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        Preface to the Second Edition   

 The diagnosis of age-related macular degeneration (AMD), particularly the exudative 
form, was dreaded by patients and doctors alike. This nearly always meant blindness 
for the patient as the doctor was helpless to intervene. Laser photocoagulation was an 
important development in therapy, but that treatment helped only a small minority of 
affected patients. Fortunately recent landmark developments in several interrelated 
 fi elds have changed the outlook for patients with exudative AMD. Many patients now 
have visual acuity improvement or stabilization. There are still daunting tasks ahead 
however. Demographic trends and higher life expectancy mean the condition will 
become more prevalent in years to come. There are other aspects of AMD that 
threaten visual function and these are the subject of intensive research. 

 Knowledge of the subject has increased considerably since the  fi rst edition of this 
book. This has been primarily due to the intensi fi cation of broad-based, multidisci-
plinary research. Not only new methodological tools from areas such as molecular 
and cell biology, biochemistry, and molecular genetics have contributed to this status, 
but also further developments in the area of imaging and pharmacology. We are there-
fore optimistic that therapies for an ever increasing number of AMD patients will 
become available as a result of current and future developments in treatment. 

 The chapters in the 2nd edition have been fundamentally revised and relevant new 
developments and  fi ndings considered. In the  fi eld of pathogenetic factors a chapter 
has now been devoted to the role of the complement system in multifactorial, complex 
AMD. Furthermore, the role of imaging procedures including spectral-domain optical 
coherence tomography and fundus auto fl uorescence is addressed in detail. New thera-
peutic approaches based on deep insights into the underlying molecular mechanisms 
are examined both with respect to neovascular and progressive dry AMD. 

 A main objective of the book is to summarize clearly and understandably the current 
level of knowledge of pathogenesis, diagnostics and therapy of AMD and to point to the 
possibilities and limits presented by the therapeutic approaches. The bibliography is nec-
essarily a selection from the considerably large number of publications of recent years. 

 We would like to thank the outstanding scientists and clinicians who have contrib-
uted their expertise to the various chapters. Our thanks also extend to our mentors, 
colleagues, patients and students for their diverse scienti fi c and clinical suggestions. 
We thank the staff at the publishing company Springer for their professional and 
punctual realization of the book in the fast moving and expanding  fi eld of AMD. 

 Bonn, 2012 Frank G. Holz 
 Münster, 2012 Daniel Pauleikhoff 
 New York, 2012 Richard F. Spaide 
 London, 2012 Alan C. Bird   
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    1.1    Introduction 

 This       chapter will provide an update on the epidemiol-
ogy of age-related macular degeneration (AMD) as it 
has developed during the past few years, since the last 
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  Core    Messages 

    Tremendous progress has been made in the  ›
identi fi cation of associated genes. The major 
susceptibility genes are  CFH  and  ARMS2/
HTRA1 , which are involved in over 60% of 
severely affected cases. This underscores the 
pivotal role of the in fl ammation and oxidative 
stress pathways in the pathogenesis of AMD. 
Established genetic risk markers with smaller 
effect are the  C3 ,  C2/FB ,  CFI , and  APOE  genes. 
Genome-wide association studies reported 
associations with  TIMP3 ,  LIPC ,  CETP ,  LPL , 
and  ABCA1 , suggesting that lipid metabolism 
plays a role in AMD pathogenesis.  

  All ethnicities showed a strong increase in  ›
AMD frequency with age. The frequency of 
late AMD was highest in Caucasians, followed 
by Asians and Hispanics, and lowest in 
Africans. Africans also had the lowest fre-
quency of early AMD.  
  Soft drusen and pigmentary abnormalities are the  ›
most signi fi cant fundus features which increase 
the risk of AMD. After one eye develops late 
AMD, the 5-year risk estimates of second eye 
involvement were between 30% and 40%.  
  Smoking is the most consistent and most  ›
important environmental risk factor. Prominent 
protective factors are antioxidants, zinc, and 
omega-3 fatty acids. Less conclusive but sug-
gestive risk factors are BMI, cataract surgery, 
and systemic hypertension.  
  Interactions between genes and environmental  ›
factors are likely. Reports suggest that the 
 CFH  gene may interact with smoking; CRP 
level; erythrocyte sedimentation rate; BMI; 
and intake of antioxidants, zinc, and omega-3 
fatty acids.  LOC387715  appears to interact 
with smoking, CRP, IL-6, sICAM-1, and 
 PAI-1. The  APOE  genotypes may modify the 
smoking-associated risk of AMD.    
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edition in 2003. We shall review the current epide-
miological literature, and discuss diagnosis, frequency, 
genetic and environmental factors, and the possible 
interaction between them.     

    1.2   Classi fi cation 

 In 1995, investigators of various epidemiologic studies 
agreed on a uniform classi fi cation of age-related macu-
lopathy on color photographs of the macula lutea with-
out implication of visual acuity  [  1  ] . The classi fi cation 
of this international agreement is summarized in 
Table  1.1 . For the purpose of this review, we will main-
tain the terminology of this international system.   

    1.3   Frequency 

    1.3.1   Prevalence 

 Population-based studies on the prevalence of early and 
late AMD have been conducted in various parts of the 
world as shown in Fig.  1.1  .  Herein we included only 
those population-based studies that used the standard-
ized grading systems  [  1,   2  ] . Estimates for both early 
and late AMD show a strong increase with advancing 
age in all studies, although there was marked variation in 
the reported prevalence estimates. Population estimates 
varied more for early AMD than for late AMD. This 
variation may be genuine to some extent, but differences 
in classi fi cation of drusen size and type will account for 
some of the dissimilarities. By contrast, there is close 
agreement on grading of geographic atrophy and sub-
retinal neovascularization; therefore, the differences 
among studies are more likely to be genuine.  

 Figure  1.2  shows a comparison of prevalence data 
for early and late AMD for persons from African, 
Asian, Caucasian, or Hispanic descent based on data 
reported in the population-based studies. Prevalence 
rates for early AMD were positively correlated with age 
across all races/ethnicities. This was most pronounced 
for Caucasians and Hispanics and to a somewhat lesser 
extent for Asians and Africans. For persons under 
75 years of age, Hispanics appeared to have higher fre-
quencies of early AMD compared with the other races/
ethnicities. Over the age of 75 years, the frequency of 
early AMD for Caucasians exceeded that of the other 
races/ethnicities. Across all age strata, Africans had the 
lowest frequency of early AMD, followed by Asians. 
A reasonable overall prevalence for early AMD among 
Caucasians, Hispanics, Asians, and Africans aged 
under 55 years was 4%, 6%, 3%, and 3%, respectively. 
These prevalences increased to 24%, 22%, 13%, and 
11% for persons aged 75 years and older. With respect 
to the frequencies of late AMD, there was an exponen-
tial age-related increase in Caucasians, a strong increase 
in Asians, a moderate increase in Hispanics, and a slight 
increase in Africans. 

A reasonable overall prevalence for late AMD for 
persons aged under 55 years ranged between 0.0% and 
0.2% across all races/ethnicities; this frequency 
increased to 6.5%, 2.4%, 1.3%, and 0.6% among per-
sons aged 75 years and older for Caucasians, Asians, 
Hispanics, and Africans, respectively. Thus, although 
early AMD was fairly common for Hispanics and 
Africans, the more advanced form of disease was much 
less so. Late AMD in Asians was less frequent than in 
Caucasians, but more common than in Africans and 
Hispanics. This relatively high prevalence may partly 
be explained by the higher incidence of polypoidal 
choroidal vasculopathy in Asians, which is often not 

   Table 1.1    Classi fi cation of age-related macular degeneration in epidemiologic studies   

 Detection  Grading of color fundus transparencies using a macular grid centered on the fovea 
with a diameter of 6,000  m m 

 Overall term  Age-related macular degeneration 
 Exclusion  Other diseases must be excluded; e.g. ocular trauma, retinal detachment, high 

myopia, chorioretinal in fl ammation or infection 
 Early age-related macular degeneration  Soft indistinct or reticular drusen; any soft drusen type with RPE depigmentation 

or with increased retinal pigment 
 Late age-related macular degeneration  Atrophic or neovascular macular degeneration 
 – Atrophic AMD = geographic atrophy  Any sharply delineated lesion >175  m m in diameter with apparent absence of the 

RPE in which choroidal vessels are more visible than in the surrounding areas. 
 – Neovascular AMD = exudative AMD  RPE detachment associated with other signs of AMD; subretinal or sub-RPE 

neovascular membranes; scar, glial or  fi brin-like deposits, subretinal hemor-
rhages, or hard exudates not related to other diseases. 
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distinguished from classic neovascular AMD  [  3–  5  ] . 
Several studies have reported that polypoidal choroidal 
vasculopathy accounts for 22.3–24.5% of neovascular 
AMD in Asian populations  [  6–  8  ] . An alternative expla-
nation is the rapid economic development and indus-
trialization of certain Asian populations in and outside 
of Asia, as seen in China and India. This trend may be 
re fl ected in a westernization of dietary and other life-
style habits, e.g., in Taiwan, the average daily calories 
and fat intake in the past three decades had increased 
 [  9–  12  ] .  

 The progression to more advanced AMD in Africans 
and Hispanics is limited compared with that in 
Caucasians, despite the relative frequent occurrence of 
early AMD. The reason for this paradox remains 
unclear. There could be systematic differences in 
 grading, in sampling techniques, or in age distribution. 
There may be bias because of higher rate of survival, 
participation, or gradable photographs for Caucasians 
compared with Africans and Hispanics. However, it is 
possible that Africans and Hispanics with their more 
pigmented choroid and retinal pigment epithelium are 

a

b

  Fig. 1.1    Prevalence of ( a ) early and ( b ) late age-related macular degeneration in persons aged  ³ 65 years around the world       
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at lower risk of late AMD because of the protective 
effects of melanin against oxidative damage  [  13,   14  ] . 
Another likely explanation for the apparent contradic-
tion is that risk factors may vary in frequency across 
the races, in particular the genetic variants. 

 How do the subtypes of AMD relate to age? Three 
studies with very similar diagnostic criteria, i.e., the 
Beaver Dam Eye Study (BDES), the Rotterdam Study 
(RS), and the Blue Mountains Eye Study (BMES), 
pooled their data to address this issue  [  15  ] . The investi-
gators performed consensus grading on all subjects with 
late AMD, and calculated the individual frequencies of 
pure geographic atrophy, pure neovascular macular 

degeneration, and mixed types of macular degeneration. 
The rise in prevalence of neovascular macular degenera-
tion appears to occur at a slightly earlier age than pure 
geographic atrophy, followed by mixed forms of macu-
lar degeneration (Fig.  1.3 ).   

    1.3.2   Incidence 

 In the last two decades, many incidence studies reported 
their data, most of which were based on Caucasians 
 [  16–  28  ] . Caution is warranted when comparing age-
speci fi c incidence rates because a small number of per-
sons or a different distribution of factors such as gender 
and age within the age strata can affect the precision of 
estimation. Another limitation is that follow-up times 
varied widely across the studies. 

 Given these drawbacks, we extrapolated the data of 
each study to 10-year incidence rates. The overall 
10-year risk estimates were 11.1% in the Hisayama 
Study, 12.1% in the Beaver Dam Eye Study, 13.9% in 
the Barbados Eye Study, 14.1% in the Blue Mountains 
Eye Study, 16.7% in the Rotterdam Study, 17.7% in 
the Los Angeles Latino Eye Study, and 23.7% in the 
Copenhagen City Eye Study. The differences in 
 incidence rates between studies may re fl ect variation 
in study design, temporal effects, but also real effects 
due to variation in risk factors. There was no difference 
in incidence rate between males and females. Stratifying 
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for subtype in the Rotterdam Study (Fig.  1.4 ) revealed 
that the incidence of both pure  neovascular AMD and 
pure geographic atrophy rose steeply after the age of 
75 years at similar rates. The incidence of mixed AMD 
rose later, at the age of 80 years.    

    1.4   Natural Course 

 There are several studies that provide data on the natu-
ral course of early and late features. All acknowledge 
that soft drusen and pigmentary abnormalities are the 
most signi fi cant fundus features that increase the risk 
to develop a late form of AMD. Subjects with these 
abnormalities have an estimated risk of late AMD 
between 1.3% and 6.0% per year  [  16,   17,   19–  21,   24–
  27,   29–  38  ] . In contrast, subjects with only hard drusen 
<63  m m had no risk of late AMD within a 5-year period 
 [  25,   26  ] . The Rotterdam Study, the Beaver Dam Eye 
Study, and the Blue Mountains Eye Study, all reported 
that a large area of any type of drusen in combination 
with pigment changes carries the highest risk of late 
AMD  [  19,   20,   25,   26  ] . 

 What is the course of the second eye when the  fi rst 
eye has developed late AMD? Several studies have 
attempted to quantify the risk of late AMD for this eye, 
and estimates of the 5-year risk of second eye involve-
ment were 30–40%  [  17,   19–  21,   25–  27,   33,   39,   40  ] . 
The risk of AMD in the fellow eye appears to depend 
on the pro fi le of features in that eye, similar to devel-
opment of AMD in the  fi rst eye: large areas of drusen, 
con fl uence, and pigment changes  [  19,   25,   26,   41  ] .

Data from the Beaver Dam Study suggests that 
those with geographic atrophy in the  fi rst eye, but not 
those with neovascular AMD, had a more increased 
risk of late AMD in the second eye opposed to those 
who had bilateral early ARM. The type of AMD of the 
second eye more often appears to match the type of 
AMD of the  fi rst eye, although development of the 
other type is not uncommon  [  19,   25,   26,   29,   33,   39  ]  In 
addition, development of geographic atrophy in eyes 
with initial neovascularization or vice versa is rather 
frequent  [  19,   27,   29,   39,   42–  44  ] . Both these  fi ndings 
suggest that risk factors for these two late-stage dis-
ease phenotypes may overlap considerably.  

    1.5   Genetic Factors 

 Rapid advances have been made over the past few 
years in the identi fi cation of causative and protective 
genetic variants associated with AMD. The major 
breakthroughs have been the discoveries of the com-
plement factor H ( CFH ) gene and the chromosomal 
10q26 locus, which contains the  LOC387715  and 
 HTRA1  genes  [  45  ] . These major susceptibility genes 
are involved in more than 60% of severely affected 
cases  [  46  ] , which underscores the pivotal role of the 
in fl ammation and oxidative stress pathways in the eti-
ology of AMD. Although they confer a smaller effect, 
other established genetic risk markers are  C3 ,  C2/FB , 
 CFI , and  APOE   [  47–  49  ] . Emerging research is focus-
ing on the role of lipid metabolism in AMD. 

    1.5.1   The Complement Pathway Genes 

    1.5.1.1   Complement Factor H (CFH) 
 Genome-wide linkage analyses identi fi ed a susceptibil-
ity locus on chromosome 1q25-q31  [  50–  56  ] . In 2005, 
the  fi rst reports of an association between a genetic vari-
ant in the complement pathway and AMD appeared 
when three groups linked the Y402H allele of the com-
plement factor H ( CFH ) gene on chromosome 1q32 
with an increased risk of AMD  [  57–  59  ] . This  fi nding 
has since been replicated by numerous studies in differ-
ent populations (Fig.  1.5 )  [  46,   60–  93  ] .

CFH is a key regulator of the complement pathway. 
Activation of this pathway initiates a proteolytic cas-
cade that releases pro-in fl ammatory anaphylatoxins 
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and  stimulates formation of membrane attack com-
plexes leading to cell lysis. CFH inhibits the activation 
of complement component C3 to C3b and degrades 

C3b, which limits the ampli fi cation phase of the alter-
native complement cascade  [  94  ] .  CFH  Y402H impairs 
this regulatory function of  CFH   [  95–  97  ] , leading to 

  Fig. 1.5    Allele   -based meta-analysis of association studies 
investigating  Complement Factor H  Y402H and risk of ( a ) late 
AMD and ( b ) early AMD, age-related macular degeneration; 
AREDS, Age-related Eye Disease Study; CHS, Cardiovascular 
Health Study; CI, con fi dence interval; IV, inverse variance; n, 
number of risk alleles; N, total number of alleles; Random, 

random effects model Conley, Edwards, Hadley, Hageman, 
Magnusson, Rivera, and Zareparsi et al. included (signs of) 
early and late AMD in their outcomes. CHS reported data on 
one eye per person. ORs and 95% CIs were calculated using the 
random effects model of the DerSimoninian and Laird method 
to accommodate heterogeneity across studies       
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complement overactivation, and thereby increasing the 
risk of AMD  [  57–  59,   64,   66  ] . CFH is expressed in the 
retinal pigment epithelium and the Y402H variant is 
evidently associated with the presence of complement 
proteins in drusen  [  64,   98  ] .  

 The population attributable risk of Y402H for late 
AMD is estimated to be between 25% and 70% in 
Caucasians  [  46,   58,   59,   61,   66,   68,   71,   83,   91,   99–  102  ] , 
and approximately up to 3.3% in Asians  [  82,   84  ] . This 
implies that the Y402H variant is involved in the vast 
majority of all cases of AMD in Caucasians, whereas it 
is involved in a much smaller proportion of cases in 
Asians and probably other races/ethnicities. As men-
tioned earlier, the prevalence of Y402H varies greatly 
among racial/ethnic groups and so does the frequency 
of AMD. The Y402H variant is much less common in 
Asians (~10–15%) and Hispanics (~17%), whereas it is 
equally common in Caucasians and Africans (~36%) 
 [  103  ] . Therefore, additional genetic and/or environ-
mental factors are likely to contribute to the pathogen-
esis of AMD which might act independently or jointly. 

 Further dissection of the broader genomic region of 
 CFH  identi fi ed additional susceptibility alleles in 
strong association with AMD  [  104–  106  ] . The strong 
linkage disequilibrium hampered evaluation of single 
SNP effects, but some differences were observed. 
Caucasian case-control studies found an association 
between a noncoding variant (rs1410996) at  CFH  and 
disease susceptibility that was stronger than for Y402H 
 [  104,   105  ] . In Japanese and Asians populations, the 
Y402H variant was not signi fi cantly associated with 
AMD, whereas other variants in  CFH  including 
rs1410996 moderately increased disease risk  [  72,   89  ] . 

  CFH  and the closely related genes  CFHR1-5  are part 
of a gene cluster involved in the regulation of comple-
ment activation on chromosome 1q32. Because  CFHR1  
and  CFHR3  contain a C3-binding site, they may act 
as competitive inhibitors with  CFH  and dysregulate 
 complement activation. A haplotype carrying a deletion 
of  CFHR1  and  CFHR3  (delCFHR1/3) had a protective 
effect against AMD, which was present in 20% of chro-
mosomes of controls and 8% of chromosome of cases 
 [  106,   107  ] .The proteins encoded by these genes are 
absent in serum homozygotes for delCFHR1/3  [  106  ] . 
Removal of CFHR1 and CFHR3 may reduce competi-
tion for the binding of CFH to C3b, enhance inhibitory 
activity by CFH, and reduce overall activation of the 
alternative complement cascade. Deletion homozygotes 
are most frequent in African Americans (16%), less 

common in Hispanics (6.8%), and least common in 
European Americans (4.7%)  [  108  ] . The high frequency 
of the  delCFHR1  allele may be one of the explanations 
for the low prevalence of late AMD in Africans com-
pared with Caucasians. The delCFHR1/3 was not poly-
morphic (0.01%) in the Chinese population and was not 
associated with wet AMD or drusen  [  86  ] . 

 Figure  1.5a  presents a meta-analysis of all studies 
with data on Y402H, incorporating 7683 late AMD 
cases and 9,612 controls. Per allele, the OR of late 
AMD was 2.41 (95% CI, 2.21–2.64). For GA, the 
overall pooled OR in Caucasians was 2.82 (95% CI, 
2.24–3.56). For CNV, the overall OR was 2.47 (95% 
CI, 2.22–2.74). For early AMD, the OR was 1.82 (95% 
CI, 1.47–2.25; Fig.  1.5b ).  

    1.5.1.2   Complement Factor B (CFB)/
Complement Component 2 (C2) 

 Complement factor B (CFB) and complement compo-
nent 2 (C2) are activators of the alternative and classical 
pathways, respectively. Four variants in the  CFB  and  C2  
gene located in the major histocompatibility complex III 
on chromosome 6p21 have been inversely associated 
with AMD:  CFB  R32Q which is in nearly complete link-
age disequilibrium with  C2  IVS10, and  CFB  L9H which 
is in nearly complete linkage disequilibrium with  C2  
E318D  [  49,   105,   109–  114  ] . Further analyses identi fi ed 
two statistically signi fi cant protective haplotypes: the 
 fi rst tagged by the R32Q/IVS10 pair ( P  = 2.1 × 10 −7 ), and 
the second by the L9H/E318D pair ( P  = 3.4 × 10 −6 ). The 
common haplotype containing the major alleles at these 
four loci conferred a signi fi cant risk for AMD (OR 1.32; 
 P  = 0.0013). These variants were inversely related to 
early AMD as well as to both subtypes of late AMD, and 
also appeared to reduce the rate of progression to more 
advanced stages of AMD  [  49,   110  ] . 

 Genetic and functional data suggest that the  CFB  
variants rather than the  C2  variants are likely to cause 
the observed relation to AMD. The  C2  E318D and 
IVS10 variants are respectively a conservative change, 
and a noncoding variant, whereas the  CFB  L9H variant 
is non-conservative, and  CFB  R32Q results in inferior 
C3b binding af fi nity, lower potential to amplify 
 complement  activation, and reduced hemolytic activity 
of the CFB  protein  [  115,   116  ] . Moreover, the majority 
of proteins of the alternative pathway (e.g., CFH, CFB) 
are present in drusen, whereas proteins from the clas-
sical pathway (e.g., C2) are not  [  117,   118  ] . In addition, 
after controlling for age, smoking,  CFH  Y402H, and 
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 LOC387715  A69S, the association with  C2  R32Q 
proved to be robust (OR, 0.21; 95% CI, 0.11–0.39) 
while the association with  C2  E318D became 
insigni fi cant (OR, 0.60; 95% CI, 0.25–1.47)  [  111  ] . 
Stepwise logistic regression also excluded the  C2  
IVS10 in favor of  CFB  R32Q  [  105  ] . These data sug-
gest that the  C2  variants show residual association with 
AMD originating from their high linkage disequilib-
rium with  CFB.  Because the major histocompatibility 
complex III region consists of many genes involved in 
in fl ammation, it is possible that the reported  fi ndings 
are due to high linkage disequilibrium with adjacent 
loci (e.g., R151Q in the  SKIV2L  gene)  [  113  ] . 

 Figure  1.6  presents meta-analyses of all presently 
available studies for R32Q and L9H. The meta-analy-
sis resulted in a signi fi cant OR of 0.36 (95% CI, 0.28–
0.47) for the R32Q variant. In the Caucasian studies, 

the frequencies of the R32Q varied between 4.0% and 
5.5% in cases, and between 10.0% and 12.0% in con-
trols. In the Indian study population, the R32Q variant 
was more common in both cases (7.7%) and controls 
(23.2%) compared to the Caucasian samples. The 
meta-analysis also resulted in a signi fi cant OR of 0.46 
(95% CI, 0.25–0.85) for the L9H variant. In the Indian 
study, the frequencies of L9H were not signi fi cantly 
different in cases (4.0%) and controls (6.3%; OR 0.61, 
95% CI, 0.31–1.22), and the allelic distribution of L9H 
was not reported. The L9H frequencies in the Caucasian 
populations varied between 4.0% and 5.5% in cases, 
and between 10.0% and 12.0% in controls.  

 Based on the pooled estimates from the meta- 
analyses, the R32Q appears to have a greater and more 
consistent protective effect than L9H. Furthermore, a 
direct functional basis of protection for R32Q has been 

  Fig. 1.6    ( a ) Allele-based meta-analysis of association studies 
investigating  Complement Factor B  R32Q and risk of late AMD. 
( b ) Allele-based meta-analysis of all currently available 
association studies investigating  Complement Factor B  L9H and 
risk of late AMD age-related macular degeneration; CI, 

con fi dence interval; IV, inverse variance; n, number of risk 
alleles; N, total number of alleles; Random, random effects 
model. ORs and 95% CIs were calculated using the random 
effects model of the DerSimoninian and Laird method       
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