ 63 ] and tree shrews [ 64 ] during the development of 
myopia. Based on the in vitro results, suggesting an anti- 
adhesive effect of TGFB1p on scleral fi broblast attachment 
to collagen, we speculate that changes in scleral levels of 
TGFB1 may act to the disruption of fi broblast–matrix inter-
actions to facilitate slippage of scleral lamellae to facilitate 
ocular elongation during myopia development.   

5.4     Age-Related Changes in the Sclera 

 Although the eye nearly reaches adult size by age 10 [ 65 –
 69 ], scleral extracellular matrix components are continu-
ally being synthesized and accumulated throughout 
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adolescence and young adulthood. The concentration of 
scleral proteoglycans increases steadily in the human 
sclera from childhood through the fourth decade of life 
[ 33 ]. Beyond the fourth decade the scleral population of 
small proteoglycans (biglycan and decorin) decreases in 
concentration in all scleral regions. The loss of proteogly-
cans from the anterior sclera is associated with a coinci-
dent decrease in tissue hydration in the aging human 
sclera [ 33 ,  70 ]. The pattern of accumulation of small pro-
teoglycans in the aging sclera is remarkably similar to the 
age-related proteoglycan changes observed for human 
articular cartilage using a competitive radioimmunoassay 
for decorin (DS-PG II) [ 71 ] (Fig.  5.3 ).

   In contrast the age-related loss of small proteoglycans 
that occurs with increasing age, the large proteoglycan, 
aggrecan, remains constant over all ages and is concentrated 
in the posterior sclera. The retention of aggrecan in the pos-
terior sclera of aging eyes may be related to the observation 

that the posterior sclera is less rigid than the anterior sclera. 
Due to its numerous chondroitin sulfate and keratan sulfate 
glycosaminoglycan side chains, aggrecan binds large 
amounts of water and contributes to tissue resiliency of car-
tilage and its ability to withstand compressive forces. If 
aggrecan has a similar function in the sclera, its presence 
may allow the posterior sclera to remain pliable, thereby 
sparing the circulation to the choroid and retina through the 
posterior ciliary blood vessels. Decreases in aggrecan con-
centration would signifi cantly reduce the glycosaminogly-
can concentration in the posterior sclera and may lead to 
increased scleral rigidity, which has been associated with 
hyperopia and high myopia [ 72 ]. 

 Additionally, with increasing age, the sclera increases in 
stiffness, due to the accumulation of nonenzymatic glycation- 
type cross-links of collagen fi brils with age [ 73 ,  74 ]. This age-
related increase in stiffness is greatest in the anterior sclera, 
followed by the equatorial, and then posterior sclera [ 75 ].  

  Fig. 5.2    Colocalization    of TGFBIp to αvβ3 and αvβ5 integrins in 
human scleral fi broblasts. Immunofl uorescence of TGFBIp ( red ) on the 
surface of cultured human scleral fi broblasts double labeled either with 
anti-αvβ3 ( green ;  top ), or with anti-αvβ5 ( green ,  bottom ). The  right 
panels  are the merged images, and areas of colocalization are indicated 

by  yellow . The nuclei are counterstained with DAPI ( blue ). No signal 
was detected in secondary antibody only or nonimmune mouse IgG 
controls (not shown) (From: Shelton and Rada [ 61 ]. Reproduced with 
permission © Association for Research in Vision and Ophthalmology)       
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5.5     Scleral Changes During Myopia 
Development 

 Myopia is the leading cause of visual impairment in the 
world [ 76 ]. Most myopia develops in children between the 
ages of 8 and 14 [ 69 ] and is produced by excessive lengthen-
ing of the vitreous chamber of the ocular globe [ 77 ,  78 ] so 
that the retina comes to lie behind the focal plane of the eye. 
In highly myopic human eyes, the sclera is signifi cantly thin-
ner and gradually expands under the force of intraocular 
pressure. 

 Ultrastructural evaluation of the scleral stroma of highly 
myopic human eyes shows a more layered, lamellar struc-
ture, similar to that of the cornea [ 79 – 81 ]. The sclera of the 
highly myopic human eye is characterized by thinning of 
collagen fi ber bundles as well as with a reduction in the 
size of the individual collagen fi brils with a preponderance 
of unusually small diameter fi brils averaging below 
60–70 nm [ 79 ,  82 ]. Additionally, abnormal fi brils associ-
ated with amorphous cementing substance and the pres-
ence of fi ssured or star-shaped fi brils have been observed 
[ 77 ,  79 ,  82 ] (Fig.  5.4 ). These ultramicroscopic alterations 
seen in myopic sclera suggest a derangement of the growth 
and organization of the collagen fi brils – either due to 
abnormal fi bril formation or due to the presence of accen-
tuated breakdown or catabolism of the sclera. However, it 
is very important to note that the scleral changes described 
in human myopes, and humans with high myopia, have 
been found in donor eyes after death, many years after the 
myopia developed. Thus the changes in the collagen fi brils 

may have occurred long after the myopia itself developed 
and are likely a consequence, rather than a cause, of the 
myopia.

   Few studies have characterized the extracellular matrix 
in the myopic human sclera. Considering the steady 
increase in proteoglycan synthesis and accumulation in the 
sclera through childhood and young adulthood [ 33 ], inter-
ruption of scleral proteoglycan accumulation in childhood 
and adolescent years, through genetic or environmental 
infl uences, could be expected to lead to disruption of the 
normal scleral extracellular matrix and result in abnormali-
ties in ocular globe size and refraction. Decreases in gly-
cosaminoglycan and collagen concentration have been 
identifi ed in the posterior sclera of eyes from highly myo-
pic human donors by some researchers [ 83 ] but not by oth-
ers [ 84 ]. However, these studies also examined the sclera of 
eyes from aged human donors that had been myopic for 
many years. 

5.5.1     Genetics, Scleral Remodeling, 
and Myopia 

 Evidence supports a genetic component in the determination 
of axial length and myopia. Children with myopic parents 
have a higher chance of being affected and have longer axial 
lengths than those without myopic parents [ 85 ]. Twin studies 
also suggest that myopia is highly heritable, and genetic 
effects can explain up to 88 % of the heritability [ 86 ,  87 ]. 
However, it is likely that common environmental factors 
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  Fig. 5.3    Age-related changes in decorin/   DS-PG II in human sclera and 
articular cartilage. ( a ) Decorin was extracted from human sclera from 
ages 2 months to 94 years ( n  = 15), separated from other sulfated pro-
teoglycans, and quantifi ed as micrograms of glycosaminoglycan per 
gram wet weight. ( b ). Proteoglycans were extracted from normal 
human articular cartilage (ages 5–86 years,  n  = 32) and DS-PG-II (= 

decorin) was determined using a competitive radioimmunoassay. Note 
the striking similarity in the relative concentrations of decorin/DS-PG II 
in the sclera and articular cartilage with increasing age (From: Rada 
et al. [ 33 ]. Reproduced with permission © Association for Research in 
Vision and Ophthalmology and Sampaio et al. [ 71 ]. Reproduced with 
permission © the Biochemical Society)       
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shared between parents and siblings contribute to their 
refractive development as well, thereby confounding the role 
of heredity in myopia development. 

 Because the axial length of the eye is a major component 
in determining the ocular refraction, alterations in any scleral 
extracellular matrix component are likely to lead to change 
in scleral shape, which in turn could dramatically affect 
vision. Genes responsible for myopia in association with 
other genetic syndromes have been identifi ed: collagen 2A1 
and 11A1 for Stickler syndromes type 1 and 2, respectively 
[ 23 ,  88 ]; lysyl-protocollagen hydroxylase for type VI Ehlers–
Danlos syndrome [ 89 ]; collagen 18/A1 for Knobloch syn-
drome [ 90 ]; and fi brillin for Marfan syndrome [ 91 ]. Each of 
these genes is expressed in the sclera and serves as a model 
for possible candidate genes for nonsyndromic high 
myopia. 

 Based on results of linkage analysis, it was suggested 
that certain forms of inherited high myopia are the result of 
defects in scleral extracellular matrix components that 
localize at the chromosomal loci 17q [ 92 ], 18p (MYP2) 

[ 48 ], and 12q21-23 (MYP3) [ 93 ]. Located within these loci 
are several extracellular matrix genes known to be present 
in the sclera: collagen 1A1 and chondroadherin (17q), the 
alpha subunit of laminin (18p), and lumican, decorin, and 
dermatan sulfate proteoglycan (DSPG-3) (12q). Subsequent 
linkage analyses indicated that the 12q locus could be 
responsible for high myopia in approximately 25 % of the 
UK families [ 94 ]. Several large genome-wide studies have 
been carried out to identify genes associated with myopia 
development in a number of populations [ 95 – 99 ]. From 
these studies a number of candidate genes were identifi ed 
with a variety of functions, including neurotransmission, 
ion transport, retinoic acid metabolism, and scleral extra-
cellular matrix remodeling (laminin α2 chain and bone 
morphogenetic protein 2). Taken together, these results sug-
gest that mutations or polymorphisms in a variety of genes 
may directly result in myopia development or more likely 
would predispose a subset of individuals to myopia devel-
opment in association with environmental factors (dis-
cussed below).  

a

c

b

  Fig. 5.4    Collagen fi brils in the sclera of normal and highly myopic 
human eyes. In contrast to normal human sclera, the highly myopic 
human sclera shows greater variability in collagen fi bril diameters and 
contains an increased number of smaller diameter collagen fi brils 

( a ,  b ). Additionally, an increase in unusual star-shaped fi brils and fi brils 
associated with amorphous cementing substance was observed on cross 
section ( c ). ( b ) Bar = 0.5 μm; ( c ) Bar = 1 μm (Adapted from: Curtin [ 77 ], 
pp. 256–258)       
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5.5.2     Visual Regulation of Scleral 
Remodeling 

 Animal models of myopia have provided considerable 
insight into the mechanisms regulating eye size, refraction, 
and the development of myopia. In the 1970s it was acci-
dentally discovered that myopia could be induced in mon-
keys, chicks, tree shrews, and children by depriving the 
retina of form vision [ 100 – 103 ]. More recently the same 
treatment has been shown to produce myopia in mice [ 104 , 
 105 ] and guinea pigs [ 106 ]. Form vision deprivation is an 
“open-loop” system, in which the eye will continue to elon-
gate at an accelerated rate for the duration of the depriva-
tion, potentially producing eyes so enormous they bulge out 
of the eye socket. In contrast, Schaeffel et al. [ 107 ] demon-
strated through the use of positive and negative lenses of 
specifi c refractive powers that chicks could accurately com-
pensate for imposed myopic or hyperopic defocus by mod-
ulating the axial length of the eye. Lens compensation was 
subsequently demonstrated in tree shrews [ 108 ], monkeys 
[ 109 ], guinea pigs [ 110 ], and mice [ 105 ]. The results of 
these animal studies clearly demonstrate the presence of a 
vision-dependent “emmetropization” mechanism that acts 
to minimize refractive error by controlling the axial length 
of infant and juvenile eyes so that the retina comes to lie at 
the focal plane and images are focused on the photorecep-
tors. Interruption of the emmetropization mechanism by 
obscuring the visual image in children as occurs with con-
genital cataract, ptosis, or vitreous hemorrhage or with 
visual form deprivation in animals leads to rapid and sig-
nifi cant myopia. 

 Remarkably, studies using animal models have demon-
strated that young eyes can recover from induced myopia 
following removal of the diffuser or negative lens [ 111 ,  112 ]. 
This recovery also is considered a manifestation of the 
emmetropization process by which eyes actively minimize 
the imposed myopic defocus, brought about through exces-
sive axial elongation. However, in addition to a visual basis 
for modulating eye growth in recovery, there also exists a 
homeostatic mechanism to restore the enlarged eye to its 
natural shape [ 113 ]. 

 The key to this recovery is that the young eyes are still 
elongating as part of their postnatal (or post-hatching) devel-
opment. When the diffuser or negative lens is removed, the 
elongated, myopic eye stops elongating. The optics of the 
eye continue to mature (through continued remodeling of the 
cornea and lens), so the focal plane gradually moves posteri-
orly, reducing the myopia. 

 The location of the retina is generally controlled by the 
location of the scleral shell, with additional adjustment 
made by the thickness of the choroid [ 114 ]. Thus, it is not at 
all surprising that signifi cant changes in scleral extracellular 

matrix synthesis, accumulation, and turnover are associated 
with the development of induced myopia and recovery 
[ 115 – 117 ]. As mentioned above, there are species differ-
ences in scleral structure between eutherian mammals 
(including humans, other primates such as marmoset and 
macaque monkey, and tree shrews) on the one hand and 
most other vertebrates, including chicks [ 118 ]. The primary 
difference is that in most vertebrates, the sclera is com-
prised of an inner layer of cartilage and an outer fi brous 
layer that are similar in its composition to the human sclera 
described in previous sections. In eutherian mammals, the 
inner layer of cartilage is absent, so the entire sclera con-
sists of the fi brous, type I collagen-dominated extracellular 
matrix. Despite this difference in scleral anatomy, the 
fi brous sclera of mammals and the fi brous layer of the avian 
sclera appear to grow similarly. When ocular elongation 
accelerates, the fi brous sclera thins and loses material both 
in mammals [ 116 ,  117 ] and birds [ 119 ,  120 ]. The cartilagi-
nous layer of the sclera of birds, however, demonstrates 
increased growth as the eye elongates, and this is accompa-
nied by an increase in synthesis and accumulation of pro-
teoglycans and an increased dry weight [ 115 ,  121 ]. At some 
level, all vertebrates probably use similar signaling mecha-
nisms to control the sclera, but do so by controlling growth 
in the cartilage, where it is present, and by controlling 
remodeling in the fi brous sclera.  

5.5.3     Biomechanical Changes Associated 
with Myopia 

 Biomechanical measurements of the sclera during the devel-
opment of myopia and during recovery have been reported in 
the tree shrew and in chick. In both, there is no change in the 
modulus of elasticity during myopia development or 
 recovery [ 122 – 124 ]. In tree shrews, the viscoelasticity in the 
sclera, as measured as the “creep rate” (continued elongation 
under a constant tension similar to that produced by intraoc-
ular pressure), was shown to increase signifi cantly in form- 
deprived eyes relative of the contralateral control eye 
(Fig.  5.5 ). Within 2 days after a negative lens or a diffuser is 
put in place and begins to induce myopia, scleral creep rate 
increased. The increase in viscoelasticity renders the sclera 
more extensible, so that normal intraocular pressure may 
produce an enlargement of the vitreous chamber. Remarkably, 
when unrestricted vision was restored (recovery), the scleral 
creep rate decreased signifi cantly below control levels within 
2 days of by removal of the diffuser, contributing to a recov-
ery from myopia (Fig.  5.5 ). These results exemplify the 
dynamic nature of the sclera and compel investigation into 
the molecular basis of the visually driven changes in scleral 
biomechanics.
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5.5.4        Biochemical Changes in the Myopic 
Sclera: Results from Animal Studies 

 Similar to the posterior sclera of the highly myopic human 
eye, myopia development in the marmoset and in the tree 
shrew is associated with scleral thinning [ 117 ,  122 ]. DNA 
synthesis has been found to be reduced [ 125 ], but DNA con-
tent in the sclera remains unchanged [ 116 ] .  There is a net 
loss of matrix, measured as a reduction in dry weight [ 81 ], 
and a reduction in the amount of type I collagen [ 116 ,  126 ]. 
The level of sulfated and unsulfated GAGs decreases [ 116 ], 
with hyaluronan levels declining within 24 h after a negative 
lens is applied in tree shrews [ 127 ]. Similarly, in the com-
mon marmoset, the rate of proteoglycan synthesis in the 
posterior sclera is negatively correlated with the rate of vit-
reous chamber elongation in eyes developing myopia (accel-
erated elongation), hyperopia (decelerated elongation), or 
growing normally [ 117 ]. Direct evidence supporting the 
importance of proteoglycans in maintaining scleral structure 
and eye shape has come from studies in mice in which mice 
made defi cient in lumican [ 128 ] or double knockout mice 
defi cient in both lumican and fi bromodulin [ 129 ] exhibited 
abnormalities in scleral collagen fi bril diameters and organi-
zation, scleral thinning, and an increase in axial elongation, 

suggesting that these extracellular matrix components are 
important in maintaining the biomechanical properties of 
the sclera. 

 Interestingly, not all matrix proteins are reduced; type III 
collagen and type V collagen are relatively unaffected [ 126 ]. 
Thus, it appears that there is not a modulation of growth in 
the fi brous sclera, but rather a remodeling that results in a 
loss of extracellular matrix. Further, these changes appear to 
start before, or at least at the same time, as the biomechanical 
change (increase in creep rate). They likely are modulated, at 
least in part, by an elevation in both latent and active MMP-2 
(gelatinase A) [ 130 ]. 

 The outer fi brous layer of the chick sclera also undergoes 
remodeling during the development of myopia, as evidenced 
by an increased expression of MMP-2, decreased expression 
of tissue inhibitor of metalloproteinase (TIMP)-2, an endog-
enous inhibitor of gelatinase A [ 131 ,  132 ], decreased rate of 
proteoglycan synthesis [ 120 ,  133 ], and overall thinning 
[ 119 ]. 

 In contrast to the fi brous layer of chick sclera, the carti-
laginous layer demonstrates increased synthesis and accu-
mulation DNA and of proteoglycans, particularly of 
aggrecan, and overall thickening during the development of 
myopia [ 115 ,  121 ,  134 ]. In chicks, signifi cant increases in 
proteoglycan synthesis occur within 1 day of the start of 
form deprivation, presumably associated with cartilage 
growth, and these changes occur prior to changes in vitreous 
chamber elongation [ 135 ]. Systemic inhibition of proteogly-
can synthesis in chicks with β-xyloside signifi cantly reduces 
the rate of ocular elongation in both form-deprived and con-
tralateral control eyes [ 136 ], suggesting that increases in 
scleral proteoglycan synthesis and accumulation are respon-
sible for ocular elongation during conditions of induced 
myopia as well as in normal post-hatch ocular growth. In all 
species examined, the changes in scleral extracellular matrix 
synthesis and degradation occur more strongly at the poste-
rior pole of the globe [ 116 ,  117 ,  133 ], suggesting that these 
animal models of myopia accurately model the scleral 
changes associated with high myopia in humans. The local-
ized response in the posterior sclera may be related to 
regional differences in the growth states of the scleral fi bro-
blasts in this region or may be a refl ection of a concentration 
of deprivation-induced changes in the retina, choroid, and 
sclera along the visual axis. However, this may refl ect the 
organization of the sclera itself because in some of these spe-
cies (tree shrew, chick), the retinal region with the highest 
acuity (the analog of the human fovea) is not located at the 
posterior pole, but is found temporally. 

 In chicks, tree shrews, and marmosets, scleral changes 
during the recovery from induced myopia are essentially a 
reversal of scleral remodeling events associated with form- 
deprivation or negative lens-induced myopia. The slowed 
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vitreous chamber elongation in the recovering eyes is associ-
ated with decreases in MMP-2 activity, increases in TIMP-2 
activity, and increased proteoglycan synthesis in the fi brous 
sclera of marmosets and tree shrews [ 117 ,  137 ]. GAG levels, 
which are reduced during myopia development by negative 
lenses, return to normal [ 127 ]. In the posterior cartilaginous 
sclera of chicks, there is a rapid decrease proteoglycan syn-
thesis within hours following removal of the occluder and res-
toration of unrestricted vision [ 138 ]. In both chicks and tree 
shrews, changes in scleral glycosaminoglycan synthesis and 
levels during recovery occur prior to, or at least as early as, the 
most rapid deceleration in vitreous chamber elongation [ 127 , 
 138 ], suggesting that changes in scleral extracellular matrix 
remodeling are responsible for changes in ocular elongation. 

 The multifunctional cytokine, transforming growth 
factor- beta (TGF-β), has been implicated in regulating 
scleral extracellular matrix changes associated with the 
development of myopia. Gene expression of three isoforms 
of TGF-β (TGF-β1, TGF-β2, and TGF-β3) has been shown 
to rapidly decrease in the sclera of tree shrew eyes in response 
to form deprivation [ 139 ] .  Moreover, comparisons of pri-
mary cultures of scleral fi broblasts, grown in the presence of 
TGF-β isoforms at concentrations comparable to that 
observed in normal and myopic sclera in vivo ,  indicate that 
the decrease in TGF-β isoforms results in decreases in col-
lagen and proteoglycan synthesis similar to that observed in 
the sclera of myopic tree shrew eyes [ 140 ]. In addition to 
mediating scleral extracellular matrix changes, changes in 
local concentration of TGF-β isoforms may modulate 
α-smooth muscle actin expression in the scleral fi broblasts 
and thereby regulate scleral fi broblast to myofi broblast dif-
ferentiation (as discussed above). 

 Two studies have evaluated global protein expression pro-
fi les in the mammalian sclera during the development of myo-
pia. Zhou et al. [ 141 ] compared scleral proteins in guinea pig 
eyes following 7 weeks of form deprivation, following 4 days 
of recovery from form deprivation and normal eyes using 
two-dimensional gel electrophoresis. They found 18 scleral 
proteins that exhibited at least a threefold change in expres-
sion in form-deprived eyes as compared with normal eyes, 
and they found 16 scleral proteins that differed from normal 
during recovery. Among the highest upregulated proteins 
were beta A4-crystallin and Ca2+-dependent activator protein 
for secretion 2 isoform b. Among the most downregulated 
proteins were peroxiredoxin 4, G12v mutant of human pla-
cental Cdc42 GTPase in the GDP form chain B, and putative 
alpha-tubulin. During recovery, tubulin alpha-6, actin cyto-
skeletal protein 2, and several crystalline genes were down-
regulated, including beta A4-crystallin. In a recent study, 
Frost and Norton [ 142 ] compared protein expression in sclera 
of tree shrews undergoing lens-induced myopia (LIM), recov-
ery from LIM, and normal sclera using a highly sensitive pro-
teomics approach (DIGE). Using this technique, 79 proteins 

were shown to be altered in abundance during myopia devel-
opment and recovery from induced myopia. Lens-induced 
myopia was associated with a downregulation of structural 
proteins such as    collagen Iα2 as well as proteins involved in 
cell matrix interactions (thrombospondin, keratocan) and 
cytoskeleton remodeling (fortilin, gelsolin). The LIM-induced 
protein changes might be expected to alter scleral ECM and 
cell–ECM interactions to facilitate the slippage between 
scleral lamellae, thereby raising the creep rate of the myopic 
sclera. During recovery, proteins whose expression had 
decreased during LIM (e.g., collagen Iα2) returned to control 
levels or slightly above. It is predicated that these changes 
would stabilize the interlamellar regions, thereby reducing the 
viscoelasticity of the sclera to normal levels. The lack of simi-
larities in the results of the Zhou et al. [ 141 ] and Frost and 
Norton [ 142 ] studies may be attributed to species differences, 
differences in the method of protein analyses, and/or differ-
ences in the experimental paradigms employed.   

5.6     Regulation of Scleral Growth 
and/or Remodeling 

5.6.1     Local Control 

 Many aspects of scleral extracellular matrix remodeling are 
speculated to be under the control of specifi c growth factors. 
The fi nding that age-related changes in scleral proteoglycan 
synthesis rates in humans are nearly identical to that observed 
in articular cartilage (Fig.  5.3 ), peaking in the fourth decade 
of life [ 33 ], suggests that postnatal scleral growth, like that 
of other connective tissues, is under the control of systemic 
growth hormone or its downstream effectors, the insulin-like 
growth factors (IGF-I and IGF-II) [ 143 ]. However, one of 
the most intriguing discoveries in the past 25 years is that the 
scleral changes associated with visually guided postnatal 
ocular growth are controlled by a cascade of locally gener-
ated chemical events that are initiated in the retina and ulti-
mately cause changes in scleral extracellular matrix (ECM) 
remodeling [ 144 ]. If the optic nerve is severed or action 
potentials are blocked with tetrodotoxin (TTX), myopia can 
still be induced by visual deprivation or minus lenses [ 145 , 
 146 ]. Furthermore, if occluders or negative lenses are fash-
ioned to affect only a portion of the visual fi eld, only that part 
of the ocular globe, corresponding the deprived or defocused 
portion of the retina, will enlarge and become myopic [ 144 ]. 
Recovery from deprivation-induced myopia also occurs in 
optic nerve-sectioned eyes, although eyes tend to overshoot 
and become hyperopic in the absence of an intact optic nerve 
[ 146 ]. The notion that postnatal ocular growth is regulated 
by an intraocular mechanism has stimulated much research 
on the identifi cation of scleral growth regulators synthesized 
by neighboring ocular tissues.  
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5.6.2     The Choroid as a Scleral Growth 
Regulator 

 As a highly vascular tissue, the choroid is responsible for the 
synthesis of a number of growth factors that are necessary 
for the development, growth, and maintenance of its elabo-
rate vasculature. For example, choroidal endothelial and 
stromal cells have been shown to synthesize vascular endo-
thelial growth factor (VEGF) [ 147 ], basic fi broblast growth 
factor (bFGF or FGF-2) [ 148 ,  149 ], and hepatocyte growth 
factor (HGF) [ 150 ]. These growth factors are necessary to 
promote and/or inhibit endothelial cell differentiation, pro-
liferation, and migration, as well as vascular maturation, sta-
bilization, maintenance, and permeability. Additionally, the 
choroid has also been shown to synthesize the matrix metal-
loproteinases MMP1, MMP2, and MMP3, in association 
with choroidal capillaries and in the choroidal stroma [ 151 ]. 
The aforementioned growth factors, MMPs and TIMPs, are 
secreted proteins and exert their effects through receptor- 
mediated interactions with neighboring cells. Therefore, in 
addition to their role in maintaining the choroidal vascula-
ture, it is conceivable that these proteins could have effects 
on cells and tissues outside of the choroid. 

 Marzani and Wallman [ 120 ] were fi rst to demonstrate that 
the secreted molecules from the choroid can inhibit scleral 
proteoglycan synthesis and thereby have the potential to 
regulate the rate of ocular elongation. This study demon-
strated that coculture of sclera with choroids from untreated 
eyes inhibited proteoglycan synthesis in the cartilaginous 
layer of the chick sclera. Moreover, scleral proteoglycan syn-
thesis was more greatly inhibited by choroids isolated from 
recovering eyes. Conversely, sclera cocultured with choroids 
isolated from myopic (form deprived) eyes demonstrated an 
increased rate of proteoglycan synthesis relative to that of 
sclera cocultured with untreated choroids. Additionally, 
suprachoroidal fl uid removed from recovering choroids 
inhibits scleral proteoglycan synthesis in vitro as compared 
with that of fl uid isolated from control choroids [ 152 ,  153 ]. 
Since the changes in scleral proteoglycan synthesis induced 
by coculture with choroids or suprachoroidal fl uid under dif-
ferent growth conditions mimicked those changes observed 
in sclera under the same visual conditions in vivo [ 135 ], 
these studies provided the fi rst evidence that the choroid 
could be the source of scleral growth regulators involved in 
visually guided ocular elongation.  

5.6.3     Retinoic Acid 

 Retinoic acid has been implicated in the signaling cascade 
between the retina and the sclera that modulates eye growth 
[ 154 ]. The chick choroid synthesizes relatively high levels of 
all- trans -retinoic (atRA) acid as compared with the retina or 

liver, and the rate of atRA synthesis is dramatically affected 
by the refractive state of the eye. Choroidal synthesis of 
atRA was shown to be increased in chick eyes during recov-
ery from induced myopia and during compensation for 
imposed myopic defocus (using plus lenses), and atRA was 
shown to be decreased in eyes undergoing form-deprivation 
myopia and compensation for hyperopic defocus (using 
minus lenses). Interestingly, the time course of the increase 
in choroidal atRA synthesis [ 154 ] was remarkably similar to 
that of the decrease in rate of sclera proteoglycan synthesis 
observed in the early phase of recovery from induced myopia 
[ 138 ] (Fig.  5.6 ) suggesting a causal relationship between 
choroidal atRA synthesis and scleral proteoglycan 
synthesis.

   Recently, using an ultrasensitive method of quantifi cation 
[LC (liquid chromatography)/MS/MS], endogenous and 
newly synthesized atRA were measured in choroids in organ 
culture [ 155 ]. In agreement with Mertz and Wallman [ 154 ], 
atRA concentration was signifi cantly higher in cultures of 
choroids from eyes recovering for 24 h to 15 days than in 
cultures of paired controls. Moreover, the concentrations of 
atRA generated by choroids in vitro were within the range to 
produce signifi cant inhibition of scleral proteoglycan synthe-
sis [ 155 ]. Taken together, these studies suggested that cho-
roidal synthesis of atRA in response to visual stimuli may 
modulate scleral proteoglycan synthesis. In guinea pigs and 
primates, atRA synthesis is increased in the choroid/sclera 
[ 156 ] and RPE/choroid [ 157 ], respectively, during the devel-
opment of myopia, a condition that is also associated with 
decreased scleral proteoglycan synthesis. However, in con-
trast to chicks, decreased proteoglycan synthesis in the mam-
malian sclera is associated with increased axial elongation 
[ 116 ,  117 ]. Similar to chicks, atRA has been demonstrated to 
inhibit proteoglycan synthesis in the primate sclera [ 157 ]. 
Therefore, in both chicks and primates, the visually induced 
changes in choroidal atRA synthesis and concentration are 
consistent with the known changes in scleral proteoglycan 
synthesis that occur during visually guided ocular growth 
and may represent an evolutionarily conserved mechanism 
for visually guided ocular growth regulation. How the same 
visual stimuli (such as hyperopic defocus) can cause oppo-
site changes in choroidal atRA synthesis in chicks and pri-
mates is unknown, but suggests the presence of additional 
regulatory proteins in the cascade between the retina and 
choroid that differ between primates and chicks. 

 Tissue concentrations of atRA are tightly controlled by 
synthesizing and catabolizing enzymes, binding proteins, 
and nuclear receptors [ 158 ]. Several studies have docu-
mented gene and protein expression of retinoic acid-binding 
proteins, retinoic acid receptors (RARs), and retinaldehyde 
dehydrogenases (RALDHs) in the retinas, choroids, and 
sclera of chick eyes under normal and visually induced 
ocular growth states [ 155 ,  159 – 161 ]. Two studies identifi ed 
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signifi cant increases in choroidal RALDH2 mRNA expres-
sion during recovery from induced myopia and during com-
pensation for lens-induced myopia (+7 D lens) [ 155 ,  161 ], 
suggesting that increased synthesis of atRA in choroids of 
recovering eyes is due to increased RALDH2 enzyme activ-
ity. Within the choroid, RALDH2 is present in ovoid and 
spindle-shaped cells located in the stroma between larger 
blood and lymphatic vessels as well as in cells immediately 

adjacent to the sclera [ 155 ,  159 ] (Fig.  5.7 ). The identifi ca-
tion of atRA and its synthesizing enzyme, RALDH2, as 
possible mediators of visually induced changes in scleral 
remodeling and eye size has provided new potential molec-
ular targets for the control of myopia development.

        Conclusions 

 Research highlighted in this review clearly demonstrates 
that the sclera is a dynamic tissue, capable of responding 
rapidly to changes in the visual environment to affect 
changes in ocular size and refraction. Research over the 
last decade has identifi ed several genes in the sclera of 
several animal species, including humans, that are associ-
ated with the development of myopia. Therapies designed 
to slow the loss of extracellular matrix in the human 
sclera, through inhibition of MMP activity, stimulation of 
proteoglycan and collagen synthesis, or increase in colla-
gen cross-linking, would be logical approaches to slow 
the progression of myopia. 

 Results of many large population-based studies indi-
cate that myopia is a complex trait, affected by multiple 
genes and environmental factors. Of much interest is the 
mechanism by which visual environment can be trans-
lated to the sclera to initiate cellular and extracellular 
matrix remodeling events that lead to signifi cant changes 
in the biomechanical properties of the sclera. The discov-
ery that visually induced changes in eye size are regu-
lated locally, within the eye, has stimulated much research 

  Fig. 5.7    Confocal images of RALDH2 protein in the recovering 
chick choroid. Tissue sections of the posterior ocular wall were 
immunolabeled with anti-RALDH2 antibodies followed by incuba-
tion in Alexa Fluor 488-conjugated goat anti-rabbit IgG (green fl uo-
rescence). A robust green labeling for RALDH2 is detected in ovoid 
cells in the stroma of the recovering choroid (indicated by  asterisk ). 
No RALDH labeling is seen in scleral chondrocytes ( S ), in blood ves-
sels ( BV ), or in the  RPE . Nuclei were counterstained with DAPI 
( blue ). Bar = 20 μm       
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  Fig. 5.6    Comparison of changes in choroidal retinoic acid synthesis 
and scleral proteoglycan synthesis during recovery from induced myo-
pia. ( a ) Time course of increase in choroidal all-trans-retinoic acid 
(atRA) synthesis in eyes recovering from form-deprivation myopia. ( b ) 

Time course of decrease scleral proteoglycan synthesis in eyes recover-
ing from form-deprivation myopia ( a  From: Mertz and Wallman [ 154 ]. 
Reproduced with permission © Elsevier and  b  adapted from: Summers 
and Hollaway [ 138 ]. Reproduced with permission © Elsevier)       
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on tissue interactions between the retina, choroid, and 
sclera in attempts to identify the molecular nature of the 
retina-to-sclera signaling cascade. The identifi cation of a 
locally generated chemical signal that acts to regulate 
scleral extracellular matrix remodeling in vivo will not 
only elucidate the retinal–scleral signaling cascade 
involved in emmetropization, but will provide potential 
therapies aimed at slowing the progression of myopia in 
children.     
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6.1            The Burden of Pathologic Myopia 

 As described more specifi cally in the earlier chapters, patho-
logic myopia, also known as ‘malignant myopia’ or ‘degen-
erative myopia’, is a major growing public health problem 
worldwide [ 1 ,  2 ]. The condition is particularly prevalent in 
Asian and Middle Eastern countries [ 3 ]. Clinically, pathologic 
myopia is associated with the progressive and excessive elon-
gation of the globe, which may be accompanied by degenera-
tive changes in the sclera, choroid, Bruch’s membrane, retinal 
pigment epithelium and neural retina [ 4 ,  5 ]. The elongation of 
the eyeball leads to the development of myopic refractive error 

and related complications [ 6 ]. Recently studies have shown 
that the eyeball continues to elongate even in the fourth decade 
of life in individuals with pathologic myopia [ 6 ]. From a pub-
lic health perspective, pathologic myopia is associated with 
vision deterioration, vision-specifi c disability and a worsening 
in specifi c domains on quality of life (QoL) [ 7 ], i.e. decreased 
work productivity, reduced mobility and restricted activities of 
daily living [ 8 ]. In addition, the condition is also associated 
with legally blinding ocular complications, such as glaucoma, 
retinal detachment, myopic maculopathy, myopic retinopathy 
and premature cataracts [ 2 ]. Pathologic myopia is naturally 
associated with a high dependence of contact lens wear which 
leads to a higher prevalence of contact lens complications [ 9 ]. 
Despite a plethora of information on myopia, very little evi-
dence-based data are currently available on pathologic myopia 
specifi cally. Where necessary, the authors have extrapolated 
and/or estimated what is known about myopia (especially high 
myopia) for pathologic myopia.  

6.2     Social Determinants of Pathologic 
Myopia 

 The social determinants of health (SDH) are defi ned 
by the World Health Organization (WHO) Commission on 
the Social Determinants of Health as ‘the conditions in 
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which people are born, grow, live, work and age’. These 
conditions or circumstances are shaped by families, com-
munities and the distribution of money, power and 
resources at worldwide, national and local levels and 
affected by policy choices at each level [ 10 ]. The public 
health impact of pathologic myopia is also shaped by the 
underlying SDH. Table  6.1  summarises the key SDH 
shaping the prevalence and incidence of pathologic 
myopia.

6.3        Public Health Impact of Pathologic 
Myopia 

6.3.1     Population Impact 

 The prevalence and severity rates of myopia are increasing 
[ 38 ]. Pathologic myopia is now one of the leading causes of 
legal blindness in many developed countries [ 5 ,  39 – 43 ]. The 
worldwide distribution of those who have degenerative myo-
pia is less clear. In a survey of 15 countries more than 50 
years ago by Fuchs [ 44 ], the prevalence of progressive patho-
logic myopia was as low as 0.2 % in Egypt and as high as 
9.6 % in Spain [ 44 ]. 

 Recent studies have continued to refl ect the wide varia-
tions in estimates of pathologic myopia prevalence but sug-
gest that the condition affects a signifi cant proportion of the 
population in numerous countries [ 11 ,  12 ,  45 – 48 ]. The wide 
variation in prevalence rates is suggestive of a geographic 
and/or ethnicity infl uence: the Blue Mountains Eye Study in 
Australia reported a 1–3 % prevalence rate [ 49 ]. However, 
the condition has been found to be especially common in 
Asia where prevalence rates can be as high as 5 % [ 42 ,  48 , 
 50 ]. In the United States, of those with high myopia, approx-
imately 27–33 % of all myopic eyes have the pathologic 
form, which subsequently corresponds to a prevalence of 
1.7–2 % [ 47 ]. 

 Pathologic myopia is also associated with higher risk of 
other ocular complications. For example, the risks of devel-
oping macular choroidal neovascularisation are nine times 
higher in those with pathologic myopia compared to only 
two times higher in mild myopic individuals [ 49 ,  51 ,  52 ]. 
Similarly, in the Blue Mountains Eye Study, glaucoma was 
present in 4.4 % of pathologic myopic eyes compared to eyes 
without myopia [ 53 ]. In addition, in those with pathologic 
myopia, the yearly incidence of retinal detachment has been 
estimated to be 3.2 % [ 54 – 56 ]. The prevalence of pathologic 
myopia and its complications are discussed in more detail 
(see Chap.   3    ).  

6.3.2     The Impact of Pathologic Myopia 
on Health-Related Quality of Life 

 Health-related quality of life (HRQoL) is a multidimensional 
concept and has been defi ned by the World Health 
Organization (WHO) QoL group as:

  An individual’s perception of her/his position in life in the con-
text of the culture and value systems in which she/he lives and in 
relation to goals, expectation, standards and concerns. It is a 
broad ranging concept affected in a complex way by the per-
son’s physical health, psychological state, level of indepen-
dence, social relationships, personal beliefs and her/his 
relationship to salient features of the environment [ 57 ]. 

    Table 6.1    The social determinants of pathologic myopia   

 Social determinants  Description 

 Race and ethnicity  Highest prevalence among Asians, i.e. 
Taiwanese [ 11 ], Japanese [ 7 ], Singaporeans 
[ 12 ] and Chinese [ 13 ] 
 Compared to Asians lower prevalence in 
African and Pacifi c Island groups [ 14 ] 
 When compared to African Americans and/or 
Mexican Americans, higher prevalence found 
in Whites [ 15 ] 

 Age  Clinically signifi cant pathologic changes have 
also been found in patients who are middle-
aged (working life) or younger [ 16 ]. The 
incidence and severity of pathologic signs 
increases with age. For instance, the visual 
acuity of high myopes decreases signifi cantly 
as individuals age, which may be the result of 
complications including lacquer cracker, 
submacular haemorrhage, Fuchs spots and 
chorioretinal atrophy [ 17 ] 

 Gender  Higher prevalence in women than men 
[ 15 ,  17 ] 

 Social group  Higher prevalence in young (particularly 
Asian) children [ 18 ,  19 ] and young and 
professional working adults [ 20 ,  21 ] 

 Geography  Higher prevalence in industrialised/developed 
nations [ 22 ,  23 ] 
 Within nations there are rural–urban 
differences, i.e. inner-city urban areas have 
higher odds of the condition than outer 
suburban areas [ 20 ] 

 Lifestyle  Associated with amount of time spent 
outdoors, i.e. total time spent outdoors was 
associated with less myopia, independent of 
indoor activity, reading and engagement in 
sports [ 24 ,  25 ] 

 Education  High prevalence in individuals with high 
level of education/academic achievement 
[ 21 ,  26 ,  27 ] 

 Occupation  Associated with near work indoors [ 28 ]. For 
example, people whose profession entails 
substantial reading during either training or 
performance of the occupation (e.g. lawyers, 
physicians, microscopists and editors) have 
higher degrees of myopia [ 29 – 33 ] 

 Familial inheritance 
(parental refraction) 

 Heritable myopia susceptibility – there is a 
positive correlation between parental myopia 
and myopia in their children [ 34 – 37 ], 
particularly if both parents are myopic [ 19 ] 
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   The HRQoL and economic burden of pathologic myopia 
is not well understood, as few reports are available relating 
 specifi cally  to pathologic myopia and recent data are lacking. 
Furthermore, the HRQoL is likely to be different in individu-
als with high myopia without complications, as opposed to 
individuals with high myopia with complications [ 58 ]. As 
complications tend to develop later in life for individuals 
with high myopia, the HRQoL and ocular conditions will 
vary at different stages of life [ 58 ]. 

 Using a 32-item questionnaire (instrument not specifi ed 
by study authors) [ 59 ], Takashima and colleagues found that 
HRQoL in Japanese patients with pathologic myopia was 
reduced compared with control subjects with no ocular dis-
ease and minimal refractive error [ 60 ]. In particular, they 
found that those with pathologic myopia had signifi cantly 
lower scores in ‘vision-related daily tasks’, ‘social impact’, 
‘eye satisfaction’ and ‘life satisfaction’ and higher scores in 
‘understanding of eye disease’ compared to control subjects. 
However, there were no differences between ‘emotional 
well-being’, ‘leisure and support’ and the General Well- 
Being Schedule (GWBS) between those with and without 
the disease. Participants with pathologic myopia had signifi -
cantly lower mean scores in ‘role limitations and social life’ 
and ‘disability’ and signifi cantly higher scores in ‘support’ 
compared to controls. In summary, using a vision-specifi c 
QoL questionnaire and two global measures of eye and life 
satisfaction, pathologic myopia patients reported a signifi -
cant impact on HRQoL. 

 Similarly, in a UK study, patients with high myopia 
(defi ned as ≥−10.00 dioptres (D) in the worse eye and 
≥−8.00 D in the better eye) had signifi cantly worse visual 
functioning (assessed by the Visual Function Index, VF-14 
scale [ 61 ]) and QoL (assessed by the Vision-related QoL 
questionnaire, VQOL [ 62 ]) compared to patients with mod-
erate (−4.00 to −9.75 D in the worse eye) and low myopia 
(−1.50 to −3.75 D in the worse eye and at least −1.00 D in the 
better eye) [ 63 ]. Moreover, there were no signifi cant differ-
ences in visual functioning, and QoL between high myopia 
and keratoconus patients suggesting the magnitude of the 
patient-centred impact is similar in these groups [ 63 ]. This 
study also explored the HRQoL impact of myopia using 
qualitative interviews. The evidence suggests that high 
myopes have psychologic, cosmetic, practical and fi nancial 
impacts. Patients felt that high myopia dominated life from 
early age, resulting in a lack of self-confi dence, social isola-
tion and diffi culty forming relationships and diffi culties with 
sports participation especially swimming. Dependence on 
optical correction for functioning was a constant daily con-
cern for patients with high myopia, who felt that wearing 
thick spectacles was an unsightly social handicap. Patients 
with high myopia also reported discomfort wearing contact 
lenses [ 63 ]. Finally, in a large study of Chinese adolescents, 

higher levels of myopia were signifi cantly associated with 
worse visual function [ 64 ]. Children with refractive error 
≥−0.5 D had a mean self-reported visual function of 
82.6 ± 13.9, which declined monotonically to 57.6 ± 15.5 for 
children with higher levels of myopia <−5.5 D [ 64 ]. 

 Given that pathologic myopia and its disabling complica-
tions frequently result in low vision, the vision-related QoL 
impact of the disease is likely to be similar to that found in 
low-vision patients. Low vision is defi ned by WHO as visual 
acuity ≤6/18 that cannot be corrected to normal level with 
conventional spectacles, contact lenses or surgery, thus 
excluding people who can have vision restored or corrected 
to within normal limits [ 65 ,  66 ]. Overall, low vision is sig-
nifi cantly associated with decreased functioning and QoL 
and increased emotional distress [ 67 ]. In a cross-sectional 
study of low-vision patients (mainly with age-related macu-
lar degeneration, glaucoma and diabetic retinopathy), visual 
functioning was extremely low using the VF-14 question-
naire [ 68 ]. Similarly, using the 51-item fi eld test version of 
the National Eye Institute Visual Function Questionnaire, 
patients reported low mean scores in QoL domains of gen-
eral health, general vision, near activities, distance activi-
ties, vision-specifi c expectations, vision-specifi c role 
diffi culties, driving and peripheral vision [ 68 ]. Moreover, 
patients with low vision scored signifi cantly worse than 
normal-sighted patients aged over 75 years, patients with 
congestive heart failure and patients with clinical depression 
in the SF-36 (Short Form 36 Health Survey) HRQoL 
domains of physical functioning, role limitations caused by 
physical health problems and role limitations caused by 
emotional problems [ 68 ].  

6.3.3     Economic Impact of Pathologic Myopia 

 Data on the economic impact of pathologic myopia are scare 
although some for myopia exist. In 1990, the general cost 
associated with myopia was estimated at US$4.6 billion 
globally [ 69 ]. In Australia, the health costs imposed by myo-
pia on individuals and the community are considerable, run-
ning into hundreds of millions of dollars a year for spectacles, 
contact lenses and refractive surgery alone [ 70 ]. In Singapore, 
it has been estimated that myopic persons spend $US90 mil-
lion annually on spectacles alone [ 38 ]. The direct cost of 
myopia for Singaporean teenagers is estimated to be US$25 
million annually [ 71 ]. These economic estimates do not 
include indirect costs such as lost workdays, restricted activ-
ity days, caregiver costs, cost of suffering associated with 
untreated myopia and ongoing medical research into myo-
pia. Moreover, these calculations do not include other medi-
cal costs, such as those associated with morbidity arising 
from myopia, especially pathologic myopia, such as retinal 
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detachment, glaucoma and cataract, associated visual dis-
ability and blindness, and complications arising from the use 
of contact lenses such as potential corneal infections and 
scarring [ 38 ,  71 ]. Treatment for myopia-related complica-
tions has been estimated at $2–2.5 million annually in 
Singapore. About 300 retinal detachments are operated on 
each year (although not all are attributable to myopia) [ 72 ], 
and around 950 contact lens complications over a 2-year 
period are treated at public hospitals in Singapore [ 73 ]. 
Further research is required to determine the direct and indi-
rect costs associated specifi cally with pathologic myopia and 
its associated ocular complications.   

6.4     Public Health Strategies to Minimise 
the Impact of Pathologic Myopia 

 Though most individuals with myopia will only develop low 
to moderate levels of the condition, some will progress to 
pathologic myopia [ 74 ]. From a clinical perspective, inter-
ventions to stem progression include optical correction by 
spectacles, contact lenses (i.e. overnight orthokeratology 
contact lenses) [ 75 ], and refractive surgery; scleral strength-
ening [ 76 ]; and pharmacological interventions [ 76 ,  77 ]. 
However, the effectiveness of these interventions has been 
inconsistent. For example, the protective effects of optical 
devices disappear with long-term use [ 77 ]. Refractive sur-
gery merely changes the shape of the anterior ocular surface 
but does not alter the shape of the elongated eyeball and the 
associated risk for retinal complications [ 77 ]. Anticholinergics 
(e.g. atropine), a substance that blocks the neurotransmitter 
acetylcholine in the central and peripheral nervous systems 
and has papillary dilation properties in the eyes, has been 
applied in combination with bifocals in an attempt to 
decrease the accommodative requirements of the eyes and 
stem the progression of myopia. However, results from 
recent trials have been disappointing – with most demon-
strating only marginal clinically signifi cant reductions in 
myopia progression [ 74 ,  78 ]. For all these interventions, fur-
ther validation and analyses are still required [ 77 ]. 

 Currently, the exact pathogenesis of pathologic myopia 
remains unclear, and both environmental and genetic factors 
appear to contribute to the development of the condition [ 78 , 
 79 ]. As a result, research efforts for an effective intervention 
to slow progression have been hampered [ 78 ,  80 ]. However, 
evidence suggests that even minimal reductions in progres-
sion might provide substantial benefi ts to the individual non-
clinically [ 77 ]: Several studies have reported HRQoL 
improvements following treatments. For example, Leong 
and colleagues found that using the Quality of Life Impact of 
Refractive Correction (QIRC) questionnaire, HRQoL was 
signifi cantly better in patients who had received implantable 
Collamer Lens compared to contact lens wear, particularly in 

the areas of freedom from reliance on refractive correction 
on waking, during travel and during sports [ 81 ]. Similarly, 
patients receiving bilateral anterior chamber angle-fi xated 
phakic intraocular lens (pIOL) implantation for high myopia 
reported signifi cant improvements in several areas of QoL 
(measured using the Refractive Status and Vision Profi le 
(RSVP) questionnaire), including concern with vision, driv-
ing, glare, optical problems, physical/social functioning, 
problems with corrective lenses and ocular symptoms [ 82 ]. 
LASIK surgery for patients with high myopia also appears to 
result in important functional and QoL gains [ 83 ]. 

 In the interim, whilst the exact pathogenesis of pathologic 
myopia is still being investigated, the main objectives of 
public health strategies should be to reduce the incidence of 
myopia and the progression to pathologic myopia. Public 
health approaches should also aim to prevent, minimise, 
maintain or improve the well-being of individuals already 
affected. We therefore recommend the following fi ve strate-
gies to counteract the negative public health impact of patho-
logic myopia: 

6.4.1     Strategy 1: Health Behaviour 
Intervention Programmes 

 A recent systematic review and meta-analysis of 23 studies 
in children and adolescents found that time spent outdoors 
may have a protective effect in reducing the prevalence of 
myopia and therefore may slow the progression to its patho-
logic form [ 84 ]. Health behaviour intervention programmes 
could therefore focus on encouraging both young adults and 
children to achieve a healthy balance of outdoor physical 
activity and near work, such as reading [ 74 ,  78 ,  80 ]. There 
are currently two trials undertaken in China (NCT00848900) 
and Singapore (NCT01388205) which are investigating the 
effect of additional time spent outdoors on minimising 
occurrence and progression of myopia during school hours 
and incorporating family engagements in outdoor activities, 
respectively. Outcomes of these trials are expected in either 
later 2013 or 2014. It is important to note that though these 
studies and trials targeted myopia rather than pathologic 
myopia per se, early intervention, i.e. before an individual 
develops pathologic myopia, may reduce progression to the 
pathologic stage of the disease.  

6.4.2     Strategy 2: Health Promotion 
Programmes and Screening 
to Improve Awareness 

 People with high myopia (spherical equivalent of at 
least −6.0 D/−8.0/−10.0) are often not aware that their 
impairment could progress into a more complicated form 
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and/or other ocular complications [ 2 ,  77 ]. Therefore, public 
health promotion campaigns at the national, regional, or 
community level should attempt to improve this awareness 
via public health messages to the public. Moreover, health-
care professionals should inform and educate their patients 
to detect early signs of their myopia progressing towards its 
pathologic state, as well as ensuring timely referrals for fur-
ther ophthalmic assessments are made [ 77 ].  

6.4.3     Strategy 3: Regular Monitoring of 
Vision Status and Vision-Related 
Quality of Life 

 Individuals at high risk of pathological changes, i.e. those 
with high myopia and presenting with the one or more of the 
social determinants of having the condition (Table  6.1 ), 
could undergo regular clinical screening and vision-specifi c 
functioning monitoring with their general health practitioner, 
optometrist and/or ophthalmologist. Individual advice 
should be sought from the attending eye health professional 
on the ideal interval between regular check-ups. Screening 
activities should include fundus photography to detect macu-
lar and retinal lesions as well as optical coherence tomogra-
phy (OCT) measures to provide a more detailed understanding 
and sensitive detection [ 85 ]. Patients who develop choroidal 
neovascular membrane (CNV) should then be treated [ 85 , 
 86 ]. Patients’ vision-related functioning and QoL should also 
be regularly monitored by their health practitioners to assess 
for any reductions in daily living activities, emotional and 
functional well-being [ 87 ]. Several functioning and QoL 
instruments such as the VF-14 [ 88 ] and the IVI [ 87 ], respec-
tively, are currently available and have been comprehen-
sively validated using modern psychometric theory such as 
Rasch analysis.  

6.4.4     Strategy 4: Low-Vision Care 
and Rehabilitation 

 Pathologic myopia and its ocular complications    (such as 
glaucoma, cataract, degenerative changes in the sclera, 
 choroid and retinal pigment epithelium) almost always result 
in the patient developing low vision [ 39 ]. For example, in 
90 % of patients who develop CNV, the majority has visual 
acuity ≤6/60 in the affected eye 5 years after onset [ 85 ,  86 ]. 
Thus for those affected, low-vision care and rehabilitation are 
highly recommended as these have been shown to result in 
signifi cant improvements [ 67 ,  68 ,  89 ]. Low-vision services 
include clinical, rehabilitation services and the use of  adaptive 
technologies. Clinical low-vision care involves a comprehen-
sive examination of the eyes and vision by an ophthalmolo-
gist and/or an optometrist, including an  assessment of visual 

function. Rehabilitation services refer to assistance with 
activities of daily living, counselling, orientation and mobility 
training, peer support groups, community and social services, 
advocacy (support groups and organisations) and education 
and employment and training [ 89 ].  

6.4.5     Strategy 5: Implantation of Public 
Health Research Initiatives 

 Finally, investments into innovative public health-related 
pathologic myopia research are required. The current litera-
ture is limited on practical interventions to prevent and stem 
the progression of pathologic myopia. Future research could 
include investigating cost-effective behavioural interven-
tions and health promotion activities in the primary care and 
community setting. Studies are also required to elucidate the 
gene-environment interactions in the pathogenesis of patho-
logic myopia and to determine the impact of SDH on shap-
ing the pattern of disease. Understanding the SDH in 
pathologic myopia patients will assist in better risk profi ling 
of individuals who could benefi t from interventions to pre-
vent progression to high myopia.   

    Conclusion 

 Pathologic myopia and its ocular complications can cause 
severe vision deterioration and substantial reductions in 
vision-specifi c QoL. The public health impact of the con-
dition is substantial and is shaped by certain social deter-
minants of health (SDHs). As the prevalence and severity 
of myopia continue to rise, especially among Asians, 
pathologic myopia will become one of the leading causes 
of blindness for many developed countries. Studies have 
established a signifi cant negative impact of high myopia 
on QoL, in the areas of activity limitation, and emotional 
and social well- being. Often the consequence of develop-
ing the condition is low vision. Though no data currently 
exist (and therefore further research in this area is war-
ranted), one can anticipate the substantial direct and indi-
rect economic impact of pathologic myopia by 
extrapolating the cost data available on myopia in gen-
eral. Whilst the long-term effectiveness of current medi-
cal treatment are being investigated and established, the 
main goals of public health strategies should be to reduce 
the incidence of myopia, particularly high myopia, and 
the progression to pathologic myopia. We have proposed 
fi ve public health specifi c strategies to achieve these 
goals. They include the following: to develop and imple-
ment health behaviour intervention programmes, execute 
health promotion programmes and screening initiative to 
improve community awareness, conduct regular monitor-
ing of vision status and vision-related QoL, deliver qual-
ity low-vision care and  rehabilitation and invest in public 
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health research initiatives to further enhance and improve 
the fi rst four strategies. The public health problem of 
pathologic myopia is growing, but some of this challenge 
can be met with the implementation of evidence-based 
public health interventions.     
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7.1            Introduction 

 Pathological myopia is the leading cause of blindness in 
many developed countries, especially in Asia and the Middle 
East [ 1 – 3 ]. Pathological myopia has been defi ned in several 
different ways, but usually combines a high refractive error 
with degenerative changes. Duke-Elder defi ned it as a myo-
pia occurring with (predominantly posterior lobe) degenera-
tive changes [ 4 ]. In Japan, where pathological myopia affects 
between 6 and 18 % of the myopic population, a high refrac-
tive error of >−8 diopters (D) is used as the diagnostic crite-
ria for pathological myopia [ 5 ]. High myopia is usually 
associated with enlargement or elongation of the globe. The 
mechanical stretching forces associated with this enlarge-
ment can lead to several different types of fundus changes 
which can result in variable amount of visual deterioration. 

 There have been a number of research studies that have 
documented the most common histopathological fi ndings in 
myopic eyes. Most recently, a review of 308 eyes compre-
hensively delineated the histopathological fi ndings in patho-
logical myopia [ 6 ]. These include the tigroid fundus, lacquer 
cracks, geographic atrophy of RPE and choroid, posterior 
staphyloma, choroidal neovascularization also known as 
Fuchs spot, myopic confi guration of the optic nerve head 
including peripapillary changes, macular holes and retinal 
holes or detachments, and vitreous, cobblestone, and lattice 
degeneration (see Table  7.1 ). 

 Studies have shown that both genetic and environmental 
factors both cause and affect the development of patho-
logical myopia [ 7 – 10 ]. Recent studies investigating the 
genomics of this condition have successfully identifi ed 
novel loci which may be responsible for the development 

of this pathological process. With the under acknowledged 
but signifi cant impact of pathological myopia in patients, 
the importance of genomic profi ling and early recognition 
of pathological changes in the myopic eye can potentially 
aid earlier intervention or appropriate alternative thera-
pies to improve the quality of life of these patients. In 
recent years, various interventional techniques have been 
tried to control progression myopia in children, including 
the use of antimuscarinic or cycloplegic drops, bifocal 
lenses, RGPCLs, and intraocular pressure-lowering drugs. 
According to a recent Cochrane review, the most promis-
ing results were shown in trials using antimuscarinic topi-
cal medication. Bifocal lenses and lenses to reshape the 
corneal surface were deemed to also be promising but in 
need of further elucidation with clinical trials [ 11 ]. 
Understanding the histopathology of pathological myopia 
is an important step in being able to focus the future devel-
opment of appropriate interventions on those tissues that 
may benefi t the most.  

7.2     Pathological Findings 
in Pathological Myopia 

7.2.1        Lacquer Cracks 

 Lacquer cracks are a result of linear breaks forming in the 
Bruch’s membrane. The breaks occur in the posterior pole 
and clinically appear as a crisscrossed, reticular pattern of 
subretinal yellowish-white fi ne irregular lines and are associ-
ated with retinal hemorrhage as well as subretinal neovascu-
larization [ 12 ,  13 ]. Typically the overlying neuroretina 
appears normal. The presence of lacquer cracks may have 
some relation to the stress caused by mechanical forces act-
ing on the ocular tissues from an enlarged eye as typically 
found in high myopia [ 6 ,  14 ]. Between 1.6 and 4.3 % of 
severely myopic eyes to have been shown to have lacquer 
crack formation pathologically [ 6 ,  15 ]. Curtin et al. noted 
that axial length showed some correlation with the presence 
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of lacquer cracks, fi nding that 4.3 % of eyes with an axial 
length greater than 26.5 mm exhibited lacquer cracks and 
eyes with an axial length of 31.5 mm or more had the highest 
incidence [ 16 ]. Klein et al. found a distinct correlation 
between the presence and extent of lacquer cracks and wors-
ening visual acuity [ 15 ]. Histopathologically, lacquer cracks 
can be seen as distinct defects in Bruch’s membrane, leading 
to capillary-like vessels extending internally, through the 
defect to the underlying retinal pigment epithelium. 
Sometimes these linear tears can be healed by retinal gliosis 
that fi lls in the area of the defect. Hyperplasia of the retinal 
pigment epithelium can also be seen to extend into the cho-
roid through the defects. Clinically this hyperplasia of the 
RPE can be seen as pigmentary changes in the area of the 
lacquer cracks. The mechanical forces causing the stretching 
and hence breakage in the elastic lamina of Bruch’s mem-
brane can lead to the formation of choroidal neovascular 
membranes which may bleed, eventually causing scarring 
and atrophy of the RPE. 

 A study by Ohno-Matsui et al. found that subretinal 
bleeding in the absence of a myopic CNV heralded the 
development of lacquer cracks [ 17 ]. The study prospec-
tively examined 22 highly myopic eyes in 19 patients that 
had exhibited subretinal bleeding. Ophthalmoscopy and 
fl uorescein funduscopic angiography were used to evaluate 
the area of the subretinal bleed. 17 of the eyes (77 %) 
developed lacquer cracks in the following 2–6 months 
(mean 4 months) following the subretinal bleeds. Another 
study by the same team followed 66 eyes with lacquer 
cracks for an average of 73 months [ 18 ]. Progression of the 
lacquer cracks was seen in 37 eyes (56.1 %), and of these, 
37 % showed an increase in the number of cracks, and 
evolved into other myopic fundus changes such as patchy 
atrophy, diffuse atrophy and Fuchs’ spot, in 68 %. We 
know that lacquer cracks are formed when there is a break 
in Bruch’s membrane through the RPE to the choriocapil-
laris. Laser photocoagulation, used to treat CNV as well as 
retinal holes/tears, can also cause fractions in this RPE-

Bruch’s-choriocapillaris complex. It then stands to reason 
that laser photocoagulation can lead to the formation of 
lacquer cracks. Johnson et al. reviewed 5 eyes treated for 
myopic CNV with laser photocoagulation and found that 
the existing lacquer cracks expanded from the laser scar 
between 10 days and 3 months after treatment [ 19 ]. 
Furthermore, the cracks acted as pathways for recurrence 
or progression of the myopic CNVs. Ohno-Matsui et al. 
evaluated 325 highly myopic eyes and found that of those 
that were noted to have lacquer cracks, 29.4 % went on to 
develop myopic CNV, showing that lacquer cracks are an 
important predisposing risk factor for the development of 
CNV [ 20 ].  

7.2.2     Geographic Atrophy of RPE 
and Choroid (Diffuse vs. Patchy) 

 The degenerative changes that are found in high myopia 
cause early changes, primarily atrophy of the choriocapil-
laris and retinal pigment epithelium. The atrophy of the RPE 
and choriocapillaris leads to a reduction in nutritional sup-
port for the retina, and this subsequently also atrophies. The 
atrophy leads to increased visualization of the choroidal 
 circulation, known as a “tessellated” or “tigroid” fundus 
appearance. 

 Chorioretinal degeneration is the most commonly 
reported clinical fi nding in pathological myopia [ 8 ]. The 
changes progress from the early fi ndings of a tigroid fun-
dus to lacquer crack and staphyloma formation and then 
diffuse followed by patchy choroidal atrophy and eventu-
ally leading to bare sclera [ 21 ,  22 ]. A study by Ohno-
Matsui et al. reviewed 325 eyes with myopic fundus 
changes over a course of at least 3 years and found that 
choroidal neovascularization occurred in 3.7 % of eyes 
with diffuse chorioretinal atrophy and in 20 % of eyes with 
patchy atrophy [ 20 ]. 

 Kobayashi et al. reviewed the fundus characteristics in 
children with high myopia and found that only mild cho-
rioretinal atrophy was noted in 16.3 % of eyes, and this 
was located around the optic disc. None of the children 
exhibited signs of geographic atrophy, suggesting that 
aging, in addition to mechanical tension, may be an impor-
tant factor in the development of myopic chorioretinal 
degeneration [ 23 ]. 

 A long-term study (range 5–32 years, mean 12.7 years) 
of 806 highly myopic eyes in 429 patients found that 
myopic maculopathy – that is, a tessellated fundus, dif-
fuse or patchy chorioretinal atrophy, CNV, and macular 
atrophy – was seen to progress in approximately 40 % of 
eyes over time [ 24 ]. Additionally, eyes that also had pos-
terior staphyloma were more likely to show progression 
of maculopathy. 

   Table 7.1    Histopathologic fi ndings in 308 myopic eyes   

 Finding  Percent of total 

 Myopic confi guration of optic nerve head  37.7 
 Staphyloma  35.4 
 Vitreous degeneration (liquefaction, detachment)  35.1 
 Cobblestone degeneration  14.3 
 Myopic degeneration of retina  11.4 
 Retinal detachment  11.4 
 Retinal pits, holes, or tears  8.1 
 Subretinal neovascularization  5.2 
 Lattice degeneration  4.9 
 Fuchs spot  3.2 
 Lacquer cracks  0.6 

A. Rashid and H.E. Grossniklaus



85

 Histopathologically, the study by Grossniklaus et al. 
found that the RPE did indeed show substantial atrophy, and 
interestingly they also noted a loss of choroidal melanocytes 
in the area [ 6 ] (see Figs.  7.1 ,  7.2 ,  7.3 ,  7.4 ,  7.5 ,  7.6 ,  7.7 , and 
 7.8 ). The choriocapillaris has been shown on ultramicros-
copy to progressively thin with a graduated blockade of the 
choriocapillaris [ 25 ]. A study to evaluate macular choroidal 
thickness in eyes with myopic maculopathy found that a 
thinner macular choroidal thickness was related to more 
advanced stages of maculopathy and an increased likelihood 
of the presence of lacquer cracks and a lower BCVA [ 26 ]. 
This fi nding was confi rmed by a recent comparative study of 
choroidal thickness in highly myopic eyes with emmetropic 
eyes [ 27 ]. Enhanced depth imaging optical coherence tomog-
raphy (EDI-OCT) was performed on 25 highly myopic eyes 
and 25 normal eyes. The choroidal thickness in the macula 
was signifi cantly smaller ( p  < 0.0001) in the highly myopic 
group as compared to the normal group. 

  Fig. 7.1    Gross appearance of cobblestone degeneration. There is dif-
fuse and patchy atrophy of the peripheral RPE and outer retina forming 
cobblestone degeneration       

  Fig. 7.2    Gross appearance of confl uent cobblestone degeneration       

  Fig. 7.3    Cobblestone degeneration. Outer retinal atrophy. There is 
atrophy of the outer retina and retinal pigment epithelium present 
( between arrows )  H & E 25×        

  Fig. 7.4    Cobblestone degeneration. This area of cobblestone degen-
eration is composed of RPE atrophy and overlying atrophy of the 
outer retinal layers ( between arrows ). Adjacent to the cobblestone 
degeneration, the photoreceptor outer segments are intact ( asterisk ) 
 H & E 100×        

  Fig. 7.5    Gross appearance of lattice degeneration. The area of lat-
tice degeneration ( arrowheads ) has an associated retinal hole 
( arrow )       
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 At the edges of the atrophied areas, pigment clumping 
could be seen, a sign that can also be frequently noted on 
clinical examination. Animal models of myopia have shown 
that ultrastructural changes include a reduced density of the 
choroidal capillaries and irregular, attenuated intercapillary 
meshes [ 28 ]. 

 An early study of 1,437 myopic eyes looked at the periph-
eral retinas and found a statistically signifi cant association 
between axial length of the eye and white without pressure, 
pigmentary degeneration, paving stone (or cobblestone) 
degeneration, and lattice degeneration [ 29 ]. These fi ndings 
have been supported by numerous other studies. Celorio 
et al. found that 33 % of highly myopic eyes had lattice 
degeneration; however, they found the greatest prevalence 
(40.9 %) in eyes between 26 and 26.9 mm in length and the 
least (7 %) in eyes with axial lengths greater than 32 mm 

[ 30 ]. A study from Japan found that independently of axial 
length, lattice degeneration was signifi cantly more frequent 
in eyes that did not have posterior staphylomas, concluding 
that the type of axial elongation (staphyloma vs. no staphy-
loma) infl uenced the formation of lattice degeneration [ 31 ].

7.2.3               Posterior Staphyloma 

 Clinically, staphylomas have been noted in approximately 
19 % of highly myopic eyes with axial lengths greater 
26.5 mm [ 16 ] (see Figs.  7.9  and  7.10 ). In the study by 
Grossniklaus, the second most common histopathological 
fi nding was staphyloma, occurring in 33 % of the 369 eyes 
with pathological myopia [ 6 ], indicating that the presence of 

  Fig. 7.6    Lattice degeneration. Lattice degeneration in this myopic eye 
is composed of inner layer atrophy with an overlying pocket of liquid 
vitreous ( asterisk ) surrounded by tufts of gliotic retina ( arrowheads ). 
There is RPE hypertrophy and hyperplasia present ( arrows ) and a scle-
rotic vessel is observed.  H & E 100×        

  Fig. 7.7    Outer retinal atrophy. The outer retina is atrophic ( between 
arrows ) and only a thin portion of the outer nuclear layer remains.  H & E 
25×        

  Fig. 7.8    Outer retinal atrophy. The outer retina is atrophic and only a 
thin portion of the outer nuclear layer remains.  H & E 100×        

  Fig. 7.9    Gross appearance of highly myopic eye with posterior staphy-
loma. This highly myopic eye exhibits a posterior staphyloma com-
posed of an area of extremely thin sclera with underlying atrophy of the 
choroid, retinal pigment epithelium, and retina       
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staphyloma may be underestimated by clinical evaluation. 
Staphylomas occur most commonly in the posterior pole 
[ 32 ]. In pathological myopia, the sclera has been shown to be 
abnormal. Histopathologically, the collagen bundles in the 
sclera are found to be thinner, with fewer striations of colla-
gen, and the lamellar structure of the sclera appears similar 
to the architecture of the corneal stroma [ 33 ] (see Figs.  7.6 , 
 7.7 ,  7.8 ,  7.9 ,  7.10 , and  7.11 ). Ultrastructural investigations 
have revealed that the scleral collagen in pathological myo-
pia has a more lamellar fi ber placement, as well as the 
appearance of star-shaped collagen fi brils, a decrease in the 
fi bril caliber and number of fi brils, and increased interfi bril-
lary separation [ 34 ]. Animal studies have indicated that these 
changes are due to accelerated collagen turnover and a 
decrease in the synthesis of collagen [ 35 ]. These ultrastruc-
tural alterations in the scleral tissue lead to a weaker, less 
rigid structure that is more susceptible to mechanical stresses 
and deformation. The histologic evaluation by Grossniklaus 
found that on gross examination, the mean anteroposterior 

measurement in pathologically myopic eyes was greater than 
either the horizontal or vertical measurements (26.5 mm vs. 
25.5 mm and 25 mm, respectively), indicating that the eyes 
were “egg shaped” with the greatest mechanical forces/
deformation occurring in the anteroposterior axis [ 6 ]. This 
fi nding is in keeping with the fact that the vast majority of 
staphylomas occur in the posterior pole, where these forces 
would have the greatest mechanical impact, leading to ecta-
sia of the sclera and formation of a staphyloma. 

 In 1977, Curtin developed a grading system for posterior 
staphylomas, determined by the location, size, and severity 
of the staphyloma [ 36 ]. In total, ten types of staphyloma 
were identifi ed. The primary staphylomas were type I–V, and 
compound staphylomas were type VI–X. A study by Hsiang 
et al. using ultrasound B-scans to evaluate posterior staphy-
lomas looked at 209 eyes of 108 patients with pathological 
myopia [ 37 ]. By using ultrasound B-scans, they found that 
90 % of the eyes had a staphyloma. The study found that the 
prevalence of staphyloma, as well as the severity, or grading, 
increased with increasing age. Type II staphylomas were the 
most common, occurring in 52.7 % of eyes, followed by 
Type I (23.4 %) and Type IX (17 %). Severe retinal degen-
eration was noted in 71.9 % of the Type IX eyes, in 50 % of 
both Type I and Type III eyes, and in 46.5 % of Type II staph-
yloma eyes. The difference between the Type II and Type IX 
eyes was statistically signifi cant ( p  = 0.01). Furthermore, 
when comparing Type II staphyloma eyes to Type IX eyes, 
the axial length was signifi cantly greater for the latter group, 
as was the presence of lacquer cracks. These fi ndings, of an 
increase in the prevalence of staphyloma and chorioretinal 
atrophy with increasing axial length and increasing age, have 
been confi rmed by other studies [ 38 ]. 

 Staphyloma formation in pathological myopia is part of a 
spectrum of myopic maculopathy, and a variety of features 
such as retinoschisis, retinal holes and detachments, CNV, 
and atrophy have been noted to occur in the presence of 
staphylomas [ 39 – 44 ]. A study by Henaine-Berra et al. has 
found that the prevalence of macular abnormalities in high 
myopia, such as foveoschisis, vascular traction, and epireti-
nal membrane formation, is signifi cantly more frequent in 
the presence of a posterior staphyloma ( p  = 0.0001) and that 
53.65 % of eyes with posterior staphyloma were observed to 
have macular abnormalities [ 45 ]. Wu et al. found that foveos-
chisis and foveal detachment without macular hole were sig-
nifi cantly associated with posterior staphyloma ( p  = 0.0003) 
[ 46 ], a fi nding confi rmed by Takano et al. [ 47 ]. The question 
of whether posterior staphyloma infl uenced the formation of 
macular holes and retinal detachments (MHRD) in highly 
myopic eyes was investigated by Oie et al., who found that 
the type of posterior staphyloma appeared to have some cor-
relation [ 48 ]. They found that the percentage of eyes with 
staphyloma in the group of highly myopic eyes MHRD was 
signifi cantly higher than in the highly myopic group  without 

  Fig. 7.10    Highly myopic eye with posterior staphyloma. This highly 
myopic eye is approximately 40 mm in anteroposterior dimension. 
There is normal sclera anteriorly ( arrow ) and a staphyloma posteriorly 
where the sclera has thinned and stretched ( between arrowheads ). 
 H & E 2×        

  Fig. 7.11    Staphyloma. A staphyloma corresponds to an area of thinned 
sclera ( asterisk ).  H & E 10×        
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MHRD ( p  < 0.001), and furthermore, Type II staphylomas 
were signifi cantly more prevalent in the MHRD group 
( p  = 0.01).

7.2.4          CNV/Fuchs Spot 

 Macular choroidal neovascularization (CNV), known as 
Fuchs spot in its later stages, has been reported in between 5 
and 10 % of cases of pathological myopia [ 49 ]. It is the most 
common cause of vision loss in high myopia [ 12 ,  50 ]. One 
study found that in persons under the age of 50, myopia 
accounted for 62 % of CNV [ 51 ]. The CNV occurring in 
high myopia is associated with typical pathological fi ndings 
such as lacquer cracks and patchy atrophy. Drusen, and pig-
ment epithelium detachments, which are commonly found 
with age-related CNV, are rarely found in myopic CNV [ 52 ]. 
Myopic CNV tend to be smaller in dimension and with a 
smaller extent of leakage when compared to the age-related 
form of CNV. Subsequently, the areas of atrophy that develop 
over these CNV locations in myopia will initially be smaller. 
Later on, however, there is a well-documented tendency for 
areas of atrophy and scarring in myopic eyes to increase in 
size, a phenomenon known as “atrophic creep.” This phe-
nomenon is especially well recognized as a sequela of laser 
treatment in eyes with pathological myopia with several 
studies showing that >90 % of myopic eyes treated with laser 
of varying wavelengths will suffer from laser scar expansion 
[ 53 – 56 ]. An explanation for this phenomenon is that of 
mechanical stretching of the chorioretinal complex, which 
has been noted to occur in highly myopic eyes. The combi-
nation of thinning of the chorioretinal complex, along with 
the likely concomitant presence of a staphyloma, can often 
make the task of early detection of a myopic CNV a diffi cult 
one [ 52 ]. Chorioretinal atrophy itself is very common in the 
areas around a regressed CNV, with one study quoting 
the frequency as high as 96 % at 5–10 years after onset of the 
CNV [ 57 ]. 

 CNV may occur more frequently in the presence of cho-
rioretinal atrophy and lacquer cracks [ 24 ,  58 ,  59 ]. A study by 
Ohno-Matsui et al. found that of those eyes with chorioreti-
nal atrophy, only 3.7 % progressed to CNV formation. This 
increased dramatically with patchy atrophy – with 20 % of 
those eyes developing CNV – and in the eyes with lacquer 
cracks, 29.4 % developed CNV [ 20 ]. 

 There are differences between myopic CNV in patients 
depending on age – younger patients (<55 years) have been 
shown to develop signifi cantly smaller lesions than older 
patients ( p  < 0.05) [ 60 ]. In younger patients, myopic CNVs 
tend to occur close to the fovea, and one study revealed that 
83 % of myopic CNVs appear to be smaller “classic” lesions 
[ 61 ]. Extrafoveal locations for myopic CNV are less com-
mon, with a study by Yoshida et al. fi nding that about 20 % 

were not located in the foveal region [ 62 ]. Older patients 
tend to form more extensive and exudative myopic CNVs 
which can subsequently form large disciform scars which 
can easily be mistaken for those of neovascular age-related 
macular degeneration [ 62 ]. Histopathologically, the differ-
ences between the two processes can be determined more 
easily: in the majority of cases, myopic CNV is located 
between the neurosensory retina and the RPE, making it a 
Type 2 CNV, whereas the vast majority of AMD-related 
CNV are classifi ed as Type 1 CNV, as they are sub-RPE 
lesions [ 63 ]. Myopic CNV is also characterized by several 
unique features: Bruch’s membrane typically does not dis-
play diffuse thickening, the RPE and inner collagenous layer 
of Bruch’s membrane tend not to cleave apart resulting in the 
formation of pigment epithelial detachments, and wide-
spread deposits of extraneous extracellular matrix are not 
present [ 64 ]. Retinal hemorrhages are less common and neu-
rosensory detachments are typically shallower than those 
found in AMD-related CNV and are also much shallower in 
depth. Subretinal and intraretinal fl uid accumulation is very 
limited and usually insignifi cant [ 64 ]. Once the myopic CNV 
starts to regress, there may be some hyperpigmentation visi-
ble, and eventually this leads to fi brotic tissue scarring and 
subsequently thinning and atrophy of the chorioretinal com-
plex. In the very end stages, the atrophy may be so severe as 
to result in exposure of bare sclera. 

 Light microscopy of a myopic CNV will show a thin 
fi brovascular membrane overlying RPE. The membrane may 
show small collagen bundles, fi broblasts, and nonuniformly 
distributed small blood vessels in a homogeneous matrix. 
Typically there is no evidence of infl ammatory cells or 
thrombotic vessels [ 65 ] (see Figs.  7.12  and  7.13 ). 

 An interesting subtype of myopic CNV is the periconus 
CNV – that is, an extrafoveal CNV located next to a myopic 

  Fig. 7.12    Fuchs spot. The Fuchs spot is composed of a focal area of 
choroidal neovascularization surrounded by hyperplastic retinal 
 pigment epithelium ( arrow ).  PAS 25×        
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conus. Nagaoka et al. looked at 260 eyes with myopic CNV 
and found only 4.2 % exhibited a periconus CNV [ 66 ]. They 
found that this subtype was more likely to occur in eyes that 
had a large myopic conus, and furthermore, the eyes with a 
periconus CNV had a signifi cantly larger conus than those 
eyes that had subfoveal CNV. Axial length and degree of 
myopia were not associated with the formation of a perico-
nus CNV, suggesting the spatial characteristics of the eye did 
not have any effect on the formation of CNV in this location. 
The study also found that just under half of the patients with 
periconus CNV experienced sudden regression, and the rest 
resolved after a single treatment to the CNV. Chorioretinal 
atrophy developed in 3 eyes (27 %).

7.2.5         Retinal and Macular Hole/Schisis/
Detachment 

 Changes in the vitreoretinal interface at the posterior pole 
can manifest as a macular hole, which can subsequently 
lead to retinal detachment in highly myopic eyes. Vector 
forces from axial elongation or staphyloma formation in 
highly myopic eyes, increased vitreous liquefaction, and 
atrophy of the chorioretinal complex which is common in 
pathological myopia may combine to form the perfect storm 
of which the unfortunate outcome is the formation of a mac-
ular hole. 

 A study by Gass looking at the mechanism of formation 
of macular hole in non-myopic eyes found that the posterior 
vitreous cortex would pull on the connections at the vitreo-
retinal interface, with the ensuing traction resulting in a hole 
being torn in the macula as the vitreous was pulled away 
[ 67 ]. It is easy to hypothesize that the space formed by the 

retraction of the vitreous from the retinal surface would 
cause a negative pressure space into which the liquefi ed vit-
reous could move, coursing through the newly formed macu-
lar hole and under the retina and inducing a retinal 
detachment. 

 There are several stages of foveal or macular change in this 
process: epiretinal membrane; macular schisis; partial and 
full-thickness macular hole, with or without PVD; and poste-
rior macular retinal detachments (see Figs.  7.14 ,  7.15 ,  7.16 , 
and  7.17 ). One study looked at 214 eyes with pathological 
myopia and staphyloma and noted there to be vitreoretinal 
abnormalities in 56.8 % of those patients [ 68 ]. 

 Myopic foveoschisis was assessed using FD-OCT by 
Sayanagi et al. to evaluate the pathological features in this 
condition [ 69 ]. They found that defects in the inner and outer 
photoreceptor segments of foveal detachment type were seen 
in 3 of 6 eyes (50 %), and IS/OS (foveoschisis type) was seen 
in 2 of 11 eyes (18 %). Diffuse atrophy with the myopic 
foveoschisis was seen in 24 % and patchy atrophy was also 
observed in 24 %. 

 A study by Takano et al. looked at 32 eyes of 19 
patients with severe myopia and posterior staphyloma 
[ 47 ]. Using OCT they found 11/32 eyes (34 %) to have 

  Fig. 7.13    Fuchs spot. There is a break in Bruch’s membrane ( between 
arrows ) and a choroidal neovascular membrane surrounded by retinal 
pigment epithelium which extends through the break ( arrowhead ). 
 PAS 100×        

  Fig. 7.14    Retinoschisis. An area of retinoschisis ( arrow ) is seen adja-
cent to an area of typical peripheral cystoid degeneration ( arrowhead ). 
 H & E 10×        

  Fig. 7.15    Retinoschisis. Higher magnifi cation shows the area of reti-
noschisis ( asterisk ) formed where there are interruptions of the bridges 
of Müller cells.  H & E 25×        
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foveal retinoschisis or detachment. Of these 8/32 eyes 
had foveal retinoschisis and retinal detachment, and 1/32 
had only a foveal retinal detachment without schisis for-
mation. 2/32 had only retinoschisis. The remaining 21/32 
eyes with neither retinoschisis nor retinal detachment 
were all found to have macular thinning using OCT mea-
surements of about 100–150 μm at the fovea. The results 
of this study suggest that a macular hole is not a prerequi-
site for retinoschisis or retinal detachment formation in 
severely myopic eyes that have a posterior staphyloma. It 
is possible that the tractional forces from the posterior 
staphyloma may cause a “stretch retinoschisis,” leading 
to foveal detachment instead, followed by macular hole 
formation as these posteriorly located forces continue to 
act, pulling the macular retina away from the vitreous 
cortex. 

 Similarly, studies of myopic traction maculopathy using 
OCT have found that macular traction seems to be associated 

with a schisis, suggesting that the etiology of macular schisis 
may be a result of pre- or extraretinal traction due to the 
stretching forces experienced by an enlarged highly myopic 
eye [ 70 ,  71 ]. Following on from this fi nding, another study 
reviewed the prevalence of macular holes in highly myopic 
eyes and found that the macular holes were present in 6.26 % 
of the eyes [ 72 ]. The most frequent vitreoretinal abnormali-
ties associated with the macular holes was a schisis, found in 
75 % of that subgroup. 20.8 % of the eyes with macular hole 
showed progression over a mean follow-up time of 30.2 
months, in the form of enlargement of the hole, or a posterior 
retinal detachment. 

 In the study by Grossniklaus et al., the prevalence of 
retinal pits, holes, or tears seen on histologic section in the 
369 eyes evaluated was 8.4 % [ 6 ]. Previous studies have 
shown a link between myopic eyes and an increased risk 
for retinal hole formation [ 73 ,  74 ] and a signifi cant correla-
tion between retinal detachment and high myopia [ 75 ]. 
Retinal detachments were seen in 12.2 % of eyes in the 
Grossniklaus study; however, the authors also considered 
the fact that a number of eyes in the study had at some point 
undergone a retinal detachment repair procedure, which 
increased the prevalence of retinal detachment occurrence 
in the study population of highly myopic eyes to 20 %. One 
study found several factors that were associated with myo-
pia and the formation of retinal detachments, including lat-
tice degeneration, asymptomatic retinal breaks, increased 
frequency of posterior vitreous detachment, and vitreous 
liquefaction [ 76 ]. 

 A large Scottish study of 1,202 cases of retinal detach-
ment found that 18.7 % of the eyes exhibited lattice degen-
eration [ 77 ]. Of these, retinal hole-related RD was 
signifi cantly more common (35.7 %) than horseshoe-tear RD 
(19.3 %) and occurred mostly in more myopic patients. 
Furthermore, >85 % of the RD were associated with PVD 
and related tractional abnormalities. These results are similar 
to another British study which found that retinal hole-related 
RD were more common in younger patients (median age 
28.9 years) with a high degree of myopia (−5.5 D, range −1 
to −18 D), and about 50 % of the cases exhibited lattice 
degeneration [ 78 ].

7.2.6           Myopic Confi guration of the 
Optic Nerve Head, Including 
Peripapillary Changes 

 In the American histopathological study of highly myopic 
eyes by Grossniklaus, the most common fi nding was of myo-
pic confi guration of the optic nerve head, found in 40 % of 
the eyes [ 6 ]. A clinical study of pathological myopia fundus 
changes from Singapore found that peripapillary atrophy 
was the most common fi nding by far, in 81.2 % of eyes, fol-
lowed by disc tilt, found in 57.4 % of eyes, and furthermore 

  Fig. 7.16    Gross appearance of a full-thickness myopic retinal hole       

  Fig. 7.17    Retinal hole. The full-thickness hole exhibits rounded edges 
of the surrounding retina ( arrows ).  H & E 100×        
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was found to be more common in teenaged high-myopes 
than in adults and those of Chinese descent [ 38 ]. Clinically, 
this myopic confi guration appears as a tilted disc with the 
retina, RPE, and choroid extending over the disc nasally and 
the retina falling short of the optic disc on the temporal side. 
This combination gives rise to the appearance of a temporal 
crescent at the optic disc, although it can occasionally be 
seen nasally, or inferiorly, or in about 10 % of cases sur-
rounding the disc completely [ 22 ,  79 ]. These fi ndings can all 
be seen clearly on histopathological examination, and in 
addition, the peripapillary sclera is often found to be stretched 
with a widening of the vaginal space between the subdural 
and subarachnoid spaces (see Figs.  7.18 ,  7.19 ,  7.20 ,  7.21 , 
and  7.22 ). In addition, they found that when the optic nerve 
head was involved in the area of a staphyloma, it was typi-
cally enlarged. 

 A study by Jonas et al. compared the optic discs of highly 
myopic eyes to those of normal eyes [ 79 ]. They found that 
highly myopic eyes had signifi cantly ( p  < 0.000001) larger 

  Fig. 7.18    Gross appearance of myopic degeneration of the optic nerve 
head. There is a myopic conus present surrounding the optic nerve. This 
is manifested by peripapillary atrophy and thinning of the sclera       

  Fig. 7.19    Myopic degeneration. The peripapillary myopic conus cor-
responds to where the retina is reduced to a thin gliotic band ( between 
arrows ), and there is underlying atrophy of the retinal pigment epithe-
lium and choroid ( arrowhead ).  H & E 100×        

  Fig. 7.20    Oblique optic nerve head. The optic nerve head ( asterisk ) 
enters the eye at an oblique angle ( dotted line ) compared to the lamina 
cribrosa ( dashed line ).  H & E 10×        

  Fig. 7.21    Myopic conus. There is extensive peripapillary atrophy and 
thinning ( arrows ) which corresponds to a myopic conus. The bare 
sclera is seen surrounding an atrophic optic nerve ( asterisk ).  H & E 10×        

  Fig. 7.22    Optic nerve degeneration. There is optic nerve atrophy down 
to the lamina cribrosa ( asterisk ) and only a vestigial blood vessel 
remains ( arrow ) in the atrophic tissue.  PAS 5×        
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and more oval shaped optic discs than normal eyes and sug-
gested that highly myopic optic discs could be regarded as 
secondary acquired macrodiscs, whereby the size of the disc 
could be correlated with refractive error and age. 

 A similar study by Fulk et al. attempted to correlate optic 
disc crescents with axial length and refractive error [ 80 ]. The 
study found that crescent size was signifi cantly associated 
with both parameters ( p  = 0.02). For crescents ≥0.2 mm in 
width, each millimeter increase in axial length correlated to 
an average 1.26 D increase in myopic shift, but for those with 
<0.2 mm of crescent, each millimeter increase in axial length 
only correlated to about 0.66 D of myopic shift. The results 
also suggested that male gender and refractive error were 
directly associated with a large optic nerve crescent. 

 Nakazawa et al. did a long-term study to assess changes in 
optic nerve crescents in myopic eyes [ 81 ] and found that the 
degree of disc deviation correlated signifi cantly to myopic 
progression ( p  < 0.0001). The optic discs observed were 
noted to deviate nasally in most cases as the myopia pro-
gressed, with subsequent formation of a peripapillary cres-
cent on the temporal side of the disc. 

 The lamina cribrosa is known to be affected by myopic 
degeneration [ 82 ,  83 ]. Both high myopia and glaucomatous 
change are independently signifi cantly correlated with thin-
ning of the lamina cribrosa [ 82 ]. In addition, numerous stud-
ies have shown that the peripapillary retinal nerve fi ber layer 
is changed in highly myopic eyes [ 84 – 86 ]. OCT has been 
used to image the optic nerve and peripapillary regions of 
highly myopic eyes to reveal that the RNFL is typically 
thickened temporally and thinned nasally in eyes with tilted 
nerves [ 86 ]. Additionally, a thicker mean RNFL signifi cantly 
correlated with both a lower degree of myopia and greater 
optic nerve disc and rim areas [ 85 ]. Superior and inferior 
RNFL thickness was not found to be signifi cantly different 
between myopic and emmetropic eyes [ 84 ]. 

 A histologic review of the peripapillary area in highly 
myopic eyes by Jonas et al. revealed that the distance 
between the border of the optic nerve and the dura mater, 
also known as the scleral fl ange, showed a signifi cant 
increase with increasing axial length and decrease in length 
relative to the thickness of the fl ange area [ 87 ]. Furthermore, 
they discovered that 42 % of the highly myopic eyes had a 
space >0.5 mm between the border of the optic nerve and the 
start of Bruch’s membrane, where the fl ange was both elon-
gated and thinned and a retrobulbar cerebrospinal fl uid space 
was found to extend into the retroparapapillary region. 
Notably, the parapapillary region in these eyes only con-
tained the RNFL or its remnants, with no detectable Bruch’s 
membrane or choroid. 

 The peripapillary region in highly myopic eyes also 
exhibits other changes such as cavitations or pits. Wei et al. 
used OCT to evaluate these peripapillary intrachoroidal cav-
itations which appear as elevated, patchy, yellowish lesions 

on fundoscopic examination [ 88 ]. OCT revealed these 
lesions to be intrachoroidal spaces located below the RPE. 
About half of the cases showed evidence of communicating 
channels leading from the vitreous to the intrachoroidal cavi-
tation, and one quarter also revealed intrachoroidal splitting. 
Wei et al. hypothesized that these peripapillary lesions could 
represent either a cavitation or choroidal schisis, with the 
possibility that they could both be part of a spectrum of the 
same pathological process. 

 Another fi nding in the optic nerve and peripapillary 
region of highly myopic eyes is that of pitlike structures. One 
study found that pits were found at the optic nerve border or 
peripapillary area in 16.2 % of highly myopic eyes and that 
these eyes also were more highly myopic and had signifi -
cantly larger optic discs and longer axial lengths than highly 
myopic eyes that did not have any pits [ 89 ]. In about a third 
of cases, the pits were located at the optic disc, where they 
were present at either the superior or inferior border, and in 
two-thirds the pits were located in the peripapillary conus. 
The conus pits were associated with Type IX staphyloma, 
and the pitting was evident in between the optic nerve border 
and the scleral ridge and appeared to have developed from a 
staphyloma-induced schisis.

7.2.7            Vitreous Degeneration 

 It is known that vitreous syneresis occurs earlier in myopia 
and, additionally, is more extensive and increases as the 
myopia worsens [ 90 ]. Both vitreous liquefaction and poste-
rior vitreous detachment are common clinical fi ndings with 
pathological myopia as the increased intraocular volume of 
an enlarged myopic eye contributes to the development of 
vitreous degeneration [ 91 ]. In the study by Grossniklaus, 
central vitreous liquefaction was found on histopathological 
examination in all the myopic eyes examined and posterior 
vitreous detachment in 33 % of the eyes [ 6 ]. In most cases, 
only the cortical vitreous remained intact (see Fig.  7.23 ). In 
several cases they also noted that the posterior vitreous trac-
tion had caused retinal holes, cystic degeneration, and reti-
noschisis. Although increased age is known to be a risk 
factor for the formation of posterior vitreous detachment, 
one study compared 224 eyes with high myopia (−6 D or 
greater) with emmetropic eyes, and found that the preva-
lence of PVD was higher in the myopic group at every age 
group [ 92 ]. 

 Animal models have found that faulty proteins encoding 
for the inner limiting membrane (ILM) and vitreous body 
lead to a 50 % increase in eye size within 4 days, a process 
which was only slowed by reconstituting the ILM [ 93 ]. The 
results indicate that congenital high myopia can be affected 
by the integrity of the vitreoretinal border. A study by Chuo 
et al. found a signifi cant association between myopic 
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refraction and the formation of a posterior vitreous detach-
ment (OR = 4.32,  p  < 0.0005) [ 94 ]. 

 A study by Stirpe et al. looked at 496 highly myopic eyes 
that underwent surgical treatment for retinal detachments 
[ 95 ]. They noticed fi ve characteristic appearances for the vit-
reous and retina: (1) uniform PVD (21.8 %), (2) PVD spread-
ing to upper quadrants (46.5 %), (3) extensive liquefaction 
and condensations of the vitreous base (10.2 %), (4) poste-
rior vitreous lacuna (17.5 %), and (5) very limited PVD 
(3.8 %). The group with posterior vitreous lacuna was found 
to have a higher degree of myopia as well as more pro-
nounced staphylomas.

        Conclusion 

 The histopathology of pathological myopia plays an 
important role in understanding the mechanisms by which 
this condition can affect vision. There have been several 
excellent and extensive histopathological studies of 
highly myopic eyes, but in recent years, the use of other 
imaging modalities such as OCT, fl uorescein angiograms, 
and ICG has become more commonplace in trying to elu-
cidate the nature of the pathological processes. It is 
important to be able to use these imaging studies in com-
bination with the histopathological descriptions in order 
to be able to better understand the disease processes and 
spectrum.     
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        The main constructural element of the eye is the sclera, a 
tough, translucent fi brous coat that provides a set shape and 
volume of the eye and functions as a protective casing for its 
fragile internal contents. The sclera is a composite of an 
interwoven network of collagen fi bers (mostly type I) embed-
ded in a hypocellular ground substance matrix. The sclera 
has some similarities to a pneumatic tire. The collagen fi bers 
are analogous to the plies in a tire; they are relatively less 
distensible fi bers embedded in a matrix that is more disten-
sible. A pneumatic tire is infl ated by air, while the sclera is 
infl ated by the intraocular pressure. The mechanical engi-
neering advantages of this arrangement include strength, 
 suffi cient rigidity without brittleness, and little need for 
intrinsic blood supply or cellular turnover. Because the eye 
has structural rigidity, its length and shape are not altered 
with eye movement. On the other hand the eye is easily 
deformable without suffering internal or external damage 
during ordinary use in life. Blood vessels and nerves of vari-
ous sizes penetrate the sclera, and design features of the 
scleral openings help mitigate against loss of the intraocular 
contents. The muscles of the iris and ciliary body attach to 
the sclera as do the extraocular muscles used for movement 
of the globe. The sclera, which accounts for more than 90 % 
of the surface area of the eye [ 1 ], merges anteriorly with the 
optically clear specialization, the cornea. 

 Many changes occur in the sclera of high myopes, and 
these changes and the abnormalities they may induce are the 
focus of this chapter. In most high myopes the eye undergoes 
normal development in utero and early childhood to be 
 followed later by progressive scleral thinning and ocular 
expansion. With knowledge of the base anatomy and the 
induced alterations caused by the expansion, the subsequent 

abnormalities associated with myopia are easier to 
 understand. As such this chapter starts with a review of the 
embryology and development of the sclera, its anatomy, and 
mechanical properties. Features of what happens in myo-
pization will then be presented, followed by how these forces 
cause specifi c clinically recognizable alterations in the sclera 
and associated structures. One specifi c and important 
induced alteration, the staphyloma, is suffi ciently complex 
as to require treatment in its own accompanying chapter enti-
tled, creatively enough, “Staphyloma.” 

8.1     Embryology and Development 
of the Sclera 

 The evagination of the optic vesicle starts in the fourth week 
and invaginates to form the optic cup in the fi fth week. 
A thickening of the overlying ectoderm called the lens plac-
ode develops around this time and will eventually invaginate 
to form the primordial lens. The sclera is derived from the 
neural crest and, to a much lesser extent, the mesoderm, 
starting in the sixth week as waves of invading cells form a 
condensation on the optic cup (Fig.  8.1 ). It appears that the 
pigment epithelium and the uvea are required to induce for-
mation of the posterior sclera. Incomplete closure of the fetal 
fi ssure causes colobomas to occur, and these colobomas 
infl uence development of the nascent sclera. The sclera 
develops anterior to posterior but also in an inner to outer 
scleral vector as well [ 2 ]. Over the next months the thickness 
of the collagen fi bers increases so that by week 24 the fi bers 
are three times thicker than they were at week 6.2. In a nor-
mal eye the anterior sclera reaches adult size by age 2, while 
the posterior sclera does so by age 13. The axial length of a 
term infant is about 17 mm and is destined to reach 23 mm 
by age 13 years [ 3 ]. Considered as a simple sphere, the eye 
expands 2.5 times in volume over this time. The remarkable 
aspect of ocular growth is that the eye can remain emme-
tropic even though the individual components of the eye are 
growing at their own individual rate.
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8.2        Gross Scleral Anatomy 
of an Emmetropic Eye 

 In an emmetropic eye the sclera shell has a diameter of 
approximately 24 mm and a surface area of approximately 
17 cm 2  [ 1 ]. The sclera has no lymphatics or cellular bound-
ary. The thickness of the sclera in a non-myopic eye varies 
considerably with location; the thickest is around the optic 
nerve where it can be slightly more than 1 mm, while imme-
diately under the rectus muscle, insertions it can be as little 
as 0.3 mm thick. In the submacular region the sclera has a 
thickness of about 0.9 mm in normal eyes (Fig.  8.2 ). On the 

outer surface of the scleral stroma is the episclera, a loose 
connective tissue. Anteriorly the episclera contains a plexus 
of capillaries, but no lymphatics. The sclera is enveloped by 
Tenon’s capsule, a double layer of fi brous tissue with a 
smooth inner border separated from the eye by a potential 
space occasionally traversed by diaphanous strands of the 
episclera [ 4 ]. Tenon’s capsule merges with the dura mater of 
the optic nerve posteriorly and the muscle capsules. The 
inner surface of the sclera is composed of a thin layer con-
taining melanocytes giving it a brown color and its name, 
lamina fusca.

   The anterior portion of the sclera terminates at the poste-
rior boundary of the cornea at what is called the anterior 
scleral foramen. The limbus forms the transitional zone 
between the sclera and the cornea. The largest opening in the 
sclera posteriorly is the scleral canal, which exists to allow 
exit of the optic nerve. The retinal nerve fi ber layer changes 
direction by bending around the inner opening of the optic 
canal, formed by Bruch’s membrane and the scleral ring to 
head posteriorly out of the eye. The inner opening of the 
optic canal is approximately 1.8 mm in diameter. Somewhat 
anterior to the midpoint of the optic canal, there is a sievelike 
network of fi bers, called the lamina cribrosa, which criss-
cross the breadth of the canal. The openings, or pores, are 
bordered by these fi bers within each plate of the lamina. The 
pores in an emmetropic nonglaucomatous eye are round or 
oval, and the pores are nearly aligned in a vertical sense from 
one plate to another, except toward the periphery of the lam-
ina cribrosa. The resultant openings allow the nerve fi bers to 
exit the eye. A central opening in the lamina is larger than the 
surrounding to allow passage of the central retinal artery and 
vein. The pores in the lamina are largest superiorly and infe-
riorly, where the predominate number of nerve fi bers are 
seen to enter the optic canal [ 5 ]. Providing additional struc-
tural and metabolic support in this region are the closely 
associated glial cells [ 6 ,  7 ]. Surrounding the optic nerve as it 
transits the lamina is the border tissue of Elschnig. The diam-
eter of the canal increases posteriorly to accommodate the 
larger diameter of the retrolaminar optic nerve, which con-
trary to the prelaminar portion of the optic nerve is myelin-
ated. The posterior optic nerve canal is approximately 
3.5 mm wide. The optic nerve has a dura mater covering. The 
outer two-thirds of the scleral collagen merge with the fi bers 
of the dura mater. 

 Arteries, vein, and nerves course through smaller open-
ings in the sclera. These openings, or emissaries, are often 
placed at an angle to the thickness of the sclera, apparently to 
reduce the likelihood of loss of intraocular contents with 
increased pressure in the eye. The 15–20 short posterior 
artery emissaries aggregate around the optic nerve and macu-
lar regions. Using optical coherence tomography (OCT) with 
deeper imaging capabilities, it is common to see branching of 
some of the posterior vessels in the sclera. Therefore there 
are at least as many internal openings of the emmisaria as 

  Fig. 8.1    At week 6.4 there is a condensation of mesenchyme ( AC ) 
around the optic cup. The cell density in the mesenchyme is somewhat 
lower posteriorly ( P ) in this section. The retina ( R ) is undergoing dif-
ferentiation and is in contact with the vitreous ( V ). The lens ( L ) is visi-
ble at the bottom left (Derived from Sellheyer and Spitznas [ 2 ])       
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  Fig. 8.2    Graphical representation of the scleral thickness in normal 
eyes extending from the surgical limbus ( left ) toward the optic nerve 
( right ) (Derived from Olsen et al. [ 1 ])       

 

 

R.F. Spaide



99

there are external openings in the sclera. Most of the 
 emissaries in the posterior pole are for the short posterior cili-
ary arteries to bring blood fl ow into the choroid. Branches 
from short posterior ciliary arteries, with possible contribu-
tions from the choroidal circulation, form a ring, often 
incomplete, around the prelaminar portion of the optic nerve 
known as the circle of Zinn-Haller. This circle is located a 
mean of 403 μm from the outer portion of the optic nerve in 
normal eyes. The mean vascular diameter was 123 μm but 
ranged from 20 to 230 μm in diameter [ 7 ]. There is variation 
to the depth that the circle of Zinn-Haller is located but may 
be as much as 345 μm below the inner scleral surface [ 8 ]. 
This structure reportedly is visible with angiography [ 9 ,  10 ]. 
The long posterior ciliary arteries enter the sclera nasal and 
temporal to the optic nerve and do not fully penetrate the 
inner portion of the sclera until the equator. The main venous 
drainage of the choroid occurs through the vortex veins, 
the ampullae of which are found at the equator of the eye. The 
vortex veins travel obliquely through the sclera to exit the eye 
posterior to the equator. Associated with the  insertions of 
the rectus muscles are the anterior ciliary arteries, which 
bring blood fl ow to the ciliary body. Superfi cial branches of 
these arteries contribute to the episcleral circulation. There is 
also a copious supply of nerves as evidenced by the pain 
associated with trauma or infl ammation of the sclera.  

8.3     Fine Anatomy of the Sclera 

 The sclera is composed of collagen fi bers of varying sizes, 
but the inner fi bers are smaller, about 62 nm, than the outer 
fi bers, which are about 125 nm [ 11 ] (Fig.  8.3 ). The fi brils are 
composed of type I collagen and consequently have high 
proportions of proline, hydroxyproline, and hydroxylysine. 
The presence of hydroxylysine provides for the possibility of 
molecular cross-linking, which increases the tensile strength 
and mechanical stability of the sclera. These structural modi-
fi cations can come at the expense of increased rigidity. The 
collagen fi bers are embedded in interfi brillary matrix com-
posed of proteoglycans. Proteoglycans have a protein core 
that is attached to varying numbers of glycosaminoglycans, 
which are long molecules composed of sugar subunits. 
Proteoglycans are classifi ed by the nature of the core protein 
and by the number and types of attached glycosaminogly-
cans. The two main glycosaminoglycans in the sclera are 
chondroitin sulfate and dermatan sulfate, which alone or in 
combination contributes to the formation of the major pro-
teoglycans, biglycan, aggrecan, and decorin [ 13 ]. The 
remarkable attribute of proteoglycans, conferred by their 
glycosaminoglycan constituents, is the ability to bind to 
large amounts of water. This allows proteoglycan fraction to 
occupy large volumes with little dry weight. The predomi-
nant glycosaminoglycan appears to vary somewhat with 
topographical location in the sclera [ 14 ]. Estimates of the 

proportions of the constituent parts of the sclera vary, but as 
a rough guide the sclera is composed of roughly 68 % water, 
24 % collagen, 1.5 % elastin, 1.5 % proteoglycans, and the 
remainder fi broblasts, nerve tissue, blood vessels, and salts. 
The inner surface of the sclera, the lamina fusca, has a large 
number of elastin fi bers [ 15 ]. Elastin has a high proportion of 
hydrophobic amino acids and contains a low proportion of 
hydroxyproline and hydroxylysine. It does have desmosine, 
which is a derivative of lysine and is used to make cross- 
links between elastin fi bers. Also contained within the sclera 
are matrix metalloproteinases, which are enzymes that are 
capable of degrading proteoglycans and collagen. These 
enzymes are stored in an inactive form and can be activated 
during infl ammation and growth.
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outer, middle, and inner sclera at birth and at 9 months. ( b ) The median 
cross-sectional diameter is shown graphically at birth, 45 days, and 21 
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   The cores of the lamina cribrosa fi bers are composed of 
elastin surrounded by collagen fi bers. Encircling the optic 
nerve in the region of the lamina are layers of concentrically 
arranged elastin fi bers [ 16 ]. At the outer surface of the elastin 
fi bers, ring merges into the sclera. Elastin fi bers of the lamina 
merge into the inner portion of the surrounding elastin fi bers. 
Glial cell processes extend from the lamina cribrosa into the 
concentric elastin fi bers and also appear to help anchor the 
lamina. The arrangement of elastic fi bers would seem to 
serve as a buffer against trauma from rapid changes in intra-
ocular pressure. On the other hand the layered arrangement 
could lead to the possibility that a dehiscence or separation 
of the layers could occur. 

 A number of molecular changes happen in the sclera with 
age. The cross-linking between adjacent collagen fi bers 
increases, and so does glycosylation and accumulation of 
advanced glycation end products [ 17 ]. There is a decrease in 
the amount of type I collagen present, the diameters of the 
collagen fi bers increase, and there is a greater variability in 
the sizes of the fi bers with age [ 18 ] (Fig.  8.3 ). The amount of 
decorin and biglycan decreases with age, as does sclera 
hydration [ 19 ,  20 ]. There is a decrease in the amount of elas-
tin with age. These contribute to the altered biomechanical 
characteristics of the sclera with age, particularly an increase 
in stiffness [ 20 – 23 ]. The amount of collagen in the lamina 
cribrosa increases, as does the cross-linked proportion [ 24 ]. 

 As compared with the transparent cornea, the white rela-
tively opaque nature of the sclera is related to the more ran-
domly oriented and larger diameter collagen fi bers and the 
greater amount of water bound. A common occurrence in 
retinal detachment surgery is a localized drying of the sclera 
allowing some visualization of the underlying choroid. With 
rehydration the sclera becomes whiter and less translucent.  

8.4     Mechanical Properties of the Sclera 

 The sclera is a viscoelastic substance. Over smaller ranges of 
tensile pulling, or stress, a sample of sclera will lengthen or 
show strain [ 25 ] (Fig.  8.4 ). Release of the stress after a short 
period of time leads to a recoil in the length of the sample. 
The same load applied over a longer period of time will 
result in more tissue extension than just the elastic stretch-
ing. The difference over time is called creep rate of a visco-
elastic tissue (Fig.  8.5 ). A commonly seen practical example 
of the viscoelastic properties of sclera is shown by how the 
height of a scleral buckle will seem to increase over days 
following surgery. The initial buckling effect is from the 
elastic strain, while the increase in size of the buckling effect 
in the subsequent days is due to a slower creep of the visco-
elastic sclera.

    The relationship between stress and strain provides a 
measure of the stiffness of a material. The sclera shows 

increasing stiffness with age. In babies the sclera is highly 
distensible. The newborn’s eye can expand and adopt a 
bovine appearance from congenital glaucoma (buphthal-
mos – which means “ox eye”). Over life the sclera loses 
some of its dispensability, and interestingly the change in 
stiffness is highly dependent on location in the eye. In a 
study by Geragthy et al., the change in stiffness with age of 
the anterior sclera was much more pronounced than the 
posterior sclera, and the change was statistically signifi cant 
only for the anterior sclera [ 21 ]. Pressure loading of the eye 
appears to cause a variable amount of stiffness increase in 
eyes. 

 The biomechanical behavior of the posterior sclera to 
increased pressure shows variation from one person to the 
next but is nonlinear and anisotropic [ 26 ]. Experiments on 
isolated eyeballs may overstate some induced biomechanical 
properties of the eye because under ordinary circumstances 
the eye is suspended in extraocular tissue, which has a pres-
sure of its own. The extraorbital pressure is estimated as 
being about 20 % of the intraocular pressure. That means the 
pressure gradient across the sclera is lower than the intraocu-
lar pressure posteriorly within the orbit, but not anteriorly 
along the external surface of the eye. 

 The main source of resistance of passage of both water 
and larger molecules through the cornea is the corneal 
 epithelium [ 27 ]. The corneal endothelium is also a source of 
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resistance albeit quite a bit lower than the corneal  epithelium. 
The sclera has neither an epithelium nor endothelium and 
consequently is quite permeable to the fl ow of water and 
larger molecules through its substance [ 28 ,  29 ]. Contained 
within the eye is the choroid, which is a densely packed per-
meable layer of blood vessels without a lymphatic system. 
Consequently protein, fl uid, and other intravascular elements 
that have leaked into the extravascular space in the choroid 
not removed by reabsorption by the choroidal vessels are 
removed by diffusion posteriorly through the sclera into 
Tenon’s space. 

 The scleral stroma receives oxygen and nutrition exter-
nally from the episclera and Tenon’s capsule externally. An 

interesting possibility is the stroma receives oxygen from the 
choroid internally. The passive diffusion of proteins and the 
like from the choroidal circulation may serve as a source of 
metabolic building blocks for the few stromal fi broblasts 
present. The amount of fl uid requiring drainage is probably 
related to the thickness of the choroid and the permeability 
of the vessels in the choroid. The resistivity to fl ow out 
through the sclera is likely to depend on thickness and exact 
composition of the sclera itself. In eyes with uveal effusion 
syndrome, the choroid is thick, as is the sclera [ 30 ]. The col-
lagen fi bril diameters are larger and more variable [ 31 ], and 
there appears to be decreased diffusion of larger molecular 
weight substances such as albumin through the sclera in eyes 
with uveal effusion [ 32 ]. When areas of sclera are excised 
from the sclera such that the remaining thickness is a fraction 
of the original thickness, fl uid can be seen to seep through 
the window created.  

8.5     Emmetropization and Myopization 

 The axial length of the eye increases by about 35 % from 
infancy to adulthood [ 3 ,  33 ], and the individual components 
of the eye that have an effect on refractive error change at 
slightly different rates [ 34 – 37 ]. Each of these components 
eventually adopts a Gaussian distribution. Even though the 
pooled variance is expected to be a Gaussian distribution as 
a function of all of the individual variances, the measured 
refractive errors actually show a peaked, or leptokurtic, dis-
tribution with far too many eyes having emmetropia or slight 
hyperopia. Although the individual components vary, they 
all work together in concert to achieve an eye that has little 
refractive error in most cases. The obvious exception is that 
the curve shows a skew toward myopic refractive errors. 
Although emmetropization is amazing, it is a logical conse-
quence of evolutionary pressures: if vision is an advanta-
geous thing, then good vision is even more so. 

 The process of emmetropization appears to be an active 
process that is largely mediated by changes in the choroid 
and sclera [ 38 ] (Fig.  8.6 ). Occlusion, form deprivation, and 
imposition of refractive lenses all cause alterations in the 
refractive capabilities of animal eyes after birth. Form- 
deprivation and lens-induced refractive change has been 
demonstrated in animals ranging from fi sh, chick, kestrel, 
squirrel, mouse, guinea pig, cat, and tree shrew to monkey 
and appears to be true in humans as well [ 39 – 56 ]. The fi rst 
changes include alterations in the thickness of the choroid 
[ 54 ,  57 – 59 ]. In eyes becoming more myopic, the choroid 
becomes thinner as compared to those eyes becoming hyper-
opic. Removal of the stimulus stops the induced alteration in 
refractive error. The choroid thickness change normalizes, 
and the direction of the choroidal thickness change is always 
in the correct direction [ 57 – 60 ].
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  Fig. 8.5    The viscoelastic properties of sclera. With a constant applied 
load, the sclera will show increasing amounts of strain over time. This 
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   Longer-term application of either form-deprivation or 
lens-induced errors is followed by axial length changes of 
the eye, shortening in the case of hyperopia and lengthening 
in the case of myopia (Fig.  8.7 ). These changes are also 
reversible in that removal of the stimulus causes an accelera-
tion or retardation in the growth of the eye to the extent it 
approaches emmetropia over time. Optic nerve sectioning or 
destruction of the ciliary nerve does not prevent the develop-
ment of experimental myopia [ 40 ,  42 ,  61 ]. Form deprivation 
of a hemifi eld produces expansion of the eye conjugate with 
that hemifi eld [ 55 ,  62 ,  63 ]. These fi ndings all support a 
hypothesis that remodeling of the eye occurs due to local 
effects within the eye starting with signaling that originates 
in the retina and choroid that eventually affects the sclera.

   Experimental myopia induces several changes in the 
composition of the sclera. There is a general loss of collagen 
and proteoglycans. With the start of experimental myopia, 
there is a reduction in ongoing type I collagen synthesis, and 
existing collagen and proteoglycans are degraded by matrix 
metalloproteinases [ 64 – 66 ]. After a signifi cant amount of 
myopia has developed, the collagen fi bril diameter decreases, 
particularly in the outer portions of the sclera [ 64 ]. The 
decreased and altered collagen appears to be responsible for 

changes in the biomechanical characteristics of the sclera 
[ 12 ,  67 ]. Myopic sclera shows more elasticity and greater 
viscoelastic creep over time (Figs.  8.3  and  8.4 ). This could 
suggest passive expansion of the eye occurs as the result of 
intraocular pressure. However administration of timolol 
decreased intraocular pressure but did not affect the develop-
ment of myopia in a chick model [ 68 ]. This implies there 
may be a control mechanism that drives the amount of axial 
lengthening and thereby the amount of myopia.  

8.6     Human Myopia 

 Myopia seen from an epidemiological standpoint is an 
increasing problem related to modern society. Sweeping 
changes in the pattern of refractive error have been seen in 
populations changing from agrarian to urban-based living 
[ 69 – 73 ]. Urban children spend more time indoors occupied 
with near activities and less time outdoors [ 74 – 77 ]. Eskimo 
populations showed shift of refractive error from hyperopic 
to myopic in the early and mid-twentieth century coincident 
with the introduction of schooling [ 78 ,  79 ]. Although there is 
a modest inheritable effect for myopia [ 80 ], the strongest 
predictors of developing myopia appear to be near work 
and decreased time spent outdoors when young [ 75 ,  77 ]. 
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  Fig. 8.6    The compensatory changes induced by forced wearing of 
spectacle refraction as evidence of active emmetropization. ( a ) Forced 
wearing of a plus lens brings the image plane in front of the retina. In 
compensation the eye shows increased choroidal thickness. In birds this 
can be dramatic and can account for one-half of the early compensatory 
response. Eventually there is a decrease in scleral growth rate. ( b ) A 
negative lens shifts the focal plane behind the retina and the eye shows 
decreased choroidal thickness and scleral remodeling to include 
increased growth of the posterior sclera. In each case the eye changes in 
character to move the level of the retina toward the focal plane of the 
combined lens and dioptric mechanism of the eye. In addition, removal 
of the spectacle lens leads to the exact opposite of the induced effects to 
occur. For example, removing the plus lens will cause the choroid to 
become thinner and the eye to expand toward its normal size [ 38 ]       
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The time outdoors exposes the eye to a reduced dioptric 
range and also to increased amounts of shorter wavelength 
light as compared with indoor lighting. 

 The development of high myopia seems to be driven by 
processes related to emmetropization with the less desirable 
effect of producing a radically incorrect refractive error – for 
distance acuity that is. On the other hand close work as a risk 
factor would seem to be an adaptive mechanism. The recep-
tive part of the eye is being shifted to the most common focal 
plane of the eye. Because close work has been associated 
with accommodation, the idea of preventing accommodation 
as a way of decreasing the progression of myopia has been 
considered for more than a century. In 1876 Loring discussed 
possible mechanisms by which myopia could develop and 
the potential pharmacotherapeutic effects of atropine in a 
very interesting review [ 81 ]. In 1891 Taylor recommended 
atropine, blue glasses, and leaches as a treatment of progres-
sive myopia [ 82 ]. In 1979 Bedrossian reported eyes treated 
with atropine were less likely to show progression of myopia 
as compared with untreated eyes [ 83 ]. McBrien and cowork-
ers more recently demonstrated atropine could blunt the 
development of form-deprivation myopia in a mechanism 
that was independent of accommodation [ 84 ]. 

 In the process of myopization in humans, there is expan-
sion of the posterior sclera and expansion of the vitreous 
cavity. Associated with the increasing myopia is thinning of 
the choroid [ 85 – 87 ], but as was seen in animal models, thin-
ning of the choroid precedes scleral enlargement. There does 
seem to be control mechanisms involving the sclera that are 
mediated by or at least are infl uenced by the choroid. This 
raises the question: do abnormalities of the choroid contrib-
ute to the progression of myopia? This is an important ques-
tion given the potential for undesirable feedback loops to 
occur in progressive myopia. Indeed, myopia is a common 
association with many diseases that affect the choroid or 
retina and then secondarily the choroid such as choroidere-
mia, gyrate atrophy, retinitis pigmentosa, congenital station-
ary night blindness, Kearns-Sayre syndrome, progressive 
bifocal chorioretinal atrophy, achromatopsia, and fundus fl a-
vimaculatus [ 88 – 95 ]. With increasing myopia the choroid 
ordinarily becomes quite thin and can disappear in patches 
altogether. Eventually the patches become larger and confl u-
ent resulting in broad white areas of absent choroid, with a 
loss of the overlying retinal pigment epithelium and outer 
retina as well. These same eyes are often the ones with the 
most exaggerated fi ndings in the sclera [ 96 ]. Whether or not 
relevant signaling originating from the choroid is correct 
when the choroid is in the last throes of existence is not 
known. 

 The expansion and stretching of the posterior pole induced 
in myopia affects every aspect of the sclera. The wall thick-
ness decreases, the curvatures change, the emissary openings 
widen, and the scleral canal can enlarge, become tilted and 

distorted. Local exacerbation of ocular expansion is mani-
fested as regional outpouchings, staphylomas. In the follow-
ing sections the clinical manifestations of these changes will 
be shown.  

8.7     Ocular Shape 

 Along with location, rotation, and size, shape is one of the 
elemental features of an object. Shape can be diffi cult to 
describe, but the eye has a general ellipsoidal shape and there-
fore is potentially easier to model. The most exacting repre-
sentation would be in the form of a mathematical statement, 
but mathematical equations are diffi cult to incorporate into 
everyday speech. Verbal simplifi cations of shape commonly 
have been substituted, sometimes to extent of ineffective over-
simplifi cation. In most publications the three-dimensional 
characteristics of the shape were reduced to cardinal planes 
for description and analysis. The analysis of these planes 
varied in sophistication from measuring linear distances and 
angles to fi tting curves to the shapes. One common method 
of describing spheroids is to use the terms oblate and prolate. 
Oblate spheroids are obtained by rotating an ellipsoid along 
its minor axis. The resultant eye shape would be fl atter in 
the posterior pole and would steepen toward the equator. The 
fl atter side of an egg has an oblate shape. A prolate shape 
is obtained by rotating an ellipse along its major axis and 
thus is lengthened in the direction of its polar diameter. The 
pointy side of an egg has a prolate shape. There are two main 
approaches to estimate the shape of the eye. One method, 
which initially may seem to be the more precise and useful of 
the two, is to image the eye with a tomographic means such 
as with computed axial tomography or magnetic resonance 
imaging. The second way is to measure the refractive error 
and to make assumptions about the eye from these measure-
ments. Widefi eld refractive error measurements may supply 
information that is more useful in regard to physiological 
processes that infl uence the development of myopia. The size 
estimates in these papers are of secondary importance since 
the refractive error across the expanse of the retina has been 
shown to have extremely important consequences as will be 
described below (Fig.  8.8 ).

   Cheng and associates [ 97 ] obtained multislice magnetic 
resonance images and measured the diameters in the sagittal, 
coronal, and transverse planes. The eye shape for hyperopic 
and emmetropic eyes was similar, and both had a coronal 
diameter greater than the transverse or sagittal diameters. 
Myopes had the same basic eye shape but appeared to be 
larger in every radius. Atchison and coworkers [ 98 ] fi tted 
symmetrical ellipsoids to the transverse and sagittal images 
of emmetropic and myopic eyes derived from magnetic reso-
nance imaging. They found considerable variation in shape, 
but most emmetropes had an oblate shape, that is, one that 
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was fl atter in the posterior pole. Myopes showed an increase 
in all dimensions with a loss of oblateness. Only a few of the 
myopic eyes demonstrated a frank prolate shape, however. 

 Lim and colleagues [ 99 ] looked at a subset of Singaporean 
Chinese boys enrolled in a population-based study in 
Singapore. Eye shape was assessed from 3-dimensional 
models, and the diameters along the cardinal axes were 
recorded. Myopic eyes were larger and had greater surface 
area, as would be expected. The eyes were larger along the 
longitudinal axial length and transverse diameter, but appar-
ently not the vertical diameter in the coronal plane. The myo-
pic eyes had a prolate profi le in the axial plane. Thus even in 
younger individuals, the eyes appeared to have differing size 
and shape. Ohno-Matsui and associates [ 96 ] evaluated myo-
pic eyes and divided the posterior curvature of the eye into 
four types. The fi rst three types all appear to be variations on 
a prolate shape with the apex of the curve located at the optic 
nerve, the central macula, or just temporal to the center of the 
macula, but the presence or absence of staphylomas as an 
infl uencing characteristic was not stated. The fourth shape 
was termed irregular, because the curvature was not smooth. 
Eyes with irregular curvature were signifi cantly older, had 
longer axial lengths, and were more likely to have myopic 
fundus lesions. It is not clear if the myopic fundus lesions 

were primarily associated with the irregular shape or the 
increased axial length and age. 

 Tomographic means show the general shape of the eye, 
but to be able to determine regional refractive effects, the 
shape abnormalities could have would require knowledge of 
the corneal shape and the refractive powers of the crystalline 
lens in different meridia, which cannot be determined with 
suffi cient accuracy from the tomographic images. Ordinary 
refractive evaluation and correction of the eye seeks to cor-
rect defocus and astigmatism of the image on the macula. 
That is, only the central acuity is optimized. An ideal lens in 
a camera system would form an image of a fl at plane as a fl at 
plane. With actual simple lenses the image formed is a 
curved image plane. The fi eld curvature makes it diffi cult for 
a rigid fl at sensor such as a digital sensor to produce a uni-
formly sharp image across this fi eld. The eye has a curvature 
inherent in its anatomy so fi eld curvature potentially is a 
desirable characteristic. The important consideration, of 
course, is if the fi eld curvature of the dioptric mechanism of 
the eye matches the anatomic curvature of the eye (Fig.  8.8 ). 
In many emmetropic eyes the periphery is relatively myopic, 
and this relative myopia increases with accommodation 
[ 100 ]. In high myopia there is an axial lengthening of the eye 
so that there is an increasing difference between the distance 

a b

  Fig. 8.8    ( a ) Shows the cross section of an emmetropic eye with its 
typical mild oblate shape. Three different image planes are shown by 
the  dashed lines , all of which intersect the fovea posteriorly. The  white 
dashed line  falls on the peripheral retina as well. The  blue dashed line  
demonstrates an image plane in which the periphery is relatively 
 myopic as compared to the posterior pole. This is a common occurrence 
in emmetropes, particularly if there is accommodation. The  red dashed 
line  shows the image plane that falls behind the retinal surface in the 

periphery. In this case the periphery is relatively hyperopic as compared 
with the posterior pole. ( b ) In highly myopic eyes the eye shape is more 
prolate. This causes an exaggerated amount of peripheral hyperopia, 
which is common in high myopes. The signifi cance of this occurrence 
is in emmetropization, which seems to strike a balance minimizing the 
refractive error across the whole eye, even though we consider foveal 
vision to be the most important. The peripheral hyperopia may create a 
drive toward increasing myopization of the posterior pole       
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from the nodal point of the eye to the posterior pole as com-
pared with the equatorial regions. This means the periphery 
is typically relatively hyperopic as compared with the 
 posterior pole in high myopes, with the amount of relative 
hyperopia increasing with the increase in myopia because 
the eye does not expand symmetrically in axial myopia. As 
eyes become more prolate, the differences in refraction 
become more evident [ 101 – 106 ]. Relative hyperopia of the 
periphery has been documented in many large studies 
[ 101 – 109 ]. 

 Animal models of myopia show that both defocus and 
form deprivation lead to myopia, even if the fovea is ablated 
[ 110 – 113 ]. After foveal ablation monkeys reared with 
occluders that caused form deprivation only in the periphery 
developed myopia to the same degree as animals not under-
going foveal ablation that still had peripheral occlusion 
[ 110 ]. Animals undergoing foveal ablation that were not hin-
dered in emmetropization [ 111 ] and generalized form depri-
vation still caused myopia. The peripheral refractive errors 
were not different in eyes having foveal ablation as com-
pared with those who did not [ 112 ]. Peripheral retinal defo-
cus induced myopia even if there was foveal ablation [ 113 ]. 
These fi ndings establish the importance of the periphery in 
the development of form-deprivation myopia. Chicks reared 
with concentric two zone lenses were evaluated for amount 
of emmetropization in the face of varying imposed refrac-
tions [ 114 ]. The posterior portion of the eye appeared to con-
tribute to the overall refraction of the eye in proportion to its 
surface area. Summarizing this new information with what 
has already been presented in this chapter, the eye has local 
mechanisms that infl uence eye growth, but there appears to 
be some larger acting mechanisms that extend beyond these 
local regions to affect growth of the posterior portion of the 
eye. In terms of surface area, the periphery is the most impor-
tant, but in everyday life refraction of the eye is optimized for 
the fovea. This same optical correction may then place the 
periphery at increased amount of hyperopic defocus. The 
drive toward emmetropization appears to involve the whole 
eye, weighing the periphery and posterior pole on a surface 
area basis. Therefore while the eye may be grossly large and 
the macula has a myopic refractive error, the periphery is still 
hyperopic because of the shape of the eye and fi eld curvature 
(Fig.  8.8 ). This may compound the propensity to develop 
increasing amounts of myopia. 

 Because of the signifi cance of the periphery in the devel-
opment of axial myopia, some studies have tested the 
hypothesis that peripheral hyperopia may precede, or at least 
be predictive of, the development of axial myopia. The 
effect, if present, seems relatively small. Relative peripheral 
hyperopia was seen to precede the development of axial 
myopia in a prospective study over 8 years involving 605 
children [ 104 ]. A study of 105 children over a period of 1.26 
years did not fi nd evidence of the same, although the 

 statistical power of this study was limited [ 115 ]. A larger 
study done by Mutti of 774 myopic children followed from 
Grades 1–8 found a modest predictive effect for myopia by 
peripheral hyperopia [ 109 ]. The risk appeared to vary by eth-
nic group. A limitation of this line of reasoning is the image 
quality in the periphery is a function of a number of features 
such as defocus, oblique astigmatism, spherical aberration, 
coma, and chromatic aberration [ 116 – 119 ]. It appears likely 
that peripheral image degradation contributes to the forma-
tion of myopia, but simple defocus is only one of many 
potential contributors to decreased image quality. Indeed the 
peripheral retina appears to weigh the amounts of image blur 
caused by radial versus tangential astigmatism as one means 
of providing a feedback signal [ 103 ,  120 ]. 

 The shape of the eye, as manifested by scleral expansion, 
is at the heart of myopia. The experiments in animals are 
relatively recent in human scientifi c endeavors and are likely 
to hold the keys to unlocking many of the mysteries of myo-
pia. Animal experiments may have limited utility as they 
apply to humans. If the fovea contributes to the signal mod-
ulating eye expansion in relation to its surface area, the 
periphery would be more important just because of area rea-
sons alone. A second important point is humans, who 
depend extensively on fovea vision for reading and other 
close tasks, may differ from monkeys in the relative propor-
tion that the periphery accounts for in the development of 
myopia. Of interest, though, is the list of chorioretinal con-
ditions associated with myopia previously mentioned in this 
chapter was predominated by diseases that primarily affect 
the peripheral vision fi rst. Thus evaluation of the peripheral 
visual function appears to be an important area for future 
myopia research.  

8.8     Shape Alterations Across Smaller 
Units of Scale 

 After evaluating the general shape of the eye, the next lower 
unit of scale would be to evaluate regional variations. Large 
regional variations in eye shape usually are manifested as out-
pouchings of the eye. These outpouchings are known as 
staphylomas. The principle area affected by staphylomas is 
the same as that affected by general expansion of the eye, 
namely, the posterior portion of the eye. Ocular abnormalities 
associated with staphylomas include subretinal fl uid [ 121 , 
 122 ], choroidal neovascularization [ 123 ], polypoidal choroi-
dal vasculopathy [ 124 ], retinal detachment [ 125 ], myopic 
macular schsis [ 126 ,  127 ], peripapillary intrachoroidal cavita-
tion [ 128 ], macula intrachoroidal cavitation [ 129 ], pits [ 130 ], 
choroidal folds [ 131 ], and tilted optic nerve appearance. For 
the most part these topics are discussed in the chapter devoted 
to staphylomas. Tilting of the optic nerve will be covered in 
part here, but for the most part in the chapter “Optic Nerve.” 
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 The nonuniform mechanical expansion of the eye shifts 
the plane of the optic nerve from pointing toward the geo-
metric center of the vitreous cavity to point toward the 
nearest foci of the ellipse describing the shape of the pos-
terior pole. Since the shape of the posterior portion of the 
eye in high myopia is prolate, the nerve shifts such that a 
normal to its surface points more posteriorly than what is 
seen in a myope. This causes the anterior edge to be for-
ward of the posterior edge along a transverse plane than 
what would be seen in an emmetrope. This shifting of ori-
entation is compounded by the frequent development of 
distension of the globe with coexistent atrophy of the cho-
roid and retinal pigment epithelium by a roughly triangu-
lar-shaped area inferotemporal to the optic disc known as 
the conus. 

 The terminology used to describe tilted discs is subopti-
mal. There are three axes of rotation possible and in aviation 
each of the movements has a different name. As shown in 
Fig.  8.9 , these are yaw, roll, and pitch. Translated to the eye 
tilting of the optic nerve usually corresponds to yaw. The long 
axis of the nerve may be rotated, usually with the top of the 
nerve being rotated temporally. This is often referred to as 
torsion of the nerve (corresponding to roll in an airplane), 
although often the term tilt is used to refer to both tilt and tor-
sion. There is no commonly used term to signify the amount 
that the superior part of the nerve may be in front or behind 
the bottom portion, although the aviation term pitch seems 
perfectly usable.

   The effects related to ocular expansion of the posterior 
segment may produce recognizable alterations on even 
smaller units of scale. 

8.8.1     Ectasia of the Sclera and Intrascleral 
Cavitations Related to Emissary 
Openings 

 With expansion of the eye, the sclera becomes thinner. 
Emissary vessels ordinarily penetrate the eye, often at 
oblique angles, and course through the sclera toward the 
choroid. With scleral thinning these passageways become 
much shorter. The internal openings of the emissary open-
ings seem to become stretched and enlarged (Figs.  8.10 , 
 8.11 , and  8.12 ). Concurrently the structures supplied by 
arterioles, such as the choroid, thin and in some areas are 
obliterated. As a consequence the vessels that used to sup-
ply these structures also become attenuated. These emissary 
openings are evident as funnel-shaped depressions associ-
ated with threadlike vessels emanating from the deeper 
sclera. Because the course of the emissary passageway often 
is at a shallow angle to the sclera, the opening of the emis-
sary itself can be tilted. These openings typically are noticed 
in the context of profound atrophy of the choroid, retinal 
pigment epithelium, and overlying retina. In some cases 

there can be a full- thickness defect of the overlying retina. 
Successive OCT scans across the opening reveal retinal 
 tissue and then also inner lamellae of sclera over the 

b

a

c

Roll

Yaw

Pitch

  Fig. 8.9    Terminology used to describe axes of rotation. ( a ) With an 
airplane the movements around the 3 axes of rotation are termed yaw, 
roll, and pitch. ( b ) Overlaying this to optic nerve highlights the 3 axes 
of rotation. ( c ) The terminology employed in ophthalmology uses the 
term tilt to signify yaw, although the term also has been used to refer to 
what is better termed torsion, which corresponds to roll. There is no 
term used at present that is analogous to pitch. The imprecision induced 
by the lack of terminology means many authors use the term tilt to 
signify a variety of different things       
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 passageway as the region of interest approaches the inner 
edge of the funnel. The draping of retinal tissue creates a 
closed space in which three sides are the cavity in the sclera 
and the roof is the retina. The addition of scleral fi bers cre-
ates a true intrascleral cavitation. These exaggerated open-
ings are found in regions where there are numerous 
emissaries, profound atrophy, and marked ocular expansion 
and thus are most commonly found near the nerve [ 130 ]. 
However they can be found well away from the nerve as 
illustrated in Fig.  8.10 .

8.8.2          Irregularities of the Thinned Sclera 

 With ocular expansion the sclera becomes increasingly 
thinned, probably as the combined result of stretching and 
remodeling. The effects of this thinning does not appear to 

be uniform, and the resultant sclera, as visualized using 
OCT techniques that enable deeper visualization, shows 
remarkable variation in thickness in many high myopes 
(Fig.  8.13 ).

8.9         Summary 

 This chapter reviewed the embryology, anatomy, and physi-
ologic function of the sclera in normal eyes and examined 
the alterations that occur in the development of myopia and 
its complications. The feedback loops involved in emme-
tropization and myopization that involve the sclera seem to 
be the basis of developing myopia. Greater understanding of 
these processes would seem to offer the simple possibility of 
pharmacologic prevention of myopia, and its consequences, 
in the fi rst place.     

a b

d

c

  Fig. 8.10    Expansion of scleral emissary passageways and openings. 
( a ) This patient had an oval depression ( arrowheads ) that allowed the 
passage of a blood vessel ( arrow ). ( b ) The corresponding OCT scan 
shows the depression between the  arrowheads  but also shows the 
expansion of the emissary passageway ( open arrow ) such that there was 
a full-thickness defect in the sclera visible. Note how thin the sclera is 
temporal to the opening. ( c ) This eye had a circular depression as 

 outlined by the  arrowheads . Note the absence of the choroid and the 
visibility of a deeper vessel ( arrow ). ( d ) Upper OCT taken at the  green 
arrow  in (c) shows the deep depression and scleral ectasia present. The 
 blue arrow  points to the same vessel as that shown in (c). The lower 
OCT was taken slightly inferior to the upper OCT and shows retina 
draping across the scleral opening       
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a b

c d

  Fig. 8.11    Successive scans spaced 300 μm apart near the optic nerve 
in a highly myopic eye. ( a ) In this picture and all the remaining ones the 
scleral ring at the border of the optic nerve is shown by the  arrowhead . 
On either side is a pit like depression. To the left is a depression related 
to an emissary opening and to the right is an acquired pit in the nerve. 

( b ) A scan taken 300 μm inferior to (a) shows a band of retinal tissue 
over the emissary passageway ( arrow ). ( c ) Inferior to (b) there appears 
to be scleral tissue over the passageway creating an intrascleral cavity. 
( d ). Inferior to (c) the emissary is exposed to the outer portion of the 
sclera. Note the tear in the lamina cribrosa ( cyan arrow )       
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        The    choroid is situated between the sclera and Bruch’s 
 membrane and most of its substance is occupied by blood 
vessels; more than 70 % of all of the blood fl ow to the eye 
goes to the choroid [ 1 ]. The photoreceptors have the highest 
rate of  oxygen use per unit weight of tissue in the body [ 2 ], 
and nearly all of that is accounted for by the mitochondria of 
the inner segments. The retinal circulation, which is about 
5 % of the blood fl ow to the eye, supplies the inner retina, but 
the choroid supplies the oxygen used by the outer retina, 
including the inner segments. The choroid is the only source 
for the avascular fovea. The choroid has additional functions 
including acting as a heat sink [ 3 ], absorbing stray light, par-
ticipating in immune response and host defense [ 4 ], and is an 
integral part in the process of emmetropization [ 5 ]. Although 
the ocular manifestations of high myopia have become 
apparent over the past centuries, appreciation of the abnor-
malities within the choroid has occurred only recently. High 
myopia is associated with profound changes in the choroid 
that are important in the pathogenesis of many important 
visually signifi cant abnormalities. Advances in imaging have 
greatly increased our ability to visualize the choroid, provid-
ing an opportunity to better understand the choroid in health 
and disease. 

9.1     The Embryology and Anatomy 
of the Choroid 

9.1.1     Embryology 

 Each optic vesicle forms as outpouching of the forebrain. 
This vesicle invaginates to form a double-walled optic cup. 
The inner layer of the cup is destined to form the retina and 

the outer layer, the retinal pigment epithelium (RPE). The 
inferior portion of the cup initially has a gap that forms the 
choroidal fi ssure, which allows access for the hyaloid artery 
to enter the eye. Eventually the gap closes. The uvea devel-
ops from the mesoderm and migrating neuroectoderm that 
surround the optic cup. Mesodermal cells start to differenti-
ate into vessels around the same time that the RPE appears. 
The choriocapillaris starts to form at about the fi fth to sixth 
week. The basal lamina of the RPE and of the choriocapil-
laris defi nes the boundaries of the developing Bruch’s mem-
brane by week 6 [ 6 ]. The choriocapillaris becomes organized 
with luminal networks well before the rest of the choroidal 
vasculature develops. The posterior ciliary arteries enter the 
choroid during the eighth week of gestation, but it takes until 
week 22 before arteries and the veins become mature. 
Melanocyte precursors migrate into the uveal primordia 
from the neural crest at the end of the fi rst month but start 
differentiating at the seventh month. The pigmentation of the 
choroid begins at the optic nerve and extends anteriorly to 
the ora serrata. This process is complete by about 9 months 
[ 7 ]. The sclera is derived from mesenchymal condensation 
starting anteriorly and completing posteriorly by week 12.  

9.1.2     Choroidal Anatomy 

 The choroid is an unusual structure primarily composed of 
blood vessels but also has connective tissue, melanocytes, 
and intrinsic choroidal neurons. Birds have fl uid-fi lled lacu-
nae identifi ed as true functional lymphatic system in their 
choroid [ 8 ]. Although humans don’t have a lymphatic sys-
tem in the eye, Schroedl and associates found human cho-
roids have macrophage-like cells that stain positively for a 
lymphatic endothelium-specifi c marker, lymphatic vessel 
endothelial hyaluronic acid receptor [ 9 ]. Humans also have 
cells with nonvascular smooth muscle-like elements in the 
choroid [ 10 ,  11 ]. These cells are located around the entry of 
posterior ciliary vessels and nerves, along the vessels in the 
posterior segment, and under the foveal region. It has been 
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proposed the arrangement suggests the cells, which have 
actin contractile elements, may help stabilize the position of 
the fovea during accommodation [ 12 ]. The human choroid 
has intrinsic choroidal neurons, which have been theorized 
to participate in autoregulation of blood fl ow [ 13 ]. The cho-
roid is attached to the sclera by strands of connective tissue 
which are easily separated anteriorly creating a potential 
space between them, the suprachoroidal space. 

 The blood from the short PCAs enters the eye and trav-
els through successively smaller branches of arterioles 
within the choroid. The choroid is traditionally thought to 
be arranged in layers of vessels from the outer to inner part 
of the choroid labeled as Haller’s layer, Sattler’s layer, and 
the choriocapillaris. Haller’s layer contains larger choroidal 
vessels, while Sattler’s layer has medium-sized vessels that 
branch inwards to supply the choriocapillaris. There is no 
distinct border between Haller’s and Sattler’s layers or even 
an established defi nition of what is meant by large or 
medium. In actuality Sattler thought there were remnants of 
a tapetum in humans. He proposed this was in the middle 
choroid, and initially the term Sattler’s layer wasn’t used to 
designate the blood vessels. The blood then enters the cho-
riocapillaris, a densely packed monolayer of fused large- 
bore fenestrated capillaries. The network of vessels in the 
choriocapillaris is tightly packed in the posterior portion of 
the eye, but the structure becomes looser in the periphery. 
The vitality of the choriocapillaris is maintained in part by 
constitutive secretion of vascular endothelial growth factor 
(VEGF) by the RPE [ 14 ]. The choriocapillaris is highly 
polarized [ 15 ] with the internal surface having    multiple 
localized areas of thinning of the capillary wall known as 
fenestrations. These thinner areas appear to facilitate the 
passage of material out of the capillaries and direct the fl ow 
toward the RPE. The number of fenestrations is more 
prominent in the submacular area as compared with the 
mid- or far periphery [ 16 ]. Similarly sized vessels in the 
retina do not have fenestrations. Soluble VEGF isoforms 
are required for fenestrations to occur in the choriocapil-
laris [ 14 ], and these fenestrations disappear with VEGF 
withdrawal [ 17 ]. In experimental myopia the choriocapil-
laris becomes less dense (Fig.  9.1 ), with decreased capil-
lary lumens and a loss of fenestrations [ 18 ]. Also in myopes, 
as will be seen, the choroid is thinner than in emmetropes 
and the vascular diameter of larger choroidal blood vessels 
is less as well.

   Blood from the choriocapillaris collects into venules that 
lead into larger venules that course in the outer choroid 
toward the ampulla of the vortex veins. The typical vortex 
vein passes obliquely through the sclera for a distance of 
about 4.5 mm as it exits the eye. Some drainage of the ante-
rior choroid occurs through the anterior ciliary veins into the 
ciliary body. There are often four vortex veins per eye, with 
the ampulla of the vortex veins lying at the equator of the 

eye. The number can range from three to eight [ 19 ]; in high 
myopes there is often more than four and there may be pos-
terior vortex veins known as ciliovaginal veins, which drain 
near or through the optic nerve foramen (Fig.  9.2 ) [ 20 ]. The 
number and confi guration of vortex veins is different in 
myopia; since myopia develops over time, the implication is 
that what appears to be additional vortex veins in myopia is 
acquired. The vortex veins drain into the superior and infe-
rior ophthalmic veins [ 21 ].

9.2         Blood Flow Within the Choroid 

 Hayreh discovered many of the fascinating features of the 
choroidal blood fl ow from his observations of humans and 
monkeys [ 22 ]. The choroidal arteries do not anastomose 
with one another and each behaves like an end artery. There 
are no direct anastomoses between the PCAs or in arterial 
supply within the choroid. There is potential for local fl ow 
alterations to occur in the choriocapillaris based on pressure 
fl uctuations. Once the blood leaves the choriocapillaris, it 
enters another segmented system the venous outfl ow from 
the eye. The segmentation of the venous system is different 
from that of the arterial system. 

 In the early phase of fl uorescein angiography, it is com-
mon to see areas of the choroid that do not appear to fi ll with 
dye as quickly as adjacent regions. The pressure of the blood 
is reduced from about 75 % of the systemic blood pressure at 
the short PCAs to that in the choriocapillaris, which has been 
measured in rabbits to be approximately 5–9.5 mmHg greater 
than the intraocular pressure [ 23 ]. The efferent and afferent 
vessels set up pressure gradients within the choriocapillaris 
to create a lobular fl ow. The fl ow characteristics are thought 
to be more dependent on complex gradients rather than ana-
tomic patterns strictly dictated by choriocapillaris anatomy 
[ 24 ]. The designation of a watershed fi lling defect is made if 
the region of choroidal fi lling is delayed past the laminar 
fl ow stage of the retinal veins [ 25 ]. A common appearance of 
a watershed zone is a stripe, one to several millimeters wide, 
running vertically at the temporal border of the optic disc in 
which the choroid is not as hyperfl uorescent as surrounding 
areas [ 22 ]. This watershed zone is thought to be the bound-
ary between areas of the choroid supplied by the medial and 
lateral PCAs. Eyes with more than two PCAs have more 
watershed zones, with a vertical stripe involving the optic 
nerve region and a number of radiating lines extending from 
the nerve seen dependent on the actual number of PCAs. 
Venous watershed zones exist for the venous circulation and 
form a cruciate pattern centered slightly temporal to the optic 
nerve [ 22 ]. In times of decreased perfusion, watershed zones 
may represent the regions with the poorest fl ow since they 
are at the shared boundaries of non-overlapping systems. 
The peripapillary choroid is a very important region of the 
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  Fig. 9.1    Scanning electron micrographs of corrosion casts of the 
 choroidal vasculature in control and myopic chick eyes at the fourth 
week. ( a ,  b ) The control eye (left) has a greater vascular density of 
larger vessels serving the choriocapillaris ( arrows ) than the myopic eye. 
The arterioles are designated by ( a ) and the venules ( v    ). ( c ) The 

 choriocapillaris seen en face in a control eye has the expected high 
 vascular density. ( d ) In a representative myopic eye, the individual 
 vessels of the choriocapillaris have a lower packing density, and 
the vessels are smaller and more tubelike (Derived from Hirata and 
Negi [ 18 ])       
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choroidal vascular bed because of its important role in the 
blood supply of the anterior part of the optic nerve, including 
the optic disc [ 26 ].  

9.3     The Regulation of Choroidal 
Blood Flow 

 Although almost every tissue in the body has some form of 
autoregulation, the extent of the autoregulation of the cho-
roid is controversial and contradictory. Some investigators 
have shown the choroid has no autoregulation when the per-
fusion pressure gradient is decreased by raising the intraocu-
lar pressure (IOP) [ 27 ,  28 ]. Other investigators have shown 
the choroidal blood fl ow varies with IOP, perfusion pressure 
[ 29 ], endogenous nitric oxide production [ 30 ], and vasoac-
tive secretory production of choroidal ganglion cells [ 31 ]. 
Various studies have suggested the choroid has some auto-
regulatory capacity during changes in ocular perfusion pres-
sure [ 32 – 34 ]. Moreover, Polska and associates found that the 
mechanisms regulating choroidal blood fl ow in the human 
fovea compensate better for an increase in arterial blood 
pressure than for an increase in intraocular pressure [ 32 ]. 

Autoregulation in regular tissues usually keeps the oxygen 
partial pressure at a relatively low level but the inner cho-
roid’s oxygen partial pressure is so high that it is likely that 
the choroidal circulation is regulated by other factors. For 
example, CD-36 is a scavenger receptor expressed in the 
basal RPE. Houssier and associates showed that CD-36- 
defi cient mice fail to induce COX-2 and subsequent VEGF 
synthesis at the level of the RPE and develop progressive 
degeneration of the choriocapillaris [ 35 ]. Therefore, CD-36 
binding by the RPE, such as what happens in the normal pro-
cess of phagocytosis of the photoreceptor outer segments, 
seems to be one of the factors maintaining the vessels of the 
inner choroid. 

 One explanation for what may appear to be incomplete 
autoregulation is that the choroidal blood fl ow is much higher 
than in other tissues and has a low oxygen extraction ratio. 
Autoregulation is an adaptive compensatory  mechanism to 
adjust blood fl ow according to the local needs of the tissue 
supplied. The high oxygen partial pressure and low oxygen 
extraction imply, though, that the fl ow in the choroid is main-
tained at a level much greater than the local needs of the 
choroid or RPE would ordinarily seem to dictate. On the 
other hand, the O 2  delivered to the outer retina is consumed 
in its entirety by the mitochondria in the inner segments of 
the photoreceptors. It seems unlikely that a direct feedback 
mechanism exists between the oxygen utilization by the 
inner segments of the photoreceptors and the choriocapillaris 
as diseases that cause acute destruction of the outer retina 
such as acute zonal occult outer retinopathy are not associ-
ated with decreased thickness of the choroid [ 36 ]. There are 
likely to be indirect trophic mechanisms that haven’t been 
elucidated so far.  

9.4     Other Choroidal Functions 

 There have been other reasons proposed for the large blood 
fl ow in the choroid. The amount of light energy delivered to 
the retina by incoming light is insuffi cient to cause a signifi -
cant elevation in temperature and thus is an unlikely explana-
tion [ 37 ]. It is possible that the high metabolism in the outer 
retina may produce enough heat to require mechanisms to 
reduce the local temperature. The high blood fl ow may help 
conduct heat away from the outer retina/RPE complex. The 
choroid contains melanocytes which improve optical func-
tion by absorbing scattered light and may also indirectly pro-
tect against oxidative stress. These melanocytes exist in an 
environment of high O 2  partial pressure, which along with 
the light exposure may be a risk factor for malignant trans-
formation to melanoma. Melanocytes in human RPE are par-
ticularly rich in zinc and may serve as a reservoir for this 
metal ion [ 38 – 40 ].  

  Fig. 9.2    Otto Haab, a prominent Swiss ophthalmologist, described 
posterior venous drainage in high myopes and called the vessels poste-
rior vortex veins, a name still used today. In this color drawing, taken 
from the third edition of Haab’s atlas, a prominent vein is seen to exit 
the choroid superonasal to the nerve. Two smaller vessels are seen at the 
inferior border of the nerve. The drawing is an accurate refl ection of the 
posterior venous drainage in high myopes. Unlike the typical vortex 
veins in the periphery, the posterior vortex veins do not have an ampulla 
or a spray of contributing vessels       
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9.5     Imaging the Choroid 

 Because of its localization between the overlying pigmented 
RPE and the underlying opaque and rigid fi brous sclera, the 
choroid is diffi cult to visualize with conventional imaging. 
Methods employing light refl ection or fl uorescence genera-
tion are impeded by the pigment in the RPE and choroid. 
Conventional OCT is affected by the effects of melanin and 
also the scattering properties of the blood and blood vessels. 
The choroid    is a deeper structure and the depth affects the 
detection sensitivity. 

9.5.1     Angiography 

 Fluorescein is stimulated by blue light with a wavelength 
between 465 and 490 nm and emits at a green light with the 
peak of the emission spectral curve ranging between 520 and 
530 nm and a curve extending to approximately 600 nm. Both 
the excitation and emission spectra from fl uorescein are 
blocked in part by melanin pigment, which acts to decrease 
visualization of the choroid. Fluorescein extravasates rapidly 
from the choriocapillaris and fl uoresces in the extravascular 
space, and this also prevents delineation of the choroidal anat-
omy. The analysis of the choroid using fl uorescein angiogra-
phy is also limited by light absorption and scattering by the 
pigment in the RPE and choroid and by the blood in the cho-
roid. Gross fi lling of the choroid can be seen, as can the con-
verse, choroidal fi lling defects. Diseases causing arteritis 
such as giant cell arteritis or Wegener’s granulomatosis can 
cause regions of decreased perfusion of the choroid. The 
actual visualization of the various vessels in the choroid is not 
practical with fl uorescein angiography. Therefore estimations 
of vascular density of the choroid are not easily done. On the 
other hand, fl uorescein angiography is ideal for visualizing 
retinal vascular abnormalities and many forms of choroidal 
neovascularization (CNV), particularly classic CNV. 

 Indocyanine green (ICG) absorption peak is between 790 
and 805 nm and it fl uoresces in a somewhat longer 
 wavelength range, depending on the protein content and pH 
of the local environment. The longer wavelengths used have 
the attribute of penetrating the pigmentation of the eye better 
than the wavelengths used with fl uorescein angiography. The 
retinal pigment epithelium and the choroid absorbs up to 
75 % of blue-green light used for fl uorescein angiography 
but only up to 38 % of the near-infrared light used for ICG 
angiography [ 41 ]. ICG is 98 % protein bound, with 80 % 
binding to larger proteins such as globulins and alpha-1- 
lipoproteins [ 42 ,  43 ]. The amount of fl uorescence derived 
from ICG during typical angiographic examination is much 
less than that obtained from fl uorescein, and the resultant 
light is in the near-infrared wavelengths. Because of the poor 

sensitivity to near-infrared light by photographic fi lm, the 
fi rst practical imaging of ICG fl uorescence in the clinic 
awaited commercial availability of digital charge-coupled 
devices (CCDs). 

 ICG is highly protein bound, so there is less opportunity 
for the dye to leak from the normal choroidal vessels. During 
the earlier phases of ICG angiography, the choroidal vessels 
are visible. The vertical summation of the choroid is seen, 
making it diffi cult to delineate individual layers of vessels. 
Over the course of the angiogram, some staining of the extra-
vascular tissue particularly Bruch’s membrane occurs, 
obscuring visualization of deeper structures. This means 
fl ow can be estimated by looking at the early frames of the 
ICG angiogram, but later phases can’t be used for the same 
purpose. 

 Early after the availability of ICG angiography, many dis-
eases were investigated, and new information that was not 
obtainable by fl uorescein angiography was generated. Much 
of this information was interesting from a research stand-
point, but did not have practical clinical utility. For real- 
world use ICG is most helpful in diagnosing and evaluating 
polypoidal choroidal vasculopathy and central serous cho-
rioretinopathy. Secondary uses include evaluation of choroi-
dal infl ammatory diseases, angioid streaks, choroidal tumors, 
and in providing rough estimates of choroidal blood fl ow. 
The advent of widespread use of autofl uorescence imaging 
and optical coherence tomography (OCT) methods to evalu-
ate the choroid has largely supplanted ICG angiography for 
these secondary uses.  

9.5.2     Ultrasonography 

 Contact b-scan ultrasonography typically uses a 10 MHz 
probe placed on the eyelid. The probe used contains a piezo-
electric crystal that is stimulated to vibrate by a short dura-
tion of an electrical driving current. Refl ected sound waves 
cause the crystal to vibrate, which through the piezoelectric 
effect causes an electrical current. Sound decreases in inten-
sity with increasing distance because of divergence of the 
sound beam and attenuation of the sound by the intervening 
tissue. Thus refl ected sound waves vary in strength with the 
depth of the refl ecting structure in the eye. To compensate 
for the decrease in signal strength with time of fl ight, the 
gain of the amplifi er is increased over the detection interval. 
Depth information is derived directly from time-of-fl ight 
information and the speed of sound through the medium 
involved. The direction of the crystal then is rotated slightly 
by a motor within the probe to successively build a two- 
dimensional image, a b-scan. 

 Although each a-scan is shown as a needle thin line within 
the b-scan image, the actual situation is far different. The 
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piezoelectric crystal has some focusing ability, but in reality 
the sound beam produced by a piezoelectric crystal in a con-
ventional b-scan probe has a main lobe and several side lobes 
[ 44 ]. Even the main lobe can be 1 mm in diameter at the 
surface of the retina. The side lobes add to the ambiguity of 
the refl ection as does scattering within the eye. Given the eye 
is a curved structure, the wide probing beam produces a 
returning echo from any given region in the posterior portion 
of the eye that is smeared over an interval of time. The wave-
lengths used in ultrasonography dictate a theoretical axial 
resolution of about 150 μm, but the actual resolution in clini-
cal use the resolution is much lower. For example, a typical 
b-scan of the optic nerve will not show the cup unless there 
is a very high cup to disc ratio because of the broad diameter 
of the sample imaged. Another signifi cant problem with 
ultrasonography is the exact location of the image obtained 
is not known. The general region can be estimated by evalu-
ating relationships with neighboring structures and by trying 
to imagine where the probe is aimed. 

 In non-pathologic conditions the refl ectivity of the choroid 
is diffi cult to distinguish from the overlying retina and the 
underlying sclera. In high myopes the thickness of the cho-
roid can easily be less than the resolution of contact b-scan 
ultrasonography, making any meaningful imaging of the cho-
roid in populations of high myopes impossible. Contact 
b-scan ultrasonography is useful to examine the general con-
tour of the eyewall and to visualize staphylomata   .   

9.6     Optical Coherence Tomography 

9.6.1     Interferometry 

 In dry air, the speed of sound is 343.2 m/s. The sound veloc-
ity in an average phakic eye is 1,555 m/s [ 45 ]. This means 
that the time it takes sound to travel the length of a phakic 
eye with an axial length of 24 mm is approximately 15.4 μs, 
which is easy to measure. Because light travels very rapidly 
(3 × 10 8  m/s), it is not possible to measure the time-of-fl ight 
delay on a micron-scale level of resolution using an external 
system of time measurement. The time it takes light to travel 
a micron is the same or less than it would take an electron to 
travel the same distance in an electronic circuit. Measurement 
of multiple refl ections with a detector and the subsequent 
required electronic circuitry requires conduction paths for 
electrons that are much longer than the variations in path 
length of the light rays. However, light rays have a repeating 
characteristic inherent in their own wave properties. A clever 
way to time how long light takes to travel a given distance is 
to use the wave-like character of the light itself as its own 
internal clock. Phase differences in waveforms can be 
detected and reveal very small changes in time of fl ight. That 
is what a Michelson interferometer does; the wavelength of 

the light is used as its own timing standard. The micron-scale 
resolution is achieved by comparing the time of fl ight of the 
sample refl ection with the known delay of a reference refl ec-
tion by using interference to fi nd phase differences in the 
light waves. 

 Coherency of light is a measure of how correlated one 
wave of light is with another. Temporal coherency is a mea-
sure of how correlated one wave of light is with another gen-
erated at a different time. Coherence length is the distance 
light would travel during the coherence time. Light produced 
by a conventional laser has a long coherence time because 
one wave of light is similar to other waves of light produced 
at times before or after. It is possible to produce light with a 
short coherence length. In this situation the waveform of 
light produced is the same for all of the light rays produced 
at any one instance, but this waveform is different from other 
waveforms produced at other times. This approach essen-
tially puts a time stamp on the waveform. Low-coherence 
light split into a reference arm can only interfere with light 
from the sample arm if the path lengths are the same or are 
nearly the same. 

 In time-domain OCT each point in the tissue is sampled 
one at a time. The probing beam illuminates the tissue, but 
information is obtained from a small portion of the tissue at 
any given instant. This means time-domain OCT is less effi -
cient at extracting information from tissue at any given total 
light exposure. The total amount of light that can be deliv-
ered to tissue is limited by safety standards. Spectral-domain 
(SD) OCT takes the light from the interferometer and passes 
it through a grating to separate out the component wave-
lengths. Using a Fourier transform it is possible to determine 
where, and how strongly, different refl ections in the sample 
arm originated from simultaneously. In effect all layers pro-
duce signal during each a-scan. Because of this feature 
SD-OCT devices are much more effi cient at extracting infor-
mation from tissue at any given light exposure. This increase 
in effi ciency is often translated to increased scanning speeds 
such that SD-OCT instruments typically scan the eye with 
speeds up to 100 times faster than time-domain OCT instru-
ments. There are some problems inherent in SD technology. 
The deeper tissues produce higher frequency signals, but the 
way the grating and detector sample this frequency is not 
linear. The higher frequencies are bunched together to a 
greater extent than lower frequencies. In addition the sensi-
tivity of the detection decreases with increasing frequency. 
This causes SD-OCT to have decreasing sensitivity and reso-
lution with increasing depth. 

 A consequence of the decreasing sensitivity is the cho-
roid cannot be imaged in many emmetropes with convention 
SD-OCT. Eyes with high myopia have thinner choroids and 
a relative depigmentation, making it possible to visualize 
the full thickness of the choroid in many eyes with con-
ventional SD-OCT. Because a Fourier transform is used, 
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two conjugate images are developed from the interferomet-
ric signal. In practical use only one of these two images are 
shown, typically with the retina facing toward the top of the 
screen. If the peak sensitivity is placed posteriorly typically 
at the inner sclera, deeper structures such as the choroid can 
be seen. The upside down conjugate image of these struc-
tures is visualized and the right side-up image of structures 
in the orbit is blank because of the lack of any refl ected 
imaging information. This method of imaging the choroid is 
called enhanced depth imaging (EDI) OCT [ 46 ]. It is now 
simply performed with SD-OCT instruments, often by just 
selecting EDI in the software of the instrument. To improve 
the signal-to- noise ratio and therefore image appearance, 
many b-scans can be averaged together, typically using 
50–100 images. Segmentation of OCT images allows visu-
alization and measurement of various layers in the eye. In 
high myopes the choroid can be extremely thin, making it 
diffi cult to segment volume scans without attendant seg-
mentation errors. 

  Swept-source OCT (SS-OCT)  uses a frequency-swept 
light source and detectors, which measure the interference 
output as a function of time [ 47 ,  48 ]. The sensitivity of 
SS-OCT varies with depth as well, but the roll-off in sensi-
tivity is not as great as seen with SD-OCT. In addition 
SS-OCT uses a longer center wavelength, which has 
improved ability to penetrate through tissue. Therefore both 
the vitreous and choroid can be imaged simultaneously; 
there is no need to pick one or the other. There are trade-offs 
with swept-source OCT that have to be considered. Although 
longer wavelengths of light may penetrate tissue to a greater 
degree, the problem is water absorbs longer wavelengths of 
light. This restricts the range or bandwidth of wavelengths 
that can be used in the eye, since the vitreous is mostly water. 
Increasing the center wavelength has the effect of decreasing 
the resolution for any given bandwidth. Water absorption of 
longer wavelengths is an important impediment to expand-
ing the bandwidth of current 1 μm swept light sources, which 
limits the ability to overcome the decrease in resolution by 
increasing the bandwidth. Newer light sources operating at 
shorter wavelengths are being developed, and these light 
sources may avoid the problem of water absorption. For 
example, a SS-OCT using a large bandwidth light source 
with a center wavelength of 850 nm could provide very high 
speed, high resolution imaging with potentially less falloff in 
sensitivity with depth as compared with SD-OCT 
implementations. 

 No matter what the imaging modality is, high myopia rep-
resents special challenges for OCT. The extreme axial length 
of highly myopic eyes can represent diffi culties in obtaining 
a usable image. The posterior portion of the highly myopic 
eye often has staphylomata and curvatures of the eyewall 
appear exaggerated in OCT renderings. The zone in which 
images are obtained in most commercial OCT instruments is 

approximately 2 mm. Wide-angle scans image enough of the 
extent of a highly myopic eye that the vertical range of tissue 
can exceed the 2 mm window. Imaging of the areas outside 
of this 2 mm are seen as upside down conjugates. This pro-
duces artifactual image folding or mirroring. Imaging high 
myopes presents interesting opportunities however. The cho-
roid is thin and does not have much pigment, so with EDI- 
OCT or SS-OCT it is possible to visualize the full thickness 
of the sclera and even to see into the subarachnoid space 
around the optic nerve (Fig.  9.3 ).

9.7         Measurements and Reproducibility 
of Choroidal Thickness 

 There is a very good intersystem [ 49 ,  50 ], interobserver, and 
intervisit reproducibility [ 50 ] of manual choroidal thickness 
measurements. The interobserver repeatability is good using 
EDI-OCT [ 16 ,  46 ,  50 ,  51 ], Cirrus HD-OCT [ 49 ,  52 ], Optovue 
RTVue [ 16 ], and SS-OCT [ 50 ,  53 ]. The intersystem repro-
ducibility of choroidal thickness measurements has been 
assessed between EDI-OCT and SS-OCT [ 50 ] and also 
between three different SD-OCT devices: Cirrus HD-OCT, 
Spectralis using EDI module, and RTVue [ 49 ]. Tan and asso-
ciates found the intraclass correlation coeffi cient for interob-
server reproducibility of 0.994 but also the value of the mean 
difference between choroidal thickness measurements 
between graders that was 2.0 μm for 24 normal eyes of 12 
healthy subjects [ 51 ]. These levels of agreement are smaller 
than the diurnal variation in choroidal thickness in humans 
[ 51 ]. Automated segmentation methods are generally faster 
but substitute idiosyncrasies and biases of the coded algo-
rithm for idiosyncrasies and biases of a human observer. 
Wide area thickness maps and volume calculations are in 
beta testing stages at present and should be available in the 
near future.  

  Fig. 9.3    Swept-source OCT is able to provide visualization of the sub-
arachnoid space if there is peripapillary atrophy, which there usually is, 
particularly in the region of the conus [ 99 ]. Note the beams of tissue 
visible ( arrow )       
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9.8     Normal Subfoveal Choroidal 
Thickness 

 Margolis and Spaide investigated 54 normal, non-myopic 
eyes with a mean age of 50.4 years using the EDI-OCT and 
reported a mean subfoveal choroidal thickness of 287 μm 
(Fig.  9.4a ) [ 54 ]. Normal was defi ned as patients without any 
signifi cant retinal or choroidal pathologic features, uncon-
trolled diabetes or hypertension, and a refractive error less 
than 6 diopters of spherical equivalent. The choroidal-scleral 
interface has been identifi ed in 100 % of subjects in this 
study [ 54 ]. The authors showed that increasing age was cor-
related signifi cantly with decreasing choroidal thickness at 
all points measured. The subfoveal choroidal thickness was 
found to decrease by 15.6 μm for each decade of age [ 54 ]. 
Ikuno and associates investigated 86 non-myopic eyes of 
healthy Japanese patients with SS-OCT with a mean age of 
39.4 years and found a subfoveal choroidal thickness of 354 
μm. Ikuno and associates found that the choroidal thickness 
decreased by 14 μm for each decade of age [ 55 ]. The mean 
subfoveal choroidal thickness has been found to vary among 
studies from 203.6 μm in 31 eyes with a mean age of 64.6 
years [ 53 ] to 448.5 μm in 22 eyes with a mean age of 35.7 
years [ 56 ]. The refractive error and age has to be taken into 
account, as does diurnal variation, making comparison of 
general mean values impossible for many studies. These 
comparisons are further hindered by some studies reporting 
choroidal thickness in patient groups using techniques that 
could not visualize the choroidal-scleral junction in all eyes. 
The percentage of identifi cation of the choroidal-scleral 
interface was 74 % of 34 eyes in one series using SD-OCT 
[ 52 ], for example. Some studies excluded patients with ocu-
lar disorders [ 52 – 54 ], some excluded patients with ocular 
and systemic disorders [ 55 ,  57 ], and some mentioned they 
excluded patients with systemic disorders that might affect 
choroidal thickness [ 53 ,  54 ]. Even though these studies 

 propose to evaluate normal eyes, some of them included 
highly myopic eyes with a spherical equivalent error greater 
than −6 diopters [ 53 ,  57 ,  58 ].

   There are several possible reasons for the decrease in sub-
foveal choroidal thickness with age, such as loss of chorio-
capillaris, a decrease in the diameter of the choriocapillary 
vessels, decrease in luminal diameter of blood vessels, and, 
in some cases, a diminution of the middle layer of the cho-
roid [ 52 ,  59 ,  60 ]. Histologic evaluation of eye bank and 
autopsy eyes found a yearly decrease in choroidal thickness 
of 1.1 μm/year, which was less than the amount measured in 
vivo [ 54 ]. The differences may be related to measurement 
technique as the histologic specimens were measured in 
autopsy eyes, which by default had no blood pressure and the 
choroid is an infl ated structure [ 59 – 61 ]. 

 The choroidal thickness has also been found to fl uctuate 
with defocus in humans [ 62 ]. Maintenance of emmetropia 
is now known to depend on active mechanisms that sense 
image blur and then take steps to improve the image to 
include moving retina to reduce the blur and permanently 
altering ocular dimensions. Among the fi rst changes are an 
active increase or decrease in choroidal thickness that 
moves the retina, as shown in laboratory investigations in 
chickens [ 63 ,  64 ] and primates [ 65 ,  66 ]. Read and associ-
ates demonstrated that similar changes in choroidal thick-
ness occur in humans in response to short-term unilateral 
image blur [ 62 ]. The choroid was found to thicken with the 
myopic defocus condition and to become thinner with the 
hyperopic defocus [ 67 ]. Humans have a diurnal variation in 
choroidal thickness [ 51 ,  68 ] that is related in magnitude to 
the baseline thickness of the choroid and systolic blood 
pressure [ 51 ].  

9.9     Topography of Choroidal Thickness 

 In emmetropic eyes the choroid thickness varies topographi-
cally within the posterior pole: the choroid was thickest 
under the fovea with a mean value, and the choroidal thick-
ness decreased rapidly in the nasal direction. The choroidal 
thickness appears to be thinner in the inferior macula as 
compared with the superior macula [ 52 ,  53 ,  55 ,  57 ]. The 
inferior peripapillary choroid is thinner than all other quad-
rants around the nerve [ 69 ,  70 ]. The reason for this fi nding is 
not known, but the optic fi ssure is located in the inferior 
aspect of the optic cup and is the last part to close during 
embryology of the eye. Another factor may be this area is in 
the typical watershed zone in the choroidal circulation. In 
their study, Ho and associates found that the choroidal thick-
ness increases radially from the optic nerve in all directions 
in normal emmetropic patients and eventually approaches a 
plateau [ 69 ].  

a

b

  Fig. 9.4    Choroidal thickness in ( a ) a 31-year-old emmetrope and ( b ) a 
29-year-old −6 myope. Note the subfoveal choroidal thickness is 
decreased in the myope as compared with the emmetrope despite their 
relatively young ages       
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9.10     Imaging the Internal Structure 
of the Choroid 

 The basement membrane of the choriocapillaris forms the 
outer layer of Bruch’s and the intercapillary pillars of Bruch’s 
membrane separate the vessels of the choriocapillaris. The 
outer band of refl ectivity from the outer retina is ascribed to 
the RPE, but it is likely that Bruch’s membrane and therefore 
the choriocapillaris are incorporated in the summation of 
refl ection attributed to the RPE obtained with commercially 
available OCTs. Fong and associates have hypothesized that 
hyperrefl ective foci visualized beneath the Bruch’s mem-
brane line represent cross sections of feeding and draining 
arterioles and venules [ 71 ]. Larger choroidal vessels have 
hyporefl ective cores with surrounding hyperrefl ective walls. 
The luminal diameter of the images probably is proportional 
but not necessarily exactly equal to the lumen diameter of 
the corresponding vessel. It is possible that some portion of 
the outer blood column could be imaged as being part of the 
wall.  

9.11     The Choroid in High Myopia 

 The thickness of the choroid has been found to vary inversely 
with the age of the subject and the amount of myopic refrac-
tive error (Tables  9.1  and  9.2 ; Fig.  9.4b ). The choroidal thick-
ness varies inversely with the axial length, with the regression 
models being nearly equivalent to those using refractive error. 

This is probably because high myopes seen in a retina clinic 
are almost always axial myopes; as such this observation 
might not apply universally to the general pool of high 
myopes. In the process of becoming highly myopic, the eye 
appears to expand but does not make additional tissue. For 
example, the collagen weight of the sclera does not increase 
with the development of experimental myopia, it actually 
decreases. The choroid may well be stretched to a certain 
degree by the development of myopia without the creation of 
additional vasculature. This determination has not been made 
yet and would be best modeled over the expanse of the eye 
and not just the limited area currently imaged with commer-
cial OCT instruments. The decrease in thickness of the cho-
roid in high myopes has, appropriately enough, been called 
myopic choroidal thinning (Fig.  9.5 ). The expansion of the 
eye seems to cause a decrease in the packing density of the 
photoreceptors [ 72 ], with retention of the same visual acuity, 
because the extension of the axial length also causes a propor-
tional enlargement of the projected image. Although the cho-
roid is thinner, the oxygen requirements per unit area of outer 
retina may be decreased because of the reduced packing den-
sity (Fig.  9.6 ). However the reduction in thickness of the cho-
roid with age continues in non-myopes and myopes alike. 
Curiously the diminution in choroidal thickness with age is 
approximately the same in absolute amounts in high myopes 
as in eyes that do not have high myopia (Fig.  9.7 ) [ 73 ]. High 
myopes start out with attenuated thicknesses and progress to 
remarkably thin or even absent areas of choroid. At some 
threshold the choroid would have some diffi culty in  supplying 

   Table 9.1    Predictors of subfoveal choroidal thickness of a group of 145 highly myopic eyes with no macular pathology. Each year of age is 
associated with a decrease of 1.55 μm of choroidal thickness, while each diopter of myopic refractive error is associated with a decrease of 8.13 μm   

 Parameter estimates 

 Parameter  B  Std. error 

 95 % Wald confi dence interval  Hypothesis test 

 Lower  Upper  Wald chi-square  df  Sig. 

 (Intercept)  310.693  27.3223  257.142  364.244  129.309  1  <.001 
 Age  −1.550  .4064  −2.347  −.754  14.553  1  <.001 
 Refraction  8.133  1.8408  4.525  11.741  19.520  1  <.001 

  From Nishida et al. [ 79 ] 
 Dependent variable = subfoveal choroidal thickness  

   Table 9.2    Predictors of log MAR visual acuity in a group of 145 highly myopic eyes. Only the subfoveal choroidal thickness proved predictive   

 Parameter estimates 

 Parameter  B  Std. error 

 95 % Wald confi dence interval  Hypothesis test 

 Lower  Upper  Wald chi-square  df  Sig. 

 (Intercept)  .287  .0630  .163  .410  20.689  1  <.001 
 Subfoveal choroidal 
thickness 

 −.0011  .0003  −.002  .000  13.397  1  <.001 

  From Nishida et al. [ 79 ] 
 Dependent variable: logarithm of minimal angle of resolution (logMAR)  
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enough oxygen and other metabolites. From that point the 
term myopic choroidal atrophy is appropriate [ 73 ]. In elderly 
people without high myopia, the choroid may show reduced 
thickness in a process known as age-related choroidal atrophy 
(ARCA) [ 74 ]. These patients have normal axial lengths but 
show tessellation of the fundus, much the same as older high 
myopes, and beta-zone peripapillary atrophy. Eyes with 
decreased  choroidal thickness as part of ARCA are more 

likely to have pseudodrusen, while highly myopic eyes almost 
never have pseudodrusen. ARCA has been defi ned as a cho-
roidal thickness of less than 125 μm based on population 
studies, while myopic choroidal atrophy has not had a thick-
ness defi nition published.

       There is a remarkable dearth of reported histologic infor-
mation concerning highly myopic eyes. Eyes with early 
stages of the disease typically are not available for histologic 
analysis. Animal models of myopia were found to have 
decreased choriocapillaris density and diameter [ 18 ], but 
there is the lack of the second important variable, aging, in 
animal studies. Angiographic studies of the choroid with 
ICG have also found that the choroidal vasculature was 
altered in highly myopic eyes [ 75 ,  76 ]. A color Doppler 
ultrasonographic study found that the choroidal circulation 
was decreased in highly myopic eyes [ 77 ]. The choroid of 
highly myopic patients is signifi cantly thinner than the cho-
roid of normal eyes [ 73 ,  78 ]. As the choroid supplies oxygen 
and nutrition to the retinal pigment epithelial cells and the 
outer retina, compromised choroidal circulation may 
account, in part, for the retinal dysfunction and vision loss 
that is seen in high myopia.  

9.12     Biometric Choroidal Changes 
and Their Clinical Signifi cance 

 A group of 18 patients (31 eyes), with a mean age of 51.7 
years and a mean refractive error of −15.5 D was evaluated 
with regular SD-OCT. The mean subfoveal choroidal 
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  Fig. 9.5    Subfoveal choroidal thickness versus myopic refractive error in 
a group of 145 highly myopic eyes with no macular pathology. The  trend 
line  demonstrates the decrease in thickness with increasing refractive 
error, and the  thinner bordering lines  show the 95 % confi dence interval 
of the trend line. The Y-axis shows the thickness of the choroid in microns       

a b

  Fig. 9.6    Hypothetical explanation for choroidal thinning and supply 
of oxygen and metabolites to the retina. ( a ) In an emmetropic eye the 
photoreceptors ( blue dots ) have a certain packing density. These are 
arranged on the retinal pigment epithelium ( brown layer ), which in 
turn is on the choroid ( orange-red layer ). The sclera is depicted by the 
gray structure. In a high myope, ( b ), the posterior pole is stretched, 
resulting in a lower packing density of the photoreceptors. The choroid 

is thinner than an emmetrope. However the ratio of the choroid’s abil-
ity to supply oxygen and metabolites as compared with the packing 
density of the photoreceptors may not be adversely affected in high 
myopes, as evidenced by their good visual function, at least when 
young. With increasing age the choroid thins, and later in life there is 
a potential for decreased visual function as a consequence of choroidal 
atrophy       
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 thickness was only 100.5 μm and was even thinner in older 
patients and those with greater posterior staphyloma 
height [ 91 ]. The authors defi ned staphyloma height as the 
sum of 4 vertical measurements on SD-OCT foveal scans: 
the distance from the RPE line beneath the fovea to the nasal, 
temporal, superior, and inferior edges of the OCT image 
[ 78 ]. This method does not mention how the presence, shape, 
and exact location of the posterior staphyloma were deter-
mined. By defi nition a staphyloma is an outpouching of the 
eye and is a region where there is an exaggerated curvature 
of the wall of the eye. Any eye, whether it is myopic or not, 
is not a fl at structure, and as such it should have some 
“height” as it is defi ned by this SD-OCT method of measure-
ment. The height measured in this study is a refl ection of the 
posterior curvature of the eye itself and does not necessarily 
imply any outpouching is present. Conventional SD-OCT 
allows a relatively good visualization of the choroidal-scleral 
interface in highly myopic eyes because of the dramatic cho-
roidal thinning [ 78 ]. Ikuno and associates reported the scleral 
interface was undetectable in eyes with a choroidal thickness 
greater than 300 μm with regular SD-OCT [ 78 ]. Visualization 
would be expected to be dependent on the amount of pig-
mentation of the RPE and choroid. Another group of 31 
patients (55 eyes) with a mean age of 59.7 years and a mean 
refractive error of −11.9 D was evaluated with EDI-OCT. 
The mean subfoveal choroidal thickness was 93.2 μm and 
was negatively correlated with age ( P  = 0.006) and refractive 
error ( P  < 0.001) [ 73 ]. Eyes with a history of choroidal neo-
vascularization also had a thinner choroid ( P  = 0.013), but the 
patients in this study were treated with photodynamic ther-
apy, which may have damaged the choroid [ 73 ]. In this EDI- 
OCT study, subfoveal choroidal thickness was found to 

decrease by 12.7 μm for each decade of life and by 8.7 μm 
for each diopter of myopia. Nishida and associates evaluated 
145 highly myopic eyes and found the choroidal thickness 
decreased by 15.5 μm per decade of age and 8.13 μm for 
each diopter of myopia [ 79 ]. 

 The visual function in highly myopic patients tends to be 
more correlated with age than with the amount of myopia 
[ 80 ,  81 ]. This suggests there are factors other than just the 
refractive error at play, and given the knowledge that choroi-
dal thickness decreases with both age and myopia, a study 
was done to look at factors related to visual acuity in highly 
myopic eyes with no other evident pathology. Two groups of 
patients, one from New York and the other Japan, were eval-
uated separately and as a pooled group [ 79 ]. Various features 
were measured in OCT scans by two masked readers. The 
only predictor of visual acuity, in each of the patient popula-
tions and in the pooled data, was the subfoveal choroidal 
thickness. The thinner the choroid, the less the acuity, 
although even patients with pronounced thinning of the cho-
roid had what would seem like modest reductions in acuity. 
Of interest are measures of utility of vision, which show dis-
proportionate loss with even mild changes in acuity. For 
example, the utility loss of an eye going from 20/20 to 20/40 
is about the same as an eye going from 20/40 to 20/200. 

 In high myopia we are often impressed by the minority of 
patients with retinal detachment or choroidal neovascular-
ization, because they have sudden loss of acuity. Many 
patients with high myopia have lesser amounts of acuity loss 
that individually may not seem all that important. However 
the number of eyes involved is immense. By analogy in 
some areas of the world people have defi cient intake of 
iodine. A small minority of people in those areas develop 
cretinism. A much larger proportion of people have a small 
decrease in mental function. The cretinism cases are vivid 
examples; these few people have lost a lot. From a societal 
standpoint, the many people losing a smaller amount is also 
important.  

9.13     Chorioretinal Atrophy in High Myopia 

 Regression analysis of choroidal thickness shows a linear trend 
line descending in proportion to the amount of myopia or age 
(Figs.  9.5  and   9.7 ). In general this is a true representation, but 
there is a lower limit to how thin the choroid theoretically could 
be and still be functional. Red blood cells have a fi nite size and 
the vessels carrying these cells by necessity have to be larger. In 
OCT images of high myopes, the choroid can be as thin as 15 
or so microns (Fig.  9.8 ) . Eyes with choroids this thin have 
marked alterations of pigmentation to include clumping and 
rarefaction in adjacent areas. These areas of extreme attenua-
tion of the choroid are seen adjacent to zones of what appears 
to be complete absence of the choroid. These areas are 
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  Fig. 9.7    Subfoveal choroidal thickness versus age in a group of 145 
highly myopic eyes with no macular pathology. The  trend line  
demonstrates the decrease in thickness with age, and the  thinner 
bordering lines  show the 95 % confi dence interval. The Y-axis shows 
the thickness of the choroid in microns       
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 brilliantly white because there does not appear to be any extant 
RPE or choroid, and therefore the underlying sclera is readily 
visible (Figs.  9.9 ,  9.10 , and  9.11 ). These areas have attenua-
tion of the overlying retina and have been called chorioretinal 
atrophy or patchy atrophy. (The term patchy atrophy is mis-
leading in that in the surrounding areas the choroid is also 
atrophic.) At the border of the chorioretinal atrophy, the cho-
roid does not necessarily gradually thin to nonexistence; it 
often has a border where a very thin choroid abruptly termi-
nates. This is probably secondary to the anatomic confi gura-
tion of the remnants of choroid with vessels having either a 
quantum thickness or not being present at all. With loss of the 
choroid, there is a concomitant loss of the ability to supply 
oxygen and metabolites, so the remaining choroidal stroma 
and the overlying RPE and outer retina appear to wane.

9.14           Intrachoroidal Cavitation 

 A yellowish-orange lesion typically located immediately 
inferior to optic nerve occurs in eyes with high myopia 
[ 82 –  89 ]. This lesion was originally termed peripapillary 

 detachment in pathologic myopia because the defect was 
thought to represent an elevation of the retina and the retinal 
pigment epithelium (RPE). Peripapillary detachment in 
pathologic myopia was found in 4.9 % of highly myopic eyes 
in a series reported by Shimada and coworkers [ 83 ]. A steep 
excavation of the inferior myopic conus was detected adja-
cent to the peripapillary detachment [ 84 ]. Revision of the 
concepts involving the lesion highlighted some aspects that 
were inconsistent with the known pathoanatomy of RPE 
detachments – the lesion appeared to be a cavity but appeared 
to be located in the choroid [ 85 ,  86 ]. Tateno and colleagues 
thought the RPE was not separated from the choroid; instead 
there was a schisis within the choroid [ 85 ]. In their case 
description, Toranzo and colleagues stated, “deep hyporefl ec-
tivity was present in the underlying choroid, resembling an 
intrachoroidal cavitation separating the retinal pigment epi-
thelium from the sclera” [ 86 ]. As a consequence they changed 
the name of the defect to peripapillary intrachoroidal cavita-
tion (ICC) [ 86 ]. Wei and associates expanded on the concept 
of peripapillary ICC and proposed a complex of forces com-
posed of “posterior expansion force, the vitreous traction 
force, and the vitreous fl uid dynamics determine the size and 
shape of the lesion” [ 87 ]. Investigation of a series of 16 eyes 

a

b

  Fig. 9.8    A 70-year-old woman with high myopia. ( a ) The fundus picture 
shows attenuation of the choroidal vessels. Note in the central macular 
region there is a relative paucity of vessels. She is lightly pigmented and 
therefore doesn’t show a prominent tessellated fundus. There is peripapil-
lary atrophy. The green arrow shows the location of the section shown in ( b ). 
( b ) The enhanced depth imaging (EDI) optical coherence tomography 
(OCT) shows a choroid that is quite thin; the subfoveal choroidal thick-
ness is 14 μm. Note the choroid seems to come to an abrupt end at the 
border of the normal choroid and the peripapillary atrophy ( arrow )       
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  Fig. 9.9    Schematic drawing of choroidal thinning and atrophy. ( a ) In 
high myopes the choroid is thinner, with what appears to be attenuation 
of the middle choroid in particular. The larger choroidal vessels may fi ll 
much of the thickness of the choroid. ( b ) With increasing thinning of 
the choroid, the larger choroidal blood vessels indent the overlying RPE 
monolayer. ( c ) The choroid appears to become so attenuated in older 
highly myopic patients that it no longer maintains the vitality of the 
overlying retina and retinal pigment epithelium, or itself for that matter. 
Areas of absence of the outer retina, RPE, and choroid appear. The 
remaining tissue is essentially the inner retina. Since this is transparent 
and the underlying tissue is the sclera, these areas appear  white        
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with peripapillary ICC using EDI-OCT and SS-OCT showed 
an interesting anatomic confi guration [ 90 ]. The sclera in the 
region of the conus was displaced posteriorly and the back-
wards defl ection of the sclera continued into the region of the 

ICC. The overall curvature of the retina, RPE, and Bruch’s 
membrane complex was seen to be relatively unaffected over 
the region of the ICC. The cavitation was created by the 
expansion of the distance between the inner wall of the sclera 
and the posterior surface of Bruch’s membrane. There also 
appeared to be alterations of the anatomy around the optic 
nerve caused by the posterior displacement of the sclera 
(Fig.  9.12 ). A full thickness defect in the retina was found in 
one quarter of the eyes at the border of the conus.

   The eye ordinarily is infl ated by its intraocular pressure 
with the wall of the eye acting as the outer barrier, resisting 
outward expansion. The ability of the wall of the eye to resist 

a

b

c

d

  Fig. 9.10    OCT examples of advanced choroidal atrophy in high myo-
pia. ( a ) The choroid is attenuated in this eye and two larger choroidal 
vessels ( arrows ) are seen elevating the RPE. Some authors have called 
these elevations “choroidal microfolds,” which is clearly incorrect 
since the choroid is not folded. In areas of loss of the RPE, there is 
increased light transmission to deeper layers ( open arrowheads ). Within 
this zone what appears to be Bruch’s membrane is seen ( arrowheads ). 
( b ) With more profound loss of the choroid, the RPE terminates leaving 
a vestige of Bruch’s membrane ( white arrowhead ) and remnants of 
Bruch’s membrane ( yellow arrowhead ). Around a larger choroidal ves-
sel, there appears to be residual portions of associated choroidal stroma 
( blue arrowhead ). The  double-ended white arrow  shows a stretch of the 
posterior pole without any visible vascularized choroid. Note the loss of 
substance and laminations in the overlying retina. ( c ) This eye shows a 
nearly complete loss of the choroid in the region of the OCT scan. 
There are two remaining larger choroidal vessels with small vestiges of 
choroidal tissue ( blue arrowheads ). ( d ) In an eye with more chronic 
loss of the choroid, as shown by the extent of the  double-ended white 
arrow , the overlying retina is remarkably thinned       
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  Fig. 9.11    Tilted disc and conus in a high myope. The infrared scan-
ning laser image was projected onto the color picture to be able to accu-
rately locate the scan line shown as the  green arrow . ( a ) This eye shows 
a tilted disc and profound atrophy within a conus inferotemporal to the 
disc. At the outer border of the conus are two concentric curves. The 
outer one ( white arrows ) is where the orange color terminates, and 
the second is the continuation of a more subtle zone of shading prior to 
the intensely refl ective inner zone of the conus. This boundary is shown 
by the  black arrowheads . ( b ) The termination of the orange color cor-
responds to the  white arrow . Note the increased penetration of light 
posterior to this zone, as demarcated by the  black arrowheads . These 
signs are taken to mean the RPE stops, or at least becomes attenuated, 
at this juncture. There is a thinner curved structure that stops nasally 
( white arrowhead ), and this structure appears to be the termination of 
Bruch’s membrane. The termination of this layer corresponds to the 
line demarcated by the  black arrowheads  in the color photograph       

  

9 The Choroid



126

a b

c d
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  Fig. 9.12    ( a ) This color photograph shows the yellow-orange 
region of the intrachoroidal cavitation ( white arrows ). The  green 
arrows  show the locations of subsequent optical coherence tomogra-
phy (OCT) sections. ( b ) A fl uorescein angiogram shows a modest 
late collection of dye within the cavity. Note the edge of the retinal 
defect is more clearly evident than in the color photograph. ( c – f ) 
Successive serial sections using swept- source OCT showing the 

inner retinal defect and the  extension of the cavitation into the cho-
roid. There is a veil of tissue extending through the thickness of the 
choroid at the border of the cavitation. In ( f ) note that the hyperre-
fl ective band corresponding to the retinal pigment epithelium is 
nearly straight, as illustrated by the  blue dashed line  overlay. The 
sclera shows an outbowing posteriorly with the  red line  at the center 
point thickness       
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deformation is related to its inherent elasticity and its 
 thickness. Over normal expanses, the wall of the eye is com-
posed of the retina, RPE, Bruch’s membrane, the choroid, 
and sclera. In the region of the conus there is no choroid, 
RPE, or outer retina. The inner retina can be very attenuated. 
The underlying sclera is thinned in eyes with high myopia, 
particularly in the region of the conus. The comparatively 
thin eyewall in the area of the conus is exposed to the same 
force per unit area from intraocular pressure as other areas in 
the eye and therefore is more likely to experience deforma-
tion as compared with regions of the eye having all layers 
intact. Since the sclera has some stiffness, the posterior 
deformation continues into surrounding normal areas, thus 
causing the separation or cavitation in the choroid. There 
appears to be more staphylomatous expansion of these eyes 
at the inferotemporal portion of the disc, possibly explaining 
the frequent inferior location of peripapillary ICC [ 90 ]. 

 This same mechanical defect potentially can exist in other 
regions and may offer explanation for similar cavitations in 
the macular region of high myopes. These cavitations 
occurred in the posterior pole of eyes with neighboring areas 
of loss of the choroid and overlying RPE [ 91 ]. The posterior 
displacement of the sclera continued into relatively normal 
surrounding areas appears to be the cause of macular ICC. 
Almost ¼ of eyes with ICC have a retinal defect located near 
the border between the attenuated retina and the surrounding 
normal retina. In some patient fl uid dissecting under the ret-
ina has resulted in a localized retinal detachment.  

9.15     Focal Choroidal Excavation 

 Eyes with myopia generally have decreasing choroidal 
 thickness in proportion with their amount of myopic refrac-
tive error. An unusual group of patients have what is termed 
focal choroidal cavitation and entity in which there is a local-
ized loss of choroidal thickness within the macula [ 92 – 94 ]. 
These patients are generally myopic with some being highly 
myopic. Affected eyes have solitary localized areas that usu-
ally show pigmentary alterations, but the cavitation itself 
may be diffi cult to see by biomicroscopy. The cavitations are 
readily visible using OCT (Fig.  9.13 ). These areas show 
hypofl uorescence during both fl uorescein and indocyanine 
green angiography and localized hypoautofl uorescence. In a 
group of 10 eyes, EDI-OCT was performed in 6, and these 
showed a choroid that appeared to be abnormally thick in the 
regions surrounding the excavation [ 94 ]. The choroid was 
thin at the excavation and the choroidal-scleral junction 
showed no abnormalities. The excavation was thought to 
represent a localized hypoplastic region.

9.16        Future Trends for Research 

 There is much to be learned about the choroid in myopia. The 
process of emmetropization appears to be misdirected or abnor-
mal in high myopes, and is mediated in part by the choroid. 

a b c d

e

  Fig. 9.13    A 33-year-old man with a conforming focal choroidal 
 excavation. ( a ) Color photograph of the right eye reveals a perifoveal 
yellowish spot consistent with a small vitelliform lesion. ( b ) Fundus 
autofl uorescent image of the right eye reveals a focal area of hyperauto-
fl uorescence corresponding to the vitelliform material. Late venous 
phase ( c ) and recirculation phase ( d ) fl uorescein angiographic images 

reveal a focal hyperfl uorescent spot supratemporal to the fovea. ( e ) 
Spectral-domain optical coherence tomographic scan through the fovea 
reveals a conforming focal choroidal excavation with a small area of 
outer retinal hyperrefl ectivity corresponding to the vitelliform lesion ( a ) 
(From Vance et al. [ 98 ])       
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Yet in high myopia the choroid becomes increasingly abnor-
mal. The infl uence these changes have on the progression of 
myopia is not known. The ability to image the thickness of 
the choroid using OCT is relatively recent, so there is an 
absence of any long-term data. Classifi cation systems for the 
posterior pole changes in high myopia have relied on oph-
thalmoscopy alone. Integrating choroidal thickness into the 
classifi cation system would introduce a variable that has bio-
logic plausibility to both infl uence visual function and pre-
serve associated tissue. Decreased choroidal perfusion also 
may be related to secondary abnormalities seen in high myo-
pia such as choroidal neovascularization as discussed in a 
separate chapter in this text. 

 There are many research efforts aiming to reduce the pro-
gression of myopia, but reduction of the choroidal effects 
related to myopia would obviate many of the common rea-
sons for visual loss in the fi rst place. Thickening of the cho-
roid is seen in infl ammatory diseases [ 95 ] and in central 
serous chorioretinopathy [ 96 ]. It is possible that pharmaco-
logic manipulation can infl uence choroidal thickness. Oral 
sildenafi l caused an increase in choroidal thickness in nor-
mal volunteers [ 97 ,  98 ]. Corticosteroids are associated with 
central serous chorioretinopathy and may have an associated 
effect of increasing choroidal thickness. One older high 
myope was imaged and found to have a thickened choroid. 
Interestingly, she had a kidney transplant in the past and had 
been treated with oral prednisone for many years (Fig.  9.14 ).

9.16.1       Potential Use of Choroidal Thickness 
in Grading Myopic Fundus Changes 

 Epidemiologic studies use grading systems to classify and 
quantitate incidence and severity of myopic changes in pop-
ulations. There are key attributes required of any grading 
system to be useful. The grading system should be  exhaustive 
of all possibilities of disease expression, the stages in the 
grading system should be relevant to important stages of the 
disease process and be based on objective information, and 
the results should be accurate and reproducible. Current clas-
sifi cation systems grade myopia based on attributes such as 
tessellation, diffuse atrophy, patchy atrophy, lacquer cracks, 
and Fuchs spots. This list does not represent an exhaustive 
tabulation of possibilities, the grading of any of these attri-
butes is quite subjective, and the presence of these fi ndings is 
dependent on the population being graded. For example, tes-
sellation is the presence of a striped pattern caused by visu-
alization of larger choroidal blood vessels contrasted by 
intervening pigment in the outer choroid. Eyes with the tes-
sellated fundus appearance have thinner choroids than eyes 
with a normal fundus appearance. Thinning of the choroid is 
associated with loss of the middle layer, allowing visualiza-
tion of deeper layers. The contrast between the vessels and 

the pigmented portions depends in part on how much pig-
ment is present. A highly pigmented person would have dark 
regions bordered by vessels while a person who is of 
Northern European extraction would not. For any given 
amount of choroidal change, a highly pigmented person 
would be more likely to appear to be tessellated. Fuchs spots 
are pigmented scars left by choroidal neovascularization. It 
is common for patients with blonde fundi to not develop a 
deeply pigmented scar after choroidal neovascularization 
and for eyes treated with anti-VEGF agents to not develop 
signifi cant scars in the fi rst place. In the case of either tessel-
lation or Fuchs spots, the grading of presence or absence is 
dependent on factors other than disease severity. Currently 
the only means we have to clinically evaluate the choroidal 
thickness in high myopes is optical coherence tomography. It 
would be helpful to have histologic correlation to what is 
visualized.      

a

b

c

  Fig. 9.14    ( a ) This highly myopic, 66-year-old woman had typical fea-
tures of a high myope, including a dehiscence in the lamina cribrosa as 
seen in this swept-source OCT scan ( arrow ), but her choroid was unex-
pectedly thick. ( b ,  c ) Given her age and axial length, she would be 
expected to have a subfoveal choroidal thickness of about 50 μm. 
Instead her choroid was nearly 200 μm thick. She had a kidney trans-
plantation and was using oral prednisone for many years to prevent 
rejection. Corticosteroids are a risk factor for central serous chorioreti-
nopathy, a condition that causes choroidal thickening. However the 
number of vessels within this patient’s choroid appears to be grossly 
normal, which is different from a typical older high myope in which the 
choroid usually has a reduced number of vessels (e.g., see Fig.  9.10 ). 
One case does not prove anything, but these fi ndings raise interesting 
possibilities       
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        The optic nerve head (ONH) or “papilla nervi optici” is a 
defect in the wall of the posterior segment of the eye to allow 
the exit of the retinal nerve fi bers and central retinal vein and 
the entrance of the central retinal artery. Simultaneously, it is 
part of the ocular wall and thus serves to keep up the differ-
ence between a higher pressure inside of the eye (so-called 
intraocular pressure) and outside of the eye. The ONH can be 
regarded as a three-layered hole, with Bruch’s membrane 
hole forming the inner layer, the hole in the choroid forming 
the middle layer, and the scleral canal forming the outer layer 
of the ONH. The ONH can be divided into the intrapapillary 
region as all area within the scleral canal and the parapapil-
lary region as the area surrounding the ONH. If the scleral 
canal is taken for the defi nition of the intrapapillary region, 
the ophthalmoscopically visible boundary of the ONH is the 
peripapillary ring ophthalmoscopic appearance of which 
may be the pia mater gleaming through the border tissue of 
the ONH at the level of the lamina cribrosa. Although the pia 
mater is a relatively thin structure with a diameter of about 
30–100 μm, the ophthalmoscopic examination in an almost 
en face perspective onto the surface of the ONH leads to an 
axial view onto the pia mater so that the peripapillary ring 
may appear as a thin whitish mostly homogenous band com-
pletely surrounding the ONH. This yet unproven assumption 
is particularly based on the histology of highly myopic eyes, 
in which the stretching of the peripapillary scleral fl ange left 
nothing else at the ONH border than the pia mater and a very 
thin scleral fl ange covering the pia mater. 

10.1     Intrapapillary Region 

10.1.1     Optic Disc 

 Ophthalmoscopically, the intrapapillary region is composed 
of the neuroretinal rim as the equivalent of the retinal nerve 
fi bers and the central optic cup as the whole area not fi lled up 
by the optic nerve fi bers [ 1 ,  2 ]. The optic disc is the sum of 
optic cup and neuroretinal rim. The area of the ONH shows 
a marked interindividual variability of about 1:7 within a 
normal non-highly myopic Caucasian population. The ONH 
area additionally shows an interethnic variability, with 
Caucasians having the smallest optic disc and Afro- 
Americans the largest discs. As rule of thumb, the disc size 
increases with the decreasing distance to the equator. Within 
the non-highly myopic group, the disc size is slightly corre-
lated with the refractive error and thus the size of the globe: 
The disc is smaller in hyperopic eyes, and it is slightly larger 
in myopic eyes. At a cutoff value of about −8 diopters of 
myopia or an axial length exceeding 26.5 mm, the disc size 
steeply increases with myopic refractive error. It leads to 
secondary or acquired macrodiscs in highly myopic eyes. 
These secondary macrodiscs have to be differentiated from 
primary macrodiscs in non-highly myopic eyes. Primary 
macrodiscs have a normal mostly circular shape, and their 
size is not markedly associated with refractive error or axial 
length. Primary macrodiscs are associated with large and 
relatively fl at corneas and with large globe diameters in the 
horizontal and vertical direction, without much elongation of 
the sagittal globe diameter. Secondary macrodiscs in highly 
myopic eyes appear to have an elliptical or oval shape. This 
may at least partially be due to an ophthalmoscopical arti-
fact, since the myopic elongation of the globe moves the 
ONH more to the nasal wall of the globe. By that, the oph-
thalmoscopic view onto the ONH is no longer en face or 
perpendicular, but it occurs in an oblique direction onto the 
ONH surface. This can lead to a seemingly oblique disc 
shape and an underestimation of the disc size, in particular of 
its horizontal diameter. In non-highly myopic eyes, the disc 
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size is correlated with the number of cones and rods of the 
retinal photoreceptors, the number of retinal pigment epithe-
lium cells, the number of retinal nerve fi bers (and presum-
ably retinal ganglion cells), and the number of lamina 
cribrosa pores and the total pore area [ 3 ,  4 ]. Since high myo-
pia is an acquired condition and since the number of retinal 
cells does presumably not increase after birth, the relation-
ship between disc size and retinal cell number may not be 
valid in highly myopic eyes. The variability in optic disc size 
is pathogenetically important since optic disc drusen, pseu-
dopapilledema, and non-arteritic anterior ischemic optic 
neuropathy occur almost exclusively in small optic discs, 
while congenital pits of the optic disc are more common in 
large optic nerve heads. The prevalence of arteritic anterior 
ischemic optic neuropathy and of central retinal artery occlu-
sion or central retinal vein occlusion is independent of the 
disc size. It may imply that the frequency of disc drusen, 
pseudopapilledema, and non-arteritic anterior ischemic optic 
neuropathy may be lower in ethnic groups with large optic 
disc than in Caucasians with relatively small ONHs and the 
prevalence of these diseases may be lower in highly myopic 
eyes than in emmetropic eyes. 

 The optic disc has a slightly vertically oval form with the 
vertical diameter being about 7–10 % larger than the hori-
zontal one [ 1 ,  2 ]. The disc form is not correlated with age, 
gender, and body weight and height. Abnormal disc shapes 
may be divided into discs with a rotation around the vertical 
disc axis (“vertically rotated discs”) (potentially due to a pas-
sive movement of the ONH to the nasal ocular wall by the 
myopic enlargement of the posterior pole, leading to an 
oblique view onto the ONH surface and a seemingly reduced 
horizontal disc diameter as an optical artifact in a two- 
dimensional ophthalmoscopical examination) and into discs 
with a rotation along the sagittal axis. These discs may be 
called “tilted discs.” The prevalence of tilted discs is inde-
pendent of the refractive error, while vertically rotated discs 
are associated with high myopia. Tilted discs are signifi -
cantly correlated with an increased corneal astigmatism and 
amblyopia. In contrast, vertically rotated discs in highly 
myopic eyes may not be associated with an increased corneal 
astigmatism, since the changes associated with the develop-
ment of high myopia occur mostly behind the equator and 
leave the cornea unchanged. A rotation of the ONH around 
the horizontal axis may be the least common type of disc 
rotation and may occur together with a rotation around the 
sagittal axis in eyes with “tilted discs.”  

10.1.2     Neuroretinal Rim 

 The neuroretinal rim is the intrapapillary equivalent of the 
retinal nerve fi bers and optic nerve fi bers [ 1 ,  2 ]. As any bio-
logic quantitative parameter, the neuroretinal rim size is not 

interindividually constant but shows, similar to the optic disc 
and cup, a high interindividual variability. The rim size is 
correlated with the optic disc area. The increase of rim area 
with enlarging disc area is most marked for eyes with no disc 
cupping, medium pronounced for eyes with a temporal fl at 
sloping of the optic cup, and it is least marked in eyes with 
circular steep disc cupping. The correlation between rim area 
and disc area corresponds with the positive correlation 
between optic disc size and optic nerve fi ber count. These 
associations are valid only for non-highly myopic eyes since 
high myopia develops after birth in contrast to the number of 
retinal nerve fi bers which do not increase after birth. Possible 
reasons for the interindividual size variability of the rim are 
differences in the nerve fi ber count, in the ratio between 
formed and regressed retinal ganglion cell axons during 
embryogenesis, in the density of nerve fi bers within the optic 
disc, in the lamina cribrosa architecture, in the diameters of 
retinal ganglion cell axons, in the proportion of glial cells on 
the whole intrapapillary tissue, and other factors. The nerve 
fi bers within the neuroretinal rim are retinotopically arranged, 
with axons from ganglion cells close to the optic disc lying 
more centrally in the optic disc while axons from cells in the 
retinal periphery lie at the optic nerve head margin. It corre-
sponds to the nerve fi ber distribution in the retinal nerve fi ber 
layer. Although not examined in highly myopic eyes, one 
may assume that the retinotopic arrangement of the retinal 
nerve fi bers is preserved in highly myopic eyes. 

 The shape of the neuroretinal rim follows the ISNT 
(inferior- superior-nasal-temporal) rule: It is usually wider at 
the inferior disc pole, followed by the superior disc pole and 
the nasal disc region, and it is smallest in the temporal disc 
sector (Fig.  10.1 ). While many normal eyes can have a wider 
rim superiorly than inferiorly and while the rim width in the 
nasal region is of minor clinical importance, the most impor-
tant part of the ISNT rule is the “T” in that more than 95 % 
of normal eyes have the smallest rim part in the temporal 60° 
of the ONH. The ISNT rule is of importance for the early 
detection of glaucomatous optic nerve damage and is valid 
also in highly myopic eyes.

   In non-highly myopic eyes, the rim shape (ISNT rule) is 
associated with the diameter of the retinal arterioles which 
are signifi cantly wider in the inferotemporal arcade than in 
the superotemporal arcade, with the visibility and the thick-
ness of the retinal nerve fi ber layer which are signifi cantly 
better detectable and thicker in the inferotemporal region 
than in the superotemporal region, with the location of the 
foveola about 0.5 inferior to the horizontal optic disc axis 
center, with the morphology of the lamina cribrosa with the 
largest pores and the least amount of inter-pore connective 
tissue in the inferior and superior regions as compared to the 
temporal and nasal sectors, and with the distribution of 
the thin and thick nerve fi bers in the optic nerve just behind 
the ONH where the thin fi bers from the foveal region are 
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located in the temporal part of the nerve. Although these 
relationships have not explicitly been examined in highly 
myopic eyes, one may assume that they prevail also in highly 
myopic eyes unless the position of the fovea has markedly 
changed by the myopic elongation of the posterior pole. 

 While the neuroretinal rim gets lost and changes its shape 
in glaucoma, rim size and shape remains mostly unchanged 
if non-glaucomatous optic nerve damage develops. These 
statements hold true for non-highly myopic eyes as well as 
for highly myopic eyes. 

 The delineation of the neuroretinal rim from the optic cup 
is more diffi cult in highly myopic eyes than in emmetropic 
eyes, since the spatial contrast between the height of the rim 
and the depth of the cup is reduced due to the myopic stretch-
ing of the ONH in high myopia; the spatial contrast addition-
ally appears optically to be diminished due to the longer axis 
in the highly myopic eyes and the consequent reduction in 
the size of the image of posterior fundus structures. 
Furthermore, the color contrast between the neuroretinal rim 
and the optic cup is decreased since the rim in highly myopic 
eyes is markedly less pink than in emmetropic eyes. It has 
remained unclear whether this effect is due to the thinner 
nerve tissue in the highly myopic neuroretinal rim so that the 
underlying collagenous tissue of the lamina cribrosa can bet-
ter gleam through and/or whether it may refl ect a decrease in 
the density of blood capillaries or blood supply into the neu-
roretinal rim. These problems in outlining the border between 
neuroretinal rim and optic cup are one of the reasons for the 

diffi culty in detecting glaucomatous optic nerve damage in 
highly myopic eyes. Other reasons are that the assessment of 
the retinal nerve fi ber layer is markedly hampered by the 
bright fundus refl ectance in highly myopic eyes; that the fun-
dus changes associated with myopic retinopathy are suffi -
cient reasons for perimetric defects so that the role of 
perimetry for the detection of glaucoma is reduced; and that 
the intraocular pressure in the highly myopic type of primary 
open-angle glaucoma is often within the normal range.  

10.1.3     Optic Cup 

 Parallel to the optic disc and the neuroretinal rim, also the 
optic cup shows a high interindividual variability. Large optic 
cups (macrocups) can be differentiated into primary macro-
cups which occur in primary macrodiscs and secondary or 
acquired macrocups. The latter can further be subclassifi ed 
into secondary, highly myopic macrocups in highly myopic 
eyes with secondary macrodiscs due to the myopic stretching 
of the optic nerve head and into secondary macrocups which 
developed due to the glaucomatous loss of neuroretinal rim. 
In non-glaucomatous eyes including non-glaucomatous 
highly myopic eyes, the areas of the optic cup and disc are 
correlated with each other: The larger is the optic disc, the 
larger is the optic cup. Due to the vertically oval optic disc 
and the horizontally oval optic cup, the cup/disc diameter 
ratios in normal eyes are horizontally signifi cantly larger than 
vertically. In less than 7 % of non- glaucomatous eyes, the 
horizontal cup/disc ratio is smaller than the vertical one. It 
indicates that the quotient of the horizontal-to-vertical cup/
disc ratios is usually higher than 1.0. It is important for the 
diagnosis of glaucoma, in which, in the early to medium 
advanced stages, the vertical cup/disc diameter ratio increases 
faster than the horizontal one. It leads to an increase of the 
quotient of horizontal-to-vertical cup/disc ratios to values 
lower than 1.0. This holds true also in the detection of glau-
comatous optic nerve damage in highly myopic eyes. As ratio 
of cup diameter to disc diameter, the cup/disc ratios depend 
on the size of the optic disc and cup. The high interindividual 
variability in the optic disc and cup diameters explains the 
high interindividual variability in cup/disc ratios ranging in 
the non-glaucomatous population between 0.0 and almost 
0.9. It includes the highly myopic group.   

10.2     Histology of the Intrapapillary Region 

 The bottom of the intrapapillary region is formed by the 
lamina cribrosa which extends from the circular peripapil-
lary scleral fl ange (Figs.  10.2  and  10.3 ) [ 5 ]. The lamina 
cribrosa may be compared with a multilayered structure of 
collagenous sheets with numerous pores. In the region of the 

  Fig. 10.1    Optic disc photograph of a primary macrodisc, illustrating 
the ISNT (inferior-superior-nasal-temporal) rule: the neuroretinal rim 
( arrows ) is wider at the inferior disc pole, followed by the superior disc 
pole and the nasal disc region, and it is smallest in the temporal disc 
sector Between  black arrows : Neuroretinal rim       
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neuroretinal rim, the retinal nerve fi bers pierce through the 
lamina cribrosa pores, get myelinized just when leaving 
the lamina cribrosa, and form the retrobulbar optic nerve. In 
the region of the optic cup, the lamina cribrosa pores appear 
to be sealed by connective tissue covering the lamina 
cribrosa. It has remained unclear whether this tissue sheet is 
watertight or whether it allows a leakage of intraocular fl uid 
into the retrobulbar cerebrospinal fl uid space. Clinical obser-
vations on accumulations of large pigmented particles at the 
bottom of the cup in eyes after pars plana vitrectomies may 
allow the speculation that the lamina cribrosa can function 
like a sieve allowing some leakage of fl uid and keeping 
larger particles back. If that is the case, it would mean an 
additional outfl ow pathway of aqueous humor and would 
indicate that the cerebrospinal fl uid just behind the globe 
may have another composition than in the apex of the orbit.

    In normal eyes, the lamina cribrosa has a hanging-mat- 
like shape. In eyes with advanced glaucomatous optic nerve 
damage, the lamina cribrosa gets condensed and thinned, 
and it changes its shape [ 6 ]. It develops a slight elevation in 
its central region, where the central retinal vessel trunk 
appears to stabilize the lamina cribrosa, and a sectorial deep-
ening in the inferior and superior peripheral regions. It leads 
to a W-shaped confi guration. 

 The thickness of the lamina cribrosa was not signifi cantly 
associated with the thickness of the cornea in a previous 
histologic study [ 7 ]. In a parallel manner, corneal thickness 
was neither correlated with the thickness of the peripapil-
lary scleral fl ange nor with the shortest distance between 

 intraocular space and cerebrospinal fl uid space. It suggested 
that an assumed relationship between central corneal thick-
ness and glaucoma susceptibility could not be explained by 
a corresponding anatomy between corneal thickness and the 
histomorphometry of the optic nerve head. 

 In highly myopic eyes, the lamina cribrosa is markedly 
thinned and elongated (Fig.  10.4 ) [ 8 ]. It has been speculated 
that this myopia-associated lamina cribrosa changes may be 
one of the reasons for the increased glaucoma susceptibility 
in highly myopic eyes [ 9 ]. The thinning of the lamina cribrosa 
leads to a shortening of the distance between the intraocular 
space with the intraocular pressure and the retrobulbar space 
with the orbital cerebrospinal fl uid pressure. A decrease in 
the distance is associated with a steepening of the trans- 
lamina cribrosa pressure gradient. Recent studies have dis-
cussed that the trans-lamina cribrosa pressure difference (and 
gradient) more than the transcorneal pressure difference (so-
called intraocular pressure) is important for the physiology 
of the optic nerve head and may potentially play a role in the 
pathogenesis of glaucomatous optic neuropathy [ 10 ].

  Fig. 10.2    Electron micrograph of the inner surface of the lamina 
cribrosa after digestion of the retinal nerve fi bers.  White arrow , central 
retinal vessel trunk;  red arrows , large lamina cribrosa pores in the infe-
rior and superior disc region;  blue arrows , small lamina cribrosa pores 
in the temporal and nasal disc region; the pores are generally larger 
closer to the optic disc margin       

  Fig. 10.3    Photomicrograph of a normal optic nerve head in a medium 
myopic eye.  Black arrows , lamina cribrosa of normal thickness;  yel-
low arrow , end of Bruch’s membrane, leaving a parapapillary region 
free of Bruch’s membrane (“gamma zone”);  red stars , peripapillary 
scleral fl ange of normal thickness and length;  blue arrows , pia mater 
of the optic nerve;  green arrow , dura mater of the optic nerve;  black 
star , retrobulbar cerebrospinal fl uid space;  white arrow , arterial circle 
of Zinn-Haller       
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   Studies by Anderson and later by Hernandez, Quigley, 
and colleagues assessed the elastic fi bers in the lamina 
cribrosa and their replacement or augmentation by collagen 
fi bers with increasing age or the development of glaucoma 
[ 11 ,  12 ]. Investigations by Burgoyne and coworkers 
addressed the remodeling of the lamina cribrosa in glauco-
matous ONHs [ 13 ]. It has remained unclear so far whether 
the lamina cribrosa changes in high myopia are comparable 
to the age-related and glaucoma-associated changes in the 
connective tissue of the lamina.  

10.3     Parapapillary Region 

10.3.1     Parapapillary Atrophy 

 Conventionally, the parapapillary region was divided into an 
alpha zone and beta zone (Fig.  10.5 ) [ 14 ,  15 ]. Alpha zone 
was defi ned by an irregular pigmentation and was detected in 
almost all eyes. On its outer side, alpha zone was adjacent to 
the retina, and on its inner side, it was in touch with beta 
zone, or if beta zone was not present, with the peripapillary 
ring. Beta zone was ophthalmoscopically characterized by a 
visible large choroidal vessels and visible sclera and was 
found in about 25 % of normal eyes and in a signifi cantly 
higher proportion of glaucomatous eyes. In cross-sectional 
and in longitudinal studies, beta zone, not alpha zone, was 
associated with an increasing glaucomatous loss in neuro-
retinal rim and an increasing glaucomatous visual fi eld loss. 
All highly myopic eyes had the (old) beta zone due to the 
myopic crescent surrounding highly myopic ONHs, inde-
pendently whether there was glaucomatous optic nerve dam-
age (Fig.  10.6 ) [ 16 ]. In contrast to glaucomatous optic 
neuropathy, non-glaucomatous optic nerve damage was not 
associated with an enlargement of beta zone.

  Fig. 10.4    Histophotograph showing the optic nerve head of a highly 
myopic eye;  black arrows , thinned lamina cribrosa;  red star , intraocular 
compartment;  green stars , retrobulbar cerebrospinal fl uid space       

  Fig. 10.5    Optic nerve head photograph of a glaucomatous, non-highly 
myopic optic nerve head.  White arrows , parapapillary beta zone;  red 
arrows , parapapillary alpha zone;  black arrows , peripapillary ring       

  Fig. 10.6    Optic nerve head photograph of a highly myopic optic nerve 
head.  Green arrows , parapapillary alpha zone;  red arrows , parapapil-
lary beta zone;  black arrows , potentially the insertion line of the dura 
mater of the optic nerve into the posterior sclera; central to this line 
would be the peripapillary scleral fl ange;  white arrows , peripapillary 
ring       
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    In recent clinical and histological studies, however, the 
concept of (old) beta zone has been challenged [ 17 – 19 ]. In a 
histological study, it was differentiated between alpha zone 
characterized by the presence of Bruch’s membrane with 
irregularly structured and pigmented retinal pigment epithe-
lium, beta zone defi ned as the presence of Bruch’s mem-
brane without retinal pigment epithelium, gamma zone 
characterized by the lack of Bruch’s membrane and normal 
thickness of the peripapillary scleral fl ange, and delta zone 

characterized by the lack of Bruch’s membrane and a mark-
edly elongated and thinned peripapillary scleral fl ange 
(Figs.  10.7  and  10.8 ). It was shown that beta zone (Bruch’s 
membrane without retinal pigment epithelium) was corre-
lated with glaucoma but not with globe elongation; that 
gamma zone (peripapillary sclera without overlying choroid, 
Bruch’s membrane and deep retinal layers) was related with 
axial globe elongation and that it was independent of glau-
coma; and that delta zone was present only in highly axially 

a b

c d

  Fig. 10.7    ( a ) Photomicrograph of a glaucomatous optic nerve head in 
a non-highly myopic eye.  Black arrows , condensed thinned lamina 
cribrosa;  blue arrows , pia mater of the optic nerve;  red arrow , arterial 
circle of Zinn-Haller;  yellow arrows , ( 1 ) end of Bruch’s membrane at 
the optic nerve head border, ( 2 ) end of photoreceptors, ( 3 ) end of retinal 
pigment epithelium layer, and ( 4 ) end of regularly structured layer of 
the retinal pigment epithelium;  green arrow , dura mater of the optic 
nerve  black star , retrobulbar cerebrospinal fl uid space. ( b ) 
Photomicrograph of a glaucomatous optic nerve head in a non-highly 
myopic eye (same eye as in  a ; higher magnifi cation).  Yellow arrows , ( 1 ) 

end of Bruch’s membrane at the optic nerve head border and ( 2 ) end of 
photoreceptors;  black arrow , end of open choriocapillaris. ( c ) 
Photomicrograph of a glaucomatous optic nerve head in a non-highly 
myopic eye (same eye as in  a ; higher magnifi cation).  Yellow arrows , ( 2 ) 
end of photoreceptors and ( 3 ) end of retinal pigment epithelium layer; 
 black arrow , open choriocapillaris. ( d ) Photomicrograph of a glauco-
matous optic nerve head in a non-highly myopic eye (same eye as in  a ; 
higher magnifi cation).  Yellow arrows , ( 3 ) end of retinal pigment epithe-
lium layer and ( 4 ) start of regularly structured retinal pigment epithe-
lium;  black arrow , large choroidal vessel       
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elongated globes and was not related with glaucoma. One 
also inferred that during the development of parapapillary 
atrophy, the complete loss of retinal pigment epithelium may 
have occurred before the complete closure of the choriocap-
illaris, since the region with occluded choriocapillaris was 
smaller than beta zone. Interestingly, gamma zone was 
strongly associated with axial length with a steep increase 
starting at an axial length of 26.5 mm. The cutoff value of an 
axial length of 26.5 mm was similar to the cutoff values of 
about −8 diopters for the differentiation between medium 
myopia and high myopia as suggested in clinical studies.

    The fi nding that beta zone was associated with glaucoma 
and that it was not associated with myopia suggested that the 
histological changes observed in histological beta zone, i.e., 
loss of retinal pigment epithelium cells and photoreceptors 
and a closure of the choriocapillaris may be related to the 
glaucomatous optic neuropathy. Since the old beta zone 
summarized (up to now) the histological new beta zone, 
gamma zone, and delta zone and since gamma zone and delta 
zone were not related with glaucoma, one may infer that a 
clinical differentiation between new beta zone, gamma zone, 
and delta zone may increase the clinical diagnostic value of 
the redefi ned clinical beta zone (without gamma zone and 
delta zone) for the diagnosis of glaucoma. Interestingly, the 
region of Bruch’s membrane with the underlying choriocap-
illaris occluded was signifi cantly smaller than beta zone 
(defi ned as Bruch’s membrane without retinal pigment epi-
thelium cells). It suggests that a complete loss of retinal 

 pigment epithelium cells may occur earlier than a complete 
closure of the choriocapillaris. It could indicate that a loss of 
retinal pigment epithelium cells would lead to the closure of 
the choriocapillaris since an intact choriocapillaris depends 
on an intact RPE layer. One has to clearly keep in mind, how-
ever, that disturbances in the blood perfusion of the chorio-
capillaris may have fi rst led to a damage and loss of the 
retinal pigment epithelium, which could then lead to the 
complete choriocapillaris closure. 

 The parapapillary zones gamma and delta are associated 
with changes in the deep layers of the macula in highly myo-
pic eyes [ 20 ]. Highly myopic eyes can show holes in Bruch’s 
membrane in the macular region as demonstrated in recent 
histologic and clinical studies. These defects in Bruch’s 
membrane are associated with a complete lack of retinal pig-
ment epithelium and choriocapillaris and a marked reduction 
of photoreceptors and large choroidal vessels. The existence 
of such macular Bruch’s membrane holes is strongly associ-
ated with axial length and with the parapapillary gamma 
zone and delta zones. 

 The macular Bruch’s membrane defect in highly myopic 
eyes as secondary or pathologic defect in Bruch’s membrane 
can be differentiated from the primary or physiological hole 
in Bruch’s membrane as the inner layer of the optic nerve 
head which can be regarded as a three-layered canal through 
Bruch’s membrane, the choroid, and the sclera. For the optic 
nerve head, one may argue that the holes in these three layers 
may primarily fi t each other. During the growth and elonga-
tion of the eye, in particular if myopia develops, the posi-
tion of the ONH as defi ned by the scleral canal may shift 
slightly to the nasal side of the posterior eye wall. If Bruch’s 
membrane does not follow in the same manner, the hole in 
Bruch’s membrane may get relatively translocated into direc-
tion of the macula. It leads to an overhanging of the edge of 
Bruch’s membrane hole into the nasal region of the ONH (as 
defi ned by the scleral canal) and to a lack of Bruch’s mem-
brane at the temporal border of the ONH. The latter would 
explain the gamma zone in the temporal parapapillary region 
of myopic eyes. The basis for the argument of an acquired 
misalignment between the scleral canal and the opening in 
Bruch’s membrane, in particular in myopia eyes, is the slid-
ing Bruch’s membrane theory. Since the Bruch’s membrane 
is not fi rmly fi xed with the sclera but separated from the sclera 
by the spongy choroid, one may imagine that the spongy cho-
roid allows a sliding or movement of Bruch’s membrane in 
spatial relationship to the sclera. The “supertraction” of the 
retina and choroid to the temporal side with an overhang-
ing of Bruch’s membrane into the open area of the scleral 
opening of the ONH and a region on the temporal ONH side 
with no Bruch’s membrane has already been described by 
Heine in 1899. [ 21 ] The sliding Bruch’s membrane theory 
has been based on these former and the actual observations. 
Ophthalmologists used to call Bruch’s membrane pushing 

  Fig. 10.8    Photomicrograph of a highly myopic eye.  Black arrows , 
elongated peripapillary scleral fl ange (“delta zone”);  green arrows , 
dura mater of the optic nerve;  red arrows , pia mater of the optic nerve; 
 black star , retrobulbar cerebrospinal fl uid space;  white arrow , optic 
nerve       
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into the nasal intrapapillary region “supertraction” and how 
Bruch’s membrane opening moved temporally away from the 
temporal side of the nerve a “distraction crescent.” Sliding 
Bruch’s membrane theory has recently also been discussed to 
be associated with the development of myopia [ 22 ]. 

 The parapapillary zones alpha, beta, gamma, and delta as 
defi ned and described in histological studies can also be 
visualized and analyzed clinically by using enhanced depth 
imaging of optical coherence tomography [ 19 ]. In a recent 
clinical study, gamma zone was signifi cantly associated with 
longer axial length, longer vertical disc diameter, older age, 
and absence of glaucoma, while beta zone was associated 
with longer axial length and presence of glaucoma. It shows 
that gamma zone and beta zone can clinically be differenti-
ated from each other and that the differentiation is clinically 
useful.  

10.3.2     Peripapillary Scleral Flange 

 The peripapillary scleral fl ange originates in the inner half 
of the posterior sclera and continues into the lamina cribrosa, 
the thickness of which is almost identical with the thickness 
of the peripapillary scleral fl ange (Figs.  10.3 ,  10.8 , and  10.9 ) 
[ 17 ,  18 ]. While the inner 50 % of the posterior sclera form 
the peripapillary scleral fl ange, the outer 50 % of the sclera 
merge with the dura mater of the retrobulbar optic nerve. The 
peripapillary scleral fl ange is the part of the sclera between 
the optic nerve border (defi ned as optic nerve head scleral 
canal or the anterior continuation of the pia mater) and the 
point where the optic nerve dura mater merges with the 
sclera. The peripapillary scleral fl ange thus forms the ante-
rior roof of the orbital cerebrospinal fl uid space. The peri-
papillary scleral fl ange may also serve for functional dynamic 
purposes: The pulse wave in the orbital cerebrospinal fl uid 
space and the pulse wave in the eye (“ocular pulse”) may 
have their maxima at slightly different time points. This 
would lead to a fl uctuating change in the trans-lamina 
cribrosa pressure difference and consequently to an undulat-
ing movement of the lamina cribrosa in sagittal direction. 
The peripapillary scleral fl ange could function here as a 
fl ange similar to the fl ange or a hinge in a door swinging in 
and out.

   The length of the scleral fl ange increases with axial 
length and decreases with the thickness of the fl ange 
[ 17 ,  18 ]. The increased length of the fl ange in highly myo-
pic eyes leads to an extension of the orbital cerebrospinal 
fl uid space into the retrobulbar peripapillary region. At this 
location, the cerebrospinal fl uid is separated from the vitre-
ous cavity just by a thin peripapillary scleral fl ange (as thin 
as 50 μm), retinal nerve fi bers, and the retinal inner limiting 
membrane. It has remained unclear, whether, and if yes, in 
which layer, a watertight shed exists between the intraocular 

compartment and the compartment of the extended peripap-
illary cerebrospinal fl uid space. Considering that the highly 
myopic scleral fl ange is not covered on its inner side by 
Bruch’s membrane and retinal pigment epithelium, one may 
speculate whether there may be some leakage of fl uid 
though the retinal nerve fi ber layer and the water permeable 
scleral tissue. This fl uid leakage would reduce the intraocu-
lar pressure and lead to a different composition of the cere-
brospinal fl uid in the retrobulbar region as compared to the 
apex of the orbit. It has also remained unclear so far, whether 
the extension of the retrobulbar cerebrospinal spinal fl uid 
space into the parapapillary region has pathophysiological 
consequences. One may speculate whether the very thin 
peripapillary scleral fl ange in highly myopic eyes may act as 
open fontanelles do in babies. The scleral fl ange may undu-
late as consequence of the ocular pulse and may thus lead to 
a change in the ocular pulse. 

 In highly myopic eyes, the peripapillary scleral fl ange 
elongates from about 500 μm to 5 mm by a factor of 1:10. 
Simultaneously, the fl ange thins from about 500 to 50 μm by 
a factor of 10:1. Considering the peripapillary scleral fl ange 
as biomechanical anchor for the lamina cribrosa, the myopia- 
associated stretching and thinning of the fl ange may be one 
of the reasons for the increased glaucoma  susceptibility in 

  Fig. 10.9    Photomicrograph of a normal eye.  Black arrow , posterior 
full-thickness sclera;  yellow stars , peripapillary scleral fl ange;  green 
arrows , dura mater of the optic nerve;  red arrows , pia mater of the optic 
nerve;  black star , retrobulbar cerebrospinal fl uid space       
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highly myopic eyes. The biomechanical consequence of 
a thin parapapillary sclera in the highly myopic eyes may 
further be aggravated by the fi nding that the highly myo-
pic eyes did not have the normal composition of the para-
papillary anatomy. In the highly myopic eyes as in contrast 
to the non- highly myopic eyes, the parapapillary retina is 
composed of retinal nerve fi ber layer (or its remnants) only, 
without elements of any other retinal layer, without para-
papillary Bruch’s membrane or choroid. The implications 
of a missing of Bruch’s membrane as stable element in the 
whole architecture of the retina-choroid complex and the 
consequence of a missing of choroidal vessels at the border 
of highly myopic optic nerve head have remained unknown 
so far. 

 The elongation of the peripapillary scleral fl ange in 
delta zone of highly myopic eyes is associated with an 
increased distance between the peripapillary arterial circle 
of Zinn- Haller and the optic disc border. The arterial cir-
cle of Zinn- Haller is usually located close to the merging 
point of the dura mater with the posterior sclera [ 23 ]. Since 
the arterial circle of Zinn-Haller supports the blood vessels 
in the optic nerve head, in particular in the lamina cribrosa, 
one may speculate whether the tenfold increase in the dis-
tance between the arterial circle and the lamina cribrosa 
may lead to a malperfusion of the lamina cribrosa. 
Anatomical studies which specifi cally examined the com-
municating vessels between the arterial circle of Zinn-
Haller and the tissue of the lamina cribrosa in highly 
myopic eyes are missing yet. 

 The thinning of the scleral fl ange in highly myo-
pic eyes is paralleled by myopia-associated changes of 
the sclera in other fundus regions. Examining formalin-
fi xed human globes, a recent histomorphometric study 
showed that in non-axially elongated eyes with axial 
length of ≤26 mm, the sclera was thickest at the pos-
terior pole (0.94 ± 0.18 mm), followed by the periop-
tic nerve region (0.86 ± 0.21 mm), the midpoint between 
posterior pole and equator (0.65 ± 0.15 mm), the limbus 
(0.50 ± 0.11 mm), the ora serrata (0.43 ± 0.14 mm), the 
equator (0.42 ± 0.15 mm), and fi nally the peripapillary 
scleral fl ange (0.39 ± 0.09 mm) [ 24 ]. In axially elongated 
eyes, scleral thinning occurred at and posterior to the equa-
tor, being more marked closer to the posterior pole and the 
longer the axial length was. Scleral thickness anterior to the 
equator did not markedly differ between the highly myo-
pic eyes and the non-highly myopic eyes. Within the ante-
rior and posterior segment, respectively, scleral thickness 
measurements were correlated with each other. Posterior 
scleral thickness was correlated with lamina cribrosa thick-
ness. Scleral thickness measurements at any location of 
examination were not signifi cantly correlated with corneal 
thickness or with age, gender, and presence of absolute sec-
ondary angle-closure glaucoma.      

   References 

      1.    Jonas JB, Gusek GC, Naumann GO. Optic disc, cup and neuroreti-
nal rim size, confi guration and correlations in normal eyes. Invest 
Ophthalmol Vis Sci. 1988;29:1151–8.  

      2.    Jonas JB, Budde WM, Panda-Jonas S. Ophthalmoscopic evaluation 
of the optic nerve head. Surv Ophthalmol. 1999;43:293–320.  

    3.    Jonas JB, Schmidt AM, Müller-Bergh JA, Schlötzer-Schrehardt 
UM, Naumann GOH. Human optic nerve fi ber count and optic disc 
size. Invest Ophthalmol Vis Sci. 1992;33:2012–8.  

    4.    Panda-Jonas S, Jonas JB, Jakobczyk M, Schneider U. Retinal pho-
toreceptor count, retinal surface area, and optic disc size in normal 
human eyes. Ophthalmology. 1994;101:519–23.  

    5.    Jonas JB, Mardin CY, Schlötzer-Schrehardt U, Naumann GOH. 
Morphometry of the human lamina cribrosa surface. Invest 
Ophthalmol Vis Sci. 1991;32:401–5.  

    6.    Jonas JB, Berenshtein E, Holbach L. Anatomic relationship 
between lamina cribrosa, intraocular space, and cerebrospinal fl uid 
space. Invest Ophthalmol Vis Sci. 2003;44:5189–95.  

    7.    Jonas JB, Holbach L. Central corneal thickness and thickness of the 
lamina cribrosa in human eyes. Invest Ophthalmol Vis Sci. 
2005;46:1275–9.  

    8.    Jonas JB, Berenshtein E, Holbach L. Lamina cribrosa thickness and 
spatial relationships between intraocular space and cerebrospinal 
fl uid space in highly myopic eyes. Invest Ophthalmol Vis Sci. 
2004;45:2660–5.  

    9.    Xu L, Wang Y, Wang S, Wang Y, Jonas JB. High myopia and glau-
coma susceptibility. The Beijing Eye Study. Ophthalmology. 
2007;114:216–20.  

    10.    Ren R, Jonas JB, Tian G, Zhen Y, Ma K, Li S, Wang H, Li B, Zhang 
X, Wang N. Cerebrospinal fl uid pressure in glaucoma. A prospec-
tive study. Ophthalmology. 2010;117:259–66.  

    11.    Hernandez MR. Ultrastructural immunocytochemical analysis of 
elastin in the human lamina cribrosa. Changes in elastic fi bers in 
primary open-angle glaucoma. Invest Ophthalmol Vis Sci. 
1992;33:2891–903.  

    12.    Quigley EN, Quigley HA, Pease ME, Kerrigan LA. Quantitative 
studies of elastin in the optic nerve heads of persons with primary 
open-angle glaucoma. Ophthalmology. 1996;103:1680–5.  

    13.    Roberts MD, Grau V, Grimm J, Reynaud J, Bellezza AJ, Burgoyne 
CF, Downs JC. Remodeling of the connective tissue microarchitec-
ture of the lamina cribrosa in early experimental glaucoma. Invest 
Ophthalmol Vis Sci. 2009;50:681–90.  

    14.    Jonas JB, Nguyen XN, Gusek GC, Naumann GO. Parapapillary 
chorioretinal atrophy in normal and glaucoma eyes. I. Morphometric 
data. Invest Ophthalmol Vis Sci. 1989;30:908–18.  

    15.    Jonas JB, Naumann GOH. Parapapillary chorioretinal atrophy in 
normal and glaucoma eyes. II. Correlations. Invest Ophthalmol Vis 
Sci. 1989;30:919–26.  

    16.    Jonas JB, Gusek GC, Naumann GOH. Optic disk morphometry in 
high myopia. Graefes Arch Clin Exp Ophthalmol. 1988;226:
587–90.  

      17.    Jonas JB, Jonas SB, Jonas RA, Holbach L, Panda-Jonas S. 
Histology of the parapapillary region in high myopia. Am J 
Ophthalmol. 2011;152:1021–9.  

     18.    Jonas JB, Jonas SB, Jonas RA, Holbach L, Dai Y, Sun X, Panda- 
Jonas S. Parapapillary atrophy: histological gamma zone and delta 
zone. PLoS One. 2012;7(10):e47237.  

     19.    Dai Y, Jonas JB, Huang H, Wang M, Sun X. Microstructure of para-
papillary atrophy: beta zone and gamma zone. Invest Ophthalmol 
Vis Sci. 2013. doi:  10.1167/iovs.12-11255    . Published 5 March 2013.  

    20.    Jonas JB, Ohno-Matsui K, Spaide RF, Holbach L, Panda-Jonas S. 
Macular Bruch’s membrane holes in high myopia: associated with 
gamma zone and delta zone of parapapillary region. Invest 
Ophthalmol Vis Sci. 2013;54:1295–302.  

10 The Optic Nerve Head in High Myopia

http://dx.doi.org/10.1167/iovs.12-11255


142

    21.    Heine L. Beiträge zur Anatomie des myopischen Auges. Arch 
Augenheilkd. 1899;38:277–90.  

    22.   Panda-Jonas S, Xu L, Yang H, Wang YX, Jonas SB, Jonas JB. 
Optic disc morphology in young patients after antiglau-
comatous  fi ltering surgery. Acta Ophthalmol. 2013. 
doi:   10.1111/j.1755-3768.2012.02570.x    . [Epub ahead of print].  

    23.    Jonas JB, Jonas SB. Histomorphometry of the circular arterial ring 
of Zinn-Haller in normal and glaucomatous eyes. Acta Ophthalmol. 
2010;88:e317–22.  

    24.    Vurgese S, Panda-Jonas S, Jonas JB. Sclera thickness in human 
globes and its relations to age, axial length and glaucoma. PLoS 
One. 2012;7:e29692.    

J.B. Jonas

http://dx.doi.org/10.1080/17441692.2011.634815


143R.F. Spaide et al. (eds.), Pathologic Myopia, 
DOI 10.1007/978-1-4614-8338-0_11, © Springer Science+Business Media New York 2014

11.1            Introduction 

 The vitreous has a transparent gel-like structure with 4 ml of 
volume. The vitreous gel is covered by the vitreous cortex 
which consists of densely packed collagen. The Cloquet’s 
canal arises from Martegiani space at the optic disc and tra-
verses the central vitreous to retrolental space known as 
Berger’s space. Although the vitreous appears inert, it plays 
a major role in various fundus diseases including rhegmatog-
enous retinal detachment, macular hole, epiretinal mem-
brane, and progression of proliferative diabetic retinopathy. 
Recently vitreous surgery expands its indication in vitreo-
retinal diseases such as diabetic macular edema and myopic 
foveoschisis [ 1 ,  2 ]. The vitreous is not a homogeneous tissue 
which is the subject for resection in vitrectomy. The vitreous 
has its own structure which has been elucidated by biomi-
croscopy of postmortem eyes. Recent advance of optical 
coherent tomography greatly improved our understanding on 
vitreous anatomy and vitreoretinal interface diseases. 

 In myopic eyes, vitreous liquefaction develops at an early 
age which results in earlier posterior vitreous detachment 
(PVD). There is a strong statistical relation between axial 
myopia and rhegmatogenous retinal detachment [ 3 ]. Vitreous 
surgeons frequently encounter a membranous structure on 
the retina in eyes with myopic foveoschisis despite the 
apparent PVD with Weiss ring. In this chapter, the vitreous 
anatomy and its age-related change are described in normal 
eyes as well as vitreous changes in myopic eyes.  

11.2     Anatomy of the Vitreous 

11.2.1     Embryology of the Vitreous [ 4 ] 

11.2.1.1     Formation of Primary Vitreous 
(Fourth to Sixth Week; 4–13 mm Stage) 

 The primary vitreous fi rst appears in the narrow space 
between the surface and neural ectoderm during the fourth 
week of gestation, when the embryo is 4–5 mm in length. It 
derived mostly from the surface and neural ectoderm and 
partly from the mesoderm invaded through the embryonic 
choroidal fi ssure. The condensed fi brils of the primary vitre-
ous form the  capsula perilenticularis fi brosa  around the lens. 
At the 5–7 mm stage, the hyaloid artery enters the distal part 
of optic stalk through the fetal fi ssure. It reaches the  capsula 
perilenticularis fi brosa  at 7 mm stage. The  capsula  is then 
vascularized by hyaloid artery and develops the  tunica vas-
culosa lentis  by the 13 mm stage.  

11.2.1.2     Formation of Secondary Vitreous 
(Sixth Week to Third Month; 
13–70 mm Stage) 

 The secondary vitreous is the major component of the adult 
vitreous body which is derived from the neural ectoderm. At 
the end of the sixth week or 13 mm stage, the secondary vit-
reous emerges between the developing retina and the pri-
mary vitreous. It grows around the primary vitreous and 
crowds it axially. An intravitreous limiting membrane devel-
ops as a condensation layer between the primary and second-
ary vitreous; it becomes the wall of Cloquet’s canal. By the 
third month, the secondary vitreous fi lls two-thirds of the 
volume of the optic cup. After the 16 mm stage, hyaloid 
artery forms the  vasa hyaloidea propria , which reaches 
 maximum at the 40–60 mm stage. During the second month 
to the fi fth month, a cone-shaped cellular mass called 
Bergmeister’s papilla develops. Lens  zonule of Zinn   develops 
during 70–110 mm stage.  
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11.2.1.3     Late Fetal Development 
 During the fourth to ninth month, or between the 110 and 
300 mm stage, the globe undergoes rapid growth. The vitre-
ous body enlarges as a result of growth of the secondary vit-
reous. Hyaloid vascular system atrophies leaving a few 
fi lamentous structures in Cloquet’s canal. Between the 110 
and 150 mm stage, or during the fi fth month, the  tunica vas-
culosa lentis  regresses.   

11.2.2     Vitreous Development After Birth 

 At birth, vitreous gel appears homogeneous with no liquefac-
tion. Cloquet’s canal runs a straight course from the lens to 
the optic disc. Thereafter, it sags until its superior portion 
hangs behind the posterior lens surface. The vitreous gel 
shows pattern of radial fi bers at new born. At adolescent, 
lamellar structure which is called “tractus vitreales” is formed 
in anterior part of the vitreous [ 5 ]. Tractus vitreales traverse 
the whole vitreous in adult. In the macular area, early sign of 
vitreous liquefaction is seen at new born [ 6 ]. “Posterior pre-
cortical vitreous pocket” [ 7 ] develops by the age of 5 years.  

11.2.3     Microscopic Anatomy 

11.2.3.1     The Vitreous Body 
 The vitreous consists of 98 % water and 2 % protein which 
include collagen, hyaluronan, chondroitin sulfate, and other 
non-collagenous proteins. Collagen builds up three- dimensional 
meshwork of the vitreous gel. Type II collagen comprises 75 % 
of the total collagen content [ 8 ], and type IX accounts for 15 % 
[ 9 ]. Hyaluronan is a large polyanion which entangles to the 
vitreous collagen fi brils and attracts a large amount of water in 
the vitreous gel. The vitreous base is a circumferential zone 
with 2–6 mm width from peripheral retina to pars plana of the 
ciliary body. Vitreous fi bers splay out from the vitreous base to 
the ciliary body, central vitreous, and posterior pole. The vitre-
ous cortex is a shell of the vitreous gel which has higher density 
of collagen than inner vitreous. The vitreous cortex is 100–200 
um thick. Hyalocytes are embedded in the vitreous cortex with 
highest density in the vitreous base followed by the posterior 
pole. Its role in metabolism is controversial. Hyalocytes appear 
to act as tissue macrophage [ 10 ]. The anterior vitreous cortex 
attaches to the posterior lens capsule in a circular zone about 
8 mm in diameter (Weiger’s ligament).   

11.2.4     Vitreoretinal Interface 

 In the outermost layer of the vitreous cortex, vitreous colla-
gen merges with the internal limiting membrane (ILM) of the 
retina and the basement membrane of the ciliary epithelium. 

The ILM consists of type IV collagen, associated with glyco-
protein, type VI collagen which may contribute to vitreoreti-
nal adhesion, and type XVIII, which binds opticin. Opticin 
binds to heparin sulfate, contributing to vitreoretinal adhesion 
[ 11 ]. The posterior vitreous cortex has lamellar structure [ 12 ], 
which may attribute the splitting of vitreous cortex in partial 
vitreous detachment. The strength of vitreous attachment to 
the surrounding tissue differs on the location. The vitreous 
base has the fi rmest attachment. The vitreous collagen fi brils 
are radial oriented and inserted in the basement membrane or 
cell processes of adjacent retinal and ciliary epithelial cells in 
the vitreous base. A second fi rm area of attachment is along 
the peripheral margin of the optic nerve head. The relatively 
fi rm vitreoretinal attachment is present at the margin and the 
center of the fovea, which cause perifoveal vitreous detach-
ment. Vitreoretinal adhesion is occasionally observed along 
the retinal vessels. The ILM is the basement membrane of 
Müller cells. The ILM is uniformly thin (51 nm) within the 
vitreous base, but progressively and irregularly thickened in 
the equatorial zone (sixfold) and posterior zone (37-fold) 
[ 13 ]. The ILM is extremely thin at vitreous base, optic disc, 
and fovea. The ILM is also very thin over major retinal ves-
sels where defect allows glial cells to extend on to the inner 
retina [ 14 ]. The location of fi rm vitreoretinal attachment cor-
responds to the area of thinner ILM.  

11.2.5     Biomicroscopic Anatomy 

 The anatomy of the vitreous has been studied using dark- 
fi eld slit microscopy on postmortem eyes by carefully sepa-
rating the sclera, choroid, and retina from the vitreous and 
immersed in physiological solution to preserve its three- 
dimensional structure. Eisner [ 5 ] observed vitreous veils 
which he labeled  tracts hyaloideus  (inner wall of Cloquet’s 
canal),  tractus coronarius, tractus medianus, and tractus 
preretinalis . These vitreous veils are not observed in new-
born but only developed in adult (Fig.  11.1 ).

   Worst studied the vitreous by selective colored India ink 
injection after removal of the sclera, choroid, and retina from 
vitreous body. He showed a cistern system in the adult eyes 
[ 15 ,  16 ] (Fig.  11.2 ). The cistern system comprises 72 cisterns 
around the vitreous core at the level of posterior margin of 
the ciliary body, 36 cisterns at the level of the equator, and 12 
large cisterns in the posterior vitreous. The central posterior 
vitreous consists of the  cistern preoptica  (prepapillary area 
of Martegiani), the  bursa premacularis , and the  circum-
papillo- macular cisterns . The  bursa premacularis  is the pos-
terior extension of the  canalis ciliobursale  which runs in an 
incomplete spiral from the ciliary body region towards the 
macular area. The posterior wall of the  bursa  was very thin, 
the fi bers consisted of fi ne radiating lines, and there were 
three concentric rings at the posterior portion. The  bursa 
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premacularis  is situated on the convexly detached vitreous 
cortex which forms  subbursal space . In his early publication 
[ 16 ], Worst stated that a separation was present between the 
prefoveal part of the  bursa premacularis  and the fovea, 
which he named the “subbursal space.” This space could be 
viewed through the center of the base of the  bursa premacu-
laris  named the “ocellus prefovealis.” From his point of 
view, the posterior wall of the bursa is anatomically detached 
from the retina, which makes impossible the posterior wall to 

exert the anterior traction to the macula. In later specimens, 
Worst noted that this was a postmortem artifact. He revised 
that the posterior wall of the  bursa  is a thin vitreous cortex 
itself [ 17 ].

   Sebag et al. [ 18 ] observed two holes in the vitreous cortex 
which corresponded to prepapillary hole and premacular 
hole. Vitreous fi bers extruded posteriorly through the 
premacular hole (Fig.  11.3  top).

a

b

c

a

b

c

d

  Fig. 11.1    Lamellar structure of the vitreous.  Left : optical section 
through the vitreous body from the papilla towards the middle of the 
posterior surface of the lens. ( a ) 7-month-old child, ( b ) 40-year-old 
man, ( c ) 35-year-old man, ( d ) 60-year-old man.  Right : schematic draw-
ing of development of vitreous structure. ( a ) Newborn, ( b ) adolescent, 
( c ) adult.  TC  tractus coronarius,  TH  tractus hyaloideus,  TM  tractus 
medianus,  TP  tractus preretinalis (Reprint from Eisner [ 5 ], p106 ( right ) 
and p107 ( left ))       

a

cisternal system of the vitreous

Bursa premacularis

b

  Fig. 11.2     Top : cisternal system of the vitreous according to worst 
(Reprint from Sebag [ 35 ], p163.   Bottom : bursa premacularis. Enlarged 
schematic:  1  canal of Cloquet,  2  superior branching channel,  3  capula 
of bursa premacularis,  4  fornix of bursa,  5  area of Martegiani,  6  vitreo-
retinal limiting membrane (Gärtner),  7  tractus preretinalis (Eisner), 
 8  pars patelliformis membranae vitrealis,  9  spatium subbursale premac-
ulare,  10  corona petaliformis,  11  perimacular bonding ring,  12  lower 
branching channel,  13  ocellus prefovealis (Reprint from Worst [ 16 ])       
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11.2.6        Posterior Precortical Vitreous 
Pocket (PPVP) 

11.2.6.1     Biomicroscopy of Posterior Precortical 
Vitreous Pocket 

 Kishi et al. studied the vitreous structure and the vitreoreti-
nal interface (by preserving the retina in a bisected eyeball 
specimen) by staining its gel component with fl uorescein 
[ 7 ]. The vitreous lacuna anterior to the posterior pole was 
always present in adult eyes. The posterior wall of the 
lacuna was a thin vitreous cortex, and the anterior extent 
was delineated by vitreous gel (Fig.  11.4 ). This physiologi-
cal vitreous lacuna was defi ned as “posterior precortical 
vitreous pocket” (PPVP). This is seemingly the same struc-
ture as observed by Worst ( bursa permacularis ) [ 16 ], but 
has been defi ned  differently. The presence of PPVP denies 
the conventional concept of vitreomacular traction where it 
was believed that anteroposteriorly oriented vitreous fi ber 
exerts the direct traction to the fovea. Because vitreous gel 

and posterior vitreous cortex is separated by PPVP, the vit-
reous traction to fovea should be transmitted through the 
posterior vitreous cortex. Unlikely to the defi nition of  bursa 
premacularis , PPVP is not a sack with its outer membrane 
but a liquefi ed space. The posterior wall of PPVP is the 
posterior vitreous cortex attached to the retina. There is no 
subbursal space between the bursa and the retina. While its 
posterior wall of PPVP is a thin vitreous cortex itself, the 
anterior border is a vitreous gel. The anterior extent of the 
PPVP becomes larger and ill defi ned in the eyes with vitre-
ous liquefaction. It is diffi cult to observe the entire structure 
of transparent PPVP by slit-lamp biomicroscopy in living 
eyes. Triamcinolone- assisted vitreous surgery clearly dem-
onstrates the PPVP [ 19 ].

11.2.6.2        Optical Coherence Tomography 
of Posterior Precortical Vitreous Pocket 

 Spectral domain optical coherence tomography (SD-OCT) 
and its noise-reduced version enabled the fi rst  visualizations 

a

c

b

d

  Fig. 11.3    ( a ) Posterior vitreous in the left eye of a 52-year-old male. 
The vitreous is enclosed by the vitreous cortex. There are two holes in 
the prepapillary (small, to the  left ) and premacular (large, to the  right ) 
vitreous cortex. Vitreous fi bers are oriented toward the premacular 
region. ( b ) Posterior vitreous in a 57-year-old male. A large bundle of 
prominent fi bers is seen coursing anteroposteriorly and entering the 

 retrohyaloid space via the premacular hole in the vitreous cortex. ( c ) 
Same as (b) at higher magnifi cation. ( d ) Posterior vitreous in the right 
eye of a 53-year-old female. There is posterior extrusion of the vitreous 
out the prepapillary hole (to the  right ) and premacular (large extrusion 
to the  left ) vitreous cortex. Fibers course anteroposteriorly out into the 
retrohyaloid space       
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of the PPVP in vivo [ 20 ,  21 ]. Recently introduced swept 
source OCT (SS-OCT) enabled further clear demonstration 
of entire structure of PPVP (Fig.  11.5 ). PPVP is a  boat- shaped 
vitreous lacuna in front of the posterior pole [ 22 ]. The supe-
rior bow of the boat is elevated interiorly in sitting position. 
The posterior wall is a thin vitreous cortex which is thinnest 
at the fovea. The anterior extent of PPVP is delineated by the 
vitreous gel. In eyes with little liquefaction, the anterior bor-
der of PPVP is sharply demarcated. There is a septum 
between the Martegiani space in Cloquet’s canal and PPVP. 
A channel over the anterior border of the septum connects 
the two spaces. In the vitreous gel surrounding the PPVP, a 
 vitreous fi ber is perpendicularly inserted in the vitreous 

 cortex. The confi guration of the PPVP was almost symmetri-
cal in both eyes of each subject. Fully developed PPVP is 
seen even in children older than 5 years. Yokoi et al. recently 
reported precursor stage of PPVP in newborn babies using 
SS-OCT [ 6 ].

11.2.6.3        Clinical Implication of Posterior 
Precortical Vitreous Pocket 

   Pseudo PVD 
 Because of PPVP, vitreous gel is always separated from the 
retina. The vitreous cortex, which serves as a posterior wall 
of PPVP, is invisible on slit-lamp biomicroscopy as long as it 
is attached to the retina. This condition is often misdiagnosed 

Fovea

  Fig. 11.4    Posterior precortical vitreous pocket (PPVP).  Top : ( left ) 
bisected senile eye with background illumination.  Arrows  indicate the 
posterior wall of the PPVP. Optical section of PPVP in the same speci-
men. Posterior wall of the PPVP is a thin vitreous cortex.  Bottom : 

 optical section of PPVP in an eye of a 28-year-old adult ( left ) with no 
liquefi ed lacuna in the inner vitreous and senile eye ( right ) with lique-
fi ed lacunae in the inner vitreous (Reproduced from Kishi and 
Shimizu [ 7 ])       
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as PVD. Balazs [ 23 ] termed “vitreoschisis” to denote severe 
liquefaction in the posterior vitreous but persistent attach-
ment of the outermost layer of posterior vitreous cortex on 
the retina. Vitreoschisis can be interpreted as a large PPVP 
which often develops in axial myopia.  

   Perifoveal PVD 
 The posterior wall of the PPVP exists as a membrane sep-
arated from the gel. The premacular cortex is spared from 
direct traction of vitreous gel but tends to develop trampoline- 
like detachment. However, there is a strong attachment at the 
fovea, which modifi es the trampoline PVD to perifoveal PVD. 
In perifoveal PVD, the vitreous cortex is inwardly detached in 
the perifoveal area, which suggests elastic nature of premacu-
lar cortex. Persistent vitreous traction by  perifoveal PVD may 
cause macular hole [ 24 ,  25 ] or  vitreomacular traction syn-
drome. Perifoveal PVD physiologically occurs in the precur-
sor stage of complete PVD [ 26 ,  27 ] (Fig.  11.6 ).

      Residual Vitreous Cortex 
 Because the premacular vitreous cortex is separated from the 
gel before initiation of PVD, it occasionally remains attached 
to the retina during PVD [ 28 ]. The residual cortex becomes 
the main source of epiretinal membrane. In eyes with ERM, 
oval defect of premacular hyaloid is often observed in 
detached posterior hyaloid [ 29 ].  

   Diabetic Retinopathy 
 In diabetic retinopathy, fi brovascular proliferation tends 
to develop around the PPVP which results in ring-shaped 
fi brovascular proliferation [ 30 ]. Vitreous detachment 
tends to occur outer to the PPVP, but not in the area of 
PPVP. Outer to the PPVP, vitreous fi bers insert into 
the vitreous cortex thus the gel and the cortex detach 
together. However, premacular vitreous cortex is spared 
from direct traction of vitreous gel because of PPVP. The 
posterior wall of the pocket develops trampoline-like 
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  Fig. 11.5    Normal posterior precortical vitreous pocket (PPVP) with 
little vitreous liquefaction observed by SS-OCT. Left eye of a 46-year-
old man with moderate myopia of −5.0D.  Top : in horizontal section, 
PPVP is boat shaped, which is sharply demarcated by vitreous gel. 

There is a connecting channel between Cloquet’s canal and the pocket 
over the septum.  Bottom : in vertical section, superior portion of PPVP 
is usually elevated ( arrows ). In the vitreous gel outer to the PPVP, vitre-
ous fi ber perpendicularly inserted in the vitreous cortex       
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PVD or  perifoveal PVD which may cause cystoids macu-
lar edema [ 31 ].  

   Vitreoretinal Adhesion at the Fovea 
 Kishi et al. examined 59 human autopsy eyes with complete 
PVD by scanning electron microscope [ 28 ]. They found 
 vitreous cortex remnants at the fovea in 26 out of 58 (44 %) 

eyes. One half of the 26 eyes had 500 μ diameter disc of 
remnant cortex at the fovea, which was occasionally sur-
rounded by another 1,500 μ diameter ring of remnant cortex 
(Fig.  11.7a  top). A 500 μ diameter ring of cortical remnant 
was adherent to the outer margin of the fovea in 30 % of the 
eyes (Fig.  11.7b  left bottom). Twenty percent of the eyes 
showed a pseudocyst formation where a  200–300 μ diameter 

Stage 3b

Stage 3a

Stage 0

Stage 2

Stage 1

Stage 4

  Fig. 11.6     Top left : Stage 0: no PVD. Posterior precortical vitreous 
pocket (PPVP) (p) is present anterior to the macula. Posterior wall of 
the PPVP is thin vitreous cortex ( yellow arrows ) and anterior border is 
vitreous gel ( black arrows ).  Top right : Stage 1: Vitreous cortex is 
detached in paramacular area ( yellow arrows ).  Black arrows  are the 
anterior border of the PPVP (p).  Middle left : Stage 2: Perifoveal PVD 
( yellow arrows ).  Black arrows  indicate the anterior border of the PPVP 

(p).  Middle right : Stage 3a: Macular PVD with intact vitreous cortex or 
the posterior wall ( yellow arrows ) of the PPVP (p).  Black arrows  indi-
cate the anterior border of the PPVP.  Bottom left : Stage 3b: Macular 
PVD with disrupted posterior wall ( yellow arrow ) of the PPVP (p). 
 Bottom right : Stage 4: Complete PVD with Weiss ring. No vitreous 
structure is observed       
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a

b

  Fig. 11.7    Scanning electron microscopy of vitreous cortex remnant at 
the fovea (Reproduced from Kishi et al. [ 28 ]).  Top : ( left ) 500 μ diameter 
disc of remnant cortex at the fovea, which was surrounded by another 
1,500 μ diameter ring of remnant cortex. ( Right ) high  magnifi cation 

of residual vitreous cortex.  Bottom : ( left ) ring-shaped remnant at the 
outer margin of foveal pit.  Inset  shows high magnifi cation of the site of 
yellow arrow. ( Right ) vitreous cortex bridging the foveal pit       
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disc of vitreous cortex bridged over the foveal pit (Fig.  11.7b  
right bottom). These fi ndings suggest strong adhesion of 
 vitreous cortex at the fovea and the outer margin of the foveal 
pit. These cortical remnants were membranes with no over-
lying vitreous gel because vitreous cortex is separated from 
gel by intervening PPVP. Spaide et al. observed the foveal 
anatomy in patients with perifoveal PVD (mainly patients 
with macular holes and those with early macular hole states) 
using OCT [ 32 ]. They reported that the diameter of the vitre-
ous attachment in eyes with perifoveal PVD correlated with 
induced changes in foveal anatomy. Normal foveal depres-
sion is seen in eyes with vitreous attachment of 1,828 um 
diameter, whereas loss of foveal depression is seen in vitre-
ous attachment with 840 um diameter and foveal cavitation 
in 281 um of vitreous attachment.

11.3           Age-Related Change of the Vitreous 

11.3.1     Liquefaction 

 Balazs measured the volumes of vitreous liquefaction and 
gel in 610 human eyes [ 33 ]. Liquid vitreous appears by the 
age of fi ve and increases throughout life until it constitutes 
more than 50 % of volume of the vitreous during the tenth 
decade (Fig.  11.8 ). Gel vitreous volume increases during the 
fi rst decade while the eye is growing in size. The volume 
of gel vitreous remains stable till about the age of 40, when 
it begins to decrease in equivalent to the increase in liquid 
vitreous. Foos studied the relationship between  synchysis 

 (liquefaction) senilis of vitreous and posterior  vitreous 
detachment (PVD) in 2,246 autopsied eyes using the 
 technique of suspension in air [ 34 ]. They showed that with 
age, liquefaction and incidence of PVD increases. There was 
a signifi cant increase in PVD associated with grade 3 (50 % 
destruction) and grade 4 (67 %) synchysis. Using dark-fi eld 
slit illumination, Eisner [ 5 ] and Sebag [ 18 ,  35 ] showed age- 
related changes of the vitreous. The vitreous is composed 
of homogeneous gel with Cloquet’s canal in a 7-month-old 
child [ 5 ]. There is no liquefi ed lacuna in the eyes of 4- and 
8-year-old children. Vitreous extruded into retrohyaloid 
space through the premacular vitreous cortex. There is no 
liquefaction or fi bers in the vitreous. In the eyes of a 57-year- 
old male, a large bundle of prominent fi bers is seen cours-
ing anteroposteriorly and entering the retrohyaloid space via 
the premacular hole in the vitreous cortex [ 35 ] (Fig.  11.3b  
bottom). In the eyes of an 88-year-old woman, the fi brous 
structure of the vitreous was degenerated with fi bers being 
thickened and tortuous [ 35 ]. The entire inner vitreous under-
goes dissolution with empty spaces adjacent to the thickened 
fi bers. It is believed that dissolution of the HA-collagen com-
plex results in the simultaneous formation of liquid vitreous 
and aggregation of collagen into bundle of parallel fi brils 
and seen as large fi bers. Slit-lamp biomicroscopy shows that 
vitreous liquefaction is associated with aggregation of colla-
gen fi bers (Fig.  11.9 ). In the vitreous samples obtained dur-
ing vitrectomy, vitreous hyaluronan level was signifi cantly 
decreased with aging [ 36 ].

11.3.2         Posterior Vitreous Detachment (PVD) 

 PVD occurs when liquefi ed vitreous passes through a break 
of vitreous cortex to retrohyaloid space. Vitreous cortex 
detaches from internal limiting membrane of the retina dur-
ing PVD. Incidence of posterior vitreous detachment (PVD) 
increases markedly between ages 50 and 70 years [ 33 ,  34 ]. 
As shown by Sebag in autopsy eyes, vitreous gel extrudes to 
retrohyaloid space through premacular hole in living eyes 
(Fig.  11.10 ). Premacular hole seems to correspond to the 
defect or break of the posterior wall of the PPVP. Since vit-
reoretinal adhesion is strongest at the optic nerve head, pres-
ence of prepapillary ring called Weiss ring in the detached 
vitreous cortex signifi es completion of PVD (Fig.  11.11 ).

11.3.3         Evolution of Vitreomacular 
Detachment 

 PVD had been believed to be an acute event. However, 
OCT has revealed a precursor stage of complete PVD 
[ 26 ,  27 ]. Because of PPVP, the premacular vitreous cortex 
is spared from direct traction of the vitreous gel. Premacular 
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  Fig. 11.8    The volumes of vitreous liquefaction and gel in 610 human 
eyes (Reprint from Balazs and Flood [ 33 ])       
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vitreous cortex or posterior wall of PPVP tends to develop 
trampoline- like detachment. Tangential contraction of the 
premacular cortex may generate anterior vector which 
 promotes trampoline- like PVD. Strong vitreous retinal 
adhesion at fovea may modify trampoline to perifoveal 
PVD. In our  prospective study in normal non-myopic eyes 

(Fig.  11.6 ) [ 27 ], PVD fi rst occurs in paramacular area 
(stage 1) and progresses to a perifoveal PVD (stage 2). 
Then vitreous  cortex detaches at the fovea (stage 3). In 
 vitreo-foveal separation (stage 3), some individuals may 
have an intact cortex and some may have a break in the 
cortex. Finally vitreous detachment at the disc results in 

  Fig. 11.9    Vitreous liquefaction 
in slit-lamp biomicroscopy. 
( Left ) non-myopic eye with 
posterior vitreous detachment 
(PVD). ( Right ) myopic eye with 
large lacuna ( L ) which mimics 
PVD       

  Fig. 11.10    Slit-lamp 
biomicroscopy of posterior 
vitreous detachment. ( Left ) 
posterior vitreous cortex ( yellow 
arrows ) is seen anterior to the 
macula. ( Right ) vitreous gel 
( yellow arrow ) extruded 
posteriorly through the 
premacular defect of the vitreous 
cortex       
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complete PVD with Weiss ring (stage 4). Figure  11.12  
shows the incidence of each stage in different decades in 
normal non-myopic population [ 27 ].

11.3.4        Splitting of Vitreous Cortex 

 Because of lamellar structure of the vitreous cortex, splitting 
of vitreous cortex may occur especially at the posterior wall of 
the PPVP. In our study of normal human eyes with spectral 
domain OCT [ 20 ], splitting of the vitreous cortex was seen in 
22 % of the eyes aged over 51 years (Fig.  11.13 ). In case of 
persistent vitreous traction such as vitreomacular traction syn-
drome, vitreous cortex splitting is more likely to occur [ 37 ] 
(Fig.  11.14 ). This suggests the possibility that outer layer of 
vitreous cortex may remain on the retina after PVD even with 
detachment of intact posterior wall of the PPVP. Sebag called 
the splitting of vitreous cortex as “vitreoschisis” and formed a 
basis to explain vitreoretinal interface diseases [ 12 ,  38 ].

11.4          Vitreous Changes in Myopic Eyes 

11.4.1     Formation of Large Lacuna 

 Axial myopia is associated with vitreous liquefaction and 
PVD occurring at a younger age as compared to non-myopic 
eyes [ 39 – 41 ]. High myopic eyes have a large liquefi ed lacuna 
which may mimic PVD (Fig.  11.9  right). Because liquefi ed 
vitreous is a source of subretinal fl uid in rhegmatogenous 
retinal detachment without PVD, retinal detachment is more 
likely to develop in myopic eyes. During PVD a large amount 
of liquefi ed vitreous escapes to retrohyaloid space resulting 
in vitreous collapse. Retinal detachment tends to be severe in 
high myopic eyes. 

 It is not well understood why highly myopic eyes develop 
a large lacuna. In chick model of form-deprivation myopia, 
axial elongation is associated with an elongation of the vitre-
ous chamber depth and an increase of the vitreous volume 
[ 42 ,  43 ]. An increase in the vitreous in myopic eyes was 
attributed on changes in the volume of the liquid vitreous, 
but not of the gel vitreous [ 42 ]. Using this chick model, Seko 
et al. found the disturbance of electrolyte balance in the vit-
reous    [ 44 ]. The concentration of potassium and phosphate 
were decreased in liquefi ed vitreous, whereas chloride was 
increased. Potassium is released from the retina into the vit-
reous to maintain the homeostatic condition of the retina, 
and Müller cell plays an important role to regulate the extra-
cellular potassium [ 45 ]. Visual deprivation may cause reduc-
tion of phototransduction and metabolic activity in the retina, 
particularly Müller cells. Since the vitreous gel seems to be 
generated from retina or Müller cells, reduced metabolic 
activity of the retina or Müller cell in axial myopia may 
cause formation of large lacuna. 

 OCT reveals that posterior aspect of PPVP is preserved 
despite the vitreous liquefaction. Liquefi ed lacuna may be 
formed early in central part of the vitreous. In such case, 
PPVP maintains normal confi guration with sharply demar-
cated anterior border. Liquefi ed lacuna presents anterior to 
PPVP with intervening vitreous gel (Fig.  11.15 ). There is a 
signifi cant correlation between the PPVP height and myopic 
refractive error [ 22 ]. In myopic eye, PPVP is enlarged and its 
anterior border becomes irregular. Even though, the posterior 
wall of PPVP and the septum adjacent to Cloquet’s canal are 
preserved (Fig.  11.16 ). In case of large PPVP, perifoveal 
PVD may occur at a young age (Figs.  11.16  and  11.17 ). If 
PPVP is markedly large, its anterior border is out of the 
scope of SS-OCT (Figs.  11.17  and  11.18 ). Even in such con-
dition, posterior wall of PPVP and the connecting channel 
are preserved and perifoveal PVD is common (Figs.  11.16 , 
 11.17 , and  11.18 ). The confi guration of the PPVP is almost 
symmetrical in both eyes of each subject. However, if refrac-
tive error differs in both eyes of the subject, the confi guration 
and size of PPVP differs in both eyes (Fig.  11.19 ).

  Fig. 11.11    Weiss ring in detached vitreous cortex       
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  Fig. 11.12    The incidence of 
each stage in different decades in 
normal non-myopic population. 
Stage 4 is complete PVD and 
stage 0 is no PVD (Reproduced 
from Itakura and Kishi [ 27 ])       

  Fig. 11.13    Splitting of vitreous cortex ( arrow ) in both eyes of a 58-year-old female. Horizontal sections of SD-OCT (Reprint from Itakura and 
Kishi [ 20 ])       
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11.4.2            Incomplete PVD 

 The features of incomplete PVD in high myopia were fi rst 
demonstrated by SS-OCT. If Weiss ring is not detected 
despite anterior displacement of vitreous gel by slit-lamp 
biomicroscopy, we should consider it a large PPVP or exten-
sive liquefaction. SS-OCT can better detect the vitreous cor-
tex or posterior wall of PPVP attached on the retina or 
partially detached. Perifoveal PVD is common in myopic 
eyes as in non-myopic eyes. In case of no PVD on slit-lamp 

biomicroscopy, SS-OCT well visualized the posterior vitre-
ous cortex detached at the macula, but attached to optic disc 
(Fig.  11.20  top). In case of vitreomacular separation, poste-
rior wall of the PPVP may attach on the retina which acts as 
epiretinal membrane (Fig.  11.20  bottom). SS-OCT 
 demonstrates the fl atten PPVP in case of PVD in the macular 
area (Fig.  11.21 ). PPVP may have an intact posterior wall or 
a disrupted wall (Fig.  11.6  bottom).

11.4.3         Early PVD 

 We prospectively investigated the posterior vitreous using 
SD-OCT or SS-OCT in non-myopic eyes (control) and high 
myopia of more than −8.0D. We defi ned complete PVD as 
detached vitreous cortex with Weiss ring. In ages from 20 to 
39 years, control eyes had only 8.3 % partial PVD, while 
high myopic eyes had already 27.8 % of complete PVD and 
16.7 % of partial PVD (Fig.  11.22 ). In the ages of 40–59 
years, high myopics had 43.2 % of complete PVD and 
35.1 % of partial PVD, while control eyes had only 8.2 % of 
complete PVD and 38.8 % of partial PVD (Fig.  11.23 ). In 
ages between 60 and 79 years, high myopics had 91.4 % of 
complete PVD and 8.6 % of partial PVD, while control eyes 
had 60.6 % of complete PVD and 29.4 % of partial PVD 
(Fig.  11.24 ).

11.4.4          Residual Vitreous Cortex in Eyes 
with Complete PVD 

 Residual vitreous cortex attached on the retina is only 
detected by SS-OCT. In our prospective study, residual cor-
tex was seen in 6.7 % of 105 non-myopic eyes with PVD and 
37.7 % of 53 highly myopic eyes (Fig.  11.25 ).

   It is diffi cult to evaluate the vitreous by slit-lamp biomi-
croscopy in myopic eyes. If we observe anterior displace-
ment of vitreous gel with extensive liquefaction but no Weiss 
ring, we assume no PVD. SS-OCT gives more concrete 
answer demonstrating the posterior wall of the PPVP and the 
septum adjacent to Martegiani space (Fig.  11.26  top). 
Vitreous surgeons frequently note the residual vitreous cor-
tex in posterior staphyloma despite the apparent PVD with 
Weiss ring during surgery in myopic foveoschisis eyes. 
SS-OCT demonstrates the residual vitreous cortex in the 
eyes of myopic foveoschisis with PVD with Weiss ring 
(Fig.  11.26  bottom).

  Fig. 11.14    Vitreous cortex splitting ( arrow ) in vitreomacular traction 
 syndrome (Reprint from Itakura and Kishi [ 37 ])       
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  Fig. 11.15    A 46-year-old female. Her vision was 1.2 × −5.5D in the 
right and 1.2 × −8.5D in the left eye. There is a similarity in the confi gu-
ration of posterior precortical vitreous pocket (PPVP) in both eyes. 

PPVP is a fl at boat shaped. Connecting channel ( arrow ) between PPVP 
and Martegiani space of Cloquet’s canal. There are liquefi ed spaces 
superior to the PPVP in both eyes       
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  Fig. 11.16    Right eye of a 24-year-old male with moderate myopia. He 
had focal retinal detachment in the temporal periphery of the right eye. 
His vision was 1.2 × −5.0D in the right and 1.2 × −5.5D in the left eye. 
No PVD was noted biomicroscopically in the right eye. SS-OCT showed 

relatively large posterior precortical vitreous pocket (PPVP) with irregu-
lar anterior border. Perifoveal PVD is noted in horizontal ( right top ) and 
vertical ( right bottom ) sections. Septum between PPVP and Martegiani 
space of Cloquet’s canal is seen in the horizontal section       
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  Fig. 11.17    A 21-year-old male. His vision was 1.2 × −11.0D in the 
right eye which showed liquefaction but no PVD in slit-lamp biomi-
croscopy. His fellow eye underwent retinal detachment surgery.  Top : 

SS-OCT shows large posterior precortical vitreous pocket (PPVP); the 
connecting channel ( arrow ) is seen at the top of the septum.  Bottom : 
large PPVP and perifoveal PVD is seen       
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  Fig. 11.18    A 48-year-old female. Her vision was 1.2 × −11.5D in the right and 1.2 × −12.5D. Both eyes had large posterior precortical vitreous 
pocket whose anterior border was not detected. Focal PVD was seen in paramacular area in both eyes       

 

11 Vitreous Changes in Myopia



160

  Fig. 11.19    A 44-year-old man with enlarged lacquer crack in his right 
eye. His vision is 1.0 × −12.0D in the right and 1.2 × −6.0D in the left 
eye. No PVD was detected in both eyes.  Top : SS-OCT showed exten-
sive liquefaction, and anterior border of posterior precortical vitreous 

pocket (PPVP) was not detected in the right eye. Slightly detached vit-
reous cortex and the septum at temporal border of Cloquet’s canal were 
seen ( arrows ).  Bottom : the left eye showed boat-shaped PPVP. There is 
a liquefi ed lacuna anterior to the PPVP       
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  Fig. 11.20    A 59-year-old woman with epiretinal membrane in the left 
eye. Her vision was 1.2 × −10D in the right and 1.2 × −7.0D in the left 
eye.  Top : the right eye had PVD in the macular area but vitreous cortex 
attached to the optic disc. The detached posterior wall of the posterior 
precortical vitreous pocket (PPVP) which is a premacular vitreous 

 cortex was disrupted.  Bottom : in the vertical section of the left eye, 
vitreous cortex was detached in the superior to the fovea ( white arrow ), 
but attached on the inferior to the fovea. Epiretinal membrane ( yellow 
arrow ) appears to correspond to the posterior wall of the PPVP which 
is seen as an empty space ( p )       
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  Fig. 11.21    A 43-year-old female. Her vision is 1.2 × −6.0D in the right 
eye. SS-OCT showed PVD in the macular area but vitreous attached at 
optic disc. Premacular vitreous cortex which is a posterior wall of the 
posterior precortical vitreous pocket (PPVP) was intact ( top  and 

  bottom ). There is a connecting channel ( arrow ) between PPVP and 
Martegiani space of Cloquet’s canal in horizontal section ( top ). Her left 
eye had retinal detachment       
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  Fig. 11.22    The incidence of PVD in non-myopic control and high 
myopia of more than −8.0D in the population of 20–39 years old       
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  Fig. 11.23    The incidence of PVD in non-myopic control and high 
myopia of more than −8.0D in the population of 40–59 years old       
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  Fig. 11.24    The incidence of PVD in non-myopic control and high 
myopia of more than −8.0D in the population of 60–79 years old       
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  Fig. 11.25    Frequency of residual cortex with complete PVD detected 
by SS-OCT in non-myopic control and high myopia more than −8.0D       

  Fig. 11.26    A 58-year-old woman has myopic foveoschisis in both 
eyes. Her vision is 1.2 × −14.0D in both eyes. Slit-lamp biomicroscopy 
showed no PVD in the right and PVD with Weiss ring in the left eye. 
 Top : SS-OCT showed partially detached vitreous cortex nasal to the 

fovea in the right eye. Anterior border of PPVP is not seen.  Bottom : 
partially detached epiretinal membrane ( white arrow ) is seen superior 
to the fovea, from which the membrane attached on the retina to the 
fovea ( yellow arrow )       
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   During vitreous surgery for myopic foveoschisis with 
complete PVD, we occasionally encounter the case with no 
residual vitreous cortex. In such case, we only remove ILM 
in the posterior pole. SS-OCT clearly demonstrates no vitre-
ous cortex on the retina preoperatively (Fig.  11.27  top). 
Despite the apparent PVD with Weiss ring, very thin vitreous 
cortex may remain on the retina in highly myopic eyes 

(Figs.  11.27  bottom, and  11.28 ). The residual cortex can be 
interpreted as the remnants of posterior wall of PPVP or out-
ermost layer of the split vitreous cortex. It may be not a 
residual cortex but a newly formed epiretinal membrane by 
proliferated glial cells or pigment epithelial cells. Another 
possibility is regenerated vitreous cortex after PVD which 
yet to be proved.

  Fig. 11.27    A 70-year-old female with myopic foveoschisis in the right 
eye. Her vision was 0.8p × −10.5D in the right and 1.2 × −9.0D in the 
left eye. Both eyes had PVD with Weiss ring. There was no residual 
vitreous cortex on the retina in the right eye ( top ), which was later 

 confi rmed by vitrectomy for foveoschisis. There is a slightly detached 
vitreous cortex ( arrow ) inferior to the macula in the left eye despite 
PVD ( bottom )       
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         Conclusion 

 The pathological condition of the vitreous in posterior 
staphyloma has been unclear because of invisible struc-
ture by slit- lamp biomicroscopy. Using time-domain 
OCT, we fi rst reported myopic foveoschisis [ 1 ] in 1999. 
At that time, time- domain OCT could not depict the vitre-
ous structure. Recently developed SS-OCT sheds light on 
the manifestation of vitreous cortex in high myopia. The 
posterior wall of PPVP plays an important role in vitreo-
retinal interface diseases in high myopia as well as in non-
myopic eyes.     
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        This chapter traces the historical background of  staphylomas, 
the possible etiology, and some problems that may be 
 attributed to staphylomas. Chapter      13     examines the fi ndings 
obtained by new imaging modalities and formulates a 
 classifi cation scheme. 

12.1     Historical Development of Ideas 

 The fi rst description of a staphyloma was made by Antonio 
Scarpa, a skilled anatomist who in 1801 described two eyes 
from a cadaver in which the posterior portion of each eye had 
pronounced outward bulges [ 1 ] (Fig.  12.1 ). Staphylomas of the 
anterior segment were a recognized complication of infl amma-
tion or tumors at that time, but the posterior staphyloma seemed 
to be different than the anterior types. In 1830, Ammon 
described two eyes that had expansion of the eye in the region of 
the fetal fi ssure [ 2 ]. Similar abnormalities were described in 
later years occurring in the context of colobomas of the iris and 
lens, so the fl uid fi lled space, referred to as posterior staphyloma 
of Ammon, was probably a coloboma. Arlt made the  connection 
between the posterior staphyloma of Scarpa and myopia [ 3 ,  4 ]. 
He noted myopic eyes had a conus, an area of absent choroid 
and retinal pigment epithelium. For the most part, a conus was 
only seen in eyes with myopia, although it was known that 
emmetropic and even hyperopic eyes could have a conus. 
Following the discovery by Arlt, myopia and staphyloma were 
thought to be synonymous, with myopia being secondary to the 
 staphyloma. The presence of a staphyloma was inferred to be 
present in myopic eyes by seeing the presence of a conus. (This 
was at a time when there was not widespread use of binocular 
ophthalmoscopy.) Arlt reasoned the conus was the result of 
 atrophy of the choroid but seemed to have a harder time trying 

to determine the retinal abnormalities that accompanied the 
conus. Arlt knew that eyes with a conus had a larger blind spot 
and therefore must have had a localized absence of light sensi-
tive cells. Other competing ideas were a conus was due to 
infl ammation or was congenital.

   Through extensive analysis of myopic eyes, Tscherning in 
1883 determined that many eyes with myopia did not have a 
staphyloma [ 5 ]. In 1898, Schnabel reviewed the published 
cases and added additional new information [ 6 ]. He found 
staphylomas only in eyes with greater than 8 diopters of myo-
pic refractive error. These eyes nearly always had a conus, 
although a conus could frequently be found in eyes with less 
than 8 diopters of myopic refractive error. Schnabel thought the 
conus was present from early in life but, with ocular expansion 
due growth and myopia, became increasingly evident. The 
divergence in the early ideas about the conus carried through to 
ideas of how staphyloma formed. One was atrophy of the cho-
roid along with “the strain of near work” produced a staphy-
loma in an otherwise normal eye [ 7 ]. A second line of reasoning 
was the sclera was abnormal due to defective development and 
later stretched to cause a staphyloma. Another hypothesis was 
localized infl ammation caused anterior staphyloma as well. 
However, Knowles discredited this idea by noting a lack of 
objective signs of infl ammation in most of these eyes [ 8 ]. The 
defi nition of a staphyloma was codifi ed over time. An ectasia 
was an outpouching of the wall of the eye without uveal tissue. 
A staphyloma was an outpouching of an eye with associated 
uveal tissue. These defi nitions continue to have weaknesses in 
that in advanced stages of myopic degeneration, the choroid 
within the region of the staphyloma can appear to completely 
regress leaving what is called chorioretinal atrophy. Despite the 
absence of uveal tissue, the area is still called a staphyloma.  

12.2     The Curtin Classifi cation 

 Curtin greatly expanded the clinical understanding of staphy-
loma formation in myopes [ 9 ,  10 ]. Curtin divided the ophthal-
moscopic appearance of a group of 250 patients with 
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staphylomas into ten different patterns (Fig.  12.2 ). The fi rst 
fi ve were posterior outpouchings, which Curtin called simple 
staphylomas, and involved the macula and optic nerve region 
or were centered on the macula, directly over the optic disc, 
nasal to the optic disc, or inferior to the optic disc [ 10 ]. Curtin 
showed the inferior staphyloma to be associated with a tilted 
optic disc, a condition that will be described in greater detail. 
However, other staphyloma types may also be associated with 
a tilted disc appearance. The remaining fi ve were termed 
compound staphylomas, and these appeared to be composites 
of more than one type of staphyloma or were an elaboration 
from simple staphylomas. For example, a Type VI staphy-
loma is a combination of a Type I, a staphyloma over the pos-
terior pole along with a Type II staphyloma, which is the one 
centered on the macula. This creates a two- tiered depression. 
Type IX staphylomas are two adjacent staphylomas, one prin-
cipally involving the disc and the second, the macula. Many 
of these types of staphyloma can be associated with a tilted 
disc, although this was not mentioned. The Curtin classifi ca-
tion is not exhaustive of all types of staphyloma. Many of the 
eyes imaged by Moriyama and associates with high-resolu-
tion magnetic resonance imaging (MRI) and 3D rendering 
had staphyloma confi gurations not anticipated by Curtin [ 11 ]. 
The classifi cation scheme a landmark though, because it 

implicitly considered a staphyloma to be a particular  anatomic 
confi guration in the context of the overall structure of the eye. 
Whereas Alrt considered the staphyloma to be myopia, and 
vice versa, Curtin’s classifi cation highlighted the specifi c 
structural abnormalities that sometimes could be seen in eyes 
with increasing amounts of myopia.

   The distinction of a staphyloma as being a separate 
sequela of myopia as opposed to being an integral part of 
myopia is not universally accepted. It is still common for 
authors to refer to abnormalities in the posterior pole of 
 myopic eyes, even the ones that do not involve outpouching, 
as being staphylomas [ 12 ]. The curvature of the posterior 
pole of the eye in high myopes has been called a posterior 
staphyloma without evidence being shown that there was an 
alteration in the generalized curvature of the eye or any sem-
blance of an outpouching [ 13 ]. Part of the confusion is 
related to how the axial length of the eye may increase as a 
consequence of a staphyloma. In that case, the incremental 
exaggeration in the refractive error of the eye is due to the 
increase in axial length caused by the staphyloma. Much of 
the confusion concerning staphylomas is due to the lack of 
an unambiguous and detailed defi nition for staphyloma 
beyond the rather nebulous concept of a “posterior outpouch-
ing” of the eye. 

  Fig. 12.1    From    Scarpa [ 1 ]:   “…I have twice happened to meet with 
the staphyloma of the  sclerotic coat in its posterior hemisphere, in 
the dead subject, where I do not know that it has been seen or 
described by any other. The fi rst time was in an eye taken from the 
body of a woman 40 years old, for another purpose. [In reference to 
Figure IX.] This eye was of an oval fi gure, and upon the whole, 
larger than the found one of the opposite eye. On the posterior hemi-
sphere if this eye, and on the external side of the entrance of the 
optic nerve, or on the part corresponding to the temple of that side, 
the sclerotic was elevated in the form of an oblong tumor of the size 
of a small nut. [In reference to Figure IX, a.]   When the posterior 
hemisphere of the eye was immersed in spirit of wine, with a few drops 

of nitrous acid added to it, in order to give the retina consistence and 
opacity, I could perceive distinctly, that there was a defi ciency of the 
nervous expansion of the retina within the cavity of the staphyloma; 
that the choroid coat was very thin and discolored at this part, and 
wanted its usual vascular plexus; and that the sclerotic, particularly at 
the apex of the staphyloma, was rendered so thin as scarcely to equal 
the thickness of writing paper. I knew that the woman from whom the 
eye had been taken, had lost the faculty of seeing on the side some years 
before, during an obstinate ophthalmia, attended with a most acute and 
almost habitual pain in the head. [Figure X in the same text was from an 
eye contributed to Scarpa]   ”       
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 Curtin used ophthalmoscopy and fundus drawings to 
 classify the staphyloma types, while other studies employed 
color fundus photographs or a combination of ultrasonogra-
phy and indirect ophthalmoscopy. Curtin found the most 
common type of staphyloma involved the posterior pole in 
general, causing an outpouching of the region encompassing 
the nerve and macula. This staphyloma type accounted for 
approximately one-half of all staphylomas seen in a series of 
250 affected patients [ 10 ]. Curtin’s Type II staphyloma, which 
is centered on the macula, was the second most common type 
seen in patients aged 3–19 years but became less common in 
older individuals. More complex forms of staphyloma seen in 
older patients were Type VIII through Type X. Type VIII is a 
combination of a Type 1 and a Type II. It is possible that the 
peculiar anatomy of the scleral collagen fi bers affects the con-
fi guration observed. In the posterior portion of the eye, some 
of the scleral fi bers form annular rings around the scleral 
opening for the nerve. It is possible that selective alteration of 
the scleral fi bers could allow some of the annular fi bers to 
remain relatively unaffected, thus producing a septum in the 
middle of what would have been a larger Type II staphyloma 
to produce a Type IX staphyloma. A Type X staphyloma is a 
modifi cation of a Type II but with a shallow temporal border 
and an incomplete border around the optic nerve. 

 The staphylomatous process results in a localized  thinning 
of structures in the posterior pole and potentially increases 
the likelihood of ocular abnormalities. In reality, the abnor-
malities seen in high myopes are highly correlated with axial 
length but may be exaggerated in posterior staphylomas. 
There are some types of staphyloma that confer special risk 
for ocular abnormalities, and these will be  discussed later.  

12.3     Prevalence of Staphyloma 

 The prevalence of staphylomas in highly myopic eyes could 
be expected to vary based on the composition of the group 
being evaluated in regard to axial length and method of 
patient recruitment. Patients being randomly selected from a 
pool of high myopes may have a different proportion of 
staphylomas than a group attending an eye clinic. The 
method of detecting staphylomas highly infl uences what is 
considered a staphyloma. Curtin and Karlin used ophthal-
moscopy to examine eyes but did not state what they consid-
ered a staphyloma to be [ 10 ]. Hsiang et al. used 
ultrasonography to evaluate eyes; they measured the depth of 
the eye posterior to the optic nerve [ 14 ]. This method axiom-
atically considers eyes with staphylomas only involving the 
optic nerve to have no staphyloma, since in these eyes, the 
optic nerve is the most posterior part of the eye. In an eye 
with a spherical shape and the fovea in the optic axis, the 
fovea by default would be posterior to the optic nerve; there-
fore, a normal eye would be considered to have a staphy-
loma, albeit small, using this methodology. 

 Estimates of staphyloma prevalence therefore are more of 
a guide than an absolute. Curtin and Karlin found the preva-
lence increased dramatically with elongated axial length. 
Curtin and Karlin determined the prevalence of posterior 
staphyloma increased from 1.4 % in eyes 26.5–27.4 mm to 
71.4 % in eyes having an axial length from 33.5 to 36.6 mm. 
The mix of the type of staphyloma varied with age. Younger 
eyes had a predominance of simple forms, with staphylomas 
involving either the entire posterior pole or just the macular 
region accounting for nearly all staphylomas seen. In older 

Type I
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Type IX

  Fig. 12.2    Curtin classifi ed the staphylomas he found in myopes into ten categories. The fi rst fi ve were simpler confi gurations, while the last fi ve 
were either more intricate in their confi guration [ 10 ]       
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eyes, the proportion of more complex staphylomas increased. 
Hsiang et al. using ultrasonography determined that staphy-
lomas were present in 90 % of a group of 209 eyes with high 
myopia. They too found the complexity of staphylomas 
increased with advancing patient age [ 14 ].  

12.4     Proposed Nomenclature 

 A highly myopic eye may have shape distortion where the 
curvature of the eye deviates from the fl attened sphere seen 
in emmetropes without having a staphyloma. The barrel-type 
shape as described by Moriyama and coauthors based on 3D 
MRI is an example of a shape distortion that does not neces-
sarily have staphyloma formation [ 11 ]. A staphyloma can be 
given a formal defi nition of an outpouching of the wall of the 
eye that has a radius of less than the surrounding curvature of 
the wall of the eye. A simple staphyloma is a region that has 
only 1 radius of curvature. A complex staphyloma is an 
expansion that has two distinct radii of curvature with a total 
or partial overlap in the curves. A compound staphyloma is 
present when there are two or more separate outpouchings 
that are not concentric. Thus, what Curtin called a Type VII 
coloboma, which is a staphyloma around the optic nerve 
embedded in a staphyloma involving the posterior pole, 
would be considered a complex staphyloma. The Type IX, 
which is two staphylomas side by side, would be a com-
pound staphyloma. As shown in Fig.  12.3 , it is relatively 
easy to fi nd staphylomas that do not fi t into Curtin’s 
 classifi cation system. As such a description of the 
 staphylomas using this proposed nomenclature would prove 
to be more accurate. Many of the eyes shown by Moriyama 
et al. [ 11 ] appear to have compound staphylomas in arrange-
ments not anticipated by the Curtin classifi cation. While the 

nomenclature above provides an accurate way to describe 
changes, a classifi cation scheme also needs to have simplic-
ity and clinical applicability to be useful.

12.5        Etiology 

 The enigma of the staphyloma is wrapped in the mystery of 
myopia. The ocular shape experiments in animal models of 
emmetropization show the eye is capable of local reaction to 
defocus [ 15 – 24 ]. An error signal appears to be created, and the 
eye is capable of responding by regional growth changes to 
minimize the error signal [ 17 ,  24 ]. The defocus induced can 
arbitrarily be selected by using eyeglass lenses to induce a 
compensatory hyperopia or myopia. This implies the amount 
and direction of the error signal is correctly interpreted in the 
response by the eye [ 24 ]. Removing the lens inducing a refrac-
tive shift from the eye of a chick results in a recovery of the eye 
with reduction or elimination of the induced refractive error. 
Obscuring vision in the growing eye sets off a related series of 
events that leads to myopia formation. In this situation, the 
emmetropization process seems to be clamped into producing 
one of the two potential extremes, myopia. 

 In animal models, there appear to be two main modalities 
at play in ocular adaptation to defocus. In bird, there can be 
a large change in the thickness of the choroid. The increase 
in thickness is accomplished with the aid of the lymphatic 
system found in bird eyes [ 25 ]. Myopization is associated 
with decreased choroidal blood fl ow and potential for cho-
riocapillaris changes even in the short term [ 26 ,  27 ]. Humans, 
of course, have no lymphatic system, but defocus can induce 
a small change in the thickness of the choroid as determined 
by optical low-coherence refl ectometry [ 28 ]. Longer-term 
alterations in emmetropization are related to increase in axial 

  Fig. 12.3    Three different confi gurations of staphyloma are shown. 
( a ) A staphyloma involving the macula region with its nasal border 
abutting the optic nerve. This would probably be close to what Curtin 
called a Type II staphyloma, but note that the optic nerve is tilted in 
this case. The posterior pole shows generic effects of the staphyloma; 
there is thinning of the choroid that is more pronounced in the staphy-
loma with overlying pigmentary changes. ( b ) The patient appears to 
have two staphylomas adjacent to each other ( black and green 

 arrowheads ) and therefore would be most similar to a Type IX staphy-
loma as described by Curtin. However, close inspection reveals another 
staphyloma ( light blue arrowheads ) contained in the staphyloma 
around the nerve ( green arrowheads ). So this eye would have a combi-
nation of a Type III and a Type IX staphyloma. ( c ) This patient has 
three adjacent staphylomas ( black, green, and yellow arrowheads ) and 
therefore does not resemble any of the staphyloma types described by 
Curtin       
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length caused by expansion of the eye. The sclera undergoes 
remodeling, thinning, and develops increased elasticity. In    
animal models with optically imposed defocus in one hemi-
fi eld produced alteration in the size of that hemifi eld in par-
ticular [ 29 ,  30 ]. This suggests there are mechanisms that 
afford local and selective control of eye growth and refrac-
tive development. Subsequently, the role of the entire retina 
in producing axial lengthening was studied. Interestingly, 
foveal ablation in the monkey followed by form deprivation 
still causes myopia with increased axial length [ 31 ]. Relative 
peripheral hyperopic defocus causes axial length changes, 
leading to the suggestion that peripheral optical approaches 
may be a potential strategy in the prevention and treatment of 
myopia [ 18 ,  32 ]. 

 The major component of the sclera is Type I collagen. 
These form fi brils that provide structural strength of the eye. 
There is a gradient in scleral fi bril size from the inner to outer 
sclera, and this gradient follows the development of the 
sclera, which progresses from the inner side to the outer sur-
face. In high myopes, there is a decrease in the dry weight of 
collagen as compared with emmetropes, and the fi bril diam-
eter is decreased as well. The sclera of high myopes does not 
show the typical gradient of fi bril diameters, as all of the 
fi brils are small in diameter. This change is most evident in 
the posterior portion of the eye, even in the absence of a 
staphyloma [ 33 ,  34 ]. There are decreased glycosaminogly-
cans as compared with emmetropic eyes as well. In animal 
models of myopia, the changes in the sclera, manifested by 
scleral thinning, are the results of a loss of tissue and stretch-
ing. The thinning of the sclera, along with some increase in 
elasticity [ 35 ], results in increased stretching (strain) for any 
given stretch (stress). By Laplace’s law, the stress on the 
sclera can be estimated by  δ  =  PR /2 T , where  δ  is the stress,  P  
the intraocular pressure,  R  the radius, and  T  the wall thick-
ness. In high myopes, the wall stress increases with expan-
sion of the eye and decreased wall thickness. 

 In most adults, the refractive error and axial length remain 
stable over time. In high myopes, a subset of the population, 
both axial length and refractive error, can increase over time, 
even in adults [ 36 ,  37 ]. While there may be some weak 
genetic infl uence for the development of high myopia, for 
the most part, this disorder appears to be inducible in suscep-
tible populations. This is evidenced by epidemiologic studies 
showing near work and lack of outdoor activities being the 
strongest risk factors, by the appearance of myopia in agrar-
ian and hunting populations that began schooling, and by 
animal experimentation [ 38 – 48 ]. This implies there is a 
change in highly myopic eyes that confers increase risk for 
progressive changes in the architecture of the sclera, not only 
during phases of rapid growth, such as in late childhood, but 
much later in life. Given that emmetropization appears to 
involve local control, it is possible that regional defocus of 
images could cause regional alterations in scleral growth and 
mechanical properties. Outdoor activities involve distances 

that are generally greater than 1 m from the observer. That 
means a range of refractive differences that at most can be 1 
diopter. In the bright illumination of sunlight, small pupil 
sizes lead to an increased depth of fi eld, reducing the defocus 
of images even more. On the other hand, the range of dis-
tances from the eye varies substantially indoors; some 
objects may be centimeters away, while others are meters 
away. These distances range across a large breadth of diop-
ters. Illumination levels are lower indoors, and the spectral 
composition of light may be more myopigenic [ 49 ]. In this 
case, it is easily possible that regions of the eye can be in 
focus, while other areas are defocused. Indeed one of the 
strongest factors related to global expansion is the amount of 
peripheral, not central, refractive error. Results of animal 
models strongly implicate image defocus in the response of 
regional adaptive mechanisms in the eye. The infl uence that 
prolonged defocus of images has on the development of 
staphylomas in humans is not known. However, in animals 
defocus is a commonly used method to cause myopia. If this 
same pathogenic mechanism exists in humans, localized 
defocus could cause regional expansion of the eye. It is pos-
sible that various regions of the eye wall have varying sus-
ceptibility to ocular expansion in the adult human eye leading 
to nonuniform expansion. 

 A second but related possibility is that choroidal abnor-
malities may play a role in the development of nonuniform 
expansion of the eye. This intriguing possibility is sug-
gested by the observation of rapid and profound ocular 
expansion with the development of high myopia in an adult 
following resolution of Vogt-Koyanagi-Harada disease in 
which there was marked thinning of the choroid seen. The 
scleral composition and shape has been theorized to be 
controlled in part by the choroid. In the development of 
high myopia, the choroid becomes quite thin and in some 
regions disappears altogether. Any potential mechanisms 
involved in maintenance of ocular shape and size could 
potentially be altered.  

12.6     Special Problems in High Myopes 
That Can Be Attributed 
to Staphylomas 

 The stretching of the ocular layers in a staphyloma is locally 
exaggerated within a staphyloma. The adverse effects of any 
stretching may therefore be worsened within the confi nes of 
the staphyloma. The change in contour of the eye wall may 
also cause potential abnormalities if the infl ection point is 
somewhere near the macula. This is exactly what happens in 
a Type V staphyloma, also known as an inferior staphyloma 
or as tilted optic disc syndrome. 

 Type V staphylomas are unusual in that the center of the 
macula can be bisected by the change in curvature of the 
upper edge of the staphyloma. The superior half is less 
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 distended than the inferior portion. The nerve is usually at 
the border of the staphyloma and has a tilted appearance. 
This has led to two different names for this structural con-
fi guration: inferior staphyloma or tilted optic disc syndrome, 
which was the fi rst term used to describe the disorder 
[ 50 –  62 ]. There are numerous abnormalities described in 
association with this particular staphyloma. The infl ection 
of the curve of the eye wall to the staphyloma has been asso-
ciated with a band of decreased pigmentation extending in 
an arcuate manner along the upper edge of the staphyloma 
[ 60 ]. Some eyes show more complicated pigmentary pat-
terns. The underlying choroid is thin and the sclera under 
that is thickened as compared with nearby areas. It is not 
uncommon for these eyes to have subretinal fl uid [ 53 ]. 
There are numerous potential theories as to the origin of the 
fl uid: the atrophy of the retinal pigment epithelium may 
decrease its pumping function or the scleral thickness may 
impede the uveal- scleral outfl ow there [ 62 ]. Some patients 
seem to have leaks seen during fl uorescein angiography 
consistent with central serous chorioretinopathy, which is 
distinctly uncommon in high myopes. Some authors have 
proposed the subretinal fl uid caused the observed retinal 
pigment epithelial changes [ 62 ]. Tilted disc syndrome has 
been associated with an uneven distribution of drusen in 

which the superior  portion had more drusen than the inferior 
more myopic aspect [ 57 ]. Polypoidal choroidal vasculopa-
thy has been described in several eyes with tilted disc syn-
drome [ 55 ,  56 ]. Typical choroidal neovascularization, 
including cases with many foci, has been reported in these 
eyes [ 52 ]. It is possible that the region of the change of cur-
vature has numerous microbreaks of Bruch’s membrane. 
Eyes with tilted disc syndrome commonly have superior 
visual fi eld defects, which can be ameliorated by changing 
the refraction used while measuring the visual fi eld [ 58 ]. 
This appears to be related to the disparity in axial length, 
although there may be neurogenic or retinal contributions to 
the fi eld defect in some patients. 

 The exaggerated effects of thinning and curvature of the 
eye can induce local effects in the staphyloma (see 
Fig.  12.3a ). The more subtle effects of decreasing choroidal 
thickness on visual acuity may come into play within a 
staphyloma if the choroidal thickness is severely compro-
mised. The outpouching of the eye also causes the surface 
area occupied within that region to be greater than what it 
would have been for structures lining the wall of the eye. 
For example, the retina is stretched over a larger area 
increasing the stress on the retina, which is elastic to a cer-
tain extent. Because of the curvature of the eye and of the 

a b c

d e

  Fig. 12.4    Proposed  nomenclature 
for staphylomas. ( a ) Normal eye 
shape. ( b ) Axial expansion 
occurring in the equatorial region 
that does not induce any altered 
curvature in the posterior aspect 
of the eye. This eye would have 
axial myopia but no staphyloma. 
( c ) A second curvature occurs 
in the posterior portion of the eye, 
and this second curvature has 
a smaller radius ( r  2 ) than the 
surrounding eye wall ( r  1 ). This 
secondary curve is a staphyloma 
and because there is only one 
additional curvature is considered 
to be a simple staphyloma. 
( d ) Some eyes have a staphyloma 
within a staphyloma or a complex 
staphyloma. Note the two 
secondary radii,  r  2  and  r  3 . ( e ) 
Other eyes may have more than 
one nonassociated secondary 
curvatures. This is an example 
of a compound staphyloma       
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staphyloma, the forces generated by the retina can be 
resolved into vectors acting in the plane of the retina and 
perpendicularly inward from the retina (Fig.  12.4 ). This 
second vector has the propensity to lift the retina from the 
back wall of the eye. Any local traction on the retina 
through epiretinal membrane or remnants of attached vitre-
ous would increase this vector. Counteracting this vector 
would be the normal forces maintaining attachment. These 
include the pumping by the RPE and the normal vector of 
fl ow from the vitreous to the choroid [ 63 ]. The vector of 
forces directed perpendicularly inward can begin to exceed 
the tensile strength of the retina or the force of retinal 
attachment. This can lead to retinoschisis or retinal detach-
ment, respectively. Surgical repair of the induced problems 

can include vitrectomy with removal of the plaque of 
 vitreous alone or with removal of the internal limiting 
membrane (Figs.  12.5  and  12.6 ) [ 63 ].

    Staphyloma formation may place the fovea at an angle to 
the optical axis of the eye, with the outer segments discs not 
being perpendicular to the incoming light rays. This has the 
potential of inducing the Stiles-Crawford effect; the fi rst 
type is a reduction in sensitivity and the second type an 
alteration in the perceived wavelength of the light. 
Asymmetrical Stiles-Crawford patterns have been associ-
ated with myopic abnormalities of eye shape [ 64 ]. High 
myopes have altered color vision and dark adaptation, 
although there are numerous possible explanations for these 
fi ndings [ 65 ].  

a c

d

b

  Fig. 12.5    The posterior extent of the sclera and choroid bulge 
backward in a staphyloma. The forces leading to attachment include 
the net vector of fl ow that goes from the vitreous to the choroid and 
the pumping effect by the retinal pigment epithelium. The forces 
that lead to detachment include traction by the attached vitreous ( a ) 
or even adherent plaques of vitreous ( b ) after posterior vitreous 
detachment. The natural elasticity of the retina also is an important 
factor. The retina is usually taut across the staphyloma with the 

apparent forces in the plane of the retina ( double arrow  in  b ). This 
force can be resolved into two vectors, including one that is perpen-
dicular to the retina leading to the center of the eye. ( c ) An illustra-
tive contact b-scan ultrasound is shown of an eye with a localized 
detachment in a staphyloma. ( d ) Removal of vitreous traction can 
include using triamcinolone (shown as white crystals on the surface 
of the vitreous) and possible removal of the internal limiting mem-
brane as well       
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12.7     A Distinct Alteration in Scleral 
Contour: Dome-Shaped Macula 

 Gaucher and colleagues described a new entity in eyes with 
high myopia [ 12 ]. The central portion of the macula 
appeared to bow inward, unlike typical staphylomas in high 
myopia in which staphylomas bow outward. They called the 
disorder dome-shaped macula in eyes with myopic staphy-
loma. The authors proposed that there was localized thick-
ening of the choroid as a possible explanation. They did not 
demonstrate any outpouching of the eye. Later in a letter to 
the editor, two additional possibilities were suggested: the 
fi rst was the dome shape was due to vitreous traction, and 
the second was there really was collapse of the posterior 
portion of the eye such that the sclera bowed inward [ 66 ]. 
The hypothesis that there was vitreous traction was not 
borne out by any of the OCTs, and the eyes with dome-
shaped macula have normal intraocular pressure, making 
eye collapse highly implausible. Imamura and associates 
examined a group of 15 patients (23 eyes) with dome-shaped 
macula with EDI OCT [ 67 ]. The mean age of the patients 
was 59.3 years, and the mean refractive error was −13.6 
diopters. The mean subfoveal scleral thickness in 23 eyes 
with dome-shaped macula was 570 μm, and that in 25 eyes 
of myopic patients with staphyloma but without dome-
shaped macula was 281 μm ( P  < 0.001) even though both 
groups had similar refractive error. The scleral thickness 
3,000 μm temporal to the fovea was not different in the eyes 
with dome-shaped macula, 337 μm as compared to the eyes 
without dome-shaped macula, 320 μm. Dome-shaped mac-
ula appears to be the result of regional thickness differences 
of the sclera in highly myopic eyes, and it does not 

 correspond to any of the known types of staphyloma 
described (Fig.  12.7 ). Some patients with dome-shaped 
macula may have focal collections of subretinal fl uid, which 
may occur because of the obstruction of outfl ow of choroi-
dal fl uid by the local scleral thickness variation
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13.1            Introduction 

 In 1977, Curtin [ 1 ] classifi ed a posterior staphyloma in eyes 
with pathologic myopia into ten different types. Types I to V 
are considered a primary staphyloma, and types VI to X are 
considered a combined staphyloma (see Staphyloma (I) of 
Chap.   13     for details). To date, this has been the most fre-
quently used classifi cation for staphyloma. Although this is a 
very useful classifi cation, some improvements can be made. 
For example, this classifi cation is based solely on ophthal-
moscopic examination, and thus, the classifi cation is rather 
subjective. Also, there are some types which are uncommon 
especially in the types of combined staphyloma, like type VI, 
VIII, or X. Finally, it is diffi cult to remember and routinely 
use as many as ten different types; thus, a simpler classifi ca-
tion is needed. 

 Most of the staphyloma involves a wide area of the fun-
dus; thus, the entire extent of staphyloma often does not fi t 
within the 50° angle of the conventional fundus photos. 
Optical coherence tomography (OCT) is a useful tool for 
analyzing the curvature of the eye; however, the maximum 
scan length of commercially available OCT is not long 
enough to cover the entire extent of a wide staphyloma. 

 A relatively new technology, the Optos Optomap 
Panoramic 200A imaging system (Optos, PLC, Dunfermline, 
Scotland), combines both an ellipsoid mirror and a scanning 
laser ophthalmoscope (SLO) to obtain noncontact, nonmyd-
riatic, panoramic fundus images. Optos allows for ultra-
wide- fi eld fundus imaging of nearly the entire retina (up 

to 200°), during which the peripheral retina is captured 
simultaneously without the need for patient refi xation. 

 Recently, we used three-dimensional magnetic resonance 
imaging (3D MRI) to analyze the entire shape of the eye 
[ 2 ,  3 ]. 3D MRI is considered suitable to analyze the eye shape 
of wide region like posterior staphyloma in a 3D way from 
any angle. There have been no studies analyzing how the 
entire eye looks like according to each type of staphyloma. It 
is also unclear whether the staphyloma affects the posterior 
eye segment only or it affects much broader range of the eye. 

 Thus, in this chapter, we propose a simple classifi cation 
and examined the features of Optos images and 3D MRI 
images of the same individual. We also analyzed how the 
staphyloma seen in Optos images corresponds to the abnor-
mal shape of the entire globe in 3D MRI images.  

13.2     Principles for Classifi cation 
of Staphyloma 

     1.     Only the contour of the outermost border of posterior 
staphyloma was analyzed :
•    Combined staphylomas in Curtin’s classifi cation [ 1 ] are 

characterized by the presence of irregularities within 
the staphylomatous area. However, recent enhanced 
depth imaging OCT (EDI-OCT) [ 4 ] and swept-source 
OCT have shown that there are more numerous and 
more complicated irregularities of the sclera within a 
staphyloma than expected earlier, such as dome-shaped 
macula [ 5 – 9 ], peripapillary intrachoroidal cavitation 
(ICC) [ 10 ], macular ICC [ 11 ], scleral dehiscence within 
patchy atrophy or at the emissary openings [ 12 ], change 
of scleral curvature at the dura attachment site [ 13 ], 
posterior protrusion of peripapillary sclera exposed 
onto the dilated subarachnoid space [ 13 ]. Thus, it is dif-
fi cult to include many different kinds of scleral irregu-
larities into the classifi cation of staphyloma. From the 
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reasons above, we analyzed the outermost border only. 
That is, types VI to X are included under the same cat-
egory with type I (Fig.  13.1 ).

          2.     Staphyloma type is renamed according to its location and 
distribution  (Fig.  13.2 ):

•     Type I → wide, macular staphyloma  
•   Type II → narrow, macular staphyloma  
•   Type III → peripapillary  
•   Type IV → nasal  
•   Type V → inferior  
•   Staphyloma other than type I through type V → others         

13.3     Highly Myopic Eyes Without Evident 
Staphyloma (Fig.  13.3 ) 

    In Optos images, no clear abnormalities suggesting the 
staphyloma edge are found both in color images as well as 
fundus autofl uorescence (FAF) images, although posterior 
fundus shows characteristic fi ndings to pathologic myopia, 
such as myopic chorioretinal atrophy and myopic conus 
(Fig.  13.3a, e ). 3D MRI images show an elliptical shape 
(Fig.  13.3c, e ) or barrel shape (Fig.  13.3g, h ) both in horizon-
tal and vertical sections. Highly myopic eyes with longer 
axial length (especially > 30.0 mm) tend to have barrel- 
shaped globe than elliptical shape when they do not have 
evident staphyloma.  

13.4     Highly Myopic Eyes with Evident 
Staphyloma (Figs.  13.4 ,  13.5 ,  13.6 , 
 13.7 ,  13.8 ,  13.9 ,  13.10 ,  13.11 , 
and  13.12 ) 

13.4.1     Macular Staphyloma 

 Macular staphyloma is further divided into wide and narrow, 
mainly due to a location of nasal edge of staphyloma. When 
the nasal edge of macular staphyloma is along the nasal edge 
of the optic disc, the eye is regarded as having a narrow, mac-
ular staphyloma. On the other hand, when the nasal edge of 
macular staphyloma exists more nasally to the nasal edge of 
the optic disc, the eye is considered as having a wide, macu-
lar staphyloma. 

13.4.1.1     Wide, Macular Staphyloma (Fig.  13.4 ) 
 In the Optos images, the border of the staphyloma is observed 
as pigmented or depigmented lines in color images and as 
hypo-autofl uorescent lines in FAF images in most cases. 
Generally, the upper and temporal border of the staphyloma 
is more clearly observed than the lower or nasal border. In 
some cases, band-shaped or tongue-shaped hypo- 
autofl uorescent lesions surrounded by irregular hyper- 
autofl uorescence seem to radiate outward from the border of 
staphyloma (arrows, Fig.  13.4b ,  j ,  n ) in FAF images. This 
lesion shows pigmentation in color fundus (Fig.  13.4m ); 

I VI VII VIII IX X

  Fig. 13.1    The curvature of the outermost line of staphyloma is considered for a classifi cation. The outermost line of staphyloma is depicted in  red 
line . In such case, types VI through X fi t into the same category of type I (in Curtin’s classifi cation)       

Type I

Wide, macular

Type II

Narrow, macular

Type III

Peripapillary

Type IV

Nasal

Type V

Inferior Others

  Fig. 13.2    Renaming of staphyloma according to its distribution       
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however, this lesion is more clearly seen in FAF images than 
the color images. 

 3D MRI images show a protrusion of wide area of the 
posterior segment both in the images viewed from the infe-
rior and nasal to the eye. Corresponding to the Optos images, 
the upper or temporal border is more abrupt than the lower or 
nasal border in the images viewed from nasally in most 
cases. Thus, there is a notch-like dent along the upper border 
of protrusion (arrows, Fig.  13.4d, p ) or along the temporal 
border of the protrusion (Fig.  13.4c ,  k ,  o ) in most cases. 
However, some cases have a notch along the lower border 
(Fig.  13.4l ) or do not have obvious notch (Fig.  13.4h ). 
Although all of the 3D MRI images viewed from inferiorly 
show a wide area of protrusion, in the 3D MRI images 
viewed from nasally, however, the size of protruded area are 
not wide in some eyes (Fig.  13.4l ). This suggests that the 
staphyloma is horizontally wide in some of the eyes with 
wide, macular staphyloma.

   In the images viewed from nasally, the most protruded 
point exists along the central visual axis in about 2/3 of the 
eyes and exists lower to the central axis in the remaining 1/3 
(Moriyama 2013, unpublished data   ). 

 Scleral ridge formation temporal to the optic disc is a 
representative feature of type IX staphyloma by Curtin 
[ 1 ]. A ridge formation is the most frequently found in the 

eyes with wide macular staphyloma among various types 
of staphyloma in Optos images. Actually, the ridge for-
mation is more easily identified in 3D MRI images 
viewed from nasally    (Fig.  13.4h, p ) than Optos images. 
Even in eyes whose ridge formation is not obvious in 
Optos images, 3D MRI sometimes shows a presence of 
ridge. 

 Macroscopic image of a highly myopic eye with very 
wide staphyloma is shown in Fig.  13.5 .

13.4.1.2        Narrow, Macular Staphyloma (Fig.  13.6 ) 
 In the Optos images, the area of protrusion is restricted to a 
narrow area from the nasal edge of the optic disc and 
 temporal to the central fovea. Sometimes another small, 
shallow staphyloma is observed nasal to the optic disc 
(Fig.  13.6e, f ). The border of staphyloma, especially upper 
and temporal border, shows pigmental abnormalities 
(Fig.  13.6a, e ). FAF abnormalities along the border of staph-
yloma are not as remarkable as those seen in eyes with wide 
macular staphyloma, although FAF sometimes shows slight 
hyper- autofl uorescence. In some cases, band-shaped abnor-
mal FAF lesions radiating from the upper border of staphy-
loma is seen (Fig.  13.6f ). However, this lesion is much less 
frequent and less evident than in eyes with wide, macular 
staphyloma.

a b c d

hgfe

  Fig. 13.3    Optos images and 3-dimensional magnetic resonance imag-
ing (3D MRI) of highly myopic eyes without evident staphyloma. ( a ) 
Right fundus shows yellowish chorioretinal atrophy in the posterior 
fundus. Pigmentary abnormalities suggesting the border of staphyloma 
are not obvious. ( b ) Fundus autofl uorescence (FAF) image shows no 
abnormal autofl uorescence suggestive of border of staphyloma. ( c ,  d ) 
3D MRI images of this patient. 3D MRI images of the right eye viewed 
from inferiorly ( c ) and the image viewed from nasally ( d ) show that the 
globe is elongated into an ellipsoid shape. No notch suggestive of an 

abrupt change of the curvature of the globe is found. ( e ) Right fundus 
shows yellowish chorioretinal atrophy in the posterior fundus. 
Pigmentary abnormalities suggesting the border of staphyloma are not 
obvious. ( f ) Fundus autofl uorescence (FAF) image shows no abnormal 
autofl uorescence suggestive of border of staphyloma. ( g ,  h ) 3D MRI 
images of this patient. 3D MRI images of the right eye viewed from 
inferiorly ( g ) and the image viewed from nasally ( h ) show that the 
globe is elongated anterior-posteriorly and the globe shows a barrel-
shaped appearance       
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   3D MRI images show a “cylinder shape” which we previ-
ously reported [ 2 ]. Protruded area is narrow in the images 
viewed both from nasally and from inferiorly, and the protru-
sion of posterior segment seems to be pointed as a triangle, 
which is different from a broad and blunt protrusion seen in 
eyes with wide, macular staphyloma. In most of the eyes, the 
upper border is more acute than the lower border in 
the images viewed from nasally (Fig.  13.6d, h ). However, the 
abruptness is milder than that in eyes with wild, macular 
staphyloma in general. And in the images viewed from infe-
riorly, the temporal border is more evident than the nasal 
border in most of the eyes (Fig.  13.6c ); however, in some 
eyes, the nasal border is more evident (Fig.  13.6g ). The most 
protruded point exists along the central axis in all of the eyes 
in the images viewed from nasally. 

 Macroscopic image of a narrow macular staphyloma is 
shown in Fig.  13.7 .

13.4.2         Inferior Staphyloma (Fig.  13.8 ) 

 In the Optos images, the staphyloma exists in a wide area of 
lower fundus accompanying with myopic chorioretinal atro-
phy within a staphyloma. Optos images show that the upper 
border is clearly observed as pigmented line in color fundus 
images as well as hyper- or hypo-autofl uorescent lines in 
FAF images (Fig.  13.8a, b ). Some areas of the border of 
staphyloma show patchy areas of clear hypo- autofl uorescence 
which suggests an atrophy of retinal pigmented epithelium. 
Band-shaped or tongue-shaped hypo-autofl uoescent lesions 
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surrounded by irregular hyper-autofl uorescence are some-
times seen to radiate from the upper or temporal border of 
staphyloma (Fig.  13.8b ). 3D MRI images of the eye with 
inferior staphyloma show a protrusion of lower segment of 

the eye. Because an area of protrusion affects as widely as 
entire lower half of the globe (Fig.  13.8d ), the lower bound-
ary of protrusion is not obvious, and the curvature of the 
protrusion is gradually continuous to the curvature of the 
other parts of a lower half of the globe. The most protruded 
pointed exists lower to the central axis in the images viewed 
from nasally.

13.4.3        Peripapillary Staphyloma (Fig.  13.9 ) 

 In the Optos images, the boundary of peripapillary staphy-
loma is usually not obvious in color fundus images as well 
as FAF images, probably because the change of eye curva-
ture is not abrupt. However, yellowish diffuse atrophy is 
seen especially around the optic disc (Fig.  13.9a ), and we 
can see the depigmented demarcation line around the optic 
disc along the border of peripapillary staphyloma in some 
cases. The 3D MRI analyses show a protrusion of a lim-
ited area around the optic nerve attachment site in an 
image viewed from inferiorly. In the image viewed from 
nasally, the eye shape is similar to cylinder type which is 
observed in eyes with narrow, macular staphyloma; how-
ever, the area of protrusion tends to be more restricted 
around the optic nerve. The change of eye curvature 
toward the protrusion is relatively linear, and the posterior 

  Fig. 13.5    Macroscopic view of a highly myopic eye with big mul-
tiple protrusions in wide, macular staphyloma. Both peripapillary 
and macular regions are posteriorly protruded. An extensive chorio-
retinal atrophy is seen in the entire posterior fundus. Axial length of 
the globe is 37 mm (Courtesy of Emeritus Professor Shigekuni 
Okisaka in National Defense Medical College)       

  Fig. 13.4    Optos images and 3-dimensional magnetic resonance imag-
ing (3D MRI) of highly myopic eyes with wide, macular staphyloma. 
( a ) Right fundus shows a macular chorioretinal atrophy merged with 
myopic conus. The upper border of staphyloma is recognized as pig-
mented lines. ( b ) Fundus autofl uorescence (FAF) image shows a hypo-
autofl uorescence along the upper edge of staphyloma. A band-shaped 
linear hypo- autofl uorescent lesion is seen to course from the upper edge 
of staphyloma ( arrow ). An area with intense hypo-autofl uorescence 
( arrowhead ) is observed at the root of this band-shaped lesion. ( c ,  d ) 
3D MRI images of this patient. 3D MRI image of the right eye viewed 
from inferiorly ( c ) shows that a wide area of posterior segment is pro-
truded posteriorly. The temporal border of protrusion is more abrupt 
than the nasal border. Thus, a notch ( arrow ) is observed along the tem-
poral border of protrusion. Protrusion of wide area of posterior segment 
is also seen in the 3D MRI image viewed from nasally ( d ). The upper 
border ( arrow ) seems to be more abrupt than the lower border. ( e ) Right 
fundus shows a macular chorioretinal atrophy merged with myopic 
conus. The border of staphyloma is slightly pigmented; however, the 
staphyloma edge is not as evident as the previous case. ( f ) FAF image 
shows no evident abnormalities along the border of staphyloma. ( g ,  h ) 
3D MRI images of this patient. 3D MRI image of the right eye viewed 
from inferiorly ( g ) shows that a wide area of posterior segment is pro-
truded posteriorly. Neither temporal nor nasal border of protrusion is 
abrupt. 3D MRI image of the right eye viewed from nasally ( h ) shows 
that a wide area of posterior segment is protruded posteriorly. Neither 
upper nor lower border of protrusion is abrupt. A ridge is observed 
within a protruded area in both images. ( i ) Left fundus shows a macular 
atrophy in the posterior fundus. The border of staphyloma is observed 
as pigmented line especially along the temporal border. Two linear 
lesions radiating from the temporal edge of staphyloma are seen 

( arrows ). ( j ) FAF    image shows hypo-autofl uorescence along the border 
of staphyloma (especially along the temporal border). Two hypo-auto-
fl uorescent linear lesions surrounded by irregular hyper-autofl uores-
cence are shown to emanate from the temporal border of staphyloma 
( arrows ). ( k ,  l ) 3D MRI images of this patient. 3D MRI image of the 
right eye viewed from inferiorly ( k ) shows that a wide area of posterior 
segment is protruded posteriorly. Temporal border is more abrupt than 
the nasal border; thus, a notch is observed along the temporal border of 
protrusion. 3D MRI image viewed from nasally ( l ) shows that pro-
truded area is not as wide as that seen in the image viewed from inferi-
orly, suggesting a protrusion in this patient is horizontally wide. The 
lower edge seems to be more abrupt than the upper edge, and a notch is 
found along the lower edge ( arrow ). ( m ) Right fundus shoes areas of 
chorioretinal atrophic patches in the posterior fundus. The border 
(especially upper border) of staphyloma shows pigmentation. Three 
pigmented linear lesions ( arrows ) are seen to radiate from the upper-
temporal edge of staphyloma. A ridge formation temporal to the optic 
disc is observed. ( n ) FAF image shows hypo-autofl uorescence along 
the border of staphyloma (especially along the upper border). Three 
hypo-autofl uorescent linear lesions surrounded by irregular hyper- 
autofl uorescence are seen to emanate from the upper-temporal border 
of staphyloma ( arrows ). ( o ,  p ) 3D MRI images of this patient. 3D MRI 
image of the right eye viewed from inferiorly ( o ) as well as the image 
viewed from nasally ( p ) show that a wide area of posterior segment is 
protruded posteriorly. Temporal border is more abrupt than the nasal 
border; thus, a notch is observed along the temporal border of protru-
sion in (o). Also, the upper edge seems to be more abrupt than the lower 
edge, and a notch is found along the upper edge ( arrow ). A ridge forma-
tion is observed as a linear groove within a protrusion       
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pole of the eye seems to be protruded like a triangle 
(Fig.  13.9c ).

   Macroscopic view of an eye with peripapillary staphy-
loma is shown in Fig.  13.10 . Note that the area around the 
optic nerve is specifi cally protruded, and the subsequent 
atrophy of retina-choroid is seen in the peripapillary region.

13.4.4        Nasal Staphyloma (Fig.  13.11 ) 

 In the Optos images, the boundary of nasal staphyloma is 
usually not obvious in most cases. However, yellowish dif-
fuse atrophy is seen nasal to the optic disc, together with the 
nasal tilting of the optic disc as well as nasal conus. In some 
cases, the band-shaped line with abnormal autofl uorescence 
is seen to course in parallel to the orientation of eye expan-
sion away from the staphyloma border (Fig.  13.11b ). 
Although the overall shape of the eye by 3D MRI is similar 
to that of peripapillary staphyloma, the protruded area is 
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  Fig. 13.6    Optos images and 3-dimensional magnetic resonance imag-
ing (3D MRI) of highly myopic eyes with narrow, macular staphyloma. 
( a ) Right fundus shows a narrow area of staphyloma. The upper and 
temporal border of staphyloma shows a slight depigmentation. Nasal 
edge of the staphyloma is along the nasal edge of the optic disc, and the 
optic disc shows a tilted appearance. ( b ) Fundus autofl uorescence 
(FAF) imaging shows no abnormal autofl uorescence suggestive of bor-
der of staphyloma. ( c ,  d ) 3D MRI images of this patient. 3D MRI image 
of the right eye viewed from inferiorly ( c ) as well as the image viewed 
from nasally ( d ) show that a protruded area is narrow and the protrusion 
of posterior segment seems to be pointed as a  triangle . The temporal 
border is more abrupt than the nasal border ( c ,  arrow ), and the upper 
border is more acute than the lower border ( d ,  arrow ). The most pro-
truded point exists along the central axis in all of the eyes in the images 
viewed from nasally. ( e ) Right fundus shows a narrow area of staphy-
loma. The upper and temporal border of staphyloma shows a slight 

depigmentation. Nasal edge of the staphyloma is along the nasal edge 
of the optic disc, and the optic disc shows a tilted appearance. In this 
patient, another small staphyloma is also seen nasal to the optic disc 
( arrowheads ). ( f ) FAF image shows slight hyper-autofl uorescence 
along the border of staphyloma ( arrowheads ). A short linear hypo- 
autofl uorescent lesion surrounded by hyper-autofl uorescence is seen to 
emanate from the upper border of staphyloma ( arrow ). ( g ,  h ) 3D MRI 
images of this patient. 3D MRI image of the right eye viewed from 
inferiorly ( g ) as well as the image viewed from nasally ( h ) show that a 
protruded area is narrow and the protrusion of posterior segment seems 
to be rather pointed. The nasal border is more abrupt than the temporal 
border ( g ,  arrow ) in the image viewed from inferiorly. Small additional 
staphyloma nasal to the optic disc is also identifi ed ( arrowheads ). The 
upper border is more acute than the lower border ( h ,  arrow ). The most 
protruded point exists along the central axis in all of the eyes in the 
images viewed from nasally       

  Fig. 13.7    Macroscopic view of a highly myopic eye with narrow, mac-
ular staphyloma. Macular area is posteriorly protruded and the sclera is 
extremely thinned in the protruded area. Axial length of the globe is 
29 mm (Courtesy of Emeritus Professor Shigekuni Okisaka in National 
Defense Medical College)       
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wider, and the change of curvature is more gradual. Thus, the 
curvature of the posterior pole of the eye is more curvilinear 
than triangular.

13.4.5        Others 

13.4.5.1     Peripapillary, Wide (Fig.  13.12 ) 
 Peripapillary staphyloma is generally seen just around the 
optic nerve. However, peripapillary staphyloma sometimes 
becomes wide and includes the central fovea. In Optos 
images, different from typical peripapillary staphyloma, the 
staphyloma is sometimes not concentrically around the optic 
disc. The temporal edge of the staphyloma is obliquely 
across the central fovea (Fig.  13.12 ). 3D MRI images show 
similar features to those of peripapillary staphyloma; how-
ever, a protrusion is wider than typical peripapillary staphy-
loma (Fig.  13.12b ).

a b c d

  Fig. 13.8    Optos images and 3-dimensional magnetic resonance imag-
ing (3D MRI) of a highly myopic eye with inferior staphyloma. ( a ) Left 
fundus shows an inferior staphyloma. The optic disc is tilted inferiorly 
and the inferior conus is seen. Macular atrophy is also seen. The upper 
border of inferior staphyloma shows pigmentation especially at the 
upper-temporal to temporal edge. Two linear lesions emanating from 
the temporal edge of staphyloma are observed ( arrows ). ( b ) Fundus 
autofl uorescence image shows a hypo-autofl uorescence corresponding 
to the pigmentation along the upper-temporal to temporal edge of 
staphyloma. Other parts of the upper border of staphyloma show slight 
hyper-fl uorescence. Two linear lesions are seen to emanate from the 

temporal border of staphyloma ( arrows ). The upper one has hyper-
autofl uorescence in the center of the line and the outside is surrounded 
by hyper-autofl uorescence. The lower lesion shows hyper-autofl uores-
cence. At the bottom of these linear lesions, an intense hypo-autofl uo-
rescence is observed ( arrowheads ). ( c ,  d ) 3D MRI images of this 
patient. 3D MRI image viewed from inferiorly ( c ) shows a protrusion of 
wide area. A notch is observed both along the temporal and nasal edge 
of protrusion ( arrows ). In the image viewed from nasally ( d ), the pro-
trusion is decentered toward inferiorly. The lower border of protrusion 
is gradually continuous to the other parts of the eye; thus, the border 
between the protrusion and the other parts of the eye is not obvious       

a b c d

  Fig. 13.9    Optos images and 3-dimensional magnetic resonance imag-
ing (3D MRI) of a highly myopic eye with peripapillary staphyloma. 
( a ) Right fundus shows a border of peripapillary staphyloma as slight 
depigmentation ( arrowheads ). ( b ) Fundus autofl uorescence image 
shows a slight hyper-autofl uorescence corresponding to the pigmenta-
tion along the temporal edge of staphyloma. ( c ,  d ) 3D MRI images of 

this patient. 3D MRI image viewed from inferiorly ( c ) shows a protru-
sion of a limited area around the optic nerve attachment site. In the 
image viewed from nasally ( d ), the eye shape is similar to cylinder 
type; however, the area of protrusion tends to be more restricted. The 
change of eye curvature toward the protrusion is relatively linear, and 
the posterior pole of the eye seems to be protruded like a triangle       

  Fig. 13.10    Macroscopic view of a highly myopic eye with peripapil-
lary staphyloma. The peripapillary region is posteriorly protruded, and 
the optic nerve is situated at the bottom of the protruded area. The sclera 
is extremely thinned in the protruded area. Axial length of the globe is 
28 mm (Courtesy of Emeritus Professor Shigekuni Okisaka in National 
Defense Medical College)       
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13.5          Comments 

 A combination of Optos and 3D MRI is useful to delineate 
the entire extent of posterior staphyloma in a 3D way. 3D 
MRI images show various distinct features according to 
the types of staphyloma identifi ed by Optos. In Optos 
images, the border of staphyloma is more clearly seen as 
pigmentary abnormalities in eyes with wide, macular 
staphyloma or inferior staphyloma, than the other types of 
staphyloma. Even in the eyes with wide, macular staphy-
loma, the upper and temporal borders are more clearly 
recognized. 

 In the 3D MRI images viewed from nasally, the upper 
border of protrusion is more abrupt than the lower border in 
eyes with wide, macular staphyloma. These suggest that in 
eyes with wide, macular staphyloma, the change of eye cur-
vature is more acute and abrupt along the upper and temporal 
border than the lower and nasal border. The boundary of 
staphyloma is clearly observed as pigmentary changes in 
color fundus and FAF abnormalities mostly in eyes with 
wide, macular staphyloma and those with inferior staphy-
loma. In contrary, the eyes with other types of staphyloma 
(narrow macular, peripapillary, nasal) did not show obvious 
abnormalities at the border of staphyloma in general. 

a b c d

  Fig. 13.11    Optos images and 3-dimensional magnetic resonance 
imaging (3D MRI) of a highly myopic eye with nasal staphyloma. ( a ) 
Right fundus shows an ectasia of nasal fundus. The optic disc is tilted 
nasally and accompanies with nasal conus. Yellowish diffuse atrophy is 
seen nasal to the optic disc. No obvious fi ndings suggestive of a border 
of staphyloma are observed. ( b ) Fundus autofl uorescence image shows 
no obvious abnormalities suggestive of staphyloma. A linear hypo-
autofl uorescent lesion surrounded by a margin of hyper-fl uorescence 
( arrow ) is seen in the upper fundus away from the nasal staphyloma. 

The orientation of this linear lesion seems parallel to the nasal tilting. 
( c ,  d ) 3D MRI images of this patient. 3D MRI image viewed from infe-
riorly ( c ) shows a protrusion of nasal part of the eye, and the image 
viewed from nasally ( d ) shows a protrusion of the lower part of the eye. 
Although the overall shape of the eye by 3D MRI is similar to that of 
peripapillary staphyloma, the protruded area is wider, and the change 
of curvature is more gradual. Thus, the curvature of the posterior pole 
of the eye is more curvilinear than triangular       

ba c

  Fig. 13.12    Optos images and 3-dimensional magnetic resonance 
imaging (3D MRI) of a highly myopic eye with “other” type of staphy-
loma. ( a ) Right fundus shows a fundus ectasia involving around the 
optic disc as well as the lower fundus. The temporal border of staphy-
loma is obliquely across the central fovea ( b ,  c ) 3D MRI images of this 
patient. 3D MRI image viewed from inferiorly ( b ) shows a protrusion 

of nasal part of the eye. The image viewed from nasally ( c ) shows    that 
a protrusion exists along the central axis. Although the overall shape of 
the eye by 3D MRI is similar to that of peripapillary staphyloma, the 
protruded area is wider. A notch is found along the temporal edge of 
staphyloma ( arrow ,  b    )       
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The cause of different FAF abnormalities along the border of 
staphyloma among different types is unclear. Although no 
measurements were made, there is a tendency that the wider 
the staphyloma, the deeper the staphyloma is. Thus, one pos-
sibility is that wide, macular staphyloma or inferior staphy-
loma might be deeper, and thus, the border (especially the 
upper border) might be more acute (like a cliff) than the other 
types of staphyloma. 

 The fact that the most protruded point exists along the 
central axis in all of the eyes with narrow, macular staphy-
loma but exists lower to the central axis in most of the eyes 
with wide, macular staphyloma suggests that the protrusion 
occurs along the central axis when the protruded area is 
small. And then, when a staphyloma becomes wider, the 
lower area of the posterior segment tends to be protruded 
more for unknown reason. 

 By 3D MRI, the area of protrusion is wide in eyes with 
wide, macular, or inferior staphyloma, whereas the protruded 
area is restricted in narrow, macular, peripapillary, or nasal 
staphyloma. In the inferior staphyloma, the deformity of 
lower eye segment is so wide that no boundary between the 
lower edge of staphyloma and the other parts of the eye is not 
clear. In contrary, in the wide, macular staphyloma, the 
boundary between the lower edge of staphyloma and 
the other parts of the eye can be recognized, even though the 
staphyloma seems very wide. 

 The band-shaped and tongue-shaped lesions with abnor-
mal FAF are observed to radiate from the staphyloma edge 
mainly in eyes with wide, macular staphyloma and in infe-
rior staphyloma in some cases. The color fundus fi ndings as 
well as FAF features of these lesions are similar to those of 
the “atrophic tract” which is seen in eyes with central serous 
chorioretinopathy [ 14 ]. Some of these lesions show a pres-
ence of subretinal fl uid by OCT (unpublished data). Although 
the pathology and cause of these lesions are unclear, it seems 
that these lesions are related to the serious damage of the 
retinal pigment epithelium at the border of staphyloma with 
abrupt margin (thus, upper or temporal border). Also, the ori-
entation of the eye expansion may infl uence the development 
and course of this lesion (Fig.  13.11b ). 

 In eyes with inferior staphyloma, the upper edge of staph-
yloma which goes across the central fovea shows pigmentary 
abnormalities and subsequent visual disturbance. Maruko 
et al. [ 15 ] found that the subfoveal sclera along the upper 
edge of inferior staphyloma was signifi cantly thickened than 
the sclera upper and lower to the fovea, which was interest-
ingly similar to that found in dome-shaped macula by 
Imamura and Spaide [ 6 ]. In addition to the pigmentary alter-
ations of the staphyloma border itself, chorioretinal folds and 

tongue-shaped FAF abnormalities are also seen to emanate 
from the upper edge of staphyloma toward upper periphery. 

 It is expected that there will be a lot more variations in 
“other” types of staphyloma. The studies including a larger 
population of patients are necessary to clarify the entire fi g-
ure of staphyloma.     
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14.1            Introduction 

 The development of myopic macular lesions is characteristic 
to pathologic myopia (Figs.  14.1  and  14.2 ), and various 
lesions of myopic maculopathy have been well known since a 
long time ago (see Chap.   1     for details). Thus, Schweizer 
(1890) examined 2,910 myopes and found the changes at the 
macula in 6.3 % of all myopes, in 14 % of myopes above 3 
diopters (D), and in 100 % above 20 D. Myopic macular com-
plications described by Schweizer (1890) and later Sattler 
(1907) include macular hemorrhages, white spots of atrophy, 
and an atrophic sclerosis of the small vessels, although later 
studies have revealed that the choroidal vessels were not truly 
sclerotic. They also described that eventually large areas of 
atrophy may appear, until the choroid and retina may have 
disappeared over a wide area of the central region. A central 
circular dark spot (the Forster-Fuchs spot), which is now con-
sidered a proliferation of retinal pigment epithelium (RPE) 
around myopic choroidal neovascularization (CNV), was fi rst 
clinically described by Forster (1862), fi rst anatomically 
examined by Lehmus (1875), and extensively studied by 
Fuchs (1901). Lacquer cracks were found by Salzmann in 
1902 as cleft-shaped or branched defects in the lamina vitrea 
(an ancient name for Bruch’s membrane) [ 1 ,  2 ].

    Curtin did outstanding observations of various kinds of 
lesions of myopic maculopathy [ 3 ]. He analyzed the devel-
opment of myopic maculopathy in association with posterior 
staphyloma and also according to the patients’ age (birth to 
age 30, ages 30–60, and age 60 or above). Grossniklaus and 
Green [ 4 ] performed histological analyses of the eyes with 
myopic maculopathy and provided important insights in 

understanding the pathologies of myopic maculopathy. Avila 
[ 5 ] graded myopic maculopathy on a scale of increasing 
severity. 

 Later Tokoro updated and organized the lesions of myo-
pic maculopathy in his atlas [ 6 ]. Tokoro [ 6 ] classifi ed myo-
pic macular lesions into four kinds of categories based on 
ophthalmoscopic fi ndings: (1) tessellated fundus (Fig.  14.1a ), 
(2) diffuse chorioretinal atrophy (Fig.  14.1b ), (3) patchy cho-
rioretinal atrophy (Fig.  14.1c ), and (4) macular hemorrhage 
(Fig.  14.1d ). Macular hemorrhage was subclassifi ed into two 
types of lesions—myopic CNV and simple macular hemor-
rhage. Later, Hayashi et al. [ 7 ] made some modifi cations and 
considered lacquer cracks as an independent lesion from dif-
fuse atrophy (Table  14.1 ). Each of these lesions is explained 
in detail in this chapter.

   Myopic maculopathy is important because it is often 
bilateral and irreversible, and it frequently affects individuals 
during their productive years. Because the defi nition of myo-
pic maculopathy is different among studies, it is impossible 
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  Fig. 14.1    Ultrawide fundus photograph of an eye with pathologic 
myopia. An extensive chorioretinal atrophy fused with a large myopic 
conus is seen within the area of posterior staphyloma       
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to simply compare the results of different studies. However, 
myopic maculopathy is the leading cause (22 %) of blindness 
in Japanese adults aged 40 years or older [ 8 ], the 3rd cause 
(6.6 %) of blindness in Chinese adults 50 years and older in 
urban southern China [ 9 ], and the 3rd cause (6.7 %) of visual 
impairment in the ethnic Indians aged more than 40 years 

living in Singapore [ 10 ]. A survey of 2,263 Japanese adults 
aged 40–79 years showed that the OR of visual impairment 
for myopic adults was 2.9 (95 % CI 1.4, 6.0) [ 11 ]. Besides 
East Asian countries, myopic maculopathy is currently the 
3rd cause of blindness in the adult Latinos aged 40 years or 
older in the USA [ 12 ], the 2nd cause of bilateral blindness in 
an elderly urban Danish population [ 13 ], the 4th common 
cause of visual impairment in the elderly in the UK [ 14 ], and 
the 3rd most common cause of blindness in the working age 
population in Ireland [ 15 ] and Israel [ 16 ]. Actually, the visual 
prognosis for highly myopic patients with myopic maculopa-
thy was poorer than for those without maculopathy [ 17 ]. 
Earlier population-based studies showed a correlation 
between worse corrected visual acuity and a presence of 
myopic maculopathy [ 18 ,  19 ]. 

  Fig. 14.2    Fundus lesions according to a classifi cation of myopic macu-
lopathy by Tokoro in 1998. ( a ) Tessellated fundus. Large choroidal ves-
sels can be seen in the posterior fundus as a relief. ( b ) Diffuse chorioretinal 
atrophy. Yellowish, ill-defi ned atrophy is seen in the posterior fundus. ( c ) 

Patchy chorioretinal atrophy. Multiple lesions of well-defi ned whitish 
atrophy (as white as myopic conus) exist within the area of diffuse atro-
phy. ( d ) Macular hemorrhage. The fi brovascular membrane suggesting 
choroidal neovascular membrane ( arrow ) is also noted in this case       

   Table 14.1    Lesions of myopic maculopathy based on the natural 
progression [ 7 ]   

 Tessellated fundus 
 Diffuse chorioretinal atrophy 
 Lacquer cracks 
 Patchy chorioretinal atrophy 
 Myopic choroidal neovascularization 
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 Recent advance in ocular imaging, especially optical 
coherence tomography (OCT), has provided novel and 
important information in the interpretation of myopic macu-
lopathy. Thus, in this chapter, we will overview the features 
of each lesion of myopic maculopathy with the latest knowl-
edge obtained by the latest technologies.  

14.2     Features of Each Lesion of Myopic 
Maculopathy 

14.2.1     Tessellated (or Tigroid) Fundus 

 In eyes with high myopia, hypoplasia of the retinal pigment 
epithelium (RPE) following axial elongation reduces the pig-
ment, allowing the choroidal vessels to be seen (Fig.  14.2a ). 
Tessellated fundus is one of the earliest visible signs in eyes 
with high myopia, like the myopic conus around the optic 
disc. Tessellation begins to develop around the optic disc, 
especially in the area between the optic disc and the central 
fovea. Although it is rare to detect other myopic fundus 
lesions (e.g., myopic chorioretinal atrophy or CNV) in chil-
dren and young patients with high myopia [ 20 ],  tessellated 
fundus is often observed in children with high myopia. 
Highly myopic patients with tessellated fundus are signifi -
cantly younger than the patients with other lesions of myopic 
maculopathy [ 7 ,  21 ]. Wang et al. [ 21 ] reported that the highly 
myopic patients with tessellated fundus alone had less myo-
pia, shorter axial length, and less staphyloma than the highly 
myopic patients with diffuse chorioretinal atrophy. Tokoro 
[ 6 ] reported that about 90 % of eyes with only tessellated 
fundus and no chorioretinal atrophy had an axial length less 
than 26 mm. This percentage decreases linearly in eyes with 
longer axial length and becomes 0 when the axial length is 
longer than 31 mm. Actually, a 1-mm elongation in axial 
length will lead to about a 13 % increase of chorioretinal 
atrophy from eyes with only tessellated fundus and no cho-
rioretinal atrophy. 

 What causes the tessellation of the fundus is not clear. 
The RPE cells become thinned due to a stretching and expan-
sion of the posterior globe in the studies using animal models 
of experimental myopia [ 22 ,  23 ]. Also, the earlier studies 
using vitreous fl uorophotometry showed that retinal blood 
barrier was damaged in myopic subjects already under the 
age 40 [ 24 ] and also in animal models of experimental myo-
pia [ 25 – 27 ]. Tessellation can also be seen in other conditions 
as well, e.g., the fundus of the elderly or in chronic stages of 
Vogt-Koyanagi-Harada disease (as sunset glow fundus). 
Spaide [ 28 ] analyzed the features of the patients with age- 
related choroidal atrophy (choroidal thickness was less than 
125 μm) and reported that all eyes had a tessellated fundus 
appearance. These suggest that an attenuation of choroid 
might occur and RPE abnormalities could then develop. 

 Tessellation alone does not usually causes a decreased 
visual acuity, although it has been reported the reduced 
amplitude and a delayed latency of multifocal ERG in highly 
myopic eyes with tessellated fundus alone [ 29 – 32 ]. 

 In the study investigating the natural course of 806 eyes of 
429 consecutive patients with high myopia (myopic refrac-
tive error > 8 D or axial length ≥ 26.5 mm) for 5–32 years 
[ 7 ], only 13.4 % of eyes with a tessellated fundus showed a 
progression, 10.1 % developed diffuse chorioretinal atrophy, 
2.9 % developed lacquer cracks, and 0.4 % developed a 
CNV. Since the eyes with other myopic fundus lesions 
showed a higher progression rate to the more advanced 
lesions than the eyes with tessellated fundus, it is suggested 
that myopic maculopathy tends to progress more quickly 
after the myopic maculopathy has advanced past the tessel-
lated fundus stage. A tessellated fundus might be a relatively 
stable condition, and highly myopic eyes might stay in this 
condition for a relatively long period.  

14.2.2     Lacquer Cracks 

 Lacquer cracks are fi ne, irregular, yellow lines, often 
branching and crisscrossing, seen in the posterior fundus of 
highly myopic eyes (Fig.  14.3 ). Stereoscopic observation 
using magnifi ed lens (e.g., +90 D or +75 D lens) shows that 
lacquer cracks are somewhat depressed compared to the 
surrounding retina. Larger choroidal vessels frequently tra-
verse the lesions posteriorly. In rare occasions, lacquer 
cracks are also observed in the mid-periphery [ 33 ] or nasal 
to the optic disc [ 34 ]. Pruett et al. [ 35 ] analyzed the pattern 
of break formation in eyes with lacquer cracks, angioid 
streaks, or traumatic tears in Bruch’s membrane. Lacquer 
cracks were found in a reticular distribution within a poste-
rior staphyloma; angioid streaks occurred in a spider-web 
confi guration centered on the optic nerve; traumatic tears 
were characteristically curved, perineural, and eccentric 
temporally. Curtin and Karlin [ 36 ] reported that lacquer 
cracks were found in 4.3 % of highly myopic eyes. 
Histologically, the lacquer cracks represent healed mechan-
ical fi ssures in the RPE- Bruch’s membrane-choriocapillaris 
complex [ 4 ].

   Lacquer cracks can develop at a relatively early age in 
highly myopic patients (e.g., in the 30s). The greatest inci-
dence of lacquer cracks was noted in the age groups of 20–39 
years. Klein and Curtin [ 37 ] reported that the mean age of 
the patients with lacquer cracks was 32 years with a range of 
14–52 years. Tokoro [ 6 ] reported that the frequency of lac-
quer cracks was low in the patients younger than age 20 and 
in the elderly but increases around ages 40 and 60 years. The 
frequency distribution of lacquer cracks showed two peaks 
in the age between 35 and 39 years and the age between 55 
and 59 years. 

14 Myopic Chorioretinal Atrophy



190

 The diagnosis of lacquer cracks has been mainly based on 
ophthalmoscopic identifi cation. Fluorescein angiography 
(FA) has been an additional standard method to detect lac-
quer cracks [ 37 ]. Lacquer cracks show a consistent linear 
hyperfl uorescence during the entire angiographic phase 
(Fig.  14.4 ), a window defect due to RPE atrophy overlying 
the defects of Bruch’s membrane in the early angiographic 
phase and a staining of healed scar tissue fi lling the Bruch’s 
membrane defect in the late phase. However, especially in 
the eyes with diffuse chorioretinal atrophy, it is sometimes 
diffi cult to observe yellowish lacquer cracks within the area 
of yellowish diffuse atrophy and also diffi cult to detect linear 
hyperfl uorescence of lacquer cracks within mildly stained 
diffuse atrophy. The usefulness of indocyanine green 

 angiography (ICGA) has also been reported [ 38 – 43 ]. 
Lacquer cracks are observed as linear hypofl uorescence dur-
ing the entire angiographic phase of ICGA. The hypofl uores-
cence in ICGA is more easily recognized in late angiographic 
phase, because an intense fl uorescence of retrobulbar blood 
vessels or large choroidal vessels impairs the observation of 
narrow linear hypofl uorescence of lacquer cracks in the early 
 angiographic phase. In some cases, lacquer cracks observed 
by ICGA are more numerous and longer than those observed 
by FA. Also, ICGA can detect the lacquer cracks even at the 
onset of rupture of Bruch’s membrane as linear hypofl uores-
cence beneath the subretinal bleeding [ 40 ]. Lacquer cracks 
also show linear hypo-autofl uorescence by fundus autofl uo-
rescence (Fig.  14.4 ). It is diffi cult to detect lacquer cracks by 

  Fig. 14.3    Lacquer cracks. Lacquer cracks are observed as yellowish linear lesions which run in parallel or in crisscross pattern. Large choroidal 
vessels are observed to course posteriorly       
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  Fig. 14.4    Angiographic and optical coherence tomographic (OCT) 
fi ndings of lacquer cracks. ( a ) Right fundus shows multiple lacquer 
cracks as fi ne, irregular,  yellow lines , branching and crisscrossing in the 
posterior fundus. Larger choroidal vessels frequently traverse the 
lesions posteriorly. ( b ) Fundus autofl uorescence (FAF) shows lacquer 
cracks as linear hypo-autofl uorescence. ( c ,  d ) Fluorescein angiography 
(FA) fi ndings. Lacquer cracks show linear hyperfl uorescence from the 

early angiographic phase ( c ) to the late phase ( d ). ( e ) Left fundus shows 
multiple lacquer cracks which run in parallel. ( f ) FAF shows linear 
hypo-autofl uorescence corresponding to lacquer cracks. ( g ,  h ) Lacquer 
cracks show linear hyperfl uorescence from the early angiographic 
phase ( g ) to the late phase ( h ) by FA. ( i ) OCT fi ndings show the discon-
tinuities of retinal pigment epithelium and deep penetrance of the light 
signal at the corresponding site of lacquer cracks         

a

c

e

b

d

f

 

14 Myopic Chorioretinal Atrophy



192

using OCT, because it is such a narrow lesion. However, in 
some cases, the discontinuities of the RPE (and probably 
Bruch’s membrane as well) and an increased penetrance into 
the deeper tissue beyond the RPE are observed at the site of 
the lacquer cracks (Fig.  14.4 ). Once detected, OCT is consid-
ered to be the most accurate diagnostic tool, because only 
OCT can visualize the discontinuity of Bruch’s membrane, 
which is an integral feature of lacquer cracks.

   When the mechanical rupture of Bruch’s membrane 
occurs, subretinal macular hemorrhage without CNV devel-
ops (Fig.  14.5 ) [ 44 – 46 ]. This subretinal bleeding is absorbed 
spontaneously, and after absorption, we can observe lacquer 
cracks as yellowish linear lesion at the corresponding area of 
previous bleeding. Most of the patients with subretinal 
bleeding without CNV have a good visual recovery after 
absorption of hemorrhage. However, in the eyes whose 
bleeding was thick and penetrated into the inner retina 
beyond the external limiting membrane, the IS/OS defect 
seen at the onset by using OCT remains after absorption of 
hemorrhage, leaving the permanent vision loss [ 47 ].

   Lacquer cracks might be a unique lesion among the 
 various lesions of myopic maculopathy, because they seem 

to be caused almost purely by mechanical expansion of the 
globe and are not much infl uenced by aging. This is sup-
ported by the fact that chick models of experimental myopia 
which can develop axial myopia in 2 weeks of visual depri-
vation can develop lacquer cracks [ 48 ]. Actually, lacquer 
cracks and subretinal bleeding caused by a new lacquer crack 
formation have been the only macular pathologies which 
reportedly develop in animal models of experimental myo-
pia. This is also supported that lacquer cracks develop after 
LASIK surgery [ 49 – 53 ] or after laser photocoagulation [ 54 ]. 

 Once lacquer cracks develop in the eye, it tends to develop 
one after another in the same eye. Thus, the patients with 
lacquer cracks tend to have multiple lacquer cracks in both 
eyes. It seems that there might be a genetic predisposition 
toward lacquer crack formation among individuals with 
pathologic myopia. 

 There is no obvious correlation between the axial length 
and lacquer cracks in eyes with pathologic myopia. Klein 
and Curtin [ 37 ] reported that the mean axial length of the 
eyes with lacquer cracks was 31.8 mm (range, 29.8–
34.7 mm). Tokoro [ 6 ] reported that the largest number of 
eyes with lacquer cracks appears between 29.0 and 29.4 mm. 
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 It is uncommon for lacquer cracks to develop across the 
central fovea. Thus, lacquer cracks themselves do not usu-
ally impair the central vision; however, the subretinal bleed-
ing which develops at the onset of the rupture of Bruch’s 
membrane could cause the impairment of central vision even 
after absorption of the hemorrhage. 

 The Blue Mountains Eye Study (BMES) reported that 
8.7 % had new or increased numbers of lacquer cracks in 5 
years [ 55 ]. In the follow-up study of 66 eyes with lacquer 
cracks for an average of 72.8 months (range, 7–243 months) 
[ 56 ], lacquer cracks progressed in 37 eyes (56.1 %). Of these 
37 eyes, the number of lacquer cracks increased in 14 eyes 
and turned into other myopic fundus changes in 25 eyes. 

These changes included patchy atrophy, diffuse atrophy, and 
CNV. In another study [ 7 ], 75 eyes with lacquer cracks were 
followed for more than 5 years and found that 32 eyes 
(42.7 %) showed an increase in the width of the cracks and 
these eyes progressed to patchy chorioretinal atrophy 
(Fig.  14.6 ), 10 eyes (13.3 %) developed CNV, and 10 eyes 
(13.3 %) had an increase in number of lacquer cracks. The 
patchy atrophy progressed from lacquer cracks is usually 
longitudinally oriented oval or rectangular (Fig.  14.6 ). The 
progression toward the patchy atrophy from lacquer cracks 
represents an increased area of rupture of Bruch’s mem-
brane. Thus, this progression is an increased area of macular 
Bruch’s membrane defect (or opening).

  Fig. 14.5    Subretinal bleeding without choroidal neovascularization as 
a sign of new lacquer crack formation. ( a ) Left fundus shows subretinal 
bleeding in the macula. ( b ) Fluorescein angiogram (FA) shows a 
blocked fl uorescence due to bleeding. ( c ) Two months later, the bleed-

ing is absorbed spontaneously. Lacquer cracks are observed at the site 
of the previous bleeding. ( d ) FA shows lacquer cracks as linear 
hyperfl uorescence       
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   Although lacquer cracks are often observed in the vicinity 
of CNV [ 5 ], it is unexpectedly uncommon for CNV to 
develop from the existing lacquer cracks. This suggests that 
the lacquer cracks which are observed as yellowish linear 
lesions are already healed scar tissue and CNV could rarely 
develop once after the Bruch’s rupture is healed completely 
by the scar tissue. When CNV develops in relation to lacquer 
cracks, new vessels might penetrate through Bruch’s mem-
brane defects just after the rupture occurs and before the rup-
ture is sealed by the scar tissue. Cases who develop CNV 
shortly after the subretinal bleeding without CNV support 
this hypothesis. 

14.2.2.1     Differential Diagnosis: Myopic 
Stretch Lines 

 Myopic stretch lines were fi rst reported by Dr. Yannuzzi [ 57 ] 
as hypo-autofl uorescent linear lesions in the posterior fundus 
of highly myopic eyes (Fig.  14.7 ). Myopic stretch lines are 
observed as pigmented, brown lines alongside the large cho-
roidal vessels (Fig.  14.7 ); however, it is sometimes diffi cult 
to observe this lesion funduscopically, and in that case, only 
FA provides a clue of this lesion. Myopic stretch lines almost 
always develop in eyes with severe diffuse atrophy with a 
posterior staphyloma. Although ICGA showed similar fi nd-
ings (linear hypofl uorescence) in two types of linear lesions 
in the posterior fundus of highly myopic eyes (lacquer cracks 
and myopic stretch lines), the features obtained funduscopi-
cally, angiographically, and by OCT were different between 
these two types of linear lesions. Contrary to lacquer cracks, 
fundus autofl uorescence (FAF) showed linear hyper- 
autofl uorescence in myopic stretch lines (Fig.  14.7 ). OCT 

images show the clumps of RPE or RPE proliferation on and 
around the large choroidal vessels (which are protruded 
toward the vitreous subsequent to a disappearance of most of 
the choroidal layers) (Fig.  14.7 ). These suggest that myopic 
stretch lines might represent the RPE proliferation on and 
around the remaining large choroidal vessels. Because ICGA 
fi ndings of myopic stretch lines are same with those of lac-
quer cracks and the diagnosis of lacquer cracks are  sometimes 
based solely on ICGA in many studies, a caution is necessary 
for differentiating myopic stretch lines from lacquer cracks.

14.2.3         Diffuse Chorioretinal Atrophy 

 Diffuse chorioretinal atrophy is observed as ill-defi ned yel-
lowish lesion in the posterior fundus of highly myopic eyes 
(Figs.  14.8  and  14.9 ). This lesion begins to appear around the 
optic disc and increases with age and fi nally covers the entire 
area within the staphyloma (Fig.  14.9 ). When diffuse atrophy 
is observed only around the optic disc, it needs to be differ-
entiated from peripapillary intrachoroidal cavitation (peri-
papillary ICC) [ 58 – 62 ], because ICC also shows similar 
ophthalmoscopic appearance regardless of the difference in 
OCT images (see Chap.   9     for ICC).

    The frequency of diffuse atrophy increases with aging as 
well as an increased axial length [ 6 ]. Diffuse atrophy begins 
to appear in the posterior fundus at around the age 40 and is 
observed in about 30–40 % after age 40 [ 6 ]. The increasing 
rate of diffuse atrophy is about 10.5 % per 10 years [ 6 ]. 
When the axial length is within the range of 27–33 mm, the 
increase in the percentage of eye with diffuse atrophy can be 

  Fig. 14.6    Progression to patchy chorioretinal atrophy from lacquer 
cracks. ( a ) Right fundus of a 28-year-old woman shows a lacquer crack 
temporal to the central fovea. ( b ) Five years later, the width of the lac-

quer crack increased and progressed to patchy atrophy. New lacquer 
cracks are formed upper and lower to the fovea, and subretinal bleeding 
related to new lacquer crack formation is observed lower to the fovea       
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  Fig. 14.7    Myopic stretch lines. ( a ) Left fundus shows brownish, pig-
mented lines along the large choroidal vessels temporal to the macula. 
 White lines  show the scanned lines by OCT in  h  and  i . ( b ) Fundus 
autofl uorescence (FAF) shows multiple lines with hyper-autofl uores-
cence radiated around the central fovea.  Arrowheads  show the same 
point of the stretch lines between  b ,  d ,  e , and  f . ( c ) Choroidal phase of 
fl uorescein angiography (FA) shows large choroidal arteries. Some 
parts of large choroidal arteries show hypofl uorescent spots by blocked 
fl uorescence of overlying stretch lines. ( d ) Retinal arterial phase of FA. 
Myopic stretch lines appear as hypofl uorescent linear lesions. ( e ) 
Retinal venous laminar fl ow phase of FA. Myopic stretch lines are 

clearly observed as multiple hypofl uorescent lines around the central 
fovea and within the slightly stained diffuse atrophy. ( f ) Late phase of 
FA clearly shows myopic stretch lines as multiple hypofl uorescent lines 
within the slightly stained diffuse atrophy. ( g ) Late phase of indocya-
nine green angiography shows a mild hypofl uorescence corresponding 
to the stretch lines. ( h ,  i ) OCT shows that the almost entire thickness of 
the choroid is absent and only large choroidal vessels are sporadically 
present. Large choroidal vessels seem to protrude toward the vitreous, 
and clumps and proliferation of retinal pigmented epithelium are seen 
on and around the choroidal vessels ( arrowheads )         
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calculated using a simple regression equation. The increased 
percentage is 13.3 %/mm in the total number of myopic eyes, 
9.4 %/mm in eyes under age 40, and 12.2 %/mm in eyes over 
age 40 [ 6 ]. 

 FA shows the mild hyperfl uorescence due to tissue stain-
ing in the late angiographic phase (Fig.  14.10 ). On ICGA, 
diffuse atrophy itself does not show clear abnormalities; 
however, a marked decrease of the choroidal capillary and 
the medium- and large-sized choroidal vessels is seen in the 
area of diffuse atrophy, and the blood vessels in the back of 

the eye are sometimes seen through the sclera in the poste-
rior pole (Fig.  14.10 ). Because the penetrating site of short 
posterior ciliary arteries moves to the edge of posterior 
staphyloma, the choroidal blood vessels in the posterior pole 
become less dense (Fig.  14.10 ). In accordance with a marked 
decrease of choroidal vessels by ICGA, OCT shows a 
marked thinning of the choroid in the area of diffuse atrophy 
(Fig.  14.10 ). In most of the cases, the choroid is almost 
absent except sporadically present large choroidal vessels 
(Fig.  14.10 ). The remaining large choroidal vessels appear 
to protrude toward the vitreous. It is interesting to know that 
even in the area where most of the choroidal layer is absent, 
the RPE layer and outer retina are present in the eyes with 
diffuse atrophy (Fig.  14.10 ). A presence of outer retina and 
RPE even in the area where most of the choroid is gone 
might explain a relatively preserved vision in eyes with dif-
fuse atrophy. Okisaka [ 63 ] reported that the choroidal 
changes in pathologic myopia began from the obliteration of 
precapillary arterioles or postcapillary venules, then fol-
lowed by an occlusion of choriocapillaris. Finally, large cho-
roidal vessels are also obliterated and the choroid seems to 
be absent. In parallel to the vascular changes in the choroid, 
choroidal melanocytes disappear as well. Although a cho-
roid becomes thinned in eyes with tessellated fundus, the 
degree of choroidal thinning is much more serious in eyes 
with diffuse atrophy. And such disproportionate thinning of 
choroid compared to the surrounding tissue (RPE, outer 
retina, and sclera) might be a key phenomenon in diffuse 
atrophy.

  Fig. 14.8    Ultrawide fundus photograph of diffuse chorioretinal atro-
phy. A yellowish, ill-defi ned lesion is seen in the posterior fundus       
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   Why diffuse atrophy shows yellow color is not clear. 
Diffuse atrophy is not uniformly yellow but shows granular 
yellow appearance (Fig.  14.10 ).  

14.2.4     Patchy Chorioretinal Atrophy 

 Patchy chorioretinal atrophy is observed as a grayish-white, 
well-defi ned atrophy (Figs.  14.11  and  14.12 ) [ 6 ]. Due to an 
absence of RPE and most of the choroid, the sclera can be 
observed through transparent retinal tissue, which is consid-
ered to show white color. This lesion is also referred to as 

focal chorioretinal atrophy [ 3 ]. Large choroidal vessels seem 
to course within the area of patchy atrophy. In some cases, 
retrobulbar blood vessels are observed through the patchy 
atrophy with moving according to the gaze shift. Stereoscopic 
fundus examination shows that the area of patchy atrophy is 
somewhat excavated compared to surrounding diffuse atro-
phy. Pigment clumping is observed within the area of patchy 
atrophy especially along the margin of the atrophy or along 
the large choroidal vessels. FA as well as ICGA shows a cho-
roidal fi lling defect in the area of patchy atrophy (Fig.  14.11 ), 
suggesting that this lesion is a complete closure of chorio-
capillaris [ 6 ].

  Fig. 14.9    Diffuse chorioretinal atrophy. ( a ) Early stage of diffuse atro-
phy. Yellowish, ill-defi ned lesions are observed lower to the optic disc. 
( b ) Advanced stage of diffuse atrophy. Yellowish, ill-defi ned atrophy 
covers the entire macular area. A small lesion of patchy chorioretinal 
atrophy ( arrow ) is also seen within the area of diffuse atrophy. ( c ) 

Advanced stage of diffuse atrophy. The posterior fundus within a staph-
yloma is replaced by diffuse atrophy. The images in ( a – d ) are Asians’ 
eyes. ( d ) Diffuse atrophy in a Caucasian patient. Diffuse atrophy is seen 
evident especially in the lower fundus. Diffuse atrophy tends to be more 
obvious in the pigmented eyes       
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    Due to a subsequent loss of RPE in the area of patchy 
atrophy, the lesion shows a lack of fundus autofl uorescence 
(Fig.  14.11 ). Using OCT, patchy atrophy is observed as a 
loss of most of the thickness of choroid, RPE, and outer ret-
ina (Fig.  14.11 ). Thus, the inner retina is directly on the 
sclera within the area of patchy atrophy. This is contrary to 
the fact that the RPE and outer retina are preserved in most 
of the eyes with diffuse atrophy, although it is not certain if 
the remaining photoreceptors and RPE function normally in 
those eyes. 

 Patchy atrophy is subclassifi ed into three types 
(Fig.  14.12 ): patchy atrophy which develops from lacquer 
cracks, P(Lc); patchy atrophy which develops within the 

area of an advanced diffuse chorioretinal atrophy, P(D); and 
patchy atrophy which can be seen along the border of the 
posterior staphyloma, P(St) [ 7 ]. P(D) is often circular or 
elliptical, and P(Lc) is longitudinally oval in its shape. P(Lc) 
is considered an enlargement of Bruch’s membrane defect 
due to lacquer cracks, and P(D) might also represent a 
Bruch’s membrane hole [ 64 ] developing within the area of 
advanced stage of diffuse atrophy. Jonas [ 64 ] recently 
reported that macular Bruch’s membrane defects were found 
in 30.8 % of highly myopic eyes whose axial length was 
≥26.5 mm histologically. A lack of Bruch’s membrane 
defects might be related to the development of macular ICC. 
Due to a lack of tensile Bruch’s membrane in addition to a 
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  Fig. 14.10    Angiographic and optical coherence tomographic (OCT) 
fi ndings of diffuse chorioretinal atrophy. ( a ) Left fundus shows the dif-
fuse chorioretinal atrophy in the posterior fundus. ( b ) Late angiographic 
phase of fl uorescein angiogram shows slight hyperfl uorescence in the 
area of diffuse atrophy. ( c ) Indocyanine green angiography shows that 
the penetrating site of short posterior ciliary arteries  arrowheads  into 

the choroid is shifted toward the edge of posterior staphyloma. There 
are few large- and medium-sized choroidal vessels in the macular area, 
and instead retrobulbar blood vessels show an intense fl uorescence. ( d ) 
OCT examination shows that most of the choroidal thickness is absent 
and only large choroidal vessels are sporadically present. Large choroi-
dal vessels are observed to protrude toward the retina ( arrows )       
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  Fig. 14.11    Patchy chorioretinal atrophy. ( a ) Right fundus shows a 
patchy atrophy ( arrow ) temporal to the central fovea. According to the 
subclassifi cation of patchy atrophy, this case has P(Lc). ( b ) Early phase 
of fl uorescein angiogram (FA) shows a hypofl uorescence due to the 
choroidal fi lling defects ( arrow ). ( c ) In the late phase of FA, the margin 
of the lesion becomes slightly hyperfl uorescent ( arrow ). ( d ) Fundus 
autofl uorescence shows a distinct hypo-autofl uorescence correspond-
ing to the patchy atrophy. ( e ,  f ) Indocyanine green angiogram shows 

hypofl uorescence due to choroidal fi lling defect from early angio-
graphic phase ( e ,  arrowheads ) to late phase ( f ). ( g ) Optical coherence 
tomography examinations show that in addition to the absence of the 
entire thickness of the choroid, the retinal pigment epithelium as well as 
outer retina is absent (between  arrowheads ). The hyper-refl ectivity in 
deep tissue due to an increased light penetration is noted in the area of 
patchy atrophy         

 

14 Myopic Chorioretinal Atrophy



200

  Fig. 14.12    Three types of patchy chorioretinal atrophy. ( a ) P(Lc): 
patchy atrophy progressed from lacquer cracks. Longitudinal atrophy is 
seen lower to the central fovea. Lacquer cracks are also found in and 
around the central fovea, and the degree of background diffuse atrophy 
is mild. ( b ) P(St): patchy atrophy which develops along the edge of 

posterior staphyloma. ( c ) P(D): patchy atrophy which develops within 
the advanced stage of diffuse atrophy. An oval atrophy is observed tem-
poral to the fovea. P(St) is also found along the lower edge of 
staphyloma       

g

Fig. 14.11 (continued)

lack of choroid on the thin sclera, the area of patchy atrophy 
is very fragile against the inner pressure load. The sclera can 
be bowed posteriorly in the area of the patchy atrophy, which 
resembles the intrachoroidal cavitation that develops adja-
cent to a myopic conus in highly myopic eyes (peripapillary 
intrachoroidal cavitations; peripapillary ICC). Thus, the pos-
terior displacement of sclera can be called as macular ICC 
[ 65 ]. Macular retinoschisis is signifi cantly more frequently 
observed in the eyes with macular ICC than those without 
macular ICC [ 65 ]. This is because the mechanical dissocia-
tion attributable to the scleral bowing and the caving-in of 
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the retina might facilitate the development of retinoschisis in 
and around the patchy atrophy. 

 Patchy atrophy is reportedly present in 0.4 % of general 
population aged ≥ 40 years in the Hisayama study in Japan 
[ 66 ]. The percentage of patchy atrophy increases linearly 
with axial length of the eye and reaches 32.5 % after age 60 
years [ 6 ]. The percentage of patchy atrophy is 3.3 % in the 
eyes whose axial length is from 27 to 27.9 mm, which 
exceeds 25 % if the axial length is longer than 31 mm, and it 
exceeds 50 % if the axial length is longer than 32 mm [ 6 ]. 

 With increasing age, the patchy atrophy enlarges and 
coalesces with each other [ 3 ,  7 ]. In the follow-up study of 74 
eyes with patchy atrophy for ≥ 5 years, 52 eyes (70.3 %) 
showed a progression [ 7 ]. Fifty eyes (67.6 %) showed an 
enlargement of the patchy areas, 10 eyes (13.5 %) showed a 
fusion with P(D) or P(St), and 2 eyes (2.7 %) developed a 
CNV [ 7 ]. In the eyes with advanced enlargement and fusion 
of patchy atrophy, the posterior fundus shows a “bare sclera” 
appearance (Fig.  14.13 ). The BMES showed that 5.2 % of 
the participants had new or expanded areas of patchy chorio-
retinal atrophy in 5 years [ 55 ]. Ito-Ohara et al. [ 67 ] examined 
the direction of enlargement of patchy atrophy and found 
that the patchy atrophy in marginal lesions of a staphyloma 
enlarged toward the macula and the patchy atrophy in the 
macula enlarged in all directions [ 67 ]. However, it is uncom-
mon for extrafoveal patchy atrophy later involves the central 
fovea. This means that it is rare for patchy atrophy causes the 
central vision loss although this lesion causes a paracentral 
absolute scotoma due to a loss of photoreceptors within the 
atrophic area.

   Various kinds of vitreoretinal complications can develop 
in and around the patchy atrophy. Probably due to a weak 
adhesion between the inner retina and sclera in the area of 
patchy atrophy, the macular retinoschisis tends to occur pref-
erably in the area of patchy atrophy [ 68 ]. In the area of exten-
sive chorioretinal atrophy, the diagnosis of retinoschisis 
needs caution because the retinoschisis shows less column- 
like structures [ 69 ]. It is also reported that posterior paravas-
cular linear retinal breaks occur over areas of patchy atrophy 
as a cause of retinal detachment in the patients with patho-
logic myopia [ 70 ]. 

 Although the patchy atrophy itself does not impair the 
central vision, the development of CNV along the foveal 
margin of patchy atrophy impairs the central vision signifi -
cantly (Fig.  14.14 ) [ 71 ]. The CNV develops especially in 
eyes with P(Lc), probably because lacquer cracks tend to 
develop near the fovea, and thus, the P(Lc) occurs in the 
vicinity of the central fovea. Also, different from P(D) which 
develops within the area of advanced diffuse atrophy with a 
loss of most of the choroidal thickness, P(Lc) tends to 
develop in the eyes with less degree of choroidal atrophy. 
Once the CNV develops along the edge of patchy atrophy, 
the chorioretinal atrophy enlarges around the CNV and fuses 
with P(Lc), and the posterior fundus is eventually replaced 
by a large area of patchy atrophy (Fig.  14.14 ).

14.2.4.1       Differential Diagnosis 
   The Atrophic Phase of Myopic CNV 
 A well-defined chorioretinal atrophy develops around the 
scarred CNV and enlarges gradually (Fig.  14.15 , see 

  Fig. 14.13    “Bare sclera” appearance due to an enlargement of patchy chorioretinal atrophy. The entire area of posterior fundus is replaced by an 
enlarged patchy atrophy       
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Chap.   15     for details), and the atrophic stage of myopic 
CNV is important to differentiate from patchy atrophy. 
Fundus features, angiographic findings, FAF findings, 
and OCT findings are all the same between the atrophic 
stage of myopic CNV and patchy atrophy. Especially long 
after the regression of myopic CNV, it becomes difficult 
to detect fibrovascular tissue remnants within the chorio-
retinal atrophy. The main difference between patchy atro-
phy and atrophic stage of myopic CNV is its location 
relative to the central fovea. The chorioretinal atrophy 
around the myopic CNV is almost always centered on the 
fovea and enlarges circumferentially around the fovea. In 
contrary, the patchy atrophy usually does not involve the 
fovea.

      Multifocal Choroiditis (MFC) or Punctate Inner 
Choroidopathy (PIC) 
 MFC and PIC tend to affect young females (~75 %) who are 
often myopic. These patients develop focal areas of infl am-
mation in the deep retina and choroid that progress into atro-
phic and pigmentary chorioretinal scars. The acute lesions 
are typically multiple, bilateral, and yellow-white or grayish 
in appearance. When we observe the lesions similar to patchy 
atrophy in highly myopic eyes without diffuse chorioretinal 
atrophy (especially in young female), we need to consider 
the possibility of MFC/PIC. 

 MFC and PIC often develop CNV; thus, the differential 
diagnosis is necessary between myopic CNV and CNV 
caused by MFC/PIC.    

a b
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  Fig. 14.14    A fusion with P(Lc) and an atrophy around the myopic 
choroidal neovascularization (CNV). ( a ) At the initial visit, horizon-
tally longitudinal P(Lc) is observed lower to the central fovea. ( b ) Two 
years later, the CNV  arrow  has developed along the foveal edge of an 

enlarged P(Lc). ( c ) Ten years after the CNV regression, an atrophy 
developed around the scarred CNV has enlarged and fused with P(Lc). 
( d ) Fundus autofl uorescence shows a large area of hypo-autofl uores-
cence in the posterior fundus       
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14.2.5     Others 

14.2.5.1     Macular Lesions in Dome-Shaped 
Macula 

 Dome-shaped macula (DSM) was originally described by 
Gaucher and associates [ 72 ] as a convex protrusion of mac-
ula within a staphyloma in highly myopic patients. By using 
enhanced depth imaging OCT (EDI-OCT), Imamura and 
Spaide [ 73 ] showed that a DSM is a result of a relative local-
ized thickness variation of the sclera under the macula in 
highly myopic patients. As macular complications, serous 
RD was found in 5.9 % of the eyes at the top of the DSM 
[ 74 ]. As a mechanism of serous RD without CNV in eyes 

with DSM, Imamura and Spaide [ 73 ] suggested the possible 
obstruction of outfl ow of choroidal fl uid by a thick sclera. 
Ellabban and associates [ 74 ] reported that CNV was fre-
quently observed in eyes with DSM in 41.2 %. Gaucher et al. 
[ 72 ] also reported that 10 out of 15 eyes with DSM had a 
history of CNV. Although extrafoveal schisis was found in 
17.6 %, foveal schisis was uncommon in eyes with DSM, 
suggesting that the DSM might work in a protective fashion 
against the development of foveal schisis. 

 It is diffi cult to suspect the DSM solely from ophthalmo-
scopic fi ndings; however, macular pigmentation is often 
found in eyes with DSM and especially in the eyes whose 
DSM is evident only along the vertical section across the 

  Fig. 14.15    Atrophic stage of myopic choroidal neovascularization 
(CNV). ( a ) Ten years after the onset of myopic CNV. Fibrovascular scar 
tissue is observed within the atrophy ( arrow ). ( b ) Eleven years after the 
onset of myopic CNV in an albino patient. Well-demarcated atrophy is 

observed around the scarred CNV. Atrophy is fused with myopic conus. 
( c ) Twenty years after the onset of myopic CNV. The enlarged atrophy 
around the CNV is fused with P(St) as well as myopic conus       
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fovea [ 74 ]. Also, in the eyes with DSM along the vertical 
section across the fovea, the optic disc tends to be horizon-
tally long oval. Because most of the myopic disc shows ver-
tical or vertically oblique tilting except TDS, the horizontally 
long oval disc appearance might provide a clue to suspect the 
presence of DSM.   

14.2.6     Macular Lesions Along the Edge 
of Tilted Disc Syndrome 

 Macular lesions observed in eyes with DSM appear some-
what similar to the lesions observed along the upper edge of 
staphyloma in eyes with tilted disc syndrome (TDS), such as 
serous RD due to subretinal leakage [ 75 ] or CNV [ 76 ]. 
Maruko and Iida [ 77 ] reported that serous RD was found in 
7 of 24 eyes (29 %) with TDS. By using EDI-OCT and 
swept-source OCT, they [ 77 ] also showed that the subfoveal 
choroid was relatively thin and the subfoveal sclera thick-
ened in TDS with a staphyloma edge at the macula. From 
these fi ndings, they suggested that the characteristic ana-
tomic subfoveal scleral alterations might lead to a thinner 
choroid and inhibit chorioscleral outfl ow. Nakanishi and 
associates [ 76 ] reported that macular complications were 
found on the upper border of inferior staphyloma in 25 of the 
32 eyes (78 %) with TDS. Macular complications included 
the polypoidal choroidal vasculopathy (PCV) in 22 %, clas-
sic CNV in 3 %, focal serous RD without PCV or CNV in 
41 %, and RPE atrophy in 13 %. It is interesting to consider 
the similarities between DSM and TDS.   

14.3     Frequency of Myopic Maculopathy 

 In the Blue Mountains Eye Study (BMES) [ 55 ], myopic reti-
nopathy was defi ned to include the following specifi c signs: 
staphyloma, lacquer cracks, Fuchs’ spot, and myopic chorio-
retinal thinning or atrophy. Based on this defi nition, signs of 
myopic retinopathy were found in 1.2 % of the eligible resi-
dents aged ≥ 49 years ( n  = 3,654) who attended the BMES, 
staphyloma in 26 participants (0.7 %), lacquer cracks in 8 
participants (0.2 %), Fuchs’ spot in 3 (0.1 %), and chorioreti-
nal atrophy in 7 (0.2 %). 

 Using Tokoro’s classifi cation, Chen et al. [ 78 ] reported 
that myopic maculopathy was found in 443 of 604 eyes 
(73 %) with high myopia (refractive error ≤ −6.0 D). Lacquer 
cracks were found to be the most prevalent type (29.1 %) 
followed by CNV (20.7 %), tessellated fundus (9.3 %), 
patchy chorioretinal atrophy (5.8 %), diffuse chorioretinal 
atrophy (4.6 %), and macular atrophy (3.8 %). Asakuma 
et al. [ 66 ] used Hayashi’s classifi cation [ 7 ] and reported that 
myopic maculopathy was found in 1.7 % of 1,969 Japanese 
residents aged ≥ 40 years in the Hisayama study. Asakuma 

et al. [ 66 ] reported that diffuse atrophy, patchy atrophy, lac-
quer cracks, and macular atrophy were present in 1.7, 0.4, 
0.2, and 0.4 % of the subjects. A worse visual acuity was 
associated with lacquer cracks, macular atrophy, and CNV, 
while better visual acuity was associated with tessellated 
fundus and diffuse atrophy [ 18 ]. Because the defi nition of 
myopic maculopathy is different among studies, it is neces-
sary to make a standardized defi nition and criteria of myopic 
maculopathy.  

14.4     Progression of Myopic Maculopathy 

 Figure  14.16  is a scheme showing a progressive pattern of 
various lesions of myopic maculopathy, which is modifi ed 
from the study following 806 highly myopic eyes for a mean 
period of 12.7 years [ 7 ]. In this study, 40.6 % of the eyes 
showed a progression. The fi rst sign that a highly myopic eye 
has progressed to the myopic maculopathy stage is the 
appearance of a tessellated fundus. The CNV develops from 
various lesions of myopic maculopathy, and the lesions 
eventually resulted in a formation of macular atrophy. The 
representative cases who showed a progression are shown in 
Figs.  14.17 ,  14.18 , and  14.19 . Liu et al. [ 19 ] in the Beijing 
Eye Study reported that at the 5-year follow-up examination, 
enlargement of the chorioretinal atrophy at the posterior fun-
dus was observed in 9 % of the eyes. Vongphanit et al. [ 55 ] 
reported that after a mean period of 61 months, a signifi cant 

Lacquer cracks

Diffuse atrophy

Tessellated fundus

Patchy atrophy
CNV

Macular atrophy

90 %

14 %

3 %

2 % 19 % 13 %

43 %

2 %

3 %

10 %

  Fig. 14.16    A scheme of progression of myopic maculopathy sug-
gested by a long-term follow-up study [ 7 ]. The  wide arrows  in the cen-
ter show the most prevalent pattern of progression in highly myopic 
patients. The number besides the  arrows  indicates the rate of each 
progression       
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  Fig. 14.17    Representative cases showing progression of myopic mac-
ulopathy. Progression from tessellated fundus to diffuse chorioretinal 
atrophy. ( a ) Right fundus at the age of 5 years shows a tessellated fun-

dus. Axial length is 26.8 mm. ( b ) Twenty years later, diffuse chorioreti-
nal atrophy has developed around the optic disc. Axial length has 
increased to 31.4 mm       

  Fig. 14.18    Representative cases showing progression of myopic mac-
ulopathy. Progression from diffuse chorioretinal atrophy to patchy cho-
rioretinal atrophy. ( a ) Right fundus at the age 50 years shows diffuse 
chorioretinal atrophy especially in the lower fundus. Axial length is 

29.5 mm. ( b ) Six years later, multiple, circular lesions of patchy atro-
phy have developed within the area of diffuse atrophy. Axial length is 
30.2 mm. ( c ) Five more years later, the lesions are enlarged and are 
fused with each other. Axial length is 30.6 mm       
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progression of myopic retinopathy was observed in 17.4 % 
(an enlargement of peripapillary atrophy and the develop-
ment of patchy chorioretinal atrophy).

14.5           Factors Correlating with the 
Development of Myopic Maculopathy 

 Age, axial length, and posterior staphyloma are the main fac-
tors affecting the development and progression of myopic 
maculopathy. Higher myopic retinopathy prevalence was 
associated with older age [ 3 ,  36 ,  79 ]. Young patients or chil-
dren tend not to develop myopic maculopathy even though 
the axial length is very long [ 20 ,  80 ,  81 ]. This is especially 
true for the atrophic lesions of myopic maculopathy, because 
diffuse or patchy chorioretinal atrophy usually develops in 
aged patients. Lacquer cracks are exceptional, and they can 
develop in children [ 80 ] and young patients. Chen et al. [ 78 ] 
analyzed the risk factors associated with myopic maculopa-
thy using General Estimating Equation (GEE) models. They 
reported that the older age was signifi cantly associated with 
diffuse chorioretinal atrophy ( p  = 0.024), patchy chorioreti-
nal atrophy ( p  < 0.001), CNV ( p  < 0.001), and macular atro-
phy ( p  = 0.002). Younger age was associated with lacquer 
cracks ( p  < 0.001). 

 A marked and highly nonlinear relationship has been 
reported between refraction and the prevalence of myopic 
maculopathy [ 55 ,  79 ]. The prevalence of myopic retinopathy 
increased signifi cantly ( p  < 0.001) with increasing myopic 

refractive error, from 3.8 % in eyes with a myopic refractive 
error of < −4.0 diopters to 89.6 % in eyes with a myopic 
refractive error of at least −10.0 diopters [ 19 ]. Myopes less 
than 5 D had a myopic maculopathy prevalence of 0.42 % as 
compared to 25.3 % for myopes with greater than 5 D of 
myopia, i.e., a 60-fold increase in risk in high myopes. A 
higher degree of myopia was a risk factor for almost all kinds 
of maculopathy (tessellated fundus, lacquer cracks, diffuse 
chorioretinal atrophy, patchy chorioretinal atrophy, and mac-
ular atrophy), whereas a lower degree of myopia was associ-
ated with CNV [ 78 ]. Steidl and Pruett [ 82 ,  83 ] reported that 
a linear relationship was observed between staphyloma 
grade and lacquer cracks and chorioretinal atrophy. However, 
there was an unexpected high frequency of myopic CNV in 
the lower staphyloma categories. 

 Regarding axial length, Curtin [ 3 ,  36 ] reported that myo-
pic chorioretinal degeneration was found in more than 60 % 
of the eyes whose axial length is ≥ 29.5 mm, whereas it was 
found in less than 40 % in the eyes whose axial length is 
<29.5 mm. Lai et al. [ 84 ] reported that the eyes with axial 
length of ≥29mm were more likely to have posterior pole 
chorioretinal lesion including chorioretinal atrophy and lac-
quer cracks compared with eyes with axial length of 
<29 mm [ 84 ]. 

 Age and the axial length affect the development of myo-
pic maculopathy in a combined fashion. Lai et al. [ 84 ] 
reported that the eyes with myopic maculopathy had signifi -
cantly older age (45.0 vs. 34.8 years), longer axial length 
(28.84 vs. 26.59 mm), and higher degree of mean spherical 

  Fig. 14.19    Representative cases showing progression of myopic mac-
ulopathy. Enlargement and fusion of the lesions of patchy chorioretinal 
atrophy. ( a ) Right fundus at the age 55 years shows multiple lesions of 
patchy atrophy within the area of diffuse atrophy. Axial length is 

30.3 mm. ( b ) Ten years later, multiple lesions of patchy atrophy are 
enlarged and have progressed to macular atrophy. Axial length is 
31.1 mm       
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equivalent refractive error (−16.8 vs. −9.4 D) ( p  < 0.001 for 
all three variables). 

 In the study analyzing the relationship between the scleral 
contour and myopic chorioretinal lesions by using swept- 
source OCT [ 85 ], myopic fundus lesions (myopic CNV, 
myopic chorioretinal atrophy, and myopic traction maculop-
athy) were present signifi cantly more frequently in the eyes 
with irregular curvature. 

 Reduction of retinal blood fl ow in highly myopic eyes 
measured by laser Doppler velocimetry [ 86 ] and reduced 
blood fl ow of posterior ciliary artery as well as central retinal 
artery measured by color Doppler ultrasonography [ 87 ] 
might relate to the development of myopic chorioretinal 
atrophy. Benavente-Perez et al. [ 88 ] reported that the com-
promised pulsatile and hemodynamics of central retinal 
artery observed in young healthy myopes is an early feature 
of the decrease in ocular blood fl ow reported in pathologic 
myopia. Li et al. [ 89 ] reported that myopic retinopathy was 
associated with attenuation of retinal vessels. 

 Recent OCT examinations (EDI-OCT and swept-source 
OCT) showed that the choroid remarkably thins in highly 
myopic eyes different from the retinal thickness (see Chap.   9     
for details) [ 90 – 92 ]. Nishida and Spaide [ 93 ] reported that 
the subfoveal choroidal thickness was inversely correlated 
with logarithm of the minimum angle of resolution visual 
acuity. Actually, the only signifi cant predictor in the pooled 
data for logarithm of the minimum angle of resolution visual 
acuity was subfoveal choroidal thickness ( p  ≤ 0.001). Wang 
et al. [ 21 ] reported that the BCVA correlated signifi cantly 
with macular choroidal thickness in the highly myopic 
patients with diffuse chorioretinal atrophy. Multiple linear 
regression analysis showed that age and macular choroidal 
thickness were the variables that associated most strongly 
with BCVA in the patients with diffuse atrophy, whereas nei-
ther refractive error nor axial length was a signifi cant predic-
tor of BCVA. 

 Also, the decrease of neurotrophic factor pigment 
epithelium- derived factor (PEDF) in the aqueous humor has 
been reported in highly myopic eyes [ 94 ,  95 ]. However, it is 
not certain if this is a result due to degenerative changes of 
RPE cells, which is a main cell producing PEDF, or due to a 
dilation of PEDF because of a big volume of myopic eye, or 
a cause of developing myopic chorioretinal atrophy. 

 Myopic retinopathy was not associated signifi cantly 
( p  > 0.20) with body height and weight, gender, rural versus 
urban region of residence, level of education, intraocular 
pressure, or central corneal thickness [ 19 ]. Chen et al. [ 18 ] 
reported a relationship between myopic maculopathy and 
higher systolic blood pressure after adjustment for age, sex, 
smoking, body mass index, diastolic blood pressure, educa-
tional levels, alcohol drinking, and histories of diabetes or 
taking antihypertension medication.  

14.6     Future Perspective 

 Mainly due to a recent advance of imaging technique, much 
has been clarifi ed about the characteristics of each lesion of 
myopic maculopathy. However, the main concern would be 
that the classifi cation and defi nition of myopic maculopathy 
have not been standardized worldwide. Also, the fundus 
color is largely affected by the original degree of pigmenta-
tion among races. The difference between tessellated fundus 
and diffuse atrophy might be due to a difference in how 
much choroid remains. In that case, the classifi cation based 
on OCT fi ndings might become an important and powerful 
tool. To compare the prevalence and features of myopic mac-
ulopathy among races, to establish the international diagnos-
tic criteria and the grading protocol of myopic maculopathy, 
is under way.     
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        The realization that highly myopic eyes were prone to 
develop choroidal neovascularization (CNV) occurred rela-
tively recently. Fuchs’ spots [ 1 ], also known as Foster-Fuchs 
spots, were described as pigmentary changes in the posterior 
pole of myopes. These spots, sometimes associated with 
hemorrhage, were fi rst described by Forster in 1862 and 
Fuchs in 1901. The reason for the hemorrhage was not 
known at the time. In 1953 Lloyd [ 2 ] wrote that Fuchs’ spots 
were often preceded by a cystic appearance of the macula 
and attributed the Fuchs’ spot to stretching of the choriocap-
illaris. In 1973, Focosi and coworkers [ 3 ] described a group 
of myopic eyes that developed serous and serosanguineous 
detachments of the macula. The authors found these patients 
had fl uorescein angiographic evidence of leakage, some-
times from multiple lesions. Close inspection of the pub-
lished angiograms shows the eyes had fi ndings suggestive of 
multifocal choroiditis and panuveitis (MCP, a condition 
described much later) complicated by neovascularization. 
The authors thought the patients had serous pigment epithe-
lial detachments with no neovascularization, and the blood 
present originated from the constituent vessels of the cho-
roid. In 1977 fl uorescein angiographic evidence was pre-
sented to show Fuchs’ spots were actually caused by 
choroidal neovascularization [ 4 ]. In this paper Levy and 
coauthors hypothesized laser photocoagulation may prove to 
be a useful treatment. Since then the importance of CNV as 
a major cause of vision loss in highly myopic eyes has been 
more fully appreciated, and several successive treatment 
modalities have been developed. 

15.1     Clinical Characteristics 

    The principle symptoms from CNV in myopia are loss of 
acuity, scotomata, and distortion of vision. Some patients 
with advanced myopic degeneration have prior impairments 
to their vision, and the addition of CNV may not cause 
enough incremental change in their vision for them to notice 
any early irregularity. The presenting abnormalities of myo-
pic CNV differ by degrees from that seen in AMD. The CNV 
in myopic eyes is less likely to have sub- or intraretinal fl uid 
or lipid and seems to be associated with less proliferation in 
the subretinal space than CNV in AMD. Myopic CNV almost 
never has associated serous pigment epithelial detachments. 
CNV in myopia is generally fairly small in contrast to that 
seen in AMD. The size of the CNV seems to vary inversely 
with the amount of myopia. 

 Growth of neovascularization occurs in eyes showing 
other signs of abnormalities related to high myopia. 
Mechanical dehiscence of Bruch’s membrane occurs in eyes 
with high myopia to produce thin branching lines in the pos-
terior pole called lacquer cracks. These ruptures affect the 
full thickness of Bruch’s membrane and as a consequence 
involve the choriocapillaris as well. Thus it is common to see 
subretinal hemorrhage in eyes with high myopia that are 
overlying lacquer cracks or clear to show new lacquer cracks 
(Fig.  15.1 ) [ 5 – 8 ]. Eyes with high myopia have concurrent 
reduction in the thickness of the choroid [ 9 – 12 ], and with 
advanced amounts of myopia, particularly in older patients, 
the choroid may shrink to have nearly no thickness. These 
eyes appear to develop areas of full thickness loss of the cho-
roid and overlying retinal pigment epithelium. Lacquer 
cracks and full thickness atrophy both appear to be risk fac-
tors for development of CNV [ 5 ,  8 ,  13 ,  14 ]. While preexist-
ing lacquer cracks provide an easy avenue for the ingrowth 
of new vessels, neovascularization can erode directly through 
intact Bruch’s membrane [ 15 ]. In most cases the CNV 
appears to originate from a lacquer crack, however [ 14 ]. 
Once the neovascular process begins, the vessel ingrowth 
can be partially or completely engulfed by proliferating 
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pigment cells, producing a Fuchs’ spot. In the past, prior to 
the availability of treatment for myopic CNV, the visualiza-
tion of pigmentation around the neovascularization was seen 
to be a favorable sign suggestive of stabilization of the pro-
cess. If the neovascularization is not enveloped with RPE 
cells, it appears a grayish-white thickening under the retina. 
There may be associated small hemorrhages and sometimes 
subtle fl ecks of lipid. The converse, big hemorrhages or large 
amounts of lipid exudation are almost never seen.

   Fluorescein angiography demonstrates the vascular 
ingrowth as early hyperfl uorescence with variable amounts of 
leakage later in the angiographic sequence (Figs.  15.1  and 
 15.2 ). Some eyes show nearly no leakage of fl uorescein. Thus 

the neovascularization seen in highly myopic eyes can show 
some but not necessarily all of the features required to clas-
sify the neovascularization as being “classic.” The proportion 
of cases classifi ed as predominantly classic were approxi-
mately 80 % in the Verteporfi n in Photodynamic therapy 
pathologic myopia (VIP-PM) study [ 16 ,  17 ], although some 
authors consider most [ 14 ] or all [ 18 ] neovascularization in 
high myopia to be classic. Optical coherence tomography 
(OCT) can show signs of exudation such as intra- or subreti-
nal fl uid being present in eyes with myopic CNV [ 19 ]. Small 
hemorrhages are usually not easy to visualize with OCT. The 
infi ltration causes a low, fl at alteration in the contour of the 
RPE monolayer. The subtlety of fi ndings seen in the two main 

a

c

b

  Fig. 15.1    ( a ) This    −16 diopter myope developed a small scotoma near 
the center of the visual fi eld. There were lacquer cracks, one of which 
was highlighted by the  arrow . There was some associated pigmentary 
changes ( arrowhead ). ( b ) Fluorescein angiography showed a hyperfl u-
orescent lesion consistent with choroidal neovascularization. A lacquer 

crack is seen coursing horizontally ( arrow ) and there is a region of late 
staining ( open arrowheads ) at its temporal extent. ( c ) The optical 
coherence tomography scan shows a small elevated lesion ( arrow ) and 
also nonassociated macular schisis       
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testing modalities for CNV, along with the relatively small 
neovascular lesions, can make diagnosis of CNV diffi cult in 
some cases. These same testing modalities are used in treated 
eyes as a gauge to administer additional treatment and, as will 
be seen later, highlight a signifi cant underlying weakness that 
“as needed” treatment strategies have in high myopia.

   The differential diagnosis for myopic CNV includes mac-
ular hole, small focal areas of chorioretinal atrophy or scar-
ring, and infl ammatory conditions such as MCP [ 20 ]. Because 
of the relative depigmentation of the fundus in a high myope, 
macular holes may not be that obvious. These holes are often 
associated with decreased acuity and can have associated sub-
retinal fl uid. The diagnosis is readily apparent using OCT. 
High myopes frequently have small areas of altered pigmen-
tation in the posterior pole. Small hyperpigmented spots are 
usually fl at and do not have a surrounding area of atrophy. 
True CNV causes an elevation at the level of the RPE. 
Fluorescein angiography shows hyperfl uorescence later in the 

angiographic sequence if new  vessels are present. True Fuchs’ 
spots are usually surrounded by varying amounts of depig-
mentation or frank atrophy. MCP causes grayish-white 
infl ammatory lesions at the level of the RPE that can have 
associated subretinal fl uid during the acute, active phase. 
OCT shows the infl ammatory lesions to be conical elevations 
of the RPE. During fl uorescein angiography these lesions can 
show early fl uorescence with late staining. Clues that the eye 
harbors MCP are recurrent accumulations of new lesions, 
multiple lesions in the fundus, clinically evident infl amma-
tory cells, and the characteristic OCT appearance. These 
same eyes may develop CNV, which is heralded by an 
increase in exudation and scarring, often with minimal hem-
orrhage. These eyes may have reactive changes in the RPE, 
which are hypofl uorescent in fl uorescein angiography and 
hyperautofl uorescent with autofl uorescence imaging [ 21 ]. 

 The incidence of CNV in high myopia probably is related 
to a number of factors, which may in turn infl uence  estimates. 

a

c d

b

  Fig. 15.2    Presentation of choroidal neovascularization in a high 
myope. ( a ) There is a small area of focal hypopigmentation with an 
adjacent, but not contiguous area of altered pigmentation and barely 
visible hemorrhage ( arrow ). ( b ) The early phase of the fl uorescein 
angiogram shows early visualization of the vascular network. Note the 
separation between the vessels and the hypopigmented area. ( c ) In the 

later phases of the angiogram, there is leakage from the vessels, which 
is another angiographic characteristic required to make the diagnosis of 
classic choroidal neovascularization. ( d ) Optical coherence tomogra-
phy shows a triangular elevation of the retina with poor delineation 
between the lesion and the retina. There is granular material in the 
space above the lesion ( arrowhead ) and subretinal fl uid ( arrow )       
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These factors include age, refractive status, gender, and 
potentially involvement of the fellow eye [ 22 – 30 ]. Curtin 
and Karlin reported Fuchs’ spots were present in 5.2 % of 
eyes with an axial length of 26.5 mm [ 22 ]. Grossniklaus and 
Green [ 31 ] found a similar proportion in what were reported 
to be myopic eyes coming to histopathologic evaluation, 
although no axial length or refractive error data for those 
eyes was presented. There appears to be a female predomi-
nance in myopic CNV.  

15.2     Potential Pathologic Mechanisms 

 The actual pathogenic sequence of the early phases of any 
form of CNV is unclear, and myopic CNV is no exception. A 
variety of contributing factors have been proposed to explain 
why CNV occurs, but all of these seem to have shortcomings. 
What we do know is eyes with myopia have axial lengthen-
ing and apparent stretching of the structures in the posterior 
pole. The choroidal thickness decreases in high myopia [ 9 , 
 10 ,  12 ], but the thickness of the overlying RPE cells and the 
packing density of the photoreceptors decrease in a manner 
that initially may be proportionate. With the passage of time, 
the choroid becomes even thinner, at which point decompen-
sation secondary to outer retina ischemia seems possible. 
Coincident with, or perhaps in part related to, the choroidal 
thinning are alterations of Bruch’s membrane manifested as 
lacquer cracks. Eyes with lacquer cracks have RPE altera-
tions in the same general area. Lacquer cracks may offer 
avenues for the ingrowth of vessels or may indicate a general 
degeneration of Bruch’s membrane such that CNV may be 
more likely to occur. Other conditions leading to the ingrowth 
of neovascularization in the context of breaks in Bruch’s 
membrane include choroidal ruptures due to trauma, angioid 
streaks in pseudoxanthoma elasticum [ 32 ], and microbreaks 
in AMD [ 33 ]; however, each of these has other factors at play 
that may encourage the growth of CNV. Most eyes with high 
myopia have lacquer cracks [ 5 ,  6 ,  13 ,  14 ], but only a minority 
develops CNV, so other factors may be involved in myopic 
CNV as well. Grossniklaus and Green proposed the growth 
of new vessels from the choroid may be a compensatory 
mechanism for the loss of choroidal blood fl ow through a 
degenerating choriocapillaris in AMD [ 34 ]. This same patho-
physiologic mechanism may be operative in high myopia and 
offers a tantalizing explanation for CNV growth. However 
observation of the growth characteristics of myopic CNV 
argues against simple ischemia. The choroidal thickness 
decreases with increasing myopia, but neither the size nor the 
number of CNV lesions increases with increasing myopia. If 
CNV were a compensatory response, it is diffi cult to under-
stand why the RPE would envelope and seemingly limit the 
growth of vessels. Certainly ischemia would continue or 
increase with time, so one would expect ever-increasing 

incidence of CNV in highly myopic eyes and multiple new 
lesions over time if ischemia was the sole cause.  

15.3     Disease Characteristics 

 In 1981 several papers were published that showed many of 
the salient characteristics of myopic CNV. Hotchkiss and 
Fine published a case series in which nearly half of the eyes 
followed deteriorated to legal blindness [ 24 ]. The location of 
the CNV was found to be an important determinant of the 
fi nal visual acuity. A signifi cant proportion of eyes did not 
have neovascularization under the fovea, and these eyes 
appeared to have a lower risk of poor visual outcome. Some 
of the eyes in the series had laser photocoagulation, which 
was thought to potentially stabilize the visual acuity. The 
authors recommended a large prospective study to evaluate 
laser photocoagulation as a treatment. In the same year Rabb 
and coauthors reported the clinical fi ndings of a large series 
of patients with CNV secondary to high myopia [ 23 ]. They 
described choroidal atrophy, the need to recognize lacquer 
cracks as a potential precursor for choroidal neovasculariza-
tion, and that eyes with CNV develop scars, atrophy, and 
even macular holes. They also mentioned laser photocoagu-
lation of CNV could preserve visual acuity. The authors 
thought the development of atrophy to be the most common 
reason for eyes to have poor visual acuity. Also in 1981 Fried 
and coauthors described a series of eyes with Fuchs’ spots 
[ 25 ]. These generally occurred with increasing age of the 
patient but were seen in some as young as 14 years old. 
These authors described the use of laser photocoagulation. In 
1983 Hampton and coworkers published a retrospective 
study of patients with visual loss secondary to myopic CNV 
[ 35 ]. They reported the visual acuity was related to the size 
and location of the neovascularization, the age of the patient, 
and duration of follow-up. At last follow-up 60 % of the eyes 
in their study were 20/200 or worse. The    visual acuity was 
lost in the eyes in a rapid early phase of disease and more 
slowly later, with development of atrophy as a common end-
stage outcome. Avila and coworkers [ 36 ] reported a series of 
patients with CNV associated with degenerative myopia in 
1984 and concluded CNV was a self-limited disorder. There 
is an old medical school joke that hemorrhage is a self- 
limited disorder; however, the implication was the patho-
logic process caused a loss of function early after the 
development of the neovascularization and did not smolder 
on. They reported results of laser photocoagulation in 19 
eyes, and the mean acuity of treated eyes did not improve. As 
a consequence of these “disappointing” results, the authors 
stated they stopped performing laser photocoagulation [ 36 ], 
which is curious given a theme this paper had with other con-
temporaneous publications was the poor natural history of 
the disease. 
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 In 1999 Tabandeh and coworkers investigated patients 
aged 50 years or more in relation to the fi ndings of CNV in 
high myopia [ 37 ]. As is typical for myopic CNV, the lesions 
were small, but a greater proportion of patients, as compared 
with historical controls, had a visual acuity of 20/200 or 
worse. Bottoni and Tilanus [ 38 ] showed that for a mean 
follow- up of 3 years, eyes with nonsubfoveal CNV were 
more likely to retain good acuity as compared with eyes 
with subfoveal involvement. Yoshida and coauthors [ 39 ] 
reported 10-year follow-up of a retrospective series of 25 
highly myopic eyes with CNV, and nearly all of them had a 
visual acuity less than 20/200 [ 39 ]. In examining the 5-year 
outcomes, Hayashi and coworkers found patients with a 
good prognosis for visual acuity preservation in the absence 
of treatment were more likely to be younger, with smaller 
areas of CNV and better initial acuity, and the lesions were 
more likely to be nonsubfoveal [ 40 ]. Secretan and coauthors 
[ 41 ] reported a group of 50 eyes with nonsubfoveal disease 
that were not treated. Over time all of the eyes developed 
subfoveal extension of neovascularization. Yoshida and 
coauthors reported, in agreement with previous reports, that 
older eyes were more likely to have decreased vision from 
myopic CNV [ 42 ]. The untreated group of the VIP-PM 
group showed a rapid initial loss of acuity, expansion of the 
CNV, and enlargement of macular scarring over time [ 16 ]. 
The initial phases of neovascularization appear to be the 
more signifi cant in causing vision loss, but the process con-
tinues with a smoldering expansion of neovascularization in 
many and the late development of atrophy affecting the cen-
tral macula.  

15.4     Treatment of Myopic Choroidal 
Neovascularization 

 Successive forms of treatment have been developed for cho-
roidal neovascularization (CNV) secondary to age-related 
macular degeneration (AMD). Most of the major develop-
ments were the product of extensive preclinical work, pro-
gression to small pilot studies, and then multicentered 
randomized clinical trials. Fortunately the main multi-
centered clinical trials were large and well-designed, giving 
treating physicians enough information to formulate both a 
reasonable expected outcome and an appropriately narrow 
confi dence interval of the treatment effect. Advances in the 
treatment of CNV secondary to pathologic myopia have 
trended those from AMD in both the proposed theoretical 
basis and practice. Unfortunately the myopia studies uni-
formly examined smaller numbers of patients and suffered 
from design defects. As a consequence estimates of treat-
ment effect, and the corresponding confi dence intervals, are 
less precise. For each therapeutic modality the development 
and multicentered trial results for AMD will be presented. 

Then the adaptation of the treatment to myopic CNV will be 
shown through review of applicable studies along with a dis-
cussion of their general strengths and weaknesses. The treat-
ment response as it relates to the special characteristics of 
highly myopic eyes and the complication profi les will be 
presented. Several of these treatments seem to share a simi-
lar late-stage outcome, namely, the development of atrophy, 
and a set of possible mechanisms for the development of 
atrophy will be proposed.  

15.5     Thermal Laser Photocoagulation 

 In the 1960s the idea that neovascularization was an impor-
tant component of exudative AMD was derived from infor-
mation gleaned from the then newly developed testing 
modality, fl uorescein angiography [ 43 ]. The new blood ves-
sels were seen to proliferate into regions not ordinarily con-
taining vessels, and concurrently the eyes were seen to 
develop signs of exudation and bleeding. The contemporane-
ous development of laser technology provided a method to 
deliver high-density photothermal energy to selected areas in 
the eye [ 44 ,  45 ]. Many small series of laser photocoagulation 
for AMD-related CNV were published and helped defi ne the 
clinical response that could be expected [ 46 – 48 ]. The results 
from these reports formed a base of knowledge to design a 
randomized clinical trial. 

 The effi cacy of thermal laser photocoagulation was inves-
tigated in the late 1970s and early 1980s in the Macular 
Photocoagulation Study, a series of related multicentered 
clinical trials. The strategy employed was to photocoagulate 
neovascular lesions, along with a border of seemingly nor-
mal retina, in order to preserve surrounding areas of macula 
[ 49 ]. Refi nement of the ideas about the fl uorescein angio-
graphic imaging of CNV occurred during this time, and the 
importance of differentiating classic from occult neovascu-
larization became apparent. CNV located 200–2,500 μm 
(extrafoveal lesions) and 1–199 μm (juxtafoveal lesions) 
from the geometric center of the fovea were evaluated in two 
related studies [ 49 – 52 ]. Thermal laser photocoagulation was 
found to reduce the incidence of severe visual loss, which 
was defi ned as a loss of 6 or more lines of visual acuity using 
a standardized measurement protocol [ 53 ], in both the extra-
foveal and juxtafoveal studies. Recurrence of the CNV was a 
frequent occurrence after photocoagulation. The reappear-
ance of new vessels was much more common on the foveal 
side of the photocoagulation scar and typically was associ-
ated with subfoveal extension of disease [ 52 ]. Eyes with no 
recurrence had much better acuity than eyes with recurrence. 
The problem with laser photocoagulation for CNV second-
ary to AMD is that a remarkably small proportion of the eyes 
do not have subfoveal involvement at presentation [ 54 ]. 
Later studies showed photocoagulation of lesions that was 
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not classic neovascularization did not result in a treatment 
benefi t and that choice of wavelength was not an important 
consideration in terms of treatment outcome [ 55 ].  

15.6     Laser Photocoagulation for Myopic 
Choroidal Neovascularization 

 There are several potential reasons that thermal laser photo-
coagulation of CNV secondary to high myopia would be 
easier than for AMD. The neovascularization seen in high 
myopia is usually not masked by blood or lipid to the extent 
seen in eyes with AMD and as a consequence is readily visu-
alized. They typically are small classic lesions that are fre-
quently nonsubfoveal. The enveloping pigmented cells are 
an attribute in terms of absorbing laser energy. Early reports 
of laser therapy for CNV demonstrated what was to be a 
recurrent theme: treated patients could have stabilization, 
and even improvement in some cases, but many eyes devel-
oped areas of atrophy that expanded over time [ 23 ,  24 ,  36 , 
 56 – 59 ]. Some authors of the early papers questioned the 
value of laser, even though contemporaneous reports of the 
natural course of myopic CNV to be dismal in the long term 
[ 36 ]. A later study by Pece and coauthors with a larger patient 
sample showed laser photocoagulation resulted in a mean 
stabilization of acuity, even with longer-term follow-up [ 57 ]. 
A randomized trial of 70 eyes showed in the early phase after 
treatment, eyes receiving photocoagulation had a much bet-
ter mean acuity than did non-treated eyes [ 58 ]. The differ-
ence at 5 years was no longer signifi cant, the result of 
expansion of the area of atrophy in the treated eyes. A retro-
spective study from the same group showed laser-treated 
patients had less decline in acuity during the fi rst 2 years as 
compared with historical controls, but the effect was not seen 
at 5 years [ 41 ]. 

 Two main problems complicate thermal laser photocoag-
ulation for myopic CNV. The fi rst is recurrence of the neo-
vascularization, much the same as in AMD. The majority of 
treated patients have recurrences, and most of these recur-
rences are at the foveal edge of the laser photocoagulation. 
The second problem is that an overwhelming majority of 
eyes develop enlargement of the area of atrophy that eventu-
ally involves the fovea with loss of acuity as the result. 
Mechanical stretching of the posterior pole of the eye appears 
to infl uence the expansion characteristics of the atrophic area 
[ 60 ]. The expansion of atrophy is more problematical in 
treating CNV in myopic eyes as compared with those having 
AMD. Laser photocoagulation has been studied only in eyes 
with nonsubfoveal lesions, which are the minority of cases 
of myopic CNV. Laser photocoagulation of subfoveal CNV 
would result in loss of central vision. As a consequence laser 
photocoagulation does not appear to be a good treatment for 
myopic CNV.  

15.7     Surgical Treatment 

 The surgical treatment for age-related macular degeneration 
involves three main strategies used independently or in com-
bination: direct surgical removal of neovascularization, 
removal of hemorrhage, or translocation of the macula to a 
more favorable location. Early reports of removal of neovas-
cularization, hemorrhage, or both suggested most eyes had 
visual stabilization in AMD, with some patients showing 
substantial improvement [ 61 – 63 ]. Patients with neovascular-
ization that was idiopathic or secondary to infl ammatory con-
ditions such as presumed ocular histoplasmosis syndrome 
were purported to have a better outcome [ 63 ]. The Subretinal 
Surgery Trials were organized and this group of multi-
centered randomized trials examined the role of surgery in 
visual performance of affected patients [ 64 – 67 ]. In a study of 
454 patients with CNV secondary to AMD, surgical removal 
did not show any benefi t as compared with observation alone 
[ 65 ]. The median visual acuity decreased from 20/100 to 
20/400 in both arms at 24 months. Cataracts and retinal 
detachments were more common in the surgical arm. In a 
group of 336 patients with subretinal hemorrhage secondary 
to CNV associated with AMD, drainage of the hemorrhage 
did not increase the chance of stable or improved visual acu-
ity [ 66 ]. The surgical arm had a high proportion (16 %) of 
patients going on to have rhegmatogenous retinal detach-
ment. In a group of 225 patients with CNV lesions that were 
either idiopathic or associated with presumed ocular histo-
plasmosis, no treatment benefi t was demonstrated for surgi-
cal removal as compared with observation [ 67 ]. Later the 
Visual Preference Value Scale fi ndings from these patients 
showed no quality of life improvements among patients hav-
ing surgery as compared with observation [ 68 ]. Following 
these reports and coincident with the availability of agents 
directed against vascular endothelial growth factor, there did 
not appear to be any compelling reason to undertake surgical 
extraction approaches to CNV lesions that were idiopathic or 
associated with AMD or infl ammatory disorders. 

 Macular translocation is an attempt to move the macular 
region to an area not affected by neovascularization. This 
modality can be combined with removal of neovasculariza-
tion and offers the possibility of placing the fovea on a rela-
tively healthy RPE bed. The rotation of the retina causes a 
correspondingly large alteration of visual perception and can 
cause severe diplopia. Therefore in practice it was reserved 
to treat the second eye of a patient with bilateral disease 
[ 69 – 74 ]. In a series of 61 AMD, patients underwent 360 
macular translocation, and the median improvement of visual 
acuity was 7 letters [ 71 ]. There was a signifi cant correspond-
ing improvement in vision-related quality of life scores [ 72 ]. 
One randomized trial of 50 eyes in which translocation was 
compared with photodynamic therapy (PDT) for predomi-
nantly classic subfoveal membranes secondary to AMD 
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found after 2 years of follow-up the translocation group had 
a mean change of +0.3 letters while the PDT group lost a 
mean of 12.6 letters [ 73 ]. Quality of life testing showed 
improved performance in the translocation group in several 
subsets [ 74 ]. The surgery required for macular translocation 
is diffi cult and time-consuming and has a high proportion of 
eyes eventually experiencing complications. A long-term 
follow-up study showed the development of atrophy was a 
common occurrence limiting visual potential [ 75 ]. 

 Surgical removal of neovascularization in high myopia 
does not appear to cause visual acuity improvement. Uemura 
and Thomas reported the visual acuity results of 23 patients 
with myopic CNV followed for a mean of 24 months and 9 
eyes had an improvement of 2 or more lines of Snellen acu-
ity, 6 remained stable, and 8 had decreased acuity [ 76 ]. 
Recurrences were seen in 57 % of the eyes. In a series of 22 
eyes with a mean follow-up of nearly 30 months reported by 
Ruiz-Moreno and de la Vega, no substantive improvement of 
visual acuity was seen in eyes having surgical removal of 
CNV, but recurrences were seen in 4 eyes, cataract in three, 
and retinal detachment in one, and two patients required 
intraocular pressure-lowering agents [ 77 ]. In a series of 17 
eyes with subfoveal CNV associated with high myopia, Hera 
and associates reported 4 had visual acuity improvement, 10 
had no change, and 3 had a decrease in acuity [ 78 ]. Given the 
small sample size, lack of standardization of acuity measure-
ment, absence of a control group, and no long-term follow-
 up information, it is diffi cult to gauge the magnitude of a 
benefi t with this surgery, if any. 

 Macular translocation for subfoveal CNV in high myopia 
has been reported in case series and in one comparative trial. 
Hamelin and coauthors reported a retrospective study of 32 
eyes treated by either limited macular translocation in 14 
eyes or surgical extraction in 18 eyes [ 79 ]. The mean follow-
 up in the extraction group was 14 months, and the mean 
change in acuity was loss of 0.7 lines. The mean follow-up in 
the translocation group was 11 months, and the mean change 
in acuity was 3.8 lines. Recurrences were seen in 39 % of the 
surgical removal and 14 % of the translocation eyes. Retinal 
detachment occurred as a complication in two eyes of each 
group. The small sample size, lack of a control group, and 
any long-term information make analysis of translocation 
surgery for high myopia diffi cult.  

15.8     Photodynamic Therapy 

 Photodynamic therapy for subfoveal CNV in AMD using 
verteporfi n was investigated in the Treatment of Age-Related 
Macular Degeneration with Photodynamic Therapy (TAP) 
Study. Verteporfi n was injected at a dose of 6 mg per square 
meter of body surface area, and the neovascular lesion then 
was irradiated with a nonthermal laser spot (50 J/cm 2 ) 

1,000 μm larger than the greatest linear dimension of the 
lesion. Patients were retreated every 3 months if they showed 
leakage by fl uorescein angiography [ 80 ]. Patients were given 
3.4 treatments in the fi rst year and 2.2 treatments in the sec-
ond year. Patients with predominantly classic CNV had 
treatment benefi t that extended to the second year of the 
study [ 81 ]. Patients with occult with no classic did not have 
a statistically signifi cant benefi t at 1 year, but at 2 years there 
was a statistically signifi cant treatment benefi t [ 17 ]. 
Retrospective analysis of pooled data showed that lesion size 
was signifi cantly related to the response to PDT with small 
lesions appearing to show response regardless of lesion com-
position, while larger lesions only showed treatment benefi t 
if the lesion was predominantly classic [ 82 ]. Patients with 
predominantly classic CNV had a 39 % chance of experienc-
ing a 3-line or more visual acuity loss [ 80 ], and the expecta-
tion for treated patients was a slower decline in visual acuity 
than what would occur without treatment. Analysis of cases 
by the reading center suggested there was a slight undertreat-
ment among patients in the registration trials. In open-label 
expanded access trial was performed with 4,435 patients and 
in a clinic setting the number of treatments per year was 
lower than that seen in the registration trials [ 83 ]. There are 
many possible explanations for this fi nding, but one was in a 
real world deployment of an as needed strategy may result in 
undertreatment. 

 Eyes with myopic CNV were evaluated in the Verteporfi n 
in Photodynamic (VIP) Therapy Study. In contrast to studies 
done on AMD, the primary outcome was the proportion of 
eyes experiencing fewer than 8 letters, which is about 1.5 
lines, of visual acuity loss. At 1 year fewer patients treated 
with photodynamic therapy lost 8 letters as compared with 
the untreated controls [ 16 ]. Contrast sensitivity was better in 
the treated eyes as well. The mean number of treatments was 
3.4 in the treatment arm versus 3.2 in the sham group. The 
treatment effect began to wane so that by 2 years the advan-
tage in the treated group was no longer signifi cant [ 84 ] (see 
Fig.  15.3 .) In the second year the mean number of treatments 
was 1.7 in the treatment group and 1.4 in the control group. 
The 3-year results showed stability from the 2-year results 
[ 85 ]. Several studies examining treated patient series reported 
longer-term follow-up, but it is diffi cult to put these studies 
into perspective because all of them lacked a control group 
[ 86 – 103 ]. Krebs and coauthors [ 93 ] reported 3-year results 
of 20 treated eyes and found the distance acuity and central 
fi eld threshold sensitivity showed stabilization, but reading 
acuity declined from year 1 to year 3. Pece and coworkers 
followed 62 eyes of 62 patients for a mean of 31 months and 
found 13 % improved by 1 or more lines of Snellen acuity, 
32 % deteriorated, and 55 % remained stable [ 94 ]. The 
authors thought younger eyes (≤55 years) did better than 
older eyes. Lam and colleagues [ 86 ] reported a 2-year study 
of pathologic myopia in Chinese patients comparing PDT to 
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  Fig. 15.3    Expansion    of choroidal neovascularization with photody-
namic therapy and subsequent treatment with bevacizumab. ( a ) This 
patient was treated with photodynamic therapy for myopic choroidal 
neovascularization. Note the rings of pigment centrally. Since the 
patient had leakage, he was treated with photodynamic therapy. ( b ) The 
patient had expansion of the lesion. Note the pigment ( arrow ). He was 
treated with photodynamic therapy again which was associated with 
expansion of the lesion, arrow in ( c ), and with further expansion ( arrow  

in  d ) with hemorrhage ( arrowhead ). His visual acuity was 20/80. ( e ) 
The fl uorescein angiographic image shows the extent of the neovascu-
larization. The patient was given an injection of intravitreal bevaci-
zumab 1.25 mg. ( f ) Over time the patient was given 2 additional 
injections. In this picture 6 years after fi rst being treated with bevaci-
zumab, the patient has some residual hyperpigmentation but also a wide 
area of pigmentary loss. When last examined nearly 7 years after injec-
tion, his visual acuity was 20/60       
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the results of the VIP-PM study. The authors stated the visual 
results were similar in the two studies, but Chinese patients 
seemed to require fewer treatments as compared with the 
VIP-PM study group. However, the eyes had juxtafoveal 
CNV exclusively, which may have impacted the treatment 
frequency. Younger (<55 years) patients had a better fi nal 
acuity than older patients. Hayashi and coworkers [ 101 ] 
reported the visual results of 48 eyes of 46 patients with sub-
foveal and nonsubfoveal CNV in Japanese patients with 
pathologic myopia. The visual acuity did not change in a sig-
nifi cant way after PDT. A minority of eyes had follow- up for 
4 years or more, but 70 % of these developed chorioretinal 
atrophy, particularly if the neovascularization was initially 
subfoveal. Coutinho and coauthors reported the 5-year fol-
low-up of 43 consecutive eyes of 36 patients [ 102 ]. There 
results were amazingly good, as 32.6 % of the eyes had a 
visual acuity improvement of 3 or more lines and the mean 
acuity of the group was better at 5 years than at baseline.

   Common to all studies was the need for treatment at 
closer intervals early after the treatment began with fewer 
needed later. In the controlled study, VIP-PM, the sham 
group showed visual stability while “requiring” fewer treat-
ments in the second year. This is consistent with the known 
natural history of the disease; the lesions show fewer signs of 
disease activity over time, and the decline in vision is not as 
rapid as in the earlier phases. That is not to say the natural 
history is good; it appears PDT offers little help in changing 
the outcome over after the initial phases of  neovascularization. 
Analysis of many of these cases showed a propensity to 
develop atrophy.  

15.9     Agents Directed Against Vascular 
Endothelial Growth Factor 

 A requirement for tumor growth to recruit blood vessels for 
metabolite supply started a multiyear effort that ultimately 
resulted in the identifi cation and modalities to block the 
effects of vascular endothelial growth factor (VEGF) [ 104 –
 106 ]. The potential of anti-VEGF agents in use against CNV 
offered a second use for these agents. In parallel develop-
ment tracks, bevacizumab, a full-length antibody, was devel-
oped for use in cancer therapy, and ranibizumab, an antibody 
fragment, was created for use in the eye. Bevacizumab was 
found to be effective in the treatment of colon cancer when 
used in combination with standard chemotherapy and was 
approved by the Federal Food and Drug Administration in 
2004 [ 107 ]. Ranibizumab was shown to have remarkable 
effi cacy in the treatment of CNV secondary to AMD in mul-
ticentered, randomized Phase III trials [ 108 ,  109 ]. In open- 
label extension investigation the rate of treatments in clinic 
settings was much lower than that seen under the registration 
trials [ 110 ]. The visual acuity concurrently decreased, 

suggesting that real-world implementation of an as needed 
strategy may have resulted in undertreatment. 

 The results of the trials were available well before ranibi-
zumab was, due to the FDA approval process. In an attempt 
to get the same clinical effi cacy, bevacizumab was given 
intravitreally and appeared to have benefi cial effect [ 111 –
 113 ]. Early studies being published showing bevacizumab 
had effects mirroring those of ranibizumab. Investigators 
from around the world examined the potential safety and effi -
cacy of bevacizumab in human and animal studies [ 114 ]. No 
signifi cant ocular toxicity was found. Medicare reimburse-
ment of bevacizumab enabled patients with AMD to have 
cost coverage early after it began to be used despite the lack 
of any randomized trial showing effi cacy. The cost difference 
between ranibizumab and bevacizumab is astounding. A dose 
of ranibizumab is approximately $2,000, while bevacizumab 
is about 1/50th the cost. The chief competitor for ranibi-
zumab became bevacizumab, although each was made by the 
same company. In 2007 the company had a press release stat-
ing they would stop the sale of bevacizumab to compounding 
pharmacies [ 115 ]. Senator Herb Kohl sent a letter to Kerry 
Weems, the Acting Administrator of the Centers for Medicare 
and Medicaid Services expressing concerns about the costs 
of the proposed ban [ 116 ]. In a compromise negotiated by the 
American Academy of Ophthalmology and the American 
Society of Retinal Surgeons, the ban was lifted. 

 Over time studies of bevacizumab for the treatment of 
CNV secondary to AMD became more refi ned and sophisti-
cated, ultimately resulting in the Comparison of AMD 
Treatment Trials, or CATT [ 117 ,  118 ]. This multicentered 
randomized trial had 4 arms, ranibizumab monthly, bevaci-
zumab monthly, ranibizumab given on an as needed basis, 
and bevacizumab given as needed. The monthly dosing of 
ranibizumab was used in the trials used for FDA approval, 
and the other treatment arms were compared to that in a non- 
inferiority design. At the end of 1 year, the 4 arms were 
rerandomized to more examine how alterations in treatment 
frequency would affect visual acuity outcomes. At 1 year the 
visual acuity outcomes showed roughly similar outcomes for 
all arms, although that is not the primary goal of a non- 
inferiority design [ 117 ]. The bevacizumab given as needed 
did not meet the non-inferiority endpoints as compared with 
ranibizumab given monthly or bevacizumab given monthly. 
The authors of the paper stated these results were inconclu-
sive given the 1-year follow-up and the small mean differ-
ence in visual acuity seen. The report of the second year 
results condensed the multiple arms the patients were sepa-
rated into to determine as needed approaches consistently 
resulted in lower visual acuity than did monthly dosing 
[ 118 ]. Of interest is the switch from monthly dosing to an as 
needed strategy was met with a statistically signifi cant loss 
of visual acuity even if the patients received 12 previous 
injections on a monthly interval. 
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 Studies for myopic CNV started in a similar manner to 
that seen for AMD, except the sample sizes were much 
smaller [ 119 – 158 ]. Early studies showed rapid resolution of 
exudation along with improvement in mean visual acuity in 
patients treated with intravitreal bevacizumab independent 
of if they had previous PDT or not. Later studies reported 
longer duration of follow-up from the initial studies with 
only a few months to 1 year and later multiyear follow-up. 
The sample sizes increased in later studies as well. The 
visual acuity outcomes from these studies seemed robust, as 
far as can be discerned, and were associated with cessation 
of exudation and improvement of acuity. The reported stud-
ies for myopic CNV did not show comparable improvement 
in design or sophistication to the degree that the preceding 
AMD studies did. No published study administered a gold 
standard monthly dosing schedule such as that used in 
Phase III registration studies or in the CATT. Therefore the 
upper limit of expected visual acuity performance in myo-
pic CNV is not known for either ranibizumab or bevaci-
zumab. Later patient series treated with ranibizumab seemed 
to have roughly the same results as bevacizumab did, but 
even this is not known with certainty, due to the lack of 
monthly dosing arms and small sample sizes [ 125 ,  135 , 
 142 ,  145 ,  148 – 150 ,  154 ,  156 ,  159 ]. Some studies seemed 
designed to use as few doses of intravitreal anti-VEGF 
agents as possible with some bordering on therapeutic nihil-
ism [ 160 ,  161 ]. In an ordinary informed consent, patients 
are told of the extraordinarily low risk of complication from 
intravitreal injections of anti- VEGF agents. There does not 
seem to be a compelling reason to having the limitation of 
anti-VEGF injections as being a worthwhile goal when 
there is a lack of knowledge about the visual acuity response 
to frequent periodic dosing given the fi ndings in CNV sec-
ondary to AMD. 

 As reviewed by Cohen in 2009 [ 141 ], reports of intravit-
real anti-VEGF agents have yielded similar results: there 
appears to be a signifi cant improvement in visual acuity with 
an excellent safety profi le. Since then several larger salient 
studies have been published. Parodi and coworkers [ 162 ] 
performed a comparative trial, randomly allocating 54 
patients with juxtafoveal CNV to PDT, intravitreal bevaci-
zumab, or laser photocoagulation. The sample sizes were 
small, but there appeared to be a treatment benefi t favoring 
bevacizumab. Over the 2-year follow-up, the eyes receiving 
PDT had a signifi cant decrease in acuity from 0.52 logMAR 
(which is 20/66) to 0.72 logMAR (20/105). The vision in the 
laser-treated group remained stable. The intravitreal bevaci-
zumab group had a signifi cant improvement from 0.6 log-
MAR (20/80) to 0.42 logMAR (20/52). A number of patient 
series have been reported with fairly consistent results, 
although wide variations in treatment approach used in stud-
ies make derivation of summary data impossible. In general 
the treated eyes had at least stabilization of visual acuity. In 

a prospective series reported by Calvo-Gonzalez and coau-
thors of 67 patients treated for CNV secondary to myopia 
with 3 loading doses of ranibizumab followed by an as 
needed phase, the mean change in visual acuity was 12 let-
ters at the end of a mean 15.9-month follow-up [ 154 ]. 
Baseline visual acuity was positively correlated with fi nal 
acuity as was a nonsubfoveal lesion location. In a prospec-
tive study of 32 eyes of 30 patients by Gharbiya and cowork-
ers [ 158 ], the visual acuity improved by a mean of 15 letters 
at 3 years of follow-up in a study based on bevacizumab; 
patients were fi rst treated with a loading dose of 3 injections 
at monthly intervals followed by an as needed phase. Eyes 
with juxtafoveal had a better outcome as compared with sub-
foveal CNV, and the visual acuity at last follow-up was posi-
tively correlated with baseline acuity and negatively 
correlated with age. 

 Vadala and coworkers studied 40 eyes of 39 patients in 
a prospective study of ranibizumab given in an as needed 
strategy [ 150 ]. The median follow-up was 13.3 months, 
during which the mean acuity improved by 19.5 letters. 
Previous PDT did not seem to infl uence the results. Yoon 
and coauthors reported a retrospective study of 142 eyes of 
128 consecutive patients in which the treatment used was 
PDT, intravitreal injection of an anti-VEGF agent, or the 
combination of both [ 163 ]. The anti-VEGF group showed 
a signifi cant improvement in acuity as compared with 
either the PDT or combination therapy groups with the 
mean visual acuity increasing from a baseline of 0.57 log-
MAR (20/74 approximate Snellen equivalent) to 0.33 
(20/43).  

15.10     Recommended Treatment 
of Eyes with Myopic Choroidal 
Neovascularization 

 The fi rst step in management of myopic CNV is to be abso-
lutely sure the patient does not have MCP. Eyes with MCP 
have CNV as a frequent complication, and most eyes with 
MCP are myopic. It is common to see patients with MCP 
being considered to have myopic CNV as a consequence. 
Treating the CNV alone without treating the underlying 
infl ammatory condition puts patients at risk for vision loss 
in both eyes because of scarring or atrophy. If the eye is 
thought to have myopic CNV that is active, the treatment 
with the highest probability of visual gain appears to be 
injection of an anti-VEGF agent. Choice of bevacizumab 
versus ranibizumab appears to involve regulatory and fund-
ing issues and not effi cacy of one drug over another. Patients 
are given a dose of medication at baseline (Figs.  15.4  and 
 15.5 ). A regimen of using one injection as compared with 
three initial doses has been evaluated in small studies, none 
of which had more than 40 eyes [ 153 ,  164 ,  165 ]. One study 
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concluded there was no difference, one study concluded 
three loading doses were better, and the third study was 
equivocal. However in AMD monthly dosing has produced 
the best results. The 2-year results of the CATT showed that 
even after 1 year of monthly dosing, switching to an as 
needed approach was associated with a slight decrease in 
vision. Given the small sample sizes of the myopic CNV 
studies, it is probably better to conclude that there is not any 
biologically plausible reason to suspect acuity would be 
better after one loading dose as compared with three, but 
three doses would suppress exudation more effectively than 
one dose.

    The key unresolved problem with treatment of myopic 
CNV is treatment frequency. Myopic CNV has a natural ten-
dency to achieve a metastable state in which the exudation 
appears to decrease and the vision in some cases may tempo-
rarily improve. So any dose of an anti-VEGF agent likely 
promotes a situation in which there appears to be decreased 
or absent exudation. This raises the diffi culty of knowing 
when to give the next dose. In CNV secondary to AMD the 
best course is to give frequent periodic injections; as needed 

dosing does not appear to be quite as good. Treatment of 
CNV needs to be balanced against other needs of the patient, 
and there is a possibility monthly dosing is not possible, even 
in AMD. For myopic CNV we do not know what the out-
come is with monthly dosing, and we don’t know how much 
different the outcome would be with the various as needed 
strategies that have been proposed. 

 As    needed strategies are based on a particular abnormal-
ity being detected, for fl uorescein leakage would be a 
 threshold indicator, while for OCT the indications may be 
intra- or subretinal accumulation of fl uid. The problem is 
that these tests are not particularly sensitive in high myopes. 
As way of example untreated active cases may not show 
much leakage during fl uorescein angiography or sub- or 
intraretinal fl uid by OCT examination. In a true as needed 
regimen, these eyes would not merit treatment, even at base-
line. This    scenario illustrates the diffi culty of using one or 
more tests in isolation as a guide to as needed treatment of 
high myopes with CNV. As a consequence some retinal phy-
sicians treat myopes based on objective tests such as fl uores-
cein angiography or OCT but also according to the subjective 
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  Fig. 15.4    Anti-VEGF treatment effect. ( a ) Two months after treatment 
the lesion shown in Fig.  15.2  with ranibizumab, the lesion developed a 
ring of hyperpigmentation. ( b ) The optical coherence tomography image 
shows a smaller lesion with a well-defi ned outer surface interface with 
the overlying retina. ( c ) Several months later the patient developed signs 
of recurrent disease activity. The lesion had a change in internal refl ec-
tivity, the boundary between the lesion and the retina was blurred 

( arrowhead ), and there was a small amount of subretinal fl uid ( arrow ). 
( d ) Following treatment the lesion regained signs of inactivity with 
decreased internal refl ectivity, a sharp boundary between the lesion and 
retina, and no subretinal fl uid. Over the following 2 years of follow-up, 
the patient needed repeat injections on a periodic basis, but the appear-
ance of the lesion and his visual acuity, 20/25, remained stable       
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  Fig. 15.5    This patient    thought there may have been distortion in her 
vision, but was not quite certain. ( a ) The color fundus photograph 
shows a large area of peripapillary atrophy, but little in the way of an 
explanation of a cause of the symptoms. ( b ) The early phase fl uorescein 
angiogram shows multiple transmission defects. ( c ) Later in the angio-
graphic sequence, there is an increase in the fl uorescence of one spot 
( arrow ). ( d ) In one section of the optical coherence tomographic exami-
nation, there was an elevation of refl ective material under the retina, in 
the region corresponding to the increased brightness in the angiogram. 

( e ) Two months after presentation, and following 2 intravitreal injec-
tions of an agent directed against vascular endothelial growth factor, a 
rim of pigment around the neovascularization could be seen ( arrow ). ( f ) 
The optical coherence tomographic section shows a smaller lesion with 
a sharp boundary between the lesion and the outer retina. Note the lack 
of any intra- or subretinal fl uid in either (d) or (f). This case illustrates 
the use of an anti-VEGF injection not only as a therapeutic agent but 
also a potential diagnostic one as well       
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complaints of the patient. It is common to have patients 
complain about vision changes before any testing modality 
shows an abnormality and also for these same patients to 
return stating their vision improved after the injection. Since 
there is an absence of a good randomized trial, constant vigi-
lance with aggressive treatment when indicated is probably 
the best approach. 

 There are numerous potential signs of recurrent disease. 
Patients may have a sudden decrease in acuity not explain-
able by the expansion of atrophy, which is generally slow. 
Patients have complaints of increased distortion, but mea-
surements obtained with an Amsler grid are not quantifi able 
and therefore diffi cult to compare from one examination to 
the next. Recurrent activity of the lesion can produce the 
ophthalmoscopic signs of blurring of the margin of the CNV, 
visible hemorrhage, and rarely lipid. Fluorescein angiogra-
phy can show modest amounts of increased leakage and faint 
increases in the size of staining. There are numerous poten-
tial indications using OCT imaging. When a treated lesion 
shows cessation of activity, the lesion becomes more com-
pact, the internal refl ectivity is often less than the surface, the 
boundary between the lesion and retina is sharp, and there is 
no associated intra- or subretinal fl uid. When the lesion 
becomes active, any of these parameters may change. The 
lesion becomes larger, the refl ectivity in the lesion can 
increase, the boundary between the lesion and retina becomes 
less distinct, and there can be subretinal fl uid and less com-
monly intraretinal fl uid. 

 Patients starting with good acuity, small lesions, or non-
subfoveal location have better acuity over time, but none of 
these attributes are selectable by either the patient or physi-
cian. There have been studies using a combination of an 
anti- VEGF agent with photodynamic therapy, but much 
like in AMD, evidence is lacking showing any improve-
ment in visual acuity performance as compared with the use 
of anti- VEGF agents alone [ 163 ,  166 ]. Patients with MCP 
are generally treated with a short course of corticosteroids, 
and long-term immunosuppression is commonly started 
simultaneously. Any concurrent CNV is treated with anti-
VEGF agents. These eyes may have a rapid loss of visual 
acuity secondary to infl ammatory disease exacerbation, to 
activity of the CNV, or to both. Evidence of infl ammatory 
activity includes seeing an increase in cells in the vitreous, 
infi ltration in the subretinal space, sub-RPE accumulation s 
of material, fl uid within or under the retina, and areas where 
the outer retinal architecture, particularly the ellipsoid 
band, shows widespread disruption. These changes are gen-
erally rapidly responsive to corticosteroids. Signs of active 
CNV include an increase in intra- or subretinal blood, 
thickening or expansion of the CNV lesion, or hemorrhage. 
Treatment of the CNV is done with anti-VEGF agents, 
although some patients may show some response to 
corticosteroids.  

15.11     Retinal Pigment Epithelial 
Loss and Atrophy 

 High myopes have a number of anatomic disturbances prior 
to the development of CNV: they have RPE disturbances, 
lacquer cracks, and usually very thin choroids. There may be 
concurrent focal areas of chorioretinal atrophy. With no 
treatment, the CNV follows a stereotypical life cycle in 
which the vessels proliferate and cause exudation and bleed-
ing, and then in many cases there is enveloping of the neo-
vascularization with proliferating pigment cells. The CNV 
complex shrinks and there can be a centripetal retraction of 
the lesion from the surrounding RPE monolayer, causing a 
halo of absent RPE around the CNV. This absent RPE is not 
really atrophy, in that the word atrophy implies a withering 
of the normally present cells. 

 Laser photocoagulation uses thermal energy to destroy the 
newly growing vessels, but there is signifi cant collateral dam-
age to the underlying RPE and choroid (Fig.  15.6 ). This 
induces a region of cell loss that is commonly called atrophy 
even though the RPE and choriocapillaris were actively killed 
by the treatment. Atrophy implies the cells shrank or became 
less active, while laser photocoagulation increases the tem-
perature of the cells to the point where they are destroyed. The 
choriocapillaris is a confl uent layer of vascular channels with 
the spaces between vessels nearly vanishing in the posterior 
pole because of the packing density of the vessels. The blood 
fl ow is functionally lobular, but regionally blood from any one 
section has the potential to fl ow to adjacent areas based on 
instantaneous pressure differences. The area destroyed by 
laser photocoagulation cannot participate in this shared fl ow 
across the choriocapillaris network, so one would expect the 
regional fl ow immediately around the laser photocoagulation 
to be somewhat less than in comparable people without CNV 
or laser photocoagulation. Under the choroid are layers of 
larger vessels, Haller’s and Sattler’s layers that feed into the 
choriocapillaris in the superjacent or adjacent choriocapillaris. 
Laser destruction of these layers also affects regional chorio-
capillaris fl ow. High myopes have thinning of the choroid that 
often progresses to areas of complete absence of the choroid 
and overlying RPE. Since there is an absence of pigmented 
tissue (only a thin remnant of retina remains), the sclera is 
directly visible, so consequently these lesions appear as ovoid 
or round areas that are white. Decreases in regional blood sup-
ply could be expected to advance the process and may explain 
why the “atrophic” area of tissue absence related to laser pho-
tocoagulation increases with size over time.

   PDT also causes collateral damage to the choroid. Early 
on in the investigation of treatment of CNV secondary to 
AMD, indocyanine green angiography showed patients 
treated with PDT could develop choroidal hypoperfusion 
abnormalities. The fi rst paper looking at the choroidal 
thickness of myopes as measured by enhanced depth 
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 imaging OCT noted that patients who had a history of PDT 
for CNV had thinner subfoveal choroidal thicknesses [ 9 ]. It 
is conceivable that PDT damages an already infi rm choroi-
dal vascular system, which may encourage or hasten the 
atrophic, degenerative processes seen in high myopia. Eyes 
with high myopia are on a path to develop increasing mani-
festations of atrophy over time, and the occurrence of CNV, 
along with any trauma its attendant treatment may induce 
may well hasten this fated process. 

 Some eyes treated with anti-VEGF agents may also 
develop atrophy or loss of the RPE, and if it occurs, it is 
usually located around the outer border. Some of these eyes 

show further outward expansion of the outer border of the 
area of absent RPE, and the inner, formerly hyperpig-
mented, central region can gradually become increasingly 
hypopigmented. It is possible that pharmacologically 
induced scarring and shrinkage of the CNV lesion could 
lead to circumferential rips of the RPE. Some eyes develop 
areas of atrophy, but not necessarily where the CNV is 
located. Figure  15.7  shows an eye that developed an area of 
CNV was treated with an anti-VEGF agent and a year later 
developed another region of CNV. This second lesion was 
treated with an anti-VEGF agent as well. After 3 years of 
follow-up the patient had areas of profound atrophy, but not 

a

c d

b

  Fig. 15.6    Hypothesis    of atrophy generation posttreatment for myopic 
choroidal neovascularization. ( a ) The choriocapillaris is a densely 
packed interconnected set of specialized capillaries. There are no ana-
tomical lobules per se, but local fl ow is a function of regional pressure 
differences as illustrated by the green arrows. ( b ) Laser photocoagula-
tion has the potential to destroy the choriocapillaris. Clearly the area 
treated will be harmed, but the regional fl ow coming from this area will 
also be absent. ( c ) Under the choriocapillaris are larger vessels of 

Haller’s and Sattler’s layers drawn in a stylized way with green arrows 
showing the fl ow in the respective arterioles ( red ) or venules ( blue ). 
Laser photocoagulation ( d ) has the propensity of altering this fl ow as 
well, thus affecting local choriocapillaris areas by more than one mech-
anism. The choroid in highly myopic eyes is thin and with each passing 
year gets thinner. By affecting the fl ow in the choroid, localized laser 
could hasten this process. The same argument could be made for the 
effects of photodynamic therapy       
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a b

dc

  Fig. 15.7    ( a ) This 61-year-old high myope presented with a dot of 
hemorrhage in the temporal macula ( arrow ) and an area of increased 
pigmentation ( arrowhead ) straddling a lacquer crack. There was an 
area of choroidal thinning (contained in the  dashed line ) with small 
regions of more profound tissue loss ( open arrowheads ). ( b ) Early and 
late ( c ) fl uorescein angiogram shows expanding hyperfl uorescence 
caused by leakage from an area of choroidal neovascularization. ( d ) 
The patient was treated with injections of an agent directed against vas-

cular endothelial growth factor and the neovascularization became qui-
escent. Nearly a year later the patient presented with new symptoms 
caused by a second area of neovascularization located under the fovea. 
This showed leakage in the later phases of the angiogram ( e ). The 
patient was treated with additional injections. ( f ) Three years later 
the patient showed multiple regions of profound atrophy, located within 
the area of choroidal thinning identifi ed in (a). Note that the areas of 
neovascularization themselves did not show atrophy         
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exactly where the CNV was located. The patient presented 
with choroidal atrophy, which progressed to chorioretinal 
atrophy over time.
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16.1            Myopic Retinoschisis 
and Associated Lesions 

 In 1997, Takano and Kishi fi rst identifi ed and reported that 
the foveal retinal detachment and macular retinoschisis 
(MRS) were observed in highly myopic eyes before devel-
oping macular hole retinal detachment by using OCT [ 1 ]. 
This fi nding provided a clue why macular holes in highly 
myopic eyes tend to develop retinal detachment unlike idio-
pathic macular holes in non-myopic eyes. The schisis was 
found to occur in the outer retinal layer unlike congenital 
macular retinoschisis; however, the morphological details of 
the separated retina were unclear at this point mainly due to 
a limited resolution of OCT [ 1 – 3 ]. With the advent of OCT, 
MRS has been increasingly recognized as important causes 
of vision decrease in eyes with pathologic myopia. MRS is 
found in 9–34 % of highly myopic eyes with posterior staph-
yloma [ 1 ,  2 ,  4 ]. 

 Despite numerous publications on this condition, no clear 
defi nition of MRS has been found in the literature. The hall-
mark of MRS is the appearance of schisis of the retinal lay-
ers, most commonly in the outer plexiform layer (outer 
retinoschisis) (Fig.  16.1 ) [ 5 – 7 ]. In minority cases, the appear-
ance of schisis may occur within more internal retinal layers 
(inner retinoschisis) with detachment of the internal limiting 
membrane (ILM) (Fig.  16.1 ) [ 7 ,  8 ]. Although the terminol-
ogy “myopic retinoschisis” still prevails, it is now believed 
(due in part to improved imaging with recent OCT) that eyes 
with myopic retinoschisis have traction, resulting in elonga-
tion of Henle’s nerve fi ber rather than a splitting of the retina. 
Thus, MRS is a totally different condition from congenital 

macular retinoschisis, which is a splitting of the retinal nerve 
fi ber layer from the rest of the sensory retina disrupting a 
synaptic transfer between bipolar cells and ganglion cells. A 
lack of central scotoma in eyes with MRS supports this 
concept.

   Pannozzo and Mercanti [ 4 ] proposed to unify all of the 
pathologic features generated by traction in the myopic envi-
ronment under the name of myopic traction maculopathy.  

16.2     Clinical Features of MRS 

 Most of the patients with MRS may be relatively asymptom-
atic especially while the eyes do not develop more serious 
complications like full-thickness MH or foveal RD [ 2 ], and 
MRS may persist for many years before affecting vision sig-
nifi cantly. Vision loss attributed to MRS has been associated 
with the development of foveal RD and/or macular holes in 
most cases. The best-corrected visual acuity (BCVA) of the 
patients with MRS ranged widely from 20/40 to 20/200 
[ 2 ,  9 ]. Some patients complain metamorphopsia or distorted 
vision before the visual acuity is decreased. However, what 
makes diffi cult for clinicians to suspect the MRS is that some 
of the patients with MRS do not notice the change in vision 
[ 2 ], due to coexisting myopic retinochoroidal lesions like 
myopic CNV, myopic chorioretinal atrophy, or myopic optic 
neuropathy. Thus, a periodic examination using OCT is rec-
ommended for highly myopic eyes with posterior staphy-
loma even when they do not recognize the change of visual 
symptoms. 

 The mean age of diagnosis of MRS in highly myopic 
patients was in 60s [ 2 ,  9 ] and it is uncommon to detect MRS 
in the patients under the age 40, although MRS in the patients 
with age 28 was reported [ 9 ]. Baba et al. [ 2 ] reported that the 
mean refractive error of the eyes with MRS was −18.4 D 
(range, −13.0 to −27.0) and the mean axial length was 
29.8 mm (range, 28.6–32.2 mm). Similarly, Fujimoto et al. 
[ 5 ] reported that the axial lengths ranged from 26.8 to 
34.2 mm (mean, 29.7 ± 2.0 mm). 
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 MRS almost exclusively develops in severely myopic 
eyes with posterior staphyloma and does not develop in eyes 
without staphyloma [ 2 ,  5 ].  

16.3     Diagnosis of MRS 

 OCT is an indispensable tool to diagnose MRS and associ-
ated lesions, although the presence of MRS can be suspected 
ophthalmoscopically in some cases. In some cases, the MRS 
can be observed as a shallow retinal elevation by the stereo-
scopic fundus examinations using magnifi ed lens (e.g., 
+90 D lens). Such retinal elevations are more easily detected 
along and within the patchy chorioretinal atrophy, along the 
retinal vascular arcade, and along the temporal margin of 
myopic conus. 

 By using SD-OCT, MRS is observed as the splitting of the 
inner retina from the outer retinal layers with multiple 
columnar structures connecting the split retinal layers 
(Fig.  16.1 ) [ 3 ,  5 ,  9 ]. Different from retinal detachment, the 
remnants of outer retina are observed on the RPE layer. On 
enhanced SD-OCT images, Fujimoto et al. [ 5 ] reported that 
the splitting of the outer retina appeared to be present 
between the outer plexiform layer and the outer nuclear 
layer. Columnar structures are almost perpendicular to the 
RPE at the fovea and tend to become inclined away from the 
fovea, which corresponds to the course of Henle’s nerve 
fi ber layer in the macula [ 10 ]. Thus, columnar structures are 
considered to represent a retention of Henle’s fi ber layer. In 
addition to the retinoschisis in the outer retina, retinoschisis 
was also found at the level of the inner plexiform layer or an 

ILM detachment (Fig.  16.1 ) [ 7 ,  8 ]. Foveal RD often coexists 
with MRS. An outer lamellar MH is reported to predispose to 
the MRS to a foveal RD [ 11 ]. Mostly, an outer lamellar MH 
is observed in eyes with foveal RD if we analyze multiple 
OCT sections. MRS tends to be present in and around the 
macular atrophy around the regressed CNV due to patho-
logic myopia [ 2 ]. MRS in the eyes with atrophic stage of 
myopic CNV appeared markedly less column-like than the 
MRS seen in highly myopic eyes without CNV [ 12 ], and it 
was diffi cult to differentiate a foveal RD from MRS in the 
eyes with atrophic stage of myopic CNV. 

 Other methods than OCT might help diagnosis of MRS or 
visualization of the full extent of MRS in the posterior fun-
dus. Retromode of the F10 (Nidek, Aichi, Japan) scanning 
laser confocal ophthalmoscope (SLO) uses an infrared laser 
and an aperture with a modifi ed central stop. This optical 
arrangement allows for pseudo-three-dimensional image, 
which can detect abnormalities in the deeper retinal layers. 
By using retromode imaging by F10, Tanaka et al. [ 13 ] 
showed a characteristic fi ngerprint pattern at the correspond-
ing area of the MRS (Fig.  16.2 ). The fi ngerprint pattern con-
sisted of radiating retinal striae centered on the fovea and 
many light dots and lines that ran in parallel to the striae or 
formed a whorled pattern surrounding the radiating striae. 
Also, the area of MRS showed various retinal vascular 
abnormalities (capillary telangiectasia, microaneurysm for-
mation, and dye leakage) by fl uorescein angiography [ 14 ]. 
Sayanagi and associates [ 15 ] reported the different patterns 
of fundus autofl uorescence (FAF) between macular hole reti-
nal detachment and MRS.

   Various macular lesions coexist in eyes with MRS, such 
as lamellar macular hole (lamellar MH), full-thickness mac-
ular hole (FTMH), and foveal retinal detachment (RD) 
(Fig.  16.3 ).

16.4        Pathologic Findings of MRS 

 Tang and associates [ 6 ] examined both eyes of a 73-year-old 
woman with high myopia and showed that the degenerative 
retinoschisis with interbridging strands in the outer plexi-
form layer of the macular region was found (Fig.  16.4 ). 
Interestingly, there was multiple cystic degeneration in the 
outer plexiform layer and there appeared to be folding of the 
inner layers of the retina, which were novel fi ndings not 
observed previously with OCT.

16.5        Factors Related to MRS Development 

 MRS is considered to be caused by various factors. Wu and 
associates [ 16 ] reported that three factors were indepen-
dently associated with MRS and foveal RD without MH in 

  Fig. 16.1    Representative OCT images of myopic macular retinoschi-
sis. The tissue splitting of outer retina is observed and many columnar 
structures are seen within the retinoschisis. The columnar structures are 
almost perpendicular to the line of retinal pigmented epithelium at the 
fovea and tend to be slightly inclined away from the fovea. The retinal 
blood vessel is protruded toward the vitreous like vascular microfolds 
( arrowheads    ). The posterior hyaloid is attached onto the retinal blood 
vessels, and the inner retinoschisis (ILM detachment) is seen around 
the retinal blood vessels. Paravascular retinal cysts are also observed 
around the retinal vessels       
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  Fig. 16.2    Representative retromode images of an eye with an outer 
macular retinoschisis. ( a ) Fundus photograph of the right eye of a 
77-year-old woman showing diffuse chorioretinal atrophy in the poste-
rior fundus. ( b ,  c ) Horizontal and vertical scans across the central fovea 
by optical coherence tomography (OCT) showing the macular retinos-
chisis with inner lamellar hole in the central fovea. ( d ) Retromode 

image by F10 showing a fi ngerprint pattern ( black arrowheads ) consist-
ing of central radiating retinal striae and surrounding multiple dots 
( arrowhead ) and lines ( arrow ). Many lines appear in parallel or in a 
whorled pattern. The inner lamellar hole is observed as a circular defect 
at the central fovea       

16 Myopic Macular Retinoschisis
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high myopia in the multivariate analysis: axial length, macu-
lar chorioretinal atrophy, and vitreoretinal interface factors. 
MRS tends to develop in highly myopic eyes with advanced 
chorioretinal atrophy [ 2 ]. Johnson [ 17 ,  18 ] suggested four 
major traction mechanisms: vitreomacular traction (from 
perifoveal PVD), remnant cortical vitreous layer (after 
PVD), epiretinal membrane, and intrinsic noncompliance of 
the ILM. Using electron microscopy, Bando et al. [ 19 ] 
reported that collagen fi ber and cell debris were identifi ed on 
the inner surface of ILM in 70 % of the eyes with MRS, 
whereas none in ILM from control subjects (idiopathic MH). 
More fi brous glial cells were found on the inner surface of 
ILM from the eyes with myopic MRS [ 19 ], and they con-
cluded that the cell migration and consequent collagen syn-
thesis on the ILM can be another contributor for 
developing MRS. 

 Johnson [ 17 ] also suggested retinal arteriolar stiffness as 
minor mechanism contributing to the MRS development. 
The OCT examinations of serious sections along the entire 
posterior vascular arcade showed that the paravascular 
abnormalities such as paravascular lamellar holes [ 20 ], vas-
cular microfolds [ 20 – 23 ], and paravascular retinal cysts [ 20 ] 
are frequently found in eyes with MRS (Figs.  16.5  and  16.6 ). 
Following to the formation of paravascular lamellar holes, 
the glial cells like astrocytes which exist abundantly around 
the retinal vessels can migrate and proliferate through the 
paravascular lamellar holes. These cells can produce colla-
gen and facilitate the proliferative and contractile response 
of ILM. In some OCT sections, we directly can see images 
suggestive of cell migration toward the vitreous through 
paravascular lamellar holes (Fig.  16.5a ). Hypothetical car-
toon of mechanisms of MRS development is shown in 
Fig.  16.7 .

     MRS tends to develop in eyes with severe myopic fundus 
changes (patchy chorioretinal atrophy or bare sclera) more 
than those with mild myopic fundus changes [ 2 ]. Although 
the reason for this association is not fully clear, the scleral 
shape alterations are considered to affect the MRS develop-
ment [ 24 – 35 ]. The slope and shape of posterior staphyloma 
in highly myopic eyes have long been analyzed by using 
OCT [ 27 – 35 ]. Smiddy et al. [ 36 ] hypothesized that progres-
sive staphyloma formation generated a posteriorly applied 
force that gives the appearance that there is primary (anterior 
or tangentially directed) preretinal traction. 

 Recent studies using swept-source OCT support the asso-
ciation between scleral curvature alterations and MRS 
[ 24 – 26 ]. Intrachoroidal cavitation (ICC) is yellowish-orange 
lesion located inferior to the optic disc (see choroid chapter) 
[ 37 – 40 ]. Ohno-Matsui et al. [ 25 ] recently found that ICC 
was located in the macular area on and around the patchy 
chorioretinal atrophy. As seen in peripapillary ICC, the sclera 
in the area of macular ICC was bowed posteriorly (Fig.  16.8 ). 
The eyes with macular ICC had retinoschisis around the 
patchy atrophy signifi cantly more frequently than the eyes 
without cavitation. Swept-source OCT also showed that the 
curvature of inner scleral surface of highly myopic eyes 
could be divided into those whose curvature sloped toward 
the optic nerve, symmetrical and centered on the fovea, 
asymmetrical, and irregular [ 26 ]. Patients with irregular cur-
vature were signifi cantly older with signifi cantly longer axial 
lengths than eyes with other curvatures. MRS was present 
signifi cantly more frequently in the eyes with irregular cur-
vature [ 26 ]. These descriptions suggested that a scleral con-
tour might affect the development of MRS. In contrary, some 
other kinds of scleral contour might act preferably against 
the MRS development. Dome-shaped macula (DSM) was 
fi rst described by Gaucher and associates [ 28 ] as an unex-
pected fi nding in myopic staphyloma and was characterized 
as an inward convexity of the macula (see sclera chapter). 

a

b

c

  Fig. 16.3    Macular lesions associated with myopic macular retinoschi-
sis. ( a ) Inner lamellar macular hole. ( b ) Outer lamellar macular hole 
( asterisk ). ( c ) Full-thickness macular hole and foveal retinal 
detachment       
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By using EDI-OCT, Imamura and Spaide [ 30 ] reported that 
the DSM is the result of a localized variation in thickness of 
the sclera in the macular area. Ellabban and associates [ 41 ] 
recently found that among 9 eyes with extrafoveal retinoschi-
sis, only 1 eye had foveal schisis without either foveal RD or 
MH formation. They suggested that the bulge in eyes with a 
DSM may act as a macular buckle-like mechanism and thus 
may prevent or alleviate tractional forces over the fovea, 
thereby preventing schisis or detachment.

   Progression of MRS into foveal RD after IVB against 
myopic CNV has been reported [ 42 ]. In eyes with a myo-
pic CNV, the neural retina is pushed vitreally by the protru-
sion of the CNV. In addition, there is a tractional force of 
the ILM on the retina in eyes with a retinoschisis. IVB 
causes a rapid shrinkage of the CNV accompanied by an 
absorption of the subretinal hemorrhage and exudated 
fl uid. Under these conditions, the continuous inward trac-
tional force by the ILM enhanced by the rapid contraction 

a

c d

b

  Fig. 16.4    Photomicrograph of the right eye demonstrating areas of 
macular retinoschisis (MRS). ( a ) Lower magnifi cation showing the 
tissue splitting in the outer retina. A region containing the staphy-
loma is also seen ( black arrow ). ( b ) Higher magnifi cation of MRS 
seen in multiple layers of the retina including the outer plexiform 
layer, inner plexiform layer, nerve fi ber layer, and the outer plexiform 
layer in the perifoveal region. A thin fi brous preretinal membrane is 

seen ( black arrow ) (Hematoxylin and eosin, original magnifi cation, 
( a ) ×50; ( b ) ×100.) ( c ) Photomicrograph of the left eye demonstrating 
MRS in the outer plexiform layer, ganglion cell layer, and nerve fi ber 
layer. ( d ) Higher magnifi cation demonstrating neuronal bridges 
between both nuclear layers ( asterisk ). A fi brous preretinal mem-
brane is seen ( black arrow ) (Hematoxylin and eosin, original magni-
fi cation, ( c ) ×50; ( d ) ×100)       
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of the CNV leads to further splitting of the retina and 
fi nally to an RD.  

16.6     Natural Course 

 Earlier studies have reported the progression of an MRS into 
more serious complications such as foveal RD or full- 
thickness MH during its natural course [ 9 ,  11 ,  36 ,  43 – 46 ]. 
Benhamou et al. [ 9 ] reported that one of the 21 highly myo-
pic eyes (4.8 %) with MRS without MH evolved into a full- 
thickness MH, and this eye had a vitreous traction on the 
fovea. Fujimoto and associates [ 5 ] reported that a foveal RD 
developed in 6 of 21 eyes (28.6 %) with myopic MRS and 
FTMH developed in 2 of the 21 eyes (9.5 %) with MRS dur-
ing a follow-up. Gaucher and associates [ 45 ] reported that 6 
of 18 eyes (33.3 %) with MRS that did not undergo surgical 
intervention developed full-thickness MH during a mean 
follow-up of 34.7 months (range, 12–60 months). Shimada 
et al. [ 44 ] also reported that four of eight eyes (50.0 %) with 
MRS progressed to foveal RD or full-thickness MH in a fol-
low-up period of more than 2 years. Sun et al. [ 46 ] reported 

fi ve eyes of fi ve patients with myopic MRS who developed 
full-thickness MH. The natural evolution from MRS to full-
thickness MH was classifi ed into two patterns by OCT fi nd-
ings. In full-thickness MH formation pattern 1, a focal area 
of the external retinal layer was elevated and followed by the 
development of a small outer lamellar MH and retinal detach-
ment (RD). The outer lamellar MH and RD were then 
enlarged horizontally and elevated vertically until the outer 
lamellar MH was attached to the overlying retinal layer. A 
full-thickness MH fi nally developed when the roof of RD 
opened. In full-thickness MH formation pattern 2, the open-
ing of the roof of MRS or cystoid space caused an inner 
lamellar MH. The MRS was then gradually resolved except 
the residual MRS beneath the inner lamellar MH, and the 
inner lamellar MH would fi nally proceed into a full- thickness 
MH. As a mechanism of progression from MRS to foveal 
RD, Shimada et al. [ 11 ] investigated fi ve eyes of fi ve 
 consecutive patients with myopic MRS who developed an 
RD during the follow-up period. The results showed that the 
progression from MRS to foveal RD passed through four 
stages: (1) a focal irregularity of the thickness of external 
retina, (2) an outer lamellar MH development within the 

a

c

b

  Fig. 16.5    Paravascular abnormalities seen in eyes with myopic macu-
lar retinoschisis (MRS). In ( a – c ),  arrows  indicate the retinal vessels. ( a ) 
The upper roof of paravascular retinal cyst is avulsed by the detached 
posterior hyaloid and is observed as paravascular lamellar hole. 
Through the paravascular lamellar hole, it seems that the cells migrate 
toward the vitreous, shown as many granular hyperrefl ective dots. 

( b ) Paravascular lamellar holes are observed along both sides of the 
retinal vessel (shown by a  right arrow ). Retinal vessels seem to pro-
trude toward the vitreous and are observed as retinal vascular micro-
folds. ( c ) Paravascular retinal cysts are observed along the retinal 
vessels. A wide MRS is also noted in the inner as well as outer retina       
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a b

c d

  Fig. 16.6    Cases with paravascular retinal holes and retinoschisis. ( a ) 
Right fundus photograph and optical coherence tomography (OCT) 
image of a 70-year-old woman with a refractive error of −15.0 diopters 
( D ) and an axial length of 28.6 mm. Vertical OCT scan shows a para-
vascular retinal hole ( arrowhead ). Microfolds around the lower tempo-
ral retinal vessel can be seen, and a paravascular retinal cyst is also 
observed ( arrow ). ( b ) Left fundus photograph and OCT image of a 
70-year-old woman with a refractive error of −14.5 D and an axial 
length of 28.4 mm. Vertical OCT scan shows a paravascular retinal hole 
( arrowhead ). Paravascular retinal cyst ( arrow ) is also observed around 
the retinal hole. ( c ) Right fundus photograph and OCT image of a 
56-year-old woman with a refractive error of −16.0 D and an axial 
length of 29.8 mm. Vertical OCT scan shows a paravascular retinal hole 
( arrowhead ). Paravascular retinal cyst is also observed ( arrows ). 

Internal limiting membrane detachment is observed ( open arrowheads ). 
( d ) Right fundus photograph and OCT image of a 60-year-old man with 
a refractive error of −12.0 D and an axial length of 28.5 mm. Vertical 
OCT scan shows a paravascular retinal hole ( arrowhead ). Internal lim-
iting membrane detachment is observed ( open arrowheads ). ( e ) Right 
fundus photograph and OCT image of 54-year-old man with a refrac-
tive error of −14.0 D and an axial length of 28.3 mm. Vertical OCT scan 
shows a paravascular retinal hole ( arrowhead ). Paravascular retinal cyst 
is also observed ( arrows ). Internal limiting membrane detachment is 
observed ( open arrowheads ). ( f ) Right fundus photograph and OCT 
image of a 76-year-old woman with a refractive error of −15.0 D and an 
axial length of 27.5 mm. The OCT scan shows a paravascular retinal 
hole ( arrowhead ). *Outer retinoschisis         
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e f

Fig. 16.6 (continued)

thickened area and subsequent development of small RD, (3) 
horizontal separation of the column-like structures overlying 
the outer lamellar hole and vertical enlargement of outer 
lamellar hole, and (4) the elevation of the upper edge of the 
external retina and the attachment to the upper part of reti-
noschisis layer accompanying with further enlargement of 
RD (Fig.  16.9 ). The interval from stage 1–3 was relatively 
short (mean, 4.5 months) indicating that we should be very 
cautious about the progression to RD when the fi ndings in 
stage 1 are observed in OCT images. Once the outer lamellar 
hole develops, an RD will develop in a short time. Sayanagi 
and Ikuno [ 47 ] reported a case who showed a spontaneous 
resolution of MRS and a consequent development of 
foveal RD.

   Shimada et al. [ 48 ] recently analyzed the natural course in 
as many as 207 eyes with MRS with a follow-up ≥24 months. 
Shimada et al. have classifi ed MRS according to its extent 
and location from S 0  through S 4  (Fig.  16.10 ): no MRS (S 0 ), 
extrafoveal MRS (S 1 ), foveal only MRS (S 2 ), foveal but not 
entire macular area MRS (S 3 ), and entire macular area MRS 
(S 4 ). The progression of MRS was defi ned as (1) an increase 
of the extent or height of MRS (an increase of the height 
means the change >100 μm) and (2) new development of 
lamellar MH, foveal RD, or FTMH. The results showed that 
the progression was found in 26 of 207 eyes (12.6 %) 

(Fig.  16.11 ). According to the extent of MRS at the initial 
examination, the progression was found in 6.2 % of the eyes 
with S 0 , in 3.6 % of the eyes with S 1 , in 8.9 % of the eyes 
with S 2 , in 13.0 % of the eyes with S 3 , and in 42.9 % of the 
eyes with S 4 . The eyes with S 4  MRS had signifi cantly more 
frequently showed a progression of MRS than the eyes with 
S 0 –S 3 . In the eyes with S 0  and S 1 , a development or increase 
of MRS was found. In the eyes with S 2 , a development of 
full-thickness MH was a main progression pattern. In the 
eyes with S 4 , a development of foveal RD was a main pro-
gression pattern. Figure  16.11  shows the representative cases 
with progression.

    For the natural course of the lesions associated with MRS, 
Tanaka et al. [ 49 ] reported that a lamellar MH might be a 
relatively stable condition in highly myopic eyes, as we 
observe for lamellar MH in non-myopic eyes. Twenty-three 
of 24 eyes (95.8 %) with a lamellar MH did not show any 
changes in the OCT images during a mean follow-up of 
19.2 ± 10.2 months, although the remaining eye progressed 
to a full-thickness MH. 

 Spontaneous resolution of MRS has also been reported. 
Polito et al. [ 50 ] reported a case whose foveal RD as well as 
MRS spontaneously disappeared in the follow-up by devel-
oping spontaneous posterior vitreous detachment (PVD). 
Using the MRS classifi cation into S 0 –S 4 , Shimada et al. [ 48 ] 
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also analyzed the spontaneous resolution of MRS. The 
improvement of MRS was defi ned as a decrease of the extent 
or height of MRS without developing new lamellar MH, RD, 
or full-thickness MH. Interestingly, 8 among a total of 175 
eyes showed a resolution of MRS, a decrease of MRS in two 
eyes, and complete resolution of MRS in six eyes (Fig.  16.12 ). 
Resolution of MRS was seen in three eyes with each of S 3  
and S 4  and in one eye of each S 1  and S 2 . Six of the eight eyes 
with improvement of MRS showed a release of retinal trac-
tion before resolution of MRS. PVD developed in four eyes 
and spontaneous disruption of ILM was developed in two 
eyes before resolution of MRS. Figure  16.9  shows the repre-

sentative cases with spontaneous resolution. Although the 
number of the patients is limited, it suggests that a spontane-
ous disruption of ILM occurs and it causes a subsequent 
resolution of MRS.

16.7        Treatment for MRS 

 The literature on treatment options for MRS and its compli-
cations is limited by a lack of prospective data and small 
numbers in treated series. However, the usefulness of pars 
plana vitrectomy (PPV) in resolving the foveal RD and MRS 

  Fig. 16.7    Cartoons showing hypothetical mechanism of developing 
myopic macular retinoschisis (MRS). Cross-sectional image of normal 
macula ( a ). In response to uniform expansion of the globe due to 
increased axial length, paravascular retinal cysts develop along the reti-
nal vessels because of the difference of expansion between retinal ves-
sels and other parts of the retina ( b ). Secondary to posterior staphyloma, 
retinal vascular microfolds develop and paravascular retinal cysts 

enlarge and fuse with one another ( c ). With the development of poste-
rior vitreous detachment, the inner wall of paravascular retinal cysts is 
pulled away, and inner lamellar holes develop ( d ). Through the paravas-
cular lamellar holes, the glial cells migrate and produce collagen, 
enhancing the proliferative and contractile property of the inner internal 
limiting membrane (ILM) ( e ). Due to increased contractility of ILM, 
MRS fi nally develops         

Paravascular retinal cysts

Vascular microfolds

a

b

c

d

e

 

16 Myopic Macular Retinoschisis



240

has been reported in many studies [ 51 – 57 ]. The functional 
and anatomical outcome of vitrectomy in earlier studies is 
summarized in Table  16.1 .

   The indication of PPV for MRS without full-thickness 
MH has not been consistent. It is generally considered that 
we should perform vitrectomy for the eyes which developed 
foveal RD in addition to MRS. However, we are not certain 
what the indications are and when the optimal time is for 
surgery especially for myopic MRS without RD. The major-
ity of eyes with MRS without foveal RD retain relatively 
good vision. Based on the four distinct stages from MRS 
to foveal RD, Shimada et al. [ 11 ] recommend that we had 
to better consider surgical treatment between stage 3 

 (development of outer lamellar MH and small RD around it) 
and 4 (the upper edge of outer retina is attached to the upper 
part of the retinoschisis layer), because the vitrectomy at 
stage 4 has an increased risk of developing full-thickness 
MH postoperatively. 

 ILM peeling was fi rst reported by Kuhn [ 58 ] to treat 
 macular retinal detachment without macular hole in a highly 
myopic patient, although OCT was not performed in this 
report. The need for ILM peeling during vitrectomy remains 
a controversy; however, it is necessary when apparent ILM 
traction is recognized on preoperative OCT images. The 
cases with myopic MRS and foveal RD who were success-
fully treated with vitrectomy without ILM peeling were 

a b

c d

  Fig. 16.8    Macular retinoschisis (MRS) seen in the area of macular 
intrachoroidal cavitation (macular ICC). ( a ) Photograph of the left fun-
dus of a 60-year-old woman showing three areas of patchy chorioretinal 
atrophy temporal to and inferotemporal to the fovea. ( b ) Magnifi ed 
image of top left image shows three areas of patchy chorioretinal atro-
phy. The area around the patchy atrophy is orange ( arrowheads ). ( c ) 
B-scan swept-source optical coherence tomographic (OCT) image of 
 line C  in ( a ) shows that the sclera is bowed posteriorly (between  arrow-

heads ) compared to neighboring sclera beyond the retinal pigment epi-
thelium (RPE) defects. The choroid seems to be thickened in the area 
and the retina is caved into the intrachoroidal cavitation ( arrow ). Inner 
retinoschisis is observed around the intrachoroidal cavitation. ( d ) In the 
section shown by  line D  in  top left  image, a bowing of the sclera is 
observed (between  arrowheads ). The hyporefl ective space suggests the 
presence of fl uid in the space of the intrachoroidal cavitation       
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  Fig. 16.9    Different stages in the 
progression from myopic macular 
retinoschisis to early retinal 
detachment.  Top row : posterior 
fundus photographs at the initial 
examination.  Second to fi fth rows : 
optical coherence tomographic 
(OCT) images at the initial 
examination and at stages 1, 2, 3, 
and 4. At the initial examination, 
the OCT images show macular 
retinoschisis without a retinal 
detachment. The outer retinal layer 
appears to be normal. At stage 1, 
the OCT images show a focal 
thickening of the outer retinal 
layers ( arrow ), and at stage 2, a 
lamellar hole ( arrowhead ) is 
present beneath the thickened area. 
At stage 3, the retinoschisis layer 
overlying the outer lamellar hole is 
separated horizontally ( asterisks ), 
and the outer lamellar hole appears 
enlarged. At stage 4, the upper 
edge of the external retina ( open 
arrowhead ) is attached to the upper 
part of retinoschisis layer. The RD 
is larger and is accompanied by the 
resolution of the retinoschisis         

Initial
examination

Stage 1
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Stage 2

Stage 3

Stage 4

Fig. 16.9 (continued)

reported [ 57 ]; however, Futagami and Hirakata [ 59 ] reported 
a case whose MRS recurred 3 years after the vitrectomy 
without ILM peeling and was successfully treated by the 
second surgery involving the ILM peeling. 

 Besides the dispute whether we should perform ILM 
peeling or not to treat MRS, another option would be to 
remove ILM completely in the macular area or outside the 
foveal area only. The development of a full-thickness MH is 
a serious complication in highly myopic eyes with a foveal 
RD during and after vitrectomy [ 55 ]. This is important 

because a full-thickness MH is associated not only with 
reduced vision but also with a risk of developing an MH reti-
nal detachment in highly myopic eyes [ 60 – 63 ]. It is diffi cult 
to obtain a closure of full-thickness MH in highly myopic 
eyes [ 64 ,  65 ]. 

 The mechanisms of why and how full-thickness MHs 
develop postoperatively in eyes with foveal RD have not 
been fully determined; however, it is hypothesized that ILM 
peeling itself will increase the risk of developing a full- 
thickness MH. The mechanical traction on such a thinned 
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central fovea by peeling the ILM off of the fovea could 
induce a break of the central foveal tissue. Another possibil-
ity is that when the retina moves backwards to match the 
contour of the staphyloma after vitrectomy, the removal of 
ILM may reduce the structural strength of the fovea. Based 
on these concerns, Ho et al. [ 66 ] and Shimada et al. [ 67 ] 
reported the “foveola nonpeeling technique” or “fovea- 
sparing ILM peeling,” respectively. For fovea-sparing ILM 
peeling, the ILM was grasped with an ILM forceps and 
peeled off in a circular fashion (Fig.  16.13 ), but the ILM was 
not completely removed and was left attached to the fovea. 
After the ILM was peeled from the entire macula area 
except the foveal area (in a circular area with a diameter 

 approximately that of the vertical extent of the optic disc), 
the peeled ILM was trimmed with a vitreous cutter. Shimada 
et al. [ 67 ] reported that at around 3 months after fovea-spar-
ing ILM peeling, a contraction of the remaining ILM at the 
fovea was observed as an irregular thickening of the retinal 
surface, and the outer lamellar hole became smaller or indis-
tinct (Fig.  16.14 ). No further contraction of the remaining 
ILM was obvious after 3 months. None of the eyes with the 
fovea- sparing ILM peeling developed full-thickness MH 
[ 66 ,  67 ]. Although the longer follow-up in a large number of 
the patients as well as appropriate controls is necessary, these 
results are promising for the prevention of postoperative full-
thickness MH formation. The combined release of macular 

Fovea (1.5 mm diameter) RS

S1

S0
Macula (5 mm diameter)

S4S3

S2

  Fig. 16.10    Schematic illustration of classifi cation of myopic macular retinoschisis (MRS) according to the area.  S   0   no MRS,  S   1   extrafoveal,  S   2   
foveal,  S   3   includes both fovea and extrafoveal but does not involve the entire macula,  S   4   entire macula       

 

16 Myopic Macular Retinoschisis



244

a b c

d e f

  Fig. 16.12    Cases who show a resolution of myopic traction maculopa-
thy (MTM). ( a – c ) Complete resolution of macular retinoschisis (MRS) 
subsequent to a development of posterior vitreous detachment (PVD). 
Left eye of a 46-year-old woman with a refractive error (spherical 
equivalent) of −16.0 D and an axial length of 29.3 mm. ( a ) Vertical 
OCT scan across the fovea at the initial examination shows a shallow 
MRS on and around the fovea. Partial PVD is seen ( arrowheads ). ( b ) 
One month later, a complete PVD has occurred ( arrowheads ) and MRS 
has almost disappeared. ( c ) Fifteen months after the initial visit. MRS 

has been completely resolved. ( d – f ) Resolution of macular retinoschi-
sis (MRS) secondary to spontaneous disruption of internal limiting 
membrane (ILM). Right eye of a 52-year-old man with an axial length 
of 30.9 mm. ( d ) Vertical OCT scan across the fovea at the initial exami-
nation shows a shallow MRS on and upper to the fovea. ILM detach-
ment is also noted. ( e ) Fourteen months later, a spontaneous disruption 
of ILM has occurred upper to the fovea ( arrow ). MRS appears to 
decrease. ( f ) Twenty-four months after the initial visit, MRS has been 
completely resolved       

a b c

d e

g h

f

  Fig. 16.11    Cases who show progression of myopic traction maculopa-
thy (MTM). ( a – c ) Progression from macular retinoschisis (MRS) to 
foveal retinal detachment (RD). Left eye of a 69-year-old man with an 
axial length of 30.9 mm. ( a ) Vertical OCT scan across the fovea shows 
a wide MRS in the macular area. ( b ) Fifteen months later, a foveal RD 
has developed. An outer lamellar macular hole is also formed. ( c ) At 
20 months after the initial examination, the foveal RD is seen. ( d – f ) An 
increased extent of MRS. A right eye of a 52-year-old man with an axial 
length of 30.1 mm. ( d ) Vertical OCT section across the fovea shows a 

limited MRS on the fovea. Inner lamellar macular hole is also seen. 
ILM detachment is seen inferior to the fovea. ( e ) Nine months later, the 
MRS area has slightly enlarged. ( f ) Two more months later, the MRS 
area has further enlarged. ( g ,  h ) Development of full-thickness macular 
hole in the left eye of a 62-year-old man with an axial length of 
31.9 mm. ( g ) Vertical OCT section across the fovea shows an inner 
lamellar macular hole. ILM detachment is observed around the fovea. 
( h ) Eight months later, a full-thickness macular hole has developed       
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1

Fovea

2

3 4

5

7

6

  Fig. 16.13    Schematic drawings of fovea-sparing internal limiting 
membrane (ILM) peeling.  1  Start ILM peeling away from the central 
fovea.  2  Proceed with the ILM peeling.  3  When the peeled ILM fl ap 
comes close to the central fovea, stop and start ILM peeling from a new 
site.  4  Proceed with ILM peeling from the new site with special 

 attention not to peel the ILM around the central fovea.  5  Start the ILM 
peeling from several new sites and proceed to peel ILM from the entire 
macular area away from the central fovea.  6  Trim the ILM that remains 
on and around the fovea with a vitreous cutter.  7  Completed fovea-
sparing ILM peeling       
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  Fig. 16.14    Changes in optical coherence tomographic (OCT) fi ndings 
after vitrectomy with fovea-sparing internal limiting membrane peeling 
and gas tamponade to treat myopic foveal retinal detachment (RD). ( a ) 
Preoperative fundus photograph. An  arrow  indicates the OCT scan line. 
( b ) Preoperative OCT image of the same eye. Foveal RD with large 
outer lamellar macular hole ( asterisk ) and macular retinoschisis can be 
seen. ( c ) At 1 month after fovea-sparing ILM peeling, the retinoschisis 
is decreased along with the intraocular gas absorption. The foveal RD 
is still present although reduced. The rolled edges of the ILM ( arrow ) 
can be seen. ( d ) At 3 months after surgery, the residual ILM (between 

 arrowheads ) appears to have contracted and thickened. The retinoschi-
sis is slightly increased and foveal RD is still present. However, the 
outer lamellar hole has become small. ( e ) At 6 months after surgery, the 
retinoschisis and foveal RD are still present but decreased. ( f ) At 
12 months after surgery, the foveal RD is completely resolved and the 
retinoschisis is also decreased except at the lower macular area around 
the retinal artery which is observed as a retinal vascular microfold. 
( g ,  h ) At 18 months ( left ) and 24 months ( right ) after surgery, the reti-
noschisis has been absorbed         

a b

c d

e f

g h
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traction and less surgical trauma to the central fovea led to a 
centripetal contraction of the remaining ILM, which is most 
likely why full-thickness MH did not develop.

    The usefulness of scleral buckling with macular plombe 
for eyes with MRS and foveal RD without MH has also been 
reported [ 68 – 71 ]. However, complications including chorio-
retinal atrophy development and preexisting fi brovascular 
proliferation were found [ 69 ], probably due to mechanical 
pressure and stretching of the retina-choroid by the protru-
sion of macular plombe. In addition, the posterior scleral 
reinforcement surgery [ 72 ,  73 ], an intraocular expansible 
gas, and prone posturing [ 74 ,  75 ] have been reported to 
treat MRS. 

 Recently, it has been reported that an intravitreal injection 
of the vitreolytic agent ocriplasmin resolved vitreomacular 
traction and closed macular holes [ 76 ]. The usefulness of 
ocriplasmin for an MRS should be investigated in the future. 

 Also, a new approach involves suprachoroidal buckling 
using a catheter to deliver long-acting hyaluronic acid into 
the suprachoroidal space, which creates a choroidal indenta-
tion, thereby supporting the macula in the area of the poste-
rior staphyloma. In a study of highly myopic eyes (fi ve with 
MRS and seven with MHRD) treated with this technique, all 
patients with MRS achieved anatomical improvement and 4 
out of 5 improved vision by at least one line [ 77 ]. Among the 
eyes with MHRD, 57 % showed improvement in visual acu-
ity with no recurrence of RD at 1 year. The long-term out-
comes of this approach are currently unknown. The scleral 
shortening in addition to vitrectomy might also be useful for 
diffi cult cases.  

16.8     Other Types of Macular Retinal 
Detachments in Pathologic Myopia 

16.8.1     Macular Hole Retinal 
Detachment (MHRD) 

 RD resulting from full-thickness MH occurs most commonly 
in highly myopic eyes [ 60 ,  63 ,  78 ]. Ripandelli et al. [ 43 ] 
reviewed OCT fi ndings of 214 eyes with pathologic myopia 
(axial length >30 mm and posterior staphyloma) and found 
full-thickness MH in 18 eyes (8.4 %). FTMH in highly myo-
pic eyes are sometimes asymptomatic. Coppe et al. [ 79 ] 
examined 373 highly myopic patients with no visual distur-
bance and found FTMH in 24 eyes (6.26 %). The absence of 
symptoms could be related to the localization of the hole in a 
juxtafoveal area. Akiba et al. [ 63 ] retrospectively analyzed 
52 consecutive eyes with MH and severe myopia and found 
that an extensive RD was observed in 37 eyes (71 %). Morita 
et al. [ 61 ] found that the incidences of MHRD were 97.6 % 
in myopia over −8.25 D, 67.7 % in myopia between −8.0 and 
−3.25 D, and 1.1 % in eyes under −3.0 D; 100 % in  widespread 

chorioretinal atrophy, 90.6 % in spotty or linear chorioretinal 
atrophy, 64.3 % in myopic tigroid fundus, and 0 % in eyes 
without myopic tigroid or atrophy; and 96.0 % in eyes with 
posterior staphyloma and 8.2 % in eyes without staphyloma. 
Oie and Ikuno [ 80 ] reported that among various types of 
staphyloma by Curtin, the rate of type II staphyloma was 
signifi cantly higher in the Japanese patients with MHRD. 
The fellow eyes of MHRD are reportedly at high risk of 
MHRD [ 81 – 83 ]. Oie and Emi [ 82 ] analyzed the fellow eyes 
of MHRD and found that the incidence of MHRD among the 
highly myopic fellow eyes was 12.8 %. 

 Despite the surgical interventions, MHRD is still one of 
the most diffi cult types of RD to treat, with poor visual prog-
nosis [ 84 ]. Nonclosure or reopening of the MH and RD may 
still develop, and in some patients, anatomical success may 
require multiple procedures. 

 MHRD in highly myopic eyes has been reported to 
develop following to some medical interventions like 
 hypotony after trabeculectomy [ 85 ], after YAG laser capsu-
lotomy [ 86 ], after cataract surgery [ 87 ], after clear lens 
extraction [ 88 ], and after LASIK [ 89 ,  90 ]. Shimada et al. 
[ 12 ] reported that a macular hole was detected by OCT in 
14 % of the eyes with CNV and large chorioretinal atrophy 
(>1 disc area). The hole always existed at the border between 
an old CNV and the surrounding chorioretinal atrophy. RD 
developed in 89 % of eyes with complete PVD; thus, it is 
suggested that posterior staphyloma rather than anteroposte-
rior vitreomacular traction may contribute to the develop-
ment of RD associated with MH in severely myopic eyes. 

 Surgical treatments for MHRD have been reported in 
many studies. The most common procedures appear to 
include the vitrectomy, removal of adherent vitreous cortex, 
removal of ERM, fl uid-gas exchange, and intraocular gas (or 
silicone oil, if necessary) tamponade [ 78 ,  87 ,  91 – 98 ], 
although some studies reported the successful reattachment 
of MHRD without removal of ILM. Nakanishi et al. [ 99 ] 
analyzed prognostic factors in PPV for initial reattachment 
of MHRD and found that an axial length was the only signifi -
cant prognostic factor for initial reattachment after PPV with 
gas tamponade for MHRD in high myopia. Jo et al. [ 31 ] 
reported that the presence of MRS negatively impacts the 
visual and anatomical prognosis of vitrectomy for full- 
thickness MH in highly myopic patients. The effectiveness 
of macular buckling has also been reported [ 100 ]. The 
inverted ILM fl ap technique was originally reported for idio-
pathic macular hole by Michalewska et al. [ 101 ]. In this 
technique, the ILM was not removed completely from the 
retina during vitrectomy but was left attached to the edge of 
the MH. The ILM was then massaged gently over the MH so 
that the MH was covered with the inverted ILM fl ap. 
Recently, Kuriyama et al. [ 102 ] reported that was effective 
for a closure of myopic macular hole. Further studies are 
expected to confi rm the effectiveness of this new technique.  
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  Fig. 16.15    Optical coherence tomographic images of the macular 
 retinal detachment and intrachoroidal cavitation (ICC). ( a ) Each  line  
shows an optical coherence tomography (OCT) scan for the images 
shown in ( B – F ) (scan length, 10 mm). ( b ) Vertical OCT section across 
the central fovea showing a retinal detachment ( asterisk ). ( c ). Vertical 
OCT section through the hole-like lesion within the area of chorioreti-
nal atrophy showing a full-thickness defect at the hole-like lesion 
( arrowhead ). The vitreous cavity is connected to the intrachoroidal cav-
ity through this defect, suggestive of ICC ( red asterisk ). ( d ) Horizontal 
OCT section through the hole-like lesion within the area of chorioreti-
nal atrophy shows an empty space at this lesion ( arrowhead ). The vitre-
ous cavity is connected to the intrachoroidal cavity through this defect, 
suggestive of ICC ( red asterisks ). Retinal detachment is also detected 

( yellow asterisk ) and is separated from ICC by the retinal pigment epi-
thelial (RPE) layer. ( e ) Horizontal OCT section across the hole-like 
lesion at the border between myopic conus and chorioretinal atrophy 
shows a small hollow of the retina at the site ( arrow ). A full-thickness 
retinal defect is not observed in any adjacent sections. Intrachoroidal 
cavity suggestive of ICC ( red asterisks ) and retinal detachment ( yellow 
asterisk ) can also be seen. ( f ) Oblique OCT section through the hole-
like lesion within the chorioretinal atrophy shows that the ICC ( red 
asterisks ) seems continuous with the retinal detachment ( yellow aster-
isk ) through the outer retinal schisis-like path at the conus area ( arrows ). 
( g ) In the adjacent section of ( h ) the continuity of ICC with macular RD 
through the outer retinal schisis-like path is clearly observed       
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16.8.2     Macular RD Associated with 
Peripapillary Intrachoroidal 
Cavitation (ICC) 

 ICC is a yellowish-orange lesion inferior to the optic disc 
seen in 4.9 % of highly myopic eyes [ 37 – 40 ]. Spaide et al. 
[ 40 ] demonstrated the posterior deformation of the sclera in 
the area of ICC (see “choroid” chapter). Shimada et al. [ 103 ] 
reported a case with high myopia in which a macular RD 
was accompanied with peripapillary ICC. In their patient, 
OCT examination revealed that the vitreous cavity was con-
nected to the ICC space through a full-thickness tissue defect 
in the retina overlying the ICC, and the ICC was continuous 
with the RD through the subretinal path at the conus area 
(Fig.  16.15 ). This suggested that the eyes with peripapillary 
ICC might be at risk of developing macular RD. Akimoto 
et al. [ 104 ] reported a similar case with macular RD and 
peripapillary ICC and without high myopia. Recently, Yeh 
and colleagues [ 105 ] analyzed 122 eyes with peripapillary 
ICC and found that 26.2 % of the eyes with ICC were not 
highly myopic (<−6 D). These suggest that peripapillary 
ICC was not exclusive to highly myopic eyes, and peripapil-
lary structural alterations like disc tilting might relate to the 
ICC development and subsequent formation of ICC-related 
macular RD.

16.8.3        RD Caused by a Retinal Break 
in and Along the Macular Atrophy 
or Patchy Atrophy 

 In addition to the MH, a retinal break reportedly develops 
within or along the margin of macular atrophy [ 106 ,  107 ]. 
Macular atrophy develops around the regressed CNV in the 
atrophic stage of myopic CNV [ 108 ,  109 ]; thus, these sug-
gest that myopic CNV acts on the development of MRS and 
RD in various manner and in various stages of CNV. Chen 
et al. [ 107 ] reported cases which developed RD caused by 
paravascular linear retinal breaks over areas of patchy atro-
phy. Considering that patchy chorioretinal atrophy contrib-
utes on the development of MRS by forming macular ICC, 
patchy atrophy also acts on the development of MRS and RD 
in various manners, as seen in macular atrophy.   

16.9     Closing Remarks 

 MRS is the macular lesion which was most recently identi-
fi ed by new imaging modalities in highly myopic eyes. 
However, after its discovery, the pathologies, the pathogen-
esis, and treatment options have been greatly investigated 
due to the advance of OCT technologies as well as the sur-
gical techniques. It is certain that there will be a great 

improvement for understanding this pathology and prevent-
ing a vision loss due to MRS in the near future.     
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17.1            Introduction 

 The       major peripheral chorioretinal changes associated with 
pathologic myopia are lattice degeneration, white-without- 
pressure, pigmentary degeneration, paving stone degenera-
tion, retinal holes, retinal tears, and retinal detachment. Each 
of these entities has a distinct morphology and prevalence 
varying with age and axial length. They are all prone to 
progression, although the number and extent of the lattice 
lesions tend to not progress after the teens. The dynamic 
interaction between the vitreous and the retina plays an 
important role in the development, appearance, and progres-
sion of these peripheral retinal changes. The combination 
of abnormal vitreoretinal adhesions, traction upon them by 
posterior vitreous detachment, and liquefi ed vitreous gel 
that can access into retinal breaks is necessary to produce 
a rhegmatogenous retinal detachment. High myopes have 
an increased liquid component of the vitreous gel, associ-
ated with reduced viscosity and stability [ 1 ] and an increased 
frequency of abnormal vitreoretinal adhesions, whether they 
are visible, such as lattice degeneration, or invisible leading 
to retinal breaks. They also have an increased frequency of 
posterior vitreous detachment at a younger age compared to 
emmetropic patients [ 2 ]. Therefore, high myopes have an 
increased frequency of rhegmatogenous retinal detachments 
at a younger age. 

 The recognition of the peripheral retinal changes associ-
ated with high myopia through careful ophthalmoscopic 
examination and possibly additional wide-fi eld retinal imag-
ing is critical because lattice degeneration is frequently 

associated with retinal breaks and rhegmatogenous retinal 
detachments while white-without-pressure, paving stone, 
and pigmentary degeneration are usually benign. Some 
important peripheral fi ndings are seen in syndromic myopia 
such as Stickler syndrome as well.  

17.2     Lattice Degeneration 

 Lattice degeneration is acknowledged to be the most impor-
tant clinically recognizable vitreoretinal abnormality in 
high pathologic myopia [ 3 ]. In 1904, Gonin was the fi rst to 
describe the histologic appearance of an equatorial lesion 
consistent with lattice degeneration in an enucleated globe 
from a patient with retinal detachment [ 4 ]. Although it is 
the least frequent of the major peripheral changes, it is 
known to be closely associated with retinal breaks and 
therefore to be a precursor of rhegmatogenous retinal 
detachment. Even though this entity has been widely 
described both clinically and histologically, some aspects 
of the disease remain controversial especially in the area of 
management. 

17.2.1     Historical Background 

 A wide variety of names has been given to lattice degenera-
tion. Gonin gave the fi rst description of lattice degeneration 
in 1920 and introduced the terms  snail-track degeneration 
(schnecken spurren) ,  palissades , and  etat-givre  [ 3 ]. In 
1930, Vogt provided the fi rst complete clinical description 
of the disease and demonstrated that the white lines repre-
sented blood vessels and were not essential to the diagno-
sis. His mistaken hypothesis was that the entity corresponded 
to peripheral  cystoid degeneration  of the retina. These dis-
similar designations for lattice degeneration may be con-
fusing but probably refl ect the variety of its clinical 
appearances.  
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17.2.2     Clinical Features 

 The shape, location, and orientation of lattice degeneration 
are characteristic: they typically appear as sharply demar-
cated oval, round, or linear areas oriented circumferentially 
parallel to the ora serrata and located at or anterior to the 
equator. Many features can be observed separately or in 
combination. One or many of the following features can 
predominate in each individual lesion, explaining the 

striking differences between one lesion and another [ 3 ]. 
These features are localized round, oval, or linear areas of 
retinal thinning; pigmentation; glistening whitish-yellow 
surface fl ecks; round, oval, or linear white patches; round, 
oval, or linear red craters; small atrophic round holes in 
approximately 25 %; branching white lines corresponding 
to retinal vessels with thickened or hyalinized walls; yel-
low atrophic spots; and rarely tractional retinal tears at the 
posterior margins of lesions (Fig.  17.1 ). The presence of 

a b c

d e f

g h i

  Fig. 17.1    Various clinical appearances of lattice degeneration, all 
located at the level of or anterior to the equator and oriented circumfer-
entially parallel to the ora serrata, in four highly myopic patients, a 
65-year-old male ( a – c ), a 29-year-old female ( d – f ), a 34-year-old 
female ( g ), and a 31-year-old female ( h ,  i ), using ultrawide-fi eld imag-
ing. ( a – c ) Bilateral lattice degeneration superotemporal with magnifi -
cation of the area in the  white rectangle  ( c ) showing linear areas of 
retinal thinning, pigmentation, branching  white lines  corresponding to 
hyalinized walls of retinal vessels, and areas of whitish atrophy, glisten-
ing whitish-yellow surface fl ecks, and sheathing of the overlying retinal 

vessels. ( d – f ) The lattice degeneration appears hyperautofl uorescent on 
fundus autofl uorescence imaging ( e ). Note on magnifi cation of the area 
in the  white rectangle  ( f ) the glistening whitish-yellow surface fl ecks, 
round white patches, moderate pigmentation, and sheathing of the over-
lying retinal vessels. ( g ) Multiple lattice lesions with white patches, 
glistening white fl ecks, and no pigmentation. ( h ,  i ) Lattice degeneration 
showing a pure snail-track feature with magnifi cation of the area in the 
white rectangle in ( i ) showing discrete yellow-white glistening fl ecks 
on the surface and abrupt borders       
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white lines is not mandatory [ 3 ]. A variable amount of pig-
ment can be seen with these lesions, probably due to retinal 
pigment epithelium proliferation into the inner retina, but 
the pigment is not essential to the diagnosis (Fig.  17.1 ) [ 3 ]. 
Lattice degeneration is associated with liquefaction of the 
overlying vitreous gel and with fi rm vitreoretinal adhesions 
along the edges of the lesions. Vitreous traction on these 
areas after posterior vitreous detachment is often respon-
sible for retinal tears. The size of the lattice degeneration 
can vary from a small solitary lesion to extensive lesions 
covering almost the complete circumference of the periph-
eral retina [ 3 ]. Areas of lattice degeneration are usually 
multiple, with the average number ranging from a low of 
two at 60 years and above to a high of 4.5 lesions at ages 
20–29 [ 5 ]. Given that these lesions do not disappear over 
time, these variations are probably related to sampling 
variations.

17.2.3        Prevalence 

 The prevalence of lattice degeneration has been found to 
vary from 7.1 [ 5 ] to 8 % [ 6 ] in clinical surveys and was 
10.7 % [ 7 ] in a histologic survey in the general population. 
No statistically signifi cant difference in prevalence between 
men and women or between left and right eyes has been 
reported in the literature. Lattice degeneration is not known 
to show any racial preference as well. Cambiaggi [ 8 ] 
reported palissade degeneration in 4.5 % of normal eyes 
and in 19 % of myopic eyes with an increase in prevalence 
in those over −8.00 diopter (D). The disease appears to 
reach its maximum prevalence prior to the age of 10 years 
[ 5 ], but this is highly subject to small sample size and sam-
pling variations. Bansal and Hubbard [ 9 ] evaluated 54 eyes 
of 30 highly myopic children under the age of 10 years and 
identifi ed peripheral  retinal changes in 33 % of eyes, the 
most common being lattice degeneration in 20 % of eyes. 
Karlin and Curtin showed an increased prevalence of lattice 
degeneration with increased axial length in adult myopia 
with an overall prevalence of 6.1 % in a series of 1,437 
myopic eyes [ 10 ]. Celorio and Pruett found a prevalence of 
lattice degeneration of 33 % among 218 highly myopic 
patients (436 eyes) and found an inverse relationship 
between axial length and the prevalence of lattice degenera-
tion in these myopic eyes [ 11 ]. More recently, Lai et al. 
reported that 13.6 % of 337 highly myopic adults in China 
with a mean axial length of 26.84 mm had lattice degenera-
tion [ 12 ]. The discrepancies between these different studies 
in the prevalence of lattice degeneration may be due to the 
differences in axial length, refractive error, and age of the 
evaluated populations. 

 It is often bilateral (34 [ 5 ], 40 [ 10 ], 50 [ 13 ], 63 % [ 14 ]) 
and there is a predominance of the temporal quadrants 
[ 10 ,  13 ,  15 ,  16 ] and the vertical axis to be involved [ 5 ,  6 ].  

17.2.4     Clinical Variants 

17.2.4.1     Snail-Track Degeneration 
 Linear nonpigmented lesions that have a glistening, frostlike 
appearance have been termed  snail-tracks  (Fig.  17.1 ). They 
usually have borders that are less discrete than typical lattice 
degeneration. The presence of tiny glistening whitish-yel-
low fl ecks at their surface is essential to the diagnosis 
(Fig.  17.1 ) and the interstitial spaces between the dots have 
a translucent appearance. The lesion reported by Gärtner as 
 Milky Way- like   or  galaxy-like degeneration  falls within the 
group of snail-track lesions [ 3 ]. These lesions lack both the 
white lines and pigmentation and are not commonly seen 
with lattice degeneration [ 17 ]. They seem to pose a greater 
risk of retinal detachment [ 18 ]. Therefore, there is contro-
versy as to whether they represent a variant of lattice degen-
eration or a separate entity. However,  snail-track  
degeneration is usually clinically classifi ed as lattice degen-
eration because they closely resemble the characteristic 
shape and orientation of lattice lesions [ 3 ]. They are located 
very anteriorly, typically behind the ora serrate. Moreover, 
the white fl ecks of the snail-track appearance occur to vary-
ing degrees in 80 % of lattice lesions [ 5 ], and the  snail-track  
appearance is frequently combined with other classic fea-
tures of lattice lesions such as round atrophic holes, horse-
shoe tears, or a reddish base [ 3 ]. Overall, a snail-track 
appearance may actually represent a variant or an early 
stage of lattice degeneration [ 19 ].   

17.2.5     Associations with Hereditary Disorders 

 Lattice degeneration has been observed in various hereditary 
disorders such as Ehlers-Danlos syndrome [ 20 ] or Wagner’s 
hereditary vitreoretinal degeneration [ 21 – 24 ] and also in 
Turner’s syndrome [ 25 ].  

17.2.6     Histologic Features 

 Straatsma et al. [ 7 ] evaluated a series of 86 autopsy cases 
with lattice degeneration. Three constant features were found 
in all the 286 lesions evaluated: retinal thinning, vitreous liq-
uefaction, and vitreous condensation with exaggerated vit-
reoretinal adherences at the edges of the lesions. The autopsy 
reports also mention accumulation of glial proliferation 
within the lesions. The authors evaluated lattice degeneration 
with electron microscopy as well, demonstrating retinal thin-
ning, fi brosis of blood vessels, loss of retinal neurons, accu-
mulation of extracellular glial material, and pigment 
abnormalities. The retinal thinning and degeneration were 
more advanced toward the center of the lesions [ 7 ]. Electron 
microscopic analysis revealed focal thinning and intermit-
tent absence of the inner limiting membrane in the center of 
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the lattice degeneration [ 7 ]. There was no age-related trend 
in regard to the size, location, or orientation of lesions, but 
there was an age-related increase in degree of vitreoretinal 
attachment, prevalence of pigmentation, white lines, retinal 
holes, posterior vitreous detachment, and retinal tears. Of 
interest, it has also been observed histologically that the ear-
liest and most severe degenerative changes occur at the level 
of the inner retinal layers [ 7 ] and that the choroid was most 
often not involved in lattice lesions [ 26 ].  

17.2.7     Pathogenesis 

 The etiology of lattice degeneration is still uncertain. Their 
bilateral occurrence in patients with unilateral pathologic 
myopia [ 27 ] suggests a hereditary etiology. It is likely that 
both genetic and environmental factors play important roles 
in its development. Michaelson had postulated that the pri-
mary event in lattice degeneration was at the level of the 
choroid, leading to a focal loss of perfusion to the outer ret-
ina from the choriocapillaris [ 28 ], but this hypothesis has not 
been reinforced by histologic observations which have 
shown that the choroid was most often not involved in lattice 
lesions and that the earliest changes were actually at the level 
of the inner retina. Tolentino et al. hypothesized that lattice 
degeneration was primarily a vitreous disease with second-
ary retinal degeneration [ 29 ]. A primary retinal vascular eti-
ology leading to retinal ischemia has also been proposed [ 7 ]. 

 The pathogenesis may also be due to a developmental 
abnormality involving primarily the Müller’s cells resulting 
in an aplasia or focal defect of the internal limiting mem-
brane [ 30 ].  

17.2.8     Evolution and Management 

 Lattice degeneration not only forms round holes within the 
confi nes of the lesion but also is prone to retinal tears at the 
posterior margin and ends of the lesion. In one large study, 
the majority of eyes demonstrating retinal breaks (55 %) 
showed lattice degeneration [ 31 ]. These breaks frequently 
lead to detachment of the retina. Approximately 7 % of 
patients in the general population have lattice degeneration, 
and about 25 % of these will have atrophic holes in the lat-
tice. Lattice degeneration is found in two to three times the 
number of eyes with retinal detachment than the general 
population. Some of the atrophic holes are associated with 
subretinal fl uid. Any collection of fl uid greater than 1 disc 
diameter is generally considered to be a retinal detachment, 
although collections of about 1 DD are sometimes called 
subclinical detachments. Tillery et al. found that 2.8 % of all 
retinal detachments were due to atrophic retinal holes in lat-
tice degeneration [ 32 ]. 

 Benson et al. found that 45 % of eyes with retina holes in 
lattice lesions and 55 % of eyes with retinal tears in lattice 
degeneration will develop retinal detachment [ 33 ]. 

 Retinal detachment secondary to retinal holes is com-
monly seen in the younger high myopes, whereas detach-
ments due to tears are more likely to be seen in the older, less 
myopic patients [ 33 ]. The detachments secondary to atrophic 
holes in lattice degeneration show a distinctly more benign 
course than those due to traction breaks. A Japanese study 
notes that atrophic hole detachments are insidious in onset 
with only slow progression of a shallow detachment. The 
formation of demarcation lines is not uncommon in these 
cases. The risk of detachment in lattice degeneration with 
round holes was estimated at about 1 in 90 [ 34 ], but this risk 
has to be tempered by the refractive error. Lattice degenera-
tion increases the risk by a factor 6–7 [ 35 ]. Detachment of 
the retina can therefore be readily appreciated as a frequent 
sequel to lattice degeneration. 

 Whether to treat lattice degeneration in adult eyes has 
previously been a source of controversy. A high proportion 
of eyes with retinal detachment were found to have lattice 
lesions: 20 [ 28 ], 29 [ 33 ], 30 [ 13 ,  16 ], or 38.5 % [ 14 ]. Among 
patients undergoing surgery for detachments or prophylaxis 
for retinal breaks, the proportion of lattice eyes has been 
reported at 31 % [ 13 ] and even 65 % [ 36 ]. Therefore in the 
1970s and 1980s, treatment of such lesions was generally 
favored. In fact, eyes with lattice degeneration may experi-
ence retinal detachment from tears which are not from lattice 
area, estimated to be in one fourth up to half of the cases. In 
a long-term natural history study, Byer showed that in 276 
adults (423 eyes) with lattice degeneration followed for an 
average of 10.8 years, retinal detachment occurred in only 
1.08 % of patients (0.7 % of eyes) [ 37 ]. Byer concluded that 
prophylactic treatment of lattice lesions with or without 
holes in phakic eyes should be discontinued if the fellow eye 
had no history of rhegmatogenous retinal detachment [ 37 ]. 
Prophylactic treatment of lattice in fellow eyes of patients 
with rhegmatogenous retinal detachment has been shown by 
Folk et al. to reduce the risk of retinal detachment from 5.1 
to 1.8 % [ 38 ]. In a consensus between a panel of vitreoretinal 
experts based on a review of the literature regarding the pre-
vention of retinal detachment in adults in 2000, there was not 
suffi cient data to strongly support prophylactic treatment of 
lesions other than symptomatic fl ap tears [ 39 ]. In the same 
consensus, there was substantial evidence to recommend to 
“sometimes treat” lattice lesions with or without retinal holes 
in fellow eyes of patients with a history of retinal detachment 
in the fi rst eye, to “rarely treat” asymptomatic lattice lesions 
in aphakic eyes, and not to treat asymptomatic lattice lesions 
in phakic and myopic eyes [ 39 ]. However, treatment of fel-
low eyes of patients with a history of retinal detachment with 
lattice degeneration seems to be more benefi cial if the eye 
has less than 6 D of myopia, if the lesion is present in less 
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than 6 clock hours, and especially if there is no posterior 
vitreous separation [ 38 ].   

17.3     White-Without-Pressure 

17.3.1     Clinical Features 

 Since the fi rst clinical description by Schepens in 1952 
[ 40 ], the terms white-without-pressure and white-with-
pressure refer to an opacifi cation of the retina noticed either 

spontaneously or upon sclera depression. This white to gray 
opacifi cation partially obscures the normal choroidal vascu-
lar color and pattern as if it was visualized through a “semi-
translucent veil” [ 41 ]. This phenomenon tends to run 
circumferentially in wide swatches affecting the retina 
immediately posterior to the ora serrata (Fig.  17.2 ). The 
lesions may extend more posteriorly and reach the equator. 
The fl at lesions may even reach the vascular arcades of the 
posterior pole [ 10 ,  41 ]. Karlin and Curtin found that the 
white-without-pressure areas can assume various shapes 
and locations [ 10 ]. The white-without-pressure can be 

a b
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  Fig. 17.2    Various shapes and locations of white-without-pressure in 
three highly myopic males, a 27-year-old ( a ), a 52-year-old ( b ), and a 
37-year-old ( c ,  d ), using ultrawide-fi eld color fundus photographs. ( a ) 
White-without-pressure appears as a focal patch oriented circumferen-
tially, located immediately posterior to the ora serrata in the temporal 
inferior quadrant ( white arrow ). The lesion is covered by glistening 
 yellow-white dots  and has relatively ill-defi ned margins. Note the pres-
ence of pigmented lattice degeneration ( arrowhead ) as well as atrophic 
retinal holes ( white triangles ). ( b ) White-without-pressure appears as a 

wide area immediately posterior to the ora serrata in the nasal quadrant 
( yellow arrow ) and extends more posteriorly to the equator ( white 
arrows ) with a very distinct edge and an abrupt transition to a zone of 
normal choroidal coloration. Note the presence of paving stone degen-
eration in the temporal periphery as well ( red arrows ). ( c ,  d ) Bilateral 
multiple areas of white-without- pressure appearing as wide swatches 
oriented circumferentially temporal, inferior, and nasal in the right eye 
( c ,  white arrows ) and temporal in the left eye ( d ,  white arrows )       
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diffuse with ill-defi ned margins or may have a very distinct 
edge with an abrupt transition to a zone of normal choroidal 
coloration (Fig.  17.2 ) [ 41 ]. They can be fl at or have a 
slightly elevated appearance. They often cover diffusely 
almost the entire retinal periphery but can also appear as 
smaller focal patches, with a predilection for the temporal 
quadrants, particularly the inferior [ 10 ]. Similar to lattice 
degeneration [ 5 ], retinoschisis [ 42 ], or snowfl ake degenera-
tion [ 43 ], white-without-pressure can also be covered by 
glistening yellow-white dots and fi ne lines (Fig.  17.2 ).

17.3.2        Prevalence 

 White-without-pressure has been demonstrated to be signifi -
cantly more prevalent in young patients [ 10 ,  44 ]. Its preva-
lence in patients under the age of 20 years is 36 % and 
decreases considerably to 9.5 % in patients over the age of 40 
[ 10 ]. White-without-pressure is also easier to visualize in 
pigmented individuals [ 45 ]. 

 Karlin and Curtin found a tendency for white-without- 
pressure to affect eyes of individuals 19 years of age or 
younger and more myopic, with a prevalence reaching 100 % 
in this age group when the axial length was 33 mm or more 
[ 10 ]. Pierro et al. evaluated 513 patients (513 eyes) with an 
axial length superior to 24 mm and a mean age of 48 years and 
found a prevalence of white-without-pressure of 22.8 %, the 
second most common peripheral retinal change after paving 
stone degeneration (27.1 %) [ 44 ]. They also found that white-
without-pressure was signifi cantly more common in younger 
patients [ 44 ]. Bansal and Hubbard evaluated 54 eyes of 30 
highly myopic children under the age of 10 years and identi-
fi ed white-without-pressure in 11 % of eyes, the second most 
common change after lattice degeneration (20 %) [ 9 ]. Lai 
et al. found a prevalence of white-without- pressure of 21.1 % 
among 337 highly myopic Chinese subjects with a mean age 
of 36 years and a mean axial length of 26.84 mm [ 12 ]. The 
most prevalent peripheral retinal change in this population 
was pigmentary retinal degeneration (37.7 %) [ 12 ]. Lam et al. 
evaluated 213 highly myopic Chinese patients (213 eyes) with 
a mean age of 33.5 years and a mean axial length of 26.69 mm 
and found a prevalence of white-without-pressure of 31 %. 
The most frequent peripheral retinal change in this population 
was pigmentary degeneration (51.2 %) [ 46 ]. This higher prev-
alence of white-without- pressure in young patients could be 
explained if the lesion is viewed as an earlier stage of another 
lesion type [ 10 ] or if the lesion can change or fade in time [ 47 ].  

17.3.3     Pathogenesis and Histology 

 Since its fi rst description by Schepens in 1952 [ 40 ], there 
have not been many reports about white-without-pressure 

pathogenesis in the literature. Karlin and Curtin postulated that 
white-without-pressure may represent advanced retinal cys-
toid degeneration, fl at retinal detachment, or fl at retinoschisis 
[ 10 ]. Nagpal and coworkers reported that all their patients had 
posterior vitreous detachment except in the areas of white-
without-pressure, suggesting that white-without- pressure may 
be due to areas of vitreoretinal traction [ 47 ]. White-without-
pressure is considered by many to be an advanced form of 
white-with-pressure. White-with-pressure is commonly found 
in elderly fundi, almost invariably in areas of lattice degenera-
tion and around small retinal breaks [ 41 ]. It is also frequently 
seen in the attached retina of eyes with partial retinal detach-
ment or in the asymptomatic fellow eye of patients with unilat-
eral rhegmatogenous retinal detachment [ 41 ].  

17.3.4     Evolution and Prognosis 

 Nagpal and coworkers described the peculiar phenomenon 
of migratory white-without-pressure areas in nine patients 
with various hemoglobinopathies [ 47 ]. In their series, fol-
low- up examinations revealed a change in confi guration of 
the lesions: some receded while others progressed [ 47 ]. The 
authors hypothesized that the migratory phenomenon was 
due to changes in the vitreoretinal adhesions including 
detachment and reattachment of the posterior vitreous to the 
retina. The authors also claim that the migratory nature of 
white-without-pressure was not restricted to hemoglobinop-
athies. In their series, the white-without-pressure areas were 
not associated with vascular occlusions or tortuosity or sea 
fans, nor did fl uorescein angiography show any vascular 
abnormality. The fact that these lesions may change with 
time is also supported by the dramatic reduction in preva-
lence between age groups. White-without-pressure is essen-
tially a benign lesion.  

17.3.5     Associations and Variants 

17.3.5.1     Associations 
 In addition to vitreoretinal adhesions, a number of retinal 
disorders can give rise to areas of peripheral retinal whiten-
ing quite similar to white-without-pressure. Condon and 
Serjeant in 1972 described peripheral whitening of the retina 
in 76 patients with sickle cell anemia [ 48 ], but this may have 
been because these patients were pigmented and the preva-
lence of white-without-pressure in pigmented patients with 
sickle cell anemia may not be greater than in pigmented 
patients without sickle cell anemia. These patients had con-
densation of the overlying vitreous base. Most of the white 
areas were ill defi ned but some were well demarcated and 
associated with vascular abnormalities. These lesions may 
have represented white-without-pressure. In 1966, Tasman 
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and coworkers reported that the characteristic appearance of 
the premature fundus included white-without-pressure [ 49 ]. 
Pars planitis, snowfl ake degeneration [ 43 ], retinoschisis, and 
fl at retinal detachment have also been associated with 
white-without-pressure. 

 White-without-pressure is mainly an incidental fi nding 
and its chief importance is that it may be confused with a 
retinal detachment. Children may need an examination under 
anesthesia to distinguish between both entities [ 9 ].  

17.3.5.2     Dark-Without-Pressure 
 Nagpal and coworkers also described homogeneous, geo-
graphical, fl at, brown areas surrounded by a halo of pale 
retina in the fundi of seven Black patients, of whom six had 
various hemoglobinopathies (Fig.  17.3 ). These lesions were 
called “dark-without-pressure fundus lesions” [ 50 ]. These 
lesions were associated with iridescent glistening spots and 
varied in size, shape, location, and orientation. They could be 
oriented either radially or circumferentially. Most of these 
lesions were transient. Fluorescein angiography in these 
areas did not reveal any vascular abnormality. The authors 
hypothesized that these dark areas may represent focal and 
relatively preserved retinal areas surrounded by more diffuse 
white-without-pressure areas. Like white-without-pressure, 
these dark lesions can vary in size, shape, and location and 
can also fade in time. Unlike white-without-pressure, these 
dark lesions occur usually near the posterior pole or in the 
midperiphery, and they seem to be unrelated to the status of 
the vitreous [ 50 ]. This is an incidental fi nding.

17.4          Pigmentary Degeneration 

17.4.1     Clinical Features 

 Pigmentary degeneration corresponds to a variable degree of 
pigmentation in the extreme periphery. This pigmentation 
may vary widely from a light dusting of fi ne particles to large 
discrete pigment clumps (Fig.  17.4 ). The temporal quadrants 
especially the superior are involved preferentially. The pos-
terior margin can extend several disc diameters from the ora 
serrata and is typically indistinct. The border may be con-
tiguous with a relatively depigmented zone of the fundus. 
This retinal lesion is typically bilateral.

17.4.2        Prevalence 

 Pigmentary degeneration affects an increasing proportion 
of eyes as the axial length and the age increase [ 10 ]. No sex 
preference has been reported in the literature. Karlin found 
them in only 6 % of eyes in young patients and 41 % of 
patients age 40 and above in a series of 1,437 predomi-
nantly myopic eyes [ 10 ]. Two community-based studies 
reported pigmentary degeneration to be the most frequent 
peripheral retinal change in highly myopic Chinese patients 
[ 12 ,  46 ]. Lam et al. found pigmentary degeneration in 
51.2 % of 213 patients with a mean age of 33.5 years and a 
mean axial length of 26.69 mm [ 46 ], and Lai et al. found it 
in 37.7 % of 337 patients with a mean age of 36 years and a 
mean axial length of 26.84 mm [ 12 ]. In a population of 30 
children under the age of 10 years, there was no pigmentary 
degeneration [ 9 ].  

17.4.3     Pathogenesis and Evolution 

 Despite its frequency, this retinal peripheral change is the 
least studied and therefore least understood. Vascular, 
infl ammatory, and toxic agents may be involved in their 
development. This higher prevalence of pigmentary degen-
eration in older patients could be explained if the lesion is 
viewed as a later stage of another lesion type. For example, 
it is plausible that lattice degeneration may become increas-
ingly pigmented over time and become indistinguishable 
from pigmentary degeneration. Pigmentary degeneration of 
the retina can be associated with both retinal holes and tears 
[ 10 ]. Everett evaluated fellow eyes of patients with retinal 
detachment and found that 32 % of patients with pigmentary 
degeneration had retinal breaks [ 51 ]. Pigmentary degenera-
tion appears to be essentially a benign lesion and its morbid-
ity however may be attributed to unidentifi ed underlying 
areas of lattice degeneration prone to formation of retinal 
breaks.  

  Fig. 17.3    Dark-without-pressure in the right eye of a 25-year-old 
black male hemoglobin SS. Dark-brown area ( white arrows ) of uniform 
color with irregular posterior margin and curvilinear anterior margin 
(Courtesy of Dr. Morton Goldberg)       
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17.4.4     Differential Diagnosis 

 Areas of pigmentary changes may appear in the periphery of 
myopic eyes after a spontaneously fl attening retinal detach-
ment. These regions can adopt a variety of appearances to 

include nummular, bone-spicule, or a densely packed granu-
lar hyperpigmentation. Bilateral and extensive areas of pig-
mentary degeneration in a myopic eye could be leading to an 
erroneous diagnosis of retinal dystrophy with bone-spicule 
formation, such as retinitis pigmentosa.   

a b
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  Fig. 17.4    Ultrawide-fi eld fundus color photographs of pigmentary 
degeneration in two highly myopic patients. ( a ) Pigmentary degenera-
tion in the temporal periphery of a 52-year-old male, with magnifi ca-
tion in ( b ) Note the presence of glistening  yellow-white dots  surrounding 
the pigmentary degeneration. ( c ) Pigmentary degeneration in 360° 

periphery of a 34 D myopic male, with magnifi cation in ( d ). Note that 
the areas of pigmentary degeneration are surrounded by relatively 
depigmented zones of the fundus ( Bottom image  courtesy of Jerome 
Sherman)       
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17.5     Paving Stone Degeneration 
(Cobblestone Degeneration) 

17.5.1     Clinical Features 

 Paving stone degeneration is a distinctive and fairly common 
disease process found in the evaluation of the peripheral fun-
dus. During the past century, a number of appellations have 
been applied to this lesion: some of them presume of an eti-
ology such as chorioretinal atrophy [ 52 ] or equatorial choroi-
ditis [ 53 ] and some are purely descriptive such as punched-out 
chorioretinal degeneration [ 51 ], paving stone degeneration, 
or cobblestone degeneration [ 36 ]. Paving stone degeneration 
can be used interchangeably with cobblestone degeneration. 
Paving stone degeneration is the preferred designation in the 
United States because cobblestone may suggest the connota-
tion of elevation although these lesions are typically fl at or 
depressed [ 36 ]. First described in 1855 by Donders [ 54 ], 
they usually appear as small, sharply demarcated, fl at or 
slightly depressed, rounded, fl at yellow to whitish areas of 
depigmentation and retinal thinning, with subsequent 
increased visualization of the relatively preserved underlying 
major choroidal vessels (Fig.  17.5 ). They often possess pig-
mented margins. They are usually located one or two disc 
diameters posterior to the ora serrata and are separated from 
the ora serrata by a band of intact retinal pigment epithelium. 
The basic unit can vary in size from 0.1 to 1.5 mm in diam-
eter [ 53 ]. They can occur singly or in groups. When in group, 
they have a tendency to coalesce and form bands with scal-
loped borders (Fig.  17.5 ). The inferior and temporal retinal 
quadrants are affected most frequently [ 10 ,  53 ] and the lesion 
has been reported to be bilateral in 38 [ 55 ] to 57 % [ 10 ].

17.5.2        Prevalence 

 The prevalence of paving stone degeneration has a clear sig-
nifi cant association with increasing age and axial length 
[ 10 ]. In young subjects, Karlin and Curtin found a preva-
lence of less than 1 %, whereas 40 % of patients over the age 
of 40 years were affected [ 10 ]. Pierro et al. evaluated 513 
patients (513 eyes) with an axial length superior to 24 mm 
and a mean age of 48 years and found that the most common 
peripheral degenerative change was paving stone degenera-
tion with a frequency of 27.1 % [ 44 ]. Lam et al. evaluated a 
younger population of 213 highly myopic Chinese patients 
(213 eyes) with a mean age of 33.5 years and a mean axial 
length of 26.69 mm and found a prevalence of cobblestone 
degeneration of only 5.2 % [ 46 ]. Bansal and Hubbard evalu-
ated 54 eyes of 30 highly myopic children under the age of 
10 years and did not identify any cobblestone degeneration 
[ 9 ]. At autopsy, 27 % of eyes over 20 years demonstrate 

these changes, and clinically, they are seen in 30 % of the 
general population over the age of 60 years [ 53 ]. There does 
not appear to be a strong gender predilection for these lesions 
[ 53 ] although one report found males to be three times more 
likely to be affected [ 52 ].  

17.5.3     Histologic Features and Pathogenesis 

 This entity is not fully understood. O’Malley et al. evaluated 
1,223 consecutive eyes obtained from 614 autopsies and 
found paving stone lesions in 186 eyes from 134 patients. 
The histologic features of all the lesions evaluated were 
remarkably similar showing a thinned retina closely applied 
to Bruch’s membrane at an area devoid of RPE [ 53 ]. The 
RPE ended abruptly at the margins of the lesion and appeared 
normal in the surrounding areas. Hyperpigmented margins 
corresponded to proliferated RPE. The degree of retinal thin-
ning was poorly correlated to the size of the lesions. The reti-
nal thinning was mainly due to the loss of the rods and cones 
and outer limiting membrane. The vitreous body was 
unchanged in the presence of the lesions, and when detached 
posteriorly, it showed no tendency to remain adherent to the 
retina at the site of the lesions. At the level of the choroid, the 
choriocapillaris was the only structure showing signifi cant 
changes, with thinning, and even occasionally completely 
absent. The color of paving stone is generally very white due 
to the absence of underlying choriocapillaris. Brown and 
Shields showed that paving stone degeneration frequently 
developed peripheral to choroidal melanomas [ 56 ]. They 
theorized that the melanoma caused a steal syndrome and the 
paving stone developed secondary to decreased peripheral 
choroidal blood fl ow [ 56 ]. 

 The pathogenesis of paving stone degeneration is 
unknown but O’Malley postulated the likelihood of a vascu-
lar etiology due to the topography of the lesions limited to 
the portions of retina supplied by the choriocapillaris, the 
histologic appearance of the choriocapillaris altered beneath 
the lesions, and the absence of gliosis, fi brosis, or infl amma-
tory infi ltrate [ 53 ]. The anatomy of the choriocapillaris 
appears consistent with the size and shape of the basic lesion. 
The mechanical stretching of the highly myopic globe may 
generate vascular compromise and the development of cho-
roidal ischemic atrophy of the RPE and overlying retina.  

17.5.4     Evolution 

 Paving stone is not signifi cantly associated with retinal breaks. 
Considering its prevalence and histologic features, a prophylac-
tic treatment of this relatively benign process is not warranted. 
In fact, Meyer-Schwickerath suggested that treatment applied 
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  Fig. 17.5    Ultrawide-fi eld fundus color photographs and fl uorescein 
angiography (late phase) of bilateral paving stone degeneration in a 
63-year- old highly myopic female ( a – d ) and a 58-year-old highly myo-
pic male ( e ,  f ). ( a ,  c ) In the right eye, the paving stone degeneration 
appears as two small, sharply demarcated, fl at, rounded, whitish areas 
of depigmentation with subsequent increased visualization of the rela-
tively preserved underlying major choroidal vessels ( white arrows ), 
located in the temporal periphery approximately two disc diameters 
posterior to the ora serrata. The lesions appear hyperfl uorescent by 

 window defect with increased visualization of the major choroidal ves-
sels through a focal defect of the retinal pigment epithelium. ( b ,  d ) In 
the left eye, the paving stone degeneration appears as multiple coales-
cent lesions in the inferior periphery visualized as hyperfl uorescent 
lesions in the fl uorescein angiography by window defect as well ( white 
arrows ). ( e ,  f ) In both eyes, the paving stone degeneration appears as 
multiple coalescent lesions in the temporal ( right eye ) and inferior ( left 
eye ) periphery, at the level of and anterior to the equator       
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to these areas may even be detrimental, producing shrinkage of 
the retina and possibly a retinal break (quoted in [ 53 ]).   

17.6     Retinal Breaks 

 Full-thickness break in retinal continuity is called retinal 
breaks and can be either retinal holes or retinal tears. These 
two types of retinal breaks are labeled differently because 
they have different morphological characteristics, pathogenic 
mechanism, and distinct risks for retinal detachment. Retinal 
holes are related to chorioretinal degenerative changes while 
retinal tears result from the traction of adherent vitreous on a 
weakened retinal area or from zonuloretinal tractions. 

17.6.1     Prevalence 

 The prevalence of retinal breaks has varied among histopath-
ological and clinical studies. These variations may be due to 
sampling variations since the prevalence of retinal breaks 
increases with age [ 57 ] and axial length [ 10 ,  46 ]. 
Histopathological studies have reported a prevalence of reti-
nal breaks between 4.8 % of cases (2.4 % of eyes) [ 58 ] and 
18.3 % of cases (10.6 % of eyes) [ 59 ]. Byer performed a 
clinical study on 1,700 patients presenting for a complete 
eye examination and found that 5.8 % of cases had one or 
more retinal breaks, in whom only two patients had symp-
toms: light fl ashes or fl oaters [ 31 ]. Lai et al. reported that 
6.2 % of 337 highly myopic Chinese adults (337 eyes) with 
a mean axial length of 26.84 mm and mean age of 36 years 
had retinal breaks [ 12 ]. Lam et al. evaluated 213 highly myo-
pic Chinese patients (213 eyes) with a mean age of 33.5 years 
and a mean axial length of 26.69 mm and found a prevalence 
of retinal breaks of 7.5 %. In this study, the prevalence of 
retinal breaks was 6.4 % in eyes with an axial length inferior 
to 30 mm and increased to 30 % in eyes with an axial length 
superior to 30 mm [ 46 ]. Pierro et al. evaluated 513 patients 
(513 eyes) with an axial length superior to 24 mm and a 
mean age of 48 years and found a prevalence of retinal 
breaks of 12.1 % [ 44 ]. Bansal and Hubbard evaluated 54 
eyes of 30 highly myopic children under the age of 10 years, 
with a mean age of 6 years and a mean refractive error of 
−13.88 D, and identifi ed retinal holes in two eyes (3.7 % of 
eyes) and a vitreoretinal tuft in one eye (1.9 % of eyes) [ 9 ].   

17.7     Tractional Retinal Tears 

17.7.1     Clinical Features and Classifi cation 

 Retinal tears can be fl ap (or arrowhead or horseshoe) tears 
(64 % of all tears) [ 60 ] (Figs.  17.6  and  17.7 ) or operculated 
tears. They occur suddenly and can be symptomatic but are 

most commonly asymptomatic [ 31 ,  61 ]. The chief com-
plaints are usually light fl ashes, fl oaters, or rarely blurred 
vision in the visual fi eld corresponding to the quadrant of the 
retinal tear. The size can vary considerably from less than a 
quarter of a disc diameter to a giant tear if extending for one 
or more retinal quadrants. Byer found that 76 % of 156 reti-
nal breaks found in 1,700 patients evaluated were less than a 
quarter of a disc diameter in size [ 31 ]. Retinal tears have 
been found to occur preferentially in the upper half and tem-
poral half of the retina in both myopes and non-myopes [ 62 ].

    Foos proposed a classifi cation of retinal tears in autopsy 
eyes based on their relationship to the vitreous base and 
pathogenic mechanism [ 60 ]. This anatomical classifi cation 
helps to determine the clinical prognosis of retinal tears. The 
four categories are oral, at the level of the ora serrata; intra-
basal, located within the vitreous base; juxtabasal, at the pos-
terior border of the vitreous base; and extrabasal, in the 
equatorial zone of the peripheral retina posterior to the vitre-
ous base. Retinal tears were postoral in 92 % of eyes in Foos’ 
analysis [ 60 ]. An oral tear is due to traction of the vitreous 
base primarily in the posterior direction and is usually associ-
ated with trauma and developmental abnormalities. Therefore, 
they are more common in younger subjects, with a peak of 
occurrence at the age of 20 years [ 63 ]. Oral tears do not have 
an anterior fl ap but rather rolling of the posterior fl ap and are 
traditionally called dialysis. 

 Intrabasal tears are due to zonuloretinal traction, resulting 
from the avulsion of a zonular traction tuft. These tears have 
been found to represent only 6.1 % of all retinal tears in an 
autopsy study [ 64 ]. Most of them are operculated tears [ 60 ]. 
They carry a good prognosis and rarely lead to retinal detach-
ment because the retina surrounding them is not under trac-
tion from the vitreous base. 

 Juxtabasal tears are typically fl ap tears. They result from an 
acute change in the vitreous body conformation, typically after 
a posterior vitreous detachment or a cataract surgery. The trac-
tion is exerted from the posterior border of the vitreous base on 
the anterior margins of the fl ap tear. The posterior edge of the 
tear is free of any traction. These tears carry the highest risk of 
retinal detachment among all postoral retinal tears and this risk 
is highest acutely after a posterior vitreous detachment or a 
cataract surgery and then decreases [ 63 ]. Extrabasal tears are 
usually operculated and are considered relatively benign 
because they are free of traction at the margins of the tear. 

 Lattice lesion can lead to a tractional retinal tear at the time 
of posterior vitreous detachment depending on its precise 
location toward the vitreous base: intrabasal and extrabasal 
lesions are less likely than juxtabasal lesions to produce a fl ap 
tear [ 60 ,  64 ]. Foos found that 17 % of eyes with fl ap tears had 
lattice degeneration in an autopsy series of 4,812 eyes but 
only 20 % of these lattice lesions were actually adjacent to the 
fl ap tears, suggesting that in eyes with lattice degeneration, 
there are more widespread vitreoretinal traction and retinal 
weakness than just limited to the areas of visible lattice [ 64 ].  
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17.7.2     Giant Tear 

 Giant retinal tears are tears of one or more retinal quadrant in 
the presence of a posterior vitreous detachment [ 65 ,  66 ]. It is 
a rare condition representing approximately 0.5 % of all reti-
nal detachments [ 67 ]. It is associated with a bad prognosis 
due to complicated retinal detachment, a high incidence of 
proliferative vitreoretinopathy, and therefore a high recur-
rence rate [ 68 ]. The identifi ed predisposing factors are high 
myopia [ 68 ], trauma [ 69 ], hereditary vitreoretinopathies 
such as Stickler syndrome [ 70 ], and intraocular surgical pro-
cedures [ 71 ]. The fellow eyes of patients with giant retinal 
tears, especially nontraumatic, are at higher risk of develop-
ing a giant retinal tear (11.3 %) and retinal detachment of 

any cause (up to 36 %) [ 67 ,  72 ]. Therefore, it is recom-
mended to perform 360° laser prophylactic therapy in the 
fellow eye, even though there is no prospective or case–con-
trol study demonstrating the benefi t of this procedure [ 68 ].  

17.7.3     Iatrogenic Retinal Tears 

 Iatrogenic retinal tears can be induced during pars plana vit-
rectomy and represent one of the most serious complications 
of elective vitreoretinal surgery. These iatrogenic tears are 
more common when there is surgical induction of the poste-
rior vitreous detachment [ 73 ] and in phakic eyes [ 74 ,  75 ]. 
There were signifi cantly fewer entry-site breaks associated 

a b

c d

  Fig. 17.6    Various clinical features of horseshoe tears in two highly 
myopic patients, a 58-year-old male ( a ,  b ) and a 41-year-old female ( c , 
 d ), using ultrawide-fi eld fundus color photographs. ( a ,  b ) Two horse-
shoe tears with superotemporal retinal detachment. One month after a 

radial sclera buckle and cryotherapy, the retina is fl at ( b ). ( c ,  d ) Three 
horseshoe tears inferonasal with retinal detachment despite prophylac-
tic laser therapy ( c ). One month after vitrectomy, gas, and endolaser, the 
retina is fl at ( d )       
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a b

c d

e f

  Fig. 17.7    Three examples of myopic patients with retinal detachment 
caused by horseshoes tears treated with radial scleral buckles, a 57-year-
old male ( a ,  b ), a 55-year-old male ( c ,  d ), and a 63-year-old monocular 
male ( e ,  f ), illustrated with ultrawide-fi eld fundus color photographs. 
( a ,  b ) Inferior retinal detachment caused by a single large horseshoe 
tear inferotemporal of approximately 2 disc diameters ( a ) and treated 
successfully with a radial scleral buckle and subsequent thermal laser 
the day after the surgical procedure, when the retina was reattached ( b ). 

The patient is pseudophakic and the edges of the implant are visualized 
in the color photograph ( a ). ( c ,  d ) Superonasal retinal detachment 
caused by two horseshoe tears radially aligned © and treated success-
fully with a radial scleral buckle and cryotherapy ( d ). ( e ,  f )    Inferior 
macula-off detachment caused by two large horseshoe tears at the level 
of the equator ( e ) and treated successfully with a large radial scleral 
buckle and cryotherapy ( f ) without drainage       
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with transconjunctival 23-gauge vitrectomy compared with 
20-gauge conventional vitrectomy [ 74 ,  76 ]. It is possible that 
the trocars’ extension into the eye past the vitreous base 
enables instruments to pass repeatedly into the eye without 
engaging vitreous gel and leads to less vitreous traction and 
fewer iatrogenic breaks [ 74 ].   

17.8     Atrophic Retinal Holes 

 Atrophic retinal holes are typically tiny and located near the 
ends of lattice lesions (Fig.  17.8 ). They usually occur early in 
life independent of a detaching posterior vitreous and do not 
produce symptoms [ 3 ]. Foos found that 75 % of all round 
atrophic holes are within lattice lesions in 5,600 autopsy eyes 
[ 77 ]. They are usually located at the level of or anterior to the 
equator. They typically favor the inferior retina but have been 
found to be more common superiorly in myopes [ 62 ].

   These atrophic retinal holes may favor the equator due to 
the vascular anatomy of this region. The equator is a kind of 
watershed zone where the deep retinal capillary plexus dis-
appears. The uveal circulation may be unable to compensate 
the blood fl ow in this region under certain circumstances 
such as age-related or myopia-related choroidal vascular 
atrophy [ 62 ]. The vascular hypothesis is reinforced by fl uo-
rescein angiographic observations that there was no perfu-
sion of the choroid and retina in areas of retinal holes and the 
retina surrounding them [ 78 ]. Since 75 % of round holes are 
in lattice lesions and lattice has been demonstrated to have 
genetic susceptibility [ 79 ], the vascular atrophic hypothesis 
may not be the only pathogenic mechanism involved though. 

 Retinal holes are more common than tractional retinal 
tears but lead to retinal detachment less frequently [ 3 ]. 
Tulloh evaluated 422 patients with primary retinal detach-
ment and found 516 round retinal holes and 222 fl ap tears 
(ratio 2.3:1) [ 62 ]. Of interest, 65 % of patients who develop 
new retinal holes are under 35 [ 6 ], and therefore, there is a 
decrease in retinal detachments due to round holes with 
increasing age [ 3 ]. Tillery and Lucier found that 2.8 % of all 
primary retinal detachments were due to round holes of lat-
tice lesions [ 32 ]. Retinal detachments caused by retinal holes 
occurred in younger and myopic patients (half under age 30, 
75 % exceeding −3.00 D) and were inferior, with slow pro-
gression and good prognosis [ 32 ].  

17.9     Risk of Retinal Detachment 
and Prophylactic Therapy 
of Retinal Breaks 

 Identifying the retinal breaks at higher risk of progression to 
retinal detachment is essential because the prophylactic treat-
ment of these is relatively safe and reduces this risk of retinal 

detachment signifi cantly. Davis evaluated 213 patients (222 
eyes) with one or more retinal breaks without clinical retinal 
detachment (defi ned as greater than two disc diameters) and 
found symptomatic breaks in 39 eyes and asymptomatic 
breaks in 183 eyes [ 61 ]. All the 39 symptomatic breaks were 
tears (33 fl ap tears and 6 operculated tears) and 101 out of 183 
asymptomatic breaks were tears (71 fl ap tears and 30 opercu-
lated tears) [ 61 ]. Davis found that 9 out of 25 patients (36 %) 
with fresh symptomatic fl ap tears developed a clinical retinal 
detachment within 6 weeks if left untreated [ 61 ]. Colyear and 
Pischel had found that 11 out of 20 patients (55 %) with 
symptomatic fl ap tears developed a retinal detachment [ 80 ]. 
Symptomatic fl ap tears are at high risk of retinal detachment 
and are the only lesions with a strong evidence-based recom-
mendation for systematic prophylactic therapy [ 39 ]. 

 Fresh symptomatic operculated tears are very rare and 
have been shown to lead to retinal detachment only in 1 out 
of 6 cases in Davis’ study [ 61 ]. They are usually considered 
relatively benign, but if the vitreous is adherent to the edge of 
the operculated tear, it can be considered an equivalent of a 
fl ap tear and should therefore be treated [ 81 ]. 

 The progression to retinal detachment in phakic eyes with 
asymptomatic retinal breaks has been found to be very low 
in multiple studies, whether it is fl ap tears with less than 
10 % [ 61 ,  82 ,  83 ] or retinal holes with less than 5 % [ 6 ,  61 ]. 
The consensus is usually not to treat asymptomatic breaks, 
except for dialysis or in aphakic, myopic, and fellow eyes of 
patients who had a retinal detachment [ 39 ]. The consensus is 
to always treat dialysis, whether they are symptomatic or 
not, with three rows of laser if feasible or cryotherapy [ 39 ]. 

17.9.1     Modulation of the Risk in Myopic, 
Aphakic, and Fellow Eyes 

 Börhinger reported that the lifetime risk of retinal detach-
ment was 0.2 % for emmetropes and hyperopes and myopes 
to −1.00 D, 4 % for myopes −5 to −9 D, and reached 7 % for 
high myopes greater than −9 D (quoted in [ 84 ]). The preva-
lence of retinal detachment after cataract extraction has been 
reported to be as high as 6.7 % in 136 highly myopic eyes in 
1975 in the era of intracapsular extractions and 0.28 % 
according to the same authors in emmetropic eyes [ 85 ]. More 
recently, the risk for postoperative retinal detachment in high 
myopes has been reported to be 1.5–2.2 % in 2,356 eyes [ 86 ]. 

 Breaks in aphakic eyes have been found to be more prone 
to progression [ 61 ]. Fellow eyes of patients who had a retinal 
detachment develop a retinal detachment in 5–10 % of cases 
[ 87 – 89 ]. Aphakic fellow eyes have been found to develop 
retinal detachment in 26 % of cases [ 90 ]. Therefore, the con-
sensus is to sometimes treat asymptomatic fl ap tears in myo-
pic eyes, aphakic eyes, and fellow eyes of patients who had a 
retinal detachment [ 39 ].      
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a b

c d

e f

  Fig. 17.8    Various clinical features of atrophic retinal holes in two 
myopic patients, a 39-year-old male ( a – d ) and a 29-year-old male ( e ,  f ), 
using ultrawide-fi eld fundus color photographs. ( a – d ) Bilateral multi-
ple atrophic round holes in lattice lesions: most of them are tiny ( b – d ) 
and one is 1 disc diameter ( a ). There was a superior retinal detachment 
caused by an atrophic retinal hole in lattice degeneration in the left eye 
(not shown) treated with cryotherapy and encircling band because of 

the multiplicity of the peripheral atrophic holes in lattice degeneration 
( b ,  d ). Note the white-without-pressure that may be confused with a 
retinal detachment in the temporal midperiphery of the left eye ( d ). ( e , 
 f ) Bullous temporal retinal detachment caused by an atrophic round 
hole ( e ) treated successfully with cryotherapy and encircling band due 
to the multiplicity of peripheral breaks (not shown) ( f )       
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18.1            Introduction 

 The relationship between rhegmatogenous retinal detach-
ment (RRD) and myopia has been recognized since soon 
after the introduction of the ophthalmoscope [ 1 ]. More than 
half of retinal detachments appear to occur in eyes with some 
degree of myopia [ 2 ], and the risk of retinal detachment is 
three to eight times greater in myopic eyes than in emme-
tropic and hyperopic cases [ 2 ,  3 ]. The relationship between 
risk of detachment and amount of myopia is linear, with 1–3 
diopters (D) of myopia being associated with four times 
increased risk, and greater than 3 D having a tenfold increased 
risk [ 2 ]. The relative risk appears to be higher in relatively 
youthful eyes than in patients over age 65 [ 2 ,  4 ], presumably 
due to an increased frequency of prior posterior vitreous 
detachment (PVD) in the older patients. 

 Retinal detachments remain an important cause of 
reduced vision, and their prevention has long been consid-
ered a worthy goal. However, efforts to accomplish this task 
have not been particularly successful except in eyes with 
acute symptomatic horseshoe tears [ 5 ]. And to date, there are 
no Level I evidence-based guidelines regarding the preven-
tion of retinal detachment [ 6 ]. Since RRDs always require 
the presence of retinal breaks and some degree of vitreous 
liquefaction and usually feature persistent vitreoretinal trac-
tion in the region of retinal breaks, changes in the vitreous 
gel are of critical importance in the pathogenesis of this form 
of retinal detachment. Still, most efforts to prevent retinal 

detachment have involved treatment of visible peripheral 
retinal lesions, including degenerative lesions such as lattice 
degeneration and retinal breaks of various types [ 5 – 7 ]. An 
additional strategy has involved the creation of a 360° periph-
eral zone of chorioretinal adhesive burns anterior to the 
equator. This will be described in more detail later, but to 
date it has not been demonstrated to be of proven value [ 7 ], 
and an effective means of preventing RRD remains an elu-
sive goal. 

 The purpose of this review is to discuss the relatively 
unique vitreoretinal features of signifi cantly myopic eyes 
that predispose them to RRD, to examine the results of spe-
cifi c efforts to prevent this problem, and to present a brief 
review of surgical reattachment methods. Vitreous changes 
and peripheral vitreoretinal degenerative lesions associated 
with myopia will be initially emphasized.  

18.2     The Myopic Eye: Features 
Predisposing to Retinal 
Detachment 

 Vitreous gel changes and peripheral vitreoretinal degenera-
tive disorders associated with anomalous vitreoretinal adhe-
sions are responsible for most RRDs, and these factors are 
particularly common in myopic eyes. 

18.2.1     Alterations in the Myopic 
Vitreous Gel 

 The usual sequence of vitreous changes that lead to clinical 
RRD begins with vitreous liquefaction leading to increased 
mobility and decreased stability of the vitreous gel [ 8 ]. This 
is followed by the critical event of posterior vitreous detach-
ment (PVD), during which the posterior cortical surface of 
the vitreous separates from the inner surface of most of the 
retina (Fig.  18.1 ).

      Retinal Detachment 
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18.2.2        Vitreous Liquefaction and Myopia 

 There is an abundance of biochemical, experimental, histo-
pathologic, and clinical evidence that the vitreous gel in 
myopic eyes has a substantially increased liquid component 
compared to emmetropic and hyperopic control eyes [ 8 ]. 
This is associated with relative reductions in vitreous viscos-
ity and vitreous stability.  

18.2.3     Posterior Vitreous Detachment (PVD) 

 In the myopic eye, the relative increase in vitreous liquifi ca-
tion combined with the relative elongation of the globe result 
in an increased frequency of PVD at relatively young ages 
[ 8 – 10 ]. In addition, there is increasing evidence that there 
appear to be increased vitreous stresses upon the myopic 
retina that promote relatively early PVD [ 11 ]. Until recently, 
PVD was believed to be a sudden rapidly progressive event, 
but modern studies with ultrasound and optical coherence 
tomography (OCT) have demonstrated that PVD usually 
evolves slowly in the posterior pole over months and years 
[ 12 ]. Still, ultimately, large areas of cortical vitreous separate 
rapidly from much of the retina, an event typically heralded 
by symptoms of “fl ashes and fl oaters.” PVD does not cause 
retinal breaks in most eyes, because the cortical vitreous sur-
face usually separates completely from the inner surface of 
the retina from the posterior pole to the posterior margin of 
the vitreous base. However, if vitreoretinal adhesions 

between vitreous and retinal surfaces are present, they are 
the sites of the majority of retinal tears that cause most RRDs 
(Fig.  18.1 ) [ 8 ,  13 ,  14 ]. Vitreoretinal adhesions, therefore, are 
of critical importance in the pathogenesis of retinal 
detachment.  

18.2.4     Vitreoretinal Adhesions Associated 
with Peripheral Vitreoretinal 
Degenerative Disorders 

 In the most common forms of RRD, separation of the cor-
tical vitreous from the retinal surface is not completed at 
sites of abnormal vitreoretinal adhesions, and fl ap (“horse-
shoe”) tears develop at such locations (Fig.  18.1 ). Vitreous 
traction upon lattice lesions containing atrophic holes is 
another form of common retinal detachment (Fig.  18.2 ). 
Only in cases in which vitreoretinal traction is completely 
released from a retinal break, as when an operculum occurs 
at the site of the retinal tear, are subsequent clinical retinal 
detachments exceptionally rare. Once a localized retinal 
detachment associated with a retinal tear and persistent vit-
reoretinal traction, a variety of forces promote an accumula-
tion of subretinal fl uid and an enlarging clinical detachment 
(Fig.  18.3 ). In some eyes especially in cases with high myo-
pia, the initial PVD is not always complete, and retinal tears 
and detachments occur only after later progression of the 
PVD produces retinal tears at sites of vitreoretinal adhesions 
that were not previously included in the areas of vitreous 
separation [ 15 ,  16 ]. Vitreoretinal adhesions may be visible 
or invisible, and the latter lesions become apparent only 
after the development of a PVD and retinal tears. Although 
visible vitreoretinal adhesions have been most commonly 

  Fig. 18.1    Retinal tears most commonly occur at sites of fi rm vitreo-
retinal adhesions following a posterior vitreous detachment. Traction 
( white arrow ) from the detached cortical vitreous surface upon the ret-
ina creates the retinal break(s). Liquids in the vitreous cavity then can 
pass through the tear(s) into the subretinal space ( black arrow )       

  Fig. 18.2    Although holes in lattice lesions are considered to be “atro-
phic,” nearby vitreoretinal traction upon the margins of the lattice 
lesions can facilitate passage of vitreous fl uids into the subretinal 
space       
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discussed as preoperative risk factors for RRD, invisible 
adhesions appear to be very common, particularly in myopic 
eyes [ 16 ,  17 ].

18.2.5         Visible Vitreoretinal Adhesions 

 Lattice degeneration is the most common visible peripheral 
retinal vitreoretinal degenerative disorder associated with an 
increased risk of RRD. These lesions feature a variety of 
clinical appearances and have been described in a number of 
different ways, including “snail track degeneration,” “periph-
eral retinal degeneration,” and “pigmentary degeneration.” 
Nevertheless, all have in common an exaggerated adhesion 
between the retina and cortical vitreous at the margins of the 
respective lesion. Lattice degeneration is more common in 
myopic eyes than in emmetropic and hyperopic cases, 
although there may not be a precise relationship between the 
degree of myopia and the prevalence of the lesion. Lattice 
lesions combined with myopia appear to increase the risk of 
later retinal detachment. 

 Additional sites of visible vitreoretinal adhesions that can be 
sites of retinal tears following PVD include cystic retinal tufts, 
chorioretinal scars, and foci of active or inactive retinitis [ 7 ]  

18.2.6     Invisible Vitreoretinal Adhesions 

 Invisible vitreoretinal adhesions become evident only after 
at least some degree of PVD has taken place and/or a retinal 
tear develops [ 17 ]. Although these adhesions are responsi-
ble for many retinal tears and detachments, they cannot be 
considered for direct prophylactic therapy because they 
occur in areas that appear “normal” prior to PVD. 
Irregularities in the contour of the margin of the posterior 
vitreous base as remodeling of this zone occurs with age 
may be responsible for a signifi cant percentage of anterior 
horseshoe tears occurring in association with PVD [ 18 ]. 
Additional invisible sites of vitreoretinal adhesions typically 
occur along retinal blood vessels, and clinical retinal detach-
ments due to such tears may be particularly common in 
highly myopic eyes [ 18 ,  19 ]. 

 Sebag [ 8 ,  13 ,  14 ] has demonstrated that the strength of 
the attachment between the cortical vitreous and retina is 
stronger in relatively youthful eyes than in older cases. 
Thus, the combination of accelerated vitreous changes 
leading to PVD in relatively youthful eyes, combined 
with relatively strong invisible vitreoretinal attachments 
between a young vitreous cortex and the retina, appears to 
play a critical role in the production of retinal tears and 
detachments in relatively young myopic patients. In this 
context, a “normal” youthful adhesion between vitreous 
and cortex may become an “abnormal” vitreoretinal adhe-
sion if relatively early “anomalous PVD” [ 13 ] occurs. This 
scenario is clearly most likely in highly myopic eyes. 
Vitreous changes typically occur slowly, and this may 
explain the relatively late appearance of retinal tears and 
detachments following procedures known to alter the vitre-
ous gel. 

 Stirpe and Heimann [ 20 ] have added important descrip-
tions of vitreous changes and associated vitreoretinal 
adhesions in highly myopic eyes with RRDs. They studied 
496 such phakic eyes with myopia ranging from −18 to 
−30 D. These cases were subdivided into fi ve classifi ca-
tions based on pre- and intraoperative observations of the 
vitreous gel, retina, and vitreoretinal adhesions. Vitreous 
liquefaction and vitreoretinal adhesions were demon-
strated to be essential components of RRDs and the 
amount of vitreous detachment correlated with the specifi c 
types of cases described. A selection of these fi ndings in 
these highly myopic eyes is summarized in Table  18.1 . 
Anomalous posterior vitreoretinal adhesions and subtotal 
PVDs appeared to be much more common in these highly 
myopic cases than in those associated with lower degrees 
of myopia.

   In terms of the pathogenesis of relatively routine retinal 
tears and detachments, the following important observations 
in the report of Stirpe and Heimann [ 20 ] and others [ 18 ] 
appear to be most important:

  Fig. 18.3    Ocular saccades increase vitreoretinal traction forces. 
Rotation of the globe ( upper large arrow ) results in slightly delayed 
movement ( larger black arrow  in vitreous cavity) of the vitreous gel 
which in turn exerts more traction at sites of vitreoretinal adhesion. In 
addition, liquid currents within the vitreous cavity ( smaller intravitreal 
arrow ) promote increased vitreoretinal traction, whereas currents in the 
subretinal space ( arrow ) promote extension of subretinal fl uid       
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•    Complete, signifi cant but incomplete, and limited PVDs 
are all observed in highly myopic eyes.  

•   Detachments due to routine retinal tears, including those 
associated with lattice degeneration, usually occur at 
areas of vitreoretinal adhesions that are surrounded by 
zones in which PVD had occurred.  

•   Retinal detachments due to atrophic holes in lattice 
degeneration usually occur in eyes with complete or par-
tial PVD, in which PVD has occurred in the zones sur-
rounding the lattice lesions.  

•   Detachments associated with extensive vitreous liquefac-
tion or posterior lacunae but without signifi cant PVD are 
usually due to giant retinal tears or unusual posterior 
breaks due to vitreoretinal traction in eyes with relatively 
high degrees of myopia.  

•   Detachments associated with extremely limited PVDs 
are not unusual, frequently occurring in relatively youth-
ful eyes with relatively low degrees of high myopia and 
relatively common lesions, including atrophic holes in 
lattice lesions, retinal dialyses, and horseshoe tears.    
 These observations are important in supporting the classic 

concepts that (1) access of liquid vitreous to retinal breaks is 
essential for all RRDs, (2) vitreoretinal adhesions and trac-
tion upon retinal breaks are usually responsible for retinal 
detachments, and (3) PVD causes most RRDs by producing 
retinal tears or increased traction upon existing lattice lesions 
containing atrophic holes. Attempts to both prevent and 
repair retinal detachments should include the recognition of 
all of these realities.   

18.3     Prevention of Rhegmatogenous 
Retinal Detachment in Myopia 

 As previously stated, the usual sequence of events leading to 
the production of retinal tears include vitreous liquefaction 
leading to complete or large but incomplete PVD and the pro-
duction of new retinal tears due to vitreoretinal traction at the 
sites of vitreoretinal adhesions including lattice lesions with 
atrophic holes (Figs.  18.1 ,  18.2 , and  18.3 ). A not uncommon 
exception to this pattern is retinal detachment due to atrophic 
holes in lattice degeneration but unassociated with a major 
PVD. These cases are particularly likely to occur in youthful 
myopic eyes in which relatively early vitreous liquefaction 

has occurred [ 4 ], and vitreoretinal traction, in the absence of 
substantial PVD, exists in the region of the lattice lesions. The 
second common exceptions to the rule that major PVD pre-
cedes retinal detachment are retinal detachment due to retinal 
dialyses or giant retinal tears, and these cases are usually dis-
covered following ocular trauma or unequivocal symptoms, 
and prophylactic therapy to prevent small or huge retinal 
dialyses prior to their development is rarely considered except 
in fellow eyes of patients with nontraumatic giant tears. 

 In view of the pathogenesis of most RRDs in myopic 
eyes, theoretical means of preventing most retinal detach-
ment in myopic eyes would include techniques to reduce the 
rates of (1) vitreous liquefaction, (2) PVD, (3) vitreoretinal 
traction, (4) retinal breaks at the sites of vitreoretinal adhe-
sions, and (5) extension of subretinal fl uid surrounding reti-
nal breaks. No means are available to prevent vitreous 
liquefaction and/or PVD, although maintenance of an intact 
posterior lens capsule following cataract surgery may delay 
such changes. A reduction of vitreoretinal traction could be 
accomplished by vitrectomy or scleral buckling, but these 
are impractical maneuvers as widespread prophylactic pro-
cedures. Most contemporary preventative therapies have 
been proposed to reduce the frequency of retinal tears at sites 
of visible vitreoretinal adhesive lesions or to prevent the 
accumulation of subretinal fl uid around retinal breaks [ 6 ,  7 , 
 21 ]. Treatment has usually consisted of creation of chorio-
retinal adhesions, with lasers or cryotherapy, around visible 
focal degenerative lesions or retinal breaks. Others have pro-
posed creating a peripheral ring of chorioretinal adhesions to 
prevent the development of tears at both visible and invisible 
vitreoretinal adhesions [ 7 ]. 

18.3.1     Treatment of Visible Vitreoretinal 
Adhesions in Myopia 

 The results of treating visible vitreoretinal adhesions such as 
lattice degeneration to prevent retinal detachment have been 
evaluated by expert panels that have employed contempo-
rary methods of rating the quality of evidence contained in 
the multitude of articles that have been published on this 
topic, and the American Academy of Ophthalmology (AAO) 
has published a “Preferred Practice Pattern (PPP)” regarding 
prophylactic therapy [ 6 ]. 

   Table 18.1    Vitreoretinal fi ndings 
in highly myopic retinal 
detachment cases ( n  = 496)   

 Group  Mean age  Mean myopia (D)  Lattice breaks (%)  Tears (%)  Giant tears (%) 

 PVD complete  54  −15.5  45  40  15 
 PVD incomplete  59  −18.5  44  31  0 
 V liquefaction, no PVD  39  19.5  0  0  71 
 V lacunae, no PVD  57  −24  N/A  N/A  0 
 Minimal PVD  23  −10.5  84  84  0 

  Adopted from Stirpe and Heimann [ 20 ]  
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 In the AAO PPP, no prospective randomized trials regard-
ing preventative therapy of any vitreoretinal lesions, including 
all types of retinal breaks, were identifi ed. The best evidence 
indicated that treatment of focal retinal detachments associ-
ated with  symptomatic  horseshoe tears was effective. There 
was “substantial” evidence that treatment of lattice degenera-
tion in all myopic eyes was of no benefi t. In myopic eyes in 
which retinal detachment due to lattice had occurred in the 
fi rst eye, there was “substantial” evidence that treating the lat-
tice lesions in the fellow eye was of limited value [ 22 ]. 
However, the same evidence base demonstrated that such 
treatment was of no value if the degree of myopia exceeded 
–6 D or if there were more than 6 clock hours of lattice degen-
eration. Thus, prophylactic therapy is of less value in these 
higher-risk myopic eyes. 

 Table  18.2  provides a list of the AAO-PPP grading of rec-
ommendations for therapy of a variety of lesions in myopic 
eyes [ 6 ]. Most of these recommendations were graded as 
   “Level III (consensus of expert opinion”), the weakest level 
of evidence. Unfortunately, the apparent value of treating 
lesions other than symptomatic horseshoe tears is exception-
ally limited.

18.3.2        Treatment of Invisible Vitreoretinal 
Adhesions in Myopia 

 The major limitation in treating visible vitreoretinal adhesions 
is that subsequent retinal tears and detachments occur in areas 
that appear normal prior to PVD (Fig.  18.4 ) [ 7 ,  17 ]. These tears 
that occur at sites of invisible vitreoretinal adhesions must be 
considered in any scheme for a genuinely effective preventative 
therapy. To accomplish a goal of treating invisible adhesions, 
some authors have recommended the placement of chorioreti-
nal burns over a 360° zone of peripheral retina extending from 
near the anterior equator to anterior to the posterior margin of 
the vitreous base (Fig.  18.5 ) [ 7 ,  23 ,  24 ]. Both laser and cryo-
therapy have been employed for this purpose. The majority of 
publications on this topic have appeared in the European litera-
ture, and they have been thoroughly summarized by Byer [ 9 ]. 
The evidence that this form of therapy is effective appears to be 
lacking, but there are data demonstrating that some risk may be 
associated with this form of treatment. It is possible that the 
pathophysiological forces leading to retinal detachment may be 
adversely affected by extensive preventative therapy. Since 
invisible vitreoretinal adhesions occur relatively posteriorly in 
highly myopic eyes [ 22 ], the theoretical problems of “barrage” 
therapy in these cases would appear to be particularly signifi -
cant. A compelling case might be made for patients with 
Stickler 1 and a profound risk of retinal detachment. Three hun-
dred sixty-degree cryotherapy straddling the ora serrata in such 
cases appears to some to be of value [ 25 ], although optimal 
prospective trials are yet to be performed.

   Table 18.2    Grading of recommendations for prophylactic therapy [ 6 ]   

 Level  Recommendation  Type of case a  

 Level I “strong”  ------------  ----------------- 
 --------  ___  ------- 
 Level II “substantial”  Treat promptly  Symptomatic fl ap tear 
 -------  ------  ---------- 
 Level III “consensus”  No treatment  Asymptomatic lattice 

degeneration a  
 --------  -------  -------- 
 --------  Rarely treat  Asymptomatic lattice a  

in aphakic eyes 
 ----------  ---------  Asymptomatic 

horseshoe tears 
 ---------  -----------  Asymptomatic 

operculated tears 
 ----------  ------------  Asymptomatic 

atrophic holes 
 ---------------  -----------------  -------------------------- 
 --------------  Sometimes treat  Traumatic retinal 

breaks 
 ----------------  ------------------  Symptomatic 

operculated tears 
 ----------------------  --------------------  ---------------------------- 
 No level or consensus  ------------------  Fellow eyes with 

horseshoe tears 
 ---------------  ------------------  Fellow eyes with 

lattice degeneration 
 ---------------  -------------------  Asymptomatic 

dialyses 

  Modifi ed from the American Academy of Ophthalmology PPP [ 6 ] 
  a All “lattice” includes lesions with and without holes  

  Fig. 18.4    Treated visible lattice lesions do not prevent additional reti-
nal tears at sites of invisible vitreoretinal adhesion       
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  Fig. 18.5    Creation of 360° of prophylactic laser or cryotherapy has 
been recommended by some authors       

    Table 18.3    Surgical alternatives for repair of RRD   

 Scleral buckle with and without drainage of subretinal fl uid 
  Encircling 
  Segmental 
 Vitrectomy 
  With gas injection 
  With silicone oil injection 
  With epiretinal membrane peeling 
  With ILM peeling 
 Pneumatic retinopexy 
 Combinations 

18.4          Treatment of Rhegmatogenous 
Retinal Detachment in Myopia 

 As noted earlier, factors associated with myopia and RRD 
include increased vitreous liquefaction, frequency of PVD, 
lattice degeneration, and asymptomatic retinal breaks, with 
the prevalence of RRD directly related to the amount of 
myopia. In addition to peripheral retinal abnormalities, alter-
ations of the vitreoretinal interface at the posterior pole play 
a role in the pathogenesis of RRD due to macular holes in 
highly myopic eyes. Less commonly, RRDs in highly myo-
pic eyes are due to posterior retinal breaks that can easily 
escape diagnosis [ 26 ]. These typically have a linear shape, 
lie parallel to the adjacent retinal vessels of the posterior vas-
cular arcades, and are almost exclusively located over areas 
of patchy chorioretinal atrophy. In addition to all types of 
retinal breaks, myopic atrophic and neovascular macular dis-
orders, posterior pole staphylomas, and foveal retinoschisis 
can impact visual acuity in myopic patients. 

 Although controversy regarding the choice of surgical 
technique for RRD is widespread, surgeons generally agree 
on the three basic steps for closing retinal breaks and reat-
taching the retina:
    1.    Conducting thorough preoperative and intraoperative 

examinations with the goal of locating all retinal breaks 
and assessing vitreous traction on the retina.   

   2.    Creating a controlled injury to the retinal pigment epi-
thelium and retina to produce a chorioretinal adhesion 

surrounding all retinal breaks so that intravitreal fl uid 
can no longer reach the subretinal space.   

   3.    Employing a technique such as scleral buckling and/or 
intravitreal gas to approximate the retinal breaks to the 
underlying treated retinal pigment epithelium.     
 If the surgeon follows these basics and applies modern 

surgical techniques, retinal reattachment may be expected 
following a single operation in more than 85 % of uncompli-
cated primary detachments and in more than 95 % following 
additional procedures. Following anatomically successful 
surgery, visual results in all eyes remain limited because of 
the profound infl uence of preoperative macular detachment 
and irreversible damage upon postoperative visual improve-
ment, and additional posterior chorioretinal problems in high 
myopia result in visual acuity results that are relatively poor. 

 Traditional scleral buckling has served as a successful 
technique since the 1950s. However, more recent develop-
ments have produced a more comprehensive menu for retinal 
reattachment surgery from which the surgeon may select the 
appropriate procedure for each case (Table  18.3 ) [ 27 ]. Vitreous 
surgery has become the most popular method of repair, espe-
cially in pseudophakic eyes, whereas pneumatic retinopexy is 
favored by some surgeons for selected types of RD. Still, 
scleral buckling remains a valuable technique that is indicated 
in several situations, particularly in the repair of myopic reti-
nal detachments associated with lattice degeneration or retinal 
dialyses, both of which are typically associated with limited 
PVDs. Nevertheless, opinions regarding the “best” operation 
for a given case will never be agreed upon universally, just as 
a single ice cream fl avor will never be favored by all.

   There are several relatively common types of uncomplicated 
myopic RRDs due to peripheral retinal breaks, and they are 
usually managed in one of three ways (Table  18.3 ). Those that 
are genuinely complicated are routinely managed with vitrec-
tomy techniques. A large percentage of uncomplicated cases 
can be managed with scleral buckling and/or vitrectomy, and 
combinations are also employed by many surgeons. Regardless 
of technique, if all retinal breaks are surgically closed and PVR 
or other more unusual complications do not develop, the proce-
dure will usually be anatomically successful. 
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18.4.1     Surgery for Uncomplicated Myopic 
RRDs with Peripheral Retinal Breaks 

 Scleral buckling, vitrectomy, and in selected cases, pneu-
matic retinopexy (PR) have been employed in the repair of 
these relatively routine types of cases. Each procedure has its 
advantages and disadvantages.  

18.4.2     Scleral Buckling 

 As the only popular method of managing RRDs until the 
1980s, scleral buckling can be employed in the vast majority 
of uncomplicated cases in which the retina can be adequately 
visualized. Anatomic success rates do not appear to be signifi -
cantly impacted by myopia [ 28 ]. The diminished popularity of 
this technique is not primarily due to limitations in anatomical 
success but rather to the development of alternative techniques 
that provide acceptable reattachment rates, fewer or different 
complications, and additional advantages in selected cases. 

 The most common complications of scleral buckling 
(other than anatomic failure) do not usually follow vitrec-
tomy without buckling or PR. In addition, the latter alterna-
tive 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.  

18.4.3     Advantages 

 The primary advantage of scleral buckling is the fact that it 
has served as a standard of care for decades, and its success 
and complication rates are therefore relatively well under-
stood 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 fol-
low 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 
not associated with progressive cataract formation following 
surgery.  

18.4.4     Disadvantages 

 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. 
More patient morbidity occurs following buckling than after 

PR and most vitrectomies without buckling. Compared to 
vitrectomy, signifi cant disadvantages include increased dif-
fi culties in the management of very large and/or posterior 
retinal breaks and increased patient morbidity following 
repairs of relatively “diffi cult” cases. Postoperative muscle 
imbalance and altered refractive errors are important compli-
cations that are more commonly seen following scleral buck-
ling than after PR or vitrectomy without buckling. Myopic 
cases are frequently associated with thin sclera, and this dis-
advantage is associated with increased chances of sclera per-
foration during placement of sutures. A growing but relatively 
obscure disadvantage is that many vitreoretinal training pro-
grams appear to be providing less extensive scleral buckling 
educational experiences than was true in years past.  

18.4.5     Vitrectomy 

 Retinal detachments that were initially managed with a “pri-
mary” vitrectomy were usually complicated by severe vitre-
ous hemorrhage, PVR, PDR, giant tears, etc., and the 
technique was not employed for more routine cases until the 
mid-1980s. Since then this form of surgery has become tre-
mendously popular, particularly in regard to the manage-
ment of pseudophakic cases.  

18.4.6     Advantages 

 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. As noted above, highly 
myopic eyes are associated with an increased frequency of 
posterior retinal breaks and residual posterior vitreoretinal 
adhesions, and these realities favor vitreous surgery.  

18.4.7     Disadvantages 

 In phakic eyes, the routine development of postoperative 
nuclear sclerotic cataracts represents a major disadvantage to 
vitrectomy, and there is some evidence that open angle glau-
coma may develop in pseudophakic vitrectomized eyes over 
decades following surgery. The costs of this alternative are 
substantially higher than with PR or scleral buckling. Myopic 
RDs are associated with an increased incidence of posterior 
vitreoretinal adhesions, and separation of the vitreous and 
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 retina may be relatively diffi cult, especially in younger patients. 
Failure of vitrectomy may be associated with the development 
of relatively severe forms of PVR, although considerably more 
research is needed to evaluate this phenomenon. A hopefully 
transient disadvantage is the lack of information regarding pre-
cise causes of failure following vitrectomy, and as additional 
data accumulate in regard to this relatively new technique, 
more answers will hopefully be forthcoming.  

18.4.8     Pneumatic Retinopexy 

 The classic and “ideal” uncomplicated RRD for a pneumatic 
procedure (PR) is one associated with a retinal break or 
group of breaks located between approximately 10:00 and 
2:00 and extending no more than 1 clock hour in circumfer-
ence. 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 
instances. Additional features that add to the attractiveness 
of PR include an apparently total PVD, an absence of lattice 
degeneration and vitreous hemorrhage, and a phakic lens 
status. 

 PR is associated with approximately a 10 % reduction in 
1-operation anatomical success rate when compared to scleral 
buckling, but ultimate success following reoperation is not 
compromised. It therefore is a procedure that represents a 
legitimate standard of care as an option to other forms of reat-
tachment surgery. Interestingly, this operation is considerably 
more popular in the United States than in Europe or the UK.  

18.4.9     Advantages 

 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 with PR. Progressive cataract formation 
does not follow the procedure.  

18.4.10     Disadvantages 

 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 employed. As noted, a total 
PVD is less common in myopic eyes, and lattice degenera-
tion is relatively common, and these are two features that 
make PR less popular for highly myopic cases. Additionally, 
even in carefully selected cases the 1-operation anatomic 

success rate is approximately 10 % lower than for scleral 
buckling. Still, there is no evidence that a failed PR proce-
dure lowers the ultimate anatomic or visual success rate.  

18.4.11     Surgery for Myopic RRDs 
with Posterior Retinal Breaks 

 Posterior retinal breaks are signifi cantly more common in 
myopic eyes, and there is a direct relationship between the 
incidence of macular hole RRDs and amount of myopia [ 29 ]. 
The surgical management of these cases is particularly diffi -
cult in eyes with posterior staphylomas and extensive cho-
rioretinal atrophy. As is the case with RDs due to peripheral 
breaks, treatment has been based upon either intraocular or 
extraocular approaches, with combinations being reserved 
for particularly complicated cases. Intraocular approaches 
can be as simple as a single injection of gas or as complex as 
a vitrectomy with silicone oil injection. Scleral buckling is 
theoretically straightforward but technically very diffi cult. 
All of these techniques have broad ranges of anatomical suc-
cess, and visual results are frequently compromised because 
of posterior pole problems associated with high myopia. The 
relationships between the posterior cortical vitreous and ret-
ina are critical, and the presence of epiretinal membranes can 
complicate decision making further.  

18.4.12     Pneumatic Procedures for Myopic 
RRDs due to Macular Holes 

 Several reports [ 29 ,  30 ] have described a simple gas injection 
as an appropriate fi rst step in managing RRDs due to macu-
lar holes in myopia. An expanding gas bubble is injected 
with or without an attempt to remove fl uid vitreous prior to 
injection. Other authors have drained subretinal fl uid and 
treated the hole with laser therapy [ 31 ]. The advantages of a 
technique with only gas injection are its simplicity and the 
fact that it is an inexpensive offi ce procedure. The major dis-
advantage is its unpredictability in permanently reattaching 
the retina, with anatomic results ranging from less than 
20–90 % [ 29 ]. The variable of a total PVD vs. persistent vit-
reous traction on the posterior retina would appear to be 
critical in predicting a successful outcome [ 29 ], although 
some reports do not support this premise [ 32 ].  

18.4.13     Vitrectomy for Myopic RRDs 
due to Macular Holes 

 Posterior vitreoretinal traction appears to be a major factor in 
the development of myopic RRDs associated with macular 
holes, and elimination of traction forces with vitrectomy has 
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been discussed since 1982 [ 33 ]. This has been combined 
with injections of gas, perfl uorocarbons, and both light and 
heavy silicone oil. Epiretinal membranes are removed by 
most authorities in an effort to reduce tangential traction 
forces [ 34 ], and there is increased interest in peeling internal 
limiting membranes (ILM) during the operation. Case selec-
tion and the wide variety of alternative accessory surgical 
techniques make a comparison of the advantages and disad-
vantages of vitrectomy for myopic RRDs due to macular 
holes most diffi cult. 

 Success rates with vitrectomy appear in general to be bet-
ter than those following a simple pneumatic procedure, espe-
cially if all epiretinal membranes are successfully removed 
during the former operation [ 29 ]. The value of removing 
ILM remains somewhat uncertain [ 29 ], although a relatively 
recent report [ 35 ] in which “double peeling” of cortical vitre-
ous and ILM with    triamcinolone and trypan blue, respec-
tively, demonstrated higher reattachment rates and better 
visual acuities in the cases managed in this fashion. 

 The main cause of anatomic failure is reopening of the 
macular hole, frequently apparently due to associated staph-
ylomas, widespread chorioretinal atrophy, and a reduced nat-
ural adhesion between pigment epithelium and the sensory 
retina [ 20 ]. To improve anatomic success rates, some sur-
geons have favored a permanent intraocular tamponade with 
silicone oil. High-density silicone oils have more recently 
been employed in some countries, and improved success 
rates have been reported in some publications [ 36 ]. The 
principle of sealing responsible retinal breaks is frequently 
ignored in the repair of myopic RRDs due to macular holes 
because of the obvious effect upon postoperative vision. 
Still, laser therapy to treat the holes has been employed, 
especially in cases in which the break has reopened [ 36 ]. 
A evidence-based description of the genuine relative value 
of many accessory vitrectomy surgical techniques remains 
impossible at this time.  

18.4.14     Scleral Buckling for Myopic RRDs 
due to Macular Holes 

 Scleral buckling of macular holes provides a distinct advan-
tage of changing the posterior sclera surface from concave 
to convex, relieving both vitreoretinal and tangential trac-
tion forces [ 36 ,  37 ]. Some reports have demonstrated a 
superiority of this technique over vitrectomy procedures 
[ 35 ,  36 ]. The primary disadvantage of scleral buckling is its 
surgical diffi culty. 

 As mentioned above, the absence of prospective random-
ized controlled trials, the small sample sizes in most reports, 
the differing methods of case selection, and the variations in 
follow-up periods result in major diffi culties in comparing 
scleral buckling with other techniques [ 29 ].   

    Conclusions 

 RRDs are much more common in myopic eyes, particu-
larly those with high degrees of myopia. Myopia is a 
major risk factor for retinal detachment because of vitreo-
retinal alterations associated with the refractive error as 
well as possible structural alterations in the myopic globe. 
Most retinal detachments are due to retinal fl ap tears or 
holes associated with persistent vitreoretinal traction 
upon sites of vitreoretinal adhesions that are near the 
respective retinal breaks. The most signifi cant vitreoreti-
nal traction forces occur following PVD, an event that 
occurs both earlier and more frequently in myopic eyes. 

 Vitreoretinal adhesions can be considered as forms of 
peripheral vitreoretinal degeneration. Most of these 
zones are invisible, but many such as lattice degeneration 
are quite apparent. To some degree, invisible vitreoreti-
nal adhesions may be considered to be inversely age-
related, as a relatively strong adhesion appears to exist in 
normal relatively youthful eyes [ 14 ]. Since vitreous liq-
uefaction and detachment occur at a signifi cantly younger 
age in highly myopic patients, this normal vitreoretinal 
adhesion may be considered “abnormal” if PVD occurs 
and the adhesion becomes the cause of a signifi cant tear 
[ 13 ]. This combination of abnormal vitreous changes 
occurring in association with a relatively fi rm vitreoreti-
nal adhesive force seems to be particularly common in 
myopic eyes. 

 Prevention of signifi cant percentages of asymptomatic 
myopic retinal detachments does not appear to be possi-
ble unless [ 1 ] fl ap retinal tears are visualized at the time of 
symptomatic PVD or soon thereafter, or [ 2 ] signifi cant 
progression of “subclinical detachments” associated with 
atrophic holes in lattice lesions are identifi ed [ 21 ].    Thus, 
the best current therapy for patients at increased risk for 
retinal detachment appears to be the following: to advise 
all patients of the critical importance of any symptoms 
suggesting the onset of PVD [ 21 ] and to periodically 
reexamine all patients with signifi cant myopia and lattice 
degeneration, particularly if the lattice lesion is associated 
with atrophic holes and surrounded by minimal subretinal 
fl uid. 

 Most RRDs that occur in myopic eyes are uncompli-
cated, and due to peripheral retinal breaks, they are 
repaired with methods that are identical to RRDs occur-
ring in emmetropic cases. The choice of optimal surgical 
procedures remains controversial, although vitrectomy 
techniques are now clearly more popular than scleral 
buckling. 

 Myopic RRDs due to macular holes are an important 
subset of cases that are more common in certain 
geographic areas. The repair of these RRDs remains chal-
lenging in spite of numerous advances in vitreoretinal sur-
gical techniques.     
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19.1            Introduction 

 Over the past few decades, the prevalence of myopia and 
possibly pathological myopia has been increasing rapidly 
worldwide, especially in East Asia [ 1 – 3 ]. Increasing preva-
lence of myopia has a huge public health impact because 
of the concomitant increase in potentially blinding diseases 
associated with myopia. This chapter focuses on glaucoma 
among the many myopia-associated pathological conditions. 

 Glaucoma is a progressive optic neuropathy characterized 
by a specifi c pattern of optic nerve head and visual fi eld dam-
age. Various imaging modalities are widely used to evaluate 
the optic disc for glaucoma diagnosis and monitoring. 
Myopia adds signifi cant complexity to the diagnosis, moni-
toring, and treatment of glaucoma. These glaucoma diagnos-
tic and therapeutic challenges in the myopic eye stem from 
similarities between the glaucomatous optic disc and the 
myopic optic disc and between glaucomatous visual fi eld 
defects and those that can be associated with myopia. Results 
of these imaging tests should be interpreted carefully not 
only because the normative data of imaging devices do not 
represent myopic population but also because myopic eyes 
often cause imaging artifacts and reduced test reliability 
(increased false positives and false negatives). Diagnosis of 

glaucoma becomes more diffi cult when myopic optic nerve 
changes progress over time. Therapeutic challenges in glau-
coma with myopia result mostly from thin sclera associated 
with axial elongation of the globe. Lastly, myopia increases 
the risk of open-angle glaucoma (OAG) independently of 
other risk factors including intraocular pressure (IOP) [ 4 ,  5 ], 
although the pathophysiologic mechanism underlying this 
association is unclear. 

 Understanding the structural characteristics of myopic 
optic discs and sclera and the effects of myopia on ocular 
imaging and visual fi eld tests is crucial for accurate diagno-
sis of glaucoma and proper treatment.  

19.2     Myopia as a Risk Factor 
for Open- Angle Glaucoma 

 Myopia is a risk factor for OAG, increasing the risk of devel-
oping the disease approximately by two- to threefold [ 4 ,  5 ]. 
In a meta-analysis of 11 population-based cross-sectional 
studies [ 4 ], the pooled odds ratio (OR) of the association 
between any myopia and OAG was 1.92 (95 % confi dence 
interval [CI], 1.54–2.38). There was a moderate dose–
response relationship between the degree of myopia and 
glaucoma with a pooled OR of 2.46 (95 % CI, 1.93–3.15) for 
high myopia and 1.77 (95 % CI, 1.41–2.23) for low myopia, 
with a cutoff value of approximately −3.00 diopters (D). 
However, the range of refractive error (severity of myopia) 
that is important for OAG is unclear. In the 11 studies ana-
lyzed in this meta-analysis, the cutoff point between emme-
tropia and (low) myopia varied between −0.01 and −1.5 D 
(−0.5 or −1 D in most studies). 

 The pathophysiologic mechanism underlying the asso-
ciation between myopia and OAG remains unclear, 
although several hypotheses have been made [ 6 ,  7 ]. IOP-
induced stress and strain within the lamina cribrosa and 
peripapillary sclera may cause structural, cellular, and/or 
molecular changes in the connective tissue [ 8 ]. IOP-
induced stress and strain may also impair blood fl ow in the 
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laminar region, decreasing the delivery of oxygen and 
nutrients to the retinal ganglion cell axons [ 8 ]. Compared 
to non-myopic eyes, myopic eyes have greater peripapil-
lary scleral tension making them more susceptible to glau-
comatous optic neuropathy [ 9 ]. The lamina cribrosa is 
thinner in myopic eyes than in non-myopic eyes, contribut-
ing to a steeper translaminar pressure gradient [ 10 ,  11 ] 
which also increases the susceptibility to glaucomatous 
damage [ 12 – 14 ]. IOP was similar between myopic and 
non-myopic eyes in one population- based study [ 15 ], but 
other studies found signifi cantly greater IOP in myopic 
eyes than in non-myopic eyes, making them more prone to 
glaucoma onset and progression [ 16 ,  17 ]. Additionally, 
ocular blood fl ow, which appears to play an important role 
in the pathophysiology of glaucoma, is decreased in myo-
pia [ 18 ,  19 ], possibly leading to an increased vulnerability 
to the effects of IOP on the optic nerve head complex 
(optic nerve and peripapillary structures). Optic disc tilt-
ing is one of the features of myopic eyes [ 20 – 22 ]. A greater 
degree of disc tilting correlates with greater myopia and 
longer axial length [ 23 ]. The path of some retinal ganglion 
cell axons may be disturbed in tilted discs, interfering with 
axonal transport and contributing to the association 
between myopia and glaucoma [ 24 ]. 

 Central corneal thickness (CCT) is a powerful predictor 
for the development of primary open-angle glaucoma [ 25 ] 
and a strong risk factor for advanced glaucomatous damage 
at the initial examination [ 26 ]. Axial elongation of the eye-
ball is a hallmark of myopia, but thinning of the outer ocular 
layer (cornea, sclera, and lamina cribrosa) occurs mainly in 
the posterior part of the eye [ 27 ,  28 ]. Previous studies dem-
onstrated that CCT did not increase or decrease signifi cantly 
with increasing axial length or myopic refractive error 
[ 29 – 32 ]. Similar studies on Korean and Indian populations 
reported a positive correlation between CCT and axial 
length, indicating a thicker cornea in more myopic subjects 
[ 33 ,  34 ]. These results suggest that corneal architecture and 
thickness may not contribute to the association between 
myopia and glaucoma.  

19.3     Diagnosis and Monitoring 
of Glaucoma in Myopia: Optic Nerve 
Structure 

 For the diagnosis and monitoring of glaucoma, clinicians 
evaluate optic disc and peripapillary structures. Compared to 
non-myopic eyes, myopic eyes tend to have more frequent 
tilted discs [ 20 – 22 ,  35 ,  36 ], greater cup-to-disc ratio [ 7 ], 
larger disc area [ 35 ,  37 ,  38 ], and larger beta zone parapapil-
lary atrophy (PPA) [ 21 ,  22 ,  37 ,  39 ,  40 ]. Because of these 
characteristics, accurate diagnosis and monitoring of glau-
coma in myopic eyes is challenging. 

 When the optic disc is evaluated using ophthalmoscopy or 
stereo disc photography for glaucoma, the integrity of the 
neuroretinal rim is assessed among other parameters. 
Localized or diffuse neuroretinal rim narrowing is a charac-
teristic feature of glaucoma, and progressive rim narrowing 
indicates disease progression. However, in myopic eyes, 
accurate evaluation of rim width is more diffi cult than in 
non-myopic eyes. Tilted discs in myopic eyes have a more 
gradually sloped rim surface in the area adjacent to the PPA 
(Fig.  19.1 ). Therefore it is more diffi cult to delineate the rim 
margin in stereo disc photographs. Additionally, larger optic 
discs and greater cup-to-disc ratio in myopic eyes can mimic 
glaucomatous optic neuropathy and result in an errant diag-
nosis of glaucoma and unnecessary treatment. Because eval-
uation of static rim structure is challenging, assessment of 
rim structure change over time to determine glaucoma pro-
gression is also problematic.

   A retinal nerve fi ber layer (RNFL) defect, in which the 
parapapillary RNFL is thinner than the adjacent areas, 
appears as a dark stripe or a wedge during clinical examina-
tion. RNFL defects are more easily identifi ed in eyes with 
darker retinal pigment epithelium (RPE), for example, in 
Asian eyes than in Caucasian eyes. Myopic eyes have less 
pigmentation in the fundus, and therefore it is more diffi cult 
to detect RNFL defects in those eyes. Circumpapillary RNFL 
thickness measurement using optical coherence tomography 
(OCT) is commonly used to diagnose and monitor glaucoma. 
RNFL thickness profi le and RNFL thickness sector maps 
(e.g., quadrant or clock-hour maps) are compared with those 
of normative database to detect signifi cant RNFL thinning. 
Because RNFL measured by OCT is thinner in myopic eyes 
than in non-myopic eyes [ 41 – 45 ], myopic eyes are more 
likely to have false-positive RNFL thickness measurements, 
results that mimic glaucomatous optic neuropathy [ 46 ]. 

 Correct OCT RNFL scan circle placement is important 
because the scan circle location affects the RNFL thickness 
profi le and RNFL thickness measurements in sector maps. 
The RNFL thickness profi le is more comparable to the nor-
mative database when the scan circle is placed based on the 
contour of the neural canal opening, rather than based on the 
optic disc [ 47 ]. In non-myopic eyes with a non-tilted disc, 
the optic disc forms almost concentric circles or ellipses with 
the neural canal opening (Bruch’s membrane opening). 
Therefore, the RNFL scan circle can be placed concentri-
cally on the optic disc in eyes with a non-tilted disc. However, 
in myopic eyes, the tilted disc forms eccentric circles or 
ellipses with the neural canal opening. Consequently, for 
example, in a myopic eye with a temporally tilted disc, the 
temporal RNFL thickness will be overestimated, and nasal 
RNFL thickness will be underestimated if the scan circle is 
centered on the optic disc. 

 The typical OCT RNFL thickness profi le has two peaks, 
at the superotemporal and inferotemporal RNFL bundles. 
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With increasing axial length, the angle bounded by the supe-
rotemporal and inferotemporal RNFL bundles decreases, 
which means these RNFL bundles become closer to the 
macula in myopic eyes than in non-myopic eyes [ 48 – 50 ]. 
Consequently, portions of the RNFL thickness profi le may 
be statistically borderline (1–5 % of normative database) or 
abnormal (less than 1 % of normative database), and some 
circumpapillary sectors may also be coded similarly in myo-
pic eyes without glaucoma (Fig.  19.2 ).

   When part of the scan circle passes through the beta zone 
PPA area in myopic eyes, the quality of OCT RNFL image 
decreases locally. In this situation, the OCT RNFL segmen-
tation algorithm often fails resulting in underestimation or 
overestimation of RNFL thickness and a false-positive or 
false-negative result (Fig.  19.3 ). An accurate RNFL thick-
ness profi le can be obtained after manual correction of the 
RNFL segmentation.

   In myopic eyes, the raw RNFL scan has greater undula-
tion than in non-myopic eyes. Therefore, myopic eyes are 
more likely have part of the RNFL scan located outside of 
the OCT scan range, which in turn also results in an errone-
ous RNFL thickness results (Fig.  19.4 ). Greater undulation 
of the raw RNFL scan also causes a focal area of poor qual-
ity, which also leads to erroneous RNFL thickness results.

   PPA is a common anatomic feature of the optic nerve 
head. Based on clinical and histological characteristics, PPA 
is divided into alpha and beta zones. The alpha zone PPA is 
the outer area of the PPA distinguished by irregular hypo- 
and hyperpigmentation and thinning of the chorioretinal tis-
sues, and the beta zone PPA is the whitish area between the 
alpha zone and the scleral ring characterized by atrophy of 
the RPE and choriocapillaris. Studies have revealed the pres-
ence of beta zone PPA to be associated with both the occur-
rence of glaucoma [ 51 – 54 ] and progression of functional 
damage in glaucomatous eyes [ 55 – 58 ]. The enlargement of 
beta zone PPA was also related to the disease progression 
[ 59 ,  60 ]. In myopic eyes, however, the current clinical defi -
nition of beta zone PPA often includes the area of external-
ized scleral canal wall associated with axial elongation of 
the globe [ 61 ]. The area of externalized scleral canal wall is 
not true atrophy because there is no RPE or choriocapillaris 
on the scleral canal wall embryologically. Therefore, evalu-
ation of the presence, extent, size, and enlargement of beta 
zone PPA is often misleading in myopic eyes. Recently, the 
classic beta zone PPA has been further divided into a gamma 
zone and a (new) beta zone based on the presence or absence 
of Bruch’s membrane (Fig.  19.5 ) [ 62 ,  63 ]. Gamma zone PPA 
was defi ned as the PPA area without Bruch’s membrane or 

a

c

b

d

  Fig. 19.1    Temporal neuroretinal rim surface ( black arrows ) is more gradually sloped in the myopic eye ( a ,  b ) than in the non-myopic eye ( c ,  d ). 
The  dotted lines  with  arrows  in ( a ) and ( c ) indicate the locations of the cross-sectional OCT scans in ( b ) and ( d )       
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RPE and was associated with axial length, but not with glau-
coma. The revised beta zone PPA was defi ned as the PPA 
area with an intact Bruch’s membrane but no RPE and was 
associated with glaucoma, but not with axial length [ 62 ,  63 ]. 
These fi ndings suggest that the newly defi ned beta zone 
PPA is specifi cally related to glaucoma and should be evalu-
ated in clinical practice. However, the new beta zone PPA 
is not readily identifi able ophthalmoscopically or in disc 
photographs and needs imaging technology such as spectral 
domain OCT for accurate identifi cation.

   Macular ganglion cell layer thickness analysis using OCT 
is a promising method that may improve the diagnostic accu-
racy of glaucoma in high myopia. Macular ganglion cell 
layer is usually measured together with inner plexiform layer 
as “ganglion cell complex (GCC)” because it is diffi cult to 
separate those two layers accurately. When compared to cir-
cumpapillary RNFL thickness, GCC thickness had compa-
rable [ 64 ,  65 ] or better [ 66 ,  67 ] diagnostic ability to detect 
glaucoma in high myopia. Although both GCC and RNFL 
are derived from the same structure (retinal ganglion cell), 
they may be used as mutually complementary parameters for 
glaucoma diagnosis and monitoring. 

 Optic disc and peripapillary structure assessment is 
limited in myopic eyes. Clinicians should know the struc-
tural characteristics of myopic optic discs and how to 

 correct  false-positive or false-negative imaging test results. 
Nonetheless, clinicians would better able to confi rm the diag-
nosis of glaucoma and make therapeutic decisions based on 
careful longitudinal follow-up in myopic eyes. Further inves-
tigation is warranted on new modalities and/or algorithms 
that can confi rm the diagnosis and progression of glaucoma 
in myopic eyes with a shorter period of follow-up.  

19.4     Diagnosis and Monitoring 
of Glaucoma in Myopia: Optic Nerve 
Function 

 Automated perimetry is the most commonly used modality 
to evaluate visual function of glaucoma suspects or patients. 
Eyes with early glaucoma do not necessarily have detectable 
visual fi eld defects (e.g., preperimetric glaucoma), but the 
presence of visual fi eld defects corresponding to neuroretinal 
rim or RNFL loss adds confi dence to the diagnosis of glau-
coma. When structural tests for glaucoma (optic disc pho-
tography or imaging tests) are inconclusive in myopic eyes, 
visual fi eld testing becomes more important in the diagnosis 
and monitoring of glaucoma. However, it is often diffi cult to 
interpret the perimetric test results accurately in myopic eyes 
because many of them have a tilted optic disc that can lead to 

  Fig. 19.2    Retinal nerve fi ber layer (RNFL) thickness profi le in a 
highly myopic eye. Note that the superotemporal and inferotemporal 
RNFL bundles ( blue arrowheads ) are closer to the line connecting the 

disc center and the fovea than those in normative data.  Red arrows  and 
 dotted circles  indicate the areas with borderline or abnormal RNFL 
thickness       
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visual fi eld defects mimicking glaucoma. Eyes with greater 
myopia with a longer axial length tend to have greater disc 
tilting [ 23 ]. 

 There is confl icting evidence regarding visual fi eld 
defects in eyes with a tilted disc and myopia. In the Blue 
Mountains Eye Study, a population-based study conducted 

a

b

  Fig. 19.3    Retinal nerve fi ber layer (RNFL) thickness profi le of two eyes with high myopia and large beta zone parapapillary atrophy.  Dotted 
ellipses  indicate the areas where RNFL segmentation algorithm failed resulting in underestimation ( a ) or overestimation ( b ) of RNFL thickness       

 

19 Glaucoma in Myopia



288

a

b

  Fig. 19.4    Greater undulation of the raw retinal nerve fi ber layer (RNFL) scan ( a ) in a highly myopic eye resulted in areas of poor image quality 
at both ends, which lead to erroneous RNFL thickness profi le ( b )       

a b

  Fig. 19.5    The classic beta zone parapapillary atrophy (between  arrows 
1  and  3 ) can be divided into a gamma zone (between  arrows 1  and  2 ) 
and a new beta zone (between  arrows 2  and  3 ) based on the presence or 

absence of Bruch’s membrane. The  dotted line  with an  arrow  in 
( a ) indicates the location of the cross-sectional OCT scans in ( b )       
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in Australia, 12 of 62 eyes with a tilted disc (19.4 %) had 
visual fi eld defects, most commonly in the superotempo-
ral quadrant of visual fi eld [ 36 ]. This study only looked 
for inferiorly, inferonasally, nasally, or superonasally 
tilted discs. Therefore, many of the eyes likely had tilted 
disc syndrome. Also, when 41 eyes with a tilted disc were 
examined after a mean period of 61 months, 11 had glau-
coma or myopic retinopathy [ 36 ]. In a prospective study 
on 137 young men aged 19–24 years with myopia, 40.2 % 
of subjects had tilted discs with a disc ovality index (a 
ratio of shortest disc diameter to longest disc diameter) 
of 0.8 or less [ 23 ]. In this study, only one subject had a 
reproducible visual fi eld defect with both trial lens and 
contact lens optical correction. The subject had myopia 
of −8.00 D and disc ovality index of 0.83, which does not 
fall in the category of tilted discs based on the authors’ 
defi nition. Four subjects had visual fi eld defects with the 
trial lens but not with the contact lens. In a study on 38 
eyes with tilted disc syndrome, small additional myopic 
correction improved visual fi eld test results [ 68 ]. After 
initial visual fi eld testing using Goldmann perimetry, the 
defective isopters in 35 eyes were tested again with gradu-
ally increasing myopic correction until no further change 
was noted. The visual fi eld defect partly or totally disap-
peared with increased myopic correction of 3.1 ± 1.5 D. A 
retrospective case series reported 16 patients with refrac-
tive error ranging from −11.25 to +0.25 D who had optic 
disc cupping and visual fi eld defects stable for 7 years 
[ 24 ]. A tilted disc was present in 75 %, but there was no 
detailed defi nition of tilted disc. In    another retrospective 
study on 492 highly myopic eyes with a mean follow-
up period of 11.6 years, visual fi eld defects were newly 
developed in 13.2 % of the eyes [ 69 ]. The incidence of 
visual fi eld defects was signifi cantly higher in eyes with 
an oval disc than in eyes with a round disc. Based on 
the high proportion of temporal visual fi eld defects, the 
authors of this study claimed that the visual fi eld defects 
in highly myopic eyes most likely were not caused by the 
same  mechanisms that caused glaucomatous visual fi eld 
defects. However, about one-third of the eyes had nasal 
visual fi eld defects only [ 69 ]. 

 Peripapillary intrachoroidal cavitation, which was pre-
viously known as peripapillary detachment in pathologic 
myopia, is associated with visual fi eld defects. It appears 
clinically as a yellowish-orange lesion around the optic disc 
myopic conus [ 70 ]. OCT revealed an intrachoroidal cav-
ity separating the RPE from the sclera [ 71 ]. In a study on 
127 highly myopic eyes, glaucoma-like visual fi eld defects 
were detected more frequently in eyes with peripapil-
lary intrachoroidal cavitation than in eyes without (64.3 % 
vs. 19.5 %) [ 72 ]. Additionally, one-quarter of eyes with 
 peripapillary intrachoroidal cavitation may have defects in 
the retina (and therefore the RNFL) which may cause visual 
fi eld defects that mimic those found in glaucoma [ 73 ]. 

 Another problem in interpreting visual fi eld tests in myo-
pic eyes is that visual fi eld sensitivity decreases with an 
increasing degree of myopia in eyes with moderate to high 
myopia [ 74 ]. In 99 young myopic male soldiers with refrac-
tive error worse than −4 D, the visual fi eld mean deviation 
decreased signifi cantly as axial length increased and as 
refractive error became more myopic. This result was consis-
tent when two methods of refractive error correction (trial 
lens and contact lens) were used. The authors postulated that 
the reduced sensitivity in greater myopia may be attributed to 
ectasia of the fundus, structural changes in the retina and 
choroid, axial elongation of the eye with increased spacing 
or distortion of retinal photoreceptor matrix, and minifi ca-
tion/distortion of the stimulus by the negative prescription of 
the lenses. 

 Considering these results, interpretation of visual fi eld 
defects in myopic eyes remains a clinical dilemma. Visual 
fi eld defects (relative scotomata) in myopic eyes may disap-
pear with a proper correction of refractive error, be associ-
ated with tilted disc syndrome, be present with glaucoma-like 
disc cupping but stable for many years, and develop by glau-
comatous damage. All of these features should be taken into 
consideration in the interpretation of visual fi elds of myopic 
patients. Follow-up visual fi eld tests and confi rmation of 
visual fi eld progression corresponding to structural progres-
sion will confi rm the diagnosis of glaucoma as the cause of 
visual dysfunction. Nonetheless, future studies are needed to 
see if the pathophysiologic mechanism(s) of visual fi eld pro-
gression in some myopic eyes is different from glaucoma-
tous process as well as to develop better functional tests or 
visual fi eld algorithms that can confi rm the diagnosis and 
progression of glaucoma in myopic eyes more easily.  

19.5     Treatment of Glaucoma in Myopia 

 Miotic (parasympathomimetics, cholinergic agents) eye-
drops help to open the trabecular meshwork and increase the 
aqueous outfl ow facility. These drugs may cause a variety of 
side effects and rarely result in retinal detachment. Because 
patients with high myopia are more prone to retinal detach-
ment, thorough dilated fundus examination for peripheral 
retinal evaluation should be performed before prescribing 
miotics. Additionally, induced myopia is a common side 
effect of miotics. Myopic patients should be informed that 
they may become more nearsighted during the period of 
miotic use. The use of other classes of drug for treatment of 
glaucoma is similar for myopic and non-myopic eyes. 

 Myopia is a more important factor to consider during 
surgical treatment of glaucoma than during medical treat-
ment. Highly myopic eyes have a greater risk of ocular 
trauma and globe perforation during retrobulbar anesthe-
sia [ 75 ]. Preoperative measurement of axial length is help-
ful in estimating the size of globe and managing the angle 
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of the  retrobulbar needle during anesthesia. For extremely 
long eyes, other types of anesthesia are recommended. We 
typically use topical or parabulbar anesthesia for glaucoma 
surgery in almost all patients. 

 Myopia is one of the risk factors for hypotony and cho-
roidal detachment after glaucoma fi ltering surgery [ 76 ,  77 ]. 
Because of thinner-than-normal sclera [ 27 ,  28 ], myopic 
eyes can partially collapse and lose its original shape more 
easily than non-myopic eyes when they have intraocular 
surgery or penetrating trauma. Thinner sclera also makes it 
diffi cult to make an adequate partial-thickness scleral fl ap 
and suture during trabeculectomy, which is a guarded fi lter-
ing procedure. Meticulous conjunctival closure to prevent 
wound leak, larger scleral fl ap and tighter scleral fl ap sutures 
to prevent overfi ltration, and less exposure to antifi brotic 
agents will reduce the risk of hypotony in myopic eyes. 
Extra care should be taken in young male patients because 
they have a higher risk of hypotony maculopathy. Myopia is 
also one of the risk factors for intraoperative or postopera-
tive suprachoroidal hemorrhage. In addition to the afore-
mentioned procedures to prevent hypotony, control of blood 
pressure, maximal medical reduction of preoperative IOP, 
slow reduction of intraoperative IOP, and maintenance of 
the anterior chamber during surgery should be considered. 
Additionally, myopic eyes are more prone to have compli-
cations such as scleral thinning or perforation and endo-
phthalmitis associated with the use of adjunctive antifi brosis 
chemotherapy. This is another reason for less exposure to 
antifi brotic agents during fi ltering surgery in myopic eyes. 
Non-penetrating glaucoma surgery, which uses no or less 
antimetabolites and decreases IOP slowly during the entire 
surgical procedure, may be benefi cial for highly myopic 
eyes in terms of reducing complications, but the IOP out-
come may not be satisfactory [ 78 ]. Myopic eyes with prior 
ocular surgery may have localized areas with extreme 
scleral thinning, which warrants careful preoperative and 
intraoperative surveillance.  

    Conclusions 

 Although myopia may complicate the diagnosis and treat-
ment of glaucoma, many of these challenges can be over-
come with the knowledge of the structural characteristics 
of myopic discs and correct interpretation of ocular imag-
ing and visual fi eld test results. Considering that a large 
proportion of myopic eyes may have clinical and diagnos-
tic feature compatible with glaucoma but never progress 
(i.e., no change over time in the appearance of the optic 
nerve and RNFL and visual function), a more conservative 
approach with closer surveillance (more frequent follow-
up visits) rather than early treatment may be benefi cial in 
myopic patients to avoid treating non-glaucomatous eyes. 
Since established glaucoma progresses more rapidly in 
myopic eyes compared to non- myopic eyes, initial treat-

ment may need to be more aggressive and surveillance be 
more frequent in eyes with myopia than in those without 
it, particularly until the rate of visual fi eld progression has 
been assessed and found to be acceptable. Because the 
rising rate of myopia will increase the burden of diffi cult 
glaucoma cases, diagnostic and therapeutic guidelines for 
glaucoma in myopia should be established.     
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        Nearly every feature of the eye is infl uenced by the develop-
ment of high myopia. For some structures, such as the sclera, 
there are well-established abnormalities that have been eval-
uated in humans, and our knowledge has been amplifi ed by 
experiments using multiple animal models. For others the 
changes associated with high myopia are less clear. The ana-
tomic changes in the optic nerve head and surrounding struc-
tures are readily evident by imaging, but the functional 
changes induced and the possible pathophysiologic mecha-
nisms are not clearly understood or defi ned. Ocular imaging 
is improving rapidly and has provided clues suggesting there 
may be classes of abnormalities in optic nerve structure and 
function in high myopia. This chapter explores possible 
abnormalities of the optic nerve associated with high myo-
pia. Considerations about the possible pathophysiology 
involved hinges on detailed knowledge of the anatomic and 
physiology of the optic nerve and associated structures and 
incorporates analysis of changes induced by high myopia. 

20.1     Embryology of the Optic Nerve 

 The optic vesicle evaginates from the prosencephalon but 
remains connected by a short optic stalk. Invagination of the 
optic vesicle forms the optic cup, and the fetal fi ssure closes 
not only the optic cup but also the optic stalk. The hyaloid 
artery and vein enter the stalk medially and continues into 
the eye to come into contact with the primary vitreous. The 
hyaloid artery exits the hyaloid canal on the inner aspect of 
the disc. Between the sixth and seventh weeks, the fi ssure in 

the optic stalk, called the choroidal fi ssure, begins to close to 
form a tube. Failure of closure would lead to an optic nerve 
coloboma. The retinal nerve fi bers converge on the optic disc 
through a complicated interaction between attractive and 
repulsive forces acting on their growth [ 1 ]. By the seventh 
week axons line the inner wall of the lumen of the optic stalk, 
and by the eighth week the stalk is fi lled with axons that 
extend back to a primitive chiasm. The cells on the inner side 
of the stalk are destined to form glial cells between the nerve 
fi bers while the external cells form the glial mantle around 
the nerve. The scleral development is covered in more detail 
in Chaps.   5     and   8    , but the collagen fi bers in the sclera develop 
in a sequence from the front of the eye to the back to eventu-
ally reach the already formed nerve. There is penetration of 
the nerve by collagen fi bers starting in the fourth month. The 
lamina cribrosa then develops and is not fully formed until 
after birth [ 2 ]. The meningeal coverings of the optic nerve 
start to become evident as layers in the twelfth week. 
Myelination of the nerve begins somewhat before the sixth 
month of gestation.  

20.2     Anatomy of the Optic Nerve 

 In normal eyes there are approximately 1.2 million nonmy-
elinated nerve fi bers converging on the optic canal to leave 
the eye through the lamina cribrosa. The aggregate of these 
nerve fi bers and the associated glial cells make up the bulk of 
the optic nerve. These fi bers make a nearly 90° turn to enter 
the optic nerve in emmetropes. The internal opening of the 
optic nerve is defi ned by the opening in Bruch’s membrane 
and more posteriorly by the opening in the sclera called the 
optic canal. The portion of the optic nerve internal to the lam-
ina cribrosa is the prelaminar portion of the nerve. Its inter-
nal surface is bounded by a layer of collagen and astrocytes 
called the inner limiting membrane of Elschnig, which is a 
distinct entity from the internal limiting membrane of the ret-
ina. The prelaminar portion of the nerve is comprised of nerve 
fi ber bundles separated by an almost equal volume of glial 

      Myopic Optic Neuropathy 

           Kyoko     Ohno-Matsui       and        Richard     F.     Spaide     

  20

        K.   Ohno-Matsui ,  MD, PhD      (*) 
  Department of Ophthalmology and Visual Science , 
 Tokyo Medical and Dental University , 
  1-5-45 Yushima ,  Bunkyo-ku, Tokyo   113-8510 ,  Japan   
 e-mail: k.ohno.oph@tmd.ac.jp   

    R.  F.   Spaide ,  MD      
  Vitreous, Retina, Macula Consultants of New York , 
  460 Park Ave, 5th Floor ,  New York ,  NY   10021 ,  USA   
 e-mail: rickspaide@gmail.com  

http://dx.doi.org/10.1007/978-1-4614-8338-0_5
http://dx.doi.org/10.1007/978-1-4614-8338-0_8


294

cells. At the outer border of the nerve, separating it from the 
surrounding retina is the intermediary tissue of Kuhnt, and 
separating it from the choroid is the border tissue of Jacoby, 
located internal to the border tissue of Elschnig. The lami-
nar portion of the nerve is that section passing through the 
lamina cribrosa. The connective tissue and glial elements of 
the lamina cribrosa are more prominent in the nasal and tem-
poral quadrants as compared with the inferior and superior 
ones [ 3 ]. The pores within the lamina cribrosa are larger in the 
inferior and superior quadrants [ 4 ]. There is a bow-tie- shaped 
ridge in the lamina cribrosa that extends from the nasal to the 
temporal side of the optic canal near the horizontal merid-
ian [ 5 ]. There appears to be more robust connective tissue 
support in the lamina in the horizontal meridians than along 
the inferosuperior axis. This raises interesting questions, 
since a greater expanse of the globe is exposed to trauma in 
the horizontal meridians than in the vertical ones. Posterior to 
the lamina the optic nerve expands in diameter and becomes 
myelinated. Within the intraorbital optic nerve, there are also 
glial cells and blood vessels and connective tissue septae. The 
optic nerve is covered by pia mater. The subarachnoid space 
ends in a blind pouch at the scleral border of the eye. The dura 
mater is continuous with the outer 1/3 of the sclera. 

 The blood supply of the nerve varies by location and has 
been the source of disagreement. The nerve fi ber layer is 
supplied from the central retinal artery. Branches coursing in 
a centripetal direction may help supply the prelaminar por-
tion of the nerve. The short posterior ciliary vessels supply a 
perineural arterial ring, often incomplete, called the circle of 
Zinn-Haller (fi rst described by Zinn [ 6 ] in 1755) that is 
located in the sclera [ 6 – 11 ]. Branches from the circle of 
Zinn-Haller supply the prelaminar and laminar nerve and 
anastomose with the adjacent choroidal circulation. Past 
theories concerning blood fl ow have proposed direct 
 communication between the choroid and the prelaminar 
optic nerve [ 7 ]. There is controversy about the circle of Zinn- 
Haller. Blood supply to the nerve (and the posterior choroid) 
is derived from many short posterior ciliary arteries that con-
verge upon and anastomose around the nerve. This raises the 
question of whether the so-called circle of Zinn-Haller is a 
just the manifestation of a group of anastomoses or if it is a 
separate and distinct structure in its own right [ 12 ]. In this 
chapter the circle of Zinn-Haller will be considered a distinct 
anatomic structure. The blood drains from the nerve into 
branches of the central retinal vein.  

20.3     Morphometric Characteristics 
of the Optic Disc in Normal Eyes 

 Ordinarily the optic nerve is a slightly ovoid structure 
that had a mean vertical measurement of 1.92 mm by 
1.76 mm horizontally in a study of 319 subjects using 

 magnifi cation- corrected morphometry of optic disc pho-
tographs [ 13 ]. In a study of 60 eye-bank eyes, the mea-
surements were 1.88 mm vertically by 1.76 horizontally 
[ 14 ]. These measurements should be viewed as being 
approximate because the size of the optic disc among stud-
ies has shown variation by study, race, and measurement 
method. The mean disc area in Caucasians ranged from 
1.73 to 2.63 mm 2 , in African Americans 2.46–2.67 mm 2 , 
and a similarly large range of sizes among various Asian 
populations (extensively reviewed in Ramrattan et al. 
[ 15 ]). Studies seem to indicate African Americans have 
larger optic disc areas than other races. The cup is a central 
depression in the optic nerve. A common metric used to 
gauge the morphology of the optic disc is the cup-to-disc 
ratio, or cup/disc, the proportion calculated by dividing 
the diameter of the depression by the diameter of the disc. 
Although in common usage there are several diffi culties 
with this metric, the diameter of the disc varies by what 
feature is measured, that is, the color change, elevation 
change, or the actual canal diameter. The diameter of 
the depression is a function of what defi nition is used for 
“depression” and what the specifi ed height or curve change 
used is open to contention. The cup/disc varies with age 
and race. Finally the cup-to-disc ratio along the vertical 
axis usually is not the same as the horizontal axis. Using 
magnifi cation- adjusted planimetry, Jonas and coworkers 
found the mean horizontal cup/disc was 0.39 while the 
mean vertical ratio was 0.39 [ 13 ]. The Rotterdam study of 
subjects 55 years of age or older using stereoscopic simul-
taneous optic disc transparencies found a vertical cup/disc 
of 0.49 and a horizontal cup/disc of 0.40 [ 15 ]. 

 Evaluation of the nerve generally starts with evaluating 
the scleral ring to delineate the optic disc size. As they exit 
the eye, the retinal nerve fi bers arch over and create the optic 
nerve rim. The substance of the prelaminar nerve is com-
prised of nerve fi bers and glial cells. Although Anderson 
stated nerve has a large proportion of glial cells [ 16 ], the 
variability of the mix from one person to the next is not 
known. Monkeys with larger nerve heads were found to have 
a greater number of retinal nerve fi bers [ 17 ]. Large optic disc 
sizes also generally have greater neural rim area, and the 
number of nerve fi bers is increased in larger nerves in 
humans as well [ 18 ]. It is likely that large nerves are not 
necessarily scaled-up versions of smaller ones. Even though 
the rim area may be larger in bigger optic discs, the cup gen-
erally increases in size as well. A normal optic nerve shows 
varying rim thickness in most eyes known as the ISNT rule 
in which the order of nerve fi ber thickness is from greatest to 
least inferior, superior, nasal, and temporal. Loss of the rim 
to include notching is suspicious for associated nerve fi ber 
loss. The optic nerve is a vascular structure and ordinarily 
has a pinkish-orange color. In a sense the nerve fi bers act like 
light pipes and a healthy nerve shows a refl ection that has a 
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depth. Loss of neurons, such as in optic neuropathies, causes 
the nerve to become pallorous; the refl ection is whiter with 
less depth.  

20.4     Two Common Optic Nerve 
Abnormalities 

 Optic nerve hypoplasia is the most common congenital 
abnormality of the optic nerve [ 19 ]. The optic nerve appears 
small and often misshapen and can be surrounded by a ring 
of altered pigmentation that is called the double-ring sign. 
The vessels on the nerve often show anomalies as well to 
include abnormal branching patterns, altered vascular den-
sity on the nerve head, and venous dilation. The retinal 
nerve fi ber layer can show a generalized decrease, sector 
defects, or a combination of the two. Often there are suffi -
cient nerve fi bers in the maculopapular bundle to support 
nearly normal visual acuity. Glaucoma, the most common 
acquired abnormality of the nerve, shows loss of the retinal 
nerve fi ber layer to a greater extent than age alone would 
dictate and associated changes in the optic nerve head 
including changes in the collagen, elastic fi bers, and extra-
cellular matrix [ 20 – 28 ]. There are increased cupping of the 
nerve, tensile expansion, and distortion of load-bearing 
structures in the eye such as the peripapillary sclera, the 
scleral canal, and the lamina cribrosa [ 29 – 32 ]. Expansion of 
the scleral canal, compaction, and posterior displacement of 
the lamina cribrosa occur in glaucoma. The changes in the 
lamina cribrosa appear to be the result of more than simple 
stress-induced strain effects, as biologic remodeling of the 
lamina occurs [ 33 ]. These alterations appear to reverse 
somewhat following glaucoma surgery [ 34 ,  35 ]. There are 
multiple lines of evidence that converge on the concept that 
retinal nerve fi ber damage at the level of the lamina cribrosa 
is a main pathophysiologic mechanism in glaucoma. Since 
this is the site of biomechanical changes induced by glau-
coma, a logical, biologically plausible assumption is that 
mechanically induced effects ultimately lead to nerve fi ber 
damage.  

20.5     Optic Neuropathy in High Myopia 

20.5.1     Overview 

 The most common ocular fi nding associated with unilateral 
high myopia is optic nerve hypoplasia [ 36 ]. Conversely high 
myopia occurs frequently in eyes with optic nerve hypopla-
sia [ 37 ]. This is diffi cult to explain on the basis of current 
theories of the development of high myopia, which posit a 
local effect in the eye as the major cause of myopization. It 
is possible that yet unnamed syndromes exist to link optic 

nerve hypoplasia or even smaller-sized optic nerve heads 
with high myopia, as it does appear to be an association that 
may be more common than the joint probabilities would 
indicate [ 38 ]. Tilting of the optic nerve is more common in 
high myopia than among emmetropes [ 39 – 42 ]. Tilting of the 
nerve is associated with smaller optic discs and also visual 
fi eld defects (Figs.  20.1  and  20.2 ) [ 39 ,  40 ]. In general though, 
the size of the optic nerve head increases with the amount of 
myopic refractive error (after correction for image magnifi -
cation differences) (Fig.  20.3 ) [ 15 ,  44 ]. Expansion of the 
scleral canal and the lamina cribrosa occurs with enlarge-
ment of the optic nerve head. By LaPlace’s law the scleral 
wall stress would be higher per unit cross-sectional area 
because of the increased radius of the myopic eye and the 
thinning of the sclera observed in high myopia. Some 
myopes develop extremely enlarged optic discs with stretch-
ing and fl attening of the cup (Figs.  20.4  and  20.5 ). The 
course of the optic nerve often is skewed as it courses 
through the sclera in high myopes. Expansion of the poste-
rior portion of the eye in myopia can be associated with 
acquired pits of the optic nerve, dehiscences of the lamina 
cribrosa, expansion of the dural attachment posteriorly with 
enlargement of the subarachnoid space immediately behind 
the eye (Figs.  20.6  and  20.7 ), and expansion of the circle of 
Zinn-Haller with potential compromise of circulation into 
the prelaminar portion of the nerve. Potential for both 
mechanical stressors and circulatory compromise exists in 
high myopia, and any or all of these factors may infl uence 
the health of the nerve. In the remaining portion of this chap-
ter, these potential contributors to optic nerve dysfunction 
will be discussed.

         Glaucoma can represent a particular set of diffi culties in 
high myopia. Because of the induced anatomic changes in 
high myopia, enlargement of the disc in macrodiscs with fl at-
tening of the cup or distortion of the disc with small cups 
seen in tilted optic discs being prominent examples, diagnos-
ing glaucoma can be diffi cult. The problem frequently boils 
down to deciding if the observed abnormalities are due, at 
least in part, to glaucoma. If so, the eye is generally treated 
with modalities to reduce the intraocular pressure. It is pos-
sible that myopia may cause progressive abnormalities in the 
retinal nerve fi ber by mechanisms not found in emmetropic 
eyes. What if these changes are lessened by reducing intra-
ocular pressure? Should these conditions be lumped together 
with glaucoma? In an analysis of 5,277 participants from the 
National Health and Nutrition Examination Survey data, 
high myopes were found to have a much higher prevalence 
of visual fi eld defects than either emmetropes or low myopes 
even though the self-reported prevalence of glaucoma was 
the same [ 45 ]. Since high myopia is a signifi cant risk factor 
for the development of glaucoma, Qui and coworkers con-
cluded glaucoma surveillance should be intensifi ed in high 
myopes because glaucoma is probably being underdiagnosed 
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in patients with high myopia [ 45 ]. These many diffi cult 
aspects of glaucoma will also be discussed in greater detail 
in Chap.   20    .   

20.6     Tilted Discs 

 There are three axes of rotation of an object, and current 
ophthalmic terminology describing the optic nerve only has 
terms for two of these. Tilting of the optic nerve refers to 
one of the horizontal borders of the nerve is rotated in the 
transverse plane. Usually the temporal portion of the nerve 
is posterior to the nasal portion. The optic disc in the eyes 
appears to be smaller than normal; the long axis of the 
nerve is typically larger while the horizontal aspect is 
smaller than a normal disc. This may be related to the 
underlying structural support of the lamina in which the 

superior and inferior  portions of the lamina appear less 
robust than the horizontal aspects. The true horizontal 
width is diffi cult to measure accurately however. The visu-
alized width is the true width of the nerve multiplied by the 
cosine of the angle of posterior rotation. By visual inspec-
tion, it is diffi cult to know what this angle is, but with the 
advent of optical coherence tomography (OCT), this angle 
potentially is measurable. However some recent authors 
estimate the amount of tilt by calculating the ratio between 
the minimum and maximum diameter of the nerve, a value 
they termed the index of tilt [ 46 ]. This ratio is certainly 
decreased in tilted optic nerves, but the number is not com-
parable among patients because the minimum width 
observed in a color photograph is not the true horizontal 
width. One patient with a very narrow disc with little tilt 
may have the same index of tilt as another patient with a 
wider disc but more tilt. 

  Fig. 20.1    Schematic drawing of the optic nerve in an emmetrope. The 
numbered regions are as follows:  1a  inner limiting membrane of the 
retina,  1b  inner limiting membrane of Elschnig,  2  central meniscus of 
Kuhnt,  3  border tissue of Elschnig,  4  border tissue of Jacoby,  5  

 intermediary tissue of Kuhnt,  6  anterior portion of lamina cribrosa, and 
 7 , posterior portion of lamina cribrosa. The abbreviations are as follows: 
 Du  dura mater,  Ar  arachnoid mater,  Pia  pia mater,  Gl.M.  glial mantle of 
Fuchs,  Gl.C  glial cell,  Sep  septae (From Anderson and Hoyt [ 43 ])       
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  Fig. 20.2    Stylized drawing after Fig.  20.1  showing an emmetropic eye 
( a ) and one with a tilted optic disc ( b ). Missing from the drawing in 
Fig.  20.1  is Bruch’s membrane ( BrM ). The nerve fi bers course through 
the opening in Bruch’s membrane, which is centered over the scleral 
canal. In high myopes with a tilted disc, there is a shifting of the  opening 

in Bruch’s membrane temporally. There is a shifting of the inner sclera, 
which itself is thinned in high myopes. There is thinning of the choroid 
and absence of the temporal peripapillary choroid. The subarachnoid 
space ( SAS ) is expanded       
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 Tilted optic discs occur more commonly in myopic eyes 
but also occur in emmetropic and hyperopic eyes [ 39 – 42 ]. 
Tilted optic discs also are associated with higher cylindrical 
errors and longer axial lengths. Intraocular abnormalities 
associated with tilted optic nerves include smaller optic 
discs, small optic nerve cups, situs inversus of the retinal ves-
sels, abnormal vascularity on the nerve, and anomalous 
branching patterns of the retinal vessels in the retina. These 
associated abnormalities occur in some but not all eyes. 
Ordinarily a single central retinal artery branches into four 
arcade vessels, one each supplying the superotemporal, 
inferotemporal, inferonasal, and superonasal quadrants. In 
eyes with tilted optic discs, there are often fewer or more 
vessels branching on the nerve than what is normally seen, 
and these vessels do not necessarily follow the pattern of the 
four arcades. On occasions larger vessels may branch in 
unusual patterns near the disc in the retina. Some authorities 
refer to tilted optic discs as congenital tilted optic disc; how-
ever, there is not enough data at present to be certain all tilted 
discs are congenital. 

 Samarawickrama and coworkers examined retinal images 
of 1,765 children aged 6 years and found 20 (1.6 %) had 
tilted discs [ 47 ]. In these children there was no association 
with myopia. In the Blue Mountains study, which some of 
the same authors participated [ 39 ], tilted discs were found in 
56 subjects among 3,583 adult participants, or 1.6 %. The 
proportion of eyes with tilted discs was much greater among 
adult eyes with high myopia. The    authors concluded the sim-
ilar prevalence was evident that tilted optic discs are really 
congenital. On the other hand Kim and colleagues docu-
mented how the tilted appearance occurs over time in chil-
dren, [ 48 ] including the development of alteration in the 
shape of the optic disc. Patients with unilateral myopia have 
tilted discs only, or more prominently, in the myopic eye. 
Therefore some tilted discs may be a function of morpho-
genic changes of the eye wall contour that occur in the 
 development of high myopia, such as staphyloma formation. 
Another interesting take on this data is some patients have 
identifi able traits early when they are not myopic that may be 
predictive of high myopia later in life. 

  Fig. 20.4    Development of acquired megalodisc in a highly myopic 
patient with age. ( a ) The left fundus of an 8-year-old boy shows a 
slightly oval disc. Axial length is 27.96 mm. ( b ) Twenty-four years 
later, the optic disc is vertically elongated and becomes megalodisc 

like. Axial length increases to 31.11 mm. The optic disc area was 
5.96 mm 2 . Over the 24-year follow-up, there is vertical elongation of 
the disc. Note the retinal vein coursing on the optic disc ( arrow ) shows 
bifurcation at the disc border in ( a ) but is within the disc area in ( b )       

  Fig. 20.3    Optic disc appearance in emmetropic eyes ( a ) and in eyes 
with pathologic myopia ( b – h ). ( a ) A round optic disc in an emmetropic 
eye (axial length; 23.3 mm) in a 43-year-old woman. The optic disc 
area is 2.49 mm 2 . ( b ) Small optic disc in a highly myopic eye (axial 
length; 29.0 mm) in a 71-year-old woman. The optic disc area, 
0.975 mm 2 , was corrected for axial length and corneal curvature, as 
were all of the other disc areas shown. ( c – e ) Various patterns of megalo-
disc in eyes with pathologic myopia. ( c ) A large and round optic disc 
with little tilting, torsion, or ovality    in the right fundus (axial length; 

32.3 mm) of a 29-year-old man. The optic disc area adjusted by an axial 
length and corneal curvature is 9.57 mm 2 . ( d ) A large and oval disc in 
the left fundus (axial length; 33.0 mm) of a 59-year-old woman. The 
optic disc area was 5.21 mm 2 . ( e ) A large disc in the left fundus (axial 
length; 35.3 mm) of a 50-year-old woman. The optic disc area corrected 
for axial length and corneal curvature was 5.09 mm 2 . ( f ) A vertically 
oval disc in the right fundus (axial length; 32.3 mm) of a 41-year-old 
woman. Ovality index (maximum diameter/minimum diameter of the 
optic disc) is 2.36. ( g ,  h ) Examples of extremely tilted optic discs       
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  Fig. 20.5    ( a ) The right fundus 
of a 14-year-old boy shows 
almost round optic disc. ( b ) 
Twenty-two years later, the optic 
disc shows enlargement and 
torsion       

  Fig. 20.6    Fundus    photograph and swept-source OCT images showing 
deep pits extending toward the subarachnoid space (SAS). ( a ) Color 
fundus photograph of the optic disc showing a large annular conus. 
( b ,  c ) En face cross-sectional images scanned in the area shown by the 
 green square  in ( a ). These en face images are from different levels and 
show that there are two pitlike pores ( arrows ) at the temporal border of 

the optic disc ( b ) and that these pores extend toward the SAS ( c ). ( d ,  e ) 
B-scan images acquired by 3D scan protocol showing the pits ( arrows ) 
extending toward the SAS; it is likely that there may be a direct com-
munication with the SAS. ( f ) Visual fi elds from Goldmann perimetry 
show a central and a paracentral scotoma in addition to the nasal step. 
Scale bar, 1 mm       
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 The retinal nerve fi bers in a highly myopic eye still con-
verge on the optic canal, but the path taken by the fi bers is 
different in a highly myopic eye with a tilted disc. The shift-
ing of the layers, particularly of the opening in Bruch’s mem-
brane in relationship to the scleral opening, was readily 
known to ophthalmologists in the nineteenth century 
[ 49 ,  50 ]. With the advent of high-resolution OCT, the 
changes seen in gross specimens can now be seen in vivo. 
There is a shift of the Bruch’s membrane opening over the 
scleral canal in the temporal direction so the nasal aspect of 
Bruch’s  membrane appears to “slice” into the nasal aspect of 
the tilted nerve. The nasal border of the nerve, as defi ned by 
the Bruch’s membrane opening, is often much more tempo-
ral than would be appreciated by cursory ophthalmoscopy. 
This causes the nasal retinal nerve fi bers to make a sharp 
hairpin turn to enter the optic nerve. This was called “super-
traktion” by German ophthalmologists and “supertraction” 
or “supertraction crescent” by the English [ 49 – 52 ]. On the 
temporal side of the nerve, the absence of tissue was called 
the “distraction crescent,” [ 52 ] signifying the pulling away of 
tissue by shifting tissue planes. The temporal retinal nerve 
fi bers enter the tilted nerve at an angle greater than 90°. 
Tilted discs are often associated with inferior staphylomas, 
which are discussed in Chaps.   8     and   13    . 

 Eyes with tilted discs commonly have visual fi eld 
defects, which typically are arcuate. The most common is 

a  bitemporal arcuate defect that does not respect the mid-
line. This feature helps rule out the possibility of a chiasmal 
disorder. The arcuate-shaped defects also do not necessar-
ily respect the horizontal midline, a fi nding uncommon in 
early glaucoma. Vongphanit and associates found the mean 
spherical refraction in eyes with titled optic disc and visual 
fi eld defects was −5.6 D [ 53 ], but visual fi eld defects associ-
ated with tilted discs do not necessarily occur in eyes that are 
highly myopic or even myopic at all [ 53 – 55 ]. In agreement 
with the original article by Young [ 54 ], the most common 
location was superotemporal. The blind spot also may be 
enlarged and is usually proportional to the area of atrophy 
related to the conus. In the original description of tilted disc 
syndrome in 1976, one cause for the superior fi eld defects 
was considered to be the “variable myopia” caused by “local-
ized staphylomatous ectasia” [ 54 ]. Prior to being called tilted 
disc syndrome, earlier authors described similar eye confi gu-
rations using terms such as situs inversus of the optic disc 
with  inferior conus [ 56 – 60 ]. These authors noted the vari-
able myopia and the ability to cause the visual fi eld defect 
to disappear by changing the refraction [ 57 ,  59 ], an obser-
vation reported again decades later [ 61 ]. In inferior staphy-
loma the eye wall bulges out posteriorly inferiorly, and as a 
consequence the image plane lies increasingly in front of the 
retina. The sensitivity of the retina is dependent on the illu-
minance, the luminous fl ux incident per unit area of the pho-
toreceptors. A defocused image spreads the same number of 
photons of light over a larger area thus potentially reducing 
the sensitivity to threshold change. Altering the refraction in 
front of the eye can make visual fi eld defects disappear in 
some eyes with inferior staphylomas. Even though this effect 
appears to be well known, as it was described repeatedly 
since the 1950s, reported studies in which the correction was 
actually done are rare. Therefore it is likely many reported 
studies of visual fi eld defects in tilted disc syndrome may 
be related to refractive abnormalities. However, Young and 
coworkers stated not every patient had a staphyloma [ 54 ], 
and Hamada and coworkers found the visual fi eld defects 
frequently did not correlate with the anatomic changes in the 
eye [ 62 ]. Odland et al. reported that stronger myopic cor-
rection could decrease the scotoma, but in their patients did 
not cause it to completely disappear [ 59 ]. So there must be 
additional reasons for the fi eld defects. These eyes can show 
alterations of the critical fusion frequency [ 63 ] and electro-
retinographic abnormalities to include the multifocal electro-
retinogram [ 62 ,  64 ,  65 ] and reduced visual-evoked responses 
[ 62 ]. Nevertheless some of these abnormalities were attrib-
uted to locally defocused images by the respective authors. 
Some of the pathophysiologic causes have proposed and 
include hypoplasia of the retina and choroid with subsequent 
distortion of structures around the disc [ 57 ], altered retinal 
pigment epithelium, and choroidal atrophy [ 60 ]. 

 The visual fi eld defects in tilted disc syndrome are gen-
erally stable, which can be a help in ruling out a concur-
rent diagnosis of glaucoma. The visual fi elds are not stable 

  Fig. 20.7    Dilation of subarachnoid space (SAS) shown as ring sign in 
MRI images. ( a ) Coronal section of T 2 -weighed MRI image showing a 
ring sign to show a dilated SAS around the optic nerve. ( b ) Horizontal 
section showing a tram track sign along the retrobulbar optic nerve       
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in all high myopes. Carl Stellwag von Carion noted in the 
nineteenth century that staphylomas appeared to be acquired 
and they progressed, sometimes very slowly, over a period 
of many years [ 66 ]. To the extent the visual fi eld defects are 
related to staphylomas, either because of refractive or physi-
ologic reasons, there is a possibility with long-term follow-
 up the visual fi eld may progress. In highly myopic patients 
who showed VF defects which are not explained by myo-
pic fundus lesions, Ohno-Matsui and coworkers performed 
multiple regression analyses to determine the correlations 
between the visual fi eld score and six possible factors: age 
at the initial examination and age at the last examination, 
axial length, initial IOP, mean IOP during the follow-up, 
maximum to minimum diameter measurements of the optic 
disc, and the presence of an abrupt change of scleral curva-
ture temporal to the optic disc [ 67 ]. The results showed that 
the presence of an abrupt change of scleral curvature tem-
poral to the optic disc was the only factor which correlated 
with a progression of visual fi eld defects in highly myopic 
patients [ 67 ]. In addition to all of the previously mentioned 
theories for decreased sensitivity, the fi ndings of this study 
raise new possibilities. One is the sharp bend in the sclera 
may put mechanical stress on the nerve fi ber to potentially 
cause injury. Second, there is the possibility of the Stiles-
Crawford effect playing a role, since the tilted photorecep-
tors would be expected to have a reduced response. Akagi 
and coworkers found the retinal nerve fi ber thickness was 
inversely related to the angle the fi bers had to take to hug 
scleral protrusions near the optic disc [ 68 ]. This fi nding may 
be a proxy for the curvature of the associated staphyloma. 
When considering the possibility of glaucoma, confi rmatory 
evidence from retinal nerve fi ber thickness measurements 
can be helpful. The pattern of retinal nerve fi ber distribu-
tion is altered in tilted disc syndrome with thinner average, 
superior, nasal, and inferior but thicker temporal nerve fi ber 
thicknesses and a temporal shift in the superior and inferior 
peak locations [ 69 ,  70 ]. Eyes with tilted optic nerves gen-
erally show more tilt with greater amounts of myopia, and 
eyes with more tilting have a greater temporal shift in nerve 
fi ber thickness measurements. 

 Torsion of the disc occurs when the ovoid of the optic 
nerve head is rotated in the coronal plane. More commonly 
this rotation is counterclockwise when viewing the right 
eye such that the superior aspect of the long axis is rotated 
temporally. The retinal nerve fi bers from the temporal 
periphery course around the central macula, apparently so 
they do not pass directly over the fovea. This diverts fi bers 
to the superior and inferior nerve head. The retinal nerve 
fi bers from the superior and inferior macula follow the 
analogous routes, respectively. Therefore a large number of 
nerve fi bers converge on the optic canal either superiorly or 
inferiorly. Rotation of the nerve would be expected to cause 
a shift of nerve fi bers entering the nerve. In the Chennai 
Glaucoma Study [ 71 ], nerves showing outward rotation of 

the superior aspect of the nerve had thicker superior optic 
rims. In a study by Park and coworkers, myopes with nor-
mal-tension glaucoma were much younger than non-
myopes, and the biggest predictor of their visual fi eld 
defects was the direction of optic nerve torsion [ 72 ]. 
Torsion of the nerve is much more common than is simple 
tilting. Some authors have used the term tilted to refer to 
both tilt and torsion. The remaining axis about which the 
optic disc potentially could rotate would cause deviation in 
the sagittal plane. This would produce a difference in ele-
vation of the superior aspect of the disc in relation to the 
inferior portion. Given that inferior staphylomas are com-
mon, the inferior portion of the disc is commonly more 
posterior.  

20.7     Optic Disc Abnormalities Associated 
with Generalized Expansion 

 While it would seem to be an easy research question to 
answer, the exact relationship between axial length, myopia, 
and disc size is still a matter of contention. A histogram of 
proportion of the population tested versus refractive error 
shows a nearly normal distribution, albeit one skewed to the 
right. For most eyes, that is, those having a refractive error 
somewhere between low grades of hyperopia and moderate 
amounts of myopia, there is little to no signifi cant relation-
ship between refractive error (or the corresponding axial 
length) and disc area [ 73 – 80 ]. There is a clear relationship 
for eyes with high amounts of myopia and disc area. These 
eyes represent a small proportion of the general population 
and show values clearly different than the rest of the data. In 
a sense highly myopic eyes are outliers and when included 
in with the rest of the population can infl uence the overall 
correlation between refractive error and disc size. The 
Rotterdam Eye Study reported a 0.033 mm [ 2 ] increase in 
disc area with each diopter of refractive error [ 15 ]. Even if 
this were applicable to lower grades of myopia, the increase 
in disc area is very small. However, among highly myopic 
eyes, particularly those with a refractive error greater than 
–8 D, the disc area increases substantially in size [ 76 ,  77 ]. 
Two groups of investigators using OCT thought there was 
an inverse correlation between optic disc size and either 
refractive error or axial length, but the authors did not appear 
to perform any image size corrections for magnifi cation 
variations [ 81 ,  82 ]. 

 Optic discs in normal eyes show signifi cant variation in 
size, independent of refractive error. Discs much larger than 
typical are called macrodiscs. For the Beijing Eye Study, 
Jonas calculated a threshold of 3.79 mm 2  [ 76 ]. Eyes with 
macrodiscs generally fall into one of the two classes. One is 
termed primary macrodisc in which the size of the disc does 
not appear to bear any relationship to refractive error. In sec-
ondary, or acquired, macrodisc the optic nerve enlargement 
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is associated with myopia, generally a refractive error of −8 
or greater. Macrodiscs associated with myopia typically 
show generalized enlargement, but this enlargement may not 
necessarily be isotropic. As a consequence it is possible to 
see discs that are distorted in shape as well as being large. 
Macrodiscs typically have a fl attening of the cup with 
reduced optic disc rim thickness and consequently increased 
cup/disc metrics. These discs may also appear somewhat 
pallorous as compared with normal discs in emmetropes. 
The macrodiscs not related to myopia generally do not show 
pallor or fl attening of the disc, and they have deeper cups. 
Along with the generalized enlargement of the disc, there are 
associated thinning of the adjacent sclera and development 
of pits in the nerve and adjacent sclera. 

 The peripapillary region in eyes with megadiscs second-
ary to high myopia invariably has prominent peripapillary 
atrophy that involves the choroid, RPE, and outer retina. In 
some eyes there can be marked thinning or even frank 
defects of the nerve fi ber layer. In these eyes the segmenta-
tion routines used to detect retinal nerve fi ber layer thick-
ness break down and consequently do not accurately 
measure the thickness of the retinal nerve fi ber layer. These 
are the patients that are among the most diffi cult to evaluate 
for glaucoma. Under the best of circumstances the optic 
disc in high myopia with disc enlargement may have a 
smaller rim, the disc is usually pale, visual fi eld testing 
shows at least an enlargement of the blind spot, and retinal 
nerve fi ber layer measurements are not reliable. Patients 
with very high amounts of myopia have depressed thresh-
old sensitivities. There are potential diffi culties with retinal 
nerve fi ber layer analysis in high myopes; an alternative 
measurement could be to measure the cell bodies instead of 
the axons. The ganglion cell complex can be visualized, 
segmented, and measured in the eyes and has been pro-
posed as a method to help diagnose and follow glaucoma in 
highly myopic eyes [ 83 – 85 ]. The area under the curve for 
ganglion cell complex measurements appears as good as or 
better than never fi ber layer measurements. There is dis-
agreement about parameter variation and myopia with this 
newer modality. Shoji and coworkers [ 84 ] found no associ-
ation between thickness and amount of myopia while Zhao 
and Jiang did [ 85 ]. 

20.7.1     Dilation of Perioptic Subarachnoid 
Space and Thinning of Peripapillary 
Sclera 

 Expansion of the subarachnoid space (SAS) near the exit 
of the optic nerve has been noted more than 100 years ago 
[ 86 –  91 ]. The terminology used then was a bit different than 
today. The subarachnoid space was seen to end in a blind 
pouch that was thought to be bounded by scleral fi bers that 
were confl uent with the termination of the arachnoid and 

the dura, which themselves merged together. The space was 
called the intervaginal space by many authorities, and oth-
ers called it the subarachnoid space. The space was seen 
to be enlarged in cases of infection because of increased 
intracranial pressure, tumor, optic atrophy, and in myopia. 
First described by von Jaeger, early ideas were the expan-
sion of the space was due to ocular expansion during myo-
pia development; Schnabel considered the enlargement a 
congenital abnormality that occurred in eyes that also com-
monly developed myopia, while Landolt thought the expan-
sion of the dural insertion caused weakness of the posterior 
portion of the eye with staphyloma development as a con-
sequence [ 91 ]. In myopic eyes with an enlarged intervagi-
nal space, the sclera was seen to be exceedingly thin by 
a number of authorities of that age and was described by 
Parsons as leaving only a “few layers of scleral lamel-
lae” [ 90 ]. Okisaka [ 92 ] reported that in emmetropic eyes 
the perioptic SAS was narrow and the SAS blindly ended 
at the level of lamina cribrosa. The dura of the SAS was 
attached to the peripapillary sclera just around the lamina 
cribrosa. In contrary, in highly myopic eyes, the perioptic 
SAS was enlarged together with an increase of the axial 
length (Fig.  20.6 ). 

 More recent observations by investigators such as 
Okisaka and Jonas [ 93 ,  94 ] have helped refi ne concepts of 
the enlargement of the subarachnoid space and associated 
histologic changes in the posterior eye wall. Jonas    found the 
scleral fl ange; the distance between the optic nerve border 
and the attachment of the dura to the sclera was correlated 
with increased axial length and inversely correlated with the 
scleral thickness [ 93 ]. The scleral fl ange thickness was seen 
to be attenuated in myopic eyes, with some having thick-
nesses of less than 100 μm [ 94 ] (Fig. 4 of Jonas et al. [ 94 ]). 
Over the course of more than a century, observations of 
the perioptic subarachnoid space were typically made on 
autopsy eyes. 

 In T 2  images of MRI, the dilated SAS around the optic 
nerve can be observed as a ring sign, which is somewhat 
similar to the fi ndings seen in patients with increased intra-
cranial pressure (Fig.  20.7 ). Enhanced depth imaging (EDI)-
OCT and swept-source OCT provided deeper imaging 
capabilities as compared with conventional spectral domain 
(SD) OCT and made it possible to visualize the deeper struc-
tures in detail in vivo. Park et al. [ 95 ] used EDI-OCT and 
observed the SAS around the optic nerve in 25 of the 139 
glaucomatous eyes (18 %). Most of the 25 eyes had high 
myopia and extensive parapapillary atrophy. Ohno-Matsui 
and coworkers [ 96 ] used swept-source OCT and visualized a 
dilated SAS in 124 of 133 highly myopic eyes (93.2 %) but 
could not visualize the SAS in the emmetropic eyes. The 
SAS was triangular, with the base toward the eye surround-
ing the optic nerve (Fig.  20.6 ) that contained branching inter-
nal structure. The attachment of the dura to the eye wall 
could be clearly seen offset from the immediate peripapillary 
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area, and there was a change in the scleral curvature at the 
site of attachment. In one highly myopic eye, there appeared 
to be a direct communication between the intraocular cavity 
and SAS through pit-like pores (Fig.  20.6 ).

   The expanded area of exposure to CSF pressure along 
with thinning of the posterior eye wall may infl uence staphy-
loma formation and the way in which diseases may be mani-
fested. Marcus Gunn stated that he rarely saw optic nerve 

swelling in high myopes with brain tumors [ 97 ]. While he 
stated the joint probability of the two was low, he proposed 
the excessive cerebrospinal fl uid pressure in the subarach-
noid space may be spread out over a larger area of the pos-
terior portion of the eye or may be locally dissipated by the 
thinned dura near the eye in highly myopic eyes. There may 
in fact be weakening of the ocular wall, as Landolt sug-
gested [ 87 ], but the amount of staphyloma formation would 

  Fig. 20.8    Deeply excavated pit-like structures within the optic disc 
area in a highly myopic eye suspected of having glaucoma. The refrac-
tive error was −18.0 D and the axial length was 29.4 mm. Bar, 1 mm. 
( a ) Right fundus of a 45-year-old woman shows an atrophic glaucoma-
tous optic disc and temporal conus. The  green arrows  show the scanned 
lines of the swept-source OCT images shown in  D  and  E . ( b ) Magnifi ed 
view shows the large optic disc with saucerization. Note    how the ves-
sels inferiorly dip out of view at the inferior border of the disc indica-
tive of cupping. The  green lines  are the scanned lines of the swept-source 
OCT images shown in  F  and  G . ( c ) En face view of the optic disc 
reconstructed from 3- dimentional images of swept-source OCT shows 
two large pits at the  upper  and  lower  poles of the optic disc ( arrows ). 
These pits have a triangular shape, and their bases are directed to the 
edge of the optic disc. Multiple pit-like structures are also observed 
along the temporal margin of the optic disc ( arrowheads ). ( d ) B-scan 

 swept-source OCT image of the scanned line shown in ( a ) shows a 
deep pit ( arrow ) in the inferior pole of the disc extending posteriorly 
beyond the lamina cribrosa. The inner surface of the lamina is indicated 
by  arrowheads . The nerve fi ber overlying the pit is disrupted. ( e ) 
B-scan swept-source OCT image of the scanned line shown in ( a ) 
shows an oval-shaped, deeply excavated pit ( arrow ) at the superior pole 
of the optic disc with a wide opening. The lamina is dehisced from the 
peripapillary sclera at the site of the pit, and the nerve fi bers overlying 
the pit are discontinuous at the pit. The depth of the pit from its opening 
is 1,142 μm. ( f ) B-scan swept-source OCT image across the scanned 
line shown in ( b ) shows a shallow pit ( arrow ) along the temporal mar-
gin of the optic disc. ( g ) Section adjacent to that shown in ( f ) shows a 
discontinuity of the lamina ( arrow ). A hyporefl ective space is observed 
posterior to the defect       
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be infl uenced not only by the thinning of the sclera but also 
by the alteration in trans-scleral forces caused by the wider 
region of exposure to the cerebrospinal fl uid pressure. Many 
questions remain unanswered but potentially could be mod-
eled now that imaging techniques are capable of visualizing 
these areas.  

20.7.2     Formation of Acquired Pits 
in the Optic Disc and Conus Regions 

 Because of the expansion of the posterior portion of the 
globe, scleral emissaries can show remarkable expansion in 
size as shown in Chap.   8    . Similar expansion of the region 
centered on the nerve can cause several broad classes of 
analogous abnormalities. Pit-like changes can be seen in the 
region of the conus similar to those in the macular region 
shown in Chap.   8     [ 98 ]. There can be clefts at the border of the 
optic nerve, which may be secondary to expansion- induced 
stress at this junction. Finally tears in the lamina cribrosa, 
similar to those seen in glaucomatous eyes, have been seen 
in highly myopic eyes, and these dehiscences may be associ-
ated with depressions or pits in the optic nerve [ 99 ]. By using 
swept-source OCT, Ohno-Matsui and colleagues [ 98 ] found 
pit-like clefts at the outer border of the optic nerve or within 
the adjacent scleral crescent in 32 of 198 highly myopic eyes 
(16.2 %) but in none of the emmetropic eyes. The pits were 
located in the optic disc in 11 of 32 eyes (Figs.  20.8  and  20.9 ) 
and in the area of the conus outside the optic disc (conus pits) 
in 22 of 32 eyes. The nerve fi ber tissue was discontinuous 
overlying the pits, and this discontinuity may be yet another 
reason for visual fi eld defects in highly myopic patients. In 
some cases, the retinal vessels herniated into the conus pits. 
Schematic illustration of development of optic disc pits is 

shown (Fig.  20.10 ). The nerve fi ber layer may show defects 
over pits of the nerve, or the sclera (as shown in Chap.   8    ), 
which may contribute to visual fi eld defects in highly myo-
pic patients. However, these defects are not, strictly speak-
ing, due to an optic neuropathy.

20.7.3         Separation of Circle of Zinn-Haller 
from the Optic Nerve 

 Because of its intrascleral location, it had been diffi cult to 
observe the circle of Zinn-Haller in situ. Thus, most of the 
studies of the circle of Zinn-Haller have been done using his-
tological sections [ 10 ,  100 ] or vascular castings with methyl 
methacrylate [ 101 – 103 ] of human cadaver eyes. Expansion 
of the circle of Zinn-Haller and associated circulatory altera-
tions were proposed to be a cause peripapillary choroidal 
atrophy in high myopia by Elmassri in 1971 [ 104 ]. Following 
identifi cation of the circle of Zinn-Haller by  angiography and 
Doppler ultrasonography [ 105 ], it was observed using fl uo-
rescein fundus angiography and indocyanine green (ICG) 
angiography in eyes with pathologic myopia with peripapil-
lary atrophy [ 106 – 110 ] (Fig.  20.11 ). EDI-OCT showed intra-
scleral cross sections of the vessels that were identifi ed in 
ICG angiography images to correspond to the circle of Zinn-
Haller. The fi lling of the circle of Zinn-Haller can be observed 
by ICG angiography to occur as would be expected by the 
known anatomy. In highly myopic eyes with large conus, the 
circle of Zinn-Haller had a horizontally long rhomboid 
shape, and the entry point of the short posterior ciliary arter-
ies was at the most distant point from the optic disc margin. 
There are no currently known abnormalities correlated with 
the expansion of the circle of Zinn-Haller at present, but 
compromise in blood fl ow to the nerve may be a potential 

Fig. 20. 8 (continued)
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  Fig. 20.9    Conus    pits present on the temporal side of the scleral ridge 
in an eye with type IX staphyloma (Curtin’s classifi cation). The axial 
length of this eye was 32.8 mm with an intraocular lens implanted. Bar, 
1 mm. ( a ) Photograph of right fundus of 64-year-old woman shows an 
oval disc with a large annular conus. A scleral ridge is shown by  arrow-
heads . The  green lines  show the area scanned by swept-source optical 
coherence tomography (swept-source OCT) for the images shown in  d  
through  g . ( b ) En face image of the optic disc area reconstructed from 
3-dimensional swept-source OCT images shows multiple pits on the 
slope inside the ridge at approximately same distance from the optic 

disc margin ( arrowheads ). ( c ) Magnifi ed view of ( b ) shows a collection 
of pits just temporal to the scleral ridge. ( d ) B-scan swept-source OCT 
image shows that the pit is present on the inner slope of the ridge 
( arrow ). The peripapillary sclera and overlying nerve fi ber tissue is dis-
continuous at the pit site. ( e ) Another pit can be seen inferotemporal to 
the optic disc. ( f ) Vertical OCT scan temporal to the optic disc shows 
multiple pits ( arrows ), and the tissue around the pits appears like a 
sclera schisis. ( g ) Swept-source OCT section adjacent to the pits shows 
a hyporefl ective space resembling a scleral schisis ( arrow ). The defects 
appear to be interruptions in the nerve fi ber layer       
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reason for the pallor sometimes seen in the optic disc of 
highly myopic eyes and also may be a contributing factor for 
the increased risk of glaucoma in highly myopic eyes [ 111 ].

20.7.4        Eye Shape Abnormalities 

 Klein and Curtin, in their original description of lacquer 
cracks, sound a uniform constriction of the central fi elds, 
with a greater constriction to blue as compared with red test 
objects. They thought the fi eld defects were related to staph-
yloma formation and not the lacquer cracks. They also stated 
the increased constriction of the blue as compared with the 
red test was a sign of retinal dysfunction [ 112 ]. Fledelius and 
Goldschmidt evaluated the eye shape and visual fi eld abnor-
malities of the eyes with high myopia and found abnormali-
ties of both eye shape and visual fi eld defects were more 
common with increasing myopia [ 113 ]. Moriyama and col-
leagues analyzed the shape of the human eye by using 3D 
MRI (see Staphyloma chapter for details) [ 114 ]. The ocular 
shape as viewed from the inferior aspect of the eye was 
divided into distinct types, nasally distorted, temporally dis-
torted, cylindrical, and barrel shaped. Statistical compari-
sons of the eyes showed signifi cant VF defects were found 
signifi cantly more frequently in eyes with a temporally dis-
torted shape. The area where the optic nerve implanted in the 
globe was at the nasal edge of a temporal protrusion in these 
eyes. Thus these eyes showed the presence of a change of 
the ocular shape just temporal to the optic disc. This corre-
sponded to the stereoscopic fundus observation that eyes 

with a  ridgelike protrusion just temporal to the optic disc 
tend to have VF defects signifi cantly more frequently than 
eyes without the temporal ridge [ 67 ]. 

 Using swept-source OCT to examine highly myopic eyes, 
Ohno-Matsui and coworkers analyzed the shape of sclera 
[ 115 ], which could be seen in its entire thickness. The curva-
tures of the inner scleral surface of highly myopic eyes could 
be divided into those that were sloped toward the optic nerve, 
were symmetrical and centered on the fovea, were asymmet-
rical, and fi nally were irregular. Patients with irregular cur-
vature were signifi cantly older and had longer axial lengths 
than those with other curvatures. The subfoveal scleral thick-
ness was signifi cantly thinner in eyes with irregular curvature 
than the eyes with other curvatures. Myopic fundus lesions 
as well as visual fi eld defects were present signifi cantly more 
frequently in the eyes with irregular curvature. By compar-
ison between OCT images and 3D MRI images, all of the 
eyes with temporally distorted shape by 3D MRI had irregu-
lar curvature by swept-source OCT. Combining these stud-
ies, the eye shape shown as temporally dislocated type by 3D 
MRI, irregular curvature by swept- source OCT, and steeply 
curved staphyloma visualized by stereoscopic fundus obser-
vation may be the same. While these changes in eye shape 
may induce local refractive variations, the same distortions 
also have the potential to put abnormal stresses on the retinal 
nerve fi ber layer, and thus there could be a neurologic com-
ponent. Future research will aim to clarify these questions. 
If eyes with these characteristics are found to have visual 
fi eld defects, the likelihood is that visual fi eld defects are due 
to local effects and not any type of optic neuropathy.  

  Fig. 20.10    Hypothetical scheme 
showing how optic disc pits 
develop.  Upper panels  show 
drawings of en face view of the 
optic disc and peripapillary area. 
 Lower panels  show cross-
sectional images. The optic disc 
is fi rst enlarged by a mechanical 
expansion of the papillary region 
( upper middle image ). Because 
of the mechanical expansion, the 
lamina eventually dehisces from 
the peripapillary sclera 
particularly at the superior and 
inferior poles. This stage is 
observed by swept-source OCT 
as hyporefl ective gap at the 
junction between the lamina 
cribrosa and the peripapillary 
sclera. With further increase of 
the size of the gap, the nerve 
fi ber overlying this gap may be 
sunken, displaced, or disrupted, 
and this stage is observed as 
optic disc pits by swept-source 
OCT ( lower right image )       
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20.7.5     Peripapillary Atrophy 

 Rudnicka and Edgar found increasing size of peripapillary 
atrophy is associated with decreased global threshold visual 
fi eld indices [ 116 ,  117 ]. The mean sensitivity showed a highly 
linear inverse correlation with both axial length and myopic 
spherical equivalent refraction. The pattern standard deviation 
also increased with greater amounts of myopia, particularly in 
those eyes with large areas of peripapillary atrophy. The stan-
dard deviation of group means was greater in eyes with 
 peripapillary atrophy. This implies greater intrasubject vari-
ability in the visual fi eld with increasing amounts of myopia.   

20.8     The Need for Future Research 

 Patients with high myopia may have visual fi eld defects, but 
how certain are we these defects are due to specifi cally to the 
nerve and not to other coexistent abnormalities? We know 
that glaucoma is more common in eyes with myopia, it may 
be more diffi cult to diagnose glaucoma, particularly in highly 
myopic eyes, and there may be changes in high myopia that 
emulate those occurring in glaucoma that may not, strictly 
speaking, be true glaucoma. There are undoubtedly altered 
mechanical stress on the nerve fi bers and potential compro-
mises in prelaminar perfusion. These considerations support 

  Fig. 20.11    Detection of Zinn-Haller arterial ring in a highly myo-
pic patient by both indocyanine green (ICG) angiography and optical 
coherence tomography (OCT). ( a ) Fundus photograph of the left eye 
of a 60-year-old man with a refractive error of −11.25 D (spherical 
equivalent) and axial length of 28.4 mm. A large temporal conus is 
seen. Blood vessels suggesting the Zinn-Haller ring are seen within 
the conus ( arrowheads ). The vessels originating from short posterior 
ciliary arteries can also be seen ( arrows ). ( b ) ICG angiographic fi nd-
ing at 1 min after dye injection showing the Zinn-Haller ring ( arrow-
heads ) surrounding the optic disc in almost a circular shape. Vessels 
 originating from the short posterior ciliary arteries can also be seen 

( arrows ). ( c ) ICG angiographic image 12 s after the ICG injection 
showing the centripetal branch ( arrow ) running toward the optic nerve 
from the Zinn-Haller ring. ( d ) The scanned line by OCT (in  bottom-
right image ) is shown on the ICG angiographic image. ( e ) Horizontal 
OCT scan shown as  green line  in  bottom-left  fi gure shows a cross sec-
tion of the vessel of the Zinn-Haller ring as a small hyporefl ective circle 
( arrowhead ) near the inner surface of the peripapillary sclera. The ves-
sel connecting the Zinn-Haller ring and retrobulbar SPCA is seen as a 
hyporefl ective circle ( arrow ), which is wider and is situated deeper than 
the vessels of the Zinn-Haller ring       
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the general idea that there may be types of optic neuropathy 
related to or accentuated by high myopia. 

 There are many confounding factors that have not been 
fully evaluated. Many if not most of the visual fi eld abnor-
malities also are associated with shape changes in the eye 
that directly or indirectly may cause decreased visual fi eld 
performance independent of actual optic nerve abnormali-
ties. The eye in myopia is longer, and as a consequence any 
test object of a given size will produce a larger image size on 
the retina, even if focused correctly. Since many eyes with 
abnormal visual fi elds also have abnormal shapes, there 
is a high likelihood of regionally varying focus. There is 
a complex aberration induced not necessarily by the diop-
tric mechanism of the eye, but by fl uctuating deviations of 
the retina from the image plane. This same expansion has 
the potential to cause regional variations in photoreceptor 
packing densities, as has been determined with adaptive 
optics imaging [ 118 ,  119 ]. The peripheral visual acuity is 
decreased in the periphery in myopes [ 120 ]. Deviation of the 
peripheral refraction from the measured central refractive 
error is much more pronounced in eyes with high myopia as 
compared with emmetropic eyes [ 121 ], and these alterations 
in peripheral refraction have potential to change the visual 
fi eld test results. Coexistent with stretching of the wall of 
the eye is thinning of the choroid. Huang and Tokoro found 
high myopes with a tigroid fundus (a marker of choroidal 
 thinning) had decreased threshold sensitivity as compared 
with non-myopic controls [ 122 ]. 

 Trying to determine the root cause of visual fi eld defects 
in high myopia represents a signifi cant challenge because of 
the many simultaneously changing variables, some known, 
some unknown, which coexist with any observed variable. 
Control, or at least measurement, of these simultaneously 
changing variables will be the only way to fully evaluate the 
contributions each of them make to visual fi eld abnormalities 
in high myopia.     
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21.1            Introduction 

 Modern-day, small-incision cataract surgery by phacoemul-
sifi cation enjoys a high success rate and safety profi le. Eyes 
with axial myopia present special considerations and 
increased risks in cataract surgery that require careful 
 planning and management by the cataract surgeon. All 
aspects of the cataract surgery require special attention, 
including preoperative planning, surgical techniques, and 
 postoperative care.  

21.2     Epidemiology 

 Few population-based studies have attempted to generate a 
link associating myopia and cataract. The cross-sectional 
association between myopia and nuclear cataract was sup-
ported by data from the Beaver Dam Eye Study. In that study, 
myopia was not directly linked to cataract formation but 
rather to incident cataract surgery (odds ratio, OR 1.99) [ 1 ]. 
The Blue Mountains Eye Study found a statistically signifi -
cant association between high myopia (−6.0 diopter (D) or 
less) and incident nuclear cataract (OR 3.3). Moderate and 
high myopia (−3.5 D or less) was also associated with poste-
rior subcapsular cataract (OR 4.4). The high myopia group 
had the highest incidence of cataract surgery (OR 3.4) among 
all groups. Furthermore, it was found that early onset myopia 
(before age 20 years) was a strong and independent risk fac-
tor for posterior subcapsular cataract. A dose response rela-
tionship was suggested between levels of myopia and 
posterior subcapsular cataract. High myopia was associated 
with all types of cataract [ 2 ,  3 ].  

21.3     Preoperative Planning 

 The cataract surgeon must perform a careful preoperative 
assessment, often in conjunction with the vitreoretinal spe-
cialist. The preoperative evaluation should be meticulous 
and methodical to ensure completeness and appropriate 
preparedness. 

 The fi rst step in the preoperative evaluation is a careful 
ophthalmic history. Previous surgery of either eye should be 
identifi ed. Patients may have undergone cataract surgery in 
the fellow eye, in which case any surgical or postoperative 
complications, such as retinal detachment or refractive 
 surprise, should be discovered. Appropriate precautions or 
modifi cations in calculations and technique could then be 
undertaken to avoid future surgical complications. 

 Patients who have had refractive surgery in one or both 
eyes should describe their previous refractive status and 
current refractive goals. For example, some patients may 
strongly prefer monovision or wish to avoid it completely, 
depending on previous experiences and the outcomes of 
prior refractive surgery. Other patients may report a his-
tory of refractive re-treatments, which are not uncommon 
in high myopia. In any case, the full refractive records 
must be sought and evaluated prior to cataract surgery [ 4 ]. 
Specifi c considerations for intraocular lens calculations in 
eyes with previous refractive surgery will be discussed in a 
later section. 

 It must also be discerned if the patient has undergone pre-
vious retinal surgery for retinal breaks, tears, or detachments 
of one or both eyes, as this may portend an increased risk of 
future retinal detachments after cataract surgery [ 5 ]. Patients 
should specifi cally be asked about prior laser treatments for 
retinal breaks or tears, as many patients may not consider 
laser treatments as prior surgery. 

 Any history of refractive amblyopia or patching should 
also be uncovered, as amblyopia may be common in eyes 
with high myopia and/or astigmatism [ 6 ] and may ultimately 
limit the best-corrected postoperative visual acuity. 

      Special Considerations for Cataract 
Surgery in the Face of Pathologic Myopia 
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 Next, the surgeon must perform a careful refraction. This 
will identify the extent of refractive myopia, astigmatism, 
and anisometropia, if present. The lenticular status and 
refraction of the fellow eye must be considered. Younger 
patients with rapidly progressing myopia and astigmatism 
should be carefully evaluated for keratoconus, as these 
patients may require medical or surgical treatment for ectasia 
prior to undertaking cataract surgery [ 7 ]. 

 A comprehensive examination by biomicroscopy, includ-
ing a detailed dilated fundus examination, is performed. 
Often, the cataract surgeon will perform a careful retinal 
examination in conjunction with a vitreoretinal specialist to 
thoroughly search for peripheral breaks, holes, or weak-
nesses. Myopic maculopathy may also be present that could 
ultimately limit visual outcomes from surgery. These retinal 
disorders must be treated and stabilized prior to undertaking 
cataract surgery so as to reduce the risk of intraoperative or 
postoperative retinal detachment and to maximize postoper-
ative visual potential [ 8 ,  9 ]. 

 The surgeon must then have a detailed discussion with the 
patient about the purpose, expectations, and risks of surgery 
and obtain appropriate informed consent. In particular, the 
patient must be educated about the increased risks of retinal 
detachment and refractive surprise in cataract surgery of 
highly myopic eyes. Retinal detachment rates in uncompli-
cated eyes with high myopia have been recently reported as 
0.8 % [ 8 ], an increased risk as compared to eyes without 
axial myopia (0.4 %) [ 9 ]. 

21.3.1     Axial Length and Keratometry 

 Preoperative planning also includes careful measurement of 
corneal keratometry (both manual and automated) as well as 
axial length. Assessment of axial length may be particularly 

diffi cult in eyes with pathologic myopia, as there may be 
posterior staphylomata that result in artifi cially high axial 
length measurements [ 10 ] (see Fig.  21.1 ). In particular, eyes 
with tilted discs and/or staphyloma edges that pass across the 
fovea can have poor quality and inaccurate A-scan readings. 
It has been reported that posterior staphylomata may be 
found in 70 % of eyes with axial lengths of greater than 
33.5 mm, but in reality, nearly all eyes with pathologic myo-
pia have some degree of posterior staphylomata [ 11 ]. While 
immersion biometry is generally thought to be more accurate 
than contact A-scan, it is more time consuming and uncom-
fortable for the patient. Immersion techniques may not 
account for all errors in measurement resulting from poste-
rior staphylomata.

   Automated biometry is increasing in popularity, and opti-
cal biometry instruments such as the IOLMaster (Carl Zeiss 
Meditec; see Fig.  21.2 ) offer the ability to accurately assess 
biometry using coherence interferometry [ 12 ]. The 
IOLMaster has the capability of measuring axial lengths 
from 14.0 to 38.0 mm. In fact, biometry measurements from 
the IOLMaster may be ideal for patients with high myopia 
that can fi xate. If the patient can properly fi xate on the target, 
then the refractive axial length (the distance from the corneal 
vertex to the fovea) is measured; this is the measurement that 
is most ideal for IOL calculations. On the contrary, the ana-
tomic axial length (the distance from the corneal vertex to 
the posterior pole) as measured by A-scan contact and 
immersion biometry may provide a falsely high axial length 
in the presence of staphyomata [ 11 ].

   As an alternative, in cases of poor fi xation, immersion 
echography (using both B-scan and A-scan) can be used to 
achieve accurate axial length measurements. In this tech-
nique, a horizontal axial B-scan is used to center the cornea 
and lens echoes. Then, an A-scan vector is adjusted so as 
to pass directly through the middle of the cornea and the 
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  Fig. 21.1    ( a ) Contact A-scan measurements in an average-sized eye. ( b ) Contact A-scan measurements in an eye with a posterior staphyloma       
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anterior and posterior lens echoes. Such alignment assures 
that the vector will intersect the retina in the region of the 
fovea [ 13 ]. 

 Many surgeons will use multiple techniques to obtain 
biometry measurements in these patients and compare results 
from manual and automated devices. The measurements are 
most trusted when a strong retinal A-spike is present and 
axial length measurements are within 0.2 mm of the 
fellow eye. 

 Some surgeons will also obtain measurements of the 
 anterior chamber depth (ACD) and corneal topography to aid 
in their preoperative assessments. Topography (both placido 
disc and Scheimpfl ug) may be particularly useful in identify-
ing irregular astigmatism and ectasia in eyes with high myo-
pia and astigmatism [ 14 ].  

21.3.2     Intraocular Lens Power Calculation 

 When calculating an appropriate intraocular lens (IOL) 
power, attention should be placed on the formulae used 
for calculation. Traditional formulae (such as the SRK 
formula) are not designed for eyes with high axial 
lengths [ 10 ]. We recommend the use of an alternate theo-
retical formula, such as the Holladay II. This formula uses 
several additional variables to recommend an IOL power 
which are not included in traditional formulae. Specifi cally, 
horizontal corneal diameter, lens thickness, anterior 
chamber depth, age, and preoperative refraction are incor-
porated, which allow adjustments appropriate for high 
axial lengths [ 4 ,  10 ]. 

 There are an increasing number of patients presenting for 
cataract surgery who have previously undergone refractive 
surgery. This creates a diffi cult situation for determining the 
average keratometry for IOL calculations, since the corneal 
stroma undergoes reshaping in refractive surgery. Many for-
mulae for IOL calculation exist for these complex refractive 
situations. The American Society of Cataract and Refractive 
Surgeons provides an online tool for the calculation of IOL 
powers in these cases [ 15 ]. We have found the simple clinical 
history method to be quite elegant and successful. In this cal-
culation, the change in refractive error resulting from LASIK 
or PRK is subtracted (or added, if a hyperopic correction was 
performed) from/to the pre-refractive average keratometry 
readings. (i.e.,  K  2  =  K  1  − [ R  2  −  R  1 ], where  K  2  is the post-refrac-
tive “theoretical” keratometry,  K  1  is the pre- refractive aver-
age keratometry,  R  2  is the pre-refractive spherical equivalent, 
and  R  1  is the post-refractive spherical equivalent.  R  1  should 
be taken from a post-refractive visit within 12 months; later 
refractions may be affected by development of cataractous 
myopic shift.) This yields a “theoretical” average keratome-
try value that can be used in IOL calculations. The rigid con-
tact lens overrefraction technique may also be employed, 
where a contact lens of known curvature and power is used 
to determine post-refractive average keratometry. Some sur-
geons also use estimated total corneal power measurements 
from Scheimpfl ug topography and tomography devices in 
their calculations. Newer technology that allows intraopera-
tive aphakic aberrometry will add to the landscape of options 
for IOL calculations in post- refractive patients. It should be 
cautioned that manual keratometry, automated keratometry, 
and traditional topography are not suffi cient means to mea-
sure the appropriate average keratometry in these patients. 
An expected hyperopic result may occur, along with a rather 
unhappy patient. 

 IOL power calculation is dependent on the patient’s 
desired postoperative refractive outcome. Many patients 
with high myopia will be eager about the potential to reduce 
myopia with the use of lower IOL powers. A detailed discus-
sion should be had about options in postoperative refractive 
outcomes. Some patients may request monovision, but we 
suggest that they undergo a monovision trial with glasses or 
contact lenses prior to committing to this choice. Patients 
should also be prepared for the possibility of mild refractive 
surprise. One study has shown that 69 % of highly myopic 
patients were within 1 D of the desired refractive outcome 
after cataract surgery [ 16 ]. It has also been shown that coher-
ence interferometry (see previous discussion on IOLMaster) 
may increase the accuracy of target refractive outcomes in 
highly myopic eyes [ 12 ]. 

 The refractive status of the fellow eye should be consid-
ered in determining postoperative refractive targets. If the 
fellow eye also has a visually signifi cant cataract, then the 
surgeon may consider a target refractive outcome of plano 
to slight myopia (−0.75 sphere) if the fellow eye will also 

  Fig. 21.2    IOLMaster (Permission by Carl Zeiss Meditec)       
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undergo cataract surgery soon. We tend to err on the side of 
slight myopia, which is a more desirable outcome to most 
patients than slight hyperopia. If the fellow eye does not 
have a visually signifi cant cataract, then a target refractive 
outcome of plano to slight myopia for the operated eye will 
induce high anisometropia that may be intolerable for the 
patient. In those cases, the surgeon may consider a target 
refraction similar to that of the phakic fellow eye to achieve 
refractive balance. Alternatively, clear lens extraction, phakic 
IOLs, contact lenses, or refractive surgery may be considered 
for the fellow eye to balance both eyes and to counteract sur-
gically induced anisometropia.  

21.3.3     Intraocular Lens Options 

 The majority of patients undergoing cataract surgery choose 
monofocal IOLs. For eyes with high myopia, acrylic three- 
piece IOL’s exist in powers as low as −5.0 D (MA60MA, 
MN60MA, Alcon, Fort Worth, TX). In addition, silicone 
IOLs exist in powers as low as −10.0 D (MZ60PD, Alcon, 
Fort Worth, TX), although we tend to avoid silicone IOLs in 
eyes that may potentially require future retina surgery. 

 Specialty and premium IOLs may also be considered. If 
high astigmatism is present, the use of a toric IOL may be 
appropriate. Furthermore, the use of multifocal and accommo-
dating IOLs may be considered in the appropriate patient popu-
lation. These IOLs may be particularly useful in young, 
accommodating individuals. Multifocal and accommodating 
IOLs have limitations and tend to result in some reduction of 
contrast sensitivity postoperatively. High myopes, who may be 
accustomed to reading close-up without spectacles, might be 
disappointed if they need spectacles to read fi ne print after sur-
gery. They may also require spectacles for intermediate vision, 
depending on their refractive outcome from the multifocal or 
accommodating IOL. It must also be considered that a syneretic 
vitreous in eyes with high myopia may alter the focal point of 
accommodating IOLs, thus affecting fi nal refractive outcomes. 

 IOL choice should also take into consideration posterior 
capsular opacifi cation (PCO) rates. An IOL with a lower 
PCO rate is ideal in order to avoid future Nd-YAG capsu-
lotomy, which carries increased risks of retinal detachment 
in eyes with high myopia [ 8 ,  10 ].  

21.3.4     Expectations 

 Lastly, appropriate expectations must be identifi ed and set 
for both the surgeon and patient. The patient must under-
stand that cataract surgery in high myopia carries increased 
perioperative risks and that he may require further surgery or 
treatment for possible postoperative retinal detachment or 
refractive surprise. 

 Pseudoexfoliation, if present, increases the risk of 
zonular instability and IOL dislocation. Patients should 
also be warned of the rare possibility of loss of vision, 
blindness, or even loss of the eye from retinal detachment 
or endophthalmitis. While the patient may have high 
expectations of postoperative outcomes, it should be 
explained that it is unlikely that the patient will see 20/20 
at all distances, even with the use of a multifocal or accom-
modating IOL. Further, if the presence of myopic macu-
lopathy exists, the patient should understand that their 
best-corrected visual outcome might be limited by this 
preexisting retinal condition.   

21.4     Timing Considerations 

 The timing of surgery is an important issue. Many cataract 
surgeons will adopt a more conservative approach in these 
cases and wait until the cataract becomes of high func-
tional impairment before asking the patient to undertake 
the increased risks of surgery in high myopia. However, 
the surgeon must not wait too long; otherwise, the cata-
ract’s high density may make the surgery more technically 
diffi cult and further increase the possibility of surgical 
complications. 

 If any exudative maculopathy is present, the surgeon 
should await its stabilization prior to embarking on surgery. 
Performing cataract surgery prior to stabilization of macu-
lopathy may exacerbate its severity and make the disease 
process more diffi cult to control. In a similar fashion, any 
active intraocular conditions, such as proliferative retinopa-
thy, intraocular infl ammation, and uncontrolled glaucoma, 
must be stabilized prior to cataract surgery. Retinopathy, 
infl ammation, and intraocular pressure may be diffi cult to 
control in the immediate postoperative period if not previ-
ously stabilized. External conditions such as severe ectro-
pion and entropion should also await stabilization prior to 
undertaking cataract surgery; otherwise, corneal healing may 
be impaired in the postoperative period. 

 In some cases, the density of the cataract may limit 
the vitreoretinal specialist’s view of the posterior pole, and 
the surgeon may proceed with cataract extraction prior to the 
ideal stabilization of maculopathy or retinopathy in order to 
enhance the vitreoretinal specialist’s diagnostic and manage-
ment capabilities. 

 The patient and surgeon should consider planning 
delayed-sequential cataract surgery in both eyes to avoid 
long-term anisometropia. In some countries, immediate- 
sequential cataract surgery is gaining prevalence, but this is 
not mainstream in the United States due to concerns for 
infection and intraoperative contamination. An overnight 
hospitalization and general anesthesia are often required for 
immediate-sequential surgery.  
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21.5     Anesthesia 

 The surgeon should develop an anesthesia plan that opti-
mizes patient comfort and cooperability but that also mini-
mizes perioperative risks. If the patient is cooperative, 
topical anesthesia should be considered. Patients whom the 
surgeon suspects may be less cooperative in the operating 
room should be considered for local (retrobulbar, peribulbar, 
or sub-Tenon’s) or general anesthesia. Some anesthesia cen-
ters are adept at laryngeal mask airways (LMA’s) and this 
anesthesia technique may provide a middle-ground alterna-
tive in patients who require higher levels of sedation but for 
whom general anesthesia may be too medically risky. 

 Classically, retrobulbar anesthesia has been avoided in 
this patient group due to the increased risk of globe perfora-
tion in high axial length eyes. If local anesthesia is to be 
undertaken, peribulbar or sub-Tenon’s injections are pre-
ferred. The Greenbaum cannula (see Fig.  21.3 ) has been 
shown to be effective in providing a sub-Tenon’s block to 
achieve adequate akinesia, anesthesia, and reduction of lid 
movements during surgery [ 17 ,  18 ]. This short, fl exible, 
plastic, nontraumatic cannula may be preferred to other 
metallic commercially available cannulas due to its ease of 
use and disposability.

21.6        Surgical Considerations 

 Intraocular surgery in eyes with high myopia is made more 
diffi cult by the eye’s long axial length. The anterior chamber 
tends to be deeper in these eyes. In addition, the lens-iris 
diaphragm and position of the posterior lens capsule often 
fl uctuate in position due to a syneretic vitreous and elastic 
sclera (see Fig.  21.4 ). The surgeon may make several adjust-
ments in surgical technique to address these anatomic 
fi ndings.

   In wound construction, if a clear-corneal incision is fash-
ioned, a short, rather than long, tunnel is preferred. A short 
tunnel helps to avoid corneal striae that may result from 
instrument manipulation in a deep anterior chamber. 

 When performing the capsulorrhexis, the surgeon may 
consider a slightly larger rather than smaller size of anterior 
capsulorrhexis. This may facilitate movement of the lens out 
of the capsular bag and into the anterior chamber for supra-
nuclear phacoemulsifi cation, a technique that may reduce the 
diffi culty of phacoemulsifi cation handpiece manipulation in 
very deep anterior chambers (see Fig.  21.5 ). However, the 
surgeon must consider that eyes with high myopia often have 
pupils that dilate very well, sometimes as much as 9.5 mm, 
and that the capsulorrhexis should not be made too large in 
the setting of a large pupil.

   After the capsulorrhexis, the surgeon should perform gen-
tle hydrodissection of the lens. Many surgeons will also opt 
to perform hydrodelineation to separate the lens nucleus 
from the surrounding epinucleus and cortex. The epinucleus 
may provide a necessary protective buffer between the 
nucleus and the posterior capsule in the setting of a steep 
phacoemulsifi cation angle. 

 The surgeon should avoid rapid changes in anterior cham-
ber depth that may manifest in eyes with high axial lengths. 
Rapid movement of the vitreous anteriorly may increase 
the risk of retinal breaks and tears. Instruments, especially 
irrigating instruments such as the phacoemulsifi cation hand-
piece and irrigation/aspiration handpieces, should not be 
removed and inserted multiple times in order to avoid exces-
sive anterior-posterior movement of the lens-iris diaphragm. 
The irrigation bottle height may be lowered to reduce poste-
rior push on the lens-iris diaphragm, but a bottle height that 
is too low may also increase the risk of post-occlusion surge 
during phacoemulsifi cation. If sculpting the lens, a second 
instrument may be inserted in the paracentesis port to induce 
slow egress of irrigation fl uid and avoid extreme deepening 
of the chamber. In addition, infl ation of the anterior cham-
ber with a cohesive viscoelastic prior to removal of irriga-
tion handpieces may avoid rapid shallowing of the anterior 
chamber. 

 Some surgeons advocate that introducing the phaco-
emulsifi cation handpiece without irrigation to just below 
the iris plane can reduce fl uctuations in anterior chamber 

  Fig. 21.3    ( Top ) Greenbaum cannula for anesthesia. ( Bottom ) Proper 
placement of the Greenbaum cannula for sub-Tenon’s anesthesia       
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depth. Once the handpiece is below the iris plane, irriga-
tion can be initiated. Fluid will fi ll the posterior chamber, 
rather than the anterior chamber, and the lens-iris dia-
phragm may undergo less anterior-posterior movement. 
A more stable lens position makes for more predictable 
surgical maneuvers. 

 There are various choices of technique in nuclear disas-
sembly. Each has its advantages and disadvantages. Among 
the most straightforward and basic techniques is divide-
and- conquer (see Fig.  21.6 ). In this technique, the phaco-
emulsifi cation handpiece is used to sculpt two initial 
grooves in a cruciate pattern; the nucleus is subsequently 
cracked into four quadrants. Each quadrant is lifted and 
emulsifi ed in turn.

   New techniques of chopping, such horizontal chop or ver-
tical chop, may reduce total ultrasound energy by avoiding 
sculpting the initial grooves. In vertical chop (see Fig.  21.7 ), 
also called quick chop, the phacoemulsifi cation handpiece is 
embedded into the center of the nucleus while the chopper is 
placed just adjacent to or in front of the phaco handpiece; the 
handpiece is used to aspirate and pull upward while the 

chopper is drawn downward to create a fracture line in the 
lens. The resulting nuclear pieces may be chopped further, 
lifted, and emulsifi ed.

   We prefer a technique of preslicing the nucleus (see 
Fig.  21.8 ) to reduce stress on the zonules and to safely begin 
nuclear deconstruction without the use of ultrasound power. 
Preslicing makes use of two right-angled choppers aligned 
180° apart, drawn centripetally toward one another, such that 
quadrants are created that may be lifted and emulsifi ed as in 
previously described methods. Acceptable techniques may 
also include stop-and-chop, pop-and-chop, and fl ip-and- chop, 
among others.

   After removal of the nucleus, epinucleus, and cortex, an 
adequate volume of viscoelastic must be injected to fi ll the 
anterior chamber and capsular bag prior to lens insertion. 
Most surgeons prefer the use of foldable IOLs; these IOLs 
may be injected through small cartridge injector systems. In 
the extremes of axial length, IOL calculations may result in 
the choice of very low or negative power IOLs. These low or 
negative powered IOLs may only be available in three-piece 
models, which may be either folded or injected prior to inser-
tion. Even if a one-piece IOL is available in the power 
desired, may surgeons will still opt for a three-piece IOL due 
to its stabilizing effects in large capsular bags. The surgical 
wound may require enlargement from 3.0 to 3.5 mm to 
accommodate the insertion of a 3-piece IOL. When the IOL 
calculation results in a planned IOL power of zero or close to 
zero diopters, we nonetheless recommend insertion of an 
IOL, rather than leaving the patient aphakic. The presence of 
an IOL offers stabilization of the capsular bag and lens-iris 
diaphragm and creates an important barrier between the pos-
terior and anterior segments of the eye [ 10 ,  16 ]. 

 Among the most devastating potential complications dur-
ing cataract surgery is expulsive suprachoroidal hemorrhage. 
Previously, longer axial length was a known risk factor for 
acute intraoperative suprachoroidal hemorrhage [ 19 ]. This was 
a signifi cant risk factor in extracapsular cataract extraction, but 

  Fig. 21.4    ( a ) Phacoemulsifi cation handpiece approaching a cataract in an average-sized eye. ( b ) Phacoemulsifi cation handpiece attempting to 
approach a cataract in an eye with axial myopia; the steep angle of approach and deepened anterior chamber make the approach diffi cult       

  Fig. 21.5    Cataract being phacoemulsifi ed using the supracapsular 
technique in the anterior chamber       
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1. Sculpt deep groove

Cross section

2. Rotate nucleus

3. Sculpt second deep groove
perpendicular to first groove

4. Create fracture
between walls

6. Quadrants are removed and emulsified

5. Rotate nucleus and
create second fracture

  Fig. 21.6    Divide-and-conquer technique for nuclear disassembly       

1. Bury phaco tip into
center of nucleus

2. Position chopper in front
of, or on the side of tip

3. Phaco tip aspirates
and is pulled upwards while

chopper is pushed downward

4. Create first fracture in nucleus 5. Rotate nucleus and create second fracture

  Fig. 21.7    Quick-chop (vertical chop) technique for nuclear disassembly       
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with a trend toward phacoemulsifi cation, the overall rates of 
acute intraoperative suprachoroidal hemorrhage have declined. 
In a more recent report by Ling et al., the estimated incidence 
of suprachoroidal hemorrhage during cataract surgery was 
0.04 % [ 20 ]. Given such a low rate and small number of cases, 
the role of high myopia in the risk of suprachoroidal hemor-
rhage is not established in phacoemulsifi cation.  

21.7     Postoperative Management 

 The postoperative management is often as important as the 
surgical technique itself. On postoperative day one, the 
patient should begin a regimen of a topical antibiotic four 
times daily and a topical steroid such as prednisolone acetate 
or difl uprednate four times daily. The frequency of dosing of 
the topical steroid may be increased if there is a large amount 
of corneal edema and/or intraocular infl ammation. Many 
surgeons also recommend the use of a topical nonsteroidal 
anti-infl ammatory agent four times daily to aid in analgesia, 
reduction of infl ammation, and prevention of postoperative 
cystoid macular edema (CME). 

 Intraocular pressure must be closely monitored. Younger 
myopes have a signifi cantly increased risk of steroid response 
(increase in intraocular pressure in response to topical 

 steroids) after cataract surgery. In a recent study by Chang 
et al., patients younger than 65 years and with an axial length 
of greater than 29.0 mm had a 35- to 39-fold increased risk 
for steroid response than their counterparts over age 65 years 
and with a normal axial length [ 21 ]. If intraocular pressure is 
diffi cult to manage, less potent steroid medications such as 
loteprednol or fl uorometholone may be considered postop-
eratively to reduce the intensity of the steroid response. 

 The postoperative refraction may take weeks or even 
months to stabilize due to the variation of effective lens posi-
tion as the capsular bag shrinks around the IOL. If refractive 
surprise is present after surgery, the surgeon should wait 
until this stabilization before embarking on refractive adjust-
ments. If the refractive surprise is very large, IOL exchange 
may be considered. Alternatively, the patient may consider 
the use of glasses, contact lenses, or refractive surgery to 
counteract refractive surprise. The use of piggyback IOLs is 
also gaining popularity in these cases. 

 Posterior capsular opacifi cation (PCO) may involve 
approximately 8 % of all cataract surgery using acrylic IOLs 
[ 22 ,  23 ]. The standard treatment of Nd-YAG laser capsulot-
omy carries a higher risk of retinal detachment in eyes with 
axial myopia [ 8 ,  10 ]. Ranta et al. found a retinal detachment 
hazard ratio of 1.51 for each mm increase above 25.0 mm in 
axial length [ 23 ]. Some surgeons may preemptively avoid 

1. The choppers are placed at the
nuclear equator 180 degrees apart

2. The choppers are drawn centripetally
in order to slice the nucleus into hemispheres

3. The choppers are reoriented by 90 degrees and a similar
motion is used to chop the hemispheres into quadrants

4. The quadrants are lifted up and
to the center and emulsified

  Fig. 21.8    Preslicing technique for nuclear disassembly       
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this risk by performing capsular polishing techniques at the 
time of surgery. Another option is to perform a posterior con-
tinuous, curvilinear capsulorrhexis during surgery, although 
a liquefi ed vitreous may be diffi cult to control if the posterior 
capsule is intentionally violated. As previously mentioned, 
some IOLs are designed to reduce the rate of PCO; preopera-
tive choice of these IOLs may be a wise option. 

 Postoperative care should be conducted in conjunction 
with a vitreoretinal specialist who may be more adept in 
detecting subtle retinal breaks and tears and cystoid macular 
edema. In cases of intraoperative vitreous loss or retained 
lenticular fragments, comanagement is particularly impor-
tant so that vitrectomy and posterior lensectomy may be 
undertaken when appropriate.  

    Conclusion 

 Cataract surgery in eyes with high axial myopia may be 
safe and successful if appropriate perioperative measures 
are undertaken to reduce the risks of complications. There 
may be a high likelihood of favorable outcomes with 
careful operative planning and management.     

   References 

    1.    Klein BE, Klein R, Moss SE. Incident cataract surgery: the Beaver 
Dam eye study. Ophthalmology. 1997;104(4):573–80.  

    2.    Lim R, Mitchell P, Cumming RG. Refractive associations with 
cataract: the Blue Mountains eye study. Invest Ophthalmol Vis Sci. 
1999;40(12):3021–6.  

    3.    Younan C, Mitchell P, Cumming RG, et al. Myopia and incident 
cataract surgery: the Blue Mountains eye study. Invest Ophthalmol 
Vis Sci. 2002;43(12):3625–32.  

     4.      Miffl in MD, Wolsey DH. Chapter 31. Cataract surgery after 
 refractive surgery. In: Essentials of cataract surgery. Thorofare; p. 
271–82.  

    5.    Williams MA, et al. The incidence and rate of rhegmatogenous reti-
nal detachment seven years after cataract surgery in patients with 
high myopia. Ulster Med J. 2009;78(2):99–104.  

    6.    Attebo K, et al. Prevalence and causes of amblyopia in an adult 
population. Ophthalmology. 1998;105(1):154–9.  

    7.    Chiou AG, et al. Management of corneal ectasia and cataract fol-
lowing photorefractive keratectomy. J Cataract Refract Surg. 
2006;32(4):679–80.  

       8.    Jacobi FK, Hessemer V. Pseudophakic retinal detachment in high 
axial myopia. J Cataract Refract Surg. 1997;23(7):1095–102.  

     9.    Szijarto Z, et al. Pseudophakic retinal detachment after phacoemul-
sifi cation. Ann Ophthalmol. 2007;39(2):13409.  

         10.    Seward H, et al. Management of cataract surgery in a high myope. 
Br J Ophthalmol. 2001;85:1372–8.  

     11.      Curtin BJ, Karlin DB. Axial length measurements and fundus 
changes in the myopic eye. Am J Ophthalmol: 1971;71:42–53.  

     12.    Roessler GF, et al. Accuracy of intraocular lens power calculation 
using partial coherence interferometry in patients with high myo-
pia. Ophthalmic Physiol Opt. 2012;32:228–33.  

    13.   Byrne SF, Green RL. Ultrasound of the eye and orbit. St. Louis, MO: 
Mosby; 1992. p. 2e.  

    14.    Wolf A, et al. Mild topographic abnormalities that become 
more suspicious on Scheimpfl ug imaging. Eur J Ophthalmol. 
2009;19(1):10–7.  

    15.       Wang L, et al. Evaluation of intraocular lens power prediction 
methods using the American Society of Cataract and Refractive 
Surgeons Post-Refractive Surgery IOL Calculator. J Cataract 
Refract Surg. 2010;36(9):1466–73. ASCRS.org.  

     16.    Kohnen S, Brauweiler PJ. First results of cataract surgery and 
implantation of negative power intraocular lenses in highly myopic 
eyes. J Cataract Refract Surg. 1996;22:416–20.  

    17.    Greenbaum S. Parabulbar anesthesia. Am J Ophthalmol. 1992;
|114:776.  

    18.       Kumar CM, Dodds D. Evaluation of the Greenbaum sub-Tenon’s 
block. Br J Anaesth. 2001;87(4):631–3.  

    19.    Beatty S, Lotery A, Kent D, et al. Acute intraoperative supra-
choroidal hemorrhage in ocular surgery. Eye (Lond). 1998;
12(Pt 5):815–20.  

    20.    Ling R, Cole M, James C, et al. Suprachoroidal hemorrhage compli-
cating cataract surgery in the UK: epidemiology, clinical features, 
management, and outcomes. Br J Ophthalmol. 2004;88(4):478–80.  

    21.    Chang DF, Tan JJ, Tripodis Y. Risk factors for steroid response among 
cataract patients. J Cataract Refract Surg. 2011;37(4):675–81.  

    22.    Wejde G, et al. Posterior capsular opacifi cation: comparison of 3 
intraocular lenses of different material and design. J Cataract 
Refract Surg. 2003;29(8):1556–9.  

     23.    Ranta P, Tomilla P, Kivela T. Retinal breaks and detachment after 
neodymium: YAG laser posterior capsulotomy: fi ve-year incidence 
in a prospective cohort. J Cataract Refract Surg. 2004;30(1):58–66.    

21 Special Considerations for Cataract Surgery in the Face of Pathologic Myopia



323R.F. Spaide et al. (eds.), Pathologic Myopia, 
DOI 10.1007/978-1-4614-8338-0_22, © Springer Science+Business Media New York 2014

22.1            Highly Myopic Strabismus 

 Pathological myopia is sometimes responsible for a charac-
teristic strabismus with distinct ocular motility abnormali-
ties. The eye movement is mechanically restricted in both 
abduction and supraduction, resulting in esotropia and hypo-
tropia [ 1 ,  2 ].  Strabismus fi xus  is the most advanced stage of 
this type of strabismus, in which the affected eye is so tightly 
fi xed in an esotropic and hypotropic position that even pas-
sive movement in any other direction is impossible [ 3 – 5 ]. 
This extreme condition has also been called  convergent stra-
bismus fi xus  [ 3 ] or  myopic strabismus fi xus  [ 6 ]. However, 
strabismus in high myopia does not always take the form of 
 strabismus fi xus . Severity varies from small-angle esotropia 
with mild restriction in abduction [ 6 ,  7 ], in which the eye can 
be moved past the midline, to  strabismus fi xus . In addition, 
the strabismus is not always esotropic, with even exotropia 
and hypotropia reported [ 8 ]. What these conditions have in 
common are axial high myopia and restrictive ocular motil-
ity. I therefore propose the term  highly myopic strabismus  for 
this entity. 

22.1.1     Etiology 

  Highly myopic strabismus  is an acquired strabismus affect-
ing highly myopic adults. The axial length of the eye often 
exceeds 30 mm [ 9 ]. Figure  22.1  is the distribution of axial 
length of eyes with  highly myopic strabismus , ranging from 
19.9 to 35.5 mm (mean ± SD, 31.9 ± 2.05 mm).

   Several authors have proposed a variety of etiologies 
[ 10 –  13 ], but its mechanisms of development remained 
unknown until substantial progress was made in imaging 

technologies such as computed tomography or MRI. Demer 
and von Noorden [ 12 ] were the fi rst to try to fi nd an answer to 
this problem using CT scan in 1989. Kowal et al. [ 4 ] reported 
the fi rst MRI fi ndings in 1994. In my opinion, however, the 
following three studies made a signifi cant breakthrough 
by discovering inferior displacement of the lateral rectus 
(LR) muscle using different methods: axial CT scanning by 
Ohta et al. [ 14 ], intraoperative observation by Herzau and 
Ioannakis [ 15 ], and coronal MRI by Krzizok et al. [ 8 ]. Both 
Ohta et al. and Herzau and Ioannakis as well as Krzizok and 
Schroeder [ 16 ] speculated that downward displacement of 
the LR might disturb abduction. However, while downward 
shift of the LR may weaken the abducting force, this does 
not itself explain how both abduction and supraduction are 
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  Fig. 22.1    Distribution of axial length of the globe in highly myopic 
strabismus. Mean ± SD is 31.9 ± 2.05 mm. The shortest axial length is 
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simultaneously restricted, particularly in  strabismus fi xus . 
Furthermore, no clear explanation was provided on how the 
LR becomes displaced. 

 As reported by Yokoyama et al. [ 17 ,  18 ], the globe of 
 highly myopic strabismus  is dislocated from the muscle cone 
through the space between the superior rectus (SR) and LR 
muscles, and this dislocation may be the direct cause of this 
disease. Their fi ndings can also explain how the LR is inferi-
orly displaced. 

 Figure  22.2  shows axial MRI images of a patient with 
bilateral  strabismus fi xus . In axial scans, the medial and lat-
eral rectus muscles are sometimes not present at the same 
level due to a downward shift of the LR. The top image 
shows the slice that includes the largest cross section of the 
globe. This slice also includes the medial rectus (MR) mus-
cle. However, the LR is depicted at a lower level, 6 mm 
below the MR as in the bottom image. This is exactly what 
Ohta et al. [ 14 ] reported using CT scan. Nevertheless, it is 
not a common fi nding in  highly myopic strabismus  in general 
but only seen when dislocation of the globe is unusually 
severe, namely, as in  strabismus fi xus .

   Coronal scanning is the most useful means for the diagno-
sis of  highly myopic strabismus . The coronal MRI in 
Fig.  22.3  is recorded from another patient with bilateral  stra-
bismus fi xus . The globe is abnormally displaced superiorly 
and temporally, with its large part being outside the muscle 
cone. Figure  22.4  is a 3-dimensional reconstruction created 
from the same MRI. As shown in the dorsal view, the 

  Fig. 22.2    Axial MRI of a patient with bilateral strabismus fi xus. The 
medial rectus muscles ( top ,  arrows ) are not present in the same plane as 
the lateral rectus ( bottom ,  arrows ). The  bottom image  shows a slice 
6 mm lower than the  top . In strabismus fi xus, the LR generally takes a 
longer path than it does under normal conditions, running along the 
under surface of the globe       

  Fig. 22.3    Coronal MRI of a patient with bilateral strabismus fi xus. Images are laid out sequentially from posterior to anterior with a slice thick-
ness of 3 mm.  Circles  indicate cross sections of the muscle cone       

 

 

T. Yokoyama



325

 posterior part of the globe is obviously dislocated from the 
muscle cone and held between the SR and LR muscles. In 
this situation, the posterior pole of the globe cannot move 
nasally because the SR muscle is in its way, resulting in 
restriction in abduction. Supraduction is prevented similarly 
by the LR muscle, which suspends the posterior portion of 
the globe from below. Herzau and Ioannakis [ 15 ] described 
exactly the same observation about the LR during surgery. 
This is how the eye is mechanically immobilized.

    Figure  22.5  compares orbits of a control subject and a 
patient with  strabismus fi xus . The control is a high myope 
without strabismus or any abnormal ocular movement. In 
the control subject, the SR is located slightly temporal to the 
inferior rectus (IR), and the MR and LR muscles are almost 
at the same level. In the patient, however, the SR is dis-
placed nasally and the LR inferiorly. Some might consider 
that both these muscles have largely changed their posi-
tions, but in actual fact they are displaced only fractionally. 
It is superior temporal displacement of the globe that cre-
ates the illusion of the SR and LR having been substantially 
displaced.

22.1.2        Angle of Dislocation 

 Some indicator to measure the severity of globe dislocation 
is vital to quantitative investigation of the relationship 
between the degree of globe dislocation and severity of 
restriction in ocular movement. 

 Small white circles in Fig.  22.6  represent the centers of 
the globe (G), SR (S), and LR (L). Their coordinates are 
obtained with computer software, Scion Image ®  (Scion 
Corporation, Frederick, Maryland, USA). Angle LGS, 
including the superior temporal quadrant of the orbit, is indi-
cated with a curved line. Since this angle can be a useful 
indicator denoting the severity of globe dislocation, I call it 
the angle of dislocation. If this angle is larger than 180°, 
more than half of the cross section of the globe lies outside 
the muscle cone. Angle of dislocation has a signifi cant cor-
relation with the maximum angle of abduction and that of 
supraduction [ 9 ]. The mean angle of dislocation in 36 eyes 
with  highly myopic strabismus  is 179.9 ± 30.8°, whereas that 
in 27 normal controls is 102.9 ± 6.8°.

22.1.3        Surgical Treatment 

 A surgical procedure uniting the muscle bellies of the SR and 
LR muscles is effective on restoration of globe dislocation in 
 highly myopic strabismus . It can improve not only abnormal 
eye position but defective ocular movement. 

 Figure  22.7  illustrates how to unite the SR and LR mus-
cles. The purpose of this procedure is to push the globe 
back into its normal position, i.e., within the muscle cone. 
One single-armed suture is inserted into the two rectus 
muscles and ligated. Nonabsorbable 5-0 polyester is best 
suited for this procedure since it is strong enough to unite 
the muscles and does not produce any undesirable tissue 

  Fig. 22.4    Three-dimensional reconstruction. ( a ) Frontal view, ( b ) dor-
sal view,  SR  superior rectus,  MR  medial rectus,  IR  inferior rectus,  LR  
lateral rectus. This is created from the MRI in Fig.  22.3 . The four rectus 

muscles and the optic nerve are traced along their path on each slice. 
The globe is a spheroid superimposed to fi t exactly the shape of the real 
globe       
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reaction. The suture is inserted twice into each muscle at 
different  distances from the muscle margin. In this way, 
the friction of the suture can be utilized to fi rmly fi x the 
muscles. The suture should not be locked until the two 
muscles securely get in close contact with each other. 
There must not be any gap left between them because, if 
any, the bare thread in the gap might slice into the sclera 
and eventually puncture the globe. The position of suture 
placement is approximately 15 mm behind the insertion 
for both the SR and LR. Because this position is some-
times hard to reach, a preplaced silk suture is often needed 
at about 10 mm behind the rectus muscle insertion in order 
to pull out the necessary part of the muscle (Fig.  22.8 ). 
Whenever the muscle is found to be too tight to manipu-
late with only muscle hooks, a preplaced suture should be 
used because, especially in elderly patients, rectus mus-
cles are often so vulnerable to forcible manipulations that 
they can easily be torn up. This is particularly true for 

the SR because its insertion lies farthest from the corneal 
limbus among the four rectus muscles and also because 
it is covered with the upper lid. On the contrary, the LR 
is much easier to expose only with muscle hooks than 
the SR, and a preplaced suture is not generally needed. 
During exposure of the muscles, intermuscular mem-
branes should thoroughly and carefully be dissected so as 
to enable smooth sideways movements of the muscles, but 
the Tenon’s capsule that covers the muscle itself must not 
be removed to prevent the muscles from splitting apart. 
Where to place the suture in the muscle is also important. 
Half the width of a muscle should at least be spared to 
avoid ischemia. However, if a suture is inserted too mar-
ginally, the muscle may well fail to be secured, and the 
result will end up being unsatisfactory.

    There are some other minor but important points to 
be emphasized about the union procedure. In  strabis-
mus fi xus , the insertion of the inferior oblique muscle 

  Fig. 22.5    Comparison of normal control and strabismus fi xus. The  top 
image  is the orbits of a high myope without strabismus or ocular 
 motility abnormality. The  bottom  is those of a patient with strabismus 

fi xus. In the patient’s scan, the SR is displaced nasally and the LR 
 inferiorly because the dislocated globe ( arrows ) is pushing them aside       
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frequently lies abnormally higher than the upper margin 
of the LR (Fig.  22.9a ), although this insertion should 
normally be located around the lower margin of the LR. 
Similarly, the insertion of the superior oblique is found to 

be temporal to the temporal margin of the SR (Fig.  22.9b ). 
This is because the courses of the two rectus muscles have 
shifted due to globe dislocation. One should be careful 
not to suture the oblique muscles together with the rec-

  Fig. 22.6    Angle of dislocation.  SR  superior rectus,  LR  lateral rectus. 
The angle of dislocation is formed by connecting three points, the area 
centroids ( circles ) of the SR, globe, and LR, facing the superior tempo-
ral wall of the orbit ( curved line ). This angle has a signifi cant correla-
tion with the maximum angle of abduction and that of supraduction       

  Fig. 22.7    Schematic illustrations of SR-LR union procedure.  LR  lateral recus,  SR  superior rectus (surgeon’s view). A suture is placed in each 
rectus muscle approximately 15 mm behind the insertions       

  Fig. 22.8    Preplaced suture to the superior rectus muscle. A silk suture 
( arrow ) is placed about 10 mm behind the insertion to pull out the mus-
cle. This suture makes it safer to expose the necessary part of the mus-
cle than using only muscle hooks       
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tus muscles. That makes it impossible to move the rectus 
muscles.

   There are two possibilities by which the muscle union 
surgery may take effect. First, this surgery can normalize the 
vectors of muscle force of the SR and LR. Second, the pro-
cedure can make the globe move freely within the muscle 
cone by eliminating the mechanical disturbance of eye move-
ment. Myopexy of the LR at the equator of the globe [ 19 ] or 
muscle transposition aimed at correcting the displacement of 
the extraocular muscle path [ 15 ] are effective in some 

patients, but they also can work through the restoration of 
globe dislocation. 

 Figure  22.10  is coronal MR images recorded before 
and after union surgery. In the preoperative image, 
approximately half of the globe lies outside the muscle 
cone. The SR and LR muscles are pushed aside by the 
dislocated globe. Then in the postoperative scan, the globe 
has successfully returned within the muscle cone. Angle 
of dislocation improved from preoperative 181.1 to post-
operative 103.6°.

a b

  Fig. 22.9    Abnormal positions of the inferior and superior oblique muscles in strabismus fi xus. ( a ) Inferior oblique ( arrow ), ( b ) superior oblique 
( arrow )       

  Fig. 22.10    Improvement of the angle of dislocation after union procedure. ( a ) Preoperative MRI, ( b ) MRI after union surgery.  SR  superior rectus, 
 LR  lateral rectus. Angle of dislocation improved from preoperative 181.1 to postoperative 103.6°       
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22.1.4        Surgical Options 

 Union of the SR and LR muscles is sometimes insuffi cient 
to fully normalize the abnormal ocular movement of  highly 
myopic strabismus . One reason for this is that the MR muscle 
is likely to become contractured due to long-standing con-
vergent strabismus. If esotropia and mechanical restriction 
in abduction remain after union surgery even though resto-
ration of globe dislocation is confi rmed with postoperative 
MRI, recession of the MR muscle will be the next step to 
take. However, an excessive amount of MR recession prior 
to union surgery is not recommended, because it may lead to 
overcorrection and produce uncontrollable large- angle exo-
tropia (Fig.  22.11 ). Resection of the LR before union proce-
dure can aggravate dislocation of the globe, because when the 
angle of dislocation is greater than 180°, the shortened LR 
further pushes the globe out from the muscle cone, thus mak-
ing it diffi cult to do an SR-LR union. Even if muscle union 
successfully restores globe dislocation, the LR resection per-
formed before the union surgery may cause overcorrection.

   In my experience, 4 out of 23 eyes, which had not had 
previous strabismus surgery, did not need additional MR 
recession, and abnormal ocular movement was suffi ciently 
corrected only with a union procedure. This fact implies that 
MR recession is not an essential part for the treatment of 
 highly myopic strabismus . It should be planned only when 
contracture of the MR is confi rmed after muscle union. 

 Here are improvements of several parameters after union 
procedure and MR recession (if necessary) in my hand: 
angle of dislocation from preoperative 184.0° ± 31.5° to 

 postoperative 101.1° ± 21.7°, maximum angle of abduction 
from −14.0° ± 42.1° to 46.3° ± 22.1°, maximum angle of 
supraduction from −10.8° ± 30.6° to 38.5° ± 15.7°, and angle 
of deviation from 56.8° ± 36.0° to 0.7° ± 9.0°. The negative 
values for abduction and supraduction indicate that the eye 
cannot reach the midline.  

22.1.5     Dynamic Changes of Globe Dislocation 

 All the images in Fig.  22.12  are obtained from the same 
patient. This patient had bilateral  strabismus fi xus  and 
received SR-LR union surgery in both eyes. In the left col-
umn, the patient is instructed to look in the lower right direc-
tion. The right eye is infraducting because it cannot abduct 
past the midline. In the right column, the patient is looking 
in the lower left direction with the right eye infra-adducting. 
Note that globe dislocation in the right eye is much more 
pronounced when the eye is infra-adducting than is infra-
ducting. In other words, the severity of globe dislocation can 
dynamically change according to different eye positions. 
When evaluating MRI, therefore, it must be recorded in sev-
eral different eye positions, at least in infra-adduction and 
infra-abduction, not to miss such dynamic changes. This is a 
case in which muscle union procedure is insuffi cient to cor-
rect abnormal ocular motility. I have not been able to fi nd any 
other way to improve the ocular movement of this patient.

   This instability of globe dislocation was also demon-
strated by Ohba et al. [ 20 ] in a different way. They reported a 
case of unilateral  strabismus fi xus  in which the patient could 
manually reposition the dislocated globe. By pushing the eye 
with the fi nger tips over the eyelid, the patient was able to 
normalize the abduction defi cit temporarily by herself.   

22.2     Myopia and Concomitant Strabismus 

 Myopia can be associated with both esotropia and exotropia. 
With the presence of uncorrected myopia in children, binoc-
ular visual function is not likely to develop properly because 
the eyes are constantly stimulated with blurred retinal 
images. Unilateral high myopia is more likely to give rise to 
strabismus,  sensory heterotropia , than bilateral myopia 
because impairment of binocular vision is more profound in 
unilateral cases. If the onset of unilateral visual loss is at 
birth or between birth and 5 years of age, almost equal fre-
quency of esotropia and exotropia are observed, although 
exotropia predominates in older children and adults [ 21 ]. Up 
to the present there has been no evidence of myopia-specifi c 
mechanism leading to concomitant esotropia. Some authors 
say that most clinical characteristics of nonaccommodative 
esotropia in myopia are no different from those associated 
with emmetropia or hypermetropia [ 22 ]. 

  Fig. 22.11    Change of ocular deviation over time. ( a ) Before union 
surgery, ( b ) 52 days after bilateral union surgery, ( c ) fourteen years 
later. This patient had received multiple recession-resection procedures 
in both eyes prior to the union surgery       
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 Curtin found that exodeviations (574) were more preva-
lent than esodeviations (303) in a consecutive series of 
1,017 myopes [ 23 ]. One might consider that those exode-
viations are caused by reduced accommodative conver-
gence resulting from lesser demand for accommodation in 
uncorrected myopia. However, distribution of refractive 
errors in exotropes resembles that in the nonstrabismic pop-
ulation [ 22 ]. It is true that some adult exotropes try to 
achieve orthotropia by exerting an excessive amount of 
accommodative convergence at the cost of clear image [ 24 ]. 
They often prefer to wear overcorrected myopic spectacles 
to get both ocular alignment and clear vision. This pseudo-
myopia disappears immediately after surgical correction of 
the exotropia. Recently Ekdawi et al. reported that in chil-
dren with intermittent exotropia, myopia occurred in over 
90 % of patients by 20 years of age [ 25 ]. This is quite 
intriguing in that there might be a possibility that exotropia 
is a cause of myopia. 

 Angle kappa is the angle formed by the pupillary axis and 
the visual axis. It is generally smaller or occasionally even 
negative in myopic eyes. Damms et al. reported negative 

angle kappa and macular dislocation in the direction of the 
optic disc in highly myopic children [ 26 ]. When angle kappa 
is negative, corneal light refl ection is observed on the tempo-
ral side of the pupillary center as opposed to the nasal in eyes 
with a positive angle. It gives a false impression of esotropia, 
but the cover test should generally reveal the true position of 
eyes. For example, when there is no strabismus, an eye with 
negative angle kappa remains in the same apparent esotropic 
position even if the other eye is occluded. However, attention 
must be paid in conducting the corneal light refl ection test to 
determine the presence of strabismus in infants or uncoop-
erative patients, in which accurate cover testing is not always 
possible.     
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23.1            Introduction 

 The study of high axial myopia in the setting of antecedent, 
concurrent, or subsequent ocular disorders, systemic dis-
eases, hereditary syndromes, and systemic drug use may 
contribute to our understanding of the pathogenesis of myo-
pia and even set the occasion for the development of treat-
ment. Although early recognition of mild myopic changes 
that commonly arise with certain ocular and systemic factors 
may limit the burden of vision loss with simple refractive 
correction, the recognition of high and pathologic axial myo-
pia is important since there is a risk of permanent vision loss 
from vision-threatening sequelae. Therefore, the study of 
cases of high axial myopia, and specifi cally those cases in 
which there may be a causal relationship, is of particular 
interest. Additionally, recognition of the tendency of some 

syndromes to be associated with high myopia heightens the 
clinical suspicion for detection of severe refractive errors in 
patients who may be preverbal or unable to effectively com-
municate. Clinical studies and basic scientifi c discoveries 
oftentimes mirror and motivate each other. In this chapter, 
we detail clinical observations and studies that have proven 
or may in the future prove themselves relevant to current 
thoughts on emmetropization and animal models of myopia 
discussed more thoroughly elsewhere in this book.  

23.2     Myopia in Association 
with Ocular Diseases 

 Form-deprivation myopia and lens-induced myopia are two 
commonly employed techniques in establishing myopia ani-
mal models [ 1 – 6 ]. Additionally, studies have suggested that 
a change in the component scleral collagen in the eye wall or 
its turnover may contribute to pathologic eye elongation 
[ 7 – 11 ]. Not surprisingly, the majority of clinical reports and 
studies of ocular diseases that may have a causal relationship 
with high myopia tend to be related to visual deprivation or 
connective tissue disorders. The most revealing cases are 
those with unilateral axial high myopia [ 12 ] and twin 
 studies [ 13 ]. There are also many other ocular diseases asso-
ciated with myopia in which a causal relationship is not 
clear, for example, those diseases that occur simultaneous 
with myopia development (such as microcornea and congen-
ital stationary night blindness) or those that tend to occur 
later on in highly myopic patients. 

23.2.1     High Myopia Associated 
with Form-Depriving Ocular Conditions 

 Form-deprivation that may lead to high axial myopia can 
occur at any point along the visual axis anterior to the photo-
receptive retina, ranging from eyelid and orbital disorders to 
the nerve fi ber layer. These situations support the idea of a 
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focus-sensor in the retina (often thought to reside in the 
peripheral retina) that transmits a signal to regulate scleral 
remodeling. Whether this signal is self-contained within the 
retina-choroid-sclera complex or requires communication 
via the optic nerve is still controversial [ 14 ]. 

 Monocular axial myopia was reported by Hoyt et al. in a 
series of eight patients with unilateral infantile blepharopto-
sis, which they thought was consistent with the experimental 
model of neonatal lid fusion [ 15 ,  16 ]. Additionally, infantile 
capillary hemangiomas of the upper eyelids have been asso-
ciated with myopic and astigmatic refractive errors that may 
persist after resolution of the vascular tumors, which may 
support a contributing role of form-deprivation [ 17 ,  18 ]. 

 Within the anterior segment, eyes with early unilateral 
corneal opacities have been shown to have axial lengths 
>26 mm, due to lengthening of the posterior segment [ 19 , 
 20 ], which was thought to be consistent with the obser-
vations in the macaque monkey [ 21 ]. It is also important 
to note that bilateral form-deprivation in the macaque 
resulted in bilateral axial myopia [ 1 ]. Congenital cataracts 
are also associated with high myopia, exemplifi ed in a pair 
of identical twins, one of which had a congenital lens opac-
ity [ 13 ]. In terms of posterior segment disorders associated 
with high myopia, Miller-Meeks et al. reported in a small 
case series that infants younger than 2.5 years old with 
unilateral vitreous hemorrhage obscuring the posterior 
pole exhibited myopic anisometropia ranging from 1.37 to 
12.00 diopters (D) [ 22 ].  

23.2.2      High Myopia Associated with Ocular 
Disorders of Connective Tissue 

 Axial myopia is likely infl uenced by the component struc-
tural elements of the sclera: collagen. Several ocular condi-
tions in which there may be alteration in connective tissue 
have been reported to associate with high myopia. In con-
genital scleral ectasia, there is thinning and bulging of the 
posterior sclera, usually in the peripapillary area, that is asso-
ciated with axial myopia [ 23 ]. Myopia has also been associ-
ated with systemic connective tissue disorders, which are 
discussed later in this chapter. 

 Of note, keratoconus is a corneal collagen disorder char-
acterized by the progressive central or paracentral thinning 
and anterior bulging of the cornea that may occur in isolation 
or in the context of numerous congenital abnormalities of the 
eye and malformative syndromes. Keratoconus eyes are 
 virtually always myopic with astigmatism. Although a 
majority of the myopia in keratoconus is refractive in nature, 
there is also axial length elongation but only to the 24.40 mm 
range (with the main contribution from posterior segment 
elongation) [ 24 – 26 ]. If keratoconus were related to a more 
global connective tissue disorder (that involved scleral 

 collagen as well), one would expect the level of corneal 
 ectasia to correlate with the axial length of the eye. No such 
correlation has been found in studies thus far [ 24 ,  25 ].  

23.2.3     Other Ocular Disorders That Associate 
with Myopia 

 There are also a variety of other ocular disorders that are 
associated with high axial myopia (some that may develop 
simultaneously with myopia or that tend to develop later in 
myopic eyes). In the anterior segment, one such disorder is 
microcornea, which is characterized by a horizontal corneal 
diameter of <11 mm, a fl at corneal surface, normal pachym-
etry, and degenerated endothelium and is rarely reported to 
be associated with high axial myopia [ 27 ,  28 ]. Aniridia is a 
congenital bilateral ocular disorder that is associated with 
hypoplasia of the iris with variable foveal and optic nerve 
hypoplasia, nystagmus, cataracts, glaucoma, and corneal 
opacifi cation. High myopia may be present, presumably due 
to iridocorneal junction abnormalities, and PAX6 mutations 
have been associated with high myopia [ 29 ,  30 ]. This is con-
sistent with animal experiments that showed changes in reti-
nal PAX6 gene expression in chick and primate myopia 
models [ 31 ,  32 ]. 

 Several posterior segment disorders also fall into this cat-
egory. Congenital stationary night blindness (CSNB) is a 
nonprogressive rod dystrophy typically associated with high 
myopia. The types of CSNB that are highly myopic are 
inherited as an X-linked recessive, but CSNB can also be an 
autosomal recessive or autosomal dominant trait [ 33 ,  34 ]. 
CSNB is often associated with a negative electroretinogra-
phy (ERG) in the maximal response, where there is selective 
loss of the b-wave [ 35 ]. The more complete the CSNB is, the 
more likely for it to be associated with higher amounts of 
myopia [ 36 ]. Intriguingly, X-linked transmission of high 
axial myopia has also been reported in cone-rod dystrophy 
[ 34 ,  37 ], achromatopsia [ 38 ], and retinitis pigmentosa [ 34 , 
 39 ,  40 ]. This connection helped direct genetic studies, reveal-
ing the fi rst identifi ed locus for high myopia on chromosome 
X (MYP1, OMIM 310460) [ 41 ] and associated TEX28 copy 
number variations [ 42 ]. 

 In retinopathy of prematurity (ROP), there is abnormal 
retinal vascular development in premature infants with 
subsequent peripheral neovascularization and eventually 
traction retinal detachment in untreated cases. Myopia is 
seen commonly with ROP. Although frequently this can be 
contributed to anterior segment changes, there is a positive 
correlation between the degree of myopia and the severity 
of cicatricial retinal vascular disease [ 43 ]. Approximately 
70 % of high-risk pre-threshold ROP eyes are myopic in 
early childhood, with the proportion with high myopia 
increased steadily between ages 6 months and 3 years [ 44 ]. 
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These cases are generally not high axial myopes and have 
been associated with a shallow anterior chamber depth and 
a thicker lens [ 44 ]. Cryotherapy treatment for ROP is asso-
ciated with high refractive myopia development [ 45 ], more 
so than laser treatment. Curiously anti-VEGF treatment 
of ROP may be associated with less myopia than laser 
 treatment [ 46 ].   

23.3     Myopia Associated with Systemic 
Diseases and Syndromes 

 A large number of systemic diseases and syndromes have 
been reported to be associated with myopia. Table  23.1  sum-
marizes the main systemic and ocular characteristics of some 
of these syndromes. The most frequent and relevant entities 
will be described in this section.

   As mentioned in Sect.  23.2.2  above, systemic diseases of 
connective tissue have been associated with high myopia. 
Marfan syndrome is a common inherited connective tissue 
disorder caused by mutations in the FBN1 gene on chromo-
some 15 that encodes the connective tissue protein fi brillin-1 
[ 106 ]. Patients with Marfan’s syndrome typically feature tall 
stature, dolichostenomelia, arachnodactyly, scoliosis, mitral 
valve prolapse, aortic aneurysm, and recurrent pneumotho-
rax with ocular fi ndings of superotemporal lens subluxation, 
glaucoma, retinal pigmentary degeneration, retinal detach-
ment, and high axial myopia [ 107 ]. Ehlers-Danlos syndrome 
is a heterogeneous group of soft connective tissue diseases, 
which can result in widespread fragility of collagen in skin, 
ligaments, joints, blood vessels, and organs including the 
eye. It has been associated with mutations affecting colla-
gen (ADAMTS2, COL1A1, COL1A2, COL3A1, COL5A1, 
COL5A2, PLOD1, and TNXB [ 108 ]) and also with reports of 

   Table 23.1    Myopia syndromes   

 Syndrome  Systemic features  Ocular features 
 Aberfi eld syndrome (Schwartz-Jampel- 
Aberfi eld syndrome) [ 47 ] 

 Myotonic myopathy, bone dysplasia, joint 
contractures, dwarfi sm 

 Blepharophimosis, long eyelashes, myopia 

 Achard syndrome [ 48 ]  Dysostoses, joint laxity limited to hands and 
feet, arachnodactyly, short mandibular rami 

 Strabismus, spherophakia, ectopia lentis, 
coloboma and cataract 

 Beals-Hecht syndrome [ 49 – 51 ]  Contractural arachnodactyly, marfanoid habit, 
scoliosis, crumpled ears 

 Blue sclera, lens coloboma, ciliary body 
hypoplasia, glaucoma, high myopia 

 Chromosome 18 partial deletion syndrome 
(de Grouchy syndrome) [ 52 ] 

 Retardation, dwarfi sm, hypotonia, hearing 
impairment, foot deformities, microcephaly 

 Myopia 

 Cohen syndrome [ 53 ,  54 ]  Dwarfi sm, delayed puberty, mental retardation, 
microcephaly, obesity, hypotony 

 Microphthalmia, pigmentary chorioretinal 
dystrophy, myopia 

 Congenital external ophthalmoplegia [ 55 ,  56 ]  None  Congenital nonprogressive restrictive external 
ophthalmoplegia and ptosis 

 Cornelia de Lange syndrome [ 57 ,  58 ]  Delayed growth and dwarfi sm, mental retardation, 
microcephaly, limb abnormalities, hirsutism with 
typical synophrys, hypoplastic genitalia 

 Ptosis, nystagmus, high myopia 

 Fabry disease [ 59 – 61 ]  Acroparesthesia, proteinuria and renal failure, 
angiokeratomas, hypertension, cardiomyopathy 

 Cornea verticillata, posterior spoke-like 
cataract, papilledema or optic atrophy, and 
retinal vascular dilation, conjunctival 
ampulliform vessel dilatations, myopia 

 Fetal alcoholic syndrome [ 62 ,  63 ]  Growth defi ciency, smooth philtrum, thin 
vermilion and blepharophimosis, neurologic 
damage 

 Strabismus, optic nerve hypoplasia, myopia 

 Forsius-Eriksson syndrome 
(Aland island disease) [ 64 ] 

 None  Hypopigmentation of the ocular fundus, 
progressive axial myopia, nystagmus, and 
dyschromatopsia 

 Gillum-Anderson syndrome [ 65 ]  None  Ptosis, high myopia, and ectopia lentis 
 Haney-Falls syndrome [ 66 ]  Mental retardation, delayed growth, 

brachydactyly 
 Posterior keratoconus posticus circumscriptus, 
myopia 

 Hereditary ectodermal dysplasia syndrome 
[ 67 – 69 ] 

 Abnormalities of two or more ectodermal 
structures (hair, nails, teeth, skin) 

 Xerophthalmia, madarosis, increased 
periorbital pigmentation, cataracts, myopia 

 Kartagener syndrome [ 70 – 72 ]  Situs inversus (dextrocardia), chronic sinusitis, 
bronchiectasis and hypoacousia due to primary 
ciliary dyskinesia 

 Retinitis pigmentosa 

 Kenny syndrome [ 73 ,  74 ]  Dwarfi sm, cortical thickening of tubular bones, 
variable anomalies of the calvaria, prominent 
forehead, midfacial dysplasia, anemia, transient 
hypoparathyroidism 

 Microphthalmia, high myopia or hyperopia 

 Kniest’s disease [ 75 ,  76 ]  Dwarfi sm, enlarged joints with pain restrict 
movement, kyphoscoliosis, platyspondyly, 
round fl at face, hypoacousia 

 Myopia 

(continued)
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high axial myopia and staphyloma [ 109 ]. Stickler syndrome, 
characterized by a defect in the type II procollagen gene, has 
four main identifi ed mutations: COL2A1 (75 %), COL11A1, 
COL11A2 (non-ocular Stickler), and COL9A1 (autosomal 
recessive variant) [ 110 ]. Systemic features of Stickler syn-
drome include fl attened facial appearance (with a frequent 
association with the Pierre Robin sequence), joint hyperelas-
ticity and arthritis, micrognathia, and hypoacousia [ 92 ,  111 ]. 
The main ocular features of Stickler syndrome include high 
myopia, glaucoma, cortical cataract, and high risk of reti-
nal detachment with giant or large retinal breaks, high inci-
dence of bilaterality, and proliferative  vitreoretinopathy. The 

 vitreous gel abnormalities may exhibit particular character-
istics classifi ed as type 1 (in which vitreous is not properly 
produced resulting in an empty appearance with a retrolen-
tal vestigial remnant) and type 2 in which the vitreous gel 
appears beaded and fi brous [ 111 ]. Wagner syndrome is due 
to a defect in the versican gene, which is responsible for 
chondroitin sulfate proteoglycan-2, a component of the vit-
reous. This syndrome is characterized by an “empty” vitre-
ous gel that lacks the normal structure. In contrast to Stickler 
syndrome, Wagner syndrome does not exhibit systemic 
manifestations and has a lower incidence of retinal detach-
ment, but high myopia is a common fi nding [ 112 ]. Since 

 Syndrome  Systemic features  Ocular features 
 Laurence-Moon-Bardet-Biedl syndrome 
[ 77 – 79 ] 

 Mental retardation, obesity, polydactyly, 
hypogenitalism, diabetes insipidus, renal 
dysfunction, seizures 

 Retinitis pigmentosa, coloboma, nystagmus, 
and myopia 

 Marchesani syndrome (Weill-Marchesani 
syndrome) [ 80 ,  81 ] 

 Brachycephaly, brachydactyly, stiff joints  Microspherophakia and ectopia lentis, myopia 

 Marshall syndrome [ 82 ]  Micrognathia, cleft palate, joint hyperelasticity 
and arthritis, hypoacousia 

 Myopia, cataract 

 Matsoukas syndrome (Matsoukas-
Liarikos- Giannikas syndrome) [ 83 ] 

 Dwarfi sm, mental retardation, joint 
hyperelasticity, micrognathia 

 Myopia 

 McCune-Albright syndrome [ 84 ,  85 ]  Polyostotic fi brous dysplasia of the legs, arms 
and skull, precocious puberty, unilateral café au 
lait spots 

 Myopia, compressive optic neuropathy 

 Meyer-Schwickerath and Weyers 
(oculodentodigital) syndrome [ 86 ,  87 ] 

 Microdontia and anodontia, syndactyly, brittle 
nails, hypoplastic alae nasi, microcephaly, 
dysarthria, spastic paraparesis, seizures, 
hypotrichosis, hypoacousia 

 Microphthalmos, microcornea, fi ne porous 
spongy abnormalities of the iris, cataract, 
glaucoma, optic atrophy, high myopia 

 Noonan syndrome [ 88 – 90 ]  Dwarfi sm, mental retardation, pterygium coli, 
pulmonary valvular stenosis, posterior cervical 
hygroma, amegakaryocytic thrombocytopenia, 
Arnold-Chiari malformation, scoliosis 

 High myopia 

 Obesity-cerebral-ocular-skeletal anomalies 
syndrome [ 91 ] 

 Obesity, hypotonia, mental retardation, 
microcephaly, hyperextensibility at elbows and 
proximal interphalangeal joints and syndactyly 

 Microphthalmia, strabismus, coloboma, 
prominent choroidal vessels, high myopia 

 Pierre Robin syndrome [ 92 ,  93 ]  Micrognathia, glossoptosis, cleft palate  Association with Stickler’s syndrome, myopia, 
strabismus, Möbius syndrome, nasolacrimal 
duct obstruction, glaucoma, cataract, 
microphthalmos, choroidal coloboma, 
retinal detachment 

 Prader-Willi syndrome [ 94 ,  95 ]  Hypotonia, hypogonadism, lethargy, scoliosis, 
obesity, mental retardation 

 Esotropic strabismus, myopia 

 Riley-Day syndrome (familial dysautonomia) 
[ 96 ,  97 ] 

 Global failure in autonomic functions with 
anhydrosis, hypotension, decreased lacrimation, 
hypoesthesia, dysphagia, dysarthria, scoliosis 

 Xerophthalmia, myopia 

 Rubinstein-Taybi syndrome (broad  
thumb- hallux syndrome) [ 76 ,  98 ,  99 ] 

 Short stature, broad thumbs and broad fi rst toes, 
mental retardation, increased risk for cancer 

 Lacrimal duct obstruction, corneal 
abnormalities, myopia, glaucoma, cataract 

 Schwartz syndrome (Schwartz-Jampel 
syndrome) [ 100 ,  101 ] 

 Short stature, myotonic dystrophy, 
blepharophimosis, puckered facial appearance, 
skeletal dysplasia and joint rigidity 

 Myopia 

 Tuomaala-Haapanen syndrome [ 102 ]  Dwarfi sm, short fi ngers and toes, wide nose 
bridge, small maxilla, oxycephaly, cutaneous 
depigmentation, alopecia, micrognathia, 
anodontia 

 Antimongoloid lid fi ssures, distichiasis, 
nystagmus, strabismus, myopia, cataract, 
foveal hypoplasia 

 Van Bogaert-Hozay syndrome [ 103 ]  Mental retardation, atrophic skin, micrognathia, 
ear abnormalities, arrested growth of 
extremities and acrocyanosis, aplastic fi ngers 
and toes 

 High myopia, ptosis, strabismus 

 Wrinkly skin syndrome [ 104 ,  105 ]  Mental retardation, dwarfi sm, wrinkled skin, 
hypotonia, microcephaly 

 Cataract, myopia, and strabismus 

Table 23.1 (continued)
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the described mutations resulting in Wagner syndrome alter 
different vitreous components than those altered in Stickler 
syndrome, their effect on adhesions at the vitreoretinal inter-
face may differ and partly explain the differing incidence of 
retinal detachment. In the Stickler and Wagner syndrome, the 
abnormal vitreous likely plays a large role in the associated 
high refractive myopia, in contrast to the high axial myopia 
that can be seen with Ehlers-Danlos syndrome. Additionally, 
Van der Hoeve syndrome, a subtype of osteogenesis imper-
fecta characterized by blue sclera, brittle bones, and conduc-
tive deafness, is associated with high axial myopia [ 113 , 
 114 ]. In juvenile idiopathic arthritis, there is also a strong 
association with myopia (reported as high as 43 % [ 115 ]). 
It is has been hypothesized that chronic infl ammation may 
weaken scleral connective tissue and predispose to a myopic 
state [ 115 ,  116 ]. Also, in tilted disc syndrome, posterior ecta-
sia at the conus is thought to contribute to the moderate and 
high axial myopia found in these patients [ 117 – 119 ]. 

 Inborn errors of metabolism have also been associated 
with myopia. Gyrate atrophy, due to autosomal recessive 
inherited mutations in the OAT gene resulting in hyperorni-
thinemia, is characterized by nyctalopia, high axial myopia 
(>26 mm), capsular cataract, and typical chorioretinal atro-
phic patches in the midperipheral retina [ 120 – 124 ]. 
Homocystinuria syndrome, also known as cystathionine beta 
synthase defi ciency, is an inherited disorder of methionine 
metabolism resulting in increased serum and urine levels of 
homocysteine that results in mental retardation, seizures, 
dolichostenomelia, and extensive atheroma. High refractive 
myopia may be a presenting sign of homocystinuria and may 
allow earlier diagnosis, institution of treatment, and avoid-
ance of thromboembolic disease [ 125 ]. In contrast to the 
axial myopia that may be seen with gyrate atrophy, the high 
myopia in homocystinuria is usually associated with a typi-
cal downward subluxation or luxation of the lens [ 125 ,  126 ]. 

 Down syndrome, due to a trisomy, typically features 
include mental retardation and delayed growth, microgenia, 
epicanthus, hypotonia, fl at nasal bridge, macroglossia, as 
well as atrioventricular septal defects. Ocular fi ndings 
include strabismus, cataract, glaucoma, keratoconus, and iris 
peripheral Brushfi eld spots. Approximately 25 % develop 
myopia [ 127 – 130 ]. Additionally, there is evidence to support 
a link between albinism and high axial myopia. Animal stud-
ies show albino subjects are more susceptible to induced 
form-deprivation myopia [ 131 ,  132 ], and there have been a 
few case reports and series that support this link [ 133 ].  

23.4     Drug-Induced Myopia 

 Drug-induced myopia has been reported throughout the 
years and, fortunately, tends to be almost uniformly tran-
sient. The clinical picture stereotypically includes the onset 
of symptoms 1–2 days following ingestion of the drug and 

last for 2–8 days after the medication has been withdrawn 
[ 134 ]. The most commonly cited drugs are sulfonamides, 
sulfonamide derivatives, and antiepileptics. The degree of 
induced myopia ranges from −0.75 to −8 D [ 134 ]. In addi-
tion to transient myopia, the anterior chamber may become 
markedly shallow, leading to acute, angle-closure glaucoma, 
which would require emergent intervention to prevent per-
manent vision loss, including immediate discontinuation of 
the offending drug, instillation of intraocular pressure- 
lowering drugs, and consideration of peripheral iridotomy. 
Also, retinal edema and central radial folds have also been 
observed [ 135 ], as have choroidal detachments [ 136 ]. 

23.4.1     Proposed Mechanisms 
of Drug-Induced Myopia 

 The mechanism of drug-induced myopia is under debate 
[ 137 ] and may differ depending on the particular inciting 
drug. It has been suggested that myopia may result from 
spasm of accommodation, anterior shift of the lens-iris dia-
phragm (from ciliary body swelling or choroidal effusion), 
and increased curvature of the lens surface (due to ciliary 
body swelling or lenticular swelling) [ 138 – 141 ]. 

 Ciliary, or accommodative spasm, was hypothesized to be 
the cause in a case of equine antilymphocytic globulin- 
induced myopia, since the authors noted that there was com-
plete resolution with cycloplegia [ 142 ]. However, others 
note that cycloplegic instillation oftentimes does not com-
pletely abolish the refractive error change in drug-induced 
myopia, suggesting additional mechanisms are involved 
[ 143 ]. It has been postulated that ciliary body edema may 
result in anterior rotation of the ciliary body and exaggerated 
zonule relaxation leading to lens thickening and anterior lens 
movement [ 134 ,  144 ]. Ciliary body edema is postulated to 
arise from either allergic mechanisms [ 139 ,  145 – 147 ] or 
nonallergic mechanisms (such as from supraciliary effusion 
[ 134 ]). Specifi cally, Krieg and Schipper proposed that an 
imbalance in eicosanoids (prostaglandin-thromboxane- 
leukotriene) metabolism [ 134 ] leads to ciliary body edema in 
the absence of a systemic allergic response [ 148 ,  149 ]. 

 Alternatively, choroidal effusion is a postulated mecha-
nism based on ultrasound studies showing choroidal effu-
sions [ 150 ] and ciliochoroidal effusions with resultant 
anterior shift of the lens and only minimal thickening of the 
crystalline lens [ 151 ,  152 ]. Jampolsky and Flom estimated 
that a reduction in the anterior chamber depth from 3.0 to 
0.5 mm is capable of effecting a −3.3 D change in refraction 
[ 153 ]. Some authors support the role of lens thickening in 
drug-induced myopia, especially in the cases where diuretics 
are the inciting agent, since osmotic movements could poten-
tially play a major role [ 137 ,  145 ,  154 ,  155 ]. Jampolsky and 
Flom also suggested possible mechanisms in addition to 
those focused on changes in the crystalline lens and ciliary 
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body [ 153 ]. They postulated transient drug-induced myopia 
might be due to changes to the media and sclera, such as 
changes to refractive index of media, differential changes in 
the refractive index of the vitreous and aqueous (due to vary-
ing sugar levels), and stretching of the sclera.  

23.4.2     Differentiating Between Mechanisms 

 The mechanism of drug-induced myopia has been explored 
in the past via several methods. A test of cycloplegia has 
been employed to determine if myopia is corrected in cases 
where accommodative or ciliary spasm is the suspected etio-
logic mechanism. Imaging also plays an important part in 
teasing out possible etiologic mechanisms. Ultrasound bio-
microscopy can allow for higher resolution imaging, focused 
more anteriorly than B-scan ultrasound, which is useful 
when examining for ciliary body edema, anterior rotation of 
the ciliary body, or ciliochoroidal effusion. These mecha-
nisms usually occur to various degrees simultaneously.  

23.4.3     Drugs Reported to Induce Myopia 

 Transient myopia from drugs is not a new finding. 
Mattsson in 1952 reported over 50 references to transient 
myopia due to sulfonamides [ 156 ]. In 1960, Muirhead 
and Scheie reviewed eight cases due to the specific sul-
fonamide acetazolamide [ 157 ]. This was soon followed 
by reports of transient myopia induced by other car-
bonic anhydrase inhibitors such as ethoxzolamide [ 158 ], 
sulfonamide-derived antihypertensive diuretics such as 
hydrochlorothiazide [ 159 ], chlorthalidone [ 160 ], and 
prochlorperazine [ 161 ]. Although transient drug-induced 
myopia is rare, over the years, the list of drugs that have 
been reported to induce myopia is extensive. Some of 
these drugs are listed below in Table  23.2 , with their 
 corresponding references.

   Among the drugs reported in the literature, the most fre-
quently cited family of drugs include the sulfonamides 
(including sulfonamide derivatives (Table  23.3 ) found in car-
bonic anhydrase inhibitors [ 136 ,  157 ,  158 ,  162 ,  163 ,  184 ], 

   Table 23.2    Dugs reported to induce myopia    Drug  Reference 

 Acetazolamide  [ 136 ,  157 ,  162 ,  163 ] 
 Adrenergic blockers (hydralazine, hexamethonium)  [ 164 ] 
 Amisulpride  [ 165 ] 
 Aspirin  [ 166 ,  167 ] 
 Bactrim (trimethoprim-sulfonamide)  [ 143 ,  147 ,  168 ] 
 Beta-blockers (betaxolol, timolol)  [ 169 ] 
 Bromocriptine  [ 170 ] 
 Carbachol  [ 138 ] 
 Chlorthalidone  [ 134 ,  160 ,  171 ,  172 ] 
 Corticosteroids  [ 173 ] 
 Cyclophosphamide  [ 174 ] 
 Ethoxzolamide  [ 158 ] 
 Flecainide  [ 175 ] 
 Glibenclamide  [ 176 ] 
 Hydrochlorothiazide  [ 150 ,  159 ,  177 ] 
 Indapamide  [ 178 ] 
 Isosorbide dinitrate  [ 179 ] 
 Isotretinoin, etretinate  [ 180 ,  181 ] 
 Levomepromazine  [ 182 ] 
 Mefenamic acid (and other NSAIDs, i.e., ibuprofen)  [ 183 ] 
 Methazolamide  [ 184 ] 
 Metronidazole  [ 185 ] 
 Olsalazine  [ 186 ] 
 Opioids (codeine, morphine)  [ 187 ] 
 Oral contraceptives  [ 188 ] 
 Penicillamine  [ 189 ] 
 Phenformin  [ 190 ] 
 Phenothiazines  [ 148 ,  182 ] 
 Physostigmine  [ 191 ] 
 Pilocarpine  [ 145 ] 
 Prochlorperazine  [ 161 ] 
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antihypertensives particularly diuretics [ 149 ,  150 ,  171 ,  178 ], 
diabetic drugs [ 176 ], trimethoprim-sulfamethoxazole antibi-
otics [ 143 ,  168 ]), and antiepileptics (especially topiramate) 
[ 137 ,  151 ,  152 ,  194 ,  199 – 203 ]. Autonomic blocking agents 
(beta-blockers [ 169 ] and adrenergic agents [ 164 ]) and non-
steroidal anti-infl ammatory drugs [ 166 ,  167 ,  183 ,  186 ] have 
also been reported to induce myopia. Nitrates, such as iso-
sorbide dinitrate, are commonly reported to cause transient 
myopia [ 179 ].

23.4.3.1       Sulfonamides 
 In chemistry, the sulfonamide functional group is 
-S(=O) 2 -NH 2 , a sulfonyl group connected to an amine group. 
Sulfonamides are commonly encountered and used in medi-
cine for a variety of purposes, such as sulfasalazine (reported 
to induce myopia when used for rheumatoid arthritis) [ 195 ]. 
Oftentimes, however, it is not apparent that a drug is a sul-
fonamide or a sulfonamide-derived chemical based on the 
drug name, especially when present as a component of a 

 Drug  Reference 

 Promethazine  [ 148 ,  155 ] 
 Quinine  [ 192 ] 
 Spironolactone  [ 155 ,  193 ] 
 Succinimide antiepileptics (ethosuximide, 
methsuximide, phensuximide) 

 [ 194 ] 

 Sulfonamides (sulfasalazine)  [ 139 ,  140 ,  145 – 147 ,  154 , 
 156 ,  195 ,  196 ] 

 Tetracyclines  [ 197 ] 
 Timolol  [ 198 ] 
 Topiramate  [ 137 ,  151 ,  152 ,  199 – 203 ] 

Table 23.2 (continued)

    Table 23.3    Examples of sulfonamide and sulfonamide-derived medications   

 Drug  Generic  Brand name 

 Antiepileptics  Topiramate [ 137 ,  151 ,  152 ,  199 – 203 ]  Topamax 
 Zonisamide  Zonegran 

 Antihypertensives 
  Thiazide diuretics  Hydrochlorothiazide (HCTZ) [ 150 ,  159 ,  177 ]  Zaroxolyn 

 Metolazone 
 Combination antihypertensives 
  Diuretic combo  Triamterene [ 150 ] and HCTZ [ 150 ,  159 ,  177 ]  Dyazide, Maxzide, Aldactazide 

 Spironolactone and HCTZ [ 150 ,  159 ,  177 ] 
  B-blocker and diuretic  Atenolol and chlorthalidone [ 134 ,  160 ,  171 ,  172 ]  Tenoretic 

 Bisoprolol and HCTZ [ 150 ,  159 ,  177 ]  Ziac 
  ACE inhibitor and diuretic  Lisinopril and HCTZ [ 150 ,  159 ,  177 ]  Zestoretic 

 Enalapril and HCTZ [ 150 ,  159 ,  177 ]  Vaseretic 
  Angiotensin II receptor  Losartan and HCTZ [ 150 ,  159 ,  177 ]  Hyzaar 
  Antagonist and diuretic  Valsartan and HCTZ [ 150 ,  159 ,  177 ]  Diovan 

 Irbesartan and HCTZ [ 150 ,  159 ,  177 ]  Avalide 
  Loop diuretics  Furosemide [ 204 ]  Lasix 
  Carbonic anhydrase inhibitor  Acetazolamide [ 136 ,  157 ,  162 ,  163 ]  Diamox 

 Methazolamide [ 184 ]  Neptazane 
 Diabetic medications 
  Sulfonylureas [ 176 ]  Glipizide  Glucotrol 

 Glimepiride  Amaryl 
 Glyburide  Diabeta 

 Antimicrobials  Sulfadiazine [ 196 ]  Bactrim 
 Sulfamethoxazole/trimethoprim [ 143 ,  147 ,  168 ] 

 Anti-infl ammatory  Sulfasalazine [ 195 ]  Azulfi dine 
 Other medications  Celecoxib [ 205 ]  Celebrex 

 Valdecoxib [ 205 ]  Bextra 

  Adapted from Lee et al. [ 206 ]  
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 combination drug [ 206 ]. Table  23.3  lists the generic and 
brand name of commonly encountered sulfonamide and 
sulfonamide- derived drugs.  

23.4.3.2     Antiepileptics 
 Antiepileptics have been cited as inducing myopia, in par-
ticular topiramate, but also others (i.e., succinimides: etho-
suximide, methsuximide, and phensuximide) [ 137 ,  151 ,  152 , 
 194 ,  199 – 203 ]. Topiramate is a sulfamate-substituted mono-
saccharide with use for partial-onset seizures. It contains a 
–O-S(=O) 2 -NH 2  group. Since there is an adjacent oxygen 
atom, instead of a carbon atom (as is the case in a sulfon-
amide, see above), the sulfur is in a different oxidation state. 
The sulfamates and sulfonamides are still bioisosteres of 
each other and therefore function similarly as drugs. 
Fraunfelder et al. reported a case series of 115 patients with 
ocular affects from topiramate that included abnormal vision, 
acute intraocular pressure elevation, acute myopia, diplopia 
at high doses, nystagmus at high doses, and shallow anterior 
chamber with angle closure [ 137 ]. They also noted probable 
associations with blepharospasm, myokymia, oculogyric cri-
sis, and suprachoroidal effusions. Specifi cally, they noted 17 
cases of acute bilateral myopia up to −8.75 D, 9 cases of 
suprachoroidal effusion, and 86 cases of acute-onset glau-
coma. Acute myopia occurred from a matter of hours after 
starting topiramate but could take weeks to fully resolve on 
or off medication. The mechanism of topiramate-induced 
myopia is under debate and has been suggested to include 
lenticular swelling [ 203 ], forward rotation of the lens-iris 
diaphragm [ 152 ,  201 ,  202 ], ciliary body swelling causing 
increased curvature of the lens surfaces [ 151 ], and spasm of 
accommodation [ 137 ].       
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24.1            Introduction 

 Myopia in children and adolescents is principally caused 
by an elongation of the axial length after the emmetropiza-
tion process [ 1 ]. Once myopia develops, it can continue 
to progress throughout childhood. Because pathological 
processes tend to develop more frequently in the eyes with 
higher myopia [ 2 ], even a partial prevention of the pro-
gression of myopia can provide important protection from 
the development of the pathological processes. The strate-
gies that have been used to prevent axial elongation are 
based on three different concepts. The fi rst concept is con-
trolling the environmental conditions such as increasing 
the outdoor activities and reducing near visual tasks. The 
second concept is that of altering the optical properties of 
the eye such as the prescribing of bifocal spectacles. And 
the third concept is the use of pharmacological agents such 
as atropine eyedrops. 

 In this review, I shall discuss each of these concepts in 
more detail with emphasis on their effectiveness in prevent-
ing or reducing the degree of myopia. 

24.1.1     Emmetropization 

 We must fi rst discuss the normal development of the refrac-
tive power of the eye. At birth, the axial length of the eye is 
approximately 17 mm, and it increases rapidly during 
infancy. The rate begins to slow by the age of 2–3 years, and 
no signifi cant increase is observed after the 10 years of 
age [ 3 ] (Fig.  24.1a ). The axial length at this time is approxi-
mately 23 mm, and thus during this period, there is an 

 average increase in the axial length of 6 mm. An increase in 
the axial length would make the eye more myopic if other 
factors remained unchanged.

   Serial keratometric measurements of the dioptric power 
of the anterior surface of the cornea showed that there is a 
rapid decrease in the corneal power from neonates to 6 
months of age but no signifi cant changes thereafter [ 3 ] 
(Fig.  24.1b ). A recent study reported that the average corneal 
power at birth is about 47–48 diopters (D) and it decreased to 
about 43–44 D at 3–9 months of age [ 4 ]. Thus, there is a 
hyperopic shift of about 4.0–5.0 D during this period. 

 The power of the crystalline lens changes the most during 
the fi rst year of life and the rate slows thereafter. After 6–7 
years of age, no signifi cant change in the power of the crys-
talline lens is observed through adulthood [ 3 ] (Fig.  24.1c ). 
A recent study reported that the average power of the crystal-
line lens is age-related and changes from 41 D in infancy to 
22–23 D by age 14 years. The average radius of curvature of 
the anterior surface of the lens is 7.2 mm in early infancy, 
and it fl attens by 4.5 mm to reach 11–12 mm by the age of 14 
years. The radius of curvature of the posterior surface fol-
lows a similar time course. 

 The average depth of the vitreous chamber is 10–11 mm 
at birth and increases to 16–17 mm by age 14 years [ 4 ]. 

 The refractive power of the eye at birth is widely distrib-
uted with a range from +1.00 to +2.50 D with standard devi-
ations of 1.50 to 2.50 D [ 5 ]. The refractive power of the eye 
decreases with increasing age, and the changes in the refrac-
tive power stabilize and remain fairly constant throughout 
life under normal conditions. The refractive power of the eye 
is normally distributed but with a positive kurtosis and a 
peak at 0 to +1 D in adolescents. 

 Thus, in spite of the relatively large changes in the refrac-
tive power of the cornea, crystalline lens, and vitreous dur-
ing the development of the eye, the refractive error of the 
eye stabilizes close to 0 or emmetropia in more than that 
expected if the refractive power was normally distributed. 
This indicates that there must be mechanisms in the visual 
system that controls the developmental process of these very 
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different organs so that the refractive errors stabilize close 
to emmetropia. This process is called emmetropization [ 6 ]. 
Importantly, these fi ndings indicate that the optical system 
of the eye is undergoing dynamic change during the normal 
development of the refractive power of the eye. Thus, the 
question arises whether it is possible to affect the course of 
the dynamic changes in the eye. 

 In general, myopia develops after 10 years of age [ 7 ] 
after the alterations of the different dioptric components 
have stopped changing (Fig.  24.2 ). However, there is evi-
dence that the axial length of some of the eyes does not 
stop increasing but continues to elongate. This axial elon-
gation after the dioptric components have stopped chang-
ing has been considered to be the cause of myopia. 
Assuming this is correct, experiments have been designed 
to determine the factors that control the growth of the axial 
length of the eye.

24.2         Environmental Risk Factors 
for Axial Elongation 

 The importance of environmental risk factors is supported 
by the rapid increase in the prevalence of myopia. The preva-
lence of myopia between 1999 and 2004 was 41.6 %, which 
is higher than the 25 % it was between 1971 and 1972 in the 
USA [ 8 ]. 

 The Sydney Myopia Study showed that near work was 
a weak factor signifi cantly associated with myopia and that 
children who read continuously or at close distances were 
more likely to be myopic [ 9 ]. Other myopia study also 
showed that near work is associated with myopia in young 
children [ 10 ]. In contrast, a 2011 study involving 1,318 chil-
dren, some of whom were myopes and others were emme-
tropes, did not show a difference in near-work activity before 
the onset or advancement of myopia [ 11 ]. Other studies also 

Age, year

0 2 4 6 8 1210 Adult

0–2

Age, month

K
er

at
om

et
ry

, d
io

pt
er

s

10 20 30 40 50 Adult
41

43

45

47

49

51

53

55

57
Le

ns
 p

ow
er

, d
io

pt
er

s

18

20

22

24

26

28
32

36

34

0 2 4 6

Age, year

A
xi

al
 le

ng
th

, m
m

8 10 Adult
13

15

17

19

21

23

25a

c

b

  Fig. 24.1    Changes of ocular biometric parameters in relation to age. ( a ) Axial length in relation to age. ( b ) Corneal power in relation to age. ( c ) 
Lens power in relation to age       

 

T. Fujikado



347

raise some doubts about the association between near work 
and myopia [ 12 ]. These fi ndings suggested that near work did 
not play an important role in the onset of myopia; however, 
those who became myopic were less involved in sports and 
outdoor activity both before and after the onset of myopia. 

 Signifi cant associations between lifestyle, educational 
activity, and parental refractive history in relation to the 
development of myopia in children have been demonstrated 
in recent studies [ 13 ].  

24.3     Outdoor Activities 

 A meta-analysis showed that a 2 % reduced odds of myo-
pia per additional hour of time spent outdoors/week. This is 
equivalent to a 13 % reduced odds for each additional hour 
of time spent outdoors each day [ 14 ]. Other studies support 
that outdoor activity reduces the myopia onset or prevalence 
of myopia in children [ 15 ,  16 ]. These results suggested that 
increasing time outdoors is protectively against myopia to a 
modest degree. 

 A school-based trial of outdoor activity at a school in 
Beijing was recently published [ 17 ]. The results showed that 
less outdoor sports time was signifi cantly associated with 
myopia (OR: 0.32).  

24.4     Optical Intervention 

24.4.1     Undercorrection 

 The literature on myopigenesis suggests that there is an active 
emmetropization mechanism regulated by optical defocus. 
Strong evidence was found for compensatory  ocular growth 

in response to lens-induced defocus in different species of 
animals [ 18 ,  19 ]. A hyperopic defocus where the optical 
image is formed behind the retina results in a growth response 
toward myopia in animals (Fig.  24.3 ). A myopic defocus, 
where the optical image is formed in front of the retina, 
results in a growth response toward hyperopia in animals.

   Chung et al. conducted a randomized clinical trial involv-
ing 94 children to determine the effect of a 0.75 D undercor-
rection to that of a full correction with single-vision lenses. 
At the 2-year examination, the refractive error of the fully 
corrected group was 0.77 D which was signifi cantly less than 
the 1.0 D in the undercorrected group ( P  < 0.01) [ 20 ]. Adler 
et al. has conducted a randomized clinical trial involving 48 
children comparing the effect of undercorrection by 0.50 D 
to that of full correction with single-vision lenses. After 18 
months, the refractive error changed by −0.82 D in the fully 
corrected group and by −0.99 D in the undercorrected group. 
This difference was not statistically signifi cant [ 21 ]. 
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 The results of these two studies show that undercorrection 
does not retard the progression of myopia. It is also taken 
into account that undercorrection of myopia is associated 
with poor overall visual functioning [ 22 ]. 

 In animal studies, induced myopic defocus led to hyper-
opic changes, especially in chicks [ 18 ]. The effect of myopic 
defocus was not strong in monkeys (Fig.  24.4 ) [ 19 ]. Thus, 
the effect of myopic defocus on axial elongation might be 
different between chicks and primates.

24.4.2        Part-Time Full Correction 

 The schedule of lens wear in myopic patients can vary from 
(1) full-time wearers, (2) myopes who switched from dis-
tance only to full-time wear, (3) distance only wearers, and 
(4) non-wearers. Preliminary data of 43 subjects suggested 
that there was no effect of the schedule of lens wear on the 
progression of myopia [ 23 ]. Even after 3 years, the refractive 
shifts were not signifi cantly different among the four groups 
with different schedules. A randomized clinical trial using a 
large sample of children is needed.  

24.4.3     Progressive Addition Lenses 

 The results of animal experiments showed that hyperopic 
defocus triggers an elongation of the axial length of the eye 
[ 19 ] (Fig.  24.3 ), and clinical results showed that myopic chil-
dren had a lag of accommodation [ 24 ]. These observations 
stimulated several prospective randomized studies using pro-
gressive addition lenses (PAL) to be conducted [ 25 – 28 ]. The 
fi ndings indicated that the use of progressive addition lenses 
has relatively small effects. 

 The correction of myopia evaluation trial (COMET), 
a multicenter, randomized, double-masked clinical trial 
using progressive addition lenses, concluded that the overall 
adjusted 3-year treatment effect of 0.20 ± 0.08 D was small 
but statistically signifi cant ( P  = 0.004) [ 27 ]. All of the treat-
ment effects occurred in the fi rst year. Additional analyses 
showed that there were more signifi cant effects in children 
with larger lags of accommodation in combination with 
near esophoria (0.64 ± 0.21 D), shorter reading distances 
(0.44 ± 0.20 D), or lower baseline myopia (0.48 ± 0.15 D). 

 In the Okayama study, randomized, double-masked clini-
cal trial using progressive addition lenses, a treatment effect 
of 0.17 D (95 % CI, 0.07–0.26 D) per 18 months was statisti-
cally signifi cant ( P  = 0.004) [ 28 ]. The Cochrane Review 
showed that children wearing multifocal lenses, either PALs 
or bifocals, had an average change of 0.16 D (95 % CI, 0.07–
0.25) less than children wearing monofocal lenses [ 29 ]. 

 The most recent experiments on the effect of optical devices 
on the refractive errors have been based on the possible role of 
the relative peripheral hyperopia in the development of myo-
pia. The major criticism to this idea was that on-axis refraction 
is generally considered to be more important, but experiments 
in animals suggested that the peripheral retina can control eye 
growth at least in eyes without a fovea [ 30 ]. 

 Peripheral hyperopia may contribute to the progression of 
myopia, and the use of localized manipulation of defocus 
could control myopia. 

 All of these fi ndings have led to the design of spectacles 
and contact lenses that try to reduce the progression of myo-
pia (Fig.  24.5 ). The results of a 1-year trial of spectacle 
lenses designed to correct central vision and reduce or elimi-
nate peripheral hyperopic defocus [ 31 ] showed a statistically 
signifi cant protection in the progression of myopia in a sub-
group of younger children (6–12 years) with parental history 
of myopia (−0.68 ± 0.47 D with a new type of spectacle 
lenses vs. −0.97 ± 0.48 D with control spectacle lenses, 
 P  = 0.038). These lenses designed to correct peripheral defo-
cus have become available commercially in several coun-
tries, and trials of the effect of the design are continuing.

24.4.4        Contact Lenses (CL) 

 Soft contact lenses and rigid gas-permeable lenses (RGP) 
have been shown not to be effective in retarding the progres-
sion of myopia [ 32 – 34 ]. In the Contact Lens and Myopia 
Progression study, subjects were randomized to wear either 
RGP or soft contact lenses for 3 years. The results showed a 
statistically signifi cant difference in the progression of myo-
pia in the RGP group versus soft lens group with most of the 
treatment effect found in the fi rst year. The corneal curvature 
steepened signifi cantly less in the RGP group than in the soft 
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lens group [ 35 ]. After 3 years, the axial elongation was not 
signifi cantly different between the treatment groups. These 
results suggested that the slowing in the progression of myo-
pia was mainly due to corneal fl attening which may be 
reversible with a discontinuation of RGP lens wear. In the 
absence of signifi cant differences in the axial elongation, the 
authors concluded that RGP lenses were not effective for 
myopia control [ 35 ]. 

 The use of spectacle lenses for the correction of periph-
eral refractive errors can be limited by the changes in the 
gaze of fi xation, i.e., viewing objects through a peripheral 
part of the lens. The results on contact lenses designed on the 
same principles as for the spectacles showed a 34 % reduc-
tion (−0.57 D with new CL vs. −0.86 D with spectacle lenses) 
in the progression of myopia and a 33 % reduction of the 
axial length (0.27 mm with new CL vs. 0.40 mm with spec-
tacles) [ 36 ]. These fi ndings suggested that a possibility exists 
that CLs designed to reduce the peripheral hyperopic blur 
may be useful in preventing the progression of myopia. 

 CLs have been designed so that there is simultaneously a 
well-focused image and a myopically defocused image 
based on experiments in chicks [ 37 ]. Good results have been 
obtained with CLs that simultaneously correct vision 
(−0.44 ± 0.33 D with new CLs vs. −0.69 ± 0.38 D with single- 
vision CLs,  P  < 0.001) [ 38 ].   

24.5     Orthokeratology 

 Orthokeratology (Ortho-K) is the use of rigid gas-permeable 
contact lenses, generally worn only at night, to improve 
vision through the reshaping of the cornea. In myopic 
patients, Ortho-K lenses are worn overnight to temporarily 
fl atten the cornea and provide clear vision during the day 
without any glasses or lower power contact lenses. The 
reduction in the refractive power of the eye of up to −6 D is 
achieved by a thinning of the central corneal epithelium and 
a midperipheral thickening of the epithelium and stroma. 
Recent reports have suggested that overnight orthokeratol-
ogy with contact lenses might also convert relative periph-
eral hyperopia to relative peripheral myopia and could 
protect against myopic  progression [ 39 ]. 

 Walline showed that the annual rate of change in the axial 
length was 0.16 mm/year less ( P  = 0.00004) after wearing 
corneal reshaping lenses than soft contact lenses [ 40 ]. 
Hiraoka conducted a prospective 5-year study on the effect 
of Ortho-K on the growth of the axial length and showed that 
the increase in axial length during a 5-year period was 
0.99 ± 0.47 mm for the Ortho-K group and 1.41 ± 0.68 mm 
for the spectacle group ( P  = 0.0236) [ 41 ]. 

 A randomized controlled trial with sufficient subject 
numbers including analyses of side effects still needs to 

a b

  Fig. 24.5    Schema of retinal image in myopic eyes corrected by mono-
focal glasses ( a ) or by glasses with a concept to reduce peripheral 
defocus ( b ). With monofocal glasses, retinal image is blurred at the 

peripheral retina, but with glasses of new design, retinal image is less 
blurred at the peripheral retina       
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be conducted to definitively determine whether orthoker-
atology is effective for slowing the progression of 
myopia.  

24.6     Pharmacological Interventions 

24.6.1     Atropine Eyedrops 

 The use of atropine eyedrops inhibited the development 
of myopia in tree shrews and monkeys, and atropine also 
blocked the form-deprivation myopia and lens-induced 
myopia in chicks [ 42 ]. Studies have shown that atropine did 
not block the progression through blocking accommodation 
[ 9 ,  43 ], and the authors suggested that atropine acted mainly 
through the M4 subtype of muscarinic receptors [ 44 ]. The 
Atropine in the Treatment of Myopia (ATOM) study was 
a randomized, double-masked, placebo-controlled trial 
involving 400 Singaporean children [ 45 ]. The results showed 
that 1 % atropine eyedrops instilled nightly in 1 eye over a 
2-year period reduced the myopic progression signifi cantly 
in children by 77 % (0.28 D in the control group vs. 1.2 D 
in the atropine group). The atropine group’s mean axial 
length remained essentially unchanged, whereas the placebo 
group’s mean axial length increased by 0.39 ± 0.48 mm. The 
topical atropine was well tolerated by the children. 

 The side effects of atropine include photophobia due to 
mydriasis and decreased near vision due to cycloplegia. As 
a result, if atropine is used in both eyes, the patient needs 
progressive lenses for near vision. The ATOM study [ 45 ] 
reported no systemic side effects of atropine eyedrops, 
although the potential side effects included dry eyes, dry 
mouth, dry throat, fl ushed skin, and constipation. In addi-
tion, there was an initial increase in the rate of myopia pro-
gression following the cessation of atropine treatment in the 
ATOM study. Thus, the myopia progressed by −1.14 ± 0.8 D 
in the atropine group and −0.38 ± 0.39 D in the control 
group ( P  = 0.0001) [ 46 ]. This rebound phenomenon is prob-
ably related to the strong cycloplegic effects of atropine. 
However, after 3 years of participation in the trial (with 2 

years on atropine treatment), eyes randomized to atropine 
had less severe myopia than other eyes. The refractive error 
(spherical equivalent) was −4.29 ± 1.67 D in the atropine-
treated eyes compared with −5.22 ± 1.38 D in the placebo-
treated eyes ( P  = 0.0001). 

 Other issues to be addressed include determining the 
mechanism of action in the retardation of myopia pro-
gression and possible long-term effects like light-induced 
damage to lens and retina. Finally, the optimal concentra-
tion and desired duration of drug application need to be 
established. Recent trials [ 47 ] have documented signifi -
cant reductions of myopia progression with lower doses 
of atropine with fewer side effects. Currently, the decision 
to use atropine eyedrops for retarding myopia progression 
should strike a balance between known short-term bene-
fi ts of reducing myopia progression and the risks of side 
effects of atropine. It may be a viable option for children 
with rapidly progressive, high myopia and strong family 
history of high myopia and its comorbidities such as retinal 
detachment.   

24.7     Pirenzepine 2 % Gel 

 Pirenzepine 2 % gel is a selective M1 antagonist with a long 
history of oral use to treat dyspepsia and pediatric endocrine 
disorders. Unlike atropine, which is equipotent in binding to 
M3 (accommodation and mydriasis) and M1 muscarinic 
receptors, pirenzepine is relatively selective for the M1 mus-
carinic receptor and thus is less likely than atropine to pro-
duce mydriasis and cycloplegia. In the USA, pirenzepine 
2 % gel applied twice a day slowed the progression of myo-
pia for over 2 year (0.58 D vs. 0.99 D) [ 48 ]. In Asia, the 
mean increase in myopia was 0.47, 0.70, and 0.84 D in twice 
daily–once nightly control groups over 1 year [ 49 ]. 
Pirenzepine 2 % gel applied twice/day and nightly reduced 
myopia progression by 50 % and 44 %, respectively 
(Table  24.1 ). Currently, the development of pirenzepine as 
an anti-myopia therapeutic agent has ceased due to regula-
tory and fi nancial obstacles.

   Table 24.1    Methods and effects to prevent myopia progression   

 Methods  Control  Degree of prevention 

 Atropine eye drop  Placebo eye drop  0.80 D/year [ 24 ] 
 Cyclopentrate eye drop  Placebo eye drop  0.34 D/year [ 24 ] 
 Pirenzepine gel  Placebo eye drop  0.31 D/year [ 24 ] 
 Full-corrected monofocal glasses  Under-corrected monofocal glasses  0.15 D/year [ 24 ] 
 Progressive addition lenses or bifocal glasses  Monofocal glasses  0.16 D/year [ 24 ] 
 Glasses correcting peripheral defocus  Monofocal glasses  0.29 D/year [ 27 ] 
 Contact lenses correcting peripheral defocus  Monofocal glasses  0.29 D/year [ 32 ] 
 Orthokeratology  Monofocal glasses  Axial length 0.11 mm/year [ 37 ] 

T. Fujikado



351

       Conclusion 

 The current strategies to prevent axial elongation are 
based on three different concepts. The fi rst concept is 
controlling the environmental conditions such as increas-
ing the outdoor activities. The second concept is that of 
altering the optical properties of the eye such as the pre-
scribing of bifocal spectacles to reduce the hyperopic 
defocus on the retina. And the third concept is the use of 
pharmacological agents such as atropine eyedrops. The 
treatment effects to reduce myopia based on the above-
mentioned strategies are either modest (the fi rst and sec-
ond concepts) or large but with side effects (the third 
concept) (Table  24.2 ).
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        Therapeutic approaches for pathologic myopia have greatly 
advanced in recent years; however, the therapies are still lim-
ited to treat only some kinds of macular complications, such 
as antiangiogenic therapies for myopic choroidal neovascu-
larization (myopic CNV) or vitreoretinal surgery for myopic 
traction maculopathy (MTM). These treatments are useful 
for the improved vision in the eyes developing myopic CNV 
or MTM to some extent; however, it is still diffi cult to regain 
the normal vision. In addition, most of the other pathologies 
in eyes with pathologic myopia, such as myopic chorioreti-
nal atrophy or myopic optic neuropathy, remain to have no 
treatment options. Thus, it would be ideal to treat the funda-
mental nature of pathologic myopia before developing the 
vision-threatening complications in the macula and in the 
optic nerve. The fundamental nature of pathologic myopia 
might be an excessive increase of axial length, a develop-
ment of posterior staphyloma, and the thinning and defor-
mity of the posterior sclera. 

 There are three major approaches to treat or prevent 
pathologic myopia. The fi rst approach would be to identify 
and to regulate the neural signal which was fi rst detected as 
visual blur by retinal neural cells and fi nally transmitted to 
the sclera based on the studies of experimental myopia (this 
approach is described in detail in Chap.   4    ). The second 
approach would be to decrease the visual blur (mainly the 
blur in the peripheral retina) by optical correction in the 
school children who could show the greatest rate of increase 
in axial length throughout the life (this approach is described 
in detail in Chap.   25    ). The above two approaches need to be 
done before or during the axial length increases, and thus, 
the treatment for children are required. The third approach 
would be to prevent and recover the scleral thinning or 
scleral deformity. Although it is admitted that the fi rst trigger 

to cause the axial elongation exists within the neural retina, 
the sclera is a fi nal target tissue which develops a staphyloma 
as well as eye deformity. The formation of posterior staphy-
loma develops in later life (after 40 years of age); thus, the 
third approach can also be applied to the young individual 
who already has high myopia in addition to children. 

 The sclera is a dense fi brous and viscoelastic connective 
tissue. It forms the outer coat frame of the eye and acts to 
retain the shape of the eyeball by withstanding the pressure 
from both outside and inside. In eutherian mammals, by far 
the main component of the sclera (over 90 %) is fi brous type I 
collagen. However, in many kinds of non-mammals like bird 
and fi sh, the sclera also contains the cartilaginous part pos-
sibly to resist the pressure outside in the water or in the sky. 

 Regenerative therapies have greatly advanced lately, and 
thus the possibility of scleral regeneration is also expected. 
Thus, in this chapter, we focus on sclera-targeted therapies 
for pathologic myopia, and we would like to review the past, 
present, and future therapies targeting the sclera in patients 
with pathologic myopia. 

25.1     Scleral Reinforcement Surgery 

 Scleral reinforcement has been by far the most exclusively 
studied treatment targeted on the sclera. Shevelev fi rst 
proposed the transplantation of fascia lata for scleral rein-
forcement in 1930. Borley and Snyder [ 1 ] described a tech-
nique for the placement of grafts of donor sclera in 1958. 
Posterior scleral reinforcement surgery for high myopia has 
been mainly done in Russia and China, and some groups in 
the United States and Australia also advocate scleral rein-
forcement for pathologic myopia. As natural materials, 
autologous fascia lata [ 2 ,  3 ], lyophilized dura [ 4 ], strips of 
tendon [ 5 ], and homologous human sclera [ 6 ,  7 ] have been 
used. Curtin and Whitmore [ 7 ] advocated donor-sclera graft-
ing for posterior ocular reinforcement, and Momose [ 4 ] intro-
duced Lyodura, derived from processed cadaver dura mater, 
for scleral reinforcement in 1976. As artifi cial  materials, 
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 artifi cial  pericardium [ 8 ], all-dermal matrix derived from 
animal skin [ 8 ], and polytetrafl uoroethylene [ 9 ] have been 
used. However, the best material for reinforcement surgery 
remains controversial. The biomechanical properties of 
reinforced material may be subjected to many factors, such 
as the absorption of reinforced material, and the extent of 
fusion between the reinforcement material and the recipient 
sclera, and so on. 

 Most investigators in the United States have used homolo-
gous sclera in the form of a belt or cinch placed vertically 
over the posterior pole, under the inferior and superior 
oblique muscles and sutured to the anterior sclera. The shape 
of reinforced sclera is various: single strip, X-shaped, and 
Y-shaped. Later, Snyder and Thompson [ 10 ] published 
accounts of their experiences with a modifi ed scleral rein-
forcement technique. Thompson [ 11 ] offered a further 

 simplifi cation of Borley and Snyder’s scleral reinforcement 
approach in 1978 (Fig.  25.1 ).

   After years of experience with their own variations of 
scleral reinforcement, Thompson [ 12 ] and Momose [ 4 ] 
expressed satisfaction with the effi cacy and safety of their 
series of cases. In contrast, Curtin and Whitmore [ 7 ] had 
negative conclusions on the outcomes for their reinforce-
ment techniques. 

 What makes it diffi cult to determine the effectiveness of 
this surgery is a lack of accurate measurement of refractive 
error and axial length pre- and postoperatively because most 
studies were done before the axial length measurement by 
ultrasound was established. Also, most of the studies 
included only a small number of cases without suffi ciently 
long follow-up. More importantly, there have been no clini-
cal studies with appropriate control groups. 

From above

Sup.oblique

Med. rectus

Lat. rectus

At. rectus

Inf. ob ique

Inf. rectus

Lat. rectus

From below

From behind
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d
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  Fig. 25.1    Placement of a scleral homograft in the right eye (Cited 
from Jacob-LaBarre et al. [ 9 ]). ( a ) View from above showing graft 
placement nasal to the superior oblique muscle insertion. ( b ) Posterior 
view showing graft held over macular area by insertion of inferior 

oblique muscle. ( c ) View from below showing insertion of strip nasal to 
inferior rectus muscle insertion. ( d ) Donor eye showing scleral grafts 
being dissected and including corneal tissue to obtain suffi cient length       
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 Instead of measuring the refractive error and axial 
length, many studies reported the improvement of the 
uncorrected visual acuity probably due to a decrease of 
myopic refraction [ 2 ,  12 ,  13 ]. 

 Curtin and Whitmore [ 7 ] suggested that two problems 
with this surgery were the limited scleral area reinforced by 
narrow grafts and the possible late involvement of graft 
collagen in the disease process of host sclera. The present 
use of narrow strips of collagen materials can effectively 
reinforce only a small area of the typical posterior staphy-
loma. However, a support of wider area could cause serious 
complications, including an occlusion of arteries and veins 
in the back of the eye [ 14 ,  15 ]. A loss of tensile strength of 
the collagenous graft is also concerned, possibly because 
of enzymatic attack. Curtin and Whitmore [ 7 ] was con-
cerned that if the pathogenetic mechanism of scleral thin-
ning and ectasia in pathologic myopia is caused by a 
collagenolytic enzyme, such as collagenase or a suitable 
protease, the grafted collagen, when invaded by host sclero-
cytes, could be expected to undergo the same autolysis and 
weakening as the host sclera. Histological study showed 
that the transplanted sclera merged with recipient sclera 
with time [ 8 ]. It is also possible that the infl ammatory reac-
tions following the grafting material and surgical proce-
dure could cause the upregulation degrading enzymes 
which then attack the host sclera as well as the grafted 
material. Thus, we suspect that it is possible that the upreg-
ulated degrading enzymes (possibly matrix metalloprotein-
ase) secondarily attack the donor sclera in return. Curtin 
described that the most disappointing thing was that a 
staphyloma developed in reinforced eyes. 

 The results of the earlier studies are not consistent even 
among the studies which measured the axial length pre- and 
postoperatively. This might be because many factors (age at 
surgery, myopic degree, grafted material) are various. 
Gerinec and Slezakova [ 16 ] performed scleral reinforcement 
after Tompson method on 251 eyes of 154 children with high 
myopia from 2 to 18 years of age using Zenoderm (porcine 
skin) and reported that during 10 years of postsurgical 
checkup, stabilization of axial length was achieved in 53.8 % 
of eyes and the stabilization of refraction was achieved in 
52.9 % of eyes. The advancement of myopia in other 47 % of 
patients has been decreased from 1.1 D/year before surgery 
to 0.1 D till 10 years after surgery. More recently, Ward et al. 
[ 17 ] reported 5-year results of scleral reinforcement (donor 
sclera) in a total of 59 adult eyes, with myopic refractive cor-
rections ranging from −9 to −22 D and axial lengths from 
27.8 to 34.6 mm in a follow-up of 5 years. The average 
increase was 0.2 mm in sutured eyes vs 0.6 mm in non-
sutured fellow eyes. Zhu et al. [ 18 ] and Ji et al. [ 19 ] also 
reported that the postoperative decrease of myopic refractive 
error (0.8 D [ 19 ] and 0.59 D [ 18 ]). It seems that the effect of 
scleral reinforcement is limited. 

 Some other studies reported a lack of effect. Nesterov 
et al. [ 3 ] used a strip of fascia lata, and in a follow-up of 1–9 
years, myopia increased. Curtin and Whitmore [ 7 ] reported 
an outcome of 23 patients who were followed up for ≥5 
years after scleral reinforcement surgery. Of the 20 eyes that 
had preoperative axial measurements, 18 (90 %) had 
increases in axial diameter of ≥0.3 mm. Progression of pos-
terior staphyloma formation or the onset of myopic fundus 
degeneration was observed in ten eyes. 

 In addition to the little effectiveness in a long term after 
surgery, serious complications have been reported to occur: 
retinal detachment [ 3 ,  7 ,  20 ]; ocular motility disorders 
[ 7 ,  16 ]; retinal, choroidal, and vitreous hemorrhages; and 
optic nerve damage because of circulatory decompensation, 
compression of the optic nerve, and compression of vortex 
veins [ 15 ] or cilioretinal artery [ 21 ]. 

 With no convincing proof of the safety or effi cacy of 
scleral reinforcement, this approach became discredited and 
is largely unused today. For this surgery to be in the spotlight 
once again, a dramatic improvement of grafted material and 
surgical techniques are indispensable.  

25.2     Scleral Shortening with Scleral 
Resection or Scleral Folding 

 The scleral resection operation was fi rst reported by 
Leopold Miller in 1903 [ 22 ] in cases of retinal detachment 
in highly myopic eyes. This full-thickness scleral band 
resection technique was later improved by Lindner [ 23 ]. 
Complications such as hemorrhage and vitreous loss have 
been associated with full-thickness sclerectomy. A partial 
thickness sclerectomy is then preferred for scleral shorten-
ing procedures owing to the decrease of intraoperative 
complications [ 24 –  26 ]. Lamellar scleral resection for ocu-
lar shortening was used as an adjunct in surgery for macu-
lar translocation as well [ 27 ,  28 ]. According to Borley 
[ 20 ], the scleral incisions are extended in depth from 1/2 to 
2/3 the thickness of the sclera, and double-armed mattress 
sutures were inserted. The width and length of the scleral 
strips which were removed varied among studies; the 
width varied from 2 to 6 mm and the length from 20 to 
35 mm. The sclera is usually removed from the temporal 
portion of the globe. Nakagawa et al. [ 29 ] reported that the 
greater the area of sclera folded, the greater the overall 
reduction in axial length and changes in globe appearance. 
However, De Almeida and Barraquer Moner found little 
improvement in the refraction with resections of even 360° 
of the sclera. 

 Also, nonresected scleral invagination was used for the 
same purpose. However, the scleral shortening or scleral 
resection was reported to cause clinically intolerable regular 
and irregular astigmatism [ 30 ,  31 ].  
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25.3     Scleral Strengthening 

 Avetisov et al. [ 32 ] performed a sclera strengthening injec-
tion, in which a dose of liquid polymeric composition is 
injected under the Tenon’s capsule on the scleral surface. 
After polymerization, the composition formed over the 
scleral surface a layer of elastic foamed gel. Experiments 
on 146 rabbit eyes showed that the injected material pro-
moted collagen formation. Gradually dissolving, the gel 
stimulated the growth of connective tissue on the surface 
of the sclera, whose stress–strain parameters improved. 
However, 1.5 years after the surgery, this tensile strength 
tended to weaken. A clinical study of 240 eyes of patients 
aged 8–25 years with progressive 6–10 D myopia showed 
that the refraction remained stable in 79.6 % eyes 1 year 
after the injection and in 52.9 % cases 4–9 years after the 
injection. However, again, no detailed information of 
pre- and postoperative changes in refractive error and in 
axial length has not been provided. Cui et al. [ 33 ] showed 
that systemic delivery of adenosine receptor antagonist 
7- methylxanthine (7-MX) increases scleral collagen con-
centration and diameters in form- deprived myopia in guinea 
pigs. Su et al. [ 34 ] reported the retrobulbar injection of the 
polymer networks comprised thermoresponsive poly(N-
isopropylacrylamide-co-acrylic acid), customizable pep-
tide cross-linkers cleavable by matrix metalloproteinases, 
and interpenetrating linear poly(acrylic acid)-graft-peptide 
chains to engage with cell surface receptors. This complex 
was a fl uid as to be injectable at room temperature, but to 
stiffen in the body, to facilitate its retention at the injection 
site. A sub-Tenon’s injection of a polymeric gel formula-
tion comprised mainly of  polyvinylpyrrolidone [ 32 ,  34 ], and 
 polytetrafl uoroethylene [ 9 ] have also been reported.  

25.4     Scleral Collagen Cross-Linking 

 Collagen cross-linking was recently introduced for the treat-
ment of progressive keratoconus [ 35 – 39 ]. Wollensak et al. [ 35 ] 
have pioneered the use of ribofl avin and ultraviolet light (UVA) 
to cross-link collagen and enhance the mechanical properties 
of the cornea. By actively increasing the degree of the bonding 
between collagen molecules, therapeutic cross- linking could 
reasonably be expected to enhance corneal rigidity. 

 Aggregated forms of the collagen monomers are strength-
ened by intermolecular cross-links (Fig.  25.2 ). This process 
happens as a part of maturation but also in ageing and dis-
ease. Collagen fi brils cross-link naturally as a part of their 
maturation process. When these fi brils are secreted, they 
have short segments at either end of the collagen chains 
(telopeptides) that do not assume the triple-helical confor-
mation. The hydroxylysine residues in these end chains 
 participate in cross-links formation [ 40 ]. The cross-links are 
formed by oxidative deamination of the ε-amino group of 

this single lysine or hydroxylysine in the amino and carboxy 
telopeptides of collagen by the enzyme lysyl oxidase. The 
aldehyde thus formed reacts with a specifi c lysine or hydrox-
ylysine in the triple helix to form divalent bonds that link the 
molecules head to tail. They then spontaneously convert dur-
ing maturation to trivalent cross-links [ 41 ,  42 ]. A second 
cross-linking pathway occurs during ageing involving a non-
enzymatic reaction termed glycation.

   Oxidation is a third mechanism whereby cross-links are 
formed in collagen (Fig.  25.3 ). This type of cross-linking has 
been identifi ed as being distinctive to the ones formed by 
enzymatic and glycation in type I collagen and can occur 
after the process of oxidation (O 3  mediated) or photooxida-
tion (UV mediated) [ 43 ]. Outside biology, photopolymeriza-
tion is a comparable process that is being used in industry to 
generate polymers using the free radical-generating proper-
ties of radiant energy like UV light. Photopolymerization of 
multifunctional monomers resulting in highly cross-linked 
materials suitable for applications as epoxy coatings, optical 
lenses, optical fi ber coatings, and dental materials is in com-
mon use. A monomer substrate in the presence of a photoini-
tiator can polymerize by way of cross-linkage in the presence 
of a UV light source.

   In the normal cornea, covalently bonded molecular 
bridges or cross-links exist between adjacent tropocollagen 
helices and between microfi brils and fi brils at intervals along 

Before treatment
Less crosslinking 
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  Fig. 25.2    A schematic illustration showing how collagen cross-linking 
works       
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their length [ 38 ,  44 ]. Collagen cross-linking method shows 
a promise for treatment of keratoconus, and other cross- 
linking approaches (e.g., glyceraldehyde and nitroalcohols) 
may provide stabilization of scleral shape in progressive 
myopia [ 45 – 47 ]. It has been reported that the scleral col-
lagen contained the similar cross-linked peptides to those 
found in the cornea [ 48 ,  49 ]. 

 Different from corneal collagen cross-linking, the scleral 
collagen cross-linking is still in the experimental level and 
no human clinical trials have been performed. 

 Light and electron microscopic evaluation of myopic 
sclera in human eyes shows not only marked thinning at the 
posterior pole of the eye but also a reduction in fi bril diam-
eter and a dissociation of collagen fi ber bundles [ 50 – 53 ]. 
Similar observations have been found in primate models of 
experimental myopia [ 54 ]. McBrien and Norton [ 55 ] treated 
tree shrews with agents that block collagen cross-linking 
(β-aminopropionitrile [β-APN] or  d -penicillamine [DPA]) 
and underwent monocular deprivation of form vision by 
eyelid closure to induce myopia. The results showed the 
amount of vitreous chamber elongation, and induced myopia 
approximately doubled APN-treated monocular deprived 
eyes when compared to the saline-treated monocular 

deprived eyes. There was a signifi cant increase in the degree 
of scleral  thinning at the posterior pole in the deprived eyes 
of β-APN- treated animals. 

 For exogenous collagen cross-linking, compounds such 
as glutaraldehyde, glyceraldehyde [ 45 ,  56 ], methylglyoxal 
(naturally occurring Maillard intermediate), and genipin 
(natural collagen cross-linker obtained from geniposide) 
[ 57 ], and nitroalcohols [ 47 ] have been used and have been 
shown to increase ocular tissue stiffness [ 58 ]. 

 Wollensak and Iomdina [ 45 ] performed scleral collagen 
cross-linking in rabbits with sub-Tenon injections of glyc-
eraldehyde into the superonasal quadrant of the eye and 
reported that glyceraldehyde cross-linking of scleral colla-
gen increased the scleral biomechanical rigidity effi ciently 
as shown in stress–strain parameters and Young’s modulus 
without having no side effects on the retina. Wollensak [ 59 ] 
also showed that the scleral collagen cross-linking by glyc-
eraldehyde proved very effi cient in increasing the scleral 
thermomechanical stability. Wollensak and Iomdina [ 46 ] 
reported that scleral cross-linking by the photosensitizer 
ribofl avin and ultraviolet A (UVA) (Fig.  25.3 ) was effective 
and constant over a time interval up to 8 months in increasing 
the scleral biomechanical strength. Wang et al. [ 60 ] showed 
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that both the equatorial and posterior human scleral strips 
were enhanced by collagen cross-linking with ribofl avin/
UVA irradiation. 

 It is diffi cult to know which method would be suitable to 
analyze whether scleral collagen cross-linking is effective 
for preventing ocular expansion. Young’s modulus was used 
as an indicator of the stiffness of sclera [ 45 ,  46 ,  58 ,  60 ]; how-
ever, it is not certain whether an increased Young’s modulus 
is related to the scleral strength. To overcome this concern, 
Mattson et al. [ 56 ] and Wong et al. [ 61 ] measured the ocular 
dimensions to examine a global expansion of enucleated 
eyes before and after collagen cross-linking underregulation 
of intraocular pressure. 

 It is considered that the scleral collagen cross-linking 
might be useful for preventing globe expansion in myopic 
children or adolescents before the sclera is markedly thinned. 
However, the safety and effectiveness, especially the damage 
on the retina, choroid, and the optic nerve, must be evaluated 
in more detail before going on to the human clinical trials.  

25.5     Regenerative Therapy Targeting 
the Sclera 

 Regeneration of scleral tissue is expected as promising future 
therapy. Different from cornea, the sclera does not need to be 
transparent, which might make this approach a little easier. 

 In general, an investigator who attempts to induce regen-
eration at the injured site of an organ may use one or more 
of three types of “reactants,” namely, cells, soluble regulators 
(cytokines, growth factors), and insoluble regulators (scaf-
folds) [ 62 ]. There have been only a few studies related to 
scleral regeneration. For cells, the use of autologous fi bro-
blasts from other parts of the body or mesenchymal stem 
cells would be a good candidate. Thus, Tsai et al. [ 63 ] identi-
fi ed the multipotent stem cells within the mouse scleral tis-
sue. These cells were positive for the mesenchymal markers, 
and the cells were able to differentiate to adipogenic, chon-
drogenic, and neurogenic lineages. Seko et al. [ 64 ] found 
that human sclera had a chondrogenic potential, although the 
human sclera lost the cartilaginous part during the evolution. 
It might be diffi cult to thicken and strengthen the already 
thinned and deformed sclera especially in the area of poste-
rior staphyloma. Especially for extremely thinned sclera, the 
cell printing and transfer technology [ 65 ] of a sheet with cells 
and produced collagen would be a good option. Scaffolds 
based on decellularized matrices, which are mostly based on 
collagen, have been widely used to regenerate the bladder, 
the abdominal wall, and many other organs [ 62 ]. However, 
to insert the scaffold appropriately to the posterior sclera 
might be diffi cult. Among various soluble molecules that 
induce collagen type I expression, transforming growth fac-
tor β (TGF-β) is one of the most extensively studied [ 66 ,  67 ]. 

Jobling et al. [ 68 ] showed that the altered expression of 
TGF-β by scleral fi broblasts are important for scleral remod-
eling during myopia progression in animal models of myopia. 
TGF-β and its downstream Smad signaling have an essential 
function in tissue fi brosis although various different fi bro-
genic factors have been documented. Among the isoforms 
of TGF-β, TGF-β 1  is a key mediator of fi broblasts activation 
and has a major infl uence on extracellular matrix production 
[ 69 ,  70 ]. Thus, the delivery of TGF-β 1  to the sclera would be 
one option; however, the angiogenic effect induced by this 
factor is concerned. Further studies are necessary regarding 
what we use and how we deliver in regeneration of the sclera.  

25.6     Closing Remarks 

 Sclera-targeted therapies have a long history, beginning from 
the scleral reinforcement surgery in the early twentieth cen-
tury. However, up to now, we had better say that there is no 
established sclera-targeted treatment which is proven to be 
safe and to be effective to prevent or treat the myopia pro-
gression in a long term. Each treatment has many problems 
to solve in the future. 

 In addition to its extracellular matrix (collagen and elas-
tin), the cellular components within the sclera might play 
some role. The presence of nonvascular contractile myofi -
broblasts reported within human and monkey choroid and 
sclera [ 71 ] raises the possibility that in vivo sclera may 
exhibit some active contractile behavior in addition to its 
passive elastic and creep properties. Scleral myofi broblasts 
are most concentrated subfoveally and were sparse anteri-
orly [ 71 ]. However, it has not been investigated whether and 
how scleral myofi broblasts are altered in eyes with patho-
logic myopia. This might be interesting to investigate. 

 It seems diffi cult to regain the cartilage, which we humans 
lost during the evolution. Thus, it is diffi cult to obtain the 
stiff globe which birds and fi sh have. However, regenerative 
therapies have progressed in all over the body recently. 
Regenerative approaches using the patients’ own cells and 
strengthen the sclera by their own stem or mature cells are 
greatly expected as a new approach.     
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