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Abstract	  
  

Age-related   macular   degeneration   (AMD)   is   the   leading   cause   of   blindness   in   the  

elderly   in   developed   countries.   The   presence   of   macular   drusen   or   pigmentary   changes  

represent  the  early  phases  of  the  disease,  with  some  subjects  progressing  to  its  late  forms  -  

choroidal  neovascularization  or  geographic  atrophy.  The  diagnosis  and  management  of  AMD  

currently  relies  on  ophthalmic  examination  and/or  imaging  by  skilled  clinicians.  As  it  is  often  

asymptomatic   in   its  early  phases,  unless  a   routine  exam   is  done,  AMD  early/   intermediate  

stages  may   remain  undetected.  Therefore,   it   is  crucial   to  develop  screening   tools   for  AMD  

diagnosis  and  to  predict  its  progression.    

Several  attempts  have  been  made  to  identify  serologic  biomarkers  of  AMD.  However,  

probably   due   to   the   complex   multifactorial   nature   of   this   disease,   involving   interactions  

between  genetic  and  environmental  risk  factors,  results  have  been  inconsistent.  Thus,  there  

is  currently  a  lack  of  reliable  and  accessible  AMD  biofluid  biomarkers.  Metabolomics,  the  study  

of   the  small  molecules  (<1  kDa)  comprising  a  biological  system,  offers  a  well-suited  tool   to  

address  this  need.  The  metabolites  are  the  downstream  product  of  the  cumulative  effects  of  

the  genome  and  its  interaction  with  environmental  exposures.  Therefore,  the  metabolome  is  

thought  to  closely  mirror  the  phenotype,  especially  of  multifactorial  diseases,  such  as  AMD.  

Metabolomic  profiles  can  be  assessed  with  two  main  techniques:  nuclear  magnetic  resonance  

(NMR)  spectroscopy  and  mass  spectrometry  (MS).  

Our  group  hypothesized   that   the  metabolome   is   impacted   in  AMD,  with  differences  

according  to  its  severity  stages,  and  that  AMD-progressors  have  a  distinct  metabolome.  To  

test  our  hypotheses,  we  designed  a  study  including  subjects  with  AMD  and  a  control  group  (>  

50  years  with  normal  macula)   from   two  distinct  geographic  origins   (Coimbra,  Portugal  and  

Boston,  United  States).  In  addition  to  a  complete  ophthalmological  exam,  we  obtained  medical  

history  and  lifestyle  profiles.  Fasting  blood  and  urine  samples  were  collected  on  all  subjects,  

and   detailed   imaging   of   the   retina,   including   color   fundus   photographs   (CFP)   and   optical  

coherence   tomography   (OCT),   was   performed.   For   a   subset   of   patients,   functional  

assessments,  such  as  dark  adaptation,  were  also  obtained.    

Our  initial  work  focused  on  the  characterization  of  metabolomic  profiles  of  AMD  and  

its   severity   stages.   Using   NMR   spectroscopy,   we   observed   a   separation   of   plasma  

metabolomics   profiles   between   multiple   AMD   stages   for   the   Boston   cohort,   and   between  

control  and  late  stages  of  AMD  for  the  Coimbra  cohort.  The  metabolomic  fingerprints  of  AMD  

in  the  two  cohorts  presented  both  similarities  and  differences,  thus  suggesting  the  existence  

of  specific  signs  of  the  disease  and  signs  of  environmental  influences,  respectively.  We  are  

currently  finalizing  the  analysis  of  urine  NMR  metabolomic  profiles.  Compared  to  blood,  urine  
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composition  can  present  greater  variations  of  endogenous  metabolites,  therefore  it  may  better  

reflect  changes  in  disease.  

The  encouraging  results  of   the  NMR  study  motivated  us  to  pursue  work  with  MS,  a  

complementary   technique  with  higher  sensitivity.  A  pilot  analysis  of  plasma  samples  of   the  

Boston  cohort  using  MS  revealed  that  87  metabolites  differed  significantly  between  patients  

with  AMD  and  controls.  Most  of  them  were  lipids,  with  glycerophospholipids  playing  a  major  

role.  Of   these  metabolites,  over  half  also  differed  significantly  across  AMD  severity  stages.  

We  are  now  analyzing  the  remaining  plasma  MS  data  (n=500),  by  using  our  two  independent  

cohorts  (Coimbra  and  Boston)  as  a  training  and  validation  set,  to  characterize  metabolomic  

signs  of  the  disease.    

In  our  study,  AMD  classification  was  based  on  CFP,  the  current  gold-standard.  Due  to  

the   variability   of  CFP  on   brightness   and   contrast,  we   developed   software   to   automatically  

standardize  them.  We  also  did  pioneering  work  in  defining  structure-functional  associations  in  

AMD,  namely  by  studying  the  relation  between  OCT  features  of  AMD  with  visual  function,  as  

assessed  by  dark  adaptation.  Acknowledging  the  potential  relevance  of  peripheral  changes  

on  AMD,  we  also  defined  methodology  to  assess  them  using  ultra-widefield  imaging.    

  

In  conclusion,  this  project  demonstrated  for  the  first  time  that  metabolomics  enables  

the  identification  of  plasma  profiles  associated  with  AMD,  thus  supporting  the  development  of  

metabolomic   biomarkers   of   this   blinding   disease.   Integrated   with   genetic   and   lifestyle  

information,   this   work   also   has   the   potential   to   increase   the   current   knowledge   on   the  

mechanisms  of  AMD,  and  thus  point  to  druggable  targets  for  its  treatment.  
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Resumo	  
  
   A   degenerescência   macular   relacionada   com   a   idade   (DMI)   é   a   causa   líder   de  

cegueira  em  idosos  nos  países  desenvolvidos.  As  fases  precoces  da  doença  caracterizam-

se   pela   presença   de   drusen   maculares   ou   alterações   pigmentares;;   alguns   indivíduos  

progridem   para   as   formas   tardias   –   neovascularização   coroideia   ou   atrofia   geográfica.   O  

diagnóstico  e  seguimento  da  DMI  é  atualmente  baseado  num  exame  oftalmológico  efetuado  

por  clínicos  experientes  e/ou  em  exames  de  imagem.  Como  frequentemente  os  doentes  com  

DMI  são  assintomáticos  nas  suas  fases  precoces,  exceto  se  um  exame  de  rotina  for  efetuado,  

aqueles  com  estadios  precoces  ou  intermédios  podem  permanecer  por  diagnosticar.  Assim,  

é  essencial   desenvolver   ferramentas  para   rastreio  da  DMI  e  para  predizer   o   seu   risco  de  

progressão.  

   Várias   tentativas   têm  sido  efetuadas  para   identificar   biomarcadores   serológicos  de  

DMI.  No  entanto,  provavelmente  devido  à  complexa  natureza  multifatorial  da  doença,  que  

envolve   fatores   genéticos   e   ambientais,   os   resultados   dos   diversos   estudos   têm   sido  

inconsistentes.  Deste  modo,   não   existem  atualmente   biomarcadores   de  DMI   acessíveis   e  

fidedignos.  A  metabolómica,  definida  como  o  estudo  das  pequenas  moléculas  (<1KDa)  que  

formam  um  sistema,  representa  uma  ferramenta  apropriada  para  enfrentar  este  desafio.  Os  

metabolitos  são  o  produto  último  do  processo  de  transcrição  genética  e  das  suas  interações  

com  as  exposições  ambientais.  Assim  sendo,  pensa-se  que  o  metaboloma  é  a  representação  

mais  próxima  do  fenótipo,  especialmente  em  doenças  multifatoriais,  como  a  DMI.  Os  perfis  

metabolómicos   podem   ser   estudos   com   duas   técnicas   principais:   espetroscopia   por  

ressonância  magnética  e  espetrometria  de  massa  (MS).    

   O  nosso  grupo  colocou  a  hipótese  de  que  o  metaboloma  está  alterado  na  DMI,  com  

diferenças   de   acordo   com  os   estadios   de   gravidade   da   doença,   e   que   os   indivíduos   que  

progridem  ao   longo  do  tempo  (progressores)   têm  um  metaboloma  distinto.  Para  avaliar  as  

nossas  hipóteses,  desenhámos  um  estudo  que  incluiu  doentes  com  DMI  e  um  grupo  controlo  

(>50   anos,   mácula   normal),   de   duas   origens   geográficas   distintas   (Coimbra,   Portugal   e  

Boston,  Estados  Unidos).  Para  além  de  um  exame  oftalmológico  completo,  efetuámos  a  todos  

os  participantes  uma  história  clínica  completa  e  colhemos  dados  sobre  o  seu  estilo  de  vida,  

bem   como   amostras   de   sangue   e   de   urina   em   jejum.  Efetuados   ainda   vários   exames   de  

imagem,  incluindo  retinografias  e  tomografia  de  coerência  óptica  (OCT).  Para  um  subgrupo  

de  doentes,  efetuámos  também  avaliações  funcionais,  nomeadamente  adaptação  ao  escuro.        

   O  nosso  trabalho  inicial  focou-se  na  caracterização  do  perfil  metabolómico  da  DMI  e  

dos  seus  diversos  estadios.  Utilizando  espetroscopia  por  ressonância  magnética,  verificámos  

a  presença  de  uma  separação  entre  os  perfis  metabolómicos  do  plasma  de  vários  estadios  

de   DMI,   na   coorte   de   Boston.   Na   coorte   portuguesa,   verificámos   uma   separação   entre  
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doentes  com  DMI  tardia  comparativamente  com  o  grupo  controlo.  Os  perfis  metabolómicos  

nas  duas  coortes  demonstraram  tanto  semelhanças  como  diferenças,  sugerindo  deste  modo  

a  existência  tanto  de  sinais  específicos  da  doença  como  ambientais.  Estamos  atualmente  a  

finalizar  a  análise  dos  perfis  metabolómicos  de  urina  utilizando  a  mesma  técnica.  Comparada  

com  o  sangue,  a  urina  pode  apresentar  maiores  variações  de  metabolitos  endógenos,  pelo  

que  pode  refletir  melhor  alterações  na  doença.  

   Os   resultados   encorajadores   com   espetroscopia   por   ressonância   magnética,  

motivaram-nos  a  prosseguir  o  nosso  estudo  com  MS  -  uma  técnica  complementar,  com  maior  

sensibilidade.  Com  esta  técnica,  a  nossa  análise  inicial  de  amostras  de  plasma  da  coorte  de  

Boston  demonstrou  que  87  metabolitos  diferiam  significativamente  entre  doentes  com  DMI  e  

controlos.   A   maioria   dos   metabolitos   responsáveis   por   esta   separação   eram   lípidos,  

sobretudo  glicero-fosfolípidos.  Destes  metabolitos,  mais  de  metade  diferiam  também  entre  os  

diferentes   estadios   de  DMI.   Neste  momento,   estamos   a   terminar   a   análise   dos   restantes  

dados  obtidos  com  MS  (n=  500),  utilizando  as  nossas  duas  coortes  independentes  (Coimbra  

e  Boston)  como  grupo  de  teste  e  de  validação,  para  caracterizar  os  sinais  metabolómicos  da  

DMI.    

   Neste  estudo,  a  classificação  de  DMI  foi  baseada  em  retinografias,  já  que  estas  são  

atualmente   o  gold-standard.  Devido   à   variabilidade   verificada   nas  mesmas   em   termos   de  

brilho   e   contraste,   desenvolvemos   um   programa   para   as   estandardizar   automaticamente.  

Efetuámos  também  trabalho  pioneiro  na  definição  de  associações  estrutura-função  na  DMI,  

nomeadamente  através  do  estudo  da  relação  entre  as  alterações  observadas  no  OCT  e  a  

função   visual   avaliada   através   da   adaptação   ao   escuro.   Devido   ao   reconhecimento   da  

potencial  relevância  das  alterações  da  periferia  na  DMI,  definimos  também  metodologia  para  

as  avaliar  utilizando  imagens  com  amplo  campo  de  captação.      

  

   Em   conclusão,   este   projeto   demonstrou   pela   primeira   vez   que   utilizando  

metabolómica  é  possível  identificar  perfis  plasmáticos  associados  à  DMI,  suportando  assim  

o  desenvolvimento  de  biomarcadores  metabolómicos  desta  doença.  Integrado  com  o  estudo  

genético   e   de   perfis   de   vida,   este   trabalho   tem   também   o   potencial   de   aumentar   o   atual  

conhecimento  dos  mecanismos  de  DMI  e  de  identificar  potenciais  novos  alvos  terapêuticos.  
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Thesis	  outline	  
  

This  Thesis  is  organized  in  four  chapters  plus  supplements.  It  includes  seven  original  

manuscripts  published  in  international,  peer-reviewed  journals;;  and  one  review  paper,  which  

was  written   by   invitation   of   an   international,   peer-reviewed   journal,   and   is   currently   under  

review.  

Chapter   I   presents   the   scientific   background   that   lead   to   the   project,   our   leading  

hypotheses  and  aims.  We  also  present  the  study  design  of   the  entire  project,   including  the  

study  procedures  performed  in  our  two  study  sites  –  Coimbra,  Portugal,  and  Boston,  United  

States.  Data  on   the   recruited  study  population   is  provided.  We   include  also   information  on  

obtained  funding  for  the  project,  as  well  as  the  scientific  recognitions  that  it  received  over  the  

last  four  years.    

Chapter   II   presents   our   two   original   manuscripts   published   on   the   application   of  

metabolomics  to  the  study  of  age-related  macular  degeneration  (AMD),  using  two  distinct  and  

complementary   techniques   –   nuclear  magnetic   resonance   spectroscopy   (NMR)   and  mass  

spectrometry  (MS).  A  review  manuscript  on  the  application  and  potential  of  metabolomics  to  

the  study  of  vitreoretinal  diseases  is  also  included.  

Chapter   III   includes   five   published   manuscripts   related   to   AMD   phenotyping   and  

structural-function  associations.  During  the  design  and  execution  of  this  project,  as  it  will  be  

detailed,  we   faced  challenges   in   terms  of  AMD  classification  and  staging.  We   felt   that   this  

project  provided  a  unique  opportunity  to   improve  the  current  phenotypic  assessment  of   the  

disease,  which  is  crucial  to  perform  any  associations  with  ‘omics  data,  such  as  metabolomics  

and  genomics.  

Chapter   IV   provides   an   integrative   discussion   of   the   work   published   so   far,   and   it  

details  all  the  ongoing  research  we  are  performing,  namely  related  to  metabolomic-genomic-

lifestyle  associations.  Future  directions  for  this  project  are  also  discussed,  namely  the  initiation  

of  a  follow-up  study  on  this  study  cohort.  An  overview  of  the  contribution  of  this  Thesis  to  AMD  

assessment  and  knowledge  is  also  included.  

     



	   10	  Inês	  Maria	  de	  Carvalho	  Laíns	  

Chapter	  I:	  Project	  Background	  and	  Design	  
  

I.1)	  Background	  
  

Age-related  macular  degeneration   (AMD)   is   the   leading  cause  of  adult  blindness   in  

developed  countries.  Worldwide,  it  ranks  third,  and  is  expected  to  affect  288  million  people  by  

2040.1  Even  when  it  does  not  cause  blindness,  AMD  often  leads  to  central  vision  distortions  

and   significant   impairment   in   patients’   quality   of   life.2   The   natural   history   of   AMD   typically  

comprises   “dry”  early  and   intermediate   forms,  and  some  subjects  can  progress   to  atrophic  

(geographic   atrophy,   GA)   and/or   neovascular   lesions   (choroidal   neovascularization,   “wet”  

AMD),  the  advanced  forms  of  AMD.3,4    

For  many  years,  the  scientific  community  has  been  trying  to  understand  what  causes  

AMD  and   its  progression.  Why  some  people  older   than  50  years  develop  AMD  and  others  

don’t?  And  why,  among  those  with  AMD,  some  subjects  progress  to  the  late  blinding  forms  of  

the  disease?  The  current  answers  are  mostly  based  on   the  clinical  phenotype,  namely   the  

size  of  drusen  and  the  presence  of  pigmentary  changes.5  Environmental  risk  factors  were  also  

found  to  play  a  role.  Age,  cigarette  smoking,  gender,  race,  diet,  and  various  cardiovascular  

risk  factors  were  identified  as  potential  modulators.6  More  recently,  several  genomic  regions  

have  also  been  shown  to  be  associated  with  AMD.7,8  The  most  common  alleles  with  high  effect  

seem  to  be  complement  system  deregulation  (CFH),  age-related  maculopathy  susceptibility  2  

(ARMS2)   and   high-temperature   requirement   factor  H   (HTRA1);;   however,   genes   related   to  

oxidative   stress,   DNA   repair,   mitochondrial   dysfunction,   neovascularization,   microglial  

recruitment  and   lipid  and  cholesterol   deregulation  have  also  been   linked   to   the  disease.7,8  

Therefore,  it  is  currently  well-established  that  AMD  is  a  multifactorial  disease,  with  a  complex  

interaction  between  genetic  and  environmental  risk  factors.  

   Clinically,   AMD   is   usually   asymptomatic   in   its   early   stages   and   diagnosed   only   on  

routine   eye   exam,   thus   often   remaining   undetected   until   it   is   more   advanced   with   visual  

symptoms   and   loss.9   Therefore,   it   is   crucial   to   develop   tools   to   detect   AMD   earlier   and  

treatments   to   slow  progression  and  vision   loss.  These   include  easily  accessible   screening  

tools  for  diagnosis  and  tools  to  predict  progression  of  disease.  

Serological   biomarkers   have   been   studied,   primarily   looking   at   serum   levels   of  

biomarkers  related  to  inflammation10–13  or  lipid  levels,14  as  both  appear  to  play  a  role  in  AMD  

pathogenesis.   However,   to   date   results   have   been   inconsistent.15   Therefore,   in   our   daily  

clinical  practice,  we  continue  to  rely  on  observable  characteristics  for  diagnosis  and  monitoring  

of  progression,  and  reliable  and  accessible  biofluid  biomarkers  are  still  lacking  in  AMD.    

Our   group   hypothesized   that   metabolomics   could   be   an   appropriate   approach   to  

address  this  need.  Metabolomics,  the  global  profiling  of  all  the  small  molecules  (<1  kDa)  in  a  
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biological   system,16   is   a   novel   approach   that   is   increasingly   being   explored   to   identify  

biomarkers.3,4,17   Metabolites   are   the   downstream   product   of   the   cumulative   effects   of   the  

genome   and   its   interaction  with   environmental   exposures.18   Therefore,   the  metabolome   is  

thought  to  closely  represent  the  “true  functional  state”  of  the  biological  system  and  thus  current  

disease  phenotype.  This  is  particularly  useful  for  the  study  of  multifactorial  diseases,  such  as  

AMD.19  

   The   value   of  metabolomics   as   a   translational   tool   for   the   clinical   setting   has   been  

demonstrated   through   several   studies   in   other   medical   disciplines,   including   cancer   and  

Alzheimer   disease.20–24,25–27   Metabolomics   studies   can   be   readily   performed   on   easily  

accessible  biological  samples,  such  as  blood  and  urine.  Two  main  techniques  are  available  -  

mass   spectrometry   (MS)   and   nuclear   magnetic   resonance   spectroscopy   (NMR).28,29   Both  

approaches   have   strengths   and   weaknesses   and   they   are   currently   considered  

complementary.30   In   AMD,   to   our   knowledge,   before   our   work,   only   one   study   had   been  

published,31  comparing  plasma  metabolomic  profiles  of  subjects  with  neovascular  AMD  and  a  

control  group.  

In  this  project,  for  the  first  time,  we  assess  the  metabolomic  profiles  related  to  AMD  

and  its  different  stages,  with  the  ultimate  goal  of  identifying  potential  biomarkers  of  the  disease  

and   its   progression.   This   is   based   on   the   hypothesis   that   the   organism’s   metabolism   is  
impacted  in  AMD,  with  differences  according  to  evolution  stages,  and  that  AMD-progressors  

will  have  a  distinct  metabolome.    

Importantly,   it   is   currently   recognized   that   a   successful   diagnosis,   therapy   and  

prevention   of   complex   disorders,   requires   an   understanding   of   the   interactions   between  

genetic,  environmental  and  lifestyle  factors.32  In  AMD,  the  mechanisms  by  which  genes  and  

environment  interact  to  promote  the  disease  are  still  poorly  understood.33  Risk  prediction  could  

be  considerably  improved  if  there  was  a  better  understanding  of  the  biological  pathways  and  

the   specificity   of   genetic   and   environmental   interactions,   which   are   reflected   in   the  

metabolome.   Our   project   represents   the   first   attempt   in   this   direction,   by   studying  

metabolomic-genetic-lifestyle   associations.   The   possibility   of   analyzing   a   wide   range   of  

metabolomic  phenotypes  in  association  with  genetic  variance  has  been  described  in  the  last  

few   years.34,35  With   the   conventional   genome-wide  association   studies   (GWAS),   the  effect  

sizes  of  genetic  associations  are  generally  small,  and  information  on  the  underlying  biological  

processes   is  often   lacking.  Conversely,  single  nucleotide  polymorphism  (SNPs)–metabolite  

associations  point  to  the  underlying  biological  mechanism,  thus  have  bigger  effect  sizes  and  

can  increase  the  statistical  power  of  the  performed  analysis.36,37  Therefore,  the  focus  of  GWAS  

is  now  shifting  increasingly  away  from  studying  associations  with  disease  end  points  towards  

studying  associations  with  intermediate  traits,  such  as  metabolomic  phenotypes.32  Moreover,  

pathway   based   approaches   are   uniquely   suited   to   metabolomics-GWAS   owing   to   the  
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abundance   of   knowledge   on   proteins   involved   in  metabolite   conversion   and   secretion,   as  

captured  in  various  databases  of  metabolic  pathways  and  reactions.32  

  

For   any   metabolomics   or   genomics   study,   an   accurate   phenotyping   is   crucial.38,39  

Indeed,   previous   studies   demonstrated   that   phenotypic   misclassification   can   dramatically  

reduce  the  power  to  detect  associations,  or  make  it  impossible  to  detect  a  true  association.40    

The  current  AMD  phenotyping  and  staging  are  based  on  color   fundus  photographs  

(CFP).41,42  Nevertheless,  it  is  currently  recognized  that  fundus  appearance  is  inadequate  for  a  

complete  understanding  of  AMD  structural  alterations  –  optical  coherence  tomography  (OCT),  

fundus   autofluorescence   (FAF)   or   wide-field   imaging   provide   additional   important  

information.43  Namely,  other  imaging  modalities  enable  the  identification  of  unique  phenotypic  

features,  such  as  subretinal  drusenoid  deposits  (SDD),44  which  have  been  proposed  as  an  

independent   risk   factor   for   AMD   progression;;45   or   peripheral   changes,   which   seem   to   be  

present  in  eyes  with  AMD  more  likely  than  in  eyes  of  subjects  with  the  same  age  without  this  

disease,  and  to  be  associated  with  AMD  risk  alleles.46,47,48  Indeed,  it  is  increasingly  recognized  

that  there  is  a  real  need  to  develop  new  AMD  classification  schemes  including  detailed  and  

refined   AMD   phenotypes,   as   assessed   by   multimodal   imaging.43,49,50   The   current   gold-

standard  (CFP)  is  certainly  incomplete,  because  it  misses  important  features,  and  thus  has  a  

limited  capability  to  explain  AMD,  its  association  with  function,  or  to  predict  AMD  progression.50  

Bearing  this  in  mind,  our  study  cohort  was  imaged  with  infra-red,  red-free,  FAF,  OCT  and  ultra-

widefield  imaging.  Our  goal  is  to  contribute  to  improve  AMD  phenotyping,  and  also  to  use  a  

detailed   phenotypic   characterization   in   our   assessment   of  AMD  metabolomic   profiles,   and  

metabolomic-genomic-lifestyle  associations.    

Additionally,  one  needs  to  consider  that  an  ideal  biomarker  that  could  be  used  as  a  

surrogate  end  point  in  AMD  should  reflect  not  only  morphological  changes,  but  also  alterations  

in  visual  function.  Therefore,  it  is  essential  to  study  the  relationships  between  them  (structural  

and  visual  functional  changes).51  Moreover,  an  improved  understanding  of  structure-function  

relationships  in  AMD,  particularly  in  its  early  phases,  can  shed  the  light  on  underlying  biological  

mechanisms  associated  with  the  emergence  and  progression  of  the  condition.  Visual  acuity  

is  the  most  well-established  and  accepted  functional  endpoint  in  ophthalmology.52  However,  

it   has   a   limited   ability   to   serve   as   a   surrogate   end   point   for   AMD,   as   it   remains   largely  

unchanged  during  the  early  and  intermediate  stages  of  the  disease.    

In  this  project,  we  performed  structural-functional  assessments,  namely  by  using  dark  

adaptation   (DA).   There   is   increasing   evidence   that   DA   is   one   of   the   best   functional  

assessments  for  the  earliest  phases  of  AMD.51  This  is  in  agreement  with  reports  of  patients  

with  early  AMD  that  described  vision  problems  under  dim  lighting  or  at  night,53,54  as  well  as  

with   histopathologic   data   showing   that   rods   degenerate   earlier   and   more   severely   than  
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cones,55,56  and  that  AMD  initially  affects  the  parafoveal  region  (that  has  more  rods  than  cones).  

Fundus-   tracked  microperimetry   is   another  modality   to  measure   visual   function  with   retina  

sensitivity.  It  measures  the  differential  light  sensitivity,  which  is  the  minimum  luminance  of  a  

white-spot   stimulus  superimposed  on  a  white  background  of  uniform   luminance  needed   to  

perceive  the  stimulus  with  eye  position  correction  using  the  eye-tracking  system.  In  additional,  

a   real-time   en-face   image   of   the   posterior   pole   is   provided,   enabling   direct   comparison  

between  the  visual  function  outcome  and  the  underlying  retina  pathology.57,58    

  

   In  summary,  our  leading  research  question  relates  to  the  application  of  metabolomics  

to  the  study  of  AMD,  namely  to  identify  potential  biomarkers  of  the  disease  and  its  progression.  

We  also  aim  to  perform  an  integration  of  metabolomics  with  genomics  and  lifestyle  data.  This  

has  the  potential  to  contribute  to  the  current  understanding  of  the  mechanisms  of  AMD,  namely  

by   identifying   novel   pathways   that   can   represent   new   targets   for   treatment   development.  

Additionally,  we  included  a  detailed  phenotypic  characterization  incorporating  complete  visual  

function  assessments,  which  is  crucial  for  our  ‘omics  assessments,  but  also  to  improve  the  

current   AMD   classification   schemes,   which   do   not   account   for   the   diverse   phenotypic  

presentations  that  are  currently  recognized  with  more  advanced  imaging  modalities.      

  

  

I.2)	  Study	  Design	  
  

This  is  a  prospectively  designed,  cross-sectional  study,  which  was  conducted  at  two  

study  sites:  Portugal  –  Faculty  of  Medicine,  University  of  Coimbra  (FMUC),   in  collaboration  

with  the  Association  for  Innovation  and  Biomedical  Research  on  Light  and  Image  (AIBILI)  and  

the  Centro  Hospitalar  e  Universitário  de  Coimbra,  Coimbra,  Portugal;;  US  –  Massachusetts  

Eye  and  Ear  (MEE),  Harvard  Medical  School,  Boston,  United  States.    

The  study  was  approved  by   the   Institutional  Review  Boards  of  FMUC,  AIBILI,  MEE  

and  by  the  Portuguese  National  Data  Protection  Committee  (CNPD)  –  Supplements  1  to  4.  All  

participants  provided  written  informed  consent.  The  study  was  conducted  in  accordance  with  

HIPAA  (Health  Insurance  Portability  and  Accountability  Act)  requirements  and  the  tenets  of  

the  Declaration  of  Helsinki.  

  

Study  population    

  

Over   eighteen   months   (January   2015   to   July   2016),   we   recruited   patients   with   a  

diagnosis  of  AMD  and  a  control  group  of  subjects  without  any  evidence  of  the  disease  in  both  

eyes,  aged  50  years  or  older.  For  both,  the  exclusion  criteria  included  diagnosis  of  any  other  
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vitreoretinal   disease,   active   uveitis   or   ocular   infection,   significant   media   opacities   that  

precluded  the  observation  of  the  ocular  fundus,  refractive  error  equal  or  greater  than  6  diopters  

of  spherical  equivalent,  past  history  of  retinal  surgery,  history  of  any  ocular  surgery  or  intra-

ocular   procedure   (such   as   laser   and   intra-ocular   injections)   within   the   90   days   prior   to  

enrolment  and  diagnosis  of  diabetes  mellitus,  with  or  without  concomitant  diabetic  retinopathy  

(due  to  the  remaining  study  purposes).    

At   MEE,   participants   were   consecutively   recruited   at   the   Retina   Service   and   the  

Comprehensive  Ophthalmology  and  Optometry  Services,  when   they  were   coming   for   their  

regular  appointments.  In  Portugal,  the  study  population  was  derived  from  a  population-based  

cohort  study.59,60  All  subjects  with  an  established  diagnosis  of  any  stage  of  AMD  were  invited  

to  participate.  Subjects  without  signs  of  AMD  in  the  prior  evaluation59,60  were  also  invited,  and  

included  as  controls  if  they  remained  without  the  disease  (see  below  AMD  diagnosis).  Those  

who  presented  AMD  at   the   time  of   the  current  evaluation  were   included   in   the  AMD  study  

group.  

  

Ophthalmological  exam,  medical  history  and  lifestyle  assessment  

  

   All   participants   underwent   a   comprehensive   eye   exam,   including   measurement   of  

best-corrected  visual  acuity  (BCVA),  current  refraction,  intra-ocular  pressure,  biomicroscopy  

and  dilated  fundus  exams.    

A  standardized  medical  history  questionnaire  was  designed  specifically  for  this  study  

–  Supplement  5.    

Additionally,   all   subjects   were   invited   to   complete   a   food   frequency   questionnaire  

(FFQ),   to  assess  dietary  habits   from  the  preceding  year.  The  Portuguese  semi-quantitative  

FFQ28   is  a  validated  instrument  for  this  population  and  includes  86  food  items.  For  each  of  

them,   participants   indicated   their   average   frequency   of   consumption,   by   choosing   1   of   9  

options,  from  “never  or  less  than  once  in  a  month”  to  “6  or  more  per  day”.  Data  processing  

was   performed   in   collaboration   with   the   Public   Health   Institute   of   the   University   of   Porto  

(PHIUP).   For   the   American   population,   the   Willet   FFQ,   a   semi-quantitative   questionnaire  

designed  and  validated  by  the  Harvard  T.H.  Chan  School  of  Public  Health  (HSPH)  was  used.29  

This  questionnaire  includes  61  food  items  and  it  has  one  standard  portion  size  indicated  for  

each   one   of   them.   Respondents   were   asked   to   indicate   their   estimated   frequency   of  

consumption  from  9  different  response  alternatives,  ranging  from  “never  or  less  than  once  per  

month”  to  “6  or  more  times  per  day”.  For  data  processing,  the  obtained  questionnaires  from  

the  American  population  were  sent  to  the  HSPH.  

Due  to  the  absence  of  a  validated  and  translated  questionnaire  for  both  populations  at  

the  beginning  of  this  study,  physical  activity  was  assessed  using  2  different  methodologies.  
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Individuals  recruited  at  MEE  were  invited  to  answer  the  Rapid  Assessment  of  Physical  Activity  

(RAPA)   test.61   This   is   an   easy   to   read,   9-question   (yes/no)   test,   specifically   designed   for  

individuals  older  than  50  years,  being  able  to  discriminate  and  quantify   light,  moderate  and  

vigorous  activity.  Individuals  recruited  in  Portugal  were  invited  to  answer  a  previously  validated  

questionnaire   translated   to   Portuguese   -   International   Physical   Activity   Questionnaire  

(IPAQ).62  This  short,  7-questions’  test,  provides  information  about  the  level  of  physical  activity  

spent  per  week,  stratified  in  light,  moderate  and  vigorous  activities.63  

  

   Imaging  exams  

  

For  all  study  participants,  non-stereoscopic,  7-field  fundus  photographs  were  obtained  

with  one  of  two  types  of  cameras:  Topcon  TRC-50DX  (Topcon  Corporation,  Tokyo,  Japan),  or  

Zeiss  FF-450  Plus  (Carl  Zeiss  Meditec  Inc,  Dublin,  CA).  All  subjects  were  also  imaged  with  

infra-red,  blue-reflectance,  fundus  autofluorescence,  and  spectral-domain  optical  coherence  

tomography   (SD-OCT)   using   Spectralis®,   Heidelberg,   Germany   –Supplement   6.   If   the  

referring  retina  specialist  deemed  necessary,  fluorescein  angiography  was  performed  as  part  

of  the  regular  clinical  assessment  of  patients  with  CNV.  

Additionally,   in   Portugal   all   study   participants  were   also   imaged  with   swept-source  

OCT  (SSOCT)  (Atlantis,  Topcon®).  In  the  US,  SSOCT  is  not  yet  approved  by  the  Food  and  

Drug  Administration  (FDA),  so  this  was  an  optional  procedure,  for  which  specific  consent  was  

obtained.  

In  the  US,  all  included  participants  were  also  imaged  with  the  Optos®  200  Tx  camera  

(Optos  Inc,  Marlborough,  MA)  in  three  gaze  positions:  primary  gaze,  up  gaze  and  down  gaze.  

In   this   case,   both   pseudo-color   and   FAF   images   were   obtained.   For   Portuguese   study  

participants,  ultra-widefield  imaging  was  not  available.  

  

Functional  exams  

  

For  the  Boston  study  population,  two  functional  exams  were  available:  dark  adaptation  

(DA)   and  microperimetry.   Both   tests  were   optional,   as   our   protocol   required   no   prior   light  

exposure,  so  they  had  to  be  performed  on  a  separate  day.  Therefore,  subjects  had  to  come  

on  a  separate  day,  within  a  maximum  time  limit  of  1  month  after  enrolling  in  the  study.  For  DA,  

we  used  the  AdaptDx®  (MacuLogix,  PA)  extended  protocol  (20  minutes),  and  both  eyes  were  

tested.   Details   are   described   in   our   papers.64,65   For   microperimetry,   we   used   the   MAIA  

(Macular   Integrity   Assessment)   microperimetry   (CentreVue,   Padova,   Italy).   Patients   were  

tested  in  both  eyes  with  a  supra-threshold  protocol,  37  points,  centered  on  the  fovea.  
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Collection  of  samples  

  

For  all  participants,  fasting  blood  samples  were  collected  into  sodium-heparin  tubes,  

and  centrifuged  within  30  min  (1500  rpm,  10  min,  20ºC).  Plasma  aliquots  of  1.5  mL  (MEE)  and  

5  mL  (FMUC/AIBILI)  were  transferred  into  sterile  cryovials  and  stored  at  -80ºC.  In  the  same  

day,  morning,  fasting  urine  samples  were  also  collected  into  sterile  cups.  Within  a  maximum  

of  20  minutes,  urine  aliquots  of  1.5  mL  (MEE)  and  5  mL  (FMUC/AIBILI)  were  transferred  into  

sterile  cryovials  and  stored  at  -80ºC.  

  

I.3)	  Included	  Study	  Population	  
  
In   Boston,   US,   we   recruited   and   consented   239   subjects.   Of   these,   42   (17.5%)  

withdrew  or  did  not  complete  the  study  procedures,  so  the  final  study  cohort  comprises  197  

subjects:  47  controls  and  150  patients  with  AMD.  

In  Coimbra,  Portugal,  we  consented  318  subjects,  of  which  20  (6.3%)  were  screening  

failures,  thus  the  final  study  cohort  includes  298  individuals:  54  controls  and  244  subjects  with  

AMD.  Table  1  presents  the  demographics  of  the  final  study  population.  

  

  
Coimbra,  Portugal  

  
   Control   Early    

AMD  
Intermediate  

AMD  
Late    
AMD  

p-value  

Number  of  patients,  n  (%)   54  (18)   58  (19)   132  (44)   54  (18)   NA  
Age,  mean  ±  SD   68±5.1   71±6.1   76±7.5   82±6.8   0.0001  
BMI,  mean  ±  SD   26.9  ±  4.8   27.2  ±  4.2   27.4  ±  4.4   26.5  ±  4.3   0.65  
Gender  n,  (%)  
Female    
Male    

  
36  (67)  
18  (33)  

  
35  (60)  
18  (33)  

  
91  (69)  
41  (31)  

  
32  (59)  
22  (41)  

0.512  

Smoking  n,  (%)  
Non-smoker    
Ex-smoker    
Current  smoker    

  
44  (81)  
10  (19)  
0  (0)  

  
50  (86)  
8  (14)  
0  (0)  

  
118  (89)  
14  (11)  
0  (0)  

  
39  (72)  
14  (26)  
1  (2)  

0.126  

Race  n,  (%)  
White    
Black    
Asian    
Hispanic    

  
54  (100)  
0  (0)  
0  (0)  
0  (0)  

  
58  (100)  
0  (0)  
0  (0)  
0  (0)  

  
130  (98)  
2  (2)  
0  (0)  
0  (0)  

  
53  (98)  
1  (2)  
0  (0)  
0  (0)  

0.604  

  
Boston,  United  States  

  
   Control   Early    

AMD  
Intermediate  

AMD  
Late    
AMD  

p-value  

Number  of  patients,  n  (%)   47  (24)   35  (18)   65  (33)   50  (25)   NA    
Age,  mean  ±  SD   67.8  ±  8.5   68.5  ±  7.1   72.5  ±  7.1   76.1  ±  8.2   0.0001*  
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Legend:  AMD  –  age-related  macular  degeneration;;  n  –  number;;  SD  –  standard  deviation;;  BMI  
–  body  mass  index;;  NA  –  non-applicable.  *  p-value  <  0.05.  
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•   Two  posters  derived  from  this  project  were  awarded  with  best  poster  presentation  of  the  

MEE  Annual  Meeting  (2016  and  2017),  HMS  Department  of  Ophthalmology,  Boston,  US:  

Structural   Changes   Associated   with   Delayed   Dark   Adaptation   in   Age-Related   Macular  

Degeneration  (2016)  and  Human  Plasma  Metabolomics  Study  Across  all  Stages  of  Age-

related  Macular  Degeneration  Identifies  Potential  Lipid  Biomarkers  (2017).    

  

•   A  manuscript  derived  from  this  project  was  awarded  with  the  most  innovative  presentation  

award   at   the   Annual   Portuguese   Meeting   of   Ophthalmology   2016,   Coimbra,   Portugal:  

Automated   Brightness   and   Contrast   Adjustment   of   Color   Fundus   Photographs   for   the  

Grading  of  Age-Related  Macular  Degeneration.  

  

•   A  manuscript  derived   from   this  project  was  awarded  with   the  Dr.  Evangelos  Gragoudas  

Award   (best  paper  published   in  clinical   research   in  vitreoretinal  diseases)   (2017).  MEE,  

BMI,  mean  ±  SD   26.8  ±  4.3   26.7  ±  4.3   27.6  ±  5.6   26.9  ±  4.5   0.932  
Gender  n,  (%)  
Female    
Male    

    
29  (62)  
18  (38)  

    
23  (66)  
12  (34)  

    
46  (71)  
19  (29)  

    
29  (58)  
21  (42)  

0.530    

Smoking  n,  (%)  
Non-smoker    
Ex-smoker    
Current  smoker    

    
24  (52)  
20  (43)  
2  (4)  

    
21  (60)  
14  (40)  
0  (0)  

    
28  (43)  
34  (52)  
3  (4)  

    
17  (35)  
31  (66)  
0  (0)  

0.097    

Race  n,  (%)  
White    
Black    
Asian    
Hispanic    

    
39  (95)  
1  (2)  
0  (0)  
1  (2)  

    
30  (91)  
0  (0)  
1  (3)  
2  (6)  

    
64  (98)  
0  (0)  
1  (2)  
0  (0)  

    
44  (94)  
0  (0)  
0  (0)  
3  (6)  

0.632  
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HMS   Department   of   Ophthalmology,   Boston,   US:   Structural   Changes   Associated   with  

Delayed  Dark  Adaptation  in  Age-Related  Macular  Degeneration.  

  

•   A  manuscript  derived  from  this  project  was  awarded  with  the  most  innovative  presentation  

award   at   the  Annual  Portuguese  Meeting   of  Ophthalmology   2017,  Vilamoura,  Portugal:  

Human   Plasma   Metabolomics   Study   Across   all   Stages   of   Age-related   Macular  

Degeneration  Identifies  Potential  Lipid  Biomarkers  (2017).    
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Chapter	  II:	  Metabolomics	  
  

This  project,  for  the  first  time,  characterized  the  plasma  metabolomic  profiles  of  AMD  

and  its  severity  stages.  Before  our  work,  the  only  other  available  data  in  the  literature  referred  

to   a   comparison   between   plasma  metabolomics   changes   of   a   small   cohort   of   “wet”   AMD  

patients  (n=26)  and  a  control  group  (n=19).31    

Our  results  were  published  in  two  original  manuscripts.  Our  initial  work  –  Manuscript  1  

-  was  performed  using  NMR  metabolomics,  based  on  the  principal  that  this  is  an  appropriate  

technique  for  an  initial  untargeted  approach.  NMR  offers  high  reproducibility,  simple  sample  

handling   and   the   possibility   of   sample   reuse.30,32   At   the   time   of   this   analysis,   we   had   not  

finished  the  recruitment  of  our  study  population.  Therefore,  we  included  in  this  study  a  total  of  

396   subjects,   61%   (n=243)   from   Coimbra,   Portugal   and   the   remaining   from   Boston,   US  

(n=153).   The   inclusion   of   two   large   cohorts   from   distinct   geographical   origins   had   the  

advantage  of  enabling  the  evaluation  of  geographical  effects  on  metabolomic  profiles.  In  this  

manuscript,  for  the  first  time,  we  characterized  the  plasma  metabolomic  signatures  of  patients  

with  AMD  at  different  severity  stages  (early,  intermediate  and  late  AMD  stages).  We  further  

investigated  signature  specificity   to  AMD  by  evaluating   the   impact  of  potential  confounders  

(gender,  smoking  history,  body  mass  index  (BMI)  and  age)  on  plasma  profiles.  The  strong  age  

dependence   of   AMD   presented   a   significant   challenge   in   the   search   for   disease-specific  

markers.  Due  to  the  difficulty  in  using  age-matched  groups  in  this  context,  we  performed  an  

objective  evaluation  of  the  impact  of  age  on  metabolic  profiles  and  used  unmatched  cohorts,  

which   better   represent   actual   AMD   patients’   population.   The   potential   confounding   role   of  

comorbidities  was  also  discussed.  

Our  results  revealed  a  separation  in  plasma  metabolomic  profiles  of  multiple  severity  

AMD  stages  for  the  Boston  cohort,  and  between  extreme  stages  (late  AMD  vs  controls  and  

late  AMD  vs  early  AMD)  for  the  Coimbra  cohort.  Interestingly,  the  metabolomic  fingerprints  of  

AMD  in  the  two  cohorts  presented  both  similarities  and  differences.  The  observed  similarities  

included   variations   of   histidine,   unsaturated   fatty   acids   and   protein   levels.   These   might  

represent  a  global  reflection  of  the  disease,  transversal  to  different  cohorts.  On  the  other  hand,  

cohort   differences   included   variations   in   low-Mw   compounds,   such   as   glutamine,   alanine,  

creatine,  dimethyl  sulfone  and  pyruvate.  Most  likely,  these  represent  the  potential  importance  

of  local  nutritional  and  lifestyle  effects  on  the  suggested  AMD  metabolic  fingerprints.  Also  of  

note,  in  both  cohorts,  we  observed  differences  between  controls  and  subjects  with  early  AMD.  

These  observations  relate  to  two  naturally  age-matched  groups  (thus  not  affected  by  possible  

age   effects   on   the  metabolome)   and  may   contribute   importantly   to   the   future   definition   of  

biomarkers  for  AMD  diagnosis.  
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After   this  pilot  characterization  using  NMR  spectroscopy,  we  decided   to  pursue  our  

work  using  MS  metabolomics  –  Manuscript  2.  MS  has  a  higher  sensitivity  than  NMR,  enabling  

the  measurement   of   a   broader   range  of  metabolites.66,67,68  Additionally,   there   is   a   growing  

acknowledgment   of   the   value   of   combining   NMR   and   MS.69   These   are   complementary  

techniques,  so  combining  them  is  likely  to  improve  the  overall  quality  of  a  study  and  enhance  

the  coverage  of  the  metabolome.70  This  work  refers  to  a  preliminary  cohort  of  our  Boston  study  

population   (n=  120).  Using  MS,  we  observed   that  after   controlling   confounding   factors,   87  

metabolites  differed  significantly  between  AMD  cases  and  controls.  Indeed,  a  summary  score  

based  on  these  87  metabolites  increased  the  ability  to  predict  AMD  cases,  relative  to  clinical  

covariates  alone.  Of   these  metabolites,  over  half   (48  metabolites)  also  differed  significantly  

across   AMD   severity   stages.   Consistently,   both   for   the   comparison   between   AMD   versus  

controls   and   the   different   stages   of   AMD,   the   vast   majority   of   the   identified   significant  

metabolites  are  involved  in  lipid  metabolism.  In  particular,  we  performed  pathway  analysis  for  

the  first  time,  which  revealed  a  significant  enrichment  of  glycerophospholipid  metabolites  (i.e.  

the  identified  significant  metabolites  belonged  more  to  glycerophospholipid  pathway  than  what  

we  expected  by   chance).  Additionally,   similarly   to  what  we  observed  using  NMR,  we  also  

identified  significantly  different  levels  of  metabolites  linked  to  dipeptides  and  amino  acids  in  

patients  with  AMD,  including  a  significant  role  for  alanine  metabolism.  

Our   ongoing   work   on   plasma   and   urine  metabolomics   is   described   in   Chapter   IV,  

where  we  also  discuss  the  future  directions  we  aim  to  pursue.  

  

During  the  development  and  execution  of  this  project,  we  observed  that  the  application  

of  metabolomics  to  the  study  of  retinal  diseases  is  recent  and  relatively  scarce.  Therefore,  we  

set  out  to  compile  a  comprehensive  summary  of  the  tools  and  knowledge  required  to  perform  

a  metabolomics   study,   including   those   specific   to   retinal   diseases,   as   well   as   to   critically  

analyze  what  has  been  done  so  far.  This  work  is  presented  in  Manuscript  3,  which  is  currently  

under  submission  at  Progress  in  Retinal  and  Eye  Research,  a  peer-reviewed  journal  where  

we  were  invited  to  publish.  Our  goal  is  to  improve  the  current  understanding  of  metabolomics  

and  to  help  inform  future  studies,  in  order  to  expand  the  application  of  metabolomics  to  the  

study  of  retinal  diseases  in  general,  and  AMD  in  particular.  

  

The  above-mentioned  manuscripts  can  be  found  in  the  next  pages.  

  



	   21	  Inês	  Maria	  de	  Carvalho	  Laíns	  

Manuscript	  1	  
  

     



	   22	  Inês	  Maria	  de	  Carvalho	  Laíns	  

  

  



	   23	  Inês	  Maria	  de	  Carvalho	  Laíns	  

     



	   24	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   25	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   26	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   27	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   28	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   29	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   30	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   31	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   32	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   33	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   34	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   35	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   36	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   37	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   38	  Inês	  Maria	  de	  Carvalho	  Laíns	  

  
     



	   39	  Inês	  Maria	  de	  Carvalho	  Laíns	  

Manuscript	  2	  	  
  

  



	   40	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   41	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   42	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   43	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   44	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   45	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   46	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   47	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   48	  Inês	  Maria	  de	  Carvalho	  Laíns	  

  



	   49	  Inês	  Maria	  de	  Carvalho	  Laíns	  

Manuscript	  3	  

  

  

  



	   50	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   51	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   52	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   53	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   54	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   55	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   56	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   57	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   58	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   59	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   60	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   61	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   62	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   63	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   64	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   65	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   66	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   67	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   68	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   69	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   70	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   71	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   72	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   73	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   74	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   75	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   76	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   77	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   78	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   79	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   80	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   81	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   82	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   83	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   84	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   85	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   86	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   87	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   88	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   89	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   90	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   91	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   92	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   93	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   94	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   95	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   96	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   97	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   98	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   99	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   100	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   101	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   102	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   103	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   104	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   105	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   106	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   107	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   108	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   109	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   110	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   111	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   112	  Inês	  Maria	  de	  Carvalho	  Laíns	  



	   113	  Inês	  Maria	  de	  Carvalho	  Laíns	  

  



	   114	  Inês	  Maria	  de	  Carvalho	  Laíns	  

Chapter	  III:	  Phenotype	  
  
The   diagnosis   of   AMD   is   based   on   the   presence   of   the   characteristic   fundus  

abnormalities   of   this   condition:   drusen   and   focal   pigmentation   changes   in   its   early/  

intermediate  stages,  which  may  progress  to  retinal  atrophy  and  choroidal  neovascularization  

in  the  advanced  forms  of  the  disease.71,72  Currently,  despite  all  the  advances  in  imaging,  the  

gold-standard   for  AMD  classification,   both   for   clinical   and   research  purposes,   remains   the  

detection  of  these  features  on  film  color  photographs  and  high-resolution  digital  color  images  

of  the  macula.41,42,72,73  In  this  project,  we  realized  that  the  properties  of  the  digital  color  fundus  

photographs  (CFP  that  we  obtained  were  extremely  variable,  both  when  comparing  our  two  

study  sites,  and  within  the  same  study  site.  Our  research  revealed  that  previous  studies  on  

AMD  that  had  assessed  digital  photographic  quality  and  implemented  approaches  to  improve  

it  relied  on  manual  procedures  applied  to  individual  photographs.74  Therefore,  we  developed  

and  tested  software  to  automatically  standardize  the  brightness,  contrast  and  color  balance  of  

digital  CFP.  This  work  is  described  in  Manuscript  4,  where  we  demonstrated  that  this  software  

enables  a  rapid  and  accurate  standardization  of  CFP  for  AMD  grading.    

After  standardization,  the  obtained  CFP  were  used  for  AMD  classification  and  staging,  

as  this  remains  the  gold-standard,  as  described.  However,  as  discussed,  we  included  other  

imaging   modalities   to   improve   our   phenotypic   characterization   of   this   cohort,43   and   to  

contribute  to  the  understanding  of  the  wide-spectrum  of  presentations  that  AMD  can  assume,  

especially  in  the  so-called  “intermediate  stages”.50  This  is  particularly  relevant  bearing  in  mind  

that  a  precise  phenotype  is  crucial  for  any  ‘omics  study.    

One  of   the   features   that   is  not   included   in  AMD  classification  schemes  and  seems  

particularly  relevant  are  subretinal  drusenoid  deposits  (SDD).  These  are  commonly  present  in  

eyes  with  AMD,  with  or  without  concomitant  classic  drusen,  and  seem  to  have  a  prognostic  

value.49  The  pathogenesis  of  SDD  remains  only  partially  understood,  but  choroidal  vasculature  

might  play  a  role.75,76,77  Prior  studies  described  a  reduced  subfoveal  choroidal  thickness  (CT)  

in  the  presence  of  these  subretinal  lesions,  using  the  enhanced  depth  imaging  (EDI)  protocol  

for  spectral-domain  OCT  (SD-OCT).76,78  Using  the  advantages  of  SS-OCT  we  examined  the  

association  between  the  presence  of  SDD  and  macular  choroidal  thickness  (CT).  Our  results  

revealed   that   the   presence  of   these   lesions  was  associated  with   a   significant   decrease   in  

mean  CT.  Eyes  with  SDD  also  showed  a  statistically  significant  reduction  in  macular  choroidal  

vessel  volume  as  compared  to  eyes  without  SDD.  This  work  is  described  in  Manuscript  5,  and  

its   results   are   in   agreement   with   recent   reports   by   other   groups   highlighting   that   disease  

expression  of  non-exudative  AMD  seems  to  vary  with  choroidal  thickness.49  Altogether,  this  

suggests   that   distinct   drusen   phenotypes   (including   SDD)   and   choroidal   characteristics  
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probably  need  to  be  considered  in  future  AMD  classification  schemes  and  studies  that  need  

a  thorough  phenotypic  characterization,  as  it  is  our  case.  

Patients  with  AMD  also  seem  to  have  a  higher  prevalence  of  peripheral  changes  than  

people  of  the  same  age  without  AMD.46,47,48    This  has  been  noted  by  clinicians,  and  described  

since  the  early  1970s,79,80,81  but  it  has  become  particularly  evident  with  the  recent  development  

of   imaging   techniques,   including   ultra-widefield   (UWF)   imaging,82   which   has   allowed   the  

systematic  study  of  peripheral  changes.83  Additionally,  some  studies  have  linked  peripheral  

changes  with  genetic  polymorphisms  associated  with  AMD,84,85,86  thus  further  suggesting  that  

this  blinding  disease  may  not  be   limited   to   the  macula.   In   this  context,  we  assessed  UWF  

images  of  the  patients  of  our  cohort.  We  realized  that,  despite  previous  work  on  refinement  of  

grids   that   can   be   used   for   grading   of   peripheral   abnormalities   on   AMD,   these   presented  

important  limitations,  including  the  fact  that  these  images  are  distorted  in  the  periphery  and  

hence  do  not   reflect   the  actual  dimensions  of   the   retina.  Therefore,  we  developed  a  UWF  

imaging-based  grid  grading  system  that  incorporates  correction  for  peripheral  image  distortion  

and  defines   regions  of   the  periphery  –  Manuscript   6.  This  approach   is   now  being  used   to  

assess  our  pseudocolor  and  autofluorescence  UWF  for  other  manuscripts,  which  are  currently  

in  preparation.  

  

With   the   characterization   of   refined  AMD  phenotypes   and   the   understating   of   their  

relevance  for  the  assessment  of  the  disease  and  its  progression,  it  is  also  crucial  to  understand  

the  visual  consequences  of  each  type  of  AMD  feature.87  Work  in  this  field  has  been  limited,  

and  mostly  focused  on  visual  acuity  (VA),  the  standard  measurement  to  evaluate  vision.  VA  

is  used  around  the  world  and  serves  as  a  legal  standard  for  disability  assessment.  However,  

VA   loss   typically   occurs   late   in   AMD   course,51  making   it   a   less   useful  measure   of   retinal  

function  in  early  and  intermediate  AMD.88    

Time   to   dark-adapt   has   been   recently   suggested   as   one   of   the   most   promising  

functional  metrics  for  AMD.89,90  Dark  adaptation  (DA)  seems  to  differentiate  AMD  from  healthy  

eyes,  as  well  as  detecting  the  different  stages  of  the  disease.51,56,91,92  Most  of  the  published  

literature  about  DA  in  AMD  characterized  the  disease  using  color  fundus  photographs.51,91,92  

Yet,   as   described,   OCT   offers   several   important   advantages   in   the   assessment   of   AMD  

pathology.93,94,95  Little  had  been  published  about  the  relationship  between  time  to  dark-adapt  

and  structural  OCT  changes  in  AMD.96,97,98  Therefore,  we  set  out  to  better  define  this  structure  

function  relationship  of  OCT  and  DA  in  AMD  –  Manuscript  7.  In  this  study,  we  used  SD-OCT  

to  assess  macular  morphology  in  a  cohort  of  AMD  and  healthy  eyes,  and  evaluated  the  time  

to  dark-adapt,  measuring  as  rod  intercept  time  (RIT).  Unlike  previous  work,  we  evaluated  OCT  

abnormalities  in  the  DA  testing  area  (DA  testing  spot),  in  addition  to  the  entire  macula.  Our  

results   revealed   that,   even   accounting   for   age   and   AMD   stage,   the   presence   of   any  
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abnormalities  on  OCT  within  the  DA  testing  spot  and  in  the  macula  overall,  were  significantly  

associated  with  impairments  in  DA.  Interestingly,  in  eyes  with  no  structural  changes  within  the  

DA   testing  spot,   the  presence  of  abnormalities  on  OCT   in   the   remaining  macula  was  also  

associated   with   delayed   RITs.   This   finding   supports   that   DA   is   a   good   test   for   detecting  

abnormalities  in  the  entire  macula  and  not  just  within  the  DA  testing  spot.  When  looking  at  the  

specific   structural   lesions,  multivariable   analyses   revealed   that   the   presence   of   subretinal  

drusenoid  deposits  and  ellipsoid  disruption,  whether  within  the  DA  testing  spot  or  the  macula  

overall,  were  consistent  predictors  of  impaired  DA.    

Despite  acceptance  of   the  association  of  AMD  with  a  prolonged  time  to  dark-adapt,  

the   interaction   with   other   health   parameters   that   are   known   to   affect   AMD   incidence   and  

progression   remains   only   partially   understood.   Prior   groups99   had   studied   the   association  

between   DA   time   and   several   health   parameters   known   to   increase   AMD   risk,   such   as  

smoking  and  body  mass  index  (BMI),  on  older  adults  with  normal  maculae.  Their  main  focus  

was  on  how  these  conditions  might  lead  to  a  transition  from  normal  aging  to  disease;;  however,  

these  same  parameters  also  affect  AMD  severity  and  progression.  Before  adopting  DA  as  a  

useful  measure  of  retinal  dysfunction  in  AMD,  the  effect  of  other  conditions  on  the  time  to  dark-

adapt   should   be   studied.100   In   this   context,   we   evaluated   the   influence   of   various   health  

conditions,  as  well  as  known  AMD  risk  factors,  on  DA  in  a  clinic-based  sample  of  patients  with  

AMD  in  different  stages  of  disease  and  our  control  group  –  Manuscript  8.   In   this  study,  we  

observed  that  after  controlling  for  age  and  AMD  stage,  known  to  impact  DA,  a  higher  BMI  and  

a  family  history  of  AMD  were  also  significantly  associated  with  a  prolonged  time  to  dark-adapt.  

Similar   results   were   observed   when   abnormal   DA   (≥6.5   minutes)   was   considered   as   the  

outcome.  Even  after  controlling  for  age  and  AMD  stage,  a  higher  daily  alcohol  intake  was  also  

significantly  associated  with  increased  odds  of  presenting  abnormal  DA.  

  

The  above-mentioned  manuscripts  can  be  found  in  the  next  pages.  
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Chapter	  IV	  –	  Discussion	  and	  Future	  Directions	  
  

In   any   study   design,   one   of   the  most   important   features   is   the   classification   of   the  

phenotype.   Otherwise,   a   classification   bias   is   introduced   and   dramatically   can   affect   the  

assessment   of   any   outcomes   of   interest.101   Indeed,   if   one   thinks   that,   by   definition,  

metabolomics   represents   the   interaction   between   the   genetic   transcription   process   and  

environmental  exposures,  and  therefore  it  is  the  closest  representation  to  the  phenotype,102  it  

becomes  even  more  evident  how  it  is  crucial  to  properly  assess  it.  

To   follow   the  current   validated  AMD  classification  systems,  we  assessed  CFP.  We  

observed  that  the  images  obtained  presented  a  wide-range  of  brightness  and  contrast,  even  

those   taken  with   the  same  camera   in   the  same  study   location.   It   is  well-recognized   in   the  

literature   that   suboptimal   images   can   impede   the   diagnosis   or   correct   staging   of   AMD,103  

however  we   verified   that   all   the   available   strategies   to   standardize  CFP   relied   on  manual  

procedures  that  need  to  be  individually  performed  for  each  image.74,104  This  is  extremely  time-

consuming  and  introduces  some  extent  of  variation.  Therefore,  we  developed  a  software  to  

automatically  standardized  CFP  to  conform  to  a  color  model  optimized  for  AMD  grading,  and  

that   proved   to   improve   the   rate   of   gradable   images.105   All   CFP   were   processed   with   this  

software  before  the  grading  that  was  then  used  in  our  remaining  analysis.    

Indeed,  our  work  on  the  application  of  metabolomics  to  the  study  of  AMD  has  relied  so  

far  on  phenotype  classifications  based  on  CFP.  Using  NMR  metabolomics,  we  observed,  for  

the   first   time,  small  differences   in   the  plasma   levels  of  some  circulating  metabolites   (some  

amino  acids  and  organic  acids,  dimethyl  sulfone,  lipid  and  protein  moieties)  between  multiple  

AMD  stages,  in  both  study  cohorts  (Coimbra  and  Boston).106  Interestingly,  the  metabolomic  

fingerprints  of  AMD  suggested  for  the  two  cohorts  presented  both  similarities  and  differences.  

The  observed  similarities  suggest   that  such  variations  may  be  a  universal   reflection  of   the  

disease.  On  the  other  hand,  cohort  differences  may  reflect  the  potential  importance  of  local  

diet  and  lifestyle  effects  on  the  suggested  AMD  metabolic  fingerprints.  We  also  observed  a  

number  of  small  metabolite  variations  potentially  differentiating  controls  from  early  AMD.  This  

is  particularly  relevant  as  these  might  represent  specific  signals  to  distinguish  disease  from  

non-disease  status.  This  study  was  the  first  assessment  of  AMD  using  NMR  metabolomics,  

and  the  first  time  that  the  different  stages  of  the  disease  (early,  intermediate  and  late)  were  

characterized.    

These  results  supported  our  hypothesis  that  metabolomics  could  identify  fingerprints  

of   AMD   and   its   severity   stages,   so   we   decided   to   pursue   our   work   by   performing   MS  

metabolomics.  As  mentioned,  MS  metabolomics  has  a  higher  sensitivity  and,  particularly  ultra-

high-performance  liquid  chromatography  (UPLC),  is  becoming  increasingly  popular  and  it  is  

probably   the   most   widely   used   technology   nowadays   to   perform   metabolomics   in   health  
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sciences.102  This  is  primarily  due  to  the  ability  of  LC  to  separate  and  detect  a  wide  range  of  

metabolites,107,18   and  also   to   the   large  number  of  accessible   instruments  and  open-source  

data  processing  software  available  for  this  technique.107  Using  UPLC-MS  to  characterize  the  

plasma   metabolomic   profile   of   AMD   patients   as   compared   to   controls,   and   the   different  

severity   stages,   we   observed   that  most   changes  were   related   to   lipid  metabolites,   and   in  

particular,   there   was   a   significant   dysregulation   of   the   glycerophospholipids   pathway.  

Glycerophospholipids  are  a  major  component  of  cell  membranes  and  are  especially  enriched  

in  neural  membranes.  Among  other  functions,  they  provide  structural  stability  and  membrane  

fluidity.  They  also  participate   in   the   formation  of   ion  channels  and   receptors,  generation  of  

second  messengers  in  signal  transduction,  and  in  regulating  neurotransmitter  release.108,109  

Our  findings  of  reduced  key  glycerophospholipids  metabolites  lowered  in  subjects  with  AMD  

suggest   that   an   impaired   cell   membrane   structure   and   function   may   be   an   important  

component  of  AMD  pathogenesis.  We  also  observed  significant  changes  in  some  amino  acids,  

in  particular  altered  levels  of  alanine  were  observed  in  both  our  study  cohorts.  Alanine  is  a  

non-essential   amino   acid   involved   in   central   nervous   system   and   retina   glycolytic  

processes,110  thus  suggesting  that  in  AMD  energy  production  pathways  may  also  be  affected.  

Interestingly,  polymorphisms  associated  with  alanine  have  also  been  linked  to  AMD.111    

These  findings  raise  multiple  important  questions  that  we  aim  to  pursue  with  our  future  

research.  First  of  all,  considering  that  OCT  provides  a  near-histologic  detail  of  retinal  structure,  

and   that  some  of   the  most   important  AMD  features,  such  as  classic  drusen  and  subretinal  

drusenoid  deposits,  have  lipids  as  a  central  component,112,113  it  is  crucial  to  analyze  if  plasma  

metabolomic  profiles  vary  with  AMD  structural  abnormalities.  For  example,  do  patients  with  

classic  drusen  have  a  different  metabolomic  profile  as  compared  to  those  who  have  subretinal  

drusenoid   deposits?   Is   drusen   volume   associated   with   changes   in   plasma   metabolome?  

Choroidal  parameters  (such  as  thickness  and  density)  seem  to  be  an  important  component  of  

dry  AMD  expression,49  do  they  also  have  any  association  with  changes  in  plasma  metabolomic  

profiles?  We  aim  to  address  these  questions  in  our  future  work,  namely  by  using  the  complete  

phenotypic  characterization  that  we  have  been  performing.    

Additionally,  the  photoreceptors  and  the  RPE  are  rich  in  phospholipids,  and  these  are  

important  for  the  transduction  of  visual  stimuli.114,115  Therefore,  our  goal  is  also  to  move  from  

structure-function   association   studies,   to   integrative   analysis   to   understand   how   both  

(structure  and  function)  are  associated  with  the  metabolomic  signals  of  AMD.  For  example,  

based  on  our   results,   the  presence  of  macular   subretinal   drusenoid  deposits   and  ellipsoid  

zone   changes   (i.e.   a  marker   of   photoreceptors   damage)   is   associated  with   impaired   dark  

adaptation.  It  will  be  interesting  to  analyze  how  these  parameters  have  or  not  a  characteristic  

metabolomic   feature,  which  can  eventually  provide  new   insights  on   the  visual   impairments  

observed  in  patients  with  AMD.  Our  work  on  functional  assessments  in  AMD  has  been  so  far  
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primarily  focused  on  DA.  However,  we  also  have  work  in  progress  in  microperimetry,  which  

we  aim  to  analyze  in  a  similar  fashion.    

As  described,  our  results  with  MS  metabolomics  are  still  limited  to  a  Boston  cohort  of  

120  subjects.  However,  we  have  already  data  available  for  our  entire  study  population,  which  

we  are  currently  analyzing.  These  data  were  recently  accepted  as  an  abstract  for  the  ARVO  

2018  Annual  Meeting  (Supplement  7).  The  results  of  our   two   independent  cohorts,  confirm  

that   AMD   patients   presented   a   distinct   plasma   MS   metabolomic   profile   as   compared   to  

subjects   with   a   normal   macula.   Some   of   the   identified   metabolites   are   common   to   both  

cohorts,  thus  further  supporting  the  development  of  plasma-based  metabolomics  biomarkers  

of  AMD.  The  use  of  independent  cohorts  is  the  most  powerful  strategy  to  validate  biomarkers’  

discover.116   Following   this,   targeted   metabolomics   and   studies   to   assess   the   biological  

mechanisms  are  also  recommended,  which  we  are  already  planning.  Namely,  we  aim  to  study  

how  the  observed  findings  in  the  circulating  plasma  mirror  AMD  changes  in  the  eye.  Therefore,  

we  are  planning  to  perform  tissue  metabolomics  and  mass  spectroscopy  imaging  on  donor  

eyes  with  AMD  and  controls,  and  analyze  its  association  with  plasma  metabolites  in  the  same  

donor.  

Of   note,   in   this   study,   we   also   collected   urine   samples   from   all   study   participants.  

These  samples  have  been  analyzed  with  NMR  metabolomics,  and  we  are  currently   in   the  

process  of  manuscript  preparation.  While  most  work  applying  metabolomics  to  derive  biofluid  

biomarkers  has  relied  on  blood  samples,18,117–120  urine  has  been  increasingly  employed  due  

to   its   non-invasiveness.121   Compared   to   blood,   urine   composition   is   not   regulated   by  

homeostatic   mechanisms,   and   greater   varieties   of   endogenous   metabolites   can   occur.122  

Although  this  adds  an  additional  challenge,  it  also  means  that  urine  may  better  reflect  changes  

in  human  metabolism,  and  thus  better  mirror  diseases  states.  If  this  is  observed  in  our  study  

cohort,  we  will   certainly   also   aim   to   pursue   our  work   in   urine  metabolomics   of  AMD.  This  

includes   an   attempt   to   integrate   the  metabolomic   signatures   between   tissue,   plasma   and  

urine.  An  organism's  biochemical  pool  comprises  complex  transboundary  relationships,  which  

can  only  be  understood  by  investigating  metabolic  interactions  and  physiological  processes  

spanning  multiple  parts  of  the  human  body.9  

Additionally,  as  described,  we  also  performed  genetic  profiling  of  our  study  population,  

by   using   an   Illumina   HumanOmniExpress-24   BeadChip,   which   allows   the   study   of   more  

than  >715,000  single  nucleotide  polymorphisms  (SNPs).  We  are  analyzing  these  data,  as  well  

as   the  data  collected  with   the   lifestyle  questionnaires,   in   the  collaboration  with   the  Harvard  

School  of  Public  Health  and  the  Channing  Division  of  Network  Medicine  of  the  Brigham  and  

Women  Hospital.  Currently,  we  are  performing  quality  control  procedures,  but  we  will  initiate  

our   statistical   assessments   in   the   very   near   future.   We   will   follow   two   complementary  

approaches  to  explore  metabolomic-genomic  associations  in  AMD:  1)  looking  at  SNPs  with  
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well-established  relations  to  AMD,  and  2)  following  a  GWAS  approach.  Moreover,  we  will  build  

AMD   risk   scores   including   metabolomics   data,   in   addition   to   genetic   and   environmental  

profiling.  Despite  the  current  lack  of  treatments  for  early  AMD,  the  benefits  of  risk  score  models  

are  clear:  targeting  modifiable  risk  factors123  and  more  careful  follow-up  in  high-risk  individuals;;  

assisting   differential   diagnosis   of   AMD   and   its   subtypes;;   improving   homogeneity   of   study  

populations  in  clinical  trials;;  and  ultimately  selecting  appropriate  therapies.124,9  

Finally,   even   though   our   results   point   to   the   identification   of   plasma   metabolomic  

signatures  of  early,  intermediate  and  late  AMD,  so  far,  we  have  not  studied  AMD  progression  

per   se.   For   now,   we   only   obtained   a   single   snapshot   of   the   metabolome   for   the   study  

participants.  For  the  Portuguese  cohort,  we  have  phenotypic  data  (i.e.  classification  based  on  

CFP   from   five   years  before   inclusion   in   this   study),  which  we  are  analyzing   to  obtain  pilot  

results   on   eventual   metabolomic   signals   of   AMD   progression.   Additionally,   we   are   now  

initiating  a  longitudinal  study  to  assess  the  evolution  of  the  metabolome  with  the  progression  

of   AMD.   Our   hypothesis   is   that   we   will   identify   signatures   that   can   represent   potential  

biomarkers  of  subjects  at  increased  risk  for  AMD  progression.  

  

In  conclusion,  we  believe  that  our  collaborative  project  has  already  made  considerable  

impact  on   the  assessment  and  understanding  of  AMD,  and   it   is   laying   the  path   to  several  

investigations   that  have   the  potential   to   further  consolidate  our  work  and   revolutionize   this  

field.    

For  the  first  time,  we  performed  a  comprehensive  overview  of  AMD  metabolomics,  and  

described  that  plasma  metabolomic  profiling  is  a  powerful  tool  to  identify  biomarkers  of  AMD.  

Indeed,  by  exploring  the  advantages  of  studying  two  distinct  cohorts,  our  results  are  pointing  

to  the  existence  of  metabolomic  signatures  specific  to  AMD  and  to  its  severity  stages.  These  

have   the   great   potential,   with   further   research,   of   being   translated   to   the   development   of  

reliable  and  accessible  AMD  biomarkers.  This  will  fulfill  a  great  unmet  need  all  over  the  world.  

Our   findings  also  contribute  to   the  current  knowledge  on  AMD  pathophysiology,  namely  by  

pointing  to  the  relevance  of  lipids  and  amino  acids,  and  the  need  for  further  research  on  their  

role   in   AMD.   The   identification   of   metabolomic   signs   that   are   distinct   in   two   geographic  

locations   also   has   the   potential   to   further   contribute   to   the   understanding   of   gene-

environmental   interactions   on   the   development   and   progression   of   AMD,   especially   if  

integrated  with  genomic  and  lifestyle  profiling,  which  we  are  now  pursing.  These  integrative  

analyses   will   introduce   a   paradigm   shift,   and   the   outcomes   will   be   further   expanded   by  

systematic  structural  and   functional  characterization  of  AMD  phenotypes.   Indeed,  we  have  

also   been   performing   pioneering  work   in   the   study   of   structural-functional   associations   on  

AMD,  which  are  crucial   to   identify  biomarkers  able   to  mirror  both  anatomical  changes  and  

visual  function.    
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This  project  is  laying  the  path  and  is  the  basis  of  several  investigations  in  the  field  of  

biofluid  and  tissue  metabolomics,  pathogenesis  of  AMD,  and  identification  of  novel  targets  for  

AMD  treatment.  We  believe  that  our  work  is  going  to  offer  novel  tools,  applicable  to  clinical  

practice,  for  early  diagnosis  and  screening,  and  for  providing  prognostic  information.  This  work  

will  also  aid  in  better  understanding  AMD  mechanisms,  and  may  lead  to  identifying  druggable  

targets  for  the  treatment  of  this  condition.  This  has  the  potential  to  lead  us  to  an  era  of  precision  

medicine  in  AMD,  and  can  lead  to  novel  interventions  based  on  preventive  strategies  to  reduce  

progression  to  blindness  stages  and  ultimately  to  reduce  the  burden  of  AMD.  

We  are   looking  forward  to  continuing  our  work  on  this  project,  and  to  keep  opening  

novel  avenues  for  the  assessment  and  study  of  age-related  macular  degeneration.  
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Supplement  5  
Medical  history  questionnaire  created  for  this  project  
	  

STUDY	  ID:	  _________________	   	   Date:	  __________	  

	  

1.	  DEMOGRAPHICS	  -‐	  For	  questions	  with	  boxes	  please	  fill	  just	  one	  box.	  	  

1.1	  Gender	  	   Male	   Female	   	   	   	  

1.2	  Race	   White	   Black	   Asian	   Hispanic	   Other	  

1.3	  Occupation	  held	  most	  of	  life	  _________________	   	  

1.4	  Number	  of	  years	  working	  in	  this	  occupation	  _________________	  

1.5	  Are	  you	  currently	   Working	   	  Retired	   	   	  

1.6	  Highest	  scholar	  degree	   Up	  to	  4	  years	   	  5	  to	  9	  years	  	   	  10	  to	  12	  years	  	   	  More	  
than	  12	  years	  	  

1.7	  Are	  you	  currently	   Married/Unmarried	  couple	   Divorce/	  Separate	  	   	  Single	  	   	  
Widower	  	  

	  

2.	  HABITS	  

2.1	  Regarding	  smoking,	  are	  you	  currently	  a	  	  	  

	  Non-‐smoker	  (i.e:	  never	  been	  a	  smoker)	  	  	  	  

	  Smoker	  	  	  	   	  	  	  	  	  	  

	  Ex-‐smoker	  (i.e:	  used	  to	  be	  a	  smoker,	  but	  not	  smoking	  anymore)	  	  	   	  

2.1.1	  If	  your	  answer	  was	  smoker:	   	  

At	  what	  age	  did	  you	  start	  smoking:	  _______	  (years)	  	  

How	  many	  cigarettes	  per	  day	  do	  you	  smoke?	  ___	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

2.2.2	  If	  your	  answer	  was	  ex-‐smoker:	  

	   	   At	  what	  age	  did	  you	  start	  smoking:	  _______	  (years)	  	  

At	  what	  age	  did	  you	  stop	  smoking:	  _______	  (years)	  

How	  many	  cigarettes	  per	  day	  do	  you	  used	  to	  smoke?	  ___	  

	  

3.	  MEDICAL	  HISTORY	  
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3.1	  Please	  fill	  the	  table	  below	  about	  your	  current	  or	  past	  medical	  conditions:	  

Condition	   Has	  a	  doctor	  ever	   told	  you	  that	  
you	   have	   any	   of	   the	   following	  
conditions?	  

When	  was	  it	  
diagnosed?	  

Other	  	  

Diabetes	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

Which	  medication	  are	  you	  currently	  taking	  

for	  diabetes?	  

	  Pills	   	  Insulin	   None	   	  I	  don’t	  know	  

Hypertension	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	   	  

High	  
cholesterol	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	   	  

High	  
triglycerides	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	   	  

Congestive	  
heart	  failure	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	   	  

NYHA	  
functional	  class	  

	  I	   	  II	   	  III	   	  IV	  	   	  

*I	   –	   Ordinary	   physical	   activity	   does	   not	   cause	   undue	  	  
dyspnea	  or	  fatigue	  
II	  –	  Ordinary	  physical	  activity	  results	  in	  	  dyspnea	  or	  fatigue	  
III	  –	  Less	  than	  ordinary	  activity	  causes	  	  dyspnea	  or	  fatigue,	  
but	  comfortable	  at	  rest	  
IV	  –	  Dyspnea	  or	  fatigue	  present	  even	  at	  rest,	   increasing	  if	  
any	  physical	  activity	  is	  undertaken	  

Angina	  
pectoris*	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

*Pain,	  heaviness	  or	  pressure	  in	  chest	  or	  upper	  body	  when	  
walking	  quickly	  or	  uphill,	  which	  subdues	  when	  at	  rest	  

Heart	  attack	  
(myocardial	  
infarction)	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  
	  

Heart	  surgery,	  
bypass	  or	  
vascular	  
surgery	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

Type	  of	  surgery:	  
	  
_________________________________	  

Blood	  or	  
clotting	  
disorders	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  
Type	  of	  blood	  or	  clotting	  disorder:	  
_________________________________	  

Stroke	  or	  
transient	  
ischemic	  
attack	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Kidney	  
disease	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

What	  type	  of	  kidney	  disease	  do	  you	  have?	  
_________________________________	  
	  
Have	   you	   been	   submitted	   to	   a	   kidney	  
transplant?	  	  

	  No	   	  Yes	  
	  
Are	  you	  currently	  doing	  dialysis?	  

	  No	   	  Yes	  
Liver	  disease	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	   What	  type	  of	  liver	  disease	  do	  you	  have?	  

_________________________________	  
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Migraine	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Brain	  trauma	  	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Epilepsy	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Parkinson	  
disease	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Any	   form	   of	  
dementia	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Other	  
neurologic	  
diseases	  

	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

If	  yes,	  which	  type	  of	  neurologic	  disease?	  
	  
__________________________________	  

Cancer	  

Have	  you	  ever	  had	  a	  diagnosis	  of	  
cancer?	  
	  

	  No	   	  Yes	   	  I	  don’t	  know	  

(year	  of	  diagnosis)	  

	  
If	   yes,	   which	   type	   of	   cancer	   do	   you	   have	  
diagnosed?	  
_________________________________	  
	  
Are	   you	   currently	   undergoing	   treatment	  
for	  the	  cancer?	  

	  No	   	  Yes	   	  I	  don’t	  know	  
	  
If	  yes,	  which	  type	  of	  treatment?	  

Chemotherapy	  	   	  Radiotherapy	  	  
	  Hormonal	  therapy	   	  I	  don’t	  know	   	  

None	  of	  this	  
	  
When	  (year)	  was	  your	  cancer	  considered	  in	  
remission?	  
	  
_________________	  
	  

Psoriasis/	  
eczema	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Rheumatoid	  
arthritis	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  
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3.2	  If	  you	  are	  a	  woman,	  please	  answer	  to	  the	  following	  questions.	  If	  you	  are	  a	  man,	  please	  
skip	  to	  question	  4.	  

3.2.1	  Did	  you	  already	  reach	  the	  menopause?	   No	   Yes	   	  I	  don’t	  know	  

If	  you	  already	  reach	  the	  menopause,	  please	  reply	  also	  to	  these	  questions:	  

At	  what	  age	  did	  you	  reach	  the	  menopause?	  _______________	  

Are	  you	  currently	  doing	  hormonal	  therapy?	   No	   Yes	  	  	  	  	  	  

If	  yes,	  when	  did	  you	  start	  it?	  ___________(mm/dd/yy)	  

Have	  you	  done	  hormonal	  therapy	  in	  the	  past?	   No	   Yes	  

If	  yes,	  when	  did	  you	  start	  it?	  _______________	  (mm/dd/yy)	  

If	  yes,	  when	  did	  you	  stop	  it?	  _______________	  (mm/dd/yy)	  

	  

4.	  OPHTHALMOLOGICAL	  HISTORY	  

4.1	  	  Do	  you	  currently	  use	  glasses	  or	  contact	  lens?	   No	   Yes	   I	  don’t	  know	  

4.1.1	  If	  yes,	  do	  you	  know	  your	  current	  refraction?	  If	  yes,	  please	  write	  it	  down	  below:	  

Right	  eye	  ____________________	  Left	  eye__________________________	  

	  

4.2	  Do	  you	  have	  any	  known	  ocular	  diseases?	   No	   Yes	   I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  table	  below	  

Systemic	   lupus	  
erythematous	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Multiple	  
sclerosis	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Thyroid	  
disease	   	  No	   	  Yes	   	  I	  don’t	  know	   (year	  of	  diagnosis)	  

	  

Which	  type	  of	  ocular	  disease	  do	  you	  
have,	  e.g.,	  glaucoma,	  cataracts,	  dry	  

eye?	  
Which	  eye	  is	  affected?	  	  

When	  was	  it	  
diagnosed?	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  



	   201	  Inês	  Maria	  de	  Carvalho	  Laíns	  

	  

4.3	  Are	  you	  currently	  using	  any	  eye	  drops?	   No	   Yes	   I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  table	  below	  with	  the	  names	  and	  details	  about	  all	  the	  eye	  drops	  that	  you	  
are	  currently	  using.	  	  

	  

4.4	  Have	  you	  had	  any	  eye	  surgeries?	   No	   Yes	   I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  table	  below	  

	  

4.5	  Have	  you	  had	  any	  laser	  treatments	  in	  the	  eye?	   No	   Yes	   I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  table	  below	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (year)	  

Name	  of	  the	  eye	  
drop	  

In	  which	  eye	  are	  you	  using	  the	  eye	  drop?	  	  
For	  how	  long	  have	  
you	  been	  using	  the	  

eye	  drop?	  

How	  many	  times	  per	  day	  are	  you	  
applying	  this	  eye	  drop?	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (number	  of	  months)	   	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (number	  of	  months)	   	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (number	  of	  months)	   	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (number	  of	  months)	   	  

Which	  type	  of	  eye	  surgery	  have	  you	  had?	   Which	  was	  the	  operated	  eye?	  	   When	  was	  the	  surgery	  
performed?	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (mm/dd/yy)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (mm/dd/yy)	  

	   Right	  	   Left	   Both	   I	  don’t	  know	   (mm/dd/yy)	  

Type	  of	  laser	  
Did	  you	  receive	  this	  laser	  
treatment	  in	  the	  past?	   Which	  was	  the	  treated	  eye?	  	  

When	  was	  the	  
laser	  

performed?	  

Refractive	  laser	  (ie:	  PRK,	  
LASIK)	   	  No	   	  Yes	   	  I	  don’t	  know	   Right	  	   Left	   Both	  	  

I	  don’t	  know	  

	  
	  

(year)	  
	  

(!)	  If	  both	  eyes	  
please	  

introduce	  the	  
most	  recent	  

date	  
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4.6	  Have	  you	  had	  injections	  in	  the	  eye?	   No	   Yes	   I	  don’t	  know	  

If	  yes:	  

4.6.1	  Which	  type	  of	  injections	  did	  you	  receive?	  	  

Lucentis	  (Ranibizumab)	   Avastin	  (Bevacizumab)	   Eylea	  (Aflibercept)	   I	  don’t	  know	  

4.6.2	  Which	  eye	  received	  the	  injections?	   Right	   Left	   Both	   I	  don’t	  know	  

4.6.3	  How	  many	  injections	  did	  you	  already	  received?	  	  

Right	  eye:	  __________	  Left	  eye:	  __________	  	   I	  don’t	  know	  

4.6.4	  When	  was	  the	  day	  of	  your	  last	  injection?	  	  

Right	  eye:	  __________	  (mm/dd/yy)	  Left	  eye:	  __________	  (mm/dd/yy)	  	   I	  don’t	  know	  

	  

5.	  CURRENT	  SYSTEMIC	  MEDICATION	  

5.1	  Vitamins	  	  

5.1.1	  Are	  you	  currently	  taking	  vitamin	  supplements?	   Yes	   No	   I	  don’t	  know	  

If	  yes,	  please	  fill	  this	  table	  

	  

Photodynamic	  therapy	  (“PDT”	  
or	  “Visudyne”)	   	  No	   	  Yes	   	  I	  don’t	  know	   Right	  	   Left	   Both	  	  

I	  don’t	  know	  

	  
(year)	  

	  
(!)	  If	  both	  eyes	  

please	  
introduce	  the	  
most	  recent	  

date	  

Retinal	  laser	  
(photocoagulation)	  therapy	   	  No	   	  Yes	   	  I	  don’t	  know	   Right	  	   Left	   Both	  	  

I	  don’t	  know	  

	  
	  

(mm/dd/yy)	  
	  

(!)	  If	  several	  
sessions,	  please	  
introduce	  the	  

YAG	  capsulotomy	  (ie:	  laser	  
to	  “clean”	  the	  lens	  after	  

cataract	  surgery)	  
	  No	   	  Yes	   	  I	  don’t	  know	   Right	  	   Left	   Both	  	  

I	  don’t	  know	  

	  
	  

(year)	  
	  

(!)	  If	  both	  eyes	  
please	  introduce	  
the	  most	  recent	  

date	  
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If	  you	  replied	  yes	  to	  the	  two	  previous	  questions,	  please	  skip	  to	  question	  5.1.2	  

5.1.2	  Have	  you	  taken	  vitamin	  supplements	  in	  the	  past?	   Yes	   No	   I	  don’t	  know	  

If	  yes,	  please	  fill	  this	  table	  

	  

	  

	  

	  

	  

5.2	  Other	  medications	  	  

Please	  fill	  this	  table	  with	  all	  the	  remaining	  medication	  that	  you	  are	  currently	  taking?	  	  

Name	  of	  vitamin	  
supplement	   Dose	   Frequency	   How	  many	  months	  ago	  did	  you	  

start?	  
	   	   	   	  
	   	   	   	  
	   	   	   	  

Name	  of	  vitamin	  
supplement	   Dose	   Frequency	   Year	  

start	   Year	  end	  

	   	   	   	   	  

	   	   	   	   	  

	   	   	   	   	  

Name	  of	  medication	   Dose	   Frequency	   Date	  start	  
(mm/dd/yy)	  

Reason	  for	  taking	  the	  
medication	  
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6.	  Other	  

6.1	  Dou	  you	  have	  any	  direct	  relatives	  with	  Age-‐Related	  Macular	  Degeneration?	   No	  
Yes	   I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  boxes	  to	  all	  that	  apply:	  

	  Father	  	  	  	  	   	  Mother	  	  	  	  	   	  Aunt	  or	  uncle	  	  	  	  	  	   	  Brother	  or	  sister	  	  	  	  	   	  Son	  or	  daughter	  

Do	  you	  know	  which	  type	  of	  AMD	  these	  relatives	  have	  (wet/dry)?	  
________________________________________	  	  (please	  specify	  for	  each	  relative)	  

	  

6.2	  Dou	  you	  have	  any	  direct	  relatives	  with	  neurologic	  or	  psychiatric	  diseases?	   No	   Yes	  
I	  don’t	  know	  

If	  yes,	  please	  fill	  the	  boxes	  to	  all	  that	  apply:	  

	  Father	  	  	  	  	   	  Mother	  	  	  	  	   	  Aunt	  or	  uncle	  	  	  	  	  	   	  Brother	  or	  sister	  	  	  	  	   	  Son	  or	  daughter	  

Please	   specify	   which	   type	   of	   neurological	   or	   psychiatric	   disease	   for	   each	   of	   the	   above	  
mentioned	  relatives:	  

	  ___________________________________________________________________________	  

___________________________________________________________________________	  

___________________________________________________________________________	  

	  

	  

	  

	   	   	  

	  

	  

	  

	  

	  

	  

	   	   	   	   	  

	   	   	   	   	  

	   	   	   	   	  

	   	   	   	   	  



	   205	  Inês	  Maria	  de	  Carvalho	  Laíns	  

	  

	  

	  

  
  
  
  
Supplement  6  
Study  Imaging  Protocols  
  
  

	  

	  

 

Exam Required Protocol specifications Performed? 
Date 

execution 
(mm/dd/yy) 

Name of the 
photographer 

Color fundus photographs 
* please export using TIFF (*.tif) YES 

7 Fields (non-stereoscopic) + 
single fundus reflex photo 
(35 o Topcon; 30o MSRP) 

 Yes 
 No 

  

Infra-red, red-free  and 
autofluorescence 
* please export using .E2E 

YES 

50 o, Field 2 
High-speed (HS)  
ART ≥ 15  
Setting “Normalized” activated  

 Yes 
 No 

  

Spectral-domain (Spectralis) OCT 
* please export using .E2E YES 

1. Volume scan IR + OCT, 20 
x 20 degrees (49 section/lines, 
16 frames ART), high speed, 
macula centred 
2. Raster line scan 30 x 5 
degrees (7 section/lines, 25 
frames ART), high resolution, 
horizontal + vertical (90 and 
180 degrees), macula centred 
3. Enhanced depth imaging 
protocol – high-resolution 
volume, 30 x 25 degrees, 61 
lines, 30 frames ART, macula 
centered 

 Yes 
 No 

  

Optos widefield photos: color and 
autofluorescence  
(!) On MEEI main building all 
subjects should do this exam. Only for 
Stoneham patients it is optional.   
* please export using TIFF (*.tiff) 

 Yes 
 No 

1. Color photo, centered on 
the fovea + 2 color images 
after steering the field of view 
superiorly and inferiorly to the 
greatest extent possible 
2. FAF, green-light (532 nm), 
centered on the fovea + 2 
FAF images after steering the 
field of view superiorly and 
inferiorly to the greatest extent 
possible 

 Yes 
 No 

  

Swept-source OCT  Yes 
 No 

1. 3 D horizontal 12 x 9 mm  
2. 5 line macular cross 12 
mm 
3. Horizontal sub-foveal line 
96 overlapping, 12 mm 

 Yes 
 No 
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Supplement  7  
Abstract  accepted  for  oral  presentation  at  the  ARVO  (Association  for  Research  in  Vision  and  
Ophthalmology)  Annual  Meeting  
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