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LLISTA D’ABREVIACIONS

A-OCT Angiografia de retina per tomografia de coheréncia optica

ACC Artéria carotida comu

ACE Artéria carotida externa

ACI Artéria carotida interna
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DM1 Diabetis mellitus tipus 1
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EUROCONDOR European Consortium for the Early Treatment of Diabetic
Retinopathy

FGe Filtrat glomerular estimat

GC Gruix coroidal

GCL Capa de cél-lules ganglionars de la retina

GIM Gruix de la intima-mitja arterial

HDL Lipoproteines d’alta densitat

HTA Hipertensio arterial

IMC index de massa corporal

LADA Diabetis autoimmune latent de I'adult

LDL Lipoproteines de baixa densitat

mfERG Electroretinograma multifocal

MRC Malaltia renal cronica

RD Retinopatia diabética

RNFL Capa de fibres nervioses de la retina

SD-OCT Tomografia de coheréncia optica de domini espectral

VEGF Factor de creixement endotelial vascular

\YAY/ Vasa vasorum
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RESUM

Resum en catala

La retinopatia diabética (RD) és la principal complicacié microvascular dels
pacients amb diabetis mellitus (DM). A més, els pacients amb DM i RD
presenten un risc augmentat de malaltia cardiovascular (CV). En aquest sentit,
la malaltia CV per aterosclerosi és la principal causa de morbimortalitat en
pacients amb DM. D’altra banda, existeixen evidencies que mostren que la
neurodegeneracio de la retina pot precedir els canvis vasculars visibles en la
RD. Finalment, la relacié del gruix coroidal (GC) amb l'estadi de RD no esta

ben definida.

L’objectiu principal de l'estudi va ser avaluar la relacié de la preséncia i la
carrega de la malaltia aterosclerotica carotidia subclinica en pacients amb DM
de tipus 1 (DM1) amb la presencia i la gravetat de la RD, aixi com avaluar els
canvis estructurals de les capes internes de la retina i de la coroide en pacients
amb DM1 DM1 i comparar els resultats obtinguts amb un grup de subjectes

normoglucémics.

Es va realitzar un estudi transversal amb 340 pacients amb DM1 sense malaltia
CV prévia i sense malaltia renal cronica (MRC) establerta (41,5% amb RD) i
304 subjectes normoglucémics aparellats per sexe i edat, amb I'objectiu
d’avaluar l'associacio de la malaltia aterosclerotica carotidia subclinica amb la
preséncia i la gravetat de la RD. Per a l'objectiu d’avaluar els canvis
estructurals de les capes internes de la retina i la coroide, es van incloure 242
pacients amb DM1 i 69 subjectes normoglucémics.

Els resultats que es presenten en aquesta Tesi mostren que en els pacients
amb DM1, el percentatge de pacients amb plaques carotidies és més elevat en
els que tenen RD en comparacidé amb els pacients sense RD (44,7% vs.
24,1%, p<0,001). Els pacients amb RD també presenten una frequéncia més
elevada de = 2 plaques carotidies en comparacié amb els pacients sense RD
(25,5% vs. 11,1%, p<0,001). La preséncia d'etapes avangades de RD s’associa

de manera independent amb la preséncia (p=0,044) i la carrega (= 2 plaques



carotides; p=0,009) d’aterosclerosi carotidia subclinica. D’altra banda, I'analisi
estructural de les capes internes de la retina per SD-OCT mostra que en els
pacients amb DM1 el gruix de la capa de fibres nervioses de la retina (RNFL)
€s menor en els pacients sense RD (p<0,001), amb RD lleu (p<0,001) i amb
RD avangada (p<0,001) en comparacié amb els subjectes normoglucémics. El
gruix de la capa de cél-lules ganglionars de la retina (GCL) és menor en
pacients amb DM1 i RD avancada en comparacié amb els pacients sense RD
(p<0,001) i RD lleu (p=0,003) i amb subjectes normoglucémics (p<0,001).
Finalment, els pacients amb DM1 sense RD i amb RD lleu tenen un gruix
coroidal (GC) més elevat que els subjectes normoglucémics, pero el GC en els
pacients amb DM1 i RD avangada és menor (p=0,038) que en els pacients
DM1 i RD lleu i no és significativament diferent del GC dels subjectes

normoglucémics.

En conclusio, en pacients amb DM1 sense malaltia CV prévia ni MRC
establerta, la preséncia de retinopatia, especialment en les etapes avancades,
s’associa a una major carrega de malaltia aterosclerotica carotidia en
comparacié amb els pacients sense RD. Aquesta troballa podria explicar, en
part, el risc incrementat de malaltia cardiovascular descrit en pacients amb
DM1 i RD ja que la preséncia i sobretot la carrega de malaltia aterosclerotica
carotidia s’han descrit com a factors de risc per presentar esdeveniments CV.
D’altra banda, els pacients amb DM1 mostren un aprimament significatiu del
gruix de RNFL nasal en les primeres etapes de la RD, fins i tot abans de
I'aparicié de canvis vasculars a la retina. S’observa una disminucié del gruix de
GCL en les etapes avangades de la RD. El GC és major en els pacients amb
DM1 sense RD i amb RD lleu, perd disminueix en els estadis avancgats.

Paraules clau: diabetis mellitus tipus 1; retinopatia diabética; aterosclerosi
carotidia subclinica; capa de fibres nervioses de la retina; capa de cél-lules
ganglionars de la retina; coroide.



Resum en anglés

Diabetic retinopathy (RD) is the main microvascular complication in patients
with diabetes mellitus (DM). In addition, patients with DM and RD have an
increased risk of cardiovascular (CV) disease. In this sense, CV disease due to
atherosclerosis is the leading cause of morbidity and mortality in patients with
DM. On the other hand, there is evidence that retinal neurodegeneration can
precede visible vascular changes in RD. Finally, the relationship of choroidal
thickness (GC) with RD stage is not well defined.

The aim of the study was to assess the association of the presence and the
burden of subclinical carotid atherosclerotic disease in patients with type 1 DM
(DM1) according to the presence and severity of RD, as well as to asses the
inner retina and choroidal structural changes in DM1 subjects and

normoglycaemic subjects.

A cross-sectional study was conducted in 340 patients with DM1 without prior
CV disease and no established chronic kidney disease (MRC) (41.5% with RD)
and 304 normoglycaemic subjects matched by sex and age, in order to
evaluate the association of subclinical carotid atherosclerotic disease with the
presence and severity of RD. For the purpose to assess retinal and choroidal
structural changes, 242 patients with DM1 and 69 normoglycaemic subjects

were included.

The results presented in this Thesis show that in patients with DM1, the
percentage of patients with carotid plaques is higher in those with RD compared
to those without RD (44.7% vs. 24.1%, p<0.001). Patients with RD also have a
higher frequency of 22 carotid plaques compared to patients without RD (25.5%
vs. 11.1%, p<0.001). The presence of advanced stages of RD is independently
associated with the presence (p=0.044) and the burden (22 carotid plaques;
p=0.009) of subclinical carotid atherosclerosis. On the other hand, the structural
analysis of the inner retinal layers by SD-OCT shows that in patients with DM1
the nasal retinal nerve fibre layer (RNFL) thickness is lower in patients without
RD (p<0.001), with mild RD (p<0.001) and with advanced RD (p<0.001)

compared with normoglycaemic subjects. The ganglion cell layer (GCL)



thickness is lower in patients with DM1 and advanced RD compared to patients
without RD (p<0.001) and with mild RD (p=0.003) and compared to controls
(p<0.001). Finally, patients with DM1 without RD and with mild RD have a
higher GC than normoglycaemic subjects, but GC in patients with DM1 and
advanced RD is lower (p=0.038) than in patients with DM1 and mild RD and is

not significantly different from that of normoglycaemic subjects.

In conclusion, in patients with DM1 without previous CV disease or established
MRC, the presence of RD, especially in advanced stages, is associated with a
higher burden of atherosclerotic carotid disease compared to patients without
RD. This finding could partly explain the increased risk of CV disease described
in patients with DM1 and RD since the presence and especially the burden of
carotid atherosclerotic disease have been described as risk factors for
presenting CV events. On the other hand, patients with DM1 show a significant
thinning of the nasal RNFL in the early stages of the RD, even before any
vascular changes in the retina. A decrease in the GCL thickness during the
advanced RD stages is observed. The GC is higher in patients with DM1
without RD and in the early stages of DR, but decreases in advanced stages.

Keywords: type 1 diabetes mellitus; diabetic retinopathy; subclinical carotid
atherosclerosis; retinal nerve fibre layer; ganglion cell layer, choroid.






1. PRESENTACIO DE LA TESI

13



Aquesta Tesi es presenta en forma de compendi de publicacions segons la
normativa aprovada per la Comissié de Doctorat de la Universitat Autbnoma de

Barcelona.

Els estudis realitzats en la present Tesi Doctoral formen part d'una linia
d'investigacio dirigida a avaluar I'afectacid vascular en pacients amb diabetis
mellitus tipus 1 i la interrelacié entre ambdos tipus de complicacions de la
diabetis (micro i macroangiopatiques), aixi com l'estudi de les alteracions

retinianes i coroidals d’aquests pacients.

Els resultats obtinguts han aportat informacio rellevant, amb un notable interés
per a I'aplicacio clinica. Aquests resultats han estat publicats en forma de 2
articles en revistes d'impacte internacional, en els quals el doctorand és el

primer signant en tots ells.

El present treball ha estat finangat per una beca del Fondo de Investigacion
Sanitaria - Instituto de Salud Carlos Il (FIS P112/00183, IP: Didac Mauricio),
aixi com per la Beca Talents de I'Hospital Universitari Germans Trias i Pujol
(2017 i 2018).
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2. INTRODUCCIO
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2.1. Diabetis mellitus tipus 1

La diabetis mellitus (DM) constitueix en l'actualitat una de les malalties
croniques més prevalents a nivell mundial. Aproximadament el 88% dels casos
corresponen a DM de tipus 2 (DM2) i el 12% restant, a DM de tipus 1 (DM1) i
d’altres tipus de DM. Es considera que actualment la seva prevalenga és de
proporcions epidémiques a la major part del mon.

La DM afecta més de 400 milions de persones a tot el mon i la seva prevalenga
és creixent: s’estima un augment anual al voltant del 3%. La major part de la
carrega d’aquesta malaltia cronica prové de les seves complicacions i, atés que
es preveu que la diabetis passara de 388 milions el 2013 a 592 milions el 2030,
si es compleixen les ultimes prediccions(1), les complicacions derivades de la

diabetis es convertiran en un problema encara més greu en el futur(2,3).

La DM1 és una malaltia autoimmunitaria en la que es produeix una destruccio
de cel-lules B pancreatiques secretores d’insulina. Encara que es pot
diagnosticar a qualsevol edat, és una de les malalties croniques més frequents
a la infancia, amb un pic maxim de presentacié entre 5-7 anys i la pubertat,

lleugerament més prevalent en sexe masculi(4).

La incidéncia de la DM1 varia en funcié de l'area geografica, existint un
gradient nord-sud. Aixi, les taxes més altes d’incidéncia es troben al paisos del
nord d’Europa, mentre que al centre i sud d’Europa aquestes sén més
baixes(2,5). Malgrat aix0, existeixen algunes excepcions, com Espanya, que és
una zona d’incidéncia intermédia (equivalent o superior a alguns paisos del
centre d’Europa)(6). A nivell mundial, les incidéncies varien entre 57,4
casos/100.000habitants/any a Finlandia i 0,6 casos/100.000habitants/any a la
india(6,7). Aquest fet reflexa la implicacid de factors tant genétics com
ambientals en la seva etiopatogeénia.

A Espanya s’estima wuna incidencia de DM1 dentre 14,3 i 23,2
casos/100.000habitants/any, i una prevalencga a la poblacié general d’entre 0,2 i
0,3%, representant entre un 10 i un 15% dels pacients amb DM(8,9).
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2.2. Complicacions microvasculars i macrovasculars de la
diabetis mellitus. Vies patogéniques comunes

La DM s’associa a un elevat risc de complicacions a llarg termini. Entre les
complicacions tardanes de la DM es distingeixen classicament dos tipus
principals per [l'afectaci6 vascular: les microangiopatiques (retinopatia,
nefropatia i neuropatia) i les macroangiopatiques (afectacié de grans vasos:
malaltia arterial coronaria, accident vascular cerebral de causa isquémica i
malaltia arterial periférica)(10). Encara que I'expressio clinica i els factors que
contribueixen a l'inici i desenvolupament d’aquestes complicacions poden ser
variables segons el tipus de DM, el denominador comu en tots els tipus de DM

és la hiperglucemia cronica.

Tradicionalment, les complicacions micro i macrovasculars de la DM han estat
estudiades i tractades com a trastorns diferents i independents. No obstant, en
els ultims anys, una linia de pensament advoca per un “substrat comu” per al
desenvolupament de complicacions micro i macrovasculars de la DM, més
enlla dels relacionats amb els factors de risc cardiovascular classics,
associades a vies patogénigues comunes en els dos tipus de
complicacions(11).

S’han suggerit diversos mecanismes potencials que podrien estar involucrats
en la relacio fisiopatologica entre la micro i la macroangiopatia diabética, com
l'estrés oxidatiu i per la glucémia, la inflamacié cronica de baix grau i

mecanismes de reparacio de teixits vasculars deteriorats(11).

Més recentment, també s’ha descrit en pacients amb DM2 amb retinopatia
diabética (RD) la microangiopatia diabética dels microvasos de la paret de les
grans artéries, anomenats vasa vasorum (VV)(12). En aquest sentit, és
interessant fer referencia que els principals estimuls que impulsen
I'angiogénesi dels VV son la hipoxia i la isquémia, també descrits en els canvis
vasculars retinians que es produeixen en la RD(13).
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2.3. Malaltia macrovascular

2.3.1. Aterosclerosi

La malaltia cardiovascular (CV) constitueix la primera causa de morbi-mortalitat
en pacients amb DM en el nostre entorn, i entre elles destaca la malaltia
coronaria, que representa la causa individual més important de mort als paisos
desenvolupats. El nexe comu d’aquest grup de malalties, entre les que s’hi
inclouen a més de la malaltia arterial coronaria, I'accident vascular cerebral de

causa isquemica i la malaltia arterial periferica, és I'aterosclerosi.

L’aterosclerosi €s una patologia inflamatoria cronica que afecta la paret arterial,
que es caracteritza per un diposit de lipids a I'espai subendotelial, provocant un
estretament de la llum del vas sanguini, que pot desembocar en l'oclusio
d’aquest i desencadenar un procés isquémic en el teixit per manca d’aport de
nutrients i oxigen. Es desenvolupa de forma insidiosa al llarg de la vida i sol ser
en una fase avangada quan els seus simptomes es manifesten clinicament en
forma d’esdeveniment CV. L’evolucio histologica de 'aterosclerosi en pacients
amb DM segueix essencialment el mateix curs que en persones sense DM.
Malgrat aix0, la resistencia a la insulina i la hiperglucémia afavoreixen
I'acceleracio i agreujament del procés aterogénic en la DM2, mentre que en la
DM1 I'augment del risc CV es deu basicament a la hiperglucémia(14).

2.3.2. Factors de risc en DM1

Entre els factors de risc associats a I'excés de risc cardiovascular en pacients
amb DM1 destaquen l'edat, la proteinuria, la disminucié de la taxa de filtracid
glomerular, la hipertensié arterial (HTA), I'obesitat, el mal control glucemic, la
dislipémia, el tabaquisme i la durada de la DM(15). Fins i tot, en pacients amb
control glucemic considerat optim, el risc de mort per causes CV és més del
doble que el d’'individus no diabétics(16).

A diferéncia dels pacients amb DM2, el percentatge de pacients amb DM1 que

18



presenta associats factors de risc CV classics com la HTA o la dislipémia és
meés baix(17). Per tant, els mecanismes subjacents responsables de 'augment
del risc de mort per causes CV en pacients amb DM1 que tenen un bon control

glucémic no es coneixen amb exactitud en 'actualitat.

Com ja s’ha comentat, I'aterosclerosi sol manifestar-se clinicament en forma
d’esdeveniment CV en fases avangades. Aquest fet és especialment important
ja que els esdeveniments CV sovint son mortals i moltes de les morts atribuides
a la malaltia arterial coronaria son de forma sobtada. Per tant, existeix una
clara necessitat d’'identificar la malaltia en una etapa més precog, en la qual la

prevencio primaria en constitueix la pedra angular.

Les guies actuals de prevencio primaria de les malalties CV utilitzen eines de
prediccié (Framingham, SCORE) que estimen el risc cardiovascular en funcio
dels factors classics de risc CV (edat, sexe, habit tabaquic, pressié arterial
sistolica i colesterol total) i, per tant, les campanyes de prevencié de les
malalties CV actuals estan dirigides a la identificacio d'aquests factors de
risc(18). La majoria de la poblacié pertany al grup de risc "intermedi", que
equival a un risc a 10 anys d'entre I'1 i el 5% de presentar una primera
complicacio aterosclerotica letal. La majoria dels infarts de miocardi es
presenten en subjectes que pertanyen a aquest grup, en el qual el poder
predictiu dels factors de risc és baix, de manera que subjectes que presenten
un risc elevat de malaltia CV no poden ser correctament identificats ni es poden
tractar amb uns objectius individualitzats de control. Per tant, basar tota la
prevencio en els factors de risc classics no és prou sensible per detectar
aquells individus que en un futur presentaran algun esdeveniment CV. D'altra
banda, també s'ha pogut comprovar que els factors de risc cardiovascular
classics sobreestimen el risc en una proporci6 no menyspreable de pacients

que pertanyen al grup de risc cardiovascular "alt"(19).

D'altra banda, la malaltia renal cronica (MRC) establerta és un dels principals
motors de l'augment de la morbiditat i mortalitat CV en pacients amb DM1.
Concretament, en pacients amb DM1, la preséncia MRC albuminurica(20) i no
albuminurica(21) esta associada a un risc més elevat de malaltia CV. En els

estudis anteriors que mostraven un augment de risc CV en pacients amb RD, la
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inclusio de pacients amb MRC pot haver influit en les troballes, ja que la RD sol
estar estretament associada a nefropatia diabética. Per tant, qualsevol estudi

sobre I'associacio entre RD i malaltia CV ha de tenir en compte aquest fet.

2.3.3. Avaluacio de I’aterosclerosi

En [l'actualitat existeixen proves d'imatge no invasives que permeten el
diagnostic precog i la valoracio de la gravetat de la malaltia aterosclerotica. En
aquest sentit, tant la guia de la Societat Americana de Cardiologia com el
document de consens de la Societat Europea de Cardiologia i altres societats
europees sobre la prevencid de la malaltia CV en la practica clinica(19),
publicat recentment, assenyalen la conveniéncia de refinar la quantificacié de
I'estimacié del risc CV en lampli grup de persones asimptomatiques,
catalogades amb les escales de factors de risc classics com de risc "risc
intermedi”, mitjangant altres exploracions complementaries com ['ecografia
carotidia, la calcificacié arterial coronaria (CAC) i l'index turmell-brag, en els
que l'aplicacié d'aquests mateixos pot contribuir a millorar I'estratificacié del risc
(reclassificar els subjectes a una categoria de risc superior o inferior en funcio
del resultat obtingut a I'exploracid), i identificar la malaltia aterosclerotica en

fases precliniques.

En aquest sentit, la realitzacié de proves d’'imatge no invasives de malaltia
aterosclerotica subclinica ha demostrat ser una prova de cribratge util per a la
prediccié de futurs esdeveniments CV. L’ecografia de carotides és una
exploraci6 complementaria no invasiva, relativament assequible, que no
comporta irradiacié al pacient, de manera que es pot realitzar repetidament
sense que produeixi efectes adversos al pacient. Aquesta técnica ecografica en
mode B i Doppler-color en els plans longitudinal i transvers permet la mesura
del gruix intima-mitja arterial (GIM) i la deteccidé d’arteriosclerosi subclinica a
partir de la identificaci6 de la presencia i numero (carrega) de plaques
d’ateroma. D’acord amb la metodologia consensuada (Consens de Mannheim),

es realitza I'avaluacio ecografica a l'arteria carotida comu (ACC) (en l'ultim
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centimetre proxim al bulb), bulb carotidi i arteria carotida interna (ACI) (en el
primer centimetre distal a la bifurcacio).

El GIM carotidi defineix com la distancia entre les interfases ultrasonografiques
entre lumen-intima i mitja-adventicia de [lartéria cardtida. Les plaques
d’ateroma es defineixen com l'estructura focal que sobresurt al lumen arterial
almenys 0,5 mm, o el 50% del valor de GIM de la carodtida circumdant, o
demostra un gruix d'1,5 mm, mesurat des de la interfase mitja-adventicia,
segons el Consens de Mannheim(22)(Figura 1). La carrega aterosclerotica es

defineix com el numero total de plaques en el territori explorat.

Figura 1. A. Esquema de l'arbre arterial carotidi, amb la mesura del GIM i de la placa segons el Consens
de Mannheim. 1: gruix >1,5mm; 2: protusi6 al lumen >0,5mm; 3, 4: >50% del valor de GIM circumdant. B.

Imatge ecografica de I'arbre arterial carotidi. Adaptat de PJ Touboul et al.(22)

La mesura de GIM és un marcador d’ateriosclerosi subclinica, pero, tot i la forta
associacio entre 'augment de GIM carotidi i la malaltia CV, no esta clar si la
mesura rutinaria del GIM és util per a la deteccié d’aterosclerosi subclinica en la
practica clinica(23). En aquest sentit, el GIM pot representar un engruiximent
de l'intima, un increment en la capa mitjana, o bé reflectir el contingut

inflamatori que precedeix I'aparicio de la placa d’ateroma.

Diversos estudis recents confirmen que la preséncia(24) i la carrega(25) de
placa aterosclerotica en els diferents territoris arterials carotidis son un predictor
meés potent del risc CV que el GIM. Estudis de tipus observacional han mostrat
que la preséncia de malaltia aterosclerotica subclinica al territori arterial carotidi
(placa) s’associa, de forma independent als factors de risc CV, a un increment
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del risc futur d’esdeveniments CV (Oportunitat relativa entre 1,5 i 2) (24,26).
Darrerament, també s’ha descrit que el risc futur d’esdeveniments CV esta
especialment incrementat en aquells en els que s’evidencia una progressié en

el volum de la placa carotidia(27).

La capacitat predictiva dels esdeveniments CV millora quan a més de la
informacio referent als factors de risc CV classics s’inclou a les funcions de risc
CV l'obtinguda a l'ecografia carotidia sobre la preséncia/abséncia de placa
ateromatosa(28). A més, s’ha descrit que existeix una associacio entre la
preséncia de malaltia aterosclerotica carotidia i la lesid aterosclerotica
coronaria(29).

2.3.4. DM1 i aterosclerosi subclinica

S'ha descrit que tant el GIM com la frequéncia de plaques estan augmentats en
nens, adolescents i adults amb DM1 sense malaltia CV prévia en comparacio
amb els subjectes control sans aparellats per edat i sexe(15,30,31), toti que les
dades sobre plaques aterosclerotiques en pacients amb DM1 sén escasses.
Alguns estudis han publicat una prevalengca de plaques entre 18,9%(32) i
28,8%(33) en pacients amb DM1. Malgrat aixd, un estudi en pacients
asimptomatics amb DM1 sense antecedents de malalties isquémiques
cardiaques i llarga evolucié de la malaltia (superior a 10 anys) en un pais
mediterrani, ha descrit que els pacients amb DM1 mostren un GIM major
comparat amb el grup control, perd no existeixen diferéncies en la preséncia de
plaques ni en la calcificacio de les artéries coronaries(34). Per tant, segons
aquests autors, tenint en compte el reduit percentatge de pacients amb DM1
que mostren dades d’aterosclerosi subclinica, no es justifica el cribratge
universal de la malaltia coronaria en aquesta poblacid, i s’hauria de reservar
I'ecografia de carodtides en el subconjunt de pacients amb factors de risc CV i

llarga evolucio de la malaltia.
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2.3.5. Relacié amb la retinopatia diabética

Hi ha pocs estudis que relacionin la RD amb la malaltia aterosclerotica en
pacients amb DM1. S'ha demostrat en diversos estudis que la RD és un
predictor independent dels esdeveniments CV i de mortalitat per qualsevol
causa, tant en pacients amb DM1 com DM2(35).

A més, en ambdods tipus de DM, la RD s’ha descrit com a factor de risc
independent per a I'aparicio de malaltia coronaria i d’accident cerebrovascular

isquémic. El risc és més elevat en aquells casos amb RD proliferativa.

En pacients amb DM1, asimptomatics per a malalties CV s’ha descrit que les
formes avancades de RD s’associen a la preséncia de calcificacié de les
artéries coronaries(36) i també a un augment del GIM carotidi(37). Tanmateix,
s'ha descrit un risc augmentat d’ictus associat a la preséncia de nefropatia
diabética i RD avancada(38).

En pacients amb DM2, alguns estudis han relacionat la rigidesa vascular i
l'estadi de la RD, observant una relacid entre la gravetat de la RD i la
macroangiopatia subclinica (relacionada amb hiperglucémia, estrés oxidatiu,
inflamacié cronica i disfuncidé endotelial)(39). En aquests pacients,
I'aterosclerosi carotidia es reconeix com a factor de risc independent de l'ictus
isquémic(40,41) amb un risc que s’incrementa notablement tant en pacients
amb DM1 com DM2(42). En aquests pacients, s’ha descrit que la RD és un
factor de risc independent associat a la presencia de plaques carotidies en
subjectes sense malaltia CV prévia(43,44). S’ha demostrat que la gravetat de la
RD esta associada al risc futur d’esdeveniments CV incidentals en pacients
amb DM2(45).

2.4. Retinopatia diabeética

2.4.1. Capes de la retina
La retina es pot dividir, des del punt de vista histologic, en 10 capes (d’extern a
intern)(Figura 2):
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1. Membrana limitant interna, que esta formada pels extrems de les cél-lules i
astrocits de Mduller.

2. Capa de les fibres del nervi optic (RNFL), que consisteix en els axons de les
cél-lules ganglionars, els vasos retinians i les cél-lules glials.

3. Capa de ceél'lules ganglionars (GCL), que conté el nucli de cél-lules
ganglionars i cel-lules glials.

4. Capa plexiforme interna, que conté les sinapsis de les cél-lules bipolars,
amacrines i ganglionars.

5. Capa nuclear interna, que conté els nuclis de les cel-lules bipolars,
horitzontals, amacrines i Mdller.

6. Capa plexiforme externa, que conté les sinapsis de cel-lules fotoreceptores,
cél-lules bipolars i cél-lules horitzontals.

7. Capa nuclear externa, que conté els nuclis de cél-lules fotoreceptores.

8. Membrana limitant externa, formada pels complexos d'unié entre les cel-lules
de Muller i entre les cél-lules de Muller i fotoreceptores.

9. Capa de fotoreceptors.

10. Epiteli pigmentari de la retina (EPR)(46).

Coroide

EPR

Fotoreceptors

RIS I TR
)

— - RNFL

Figura 2. Imatge histologica de la retina amb les principals capes.

2.4.2. Concepte i epidemiologia de la retinopatia diabética

La RD és una complicaci6 microvascular comuna i especifica de la DM i

representa una de les principals causes de deteriorament visual i ceguesa
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evitable entre la poblacié adulta en edat laboral als paisos desenvolupats. Tot i
que la DM afecta els ulls de diferents maneres (per exemple, augmentant el
risc de cataracta), la RD és la complicaci6é oftalmoldgica més comuna i greu.
Als EUA, s'estima que el 40% de persones amb DM2 i el 86% amb DM1
presenten algun grau de RD(47).

En un 10% del total de pacients amb DM aquesta sera en forma de RD
proliferativa o edema macular diabétic (EMD), ambdues condicions associades
a una pérdua important d’agudesa visual(48).

2.4.3. Patogénesi de la retinopatia diabeética

La RD és una malaltia multifactorial amb molts factors de risc diferents,
principalment el mal control metabolic, la HTA i la dislipémia(49,50), aixi com la
durada de la DM, l'origen étnic (més prevalent en hispanics, asiatics del sud),
'embaras i la pubertat(51,52)

El control glucemic és el principal factor implicat en I'aparicié i la progressio de
la RD en aquests pacients. La preséncia d’anormalitats morfoldgiques en la
microvasculatura retiniana s’observa ja en pacients amb DM1 infantil amb un

control glucémic deficient a curt termini(53)

L'exposicid cronica a la hiperglucémia i altres factors de risc, com la HTA,
podrien iniciar la cascada de canvis bioquimics i fisioldogics que condueixen
finalment a danys microvasculars i disfuncions de la retina en pacients amb
DM. S'han proposat diversos mecanismes bioquimics que modularien la
patogénesi de la RD a través d'efectes sobre el metabolisme cel-lular, la
senyalitzacié i els factors de creixement, com l'acumulacié de sorbitol i
productes avangats de la glicosilacié (AGE), I'estrés oxidatiu, I'activacio de
proteina quinasa C(54), la inflamacidé i Il'activacio del sistema renina-
angiotensina i el factor de creixement endotelial vascular (VEGF)(49). Tot i que
la rellevancia del VEGF en la patogénesi de la RD, especialment per a la RD
proliferativa, és indiscutible, s’han identificat vies independents del VEGF(55).

D’aquestes, l'eritropoietina €s un potent factor angiogenic induit per isquéemia
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que actua independentment del VEGF durant I'angiogénesi retiniana en la RD
proliferativa(56-58). També s’ha demostrat que la concentracid en el vitri
d’anhidrasa carbonica extracel-lular esta incrementada en ulls de pacients amb
RD(59). Aixi mateix, diversos estudis confirmen que la inflamaci6 cronica de
baix grau té un paper destacat en la patogénesi de la RD(60-62). En resposta
a la hiperglucemia i altres factors, com la dislipémia, es produeix un augment
de mediadors inflamatoris que podrien causar dany microvascular a la retina.
En aquest sentit, els beneficis dels esteroides i dels inhibidors del VEGF
intravitris pel tractament de 'EMD donen suport a aquesta teoria(63).

Finalment, la idea tradicional que la RD és purament una manifestacio de
danys microvasculars és incompleta. El compromis neuroretinal podria iniciar-
se en estadis incipients de la RD, fins i tot abans de I'aparicié dels canvis
microvasculars. Aquest fet s’ha relacionat amb la teoria que la DM podria reduir
la senyalitzacio del receptor d'insulina a la retina, donant lloc a una
neurodegeneracio inicial. Els resultats d’estudis experimentals suggereixen que
la DM afecta negativament tota la retina neurosensorial, amb apoptosi neuronal
accelerada i alteracié del metabolisme de cél-lules neuroretinals de suport.
Aquests resultats suggereixen que la RD podria ser una neuropatia sensorial
que afecta el parénquima de la retina, de manera similar a la neuropatia
diabética periferica. Malgrat aixd, no es coneixen els mecanismes de la
interaccid entre els elements neuronals i vasculars de la patogénesi de la RD.
En aquest sentit, 'American Diabetes Association ha definit recentment la RD
com una complicacié neurovascular altament teixit-especifica que comporta
una interrupcido progressiva de la interdependéncia entre diversos tipus de
cel-lules a la retina(64).

2.4.4. Classificaci6 i avaluacié de la retinopatia diabética

Des del punt de vista clinic, la RD es defineix com la preséncia de signes
microvasculars retinians tipics en un individu amb DM. Els signes
microvasculars de la RD no proliferativa son microaneurismes, hemorragies,

exsudats durs (dipoOsits de lipids), taques cotonoses (acumulacions de restes
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axoplasmatiques dins dels feixos d’axons de ceél-lules ganglionars), dilatacié
venosa i anormalitats microvasculars intraretinals (capil-lars preexistents
dilatats). LEMD és un signe important que es valora per separat de les etapes
de la RD, perquée pot portar un curs independent. L’aparicio de la
neovascularitzacié de la retina constitueix un canvi critic en la progressio de la
RD. La proliferacié fibrovascular és una caracteristica de la malaltia proliferativa
avangada, que pot donar lloc a una hemorragia vitria o un despreniment de la
retina traccional per fibrosi i traccié progressiva. La pérdua de visié en la RD es
produeix com a consequéncia de les seqlieles de la maculopatia (EMD i
isquémia) i per la neovascularitzacié de la retina (hemorragia vitria i

despreniment de retina) i de l'iris i angle camerular (glaucoma neovascular).

La RD es classifica com a RD no proliferativa lleu, moderada i greu i RD

proliferativa (Figura 3).

Figura 3. Imatges de funduscopia que mostren els diferents graus de RD: A. RD lleu, B. RD moderada, C.

RD greu, D. RD proliferativa.
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La RD no proliferativa lleu es defineix per la preséncia de només
microaneurismes. Aquestes lesions poden evidenciar-se anys després de
I'aparicio de la DM1, pero sovint estan presents en el moment del diagnostic de
la DM2. A mesura que la malaltia avanga, la densitat de lesions augmenta. La
RD es classifica com a RD no proliferativa moderada per la preseéncia de més
lesions que simples microaneurismes, perd menys que una RD no proliferativa
greu. Es defineix com a RD no proliferativa greu la preséncia de qualsevol de
les seguents troballes funduscopiques: més de 20 hemorragies intraretinals a
cadascun dels 4 quadrants, dilatacions venoses en 2 quadrants, anomalies
microvasculars intraretinals en 1 quadrant, sense signes de RD proliferativa. La
RD proliferativa es defineix per la preséncia de neovascularitzacio i/o
hemorragia vitria o preretinal(65)(Taula 1). El risc de progressio cap a la RD
proliferativa és proporcional a la gravetat: el 5% de la RD no proliferativa lleu
avancga cap a la RD proliferativa en un any, en comparacié amb el 20% de la

moderada.

‘ Grau de RD Troballes observables a I'oftalmoscopia

No RD Sense anomalies
RD no proliferativa lleu Microaneurismes
RD no proliferativa moderada Més que només microaneurismes, perd menys que RD

no proliferativa greu

RD no proliferativa greu Qualsevol dels seglents: més de 20 hemorragies
intraretinals a cadascun dels 4 quadrants, dilatacions
venoses en 2 quadrants, anomalies microvasculars
intraretinals en 1 quadrant, sense signes de RD

proliferativa

RD proliferativa Neovascularitzacio i/o hemorragia vitria o preretinal

Taula 1. Escala de gravetat de la retinopatia diabética. Adaptada de Wilkinson et al.(66)

La correcta avaluacié de la RD pot incloure 'examen ocular per oftalmoscopia
directa, indirecta i microscopia amb lampada de fenedura. Tot i que I'agudesa
visual és una mesura important, es pot presentar una RD avangada sense una
alteracié visual simptomatica. L’angiografia fluoresceinica s’ha utilitzat
tradicionalment per localitzar l'origen i I'abast de les fugues vasculars, la
preséncia d’isquémia i en la planificacié de la terapia de fotocoagulacio laser.

28



La tomografia de coheréncia optica de domini espectral (SD-OCT) és una
tecnologia no-invasiva sense contacte que genera imatges de seccio
transversal d’alta resolucié de la retina per documentar els canvis estructurals
en 3D, com ara un engruiximent de diferents capes de la retina a causa d’un
edema, que no es pot avaluar facilment mitjangant un examen clinic
fundoscopic de la retina. Més recentment, s’ha introduit una nova tecnologia,
'OCT-angiografia (A-OCT), que permet obtenir imatges angiografiques d’alta
resolucié sense contacte (Figura 4) i sense necessitat d’injeccio intravenosa de
contrast(67,68).

Figura 4. Caracteristiques comunes de la RD a 'OCTA. (a) microaneurismes, (b) zona avascular foveal
ampliada, (c) zones sense perfusio, (d) edema, (e) bucles vasculars andmals. Extreta de PL Nesper et
al(67).

2.5. Neurodegeneracio retiniana: concepte i avaluacié

Estudis recents mostren una evidéncia creixent que la neurodegeneracio és un
esdeveniment precog en la patogénesi de la RD i que podria estar relacionada

amb el desenvolupament d’anormalitats microvasculars(69).

En la neurodegeneracio induida per la DM es produeix apoptosi neural i gliosi

reactiva, i aquests canvis histoldgics s’han observat en models experimentals
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de RD, aixi com en la retina de donants amb DM abans que es detectés la
microangiopatia per examen funduscopic(70,71). Les cél-lules ganglionars i les
cél-lules amacrines son les primeres neurones en les que es detecta I'apoptosi,
perd els fotoreceptors també tenen una taxa apoptdtica més gran. La
consequencia estructural d’aquesta mort apoptotica és una reduccio del gruix
de les capes internes de la retina i de la capa de fibres nervioses, que es pot
detectar mitjangcant SD-OCT(72). Actualment, no es coneix si I'apoptosi de
cél-lules neurals o la gliosi reactiva és primer en el procés neurodegeneratiu
que es produeix en la RD. No obstant aixo0, la gliosi reactiva pot tenir un paper
en els danys a les neurones de la retina i pot relacionar el procés

neurodegeneratiu amb la malaltia microvascular.

Els mecanismes més importants en el procés neurodegeneratiu que es
produeixen en la RD son: 'augment de I'apoptosi, la reactivitat de les cél-lules
glials, I'activacio de la microglia(73) i I'alteracio del metabolisme del glutamat,
per acumulacié extracel-lular(69).

Les dades d’estudis que utilitzen SD-OCT també suggereixen que els canvis
morfologics en la neurodegeneracio de la retina poden precedir qualsevol canvi
vascular visible(72,74—-77). En aquest sentit, les primeres alteracions
neurodegeneratives es produeixen a les capes principals de la retina, com ho
demostra I'aprimament de la capa de fibres nervioses de la retina (RNFL) i el

complex de cél-lules ganglionars(74,76—78).

Existeix controversia en la bibliografia pel que fa a la neurodegeneracio de la
retina en subjectes amb DM sense RD. Les dades publicades son
contradictories, amb alguns autors que no troben diferéncies en el gruix de
RNFL o de capa de cél-lules ganglionars (GCL) en pacients amb DM sense DR
en comparacio amb controls sans(79,80), mentre que altres autors descriuen

diferéncies en aquestes estructures entre pacients amb DM i controls sans(81).

Es interessant destacar que la reduccié del gruix de RNFL es reconeix com a
signe neurodegeneratiu de dany glaucomatés al nervi Optic associat a la
progressio de la malaltia glaucomatosa(82), i també s’observa un aprimament
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de RNFL en subjectes amb trastorns neurodegeneratius centrals com
'esclerosi multiple(83,84), la malaltia de Parkinson(85) i la malaltia
d’Alzheimer(86,87).

La neurodegeneraci6 de la retina es pot examinar morfoldogicament o
funcionalment. La consequéencia estructural de la mort apoptotica de cél-lules
ganglionars és una reduccio del gruix de GCL i RNFL, capes principals de la
retina interna, i aquesta es pot detectar mitjancant SD-OCT (Figura 5), fins i tot

abans que es detecti cap anormalitat microvascular a I'examen

funduscopic(88).
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Figura 5. A. Mesures de GCL mitjangcant SD-OCT de subjecte normoglucémic. B. Mesures de RNFL
mitjangant SD-OCT de subjecte normoglucémic. Els colors que es mostren en els diagrames de sectors
s’han d’interpretar de la segiient manera: el blanc indica valors esperats per sobre del 95%, el verd entre
el 5% i el 95% (normal), el groc entre I'1% i el 5% (valor limit) i el vermell per sota de I'11% (fora dels

limits normals).

La principal prova diagnostica per avaluar el deteriorament funcional de la
retina és I'electroretinografia multifocal (mfERG), i en la RD es pot detectar un
retard de P1 implicit i una amplitud reduida d’ones “a” i “b”(89). La disfuncié de
la retina avaluada per mfERG es pot detectar en pacients amb DM sense
microangiopatia retiniana visible. Tot i aix0, el MfERG és un examen car, feixuc
i que consumeix molt temps i, per tant, no es pot implementar a la poblacio
general i sol estar restringit als assaigs clinics. La sensibilitat retiniana avaluada
per microperimetria pot ajudar a superar aquest inconvenient. La

microperimetria avalua la intensitat minima de llum que poden percebre els
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pacients quan uns punts de llum estimulen arees especifiqgues de la
retina(68,90).

Aquestes alteracions estructurals i funcionals tenen implicacions cliniques en
termes de deficiencies de la capacitat sensorial, inclosa disminucido de la
sensibilitat al contrast, de I'adaptaci6 a la foscor i camps visuals alterats i, per

tant, redueix la qualitat de vida relacionada amb la visi6(91).

Totes aquestes troballes plantegen la possibilitat que la neurodegeneracio de la
retina pugui precedir I'aparicié de canvis vasculars induits per la DM.

2.6. Coroidopatia diabética: concepte i avaluacié

La coroide és la principal estructura vascular de I'ull, que proporciona oxigen i
nutrients a les capes externes de la retina. Alhora, exerceix una termoregulacio
retiniana, absorbeix llum i modula la pressio intraocular. Consta de les
seguents capes vasculars: la capa coriocapil-lar, la capa coroidal amb vasos de
mida mitjana (capa de Sattler) i la capa coroidal amb grans vasos (capa de
Haller)(92).

La resisténcia al flux sanguini esta relacionada amb el diametre d'un vas; aixi,
el gruix coroidal (GC) pot ser proporcional al flux de sang de la coroide i pot

constituir un parametre per avaluar anormalitats en la vasculatura coroidal(93).

Els avencos recents en SD-OCT permeten una visualitzacio efica¢g de la
coroides fins a la interfase coroido-escleral. Aquests avengos inclouen una
millor penetracié, una velocitat d’adquisici6 més elevada, una imatge en tres

dimensions i una resolucié a escala micrométrica(94)(Figura 6).
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I'1D - Mild DR

Figura 6. Mesures coroidals (subfoveal i a una distancia de 2000 micres nasal i temporal)

mitjangant SD-OCT: (a) subjecte normoglucémic; (b) subjecte DM1 amb RD lleu.

Les alteracions coroidals tenen un paper clau en la fisiopatologia de diverses

malalties de la retina, inclosa la RD(95-98).

En els pacients diabétics s’han descrit en estudis histologics multiples canvis
patologics a la coroides, com augment de la tortuositat vascular i dilatacio focal,
arees no perfoses(99) i neovascularitzacié, alhora que diversos estudis han
descrit la preséncia de vasculopatia coroidal en subjectes diabétics(95,100—
103).

Els principals estudis publicats fins el moment han obtingut resultats
contradictoris en la relacido entre el GC i la RD. Aixi, alguns mostren una
reduccio del GC en pacients amb EMD i RD proliferativa(99), mentre que altres
han obtingut un augment significatiu del GC proporcional a la gravetat de la
RD(104). Cal destacar que la majoria d’aquests estudis estan centrats en
pacients amb DM2. No existeixen estudis a la bibliografia que valorin I'alteracio
coroidal com a expressio de la microangiopatia en pacients amb DM1 i la
relacionin amb el risc CV d’aquests pacients.
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3. HIPOTESI
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Els pacients amb DM1 presenten una major prevalenga de malaltia
ateromatosa subclinica al territori carotidi que individus sense DM de la

mateixa edat i sexe

En els pacients amb DM1 sense malaltia renal cronica establerta ni
malaltia cardiovascular prévia, la preséncia i grau de retinopatia
diabética s’associen a la preséncia i carrega de lesio aterosclerodtica
subclinica en el territori arterial carotidi.

En els pacients amb DM1 sense antecedents previs de malaltia
cardiovascular i sense malaltia renal cronica establerta, els canvis en les
capes internes de la retina es produeixen en estadis inicials de la
retinopatia diabética, abans que es detectin alteracions vasculars.

En els pacients amb DM1 sense antecedents previs de malaltia

cardiovascular i sense malaltia renal cronica establerta, existeix una

associacio entre el gruix coroidal i el grau de retinopatia diabética.
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4.1. Objectiu primari

En pacients amb DM1 sense malaltia CV prévia i funcio renal normal,

4.1.1. Analitzar la relacié existent entre la preséncia i/o grau de RD i la malaltia
aterosclerotica subclinica en territori arterial carotidi (preséncia i
carrega).

4.1.2. Analitzar la relacié existent entre les alteracions de les capes internes de
la retina (RNFL i GCL) avaluades per SD-OCT i el grau de RD.

4.1.3. Avaluar la relaci6 existent entre el GC per SD-OCT i el grau de RD.

4.2. Objectiu secundari

Avaluar les diferéncies en la preséncia i la carrega de placa aterosclerodtica
carotidia subclinica en pacients amb DM1 i en individus sense DM de la

mateixa edat i sexe.
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Els resultats dels objectius 4.1.1 i 4.2 han estat publicats a I'article 1:

Carbonell M, Castelblanco E, Valldeperas X, Betriu A, Traveset A, Granado-
Casas M, et al. Diabetic retinopathy is associated with the presence and burden
of subclinical carotid atherosclerosis in type 1 diabetes. Cardiovasc Diabetol.
2018;17(1):1-10.

https://doi.org/10.1186/s12933-018-0706-z

Els resultats dels objectius 4.1.2 i1 4.1.3 han estat publicats a I'article 2:

Carbonell M, Alonso N, Castelblanco E, Real J, Ramirez-Morros A, Simé R, et
al. Assessment of Inner Retinal Layers and Choroidal Thickness in Type 1
Diabetes Mellitus: A Cross-Sectional Study. J Clin Med. 2019;8(9):1412.

https://doi.org/10.3390/jcm8091412
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5. ARTICLES PUBLICATS
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Amb la finalitat de respondre a les hipotesis i objectius plantejats amb

anterioritat es va dissenyar un estudi transversal.

Es van incloure 340 pacients amb DM1 (41,5% amb RD) i 304 individus
normoglucémics aparellats per sexe i edat, amb I'objectiu d’avaluar I'associacio
de la malaltia aterosclerotica carotidia subclinica amb la preséncia i la gravetat
de la RD. Per a l'objectiu d’avaluar els canvis estructurals de la retina i la
coroide, d’aquests 340 subjectes, 98 van quedar exclosos o bé perqué no se’ls
va realitzar SD-OCT o aquesta no tenia la qualitat suficient (n = 78), o per la
preséncia de criteris d'exclusio oftalmologics (n=20): glaucoma (n=3);
tractaments amb laser en els 6 mesos anteriors (n=2); miopia> 5 didptries
(n=6); RD proliferativa tractada amb fotocoagulacié (n=9). Com a resultat, es
van incloure un total de 242 pacients i 69 controls.

Per a cada subjecte es van obtenir per métodes estandarditzats les

caracteristiques, els parametres antropometrics i les mostres d’orina i sang.

Es va realitzar una avaluacio oftalmoldgica completa a tots els participants i, en
els pacients amb DM1, es va definir la RD segons la classificacio ETDRS en
cinc graus, que posteriorment es van dividir en dos grups segons la gravetat de
la RD: RD lleu i RD avangada (RD moderada, RD greu i RD proliferativa), per a
'analisi. Aixi mateix, es va realitzar a tots els participiants una SD-OCT per
mesurar el gruix de RNFL, GCL i GC.

Tots els participants de I'estudi es van sotmetre al mateix examen d’ecografia
de carotides, amb el que es van identificar les plaques mitjangant mode B i

doppler-color.

Els resultats s’han pubicat en dos articles.
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5.1. Article numero 1

Diabetic retinopathy is associated with the presence and burden of subclinical
carotid atherosclerosis in type 1 diabetes.

La retinopatia diabética esta associada a la presencia i la carrega

d’aterosclerosi carotidia subclinica en diabetis tipus 1.

Carbonell M, Castelblanco E, Valldeperas X, Betriu A, Traveset A, Granado-
Casas M, Hernandez M, Vazquez F, Martin M, Rubinat E, Lecube A, Franch-
Nadal J, Fernandez E, Puig-Domingo M, Avogaro A, Alonso N, Mauricio D.

Cardiovascular Diabetology. 2018;17(1):1-10. doi: 10.1186/s12933-018-0706-z

Factor d'impacte 2018: 5,948; quartil 1
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Abstract

presence and severity of diabetic retinopathy (DR).

Background: Cardiovascular (CV) disease due to atherosclerosis is a major cause of morbidity and mortality in adult
patients with diabetes, either type 1 or type 2 diabetes. The aim of the study was to assess the association of the fre-
quency and the burden of subclinical carotid atherosclerotic disease in patients with type 1 diabetes according to the

Methods: A cross-sectional study was conducted in 340 patients with type 1 diabetes (41.5% with DR), and in

304 non-diabetic individuals. All participants were free from previous CV disease and chronic kidney disease (CKD).
B-mode carotid ultrasound imaging was performed in all the study subjects. Patients with type 1 diabetes underwent
a full eye examination, and DR patients were divided into two groups: mild disease and advanced disease.

Results: In the group of patients with type 1 diabetes, the percentage of patients with carotid plaques was higher in
those with DR compared with those without DR (44.7% vs. 24.1%, p <0.001). Patients with DR also presented a higher
incidence of > 2 carotid plaques (25.5% vs. 11.1%, p <0.001). Apart from other traditional cardiovascular risk factors,
the presence of advanced stages of DR was independently associated with the presence (p=0.044) and the burden
(> 2 carotid plaques; p =0.009) of subclinical carotid atherosclerosis.

Conclusions: In patients with type 1 diabetes without previous CV disease or established CKD, the presence of
advanced stages of DR is associated with a higher atherosclerotic burden in the carotid arteries. The presence of DR
identifies patients at risk for carotid atherosclerotic disease.

Keywords: Type 1 diabetes, Retinopathy, Subclinical carotid atherosclerosis

Background

Cardiovascular (CV) disease due to atherosclerosis is a
major cause of morbidity and mortality in adult patients
with diabetes, either type 1 or type 2 diabetes. Among the
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risk factors associated with the excess of cardiovascular
risk in patients with type 1 diabetes are age, proteinuria,
decreased glomerular filtration rate, hypertension, obe-
sity, poor glycemic control, lipid levels, smoking and dia-
betes duration [1]. Even in patients with optimal glycemic
control, the risk of death from CV causes is still more
than twice that of non-diabetic individuals [2]. Unlike
patients with type 2 diabetes, those with type 1 diabetes
generally do not have excess rates of obesity, hyperten-
sion, or hypercholesterolemia compared with the gen-
eral population [3]. Thus, the underlying mechanisms
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responsible for the increased risk of death from any cause
and of death from CV causes among patients with type
1 diabetes who have good glycemic control are not fully
understood. In recent years, a current line of thought has
been that there is a “common soil” for the development
of micro- and macrovascular complications of diabetes
associated with common pathogenic pathways in both
types of complications [4]. Diabetic retinopathy (DR) is a
common and specific microvascular complication of dia-
betes that is identified in one-third of people with type 1
diabetes [5]. Glycemic control is the main factor involved
in appearance and progression of DR in these patients.
Interestingly, the presence of morphological abnor-
malities in retinal microvasculature is even observed in
childhood type 1 diabetic patients with short-term poor
glycemic control [6].

It has been shown in several studies that DR is an inde-
pendent predictor of CV events and all-cause mortal-
ity in both patients with type 1 and type 2 diabetes [7].
Multiple potential mechanisms have been suggested to
be involved in the pathophysiological link between dia-
betic micro- and macroangiopathy. These include oxida-
tive and glycemic stress, chronic low-grade inflammation
and impaired vascular tissue repair mechanisms [4].
More recently, diabetic microangiopathy of the artery
wall microvessels, named vasa vasorum, has also been
reported in patients with type 2 diabetes [8]. It is inter-
esting to note that the main stimuli that drive diabetic
microangiopathy angiogenesis are hypoxia and ischemia
similar to what has been described in the retinal vascular
changes that occur in DR [5]. Interestingly, the severity
of retinopathy has been shown to be associated with the
risk of incidental CV events in patients with type 2 diabe-
tes in the action to control cardiovascular risk in diabetes
(ACCORD) eye study, as this risk increased from 1.5 in
people with mild nonproliferative retinopathy to 2.4 in
people with severe retinopathy [9]. In patients with type
1 diabetes asymptomatic for coronary artery disease,
severe forms of DR have been reported to be associated
with the presence of coronary artery calcification [10],
and also with increased carotid intima-media thickness
[11].

On the other hand, established chronic kidney disease
(CKD) is one of the main drivers of increased CV mor-
bidity and mortality in patients with type 1 diabetes. Spe-
cifically, in patients with type 1 diabetes, the presence of
albuminuric [12] and nonalbuminuric [13] CKD is asso-
ciated with a higher risk of CV disease. In previous stud-
ies showing an increased CV risk in patients with DR,
the inclusion of patients with CKD may have influenced
the findings as DR is usually closely associated with dia-
betic nephropathy. Therefore, any studies considering the
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association of DR with CV disease should take this issue
into consideration.

Carotid intima-media thickness (IMT) and the pres-
ence of carotid plaques are considered to be surrogate
measures of atherosclerosis [14]. Both conditions are
associated with CV risk factors [15], predict CV events
independently of risk factors [16], and help to stratify
patients into different risk categories [17]. However, it
should be mentioned that the presence [18] and burden
[19] of atherosclerotic plaque is a more powerful predic-
tor of CV risk compared with IMT alone.

Both IMT and the frequency of plaques have been
reported to be increased in children, adolescents and
adults with type 1 diabetes compared with age- and
sex-matched healthy control subjects [1], although data
regarding atherosclerotic plaques in patients with type
1 diabetes are very scarce. A paucity of data exists on
whether DR and subclinical atherosclerotic disease in the
carotid artery territory in patients with type 1 diabetes
are associated. Carotid plaque is recognized as an inde-
pendent risk factor for ischemic stroke [20] with a risk
that is markedly increased both in patients with type 1
and type 2 diabetes [21]. In patients with type 1 diabe-
tes, this risk has been described to be associated with
the presence of diabetic nephropathy and severe diabetic
retinopathy [22]. In patients with type 2 diabetes, ours
and other groups have previously described that DR is an
independent risk factor associated with the presence of
carotid plaques in subjects without previous CV disease
[23, 24]. In these patients, it has recently been described
that carotid atherosclerosis is also an independent risk
factor for stroke [25].

Therefore, we hypothesized that DR is associated with
the presence of carotid plaques in subjects with type 1
diabetes without previous CV disease and established
chronic kidney disease. In the present study, we sought
to assess the association of the frequency and burden
of subclinical carotid atherosclerotic disease in patients
with type 1 diabetes according to presence and severity of
DR. As a secondary outcome, we also evaluated the dif-
ferences in the presence and burden of subclinical carotid
atherosclerosis compared with non-diabetic subjects.

Methods

Subjects

This study was designed as a cross-sectional study in
subjects with type 1 diabetes recruited from the dia-
betic outpatient clinics at two university hospitals in the
North-Western region of Spain (Catalonia). All potential
participants were identified from the electronic clini-
cal records from the two participating institutions that
belong to the same health care organization.
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The inclusion criteria for type 1 diabetic subjects were
as follows: age > 18 years; diabetes for at least 1 year; nor-
mal renal function [estimated glomerular filtration rate
(eGFR>60 mL/min)]; no previous cardiovascular (CV)
disease defined as any form of clinical coronary heart
disease, stroke or peripheral vascular disease; and any
form of diabetic foot disease. We excluded patients with
a urine albumin excretion ratio > 300 mg/g and any con-
ditions that precluded a proper full eye examination. A
subject was considered to have previous hypertension
or dyslipidaemia if he/she was taking medication for the
given condition. The selection of non-diabetic control
participants was based on the same criteria, except for
the criteria that concerned the diabetic specific micro-
vascular complications (retinopathy and albuminuria).
Additionally, subjects in the control group had fasting
glucose and HbAlc values below 100 mg/dL and 5.7%
HbAlc, respectively.

Clinical assessment

For each subject, the age, sex, weight, height, body mass
index and waist circumference were obtained by stand-
ardized methods. Serum and spot urine samples were
collected in the fasting state, and all serum and urine
tests were performed using standard laboratory methods
as previously described [23].

Ophthalmic examination

In subjects with type 1 diabetes, an experienced oph-
thalmologist performed a complete eye evaluation and
defined DR according to the ETDRS classification in
five stages: (1) no apparent retinopathy, (2) mild non-
proliferative retinopathy (NPDR) (defined by the pres-
ence of microaneurysms), (3) moderate NPDR (presence
of microaneurysms, intraretinal hemorrhages or venous
beading that did not reach the severity of the next stage),
(4) severe NPDR (more than 20 intraretinal hemorrhages
in four quadrants, venous beading in two quadrants or
intraretinal microvascular abnormalities in one quad-
rant), and (5) proliferative diabetic retinopathy (PRD)
defined by the presence of disc/retina/angle/iris neovas-
cularization, vitreous hemorrhage or tractional retinal
detachment [26]. For the purpose of the analysis, patients
with DR were classified into two groups according to the
severity of diabetic retinopathy: mild diabetic retinopa-
thy and advanced DR (stages 3, 4 and 5 of the ETDRS
classification).

Carotid ultrasound imaging

All the study participants underwent the same carotid
ultrasound examination. Carotid ultrasonography imag-
ing was performed using a LOGIQ® E9-General Electric
(Wauwatosa, WI 53226, USA) equipped with a 15 MHz
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linear array probe or a Sequoia 512, Siemens, (North
Rhine, Westphalia, Germany) equipped with a 15 MHz
linear array probe. All measures and ultrasound studies
were assessed by the same researcher at each participat-
ing hospital. The detailed carotid ultrasound protocol
performed to evaluate the presence of carotid plaques
has been previously described [23]. Plaques were iden-
tified using B-mode and color Doppler examinations
in both the longitudinal and transverse planes to con-
sider circumferential asymmetry and were defined as a
“focal structure that encroaches into the arterial lumen
of at least 0.5 mm or 50% of the surrounding carotid
IMT value or demonstrates a thickness of 1.5 mm, as
measured from the media-adventitia interference to the
intima-lumen surface” according to the Mannheim con-
sensus [27]. The arterial territories explored included the
left and right carotid arteries; for each of them, the com-
mon and internal carotid territories and their bifurcation
were examined.

The Local Ethics Committee of both participating cent-
ers approved the protocol, and all the participants signed
informed consent forms.

Statistical analysis

The descriptive statistics of the mean (standard devia-
tion) or median [interquartile range] were estimated
for quantitative variables with a normal or non-normal
distribution, respectively. For the qualitative variables,
absolute and relative frequencies were used. The normal
distribution was analyzed by the Shapiro—Wilks test. The
differences between groups were assessed by Student’s
test, analysis of variance (ANOVA) or Mann—Whitney
test, and Kruskal-Wallis test depending on the distribu-
tions of the quantitative variables. The significance of the
differences in qualitative variables was assessed by Chi
squared test or Fisher’s exact test. Logistic regression and
multinomial logistic regression models were performed
to study the prevalence and burden of subclinical carotid
atherosclerotic disease and its association with DR. All
variables of the bivariate analysis with a p <0.2 were used.
Only the main effects with a significant contribution to
the final model according to the likelihood ratio test were
included in the final model. For logistic regression model
calibration and discrimination, the Homer—Lemeshow
test and the area under the ROC curve were used. The
R statistical software, version 3.3.1, was used for all the
analyses, using a significance level of 0.05.

Sample size

Based on a predefined prevalence of DR in patients with
type 1 diabetes of 33%, we estimated a sample size of 309
patients with type 1 diabetes as being sufficient to detect
a difference in the frequency of carotid atherosclerotic
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plaques of 15% between patients with type 1 diabetes
with and without DR, assuming frequencies of plaques of
35 and 20% in patients with and without DR, respectively.
This assumption yielded an overall frequency of plaques
of 25% in this sample of subjects with type 1 diabetes. A
comparison with a group with the same number of non-
diabetic subjects would then allow the detection of a dif-
ference of 9% between them and type 1 diabetes.

Results

From the initial number of type 1 diabetic patients
recruited (n=397) in the study, five patients were
excluded for presenting an eGFR<60 mL/min, two
patients were excluded for presenting a urine albumin/
creatinine ratio>300 mg/g, three patients were excluded
for presenting cardiovascular disease and 11 patients
were excluded for presenting with one or more oph-
thalmic exclusion criteria. Additionally, six patients did
not attend the carotid ultrasound examination, and 30
patients did not complete all the determinations of the
main study outcomes. Therefore, 340 patients with type

Table 1 Clinical characteristics of the study groups
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1 diabetes were finally enrolled in the study. We enrolled
more subjects in the type 1 diabetes group as we allowed
recruitment in the two centers until the control group
was completed. A total of 332 individuals were contacted
for inclusion in the control group. From this initial num-
ber, nine individuals did not accept participation, and
19 were excluded because of the presence of exclusion
criteria or for not completing all the study procedures.
Therefore, from the expected size of the group of non-
diabetic individuals (n=309), a total of 304 individuals
were recruited.

Clinical variables

The results of the study variables for each study group
are shown in Table 1. Among the 340 study patients with
type 1 diabetes, 141 (41.5%) had DR. The patients with
DR were older, had a higher prevalence of hypertension
and dyslipidemia and a longer diabetes duration. These
patients also exhibited higher systolic blood pressure,
pulse pressure, BMI, waist circumference, plasma tri-
glycerides and HbAlc compared with those without DR

Control Type 1 diabetes p. control p.no DR vs.
vs. type 1 DR
All No retinopathy Retinopathy diabetes
N=307 N=340 N=199 N=141
Age, years 44.0137.0;51.0] 45.0(37.0;53.0] 434(11.0) 486 (12.1) 0.164 <0.001
Sex, men 139 (45.7%) 155 (45.6%) 89 (44.7%) 66 (46.8%) 1 0.787
Non-caucasian 9 (2.96%) 4(1.18%) 3(1.51%) 1(0.71%) 0.185 0.645
Current or former smoker 167 (55.3%) 174 (51.3%) 97 (49.0%) 77 (54.6%) 0.354 0.363
Dyslipidemia 39 (12.8%) 144 (42.4%) 72 (36.2%) 72 (51.1%) <0.001 0.009
Hypertension 26 (8.55%) 88 (25.9%) 36 (18.1%) 52 (36.9%) <0.001 <0.001
Systolic BP, mmHg 120[112;129] 129[114;139] 127 [112;135] 132 [119; 145] <0.001 <0.001
Diastolic BR, mmHg 76.0[70.0;81.0] 75.0 (68.0; 80.0] 74.5(10.1) 73.7 (9.98) 0.009 0447
Pulse pressure, mmHg 44,0 (38.0;51.8] 52.0[42.5;62.0] 50.0 [40.0; 58.5] 56.0 [46.8; 70.0] <0.001 <0.001
BMI kg/m? 25.2[23.2;284] 25.6[22.8;284] 25.0[22.5;274] 26.3[23.5;294] 0.827 0.004
Waist circumference, cm 93.0[84.2;100] 88.0[80.0; 98.5] 87.0[79.0;95.0] 90.0 [82.0; 102] <0.001 0.003
HbA1c, % 540 [5.20; 5.60] 7.50[7.00; 8.10] 7.40[6.80; 7.90] 7.60 [7.20; 8.40] <0.001 <0.001
HbA1c, mmol/mol 36.0 [33.0; 38.0] 58.0[53.0;65.0] 57.0[51.0;63.0] 60.0 [55.0; 68.0] <0.001 <0.001
Total-c, mg/dL 192 [170; 220] 176 [160; 200] 1751161, 200] 177 [156; 201] <0.001 0.903
HDL, mg/dL 56.5 [47.0;68.0] 62.0 [53.0; 74.0] 63.0 [54.0; 74.0] 60.5 [55.0;72.8] <0.001 0.197
LDL, mg/dL 116 [94.8; 138] 994 [83.0; 116] 99.4 [84.6;116] 99.5[79.9;117] <0.001 0.684
Triglycerides, mg/dL 85.0 [63.0; 122] 68.0 [53.0;86.0] 65.0 [53.0;83.5] 70.0 [55.0; 89.0] <0.001 0.071
Creatinine, mg/dL 0.78 [0.68; 0.90] 0.76 [0.65; 0.87] 0.77 [0.66; 0.88] 0.76 [0.65;0.87] 0.044 0.890
Urine albumin/creatinine ratio, 3.96 [2.08; 6.84] 3.58[1.82;5.95] 4.70[2.76; 8.34] - 0.030
mg/g
Diabetes duration, years - 20.0[14.0; 29.0] 16.0[11.0;22.0] 27.0[20.0;33.0] - <0.001

Variables are expressed as median and interquartile range, unless otherwise specified

BMI body mass index, BP blood pressure, HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, Total-c total cholesterol
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(Table 1). The distribution of the stages of DR in the 141
patients with DR was as follows: 89 patients had mild DR,
18 patients had moderate DR, 15 patients had severe DR,
and 19 patients had proliferative DR. For further analy-
sis, we classified the status of retinopathy into non-DR
(n=199, 58.5%), mild DR (n=89, 26.2%), and advanced
DR (including moderate, severe and proliferative disease)
(n=52, 15.3%). The clinical characteristics of these 3
groups of patients are shown in Table 2.

Ultrasound examination

The percentage of patients with carotid plaques was
higher in patients with type 1 diabetes compared with
control subjects (32.6% vs. 23%, p=0.009). The patients
with type 1 diabetes also presented with a higher percent-
age of >2 carotid plaques (17.1% vs. 11.2%, p=0.023)
compared with non-diabetic subjects. In the group of
patients with type 1 diabetes, the percentage of patients
with carotid plaques was higher in those with DR com-
pared with those without DR (44.7% vs. 24.1%, p <0.001).
The patients with DR also presented a higher percentage
of >2 carotid plaques (25.5% vs. 11.1%, p<0.001) com-
pared to those without DR (Fig. 1).
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Frequency and burden of atherosclerotic plaques

in patients with type 1 diabetes

In the group of patients with type 1 diabetes, as the fre-
quency of subclinical carotid atherosclerosis was mainly
at the expense of patients with advanced DR, we per-
formed a multiple regression analysis that used the group
of patients without DR as the reference group. This anal-
ysis revealed that the variables associated with the pres-
ence of carotid plaques were age (p <0.001), advanced DR
(p=0.044), smoking (p=0.013), dyslipidemia (p <0.001),
pulse pressure (p=0.014), and albumin creatinine ratio
(p=0.013) (Fig. 2a).

Next, we performed the multivariate logistic regres-
sion analysis for the presence of one plaque or multiple
(>2) plaques (Additional file 1: Table S1). The variables
associated with multiple plaques were age, smoking, dys-
lipidemia, advanced stages of retinopathy, pulse pressure
and albumin creatinine ratio (Fig. 2b).

We also performed a similar multivariate logistic
regression analysis for the presence and absence of DR
as a microvascular complication of atherosclerosis. In
this analysis, we did not find a significant contribution
of retinopathy (p=0.140) for the presence of subclinical
carotid atherosclerosis (Additional file 1: Table S2).

Table 2 Clinical characteristics of patients with type 1 diabetes according to the presence and severity of DR

No DR Mild DR >Mild DR p overall
N=199 N=89 N=52

Age, years 434(11.1) 47.1(12.2) 51.1(11.6) <0.001
Sex, men 89 (44.7%) 41 (46.1%) 27 (51.9%) 0.906
Non-caucasian 3(1.51%) 1(1.12%) 0 (0.00%) 1
Current or former smoker 97 (49.0%) 49 (55.1%) 28 (53.8%) 0.588
Antiplatelet 46 (23.1%) 23 (25.8%) 23 (44.2%) 0.009
Dyslipidemia 72 (36.2%) 41 (46.1%) 31 (59.6%) 0.007
Hypertension 36 (18.1%) 25 (28.1%) 27 (51.9%) <0.001
Systolic BR, mmHg 1271112;135] 130[119; 140] 136 [116; 150] 0.001
Diastolic BR, mmHg 74.5(10.1) 744 (8.92) 724 (11.6) 0.395
Pulse pressure, mmHg 50.0 [40.0; 58.5] 53.0 [45.0; 66.0] 62.0 [50.5; 75.0] <0.001
BMI, kg/m? 25.01[225;27.4] 26.2 [23.6;294] 26.3[23.3;30.2] 0.013
Waist circumference, cm 87.0[79.0;95.0] 90.0 [82.0; 100] 91.5[82.0; 103] 0.009
HbAlc, % 740 [6.80; 7.90] 7.50[7.10; 8.20] 7.90 [7.30; 8.60] <0.001
HbA1c, mmol/mol 57.0[51.0;63.0] 58.0[54.0;66.0] 63.0[56.0; 70.0] <0.001
Total-c, mg/dL 175[161; 200] 177 [154; 200] 184 [157;201] 0.989
HDL, mg/dL 63.0 [54.0; 74.0] 60.5[51.8;71.0] 60.5 [50.8; 76.0] 0422
LDL, mg/dL 99.4 [84.6; 116] 98.0[81.8;121] 105[78.1;115] 0913
Triglycerides, mg/dL 65.0 [53.0;83.5] 69.0 [53.0; 93.0] 74.0 [56.8; 88.0] 0.166
Creatinine, mg/dL 0.77 [0.66; 0.88] 0.75[0.64; 0.85] 0.78 [0.68;0.92] 0.340
Urine albumin/creatinine ratio mg/g 3.58[1.82;5.95] 4.00[1.98;5.62] 5711[3.12;16.3] 0.001
Diabetes duration 01[11.0;22.0] 25.0[18.0;30.0] 30.5[22.0; 38.0] <0.001

Variables are expressed as median and interquartile range, unless otherwise specified
BMI body mass index, BP blood pressure, HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, Total-c total cholesterol
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the presence or absence of DR (¢, d). Percentage of patients with type 1 diabetes with the presence of one atherosclerotic plague (e) or multiple
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Frequency and burden of atherosclerotic plaques in the
whole study group

To analyze the variables associated with the presence
and burden of atherosclerotic plaques in the whole group
(type 1 diabetes and non-diabetic participants), we per-
formed a logistic regression analysis. We first analyzed
the variables associated with the presence of atheroscle-
rotic plaques. In this model, we found an interaction of
diabetes with smoking. The variables associated with
presence of any plaque were age (p <0.001), dyslipidemia
(p<0.001), pulse pressure (p<0.001) and smoking if type
1 diabetes (p=0.003) (Additional file 1: Table S3).

Next, we performed the multivariate logistic regression
analysis for the presence of one plaque or multiple (>2)
plaques (Additional file 1: Table S3). There were several
variables that were consistently associated with the pres-
ence of one or multiples plaques: age, dyslipidemia, pulse
pressure and smoking if type 1 diabetes. In contrast, only
one variable was associated with the presence of multiple
plaques, the sex.

Discussion

In the present study, that included a large sample of
patients with type 1 diabetes and an age- and sex-
matched control group of participants without diabetes,
the frequency of carotid plaques was significantly higher

in patients with type 1 diabetes. Interestingly, apart from
other well-known cardiovascular risk factors, the pres-
ence of advanced DR was an independent predictor of
the presence of carotid plaques and of the atherosclerotic
burden in type 1 diabetes.

The natural history of atherosclerosis involves a pro-
tracted subclinical phase, with the atherosclerotic dis-
ease often being detected only at an advanced stage or
after a CV event. Non-invasive methods, such as arterial
ultrasonography, are used to detect and quantify ather-
osclerosis and have shown to be a useful screening test
for the prediction of future CV events. It is now gener-
ally accepted that presence and burden of carotid plaques
compared with that of carotid IMT has a higher diag-
nostic accuracy for the prediction of future CV events
[17, 18]. Several studies showed that patients with type 1
diabetes had a significantly increased carotid IMT com-
pared with age- and sex-matched non-diabetic subjects
[28]. Less information is available regarding the presence
of atherosclerotic plaques in patients with type 1 diabe-
tes, as well as its association with the presence of DR.
In a study by Distiller et al. in 148 patients with type 1
diabetes (mean age 48 years, and mean diabetes dura-
tion of 26 years), the prevalence of plaques was 18.9%.
In this study, DR was reported to be independently asso-
ciated with the presence of plaques [29]. Additionally,
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Fig. 2 Multivariate logistic regression models: a model for the presence or absence of carotid plaque in patients with type 1 diabetes. b Model for
absence vs presence of multiple (> 2) plagues in patients with type 1 diabetes. Models adjusted by sex, age, diabetes duration, smoking, diastolic
BP, dyslipidemia, diabetic retinopathy, urine albumin/creatinine ratio, BMI, pulse pressure and LDL. Smoking refers to current and former smokers

Ogawa et al. [30] described a plaque frequency of 28.8%
in a group of 73 patients with type 1 diabetes (mean age
38 years) with early-onset long-duration type 1 diabetes.
This study reported an association between prolifera-
tive DR with a maximal carotid IMT of the whole carotid
artery. Patients with proliferative DR from that study also
showed a non-significant higher frequency of plaques
compared with those without this condition (42.9% vs.
23.1%). In the current study, the presence of plaques was
significantly higher in patients with type 1 diabetes com-
pared with non-diabetic subjects. Moreover, a higher
proportion of patients with type 1 diabetes presented
with >2 carotid plaques compared with controls. The
factors independently associated with carotid atheroscle-
rotic plaques in patients with type 1 diabetes were differ-
ent depending on whether only one plaque or > 2 carotid
plaques were present. In both cases, well-known cardio-
vascular risk factors and, more importantly, advanced

stages of DR were independently associated with sub-
clinical atherosclerosis. Interestingly, in a recent study,
we have reported that the frequency of preclinical carotid
atherosclerosis in patients with latent autoimmune dia-
betes of the adults (LADA) is similar, or even greater in
those with longer disease duration, to subjects of similar
age with classic type 1 diabetes and type 2 diabetes [31].
In LADA, preclinical carotid atherosclerosis was also
associated with classical risk factors like hypertension
and tobacco exposure.

The data related to the presence and extent of carotid
plaques in patients with type 2 diabetes are more abun-
dant [32]. In these patients, a high prevalence of carotid
plaque presence and burden compared with healthy sub-
jects has been described [33]. In patients with type 2 dia-
betes, ours and other groups have previously described
that DR is an independent risk factor associated with the
presence of carotid plaques in subjects without previous
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cardiovascular disease [23, 24]. Specifically, the propor-
tion of carotid plaques in type 2 diabetes patients with
DR was higher than in type 2 diabetes patients without
DR; additionally, patients with DR had a higher burden
of atherosclerosis (>2 carotid plaques) [23]. Further,
patients with type 2 diabetes and advanced stages of
retinopathy have stenotic atherosclerotic plaques more
frequently than patients with mild retinopathy [24].

Another proposed measure to evaluate the pres-
ence and progression of microvascular complications in
patients with type 1 diabetes is the analysis of advanced
glycation end-products (AGEs). In these patients, it has
been described that accumulation of AGEs in the skin is
independently associated with progression of retinopa-
thy as well as with presence and progression of subclini-
cal cardiovascular disease (i.e. the severity of coronary
artery calcification and the IMT carotid progression) [34,
35]. Other authors have suggested factors, other than
the presence and burden of atherosclerotic plaques, that
may be involved in the increased cardiovascular risk in
patients with type 1 diabetes, i.e. increased arterial stiff-
ness [36, 37], and HDL dysfunction [38].

Diabetic retinopathy has been described to be associ-
ated with macrovascular disease [39], as well as with
increased CV morbidity and mortality [7]. It is inter-
esting to note that the presence of severe DR is among
the independent risk factors for stroke both in patients
with type 1 diabetes [7, 22] and in patients with type 2
diabetes [40]. Thus, the presence and extent of carotid
atheromatous disease described in the present study in
patients with type 1 diabetes and DR may be one of the
factors associated with the higher risk of stroke described
in patients with type 1 diabetes given that the presence of
carotid plaque is an accepted independent risk factor for
stroke. Lipid concentrations are strongly related to the
risk of cardiovascular disease.

In patients with type 1 diabetes, it has been reported
that in the context of good glycemic control HDL cho-
lesterol is often similar or higher, and triglycerides and
LDL cholesterol are often lower in type 1 diabetes in
comparison with non-diabetic subjects [41]. This is con-
sistent with the fair glycemic control observed in type 1
diabetes patients in our study. In the current study, the
increased HDL concentration observed in type 1 dia-
betes compared with control subjects may be related to
the increased waist circumference in control subjects.
The latter has already been found to be associated with
reduced HDL concentrations in patients with type 1 dia-
betes [42].

The current study has several limitations. First, the
study design does not allow for the identification of a
pathophysiological link between DR and atherosclero-
sis. Additionally, the initial sample size calculation was
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primarily based on the presence of DR and not on the
severity of this microvascular complication; given our
findings, a larger study may be warranted to confirm the
current results.

Conclusions

The present study performed in a large cohort of patients
with type 1 diabetes free from CV disease shows a higher
prevalence and burden of carotid atherosclerotic dis-
ease in these patients. In a similar way to what has been
described in patients with type 2 diabetes, the presence
of advanced stages of DR is independently associated
with the presence of carotid plaques and the burden of
atherosclerotic disease in patients with type 1 diabetes.
Given the association described between the atheroscle-
rotic plaque burden and the risk of future CV events in
the general population, the patients with type 1 diabe-
tes and DR may be a subgroup of patients who should
be regarded at increased risk for future CV events and
should be followed more closely to prevent CV disease.
The follow-up of the whole cohort of our patients with
type 1 diabetes may help to address these issues. The cur-
rent findings should lead to an increased awareness of DR
as a non-classic cardiovascular risk factor for type 1 dia-
betes and to its proper consideration for preventive treat-
ment among clinicians.

Additional file

Additional file 1: Table S1. Multivariate and multinomial logistic regres-
sion models of the presence/absence of atherosclerotic plaque, none vs
one plaque, and none vs multiple plagues in patients with type 1 diabetes
with DR as a variable introduced as stages No/Mild/>Mild. Table S2.
Multivariate and multinomial logistic regression models of the presence/
absence of atherosclerotic plaque, none vs one plaque, and none vs mul-
tiple (> 2) plaques in patients with type 1 diabetes with DR as a variable
introduced as presence/absence. Table $3. Multivariate and multinomial
logistic regression models of the presence/absence of atherosclerotic
plague, none vs one plagque, and none vs multiple (> 2) plaques in the
whole study group.
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Abstract: Recent studies have shown that retinal neurodegeneration may precede visible vascular
changes in diabetic retinopathy (DR). In addition, the relationship of choroidal thickness (CT) with DR
stage is not well defined. To assess the inner retinal and choroidal structural changes in type 1 diabetic
subjects (T1D), a cross-sectional study was conducted in 242 T1D patients and in 69 age-matched,
non-diabetic individuals. The nasal retinal nerve fibre layer (RNFL) thickness was lower in T1D
patients without DR (p < 0.001), with mild DR (p < 0.001), and with advanced DR (p < 0.001) compared
to control subjects. The ganglion cell layer (GCL) thickness was lower in T1D patients with advanced
DR compared to those with mild DR (p = 0.003) and without DR (p < 0.001) and compared to the
control subjects (p < 0.001). T1D subjects with no DR and mild DR had higher CT than the control
subjects, but the CT in T1D patients with advanced DR was lower (p = 0.038) than that in T1D subjects
with mild DR and was not significantly different from that of the control subjects. In conclusion,
T1D subjects showed a significant thinning of the nasal RNFL in the early stages of the disease, even
before any vascular changes in the retina. A decrease in the GCL thickness during advanced DR
stages was observed. Choroidal thickness was higher in T1D subjects without DR and in early DR
stages but decreased in advanced stages.

Keywords: type 1 diabetes; diabetic retinopathy; retinal nerve fibre layer; ganglion cell layer; choroid

J. Clin. Med. 2019, 8, 1412; doi:10.3390/jcm8091412 www.mdpi.com/journal/jcm
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1. Introduction

Diabetic retinopathy (DR) is one of the leading causes of visual impairment and preventable
blindness among the adult working-age population in developed countries. DR is a multifactorial
disease with many different risk factors, including glycated haemoglobin (HbA1c), blood pressure, and
serum lipid levels [1,2]. Classically, DR has primarily been considered a microvascular disorder in which
the initial manifestations include retinal microaneurysms, capillary alterations, and haemorrhaging.
These vascular alterations may lead to degeneration of the neuronal and glial structures of the
inner retina as the disease progresses. However, data from recent studies using spectral-domain
optical coherence tomography (SD-OCT) imaging suggest that morphological changes in retinal
neurodegeneration may precede any visible vascular changes [3-7]. In this regard, the earliest
neurodegenerative alterations occur in the main layers of the inner retina, as evidenced by the thinning
of the retinal nerve fibre layer (RNFL) and the ganglion cell complex (GCC) [4,6-8].

Choroidal alterations also play a key role in the pathophysiology of several retinal diseases,
including DR [9-12]. Choroidal thickness (CT) is considered a measure of choroidal blood flow, which
supplies the outer retinal layers. Several studies have described the presence of choroidal vasculopathy
in diabetic subjects [9,13-16]. However, those studies—most of which were performed in a paediatric
population—have reported contradictory findings, likely due to their small sample sizes. A similar
controversy exists for the presence of retinal neurodegeneration in subjects who have diabetes without
DR. The published data are contradictory, with some authors finding no differences in RNFL or
ganglion cell layer (GCL) thickness in patients with type 1 diabetes (T1D) without DR compared to
healthy control subjects [17,18], whereas other authors have described differences in these structures
between diabetic patients and control subjects [19]. In this context, the aims of the present study
were (1) to evaluate the retinal and choroidal structures in a large cohort of patients with T1D using
SD-OCT and (2) to determine whether retinal and choroidal alterations are correlated with the degree
of diabetic retinopathy.

2. Experimental Section

2.1. Patients

This was a cross-sectional study conducted in subjects diagnosed with T1D recruited from
outpatient clinics at two university hospitals within the same health care organization (Institut Catala
de la Salut) in Catalonia, Spain.

The inclusion criteria for T1D subjects were as follows: (1) age > 18 years, (2) diagnosis of T1D
with disease duration > one year, (3) normal renal function (estimated glomerular filtration rate
> 60 mL/min), (4) urine albumin excretion rate < 300 mg/g, and (5) the absence of cardiovascular
disease (ischaemic heart disease, cerebrovascular disease, peripheral arterial disease, and heart failure)
or diabetic foot disease.

The control group consisted of 69 healthy age- and sex-matched volunteers. The selection criteria
for the control subjects were the same as those for the T1D subjects, except for the specific microvascular
complications (retinopathy and albuminuria). Additional inclusion criteria for the control subjects
were: (1) fasting glucose < 100 mg/dL and (2) HbAlc < 5.7%. Ophthalmologic exclusion criteria for
both groups included a refractive error of 5 dioptres or more, concomitant retinal diseases, ocular
inflammation, glaucoma, macular oedema, previous surgery (during the year before the exam), and
laser photocoagulation (during the six months before the exam).

The present subject sample was a subset of 340 T1D subjects included in a previously published
study aimed at assessing the association of subclinical carotid atherosclerotic disease with the presence
and severity of diabetic retinopathy [20]. For the current study, it was also important to exclude
patients with previous cardiovascular disease and/or chronic kidney disease, as these two conditions
are known to be associated with vascular damage. Of those 340 subjects, 98 were excluded from
the present study either because they did not undergo SD-OCT (1 = 78) or due to the presence of
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ophthalmologic exclusion criteria (1 = 20) as follows: glaucoma (n = 3); laser treatments in the previous
6 months (n = 2); myopia > 5 dioptres (n = 6); and proliferative diabetic retinopathy treated with
photocoagulation (n = 9). As a result, a total of 242 subjects were included in the current study.

2.2. Clinical Assessment

Serum and urine samples were collected in the fasting state. Subject characteristics (gender, age,
and ethnicity), anthropometric parameters (weight, height, body mass index, and waist circumference),
other parameters (hypertension, dyslipidaemia, smoking, medication, and disease duration) and
laboratory measurements (glucose, HbAlc, triglycerides, total/HDL/LDL cholesterol, creatinine, and
albumin/creatinine ratio), assessed using standard laboratory methods previously described, were
recorded [21].

2.3. Ophthalmic Examination

A complete ophthalmological evaluation, including retinopathy classification, was performed by
two expert ophthalmologists (MC and CJ) in both the patient and control groups. Optical coherence
tomography measurements were performed using spectral-domain OCT (Cirrus HD-OCT, model 4000,
Carl Zeiss Meditec, Dublin, CA, USA) to measure RNFL, GCL, and CT. Only SD-OCT scans with a
signal strength > 8 were used for the analysis. RNFL thickness was measured according to an Optic
Disc Cube 200 x 200 protocol, with the data calculated automatically by quadrant (temporal, superior,
nasal, inferior). Mean values were also calculated. The GCL thickness was measured (including mean
and minimum thicknesses) using the Macula Cube 512 x 128 protocol around the fovea. Choroidal
thickness was measured using enhanced-depth imaging (EDI-OCT) with a high-definition 5-line Raster
scan pattern. The measurements were made manually with a caliper in three positions (subfoveal, nasal,
and temporal to the fovea) at a distance of 2000 pm. Choroidal thickness was calculated as the vertical
distance between the first hyperreflective line (Bruch’s membrane) and the second hyperreflective line
(the internal surface of the sclera) [22].

DR was classified into five stages according to the Early Treatment Diabetic Retinopathy Study
(ETDRS) classification [23], as follows: (1) no apparent retinopathy, (2) mild non-proliferative
retinopathy (NPDR), (3) moderate NPDR, (4) severe NPDR, and (5) proliferative diabetic retinopathy
(PRD). Diabetic subjects with DR were reclassified into 2 stages (mild [ETDRS stages 1-2] or advanced
[ETDRS stages 3—4] DR). Additionally, subjects with SD-OCT choroid measurements of 2 or more
standard deviations above the mean value observed in the control group were classified as having a
thickening of the choroid. Further, subjects with SD-OCT RNFL measurements less than 2 standard
deviations below the mean value observed in the control group were classified as having a thinning
of the RNFL. For the analysis, we used the ophthalmological variables obtained for the right eye if
both eyes had the same DR grade. Otherwise, the variables from the eye with the highest DR grade
were selected.

The ethics committees of both participating centres approved the study, which was performed in
accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained
from all participants.

2.4. Statistical Analysis

A descriptive between-group comparison was performed to assess homogeneity in the clinical
characteristics of the study population. Student’s t-test was performed to determine the significant
differences between two groups (T1D versus control) in the quantitative variables, and a Chi-square
test was used to compare qualitative variables between groups. Univariate and multivariate regression
models were performed to estimate the crude and adjusted associations. The multivariate results were
adjusted for sex, age, hypertension, dyslipidaemia, and body mass index (BMI).

The subanalysis in the T1D subjects was performed by examining the association between the DR
grade and the ophthalmological variables. Differences between groups were evaluated by analysis of
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variance (ANOVA), and p values were corrected using the post hoc Tukey test. Linear multivariate
regression models were performed to assess the associations for each ophthalmological variable.
Correction for multiple comparisons was performed using the Benjamini—-Hochberg procedure (or
false discovery rate). The cut-off for statistical significance was set as p < 0.05. The statistical R package
(v. 3.5.1, Free Software Foundation, https://www.r-project.org/) was used for data management and to
perform the statistical analysis.

3. Results

The clinical characteristics of the study group are summarized in Table 1. Hypertension and
dyslipidaemia were more prevalent in the T1D group, who also had higher blood pressure (systolic and
diastolic) than the control subjects. There were no significant differences between groups in terms of age,
sex, ethnicity, smoking habits, BMI, waist circumference, creatinine levels, or urine/albumin/creatinine
ratios. The proportion of microalbuminuria was 3.3% (8/242) in T1D and 2.9% (2/69) in the control
group. The mean duration of T1D was 20.6 years.

Table 1. Clinical characteristics of the study population.

Variables ! Control Type 1 Diabetes p Value
N 69 242 -
Age, years 45.1 (11.2) 44.5 (10.7) 0.668
Sex, male 30 (43.5%) 114 (47.1%) 0.692
Ethnicity, Caucasian 69 (100%) 239 (98.8%) 1.000
Current or former smoker 35 (50.7%) 128 (53.2%) 0.387
Antiplatelet agents 0 (0.00%) 67 (27.7%) <0.001
Dyslipidaemia 5 (7.25%) 95 (39.3%) <0.001
Hypertension 7 (10.1%) 58 (24.0%) 0.020
Systolic blood pressure, mmHg 118 (13.2) 126 (17.1) <0.001
Diastolic blood pressure mmHg 71.8 (9.38) 74.4 (10.0) 0.049
Body mass index, kg/m2 24.6 (3.62) 25.6 (4.05) 0.059
Waist circumference, cm 87.2 (11.0) 88.9 (12.6) 0.290
HbAlc, % 5.28 (0.31) 7.60 (1.03) <0.001
Total cholesterol, mg/dL 203 (30.8) 180 (28.9) <0.001
HDL cholesterol, mg/dL 59.9 (12.4) 64.3 (15.4) 0.017
LDL cholesterol, mg/dL 123 (29.3) 102 (24.2) <0.001
Triglycerides, mg/dL 103 (69.4) 74.4 (34.7) 0.002
Creatinine, mg/dL 0.79 (0.13) 0.77 (0.16) 0.151
Urine albumin/creatinine ratio, mg/g 7.65 (10.4) 7.02 (13.6) 0.684
Diabetes duration, years - 20.6 (10.4) -

1 All data are given as the mean (standard deviation) or 1 (%). Student’s ¢-test was used for quantitative variables
and Chi-square test for qualitative variables. HDL, high density lipoprotein; LDL, low density lipoprotein.

3.1. Ophthalmologic Examination

Of the 242 T1D subjects, 139 (57.4%) did not have DR, 74 (30.6%) had mild DR, and 29 (12%)
presented with advanced DR. The clinical variables of the study group according to DR grade are
shown in Table S1.

Nasal RNFL was significantly lower in all three T1D subgroups (i.e., those without DR, mild DR,
and advanced DR) (p < 0.001) than in the control group, contrary to what was observed in the superior
and inferior sectors, in which the RNFL was greater in the T1D subjects than in the control subjects
p =0.004 and p < 0.001, respectively. No significant differences between the T1D subjects and control
subjects were observed in the temporal RNFL (p = 0.283) (Figure S1, Table S2). The proportion of
subjects with retinal thinning assessed in the RNFL in T1D subjects without DR was 1.5% (2/130) in the
superior sector, 0.8% (1/131) in the nasal sector, and 1.5% (2/131) in the inferior sector. The presence of
retinal thinning in subjects with advanced DR was 11.1% (1/9) in the superior sector, 0% (0/9) in the
nasal sector, and 22.2% (2/9) in the inferior sector.
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GCL thickness was significantly lower in T1D subjects with advanced DR versus T1D subjects
without DR (p < 0.001), subjects with mild DR (p = 0.010), and the control group (p < 0.001) (Table 2,
Figure 1). There were no significant differences in GCL between the T1D and control subjects (Table S52).
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Figure 1. Ganglion cell layer (GCL) measurements by spectral-domain optical coherence tomography:
(a) control subjects; (b) T1D subjects with mild DR; (c) type 1 diabetes (T1D) subjects without DR and
(d) T1D subjects with advanced diabetic retinopathy (DR). Colours shown in the GCL thickness sector
diagram should be interpreted as follows: white indicates expected values above 95%, green is between
5% and 95% (normal), yellow is from 1% to 5% (borderline), and red is below 1% (outside normal
limits). OD, right eye.

Choroidal thickness was also significantly greater in the subfoveal (p < 0.001), nasal (p < 0.001),
and temporal (p = 0.004) sectors in T1D subjects versus those in the control subjects (Figure 2). Up to
8.3% (11/133) of the T1D subjects without DR presented a thickening of the choroid. This proportion
of patients was observed in the three sectors analysed (temporal, nasal, and subfoveal). In relation
to the group of T1D subjects with mild DR, thickening was observed in 7.1% (5/70) of subjects in the
temporal sector, 17.1% (12/70) in the nasal sector and 10% (7/70) in the subfoveal sector. Choroidal
thickness was greater in the T1D subjects with mild DR and without DR compared to control subjects
(Figure 2), both for the subfoveal region (p = 0.006 and p < 0.001, respectively) and the nasal region
(p = 0.001 and p < 0.001, respectively). Temporal CT was greater only in patients with mild DR
(p = 0.005) versus control subjects. Temporal and nasal CT values were lower in T1D subjects with
advanced DR (p = 0.038 and p = 0.045, respectively) compared to T1D subjects with mild DR (Figure 3,
Table 2).
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T1D - Mild DR

Figure 2. Choroidal measurements by spectral-domain optical coherence tomography: (a) control
subjects; (b) T1D subjects with mild DR; (c) T1D subjects without DR and (d) T1D subjects with
advanced DR. T1D, type 1 diabetes; DR, diabetic retinopathy.
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Figure 3. The thickness of the ophthalmological variables according to the diabetic retinopathy (DR)
group. (A) Choroidal thickness. (B) Ganglion cell layer (GCL). (C) Retinal Nerve Fibre Layer thickness
(RNFL). Differences between groups (control, no DR, Mild DR, and advanced DR) were evaluated
by analysis of variance, and the p values were corrected using the post hoc Tukey test; 1, p < 0.001;
2,p <0.01; 3, p < 0.05. In the figure, the mean and standard deviation. Control group n = 69, no DR
n =139, Mild DR #n = 74 and Advanced DR n = 29.
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3.2. Ophthalmological Associations

The univariate analysis revealed significant associations of T1D with subfoveal, nasal, and
temporal CT and with RNFL thickness in the superior, nasal, and inferior sectors (Supplementary
Table S3). Additionally, in T1D subjects without DR, thickening of the choroid was associated with age
and smoking (p = 0.015 and p = 0.017, respectively) in the temporal sector and with smoking in the
nasal sector (p = 0.004). Furthermore, in T1D subjects with mild DR, thickening of the choroid was
associated with male gender in both the temporal sector (p = 0.017) and the subfoveal sector (p = 0.042)
and with age and smoking habits in the subfoveal sector (p = 0.035 and p = 0.007, respectively).

In the multivariate linear regression analysis, all of these associations remained statistically
significant after adjusting for clinical variables (sex, age, hypertension, dyslipidaemia, and BMI).
Choroidal thickness was greater in T1D subjects compared to control subjects in all sectors: 50 pm in
the subfoveal sector (3 = 50.52; p < 0.001), 54 um in the nasal sector (3 = 54.99; p < 0.001), and 29 um in
the temporal sector (f = 29.08; p = 0.020). For RNFL thickness, the nasal sector was thinner in T1D
patients compared to control subjects ( = —35.29, p < 0.001). However, RNFL values in the superior
and inferior sectors were higher in T1D patients than in control subjects (3 = 5.76, p = 0.046; 3 = 12.00,
p < 0.001, respectively).

Multivariate regression analysis, performed to assess the association between the ophthalmological
variables and the DR grade (mild and advanced DR versus no DR), showed that the minimum GCL
was the only ophthalmological parameter independently associated with advanced DR. In this subject
group, the minimum GCL value was 11 um lower (3 = —11.34; p = 0.004) than in T1D subjects without
DR (Table 3). By contrast, no association was found between the DR grade and CT or RNFL values.

Table 3. Multivariate analysis of the association between the ophthalmological variables and the grade
of diabetic retinopathy in patients with type 1 diabetes.

. Mild DR Advanced DR
Variables
Estimated 3 (SE) p Value Estimated 3 (SE) p Value
CT (subfoveal) 28.17 (13.31) 0.126 —7.52 (20.50) 0.892
CT (nasal) 28.84 (12.64) 0.126 -13.75 (19.46) 0.687
CT (temporal) 23.83 (11.40) 0.126 -17.46 (17.56) 0.535
GCL (mean) —-2.39 (1.52) 0.330 —4.96 (2.36) 0.126
GCL (minimum) —-2.06 (1.91) 0.514 -11.34 (2.98) 0.004
RNFL, mean -243(2.12) 0.514 0.54 (3.34) 0.917
RNFL, temporal —2.48 (1.78) 0.412 6.99 (3.01) 0.126
RNFL, superior 2.23 (2.69) 0.629 1.17 (4.56) 0.917
RNFL, nasal —0.22 (2.43) 0.929 0.71 (4.11) 0.917
RNFL, inferior —1.34 (3.28) 0.892 —6.10 (5.56) 0.514

In the multivariate analysis, the estimated (3 coefficients are given after adjustment for the clinical variables (sex,
age, hypertension, dyslipidaemia, and body mass index), and p values were adjusted via the method of Benjamini
and Hochberg for multiple comparisons. SE, standard error; CT, Choroidal thickness; GCL, ganglion cell layer;
RNFL, retinal nerve fibre layer.

4. Discussion

In the present study, we found that, compared to control subjects, nasal RNFL thickness was
lower in T1D subjects, regardless of the DR grade. GCL thickness was also lower in the advanced DR
subgroup compared to subjects with mild DR or those without DR and to non-diabetic individuals.
On the other hand, choroidal thickness was higher in patients with no DR and mild DR compared
to the control subjects. Interestingly, CT was lower in subjects with advanced DR than in subjects
with mild DR and similar to the CT values in control subjects. Thus, we report a direct correlation
between choroidal alterations and the degree of retinopathy in T1D patients. Relatively few studies
have evaluated the association between inner retinal and choroidal changes with the degree of DR
in T1D patients [4-9,13,14,16,18,24]. Moreover, many of these studies were small, and most were



J. Clin. Med. 2019, 8, 1412 90f 13

performed in paediatric populations. Thus, the mean duration of diabetes was relatively short. To our
knowledge, this study included the largest cohort of T1D patients with an evaluation of structural
features of the retina by SD-OCT.

4.1. RNFL and GCL

There is evidence to suggest that retinal neurodegeneration begins early in the pathogenesis of
DR [3-8,19,24,25]. In the early stages of DR, before this complication becomes clinically evident, it is
not possible to detect microvascular abnormalities by ophthalmoscopic examination. However, in
these pre-clinical stages, the presence of abnormalities can be detected by multifocal electroretinogram
(mfERG) or SD-OCT [26]. Some authors have found no differences in the RNFL or GCL thickness using
SD-OCT in paediatric [17,18] or young [9] T1D subjects without DR when compared to non-diabetic
subjects [18]. By contrast, other studies have found differences in RNFL and GCL thickness when
comparing diabetic subjects to control subjects. A meta-analysis that included 8 studies with small
sample sizes concluded that retinal thinning may be present in diabetic subjects with mild DR or
no DR, leading those authors to suggest that retinal neurodegeneration may be considered an early
stage of DR that precedes visible retinal vasculopathy [19]. Other studies have compared young or
paediatric T1D subjects without DR to healthy control subjects and found significant thinning of the
RNFL [4,5,8] and the GCL [4,5,7,8] in diabetic patients. Gundogan et al. found that GCL thinning
was most prominent in the temporal sector, leading those authors to suggest that the temporal GCL
sectors are the most vulnerable in diabetic subjects and, thus, that data obtained by SD-OCT could be
used as biomarkers of retinal neurodegeneration in diabetic patients without DR [5]. We did observe a
significant thinning in the GCL of T1D subjects compared to the control subjects, although this change
was only significant for advanced DR, not for mild or no DR. However, we were unable to evaluate
these sectorial changes in the temporal GCL area because the SD-OCT instrument used does not allow
for this type of subanalysis. Van Dijk et al. found RNFL and GCL thinning in T1D subjects with mild
DR but not without DR compared to control subjects [6]. Their results suggest that thinning of the
inner retinal layers appears to occur at the expense of thinning of the GCL and later of the RNFL
due to loss of ganglion cell axons. These authors inferred that the nasal RNFL sector is the most
vulnerable in diabetic subjects, since ganglion cell axons travel in bundles to the head of the optic nerve
without crossing. We found similar changes in our series, with an intense thinning of the nasal RNFL
in T1D subjects without DR compared to control subjects as reported by other authors [8]. Notably,
this thinning was similar in subjects with advanced stages of DR. Importantly, this finding remained
statistically significant after adjustment for clinical variables in the multivariate regression analysis. It
is interesting to note that the presence of any sign of macular oedema was a strict exclusion criterion,
and, therefore, macular thickness (or the thickness of any of the inner retinal layer) was not affected
by this feature in our patients. Other authors obtained similar results in studies based on mfERG, in
which they found a longer P1-implicit time and a lower P1 amplitude in the nasal area than in the
temporal area in eyes of diabetic subjects [27,28].

More recently, the results reported in the European Consortium for the Early Treatment
of Diabetic Retinopathy (EUROCONDOR) study, which enrolled 449 participants with type 2
diabetes, pointed to the existence of two phenotypes of subjects: a group in which there is
neurodegeneration/neurodysfunction without microvascular involvement and another group of
subjects with microangiopathy but without neurodysfunction. The results of the study showed that
58% of subjects with neurodysfunction, evaluated by mfERG, had no evidence of visible retinopathy.
On the other hand, 32% of subjects with visible microvascular disease did not present any functional or
structural abnormalities related to neurodegeneration. This study also showed that the correspondence
between SD-OCT thinning and mfERG abnormalities in subjects without DR was 67% [26,29]. Our
results are in line with those reported in the EUROCONDOR study, in that there is a proportion of
subjects without DR who show SD-OCT evidence of neurodegeneration, while a proportion of subjects
with severe nonproliferative DR do not show SD-OCT evidence of neurodegeneration.
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4.2. Choroid

The choroid provides oxygen and nutrients to the outer retinal layers and is the only blood
supply of the avascular fovea [30]. In DR, several histopathological choroidal abnormalities have been
reported, including vascular remodelling with increased tortuosity, obstruction and dilatation of the
choriocapillaries, choroidal aneurysms, and choroidal neovascularisation. The association between
choroidal thickness and DR stage has been widely reported. Several studies have not found any
significant differences between T1D subjects and control subjects in terms of CT [8,9,16,24]. However,
this lack of difference could be due to the relatively recent onset of diabetes in the patients (mostly
paediatric) included in those studies. By contrast, other studies have found significant choroidal
thinning in T1D patients with [14] and without DR [5,14] compared to non-diabetic individuals.
Vusojevic et al. attributed this thinning to a relative vasoconstriction or decrease in perfusion pressure
in the choroidal vessels [15]. Our results—obtained in a large cohort of adult T1D subjects—differ
substantially from those of previous reports. We found a significant increase in CT in diabetic subjects
with mild DR and even in those without DR. Interestingly, while choroidal thickening was observed
in diabetic subjects without DR and in those with mild DR, the CT in patients with advanced DR
was similar to the CT in controls. A possible explanation for the CT difference observed in relation to
retinopathy grades may be related to inflammation. It has been suggested that polymorphonuclear
neutrophils might contribute to vaso-occlusive events and endothelial cell injury in the diabetic
choroid. In this way, the loss of choriocapillaries in the diabetic choroid could render those areas of the
choroid overlaying the retinal pigment epithelium (RPE) hypoxic [31]. When the RPE is hypoxic, it
upregulates VEGF (vascular endothelial growth factor) production, which stimulates angiogenesis [32].
Alternatively, the increase in CT could be interpreted as a hyper-vascularization stage similar to the
hyperfiltration that occurs in early stages of diabetic nephropathy. These findings suggest that changes
in choroidal vasculature could be an early event in the diabetic retina, even where there is no DR [33].
The thinner CT observed in the advanced stages of DR could be related to the progressive damage of
the endothelium that results from this process, causing reduced flow and ischaemia.

4.3. Study Strengths and Limitations

The present study has several limitations. First, despite the relatively large number of subjects
with T1D included in the study, after stratification by the degree of DR, the numbers in each category
were limited, especially in the advanced stages. Second, patients with a history of cardiovascular
disease, microalbuminuria, or diabetic foot disease were excluded from the study, thereby excluding
patients with other comorbidities. Third, the presence of retinal neurodegeneration was assessed by
SD-OCT to measure the inner retinal layer thickness (a morphological parameter), whereas the use of
other technologies based on the assessment of functional parameters (e.g., mfERG or microperimetry)
might exhibit different results. Fourth, the refractive error of the patients included in the study was
not recorded. Since myopic status could alter chorioretinal thickness, especially in high myopia, the
absence of data on refractive errors can also be added to the limiting factors. However, it should be
noted that all patients had less than 5.00 dioptres. Finally, the absence of patients without previous
established cardiovascular and/or renal disease does not enable us to extrapolate our findings to T1D
subjects with previous cardiovascular disease and/or chronic kidney disease.

This study also has several important strengths. First, this study included the largest cohort of
patients with T1D, in which SD-OCT was used to evaluate structural features of the retina. In addition,
it reports, for the first time, a direct correlation between choroidal alterations and the degree of diabetic
retinopathy in patients with T1D.

5. Conclusions

The current study, carried out on T1D patients, reveals a significant thinning of nasal RNFL, even
before any vascular changes in the retina can be detected by standard diagnostic techniques. GCL
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thickness was also decreased in T1D subjects with advanced DR compared to the control subjects.
In addition, while choroidal thickness was increased in T1D subjects with mild or no DR, the CT
thickness in subjects with advanced DR was similar to the CT values obtained from the control subjects.
Overall, our findings suggest that SD-OCT could be used as an early diagnostic imaging test to detect
diabetes-related retinal involvement.

Supplementary Materials: The following material is available online at http://www.mdpi.com/2077-0383/8/9/
1412/s1: Table S1: Clinical characteristics of the study population according to diabetic retinopathy grade; Table
S2: Ophthalmological variables in the study population by group; Table S3: Univariate and multivariate analysis
of the association between ophthalmological variables and type 1 diabetes with respect to the control group; and
Figure S1: Retinal nerve fibre layer (RNFL) measurements by spectral-domain optical coherence tomography:
(a) control subjects and (b) T1D subjects with mild DR. TEMP, temporal sector; SUP, superior sector; NAS, nasal
sector; INF, inferior sector.
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Table S2. Ophthalmological variables in the study population by group.

Variables! Control T1D p value
Subfoveal CT 322 (92.6) 370 (94.5) <0.001
Nasal CT 228 (86.9) 281 (87.5) <0.001
Temporal CT 291 (76.2) 322 (81.3) 0.004
GCL Average 82.4 (6.64) 82.8 (10.4) 0.764
GCL Minimum 79.6 (10.4) 78.4 (13.6) 0.417
RNFL (Average) 91.6 (9.81) 94.2 (14.6) 0.082
RNFL (Temporal) 66.9 (12.5) 65.1 (12.0) 0.283
RNFL (Superior) 110 (17.5) 117 (17.9) 0.004
RNFL (Nasal) 110 (18.2) 75.8 (16.0) <0.001
RNFL (Inferior) 111 (17.7) 124 (22.0) <0.001

1All data are given as the mean (standard deviation), measure units in pm and p values were adjusted

by the method of Benjamini & Hochberg for multiple comparisons. RNFL, retinal nerve fibre layer;

CT, choroidal thickness; GCL, ganglion cell layer.

Table S3. Univariate and multivariate analysis of the association between ophthalmological variables

and type 1 diabetes with respect to the control group.

Variables Univariate Multivariate

Estimated B (SE) p value Estimated B (SE) p value
Subfoveal CT 48.03 (12.90) <0.001 50.52 (13.28) <0.001
Nasal CT 53.75 (11.98) <0.001 54.99 (12.57) <0.001
Temporal CT 30.80 (10.99) 0.009 29.08 (11.24) 0.020
GCL, mean 0.32 (1.33) 0.813 1.09 (1.39) 0.482
GCL, minimum -1.24 (1.77) 0.537 -0.55 (1.84) 0.776
RNFL (mean) 2.65 (1.87) 0.226 1.62 (1.97) 0.482
RNFL (temporal) -1.84 (1.67) 0.338 -1.82 (1.77) 0.436
RNFL (superior) 7.08 (2.46) 0.009 5.76 (2.60) 0.046
RNFL (nasal) -33.97 (2.28) <0.001 -35.29 (2.43) <0.001
RNFL (inferior) 13.20 (2.91) <0.001 12.00 (3.07) <0.001

In the multivariate analysis, estimated [3 coefficients are given after adjusting for the clinical variables

(sex, age, hypertension, and dyslipidaemia and body mass index), and p values were adjusted by the

Benjamini & Hochberg procedure for multiple comparisons. The control group was used as a
reference group. SE, standard error; CT, Choroidal thickness; GCL, ganglion cell layer; RNFL, retinal

nerve fibre layer.
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Figure S1. Retinal nerve fibre layer (RNFL) measurements by spectral-domain optical coherence
tomography: (a) control subjects and (b) T1D subjects with mild DR. TEMP and T, temporal sector; SUP
and S, superior sector; NAS and N, nasal sector; INF and I, inferior sector. Colours shown in the RNFL

thickness sector diagram should be interpreted as follows: white indicates expected values above 95%,
green between 5 and 95% (normal), yellow from 1 to 5% (borderline), and red below 1% (outside normal

limits). OD, right eye; OS, left eye.



6. RESUM GLOBAL DELS RESULTATS
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6.1. Article numero 1

Els principals resultats d’aquest article sén:

1.

El percentatge de subjectes amb placa carotidia és més gran en
pacients amb DM1 que en subjectes sense DM de la mateixa edat i sexe
(32,6% vs. del 23%, p=0,009). La carrega de malaltia ateromatosa
(numero de plaques) també és superior en pacients amb DM1 respecte
controls (17,1% vs. 11,2%, p=0,023).

. En el grup DMA1, el percentatge de pacients amb plaques carotidies és

mes elevat en els que presenten RD comparat amb els que no tenen RD
(44,7% vs. 24,1%, p<0,001). Els pacients amb RD també presenten un
percentatge més gran de 22 plaques carotidies (25,5% vs. 11,1%,
p<0,001) en comparacié amb els pacients sense RD.

En pacients amb DM1, les variables associades a la preséncia de
plaques carotidies son l'edat (p<0,001), la RD avangada (p=0,044),
I'habit tabaquic (p=0,013), la dislipémia (p<0,001), la pressi6 de pols
(p=0,014) i el quocient d’albumina/creatinina en orina (p=0,013). Aixi
mateix, les variables associades a =2 plaques son I'edat (p<0,001), la
RD avangada (p=0.009), I'habit tabaquic (p=0.044), la dislipémia
(p<0,014), la pressi6 del pols (p=0.003) i el quocient
d’albumina/creatinina en orina (p=0.050).
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6.2. Article numero 2

Els principals resultats d’aquest article sén:

1. Enrelacié a les capes internes de la retina:

1.1. Els pacients amb DM1 amb i sense RD presenten un aprimament
significatiu en el sector nasal de RNFL (p<0,001) respecte a un grup

control de subjectes sense DM.

1.2.  El gruix de GCL és significativament inferior en els pacients amb
DM1 i RD avangada en comparacio amb pacients amb DM1 sense
RD (p<0,001), amb pacients amb RD lleu (p=0,010) i amb el grup
control de subjectes sense DM (p<0,001). El gruix de GCL s’associa

de forma independent al grau avangat de RD.

2. Els pacients amb DM1 presenten un GC significativament major
respecte al grup control de subjectes sense DM. El GC en pacients amb
DM1 sense RD o RD lleu és superior al del grup control. En canvi el GC
en aquells pacients amb DM1 i RD avangada és significativament inferior

als que presenten RD lleu i també en relacio al grup control.

3. El GC en pacients amb DM1 sense RD i RD lleu s’associa a I'edat i a

Phabit tabaquic.
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7. DISCUSSIO
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En el present estudi, que inclou una extensa cohort de pacients adults amb
DM1 i un grup de control de subjectes amb normoglucémia, els pacients amb
DM1 presenten una prevalenga de placa ateromatosa carotidia
significativament més alta. En aquest grup de pacients, la RD en el seu grau
avancgat s’associa de forma independent a la preséncia i carrega de plaques
carotidies.

A més, el gruix de RNFL nasal és menor en els pacients amb DM1,
independentment del grau de RD, en comparaci6 amb subjectes sense DM,;
mentre que el gruix de GCL és menor només en els pacients amb DM1 i RD
avangada en comparacio amb subjectes amb DM1 i RD lleu o sense RD i amb
subjectes no diabetics. D'altra banda, el GC és superior en pacients amb DM1
sense RD i RD lleu en comparacié amb el grup control, mentre que en els
pacients amb RD avancada el GC és inferior en comparacié a pacients amb
DM1 i RD lleu i similar al grup control. Aixi, hem trobat correlacio directa entre
les alteracions coroidals i el grau de RD en pacients amb DM1.

A continuacio, es discuteixen els resultats més rellevants:

7.1. Aterosclerosi carotidia subclinica i retinopatia diabética

La historia natural de la malaltia CV inclou una fase subclinica perllongada, en
la qual I'aterosclerosi arterial evoluciona de forma silent i, per tant, habitualment
es detecta la malaltia CV en fases avangades o després d’'un esdeveniment
Cv.

L'ecografia arterial és un métode no invasiu que s'utilitza per detectar i
quantificar I'aterosclerosi i ha demostrat ser una prova de cribratge util per a la
prediccid futura d’esdeveniments CV. Actualment, s’accepta que la preséncia i
la carrega de plaques carotidies son millors predictors d’esdeveniments CV
futurs que el GIM de les artéries carotides(24,105).
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En pacients amb DM1, diversos estudis han demostrat que aquests pacients
presenten un GIM carotidi significativament més alt que els subjectes no
diabétics(106). Hi ha poques dades a la bibliografia d’estudis que hagin
analitzat la preséncia de plaques aterosclerotiques en pacients amb DM1, aixi
com la seva associacié amb la presencia de RD. En un estudi de Distiller et al.
en 148 pacients amb DM1 (mitjana d’edat de 48 anys i durada mitjana de DM
de 26 anys), la frequéncia de plaques carotidies va ser del 18,9%. En aquest
estudi, es va descriure que la presencia de RD estava associada de manera
independent amb la preséncia de plaques(32). En aquest sentit també, Ogawa
et al.(33) van descriure una frequéncia de plaques carotidies del 28,8% en un
grup de 73 pacients amb DM1 de debut a la infancia i llarga evolucioé de la
malaltia (edat mitjana de 38 anys). Aquest mateix estudi va descriure una
associacio entre la RD proliferativa i el GIM carotidi.

L’aterosclerosi carotidia subclinica també s’ha analitzat en un altre subgrup de
pacients amb DM d’etiologia autoimmune, la diabetis autoimmune latent de
'adult (LADA), i s’ha descrit que la frequéncia de l'aterosclerosi carotidia
preclinica en aquests pacients és similar, o fins i tot major en els que tenen una
durada més llarga de la malaltia, en comparaci6 amb pacients amb DM1
classica i DM2 d’edat similar(107). En els pacients amb LADA, l'aterosclerosi
carotidia preclinica també s’associa a factors de risc classics com la HTA i
I’habit tabaquic.

En pacients amb DM2, les dades relacionades amb la preséncia i la carrega de
plaques carotidies sbn més abundants(108). En aquest sentit, s'ha descrit en
pacients amb DM2 sense malaltia CV prévia una major prevalenga i carrega de
plaques aterosclerotiques carotidies en comparacio amb subjectes sans(109).
A més, s’ha descrit que la preséncia de RD és un factor de risc independent
associat a la presencia de plaques carotidies en pacients amb DM2 sense
malaltia CV prévia(43,44). Concretament, la proporci6 de subjectes amb
plaques carotidies en pacients amb DM2 i RD va ser superior en comparacioé a
pacients amb DM2 sense RD; a més, els pacients amb RD presentaven una

carrega meés elevada d’aterosclerosi (22 plaques carotidies)(43).
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Els resultats obtinguts en la present Tesi Doctoral mostren que la preséncia de
plaques és significativament més alta en pacients amb DM1 en comparacio
amb subjectes normoglucémics. A més, una proporcio meés alta de pacients
amb DM1 presenten =2 plaques carotidies en comparacié amb els controls. Els
factors que s’associen de forma independent amb la preséncia de plaques
aterosclerotiques en pacients amb DM1 son diferents en funcié de la carrega
aterosclerotica (una placa vs. 22 plaques). En ambdds casos, els factors de
risc CV classics i, més important, els graus avangats de RD s’associen de

forma independent amb I'aterosclerosi subclinica.

S’ha descrit que la RD esta relacionada amb la malaltia macrovascular(110),
aixi com amb una major morbiditat i mortalitat per malalties CV(35). Es
interessant fer referéncia que la preséncia de RD avangada es troba entre els
factors independents de risc d’ictus tant en pacients amb DM1(35,38) com
DM2(111).

D’altra banda, les concentracions de lipids estan fortament relacionades amb el
risc de patir malalties CV(112). En aquest sentit, la Guia sobre diabetis, pre-
diabetis i malalties CV de I'European Society of Cardiology i I'European
Association for the Study of Diabetes de 2019 recomana classificar els pacients
amb DM amb un risc CV molt alt si presenten malaltia CV establerta, o dany a
altres organs diana (proteinuria, insuficiencia renal definida com un filtrat
glomerular estimat (FGe) <30 ml/min/1,73m?, hipertrofia ventricular esquerra o
RD) o més de tres factors de risc majors (edat, HTA, dislipémia, habit tabaquic,
obesitat) o DM1 de debut a la infancia o de llarga durada (>20 anys). L'objectiu
de nivells de lipids recomanats és de <1,4 mmol/L (<55 mg/dL) i una reduccid
d’almenys el 50% en aquests pacients (recomamacio clase 1). Malgrat aixo,
aquesta guia no considera els diferents graus de RD per a la recomanacio dels
objectius de dislipémia en pacients amb DM(19).
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7.2. Canvis estructurals de la retina i la coroide i relacié amb la

retinopatia diabética

Hi ha pocs estudis que hagin avaluat I'associacio entre els canvis de les capes
internes de la retina i els canvis coroidals, aixi com la seva relacié amb el grau
de RD en pacients amb DM1(74,75,113,76-78,80,95,100,101,103). A més,
molts d'aquests estudis tenien mides mostrals petites, i la majoria es van
realitzar en poblacions pediatriques i, per tant, la durada mitjana de la DM era
relativament curta. Els treballs presentats en aquesta Tesi Doctoral inclouen la
major cohort de pacients amb DM1 amb una avaluacio de les caracteristiques
estructurals de la retina per SD-OCT.

7.2.1. Relacié entre les alteracions retinianes (gruix de RNFL i GCL) i el

grau de retinopatia diabeética

Existeixen evidencies que suggereixen que la neurodegeneracio de la retina
podria ser una etapa inicial en la patogenesi de la RD(74-78,81,113,114). En
aquest sentit, en les primeres etapes de la RD, abans que aquesta complicacio
esdevingui clinicament evident, no és possible detectar anomalies
microvasculars en I'examen oftalmoscopic. Tot i aixd, en aquestes etapes
precliniques, es pot detectar la preséencia d’alteracions suggestives de

neurodegeneracio mitjangant mfERG o SD-OCT(69).

Alguns autors no han descrit diferencies en el gruix de les capes internes de la
retina (RNFL i GCL) mitjangant SD-OCT en pacients pediatrics(79,80) o
joves(95) amb DM1 sense RD en comparacié amb subjectes no diabétics(80).
En canvi, altres estudis que han comparat pacients amb DM1 joves o pediatrics
sense RD amb subjectes de control sans han descrit un aprimament significatiu
de RNFL(74,75,78) i GCL(74,75,77,78). Gundogan et al. va descriure que
'aprimament de GCL era més acusat en el sector temporal, i va suggerir que el
sector temporal de GCL és més vulnerable en pacients amb DM1 i, per tant,
que les dades obtingudes per SD-OCT es podrien utilitzar com a biomarcadors
de neurodegeneracio retiniana en pacients amb DM1 sense RD(75). En aquest
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sentit, una meta-analisi que va incloure 8 estudis amb mides mostrals petites
va concloure que I'aprimament de la retina pot estar present en pacients amb
DM1 i RD lleu o sense RD, i va suggerir que la neurodegeneracio de la retina
pot considerar-se una etapa primerenca de la RD que precedeix la vasculopatia
retiniana visible(81).

Altres autors han descrit un aprimament de RNFL i GCL en pacients amb DM1 i
RD lleu, perd no en pacients amb DM1 sense RD, en comparacié amb els
subjectes de control(76). Aquests autors suggereixen que l'aprimament de les
capes internes de la retina sembla produir-se a expenses de l'aprimament de
GCL i, posteriorment, de la RNFL, a causa de la pérdua d'axons de les cél-lules
ganglionars; i a més, van inferir que el sector nasal de RNFL és el més
vulnerable en pacients amb DM1, ja que els axons de les cél-lules ganglionars

viatgen fins al cap del nervi optic sense creuar-se.

Els resultats obtinguts en els treballs que es presenten en aquesta Tesi
mostren un aprimament significatiu de GCL en pacients amb DM1 en
comparacié amb els subjectes normoglucémics, tot i que aquest canvi només
és significatiu en etapes avancades de la RD, i no en pacients amb RD lleu o
sense RD. D’altra banda, hem descrit un intens aprimament de RNFL nasal en
pacients amb DM1 sense RD en comparaci6 amb els subjectes
normoglucémics, tal com han descrit altres autors(78). Aquest aprimament
també s’observa en els pacients amb DM1 i etapes avancades de RD. Es
important destacar que aquesta troballa es manté estadisticament significativa
despreés de I'ajust per a variables cliniques en 'analisi de regressié multivariant.
En relacié a I'us d’altres técniques per avaluar la neurodegeneracid, alguns
autors han obtingut resultats similars en estudis basats en mfERG, en els quals
han descrit un temps implicit de P1 més llarg i una menor amplitud de P1 a la
zona nasal que a la zona temporal en ulls de pacients amb DM2 respecte
controls normoglucemics(89,115).

Més recentment, els resultats descrits a I'estudi de I'European Consortium for
the Early Treatment of Diabetic Retinopathy (EUROCONDOR), que va incloure
449 pacients amb DM2, van assenyalar l'existéncia de dos fenotips de

80



subjectes: un grup en el que hi ha neurodegeneracid/neurodisfuncid sense
afectacié microvascular i un altre grup de pacients amb microangiopatia pero
sense neurodisfuncio. Els resultats de I'estudi van demostrar que el 58% dels
pacients amb neurodisfuncio, avaluats per mfERG, no tenien evidéncia de
retinopatia visible. D'altra banda, el 32% dels pacients amb malaltia
microvascular visible no presentava cap anormalitat funcional o estructural
relacionada amb la neurodegeneracio. Aquest estudi també va demostrar que
la correspondéencia entre l'aprimament per SD-OCT i les anormalitats en
MfERG en pacients sense RD va ser del 67%(69,116).

7.2.2. Relaci6 entre el gruix coroidal i el grau de retinopatia diabética

La coroide proporciona oxigen i nutrients a les capes externes de la retina i és
'dnic subministrament sanguini de la fovea(92). En la RD, s'han descrit
diverses anomalies coroidals histopatologiques, inclosa la remodelacid
vascular amb augment de tortuositat, obstrucci¢ i dilatacié dels coriocapil-lars,

aneurismes coroidals i neovascularitzacio.

L’associacio entre el GC i el grau de RD s’ha descrit en diversos articles, tot i
que els resultats descrits son contradictoris. Alguns estudis no han descrit
diferéncies significatives en el GC entre pacients amb DM1 i subjectes de
control(78,95,103,113). Malgrat aix0, aquesta manca de diferéncies podria ser
deguda al poc temps d’evoluci6 de la DM1 en els pacients inclosos en aquests
estudis (majoritariament pediatrics). En canvi, altres estudis han descrit un
aprimament significatiu del GC en pacients amb DM1 i RD(101) i sense
RD(75,101) en comparacio amb els subjectes normoglucemics. Alguns autors
han suggerit que aquest aprimament podria ser degut a una relativa
vasoconstricci6 o disminucié de la pressi6 de perfusi6 en els vasos
coroidals(102).

A diferéncia del descrit en estudis previs, els resultats que es presenten en
aquesta Tesi mostren un augment significatiu de GC en pacients amb DM1
sense RD i amb RD lleu en comparacié amb al grup control. En canvi, el GC en
pacients amb DM1 i RD avangcada és similar al GC en els subjectes
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normoglucémics. Una possible explicacio per a la diferéncia de GC observada
en relacié amb els diferents graus de RD podria estar relacionada amb I'estat
inflamatori. En aquest sentit, s'ha suggerit que els neutrofils polimorfonuclears
poden contribuir a esdeveniments vaso-oclusius i a lesié de les cél-lules
endotelials a la coroide diabética. D'aquesta manera, la peérdua de
coriocapil-lars a la coroide diabética podria fer que aquestes arees de la
coroide es superposessin a l'epiteli pigmentari de la retina hipoxic(117). Quan
'EPR és hipoxic, augmenta la produccio de VEGF, que estimula
I'angiogénesi(118). Alternativament, 'augment de GC es podria interpretar com
una etapa d’hipervascularitzacié similar a la hiperfiltracié que es produeix en les
primeres etapes de la nefropatia diabética. Aquestes troballes suggereixen que
els canvis en la vasculatura coroidal podrien ser un esdeveniment precog¢ a la
RD, fins i tot quan aquesta és indetectable per examen oftalmoscopic(119).
L’aprimament del GC observat en les etapes avancades de la RD podria estar
relacionat amb el dany progressiu de I'endoteli que resulta d’aquest procés,

provocant un flux sanguini reduit i isquémia.

7.3. Limitacions i punts forts de I'estudi

El present estudi té diverses limitacions:

En primer lloc, el disseny de I'estudi no permet establir la relacio fisiopatologica
entre la RD i els seus graus amb I'aterosclerosi.

En segon lloc, el calcul inicial de la mida de la mostra es va fer fonamentat
principalment en la presencia de RD i no en la gravetat d'aquesta complicacio
microvascular. Aixi, malgrat el nombre relativament gran pacients amb DM1
inclosos a I'estudi, després de l'estratificacid pel grau de RD, els subjectes van
ser limitats en les etapes avangades de RD.

En tercer lloc, es van excloure de l'estudi els pacients amb antecedent de
malaltia CV, augment de I'excrecio urinaria d’albumina, insuficiéncia renal i peu
diabétic, excloent aixi pacients amb altres comorbiditats importants. Per tant,
no és possible extrapolar les troballes en aquells subjectes amb DM1 i malaltia
CVilo MRC.
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En quart lloc, la preséncia de neurodegeneracid retiniana es va avaluar
mitjangant SD-OCT, que permet mesurar el gruix de les capes internes de la
retina (un parametre morfologic), mentre que I'us d'altres técniques basades en
l'avaluacié de parametres funcionals (per exemple, mfERG o microperimetria)
podria presentar resultats diferents.

Aquest estudi també presenta diversos punts forts:

Primer, inclou la cohort més extensa de pacients amb DM1, publicada fins al
moment segons el nostre coneixement per cerca a Pubmed a Novembre de
2019, en la qual s’han avaluat les caracteristiques estructurals de la retina
mitjangant SD-OCT.

A més, descriu, per primera vegada, una correlacio directa entre les alteracions
coroidals i el grau de RD en pacients amb DM1.
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8. CONCLUSIONS
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. En pacients amb DM1 sense malaltia CV, els graus avancgats de RD, que
inclouen la RD moderada, la RD greu i la RD proliferativa, s’associen de
forma independent a la preséncia i carrega de plaques aterosclerotiques
carotidies.

. Els pacients amb DM1 sense malaltia CV presenten alteracions
morfoldogiques a les capes internes de la retina suggestives de
neurodegeneracio, tant en una etapa prévia a [linici dels canvis
vasculars de la RD (sector nasal de RNFL), com en etapes avangades
de la RD (GCL).

. En pacients amb DM1 sense malaltia CV prévia el GC varia en funcio de
la preséncia i/o grau de RD. En concret, respecte als subjectes sense
DM, el GC és superior en pacients sense RD o RD lleu, mentre que no
s’observen diferéencies amb el grup de pacients amb RD avangada.

. Els pacients amb DM1 sense malaltia CV previa presenten, en
comparacié amb subjectes sense DM de la mateixa edat i sexe, una
prevalengca i una carrega de malaltia aterosclerotica carotidia meés

elevada.
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En general, els nostres resultats suggereixen que el SD-OCT es podria utilitzar
com una prova d’'imatge de diagnostic precog¢ per detectar una afectacio de la
retina relacionada amb la DM tot i no haver-hi EMD associat. Aixi, tenint en
compte I'associacio que es descriu entre la carrega de placa aterosclerotica i el
risc d’esdeveniments CV futurs en la poblacié general, els pacients amb DM1 i
RD podrien ser un subgrup de pacients que s’haurien de considerar amb un
risc més elevat per a futurs esdeveniments CV, i s’haurien de seguir amb més
intensitat per prevenir la malaltia CV. Els resultats actuals haurien de conduir a
una consciéncia més gran de la RD com a factor de risc CV no classic dels
pacients amb DM1 i a la seva adequada consideracié per al tractament

preventiu entre els clinics.
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9. LINIES DE FUTUR
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1. Analitzar I'associacio entre el GC i la preséncia de malaltia aterosclerotica

subclinica en pacients amb DM1 sense historia prévia de malaltia CV.

2. Valoraci6 funcional de les cel-lules nervioses de la retina amb la realitzacio
de mERG a la cohort de pacients amb DM1 que s’ha analitzat en els estudis
que formen part d’aquesta Tesi Doctoral. L'objectiu seria analitzar el grau de
concordanca i I'associacio entre les alteracions funcionals de la retina (MERG) i
les alteracions estructurals de les capes internes de la retina (SD-OCT).
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