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La modalidad de presentacién de la presente tesis doctoral es por compendio de

publicaciones.

A continuacién se detallan los cuatro articulos previamente publicados que
constituyen el cuerpo de la tesis:

1. Herrero R, Garcia-Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R,
Martin J, Satue M, Dolz I, Fernandez J, Pablo LE. Progressive degeneration of
the retinal nerve fiber layer in patients with multiple sclerosis. Invest Ophthalmol
Vis Sci. 2012;53(13):8344-9. ISSN: 0146-0404. PMID: 23154461

2. Garcia-Martin E, Pablo LE, Herrero R, Satue M, Polo V, Larrosa JM,
Martin J, Fernandez J. Diagnostic ability of a linear discriminant function for
Spectral domain optical coherence tomography in multiple sclerosis patients.
Ophthalmology 2012;119(8):1705-11. ISSN: 0161-6420. PMID: 22480742.

3. Garcia-Martin E, Calvo B, Malvé M, Herrero R, Fuertes |, Ferreras A,
Larrosa JM, Polo V, Pablo LE. Three-dimensional geometries representing the
retinal nerve fiber layer in multiple sclerosis, optic neuritis, and healthy eyes.
Ophthalmic Research 2013 (en prensa). ISSN: 0030-3747

4. Garcia-Martin E, Herrero R, Bambo MP, Ara JR, Martin J, Polo V,
Larrosa JM, Garcia-Feijoo J, Pablo LE. Artificial neural network techniques to
improve the ability of optical coherence tomography to detect optic neuritis.

Seminars of Opthalmology 2013 (en prensa). ISSN: 0882-0538
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AV: Agudeza visual
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OCT: Tomografia 6ptica de coherencia
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INTRODUCCION GENERAL

El tema principal de las cuatro publicaciones internacionales que componen esta
tesis doctoral se centra en el estudio de la capa de fibras nerviosas de la retina en
pacientes con esclerosis multiple como método para mejorar y acelerar el proceso
diagndstico asi como el seguimiento y la monitorizacion de esta enfermedad.

La esclerosis multiple (EM) es una compleja enfermedad neurodegenerativa que se
caracteriza por lesiones axonales en el sistema nervioso central que conducen a
déficits neuroldgicos progresivos.

Clasicamente se ha considerado una enfermedad desmielinizante en la que la
mielina que recubre los nervios es destruida por procesos de inflamacion y
cicatrizacion; sin embargo en los Ultimos afios se ha demostrado que se asocian otros
procesos de dafio axonal*?.

Existen evidencias de que el dafio axonal aparece desde fases precoces de la
enfermedad, sin relacién con episodios inflamatorios 0 autoinmunes contra la mielina,
y de que esta degeneracion axonal esta directamente relacionada con la discapacidad
funcional permanente'?. Estudios previos han demostrado que el deterioro axonal de
los pacientes con EM puede ser observado y cuantificado a nivel de la capa de fibras
nerviosas de la retina (CFNR) mediante técnicas de andlisis digital de la imagen®2.

Algunos autores han sugerido que la evaluacion de la CFNR podria ser incluso mas
atil que la resonancia magnética para medir la atrofia neuronal® y un nimero creciente
de neurdlogos utiliza la evaluacion de la CFNR para monitorizar la progresion de la
enfermedad®**.

La retina es una parte del sistema nervioso central de facil acceso para el examen
clinico y la evaluacion de la CFNR. La CFNR se compone fundamentalmente de

axones no mielinizados de las células ganglionares de la retina; por lo que las




mediciones de su espesor aportan una valoracion relativamente directa de las fibras
nerviosas y por lo tanto del dafo axonal.

La aplicacién de las técnicas de analisis digital de imagen en oftalmologia, como la
tomografia de coherencia Optica (OCT), ha supuesto la aparicion y desarrollo de
parametros que aportan una medicidn cuantitativa, objetiva y reproducible de la CFNR.
Estos instrumentos han permitido observar alteraciones en la CFNR de pacientes con
EM, incluso sin el antecedente de episodios clinicos de neuritis dptica, lo que sugiere
la existencia de un dafio axonal no asociado a inflamacién en esta patologia.
Numerosos autores han sugerido la utilidad del estudio de la CFNR como marcador
biolégico del dafio axonal en la EM***| y se ha observado que el estudio del espesor
de la CFNR con OCT puede ser un método Util para monitorizar la progresion de la EM
EM®’,

La OCT nos permite obtener imagenes de muy alta resolucion de cortes
transversales de la retina y del disco 6ptico basados en patrones de interferometria de
baja coherencia producidos por la luz reflejada en los tejidos retinianos. La reciente
introduccion de nuevas tecnologias en la OCT, como la OCT de alta resolucion en tres
dimensiones (3D) usando el dominio Fourier, nos proporciona una mayor resolucion si
la comparamos con la clasica OCT de dominio tiempo*"™*°.

Existen muchas compariias en el mercado que comercializan dispositivos OCT de
dominio Fourier. Todas ellas nos permiten medir el espesor macular y de la CFNR.
Actualmente no existen directrices claras sobre si uno, varios, o todos los parametros
de la CFNR proporcionados por la OCT pueden ser utilizados para establecer el
diagnostico y evaluar la progresion de la EM. Varios estudios han demostrado que el
espesor medio de la CFNR es el mejor parametro diagnéstico en diferentes patologias,

como el glaucoma y la EM**1:20-%2

, asi como el parametro mas sensible para detectar
progresion’. Sin embargo, estudios mas recientes indican que el diagnéstico precoz de

la EM mejora con la combinacién de varios parametros y que cada parametro puede




realizar una contribucion diferente para distinguir entre sujetos sanos y pacientes con
EM y para detectar el antecedente de neuritis 6ptica subclinica en dichos pacientes®.
Con el objetivo de mejorar la exactitud diagnéstica de las mediciones de la OCT,
algunos investigadores han analizado la implementacion de algoritmos de aprendizaje
de las maquinas, tales como las redes neuronales artificiales, utilizando las mediciones
de la CFNR. Estudios realizados por el Departamento de Ingenieria Electrénica e
Informética de la Universidad de Miami han demostrado la viabilidad de los métodos
de redes neuronales artificiales para distinguir entre los sujetos control y los pacientes
con EM usando el Potencial Evocado Cognitivo P300%**°. El modelo de red neuronal,
sin embargo, aun no habia sido utilizado hasta ahora para evaluar la capacidad
diagnostica de la OCT en ojos con neuritis 6ptica. Pablo y colaboradores®’ usaron la
combinacién de parametros de la CFNR para mejorar la capacidad diagnostica de la

OCT en la detecciéon del glaucoma mediante una funcién lineal discriminante.

A continuacién se incluye una breve presentacién de cada trabajo y se justifica su

unidad tematica:

1. Herrero R, Garcia-Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R,
Martin J, Satue M, Dolz I, Fernandez J, Pablo LE. Progressive degeneration of
the retinal nerve fiber layer in patients with multiple sclerosis. Invest Ophthalmol

Vis Sci. 2012;53(13):8344-9. ISSN: 0146-0404. PMID: 23154461

Este trabajo, se trata de un estudio longitudinal prospectivo con un periodo de
seguimiento de 3 afios en el que se incluyeron un total de 94 pacientes con EM y 50
sujetos sanos. El objetivo del estudio consisti6 en evaluar los cambios que se
producian a nivel de la CFNR en este periodo de seguimiento y cuantificar las

diferencias entre sujetos sanos y pacientes con EM, asi como analizar las diferencias




entre pacientes que habian recibido tratamiento modificador de la enfermedad y
aquellos que no habian recibido ningan tratamiento.

De esta manera, cuantificamos los cambios en la CFNR durante tres afios para
analizar la capacidad de la evaluacion de la CFNR como biomarcador de
neurodegeneracion y discapacidad en pacientes con EM, y comparar si existen
diferencias en la degeneracién axonal que se produce entre los pacientes tratados y
los no tratados.

Numerosos estudios han demostrado que el adelgazamiento de la CFNR se produce
no solo en los ojos que han sufrido un episodio previo de neuritis Optica, sino también
en los pacientes que no han presentado ninguna manifestacién ocular previa'***.
Las mediciones del espesor de la CFNR proporcionadas por las técnicas de analisis
digital de imagen como la OCT pueden ser utilizadas como marcador de pérdida

M®293°  En nuestros resultados observamos un claro descenso

axonal en E
estadisticamente significativo en los espesores medio, superior, inferior y temporal de
la CFENR, asi como un descenso del volumen macular obtenidos mediante la OCT en
el grupo de pacientes con EM a los tres afios de seguimiento. Pocos autores han
estudiado el efecto de los tratamientos de la EM en la degeneracion de la CFNR.
Garcia-Martin y colaboradores® concluyen que el tratamiento puede ser un factor
protector contra la pérdida de la CFNR asociada a la progresion de la enfermedad. En
el presente estudio, observamos que los pacientes no tratados presentaron una mayor
pérdida del espesor en todos los cuadrantes de la CFNR salvo en el cuadrante nasal a
los tres aflos de seguimiento, siendo estadisticamente significativa en el espesor
medio y superior. De esta forma, nuestros resultados demostraron que el tratamiento

reduce la tasa de pérdida de la CFNR, aunque no encontramos diferencias entre los

distintos tipos de tratamiento.




2. Garcia-Martin E, Pablo LE, Herrero R, Satue M, Polo V, Larrosa JM, Martin J,
Fernandez J. Diagnostic ability of a linear discriminant function for Spectral
domain optical coherence tomography in multiple sclerosis patients.

Ophthalmology 2012;119(8):1705-11. ISSN: 0161-6420. PMID: 22480742.

Este trabajo es un estudio transversal y prospectivo llevado a cabo con 115 sujetos
sanos y 115 pacientes afectos de EM del area sanitaria del Hospital Universitario
Miguel Servet de Zaragoza que fueron reclutados por un oftalmélogo y un neurélogo
segun los criterios de inclusion detallados en el articulo. Todos los pacientes con EM
presentaban el fenotipo remitente-recurrente de enfermedad y el diagndstico se habia
llevado a cabo basandose en los criterios clinicos y de neuroimagen proporcionados
por la resonancia magnética. El objetivo del estudio fue calcular y validar una funcién
lineal discriminante para la OCT de Dominio Spectral que mejore la habilidad
diagndstica empleando Unicamente los espesores de la CFNR en pacientes con EM.
Esta prueba proporciona una manera rapida, objetiva, reproducible y no invasiva de
evaluar la CFNR. Actualmente no hay guias claras sobre si uno, varios o todos los
parametros de la CFNR proporcionados mediante la OCT pueden contribuir al
diagndstico y evaluacién de la progresion de la EM. En la préctica clinica es importante
realizar un diagnéstico precoz de esta patologia para poder iniciar el tratamiento con
las terapias modificadoras de la enfermedad de forma temprana, puesto que de ello
depende su efectividad. Este estudio proporciona una férmula para ayudar a
discriminar entre sujetos sanos y pacientes con EM, de forma que se pueda mejorar el
diagnéstico precoz en fases tempranas de la enfermedad o en ciertas circunstancias
gue hacen dificil decidir la presencia o no de EM basandose s6lo en otros criterios

como la resonancia magnética o los signos clinicos.


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Garc%C3%ADa%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

3. Garcia-Martin E, Calvo B, Malvé M, Herrero R, Fuertes |, Ferreras A, Larrosa
JM, Polo V, Pablo LE. Three-dimensional geometries representing the retinal
nerve fiber layer in multiple sclerosis, optic neuritis, and healthy eyes.

Ophthalmic Research 2013 (en prensa). ISSN: 0030-3747.

En este estudio transversal y prospectivo se incluyeron un total de 110 sujetos sanos
y 130 pacientes con EM, todos ellos de fenotipo clinico remitente-recurrente. El
objetivo de este estudio fue utilizar la geometria tridimensional para representar e
interpretar la distribucion del dafio axonal que se produce en la morfologia de la CFNR
en pacientes con EM. Debido a que la evaluacion del nervio éptico se considera un
biomarcador de dafio axonal en la EM, resulta importante determinar qué sectores o
areas de la CFNR se van a encontrar mas afectadas tras sufrir un episodio de neuritis
Optica. Algunos estudios han encontrado que el espesor de la CFNR esta relacionado
con parametros cerebrales, asi como con la atrofia de la sustancia blanca y gris en la
EM?*3233_ Aunque un episodio de neuritis 6ptica, dafia principalmente el nervio 6ptico,
también podria interferir en esta relacion interrumpiendo la asociacion con la sustancia
gris®. Dérr y colaboradores® demostraron que la fraccion dafiada del parénquima
cerebral refleja la gravedad de la EM, mientras que el espesor de la CFNR podria ser
un parametro mas especifico en el seguimiento longitudinal del dafio axonal. En
relacién a los mecanismos por los que la EM produce el dafio axonal se han propuesto
varios, como cambios en la ultraestructura de las células ganglionares, astrocitos y
células endoteliales. Los tejidos y las células pueden sufrir una deformacion por varios
mecanismos, ya sea por extension, compresion, desmielinizacion o atrofia, aunque no
son independientes unos de otros. La respuesta de los tejidos y células depende del
tipo de deformacién, asi como de la magnitud y del tiempo que recibe los estimulos,

34,35,36

del tipo de tejidos y células y su estado biolégico . Por tanto, es importante

determinar qué deformaciones se encuentran a nivel de los tejidos de la CFNR en los
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pacientes con EM con o sin dafio oftalmolégico. En este estudio, analizamos la
deformacién de la CFNR causada por la neurodegeneracion progresiva que sufren los
pacientes con EM y por los episodios de neuritis dptica que frecuentemente padecen
estos pacientes. En esta publicacion internacional se describe el dafio de la cabeza del
nervio 6ptico mediante una representacion geométrica en tres dimensiones. En cuanto
a nuestros resultados, el analisis basado en las 768 mediciones obtenidas mediante la
OCT Spectralis mostré un mayor descenso de todos los pardmetros en los 0jos con
antecedentes de neuritis 6ptica comparados con los ojos de pacientes sin historia de
neuritis Optica y ojos sanos. En la representacion de la morfologia de la CFNR usando
el modelo en tres dimensiones en los pacientes con EM con y sin previo episodio de

neuritis 6ptica encontramos un mayor dafio en el area temporal.

4. Garcia-Martin E, Herrero R, Bambo MP, Ara JR, Martin J, Polo V, Larrosa
JM, Garcia-Feijoo J, Pablo LE. Artificial neural network techniques to improve
the ability of optical coherence tomography to detect optic neuritis. Seminars of

Opthalmology 2013 (en prensa). ISSN: 0882-0538.

Se trata de un estudio transversal y prospectivo en el que se incluyeron 108 sujetos
sanos y 122 pacientes con EM que fueron reclutados por un oftalmélogo y un
neurélogo dentro del area sanitaria del Hospital Universitario Miguel Servet de
Zaragoza. El objetivo del estudio fue analizar la habilidad de la OCT de dominio
Fourier Spectralis para detectar EM y el antecedente de neuritis Optica usando la
tecnologia de las redes neuronales artificiales. Se determind de esta forma, si una
combinacién selectiva de parametros de la CFNR podria optimizar o acelerar el
diagnostico de la EM y ayudar a detectar el antecedente de episodios de inflamacion
subclinica en el nervio éptico.

La inflamacion del nervio Optico puede cursar de forma subclinica y pasar

inadvertida, por lo que es importante determinar si la OCT de dominio Fourier puede




ser capaz de detectar episodios previos de neuritis dptica en pacientes con EM. Con el
objetivo de mejorar la capacidad diagnéstica de los pardmetros proporcionados
mediante la OCT Spectralis y determinar qué combinacion selectiva de las mediciones
de la CFNR logra optimizar el diagnéstico de EM y la presencia de antecedente de
neuritis optica subclinica, hemos disefiado un modelo estadistico de red neuronal
artificial. En nuestros resultados obtuvimos una sensibilidad de este sistema de red
neuronal para detectar EM usando la OCT Spectralis del 89,3%, una especificidad del
87,6% y una precision diagnéstica del 88,5%. Todos estos parametros fueron mejores
gue usando los espesores estandar de la CFNR proporcionados por el equipo. La
precision diagnostica para detectar ojos de EM con antecedente de neuritis Gptica fue
buena, pero la sensibilidad y especificidad (84,5% y 83,2%, respectivamente) fueron

inferiores que para diferenciar entre sanos y enfermos de EM.
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leved of the retinal nerve file rlayer { RMFL) using aoular imaging
e chnedogies, such as optical coherence mmography (00T, 58

The retina is a part of the CMNS that s esidy accesible o
clinical emminaton. The RNFL comprises madinhy nonm yeline
ated amns of metnal ganglion cedls, so BNFL thickness
measwrements provide a relbtively dinect asesment of the
s and aomnal damage .

Technologies for diginl image anahsis in ophthalmology,
swh s OCT, inchule the dewlopment of paameters o
provkle quanttative, ohjectve, and reproducihle RNFL mea-
surem ents. Some studies have demonstated RNFL loss in eyes
of MS patients without optic neurits ane cedent 37

MNumemus investigatons have sugge sted the importance of
examining ENFL thidmess with OCT as a hiologic marker of
annal domage in patients with MS, %' and 2s 2 useful method
for mondtoring M58 progresdon.®? Spme authors ove even
sugpested that OCT could substitute for magnetic nessnance
imaging as 2 method for mondmning the dsase ®H45 Long
term fllowe-up sudies are needed, however, i evaluate this
hypesthe sis.

Founerdomain optcl ooherence tomogmaphy (FL20CT)
uses @ spectometer cinsistiing of tensmision gmating and an
airspared focwsing kns. In FOROOTT, depth infomation is
poguired by anahysis of the interference patiems in 2 spectmm
of mixed reflected lights ™ To achieve utahigh resolution
irmages, time demin (TD) OCT requenes o hnger aogqusition
time, but FOROCT abtains 2- to 3mm axial resolution image s
withimt a remarkabde increase inothe acguiston dmet?

The signal-wenodse: mtke can be funther redoced with the
pulsed il lumination that i used by FOROOOT instead of the
oontnuous wave illemination used in TOWOCT. The pubsed
illvmination neduces the detrimental effects of sample moton
during scanning, so fewer artifts and claner images ane
acipuired '

Some investigators have used high-definition 4T o
evaluate MS patients in cosssectional studies, ™ but very few
kengituadinal studies wwing FIMCT* Y have been published.
These studies dd not incompomte an exhastive newno
iphthalmologi: examination of changes in visal evoled
periendals (VEPs) owver time. The purpose of this study was i
evalate structural and fimctonal changes of the RNFL and
oomelatons between these RNFL changes and disease proe
gression or severity over 2 period of § years.

METHODS

W pefonned 4 pEspectve longrading smdy with 4 dorEien of 3
yeaw_ Inall, 188 &yes of 94 M5 pasens and 50 heshhy soljeon wee
evalmied ar haseline, and @ 12, 24, and 36 monts. The sukly was

"\'. ¥ ok Vil HEE, Vel §1 N 13
Coppghs M2 The oo i for Rowc b i Vision aed Tpks balimodogy, b
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approved by the hospinal efucs imee and all pati sggnad an
indoarin el Corceent fohm d eradlingg the: ponpo se of tiss sody and e ness
incloded in the explor@ody [Wotoool, a5 well as the ahility I sop
wghnmzwmmm

The smdy indos T Were: d i of M5 by a
rmtkgh:h:utdmtt?uuutﬂh,ﬂﬁmﬂmq;ﬂlwﬂlu
Sneflen scdle, and i = 30 aven Hg
m:mmmnmmﬂmwwmnumq
i ey in the & monhs | ik in the smdy or
doring folloerap were exciadal from the siady. The reason for e
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9P%. The Lrency and amplicde of the positive fondamental
animgonent (P100) wene analread ©

Al varighles were fegswded anoa damb 4 with 4
oninmercial daahaes applicasion progam FileMaker Pro A5 Fie-
Maker, B, Santa Chara, CA) Ten sl afalmes wehe perimed
first, an ohsemabona Creessectona sody osing haseline medsone-
mmdmmammmmlnnmmmmu
ifich hies were M5 and i

-] and the depend b Wt:ntpn.mmprmmhf
e different echniqoes incloded in the sody protocnl Modifier
i e were . wex, and @ ik Al sl weRE

st dy was 1o evalme axonal o dary o the p ann of
M reflacting Chicrms M5 ik T and arme ks rhar
appear in times of ooheais were ool incloded. Patienas with
efacive ermors > 5 dopeers (00 of eqoivalenn spherical o 3 T of
WMMMHMmumd}'

AR oy 4 oinglete optetaliver SYadaEson that
mw:uww“qmm
charty, color vision (khitara peeodod pt ool
M}'Pwﬂﬁﬂﬂ- " S, afilany

i fGala REERTY mofphakogy Wil find-
songee evain, vieml held swrenation, OO and VEP Each e was

cdenesd Iy, All subjects were reevalnaesd @ 12, 24, and 36

b ] ify the ch in the RNFL and aseess confelmioes
with other gas0ciated facwds, soch 25 Rincsonl disa Ty RORres S
merpraed wing the ETRS F spanded Disabnliny Smms Sobke)

The nenrokigs varhbs dseeesd were M5 phenotype (helifwing-
AT, Ry ive, and dary paogresve), divemee
doration, EDVES, and FIHS Pri dvisoal sysem sabset of the EISS). Age
and =y were inchadsd & oovaries inthe analyss. Vieml aoniy W

d with Snellen chars, bar, and with a W eoving dEstanoe
of & merers. Vs ol fisd i 0 WS e dl s, 2 Fhairph fey
fedd aralrer (Cal Feie Medies Diahlin, ©CA) mang the STTA Stan dard
302 programn and mean deMason was evalmed The Pondcecogy
smdy was hawed on obesrvation of the papilla morphology (nonmal,
diffioee, o semorial arophy of edema) with 4 78T ens Oymecal
mhefence omogaphy wih a specraldemaEn S0 OCT spsem
o s OCT 3000, Carl Feies Meatiec) med tie Inllowing feotocods for

wtinal imaging: fa RNAL thick 3.4-mm seans) and fs
L Pa duamal wers mean S RMFL i
of she foor oo . @nd ik 0] YEPR Iysis was

i R il softwae o Golnmes the §0n meEren
wmumuumummrmw
(Nemronic Seme Wilness 5y 4.0 dewi K HNe i 51
Tamgora, Spin). Shver chionde-pload disk elactnodes wane placed
o the sealp @ the oordpanl (0w, active sleoaode) and fronmd (Fr,
efaence elecwode) amas The frequency of the stimmlaSon pamenn

fevabemed afer 12, 24, ﬂdzémmtm and e
wmmpuum
dpsis was perbemed ming ial presdictio

md}'ﬂﬂmﬁm“mlﬂﬂ P55, Inc, nmmm
noraraliy of the it i afirmed ming the
Kolfaogndv-5aamn oy esr. Vaoes of P o< ﬂﬂ'ﬁ wefe  Conekidared
smssically sgrafcant Resols of e wrighle i sobsequent vias
mmwummmmmmn}-m
o demect diffe in RNFL il with de L
Pearson'’s oorfelmion tes was mesd 1o mrelie chaagss in sracional
mnmmmdmmmmmmm

i, and o 3 d during the smdy
i the dialaliry stanes of thie MS parienrs (FDSE) Coarelainn @ty
W el 0 deremmnine the Pearson Coffelaind Cosfficent ) and e
smuscal significance of the iaindi (P The Pe [ ot ]
onefficient GFhcan renge harwesn & 1 and ~1: a valoeol 0 indecares thar
e i a0 il i [ =] variahles. Avaloe > 0 indimes
4 Proitive Ees Goiaran, St o, a5 the wine of ane variahle icEases &0
does e valne of the ofmer vadahie A valne < 0 indbeames 3 negaie
smnciason, thar &, & the valoe of one vartahle increases the valos of
the athed vadahie demeases

Finally, paiens were divided into rwo groops pasens with
remnend for M5 and pasens withoo @ ireamen. Patienns meaned with
aatna erone wene exchoded 1o mnendmire bis. A 5505 Soal O rson
hemwesn @e Ghoaps was pefonmed 1o analyse whels Feament s 4

ive o in & RMFL d Wi i e wilhi ME

= k

BEsurTs

The: MS groap included 64 females and %) male s with 2 femal ef
male ratio of 2. The contml group incduded 17 femakes and
55 males (mbo of %2). Age and sex in the M5 and control
groups wene not signdficantly different (F = 00568 and 0,394,
respectively). Hghtysiz patients (92.606) belonged to the
relapsing-remitting M8 group, & patients (6.4%) to the

was 2 Hz Mean hami was 935 candelas’m”, with a of secondary progressive group, and 1 patent (11%) i the
Tamis 1. Ponoriodel @nd Soocm sl M Oinraned & Raselne and A i E el T i Pas with b nlriple Solenneas (arl, 2, and 3
Yiegrs of Follow-lip)
Bucee e 1 Year I Wears 3 Years A vl €y drge P
BCVA 090 024y 054 (0213 052 @.11) 050 @3 4 L] o3
ehilara nesr 1806 (304) 1793 (AZX)y 1812 3.7 1808 323 o3 OITA
Vienal Geld, MDD (AR 308 (244 301 (323 362 2 14 38T @ TE) 04z 0689
OCT mean thickness 89,43 (1065 BE9S (11.28) 84,50 (1062 103 (1065 36T wond
0T soperior thickness 11578 (1503) 11426 (1623 1045 (1479 10501 (1345 498 LRl
OCT rasal i ohon e BOL0E (1747 BR12 (1708 E7.57 (L6186 G699 (1583 Lz oG 1
OCT i rlerior Shaokon & 11367 {1458y 10930 {1634 10530 (1922 10012 {5 59 488 Lons
0T sevgioaral Shiackoness SA61 (1345 SAH5T (IA9TH 5591 Q563 5278 Q5113 3l LIE R
OCT mmsunolar wnlme B57 (043 643 0023y .42 03y B43 mady ala o3l
VEF amplizde, my 1109 {25990 1005 (5770 1L1Z 327 10599 @57 o4 0443
VEF ey ik 12459 (113 11845 (645 11617 G54 11406 731D LET] LR
M:pmum.udmh fith e of 1 ch an each oved the 3year folooeap and significence lewel
wisils in kongivodinal analysis. Sapnaficanr are ind i d in ol fons (P = 000°5) RNFLiheckness

CANORTAD
Bmmmm{m},ﬂ il AT S i

d i e
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Tams 2. Pancsond and Szoctard Measorements (hzined i the Healty Conwal Group at Baseline and Annud Pamenasons (2 1, 2, and 3 Years
of Follow-Uip)

Base line 1 Year 2 Years 3 Years An oual Change P

BOVA 095 (0.14) 095 (0.1&8) 095 ®.17) 095 @16 «<-0001 0876
Ehilara test 1965 (1.34) 1964 (1.78) 19.66 (. 66) 1963 A82) ool 0573
Visad Seid, MD (dB) 77 (210) 078 (1.98) Q75 a.en a75 ass 0008 a7
OCT mean thickness 95.97 (11.60) T2 (118D 9302 A062) 91.13 (10.65) Q152 0045
OCT saperion fiickoess 117.95 (15.61) 11634 (1571 11545 Q439 11504 A3 .45) 0079 0245
OCT nusd tickness 7253 O5% 72.27 (10.02) F2.00 A034) TLE6 A1.70) 0022 1%
OCT inderior Seckness 12625 (13.34) 12587 (13.24) 12403 Q429 12319 Q3.3% a1s0 0032
OCT wmpord hickness 6853 (11.90) 67.96 (11.39) 67.56 (15.03) 6725 A5.11) 0042 0441
OCT macuiar volome 711 (039 7.10 (0.28) 711 @21 710 @20) 0005 0398
VEP amplimide, mV 1455 (253) 1456 270 454 639 1454 36D <-0001 0689
VEP lency ms 10032 (5.92) 10011 (465) 10043 GO 11041 @88) 0003 0220

Results are teparndumnm 5D in pasadeses, mean of annud change in exch aameter over the 3yars o wap and Sgaificance fewl
ANCNA) companing chaog wisits in Jonginodinad anadysis. Significans are indicased i haold foat (P < 0.05) RNFLthickness

ammredmm(m and macular volome & mexured in mo.
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Tame 3 Daflerences in Mean (Thange in Fach Variahle dodog the 3Year Follow-Up for Teo Groaps: Tie ol s 1% il Pai
Change &t 3 Years in Untresed Patiens. Change &t 3 Years in Tresed Patens i
Poenct el wariabibes
BOVA (Sl QL0 (000 Ty L0 E (000 ] s OzsT7T
1t s e OO {000 L4 000 ) 0487
Vinal Geld M) (A 022 {01y L4 00Ty nanz
ETHS [ Lo} ] L B Fa ko) ] LR
ET6S Po L0 (000 L0 1 000y 0457
RNFL nhickness 00Ty
Mean, wm 36T (LTI} 339 () -
Sapesofr, wm 4.98 (054 397 {072y ol
Ml 10ZE {052 120 Q03 028
Ieifegane, g 488 (091) 61 0BTy ErT]
Tt l, i 361 (A3 3460 GA1 aos3
Maralas Voldie, i OLIE {00y 015 (00zy oO7E
YEP
laency, s 0% 00Ty L0 0Ty [l ]
Amplivade, m'V T ) i 037 o000y O5z3

Diflerences in meen Chaage of each furamaer daring the 3-year folloecap and 5T in parentheses, fof the oo ghoaps: Dreed and eaonsmaed.
Sgnificance diffefence in Change harwesn meaad and nnrfeaad groaps hased on Smdents Fest

primary progressive group. Aneoedents of diplopia wene
present in 5 patents (298%) and neuntis in 45 patents
(25.9%). The mean EDSS soone ot baseline was 2.5 (range: (0-8).

With respect to the percentage of patients assigned to each
treatment group, the bgest group comprised subjecs who
received no teatment (50%). Among treated patients, the
largest group recetved beta inedenn b (Boafern; Bayer
HealthCare, Levedusen, Germany) (21, %%), folowed by beta
interferon 12 (Rebif, BMD Semnn, Inc., Roecklnd, MA [160%]
or Avonex; Biogen kiec Intermational GmbH, Zug, Switmerd and
[12.8%]), glatmmer aceate (Copaxine; Teva Phammaceutcal
Inadustries Did | Petach Tikva, Brael ) (1 1. 7%, anad mutooscentronses
(Mitoomntrona; Beijing Mesochem Technokgy Cao, Lid., e
jing, China) (2.0¥%).

Resulis of functional and stmectuml parameters eval wmted
amed significant differences between the oseline and Sear
examinatisns are shown in Tables 1 and 2. In MS patients, we
dewocted a significant loss in BCVA; mean, superior, inferor,
e skl RMFL thi clonee s s, anadl oo ar vordhemse: advtained with
OCT; and a significant delay in the P10 wave laency in VEP
{Tahle 1 and Fig 1A) In healthy sahjects, we observed a
significant lnss anly in the mean and inferior RNFL thi clne sse s
{anmmal changes of 0152 and —0.180 pm, respectively; P =
(S and 0.052; Tahle 2 and Fig. 1B).

I the: ME group, annual mean KNFL g cloe s messwred by
OCT showed 2 dear decmase over § years (Fig. 1A). The
pammeters with the most change s he tw haseline and the %
vear follvweup in MS patients were the supenor and inferor

RMNFL thicknesses, with a decrese in annual mesn dhd clone s of
498 (P = 0.015) and 488 pm, respectively (F < (L001).

Comeation analysis was performed to determine the
asmaciation hetween the changes megistered in pammeters
during the Syear followeup. The change s in structumal varabkes
during the followup provided by OCT wene not s gnificantly
oo pied with the changes in the finctonal varables during
these 3 years (BCVA, chromatic vision, VEP EDGES, and EDES
i) hemwever, there was o mesdente peitive comeation
hestwween the change regisered during the $-year followup in
ithe memn devizdion of ithe visual field and in meean {r=
407, P = 00%4) and tempaoral (r= 0521, P = 0029 ENFL
th ckone smess. during the 5 years of the longitulinal stucdy.

Changes in the functional and structwra pammeters over
the 3aear folvwap were companesd betwesn treawed and
nemtreate d patie nts. Untreated patients showed a higher loss of
thickness over the Spear fllowup in all BNFL parmesters
{exeept in the nasal quadrant), but satisbical differenoes wene
detected only in the mean and superior RMPL  thickne ses
(Table 3, Fig. 2).

IMpscnrssmons

In the present study, we quantified changes in ge BNFL ivera
byear perksd to anahyze the ahility of BENFL evahation to be
used 2= a hiomarker of newnode generation and  d=hbdit in
patients with M5, and to companre awonal degenemtion

[0 PATIEMNTS WITHOUT
TREATMENT

O PATIENTS WITH
TREATMENT

MEAN SUPERIOR

i i |

TEMPORAL

Fecams 2. Mean decease in RNFL f doness (measnned in gm) oved the 3-pear fnlloerap in meared and moomnea e o s
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hetween treated and untreated patients. Mumerous studies
have demmnstraed ENFL thinndng nat only in eyes with a
previous episode of optic neurntis, but alse in patients with MS
who have never had an aoute dindical episode of optic
neurits ' > 25 Megmme ments of BNPL thickness poovided by
digital imaging devices such as OCT have been sugge sted to be
weful a5 an indirect masker of hrin atmphy in M8 5227 n
adklition to RNFL thickness, OCT @n also measere maoular
vohume. The maoul s composed of gnglion cell bodies, so
maoular voheme may be a wseful measurement of axonal loss
{hased on ENFL thickness) associated with newronal degener
ation. =

The new SD0CT has advantages over previous TD
instrumends. S0OCT provided  aocial resolubons of  appoood
mately 5t T pm { compared with St TTW0CT 2t 10 pm),**
ard the mezsume ments provided by 3D dedoes (such as Cirmus
OCT) have heter intmobserver and interabserver repnoduc
ihility® In addition, seveml studies suggest that 5D technobogy
deteots mome metdnal ad BNFL oonditions: than conventional
T technodogy -3

We anahred each eye sepamwly becase each eye an be
affected differentially, especially in patients who present with
milateral episdes of optic newrts. In addition, the OCT
devices interpret the three-dmensional profile of e ENFL
thickness in each eye and compare it sepamtely with the
nirmatve hase. nmw:wmm:nm
patients has been comelated with newmal necmsis, demye-
lination, and asnnal damage. The bss of ganglion cells also
leasts tor 3 reduction of the maolar voheme {inde pendenthy in
each epe) 32 Some authors, however, consider the inehsion
of only one eye of each patient adequate for satistcal anahsis
hecause RNFL mesmmme ments cormelte significantly betwooen
the o eyes.

The PL00 wave btency of VEP is 2 pammeter with high
diagnaostic abiity in MS4%4? The P100 htency is delayed after
an opt neurts episode md this delby s maintained  for
m‘EWenh!ntd:nmnﬂuhtummh}m
folkvwup perod due i the s of vismal pathway function in
patients with M5 disease progression. Monredueton of VEP
armplitucle despiee the meducton of the OCT BNFL can be
waused by the remaining maoulr volume. Bghty percent of the
VEP amplitude depends on the maoula response  ansd,
thaerefone, does not invohve the RNFL of the amcowmie ana. We
alsy ohserved 2 nonsdgnificant increase in the P10O laenoy in
the contral group, which may be due to the varahdity of the
device. Oar findings reveal that a redietion in the mean or
wemparal RNFL thickness i asociated with a decrease in the
mezan deviation of the visual field

Only a few mthors have examined the effecs of MS
treatments on RNFL degenemtion. Garcbe-Martin ot al 44
ooncluded that treatment might be 2 protective factor against
RMFL s associated with disease progression. In the present
stusly, we ohserved that the treatment for MS has 2 provect vwe
effect on dhe e of BNFL thickness, buwt there wene o
differences between different types of teatments. MS & a
chronic degenemtive disease in which axonal koss oocurs
slowly and gradually in the absence of active inflammatory
wouthreaks, so 2 %year fodlow-up is a shont dme to detect small
EMFL muodifications in 2 population such as ours, which
inchided only stable patiens who had no aonte relbpsing MS
episades. Longer studies with a brger smple ane needed o
s s whether any of the currently approved reatments for
ME hawve a significant prodeotive effect on aconal loss detected
v BEMFL anaysis.

Based on other sudies, & months is the time reguired for
mesre ments made with digital image analyss technigues o
record rtrogrde degenemtion afier an inflammatory € pisode
in the aptic nerve 233 In the present study, patienis with optic

WS, December 2002, Vol. 55, Mo, 13

neuritis in the & months pre ceding the study wene exchided, so
all suhjects were oonsidened to have stabde MS.  patients with
active acute relpsing M3 e pisodes had been inchided, higher
differenoes hetween teatments may have been detected. The
reasan for excwling patients with aoute rebpsing M2 episndes
was b mess only axonal damage secondary tothe progression
of MS disease . The RNFL changes regisiened in our study wene
aoute heavy amnal loss that ocours in aowte nedapsing MS
episides.

In conclusion, analysis of RMPL measmed by OCT has goaod
capahdlity for detecting axoenal damage in MS patents, and can
be wmed i evaluate disease progression and e fectiveness of
the various thempies cumently inouse.
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Diagnostic Ability of a Linear Discriminant
Function for Spectral-Domain Optical
Coherence Tomography in Patients with

Multiple Sclerosis

Elena 'G.:tr-*:.ict-.|".-'I|:|'rrj[1h
Vicente Polo, PhD," Jose M. Larrosa, PhDD,

Pwpose: To calkulate and validate a linear discriminant function (LDF) for
to improve the diagnostic ability of retinal nerve fiber layer (RMFL) thickness parameters

anca tomography |
for the detection of multiple sclerasis (MS).
ign: Observational cross-sectional study

PhDD, ' Luis E. Pablo, PRD,'* Ragquel Hawero, MD,'+? Maria Sane, MD,?
12 Jesus Mariin, PRD,

23 Javier Fernandez, PRI

-domain optical coher-

Participants: Patients with multiple sclerosis (n = 115) and age-matched healthy subjects (n = 115) ware

anrolled in tha study.

Mothods: The Spectralis OCT system (Heidelberg Engineoring, Heidelbarg, Garmany) was used to obtain

tha circumpapillary RNFL thickness in bath eyes of each

Main Outcome Measuras: A validating set including EE% uﬁt study subjects (52 healthy individuals and
60 patients with MS) was used to test the perfiormance of the LDF in an indepandent population. Recaiver
operating characteristic (ROC) curves were plotted and comparad with the RNFL parameters measurad using
OCT. Sensitivity and spacificity weare used to avaluate diagnostic parformanca.

Rosults: The optimized function was 4.965 — 0.40 = {mean thicknass 15-30 dagrees) — 0,17 = (mean
thickness 300-315 degraes) + 27432 — 0.032 » (mean thicknass 105-120 degrees) — 0.031 = (mean

thickness 120-135 degrass
curve was 0.834 for our

highest sensitivity values.

— 0.018 x (mean thickness 225-240 degrees). The largest area under the ROC
F in the validating population. At 95% fixa

spacificity, the LDF yielded the

Conclusions: Measurements of RMFL thickness obtained with Speciralis OCT had good ability to differen-
tiate batwaen healthy individuals and individuals with MS. On the basis of the area undar the ROC curwa, the LDF

performed better than any single parameater.
Fmanmnmdnwaﬁ
in this articke. Opht
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Axonal loss is detected in patients with moltiple sclernsis
{M5) and is the main canse of disability in this neurode-
penerative disease. Several studies report a correlation be-
tween axonal loss in the optic nerve of patients with M5 and
the extent of functional disability.'

Ganglion cell loss can be detecied by ocular imaging tech-
nologies, such as optical coherence tomography (OCT) and
scanning laser polarimetry, providing nonimasive, rapad, ob-
jective, and reproducible methods for evaloating the retinal
nerve fiber Layer (RNFL). Optical coberence tomogmphy al-
lows fior cross-sectional imaging of the retina and the optic disc
based on inbarference patterns producad by bow coherence lght
reflected from retinal tisswes.

Improvements in OCT technology were recently inbro-
doced, imcluding 3-dimensional  high-resclution  (OCT,
which wses Fourier-domain detection to provide increased
resolution in relation to classic time-domain OCT, such as
the Stratus instrument (Carl Zeiss Meditec, Duhlin, CA)4-#
Many imaging companies market Fourier-domain OCT ma-

& 12 by e American Acsdemy of Opklhainology
Published by Elsavier Inc.

chines, inclading RTVue (Optovee, Fremont, CA), Spect-
ralis (Heidelberg Engineering Inc, Heidelberg, Germany),
SOCT Copernicos (Optopol Technology, Zawiercie, Po-
land), Cirms HD-OCT (Carl Feiss Meditec), and 30 OCT-
100 (Topoon, Paramos, M1y All of these devices can be
usad to measure macular and RNFL thickness.

There are currently no clear guidelines on whether
one, several, or all of the RNFL parameters provided by
OiCT can be used to establish the diagnosis and evaluate
the progression of M5, On the basis of the area under the
receiver operating characteristic corve (ROC), overall
RMNFL average thickness is the best diagnostic parameter
in different pathologies, such as glaucoma and MS.57 and
the most sensitive parameter to detect MS progression.®
However, optimal M5 detection likely requires the use of
a combination of several parameters. Pablo et al® used
combrinations of RMFL parameters to evaluate the detec-
tiom of perimetric glavcoma and to caloolate and validate
i linear discriminant function (LDF} for the Stratus OCT.
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On the basis of the area under the ROC curve (ALUC),
their LDOF performed better than any single parameter in
the ability to differentiate between healthy and glawco-
matous eyes.”

The aim of the present study was to analyze whether a
selective combination of Spectralis RMFL parameters could
further optimize M35 diagnosis. The design of the stody
followed the 25 items of the guidelines suggested by the
Standards for Reporting of Diagnostic Accuracy initiative io
increase the gquality of reporting diagnostic accuracy stud-
iz=."® T the best of our knowledge, this is the first study o
assess the diagnostic ability of an LDF designed for the
Spectralis OCT, based exclusively on RNFL parameters,
and to assess an LDF for MS disease. The strength of this
study lies in the validation of the LIDF osing an independent
sample_”

Materials and Methods

The design of the study followed e Declarsiion of Helsinki
Principles. The sisdy protocol was approved by the Clinical Re-
scarch Fihics Commiltce of Aragon (Faragoza, Spain), and in-
formed wrilben conscol was oblnined from all participants.

Subjects and Measurement Protocol

Regquired inclusion crileria were as follows: best-cormected visual
acuity of =20, refractive crror within + 5000 diopicrs oquiva-
lent sphere and *+2.00 dioplers ostigmatism, transparent ocular
media {pucloar colorfopalesconce, contical or posicrior subcapsular
lens opacity <2 1], scoonding to the Lens Opacites Classification
System 1 system.'? Exclusion critcria included provious intraoc-
ulor surgery, dinbetes, or other discases affocting the visual Geld or
neurnlogic sysicm, and cunment use of modications that could affect
visual function.

From April 2010 to Junc 2011, 2 indcpondent samples of 115
conscoulive heallthy individuals and 115 paticnts with M3 were
prospectively rocruiled from 2 climics {1 ophthalmologist and 1
neurologist) in the arca of cur hospilal. The dingnosis of M5 was
hascd on siandard clinical and reurcimaging criberia provided by
magnetic resonance imaging. Beloted medical records were care-
fully revicwed, including discasc duration, the FExpanded Disahil-
ity Status Scale (EDSS), discasc-modifying trealments, acule M3
atlacks, amd the prescnce of prior cpisades of opbic nouritis s
reported by the trealing newrologist and the patienl. AL a rowline
G-mionth clinkcal visit, the EIDSE was scored by 2 nowrologist with
cxpericnce in ME. Subjects referred for refraction wha underwent
routine cxamination witkoul aboormal ocular findings were re-
cruited as normal eye controls. e sample was modomly sclected
for developing the 1IDF (tcaching sct) ond the other sample for
chocking the performance of the LIF (validating sct). The vali-
daling sct was randomly sclecied from diffcrent MS and healthy
populations i best the performance of the LIDF in an independent
population.

Ninc paticnts with M3 did notl compleic all of the required tosts
and were thenefore excluded from furtber analysis. A wotal of 211
cyes of subjocis of while Furopoan origin weno included in the
stotistical anolysis. One cyc from cach subject was mndoenky
chiosen for the stody, unless only 1 eye met the inclusion oriteria.

All panticipanis underwent o full ophithalmolegic cxamination,
including clinical history, visual acuity, biomicroscopy of the
anlcrior scgment using a slit lamp, Goldmann applanalion toeom-
ctry, and aphthalmoscopy of the posterior scgment. Al loast ]
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relizhlec standard sutomated perimetry est per oy was performed
using @ Humphroy Ficld analyrcr, madel 7500 (Fciss Humphrey
Sysicms, Dublin, CA), with the SITA Standard 30-2 simicgy. IT
[Exation |osscs werc greater than 155 and false-positive or falsc-
ncgative rabos were groater than 2075, the tost was repeated.' The
suhjccts complicied the perimetry icsis before any clinical cxami-
nation or structurnl tcst. Eoch perimetry iest was performed on
diffoncnl days o avoid o faliges offoct.

The OCT iests wone performed o oblnin measurements of the
peripapillary BNFL using the Spectralis OCT dovice. With this
instrument, BENFL thickness was moasuncd amend the disc with 16
averaged conscoutive ciroular B-scans (dizmeter of 3.5 mm, T8
A-gcansy, an oaline racking sysicm was wm=d 1o compensate for
cye movement. All scans were porformed by the same exporionced
operator. Betweon scon acquisitions, there was a lime delay and
suhjoct position and Foous were randomly disrupied, meaning thal
alignment parameicrs had to be newly adjusied ai the start of cach
image soquisition.” Mo manual comrection was applicd o the OCT
ouipul. An inbommal fxation largel was used bocause il is roporicd
1o have the highost roproducibility. ' The quality of the sans was
nssessod before the amal ysis and poor-gualily scans wone rejocicd.
The Spectmlis (MCT uses a bluc quality bar in the image o indicatc
sigral strength, The qualily score range is O {poor quality) o 40
[excellent guality). Only images scored more than 25 were ana-
lysed. Fight images with artifocts, missing paris, or showing
semingly distorted oratomy were excluded, and these scans were
I'l]III.ﬂd.m

Image acquisitions using cirmular peripapillary Spoctralis OCT
scans (RNFL protocol) were performed wsing TruTrack cye-track-
ing technology thal recognizes, kocks oo, and follows tho pa-
lent’s relina during scanming and sutomatically places folloe-up
wuns iy cnsure acourale maniloring of discase progression. The
Spectralis (T sysicen simullancously captures infrared  fundus
and SD-0CT images ot 40 D00 A-scans per second. A real-time
oye racking system measumes cye movemenis and provides foed-
back 1o the scanning mechanism o stabilize the relinal position of
the B-scan. This sysbcm thus cnables sweep averaging ad cach
B-scan location o reduce speckle moisc. The mean number of
srans ko produce cach circular B-scan was 9.7 The RNFL Spoct-
ralis protocol generales a2 map showing the average thickness and
& sector thicknesses (suporomasal, nasal, inforonasal, mfcrotcmpo-
ral, iempaml, asd superolempornl in the clockwiss direction for
Ik right cye and counlerclockwise For the lefl cye). The Spectralis
device olso goneratcs o datobase with RNFL thickness mecasure-
ments ol all 768 poinls registored during circular poripapillary scan
moguisitiog. Speciralis software vesion 3.7 was wscd.

Statistical Analysis

All statistical aralyscs weore calculated using SPSS {version 190
SPSS Inc, Chicago, [1.) and MedCalc (vorsion 906.4.0; MedCalc
Software, Mariakerke, Belgium) statistical software. The tcaching
sct was wsed for binary logistic rogression analysis, a regression
analysis that is wsed when the dopendont variable is dichotomous
(healthy or discascd) and the indcpendent variabbes arc of any Lype.
Tho dependent variable was M5 disgnosis (yos or na), and tho
prediclive vasiables were the T68 ENFL. thickness measurcments,
lhe average thickness, and 6 scotor thicknesses (superonasal, nasal,
infcronasal, inferotomporal, emporal, and supcrolcmporal) mea-
sured with the Spectralis OCT.

For a logistic regression, the prodicied dependent variahle is a
fumction of the probahility thal o panticular subjoct will be in ome
of the categorics (e.g-, the probahility that 1| subject has M3, given
histher sct of scorcs oo the predictor varisbles). The rolative
imparance of cach indcpendenl varable was assossed by stcpaisc
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himary kngistic egnession analysis using o foreard Wald method.
The Wald w2-stalistic icsis the unigue contribution of cach pre-
dictor in the comtext of the other prediciors (holding comstant the
olber prediciors), climinaling any overlap botween predictors.

Thuzs, the parameters with higher sensitivityfspecificity valuses
dov nal nocessarily kave io bo the sclocied variables in the logistic
regression method. The stepwise probahility est determined the
crileria by which variables were caterod into and removed from the
model. The LIDF wos o scome calculaed by toking the weightod
sum of the predicior variables, The sigrificant OCT parametors
worne oombined 10 generate a new vanahle (the LIDF) in such o way
that the moasurable diffcrences betwoon healthy and M3 cyes were
maximinzd. The validoting sct was wsed 1o lest and compare the
dingnostic accuracy of our LIDF wilh other RNFL parametcrs of
the Spectrafis OCT. The ROC curves were plotted for all of the
paramcicrs and compancd with the propossd LIDE.

Differences between the ROC curves were iested 0 comparc
the ALCs using the Hanley—McMeil method '™ The cutofT points
wene caloulated with MedCale software as the points with the best
sensitivily—specificily balance. Scnsitivitics at B53% and 953% (13%
and 5% folsc-positive ralc, respectively) fined spocificilbes, omd
positive and nogative likclihood mbes (LRs) were also caleulated.

Results

A total of 115 epes from 115 paticnds with relopsing-remitting M3
wore cxamined. A previous acule oplic nournbis atlack was roportod
for 35 cyes [30%), whercas 80 cyes (TOR) weme studicd from
pationts with no kistory of optic neuritis. The duration of the M3
ranged from 6 moaths to 30 years with 2 median of 9.3 years since
dingnosis. The ages of paticnts rangoed from 20 o 62 years with o

mean of 41.2 years (Table 1) The ratio of women 1o men was 2:1
(76 female. 39 male). Mean intraocular pressune was 143 mmHg.
Mean EIXES was L.5. Forty-five of the paticnis (395%) roocived no
spocific treaiment for MS, whercas 80 patients (51%) werns breaded
with intcrforon beta and 11 paticnts (10956) reocived natalizumab.

All RNFL. paramectors were more affecicd in paticnis with M5
than in healtby coatrols (Tablc 1), We found significant diffcronces
between groups in relation g strectuml (ENFL thickness measare-
ments provided by the Spectrlis (CT) and funcliona] paramaicrs
[best-comected wisual ocuily, standard sutomated perimetry mean
devialion) examined in the ophthalmologic cvalustion.

The validating sct comprised 69 bealthy cyes and 55 MS cypes,
nol included in the teaching sei. The mean age of the normal group
was 41.6=10.7 years, and the mean oge of the M3 group was
414+ 10% years. Sex and age did not differ significantly between
b growps in cither samphe (Table 1)

A mtepwise procodure was wsed (o identify the RNFL pammeter
of the Spectralis OCT that scomnted for the greatest amount of
emor, which was then incleded in the model. The mext best variablc
ws then identibed and included, and so on.

All 768 A-scans provided by tho Spectralis OCT o0 moasurc
RNFL thickness were included in statistical analysis 1o calculate 3
LIDFs: superior LIOF, inforier LD, and definitive LDF. In the
superiaor LIDE, the mean RNFL thickness between 15 and 30
degroes around the disc was sclocied at the frst iloration, and mean
EMNFL thickness betweon 300 and 315 degrees was sclocted ot the
second dlcration. To calioulate inforior LIN, the mean BMFL thick-
ness between 90 ond 105 degrees, 105 and 120 dogrees, 120 and 135
degroes, 180 and 195 degroes, and 225 and 240 degroes were: sclocied
ul the subsequent ilerations. Hy using this proocdure, our definitive
LIDF was definod as ollows: 49365 — 0480 % (mcan thickness 1530
degrees) — 0117 = {mmn thickness 300-315 degroes) + 2.743 — Q032

Table |. Clinical Chamcteristics and Betinal Merve Fiber Layer Measurements of Both Populations Inchuided in the Study

Teaching Set Validating Set
Healdfry Sulyens Paten widh M5 Healtdry Ssdbjacs Paniencs ssick M5
{m= [I5) im = [5] {n = &3} in = &}
Mean (Range) 52 Mean {Range) s pe Maan [Range) 5D Mean [Range) =0 g
{yrs) 41.1 {20-£2) 108 4137 {30-63) 0o D785 4146 {I0-sl) 0%  41.4{21-&1) 0% 065l
BCVA [Znellen) 1 {DB-1) | 0.5 {03-1) 02 oued 1 {0&-1) ol QE{04-1) 03 ooy
108 {mam Hp) 145 {11200 24 4311w 11 DBDD 144 {N1-19) 1T A3 {10-19) 1 oI
MDD af SAP L1§{-35400 21 -08{-181-21y 31 i LI{-3443 317 -L1{-1BI1-LI) 34 Q021
Avempe thickness (pen) 1085 {37-152) BI 003 §{78-11T) B4 <Ouidd 10837 {40-1500 5%  989{B0-119) a7 ai
Temporal-superior 132 (38-166) 102 D365 (E3-178) 199 Q123 1380440-168) IO 1353 ({70-1TS) 185 0145
thicknes: [jm)
Temporal thicknss TRLG{25-130) BS  TLE(S1-114) 12.4 <uddd  TAS [29-118) el  TT{5-114) LI =0l
{jum)
Temporal-infesio ISB(58-173) 12.4 1503 (63-214) 02 ou0e 1554 (551687 D14 1504 (65-155) 05 (LR
thicknes [jm]
Maml-inferior thickness 1355 (17-208) 165 1113 (56-256) 267 D023 1353 {I7-208) 172 11ZZ{S6-109% 60 (ol
{pm)
Maml thicknmss {Em) CAD(40-179) 123  TID(36-108) 150 0215 957{42-1190 130 TILS(F-108) 154 0415
Maml-superior thicknes 1129 (18-202) 178 1LILI (27-173) 216 D085 1130{3%-188] 192 11L.S{31-170% LD 045
i jum)
LOF 41{-0873) 12 213{-44-AT) 1B <ouddd 43 (057.1) 15 L1{—-42-5T) 19 <ol
MS duration {yrs] — — 2.3 (2-400 0s — —_ — 944400 0E —
EDES sonne —_ — 1508 03 — —_ —_ L4 {0-7.5) 0z —
Gender (female : male) T6:-39 — Th-19 — 0508 &7:12 — 47:11 — a3

BCVA = best-comeected visual acuity; EDSE = Expanded Dismbility Status Scmle; I0F = kel intmocular presure; LIDF = Linear discrimirant fenctions
M) = momn deviation: M5 = multiple sclernsis: SAT = standard automated perimetns S0 = standasd deviation.
*Significant difference (P<00.05) in Student ¢ test between nonmal and MS proups for each population. Bold values represents statistical sipniSicant

diffesrences (P-=0U05).
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Table 2. In the Validating Set, Areas Under the Receiver Opermting Chamcteristic Curves, Best Sensitivity—Specificity Balance, and

Likelihood Ratios of Retinal Merve Fiber r Parmmeters of

Optical Coherence Tomogrphy to Discriminate between Mormal

jects and Patients with Multiple Sclersis

Sensitivity
AUC  Comfi  Sensitivity  Specificity Specificiy  Spectficiy

OCT Parameters AUC  93%01  PWalee  Point i) ) +lR -LR  85% 95%
LOF D806 O748-DESE =000 »1l4 B3 6570 p R W] 60.4 313
LDF sup 0788 OEBEDAH0E <0001 =—4340 TLT 6T 10 04l 443 1346
LDF inf 0732 OQ668-DTH0 <0000 =55 613 3 117 053 425 311
Averape thickness 0641 05740704 <0000 =T kT W 113 063 49.1 .4
Temporalsup thickness 0635 Q5670690 <0001 =113 LT 30 511 Q.9 IBE 0.1
Temperal thicknes 0735 06710792 <0001 =142 733 L8 10 040 a0 6.7
Temporakinf thickness 0630 QE00-DTH <0001 =60 415 Ml kX 7 4.7 143
Masal-ind thickness 0562 04740609 0B =BG Mo W5 13 o 19.8 356
Nasal thicknes 0519 0451-D587 0619 =T 405 46 158 &0 1.8 57
Wasal-sup thicknes 0E33  OAOT-DTI4 <0001 =<I0R L 605 LE3 D46 413 .2

AL = area under the receiver opemting dwmcteristic curve; Il = omonfdence intenal; inf = inferior; LDF = linear discriminant fundiors +LE =
pasitive likelibood mtios —LR = negative likelihood mtics (T = optical coherence tomopraphy sup = superio,
The cutof points wene il calated using the: MedCalc software as the points with the best wﬁuﬁw—u-pncn.ﬁnl:r I:ul.:n:.L Seraitivitics m 85% and 95% fixcd

specificities ane shown.

. (mcan thickness 105-120 dogroes) — (U531 = {mean thickness 120
—135 degroes) — OUDIE 0 (mean thickness from 225240 degrecs).

In the waching scl, the kighcst scnsilivily—specificity balance
was ohserved for our LDF (B4-T1; coofT poini: =3.14) ond
tcmporal thickness (74-73; culoll point: =14Z). The AUL was
0L.834 (95% confidenoe inlerval [C1]. 0.752—0.865) for the LIDE.
The: largest AUCs for the provided OCT parameters were 0.698
(95% C1, 0.631-0.758) for the average thickness and 0.732 (95%
1, L9 —0.79%) for the icmporal quadrant thickness. The diffcr-
cnoos bedween the AUCs of the LIDF were significantly different
from those of the average thickness (= 0.006) and the icmporal
sector thickmess (P = 0.036).

In the validating sct (Tablc 2), the average thickness, icmporal
quadrant thickness, and [I)Fs had the best seositivity—specifcity
pairs. The overape and temporal superior thickneosses hod the
highest positive L.Rs (1129 and 5.12, respectively), and the LIDF
had the lowest negative LEs (0250 The greatest ALUCE (Tablc I;
Fg 1) wene 0BG (95% C1, 0.748-0856) for the LIDE, 0641
(95%: CI, 0.574—-0.7) for average thickness, and 0.735 (25% CI,
0L674—0.792) for icmporal thickness. with the OCT-
provided parameters (Tablo 3), the LN had the largest ALUC,
cxoopt for icmporal thickness (P = 0.158) and bemporal-infoior
thickness (P = [L324).

Logistic regression analysis woas repeated b oompare scnsitiv-
ity and specificity in scvercly affected patienis with MS {group
performed by paticots with EIXSS scone =400) and slightly or
moderatcly affccted paticnts with MS (paticnts with EDDES score
=1.5). The LIXF had betier dingnostic accuracy for tho LIJF in the
group with an EDSE =4 (Fig I).

Dhiscussion

Previous studies have reported the sensitivity and speci-
ficity of OCT for discriminating between healthy and M5
eves."1 In addition. some studies have attempled to
increase the diagnostic ability of OCT for some pathol-
ogies using learning classifiers.™™™ " yet the sensitivity
and specificity of T to diagnose M5 have not im-
proved. We were unable to find published studies aimed
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at calculating am LDF solely on the basiz of RNFL
parameters measured with OCT in patients with MS. The
dingnosis of M5 was made by o neurologist according to
standard clinical and neurcimaging criteria.'? and OCT
measurements were not used o classify healthy patients
and patients with M5_

Owr LDF yielded the highest sensitivities at high speci-
ficities compared with any single RNFL parameter deter-
mined using OCT. Depending on the pre-test probability,
positive or negative LRs indicate the extent to which a
factor (ie., probability of disease) will increase or decrease,
respectively. An LR value close o | indicates insignificant
effects. whereas LR values =10 or <20.] often indicate
higher post-test odds of the disease. The LD had the lowest
negative LE: thus, normal results were associated with a

— LOF
— Fospragin thickress
—— Tamgamn Fizkness

1
0 il A0 L] an 10

Figure 1. Receiver operating chamcuenistic curves of the linmr discrismi-
nant function [LIF), avenge thickness, and tempomal thickness between
hemlzhy eye ard multiple sclemsis (M) ey in the validating set. These

exhibited the lapest ALICs 00506 (95% 1, DT88-0.854),
Q641 (95% CL, 0L574 0. 704), and 0.735 (95% CI, (LET4-0.792), respec-
tively. The LIDF differed signifcantly from avemge thickness bt not from
temparal thickness. ALC = area under the receiver operting chamcter-
iC curve.
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Limear Discriminant Function in MS

Tahle 3. In the Validating Set, Differences between the Areas Under the Receiver Opemtirg Characteristic Curves
[Harlep—MiMeil method) for Linear Discriminant Function (Mean, Superior, and Inferor) and Standard Pammeters of Spectrals

Optical Coherence Tomopraphy*
LOF LDF Average T Tl 1 N NE
LDF Sup Inf Thickness Thickness Thickmess Thickness Thickness Thickness Thickness

LOF —
LIOF sup <001 —
LDOF indf 48 0762 —
Averape thickness QL0 FLT iz —
TS thickress u0ak 14 L6 0.500
T thicknes i 0405 057 Q151 felunl —
T1 thickness 0324 0768 0es3 il 0013 0491 —
M thickness =001 <0001 <0401 ol LLTT [Ure| <0001 —
M thicknes <0l <l <0l <3u0l 016 < <0001 0360 —
M thickress Ll 0258 432 0.265 0188 D863 0455 <0001 <0001 —

LOF = linsar discriminant function; LIF inf = lincar discrimirant fendtion for OCT pammeters in inferior aress LOF sup = lincar discriménant fanction

for (T parasmeters in

areai N = raml; NI = nasl-inferior NS = nasml-saperion T = tempoml; T1 = temponl-inferdions TS = temporal-superiorn.

superior
*Significant differences {F<005). Bold values represents satistical sipnifimnt differences {F<000%)

high post-test probability of disease for these variables,
indicating a better ability to exclude the presence of MA.
This is the strength of the LDF, which vielded a good
sensitivity (83.02%). An LR value =314 for the LDF
{cutoff point for 95% specificity) virwally mles out the
chance that the patient has the disease.

Limear discriminant functions using time-domain OCT
{Stratus OCT 3006, Carl Zeiss Meditec) have been designed
to diagnose plavcoma, ™ but to the best of our knowledge,
RMFL measurements in M5 have not been reported. In
addition, we analyped measurements provided by Fourier-
domain OCT. Studies developing logistic regression analy-
si5 with digital imaging parameters have been published
using only Strats OCT, 212 scanning laser p-:llanrnelru 24
or confocal scanning lnser ophthalmoscope™ but not
Fourier-domain OCT devices.

ROC CURYE TORLDY 1N W PATIENTS \WITH EDDS < &

Eanslivity
T T T[T T T[T T T [T T T [T T

A 10-Speciicity

The formula of the LDF proposad in this study is based
only on RNFL thicknesses and yielded a pood sensitivity—
specificity balance in the validation sample for MS dingno-
sis. Other proposed diagnostic tests are based on several
parameters o profocols that potentially introduce an addi-
tional source of variability, increase the time required to
perform the test. extend the time needed to interpret the
results, increase the mslﬂer examination, and frequently
require imvasive methods.

More severe disease siatus is associated with increased
mmrr_'r therefore, owr LDF might have better dingnostic
accuracy in populations of patients with more advanced MS.
We performed a statistical analysis bo compare sensifivity and
specificity for the LIDF in patients with EDSS scores =4 or <4
and found batter diagnostic accuracy in subjects with severe
functional deficits (EDSS =4). Nevertheless, the sensitivity—

AOCCURVE PORLDT IN WS PATIENTS WITH EDDS 2 4

Figure I, Eepressntation of area under the moeiver openting charmoesistic curve (ALCS) of the linear discrisminant function (LIF] in seveely affected
patienis with multiple sderosis (MS) (Expanded Disability Status Scale [EDSS] score =4.0) and (&) sightly or modemtely affected patients with M5
{EDEE score = 4.0). {B) Patients with hipher dismbility bad better sensitivity (AUC 0.811; 95% CI, 0.735-0U570) than patieras with EDSS <o (AL

O.76EL: 95% 1, 0493-0B19). ROC = moiver operating chamceristic.
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specificity balance of the LDF and other OCT was
somewhat lower in the validating set. However, the validating
set comprised patients with M5 with milder disease states,
which may explain the lower dingnostic ability of the Spect-
ralis (T in this population. The age. sex. ethnic characternis-
tics, and M5 severity of the validation sample were similar to
thiose of the teaching set, and this may have biasad the findings
toward our LIDF when compared with other OCT pamameders
in the second population. In our sody, the resulis in the
validating set confumed those obinined in the teaching set.

The quality of the data obtained by the imaging devices
is influenced by media opacity, retinal pigment epithelinm
status, instrument veriability, and positioning and centering
of the images. In our study. we selected only good-quality
scans, bt in clinical practice this is not always possible.
These limitations must be taken into account when inter-
preting the OCT and LDF resulis.

Conclusions

Although we were unable to find other combinations of
RMFL parameters with better diagnostic ability, other sta-
tistical analyses could provide altemative formulas that
would increase the dingnostic performance of the Spectralis
OCT. The AUC of the proposed LDF was not significantly
different firom the temporal and the temporal inferior sactor
thicknesses, but the sensitivity values were higher for the
LDF at a high fived specificity. Also, the lowest negative
LR was found for the LIDF, and these characteristics give
the LIDF an advantape for classifying healthy subjects as
normal subjects. This is a key point when clinicians mast
discriminate between normal subjects and patients with MS
with an early diagnosis or 8 nondefinitive MS dingnosis.
Thus, further studies with this LIDF and other discriminant
functions are needed to determine the ability of leaming clas-
sifiers af early stapes of the disease or in certain circumstances,
such as recognizing M3 when it is difficult to decide on the
basiz of other pammelers (e.p., magnetic resonance imaging
and clinical findings) or to decide whether changes should be
made to any disease-modifying treatment for MS. Linear clas-
sifiers are additional tools and should be usad in combination
with the other parameters and clinical explorations. A review
of M5 dingnostic criteria including some OCT pammeters may
improve the sensitivity—specificity balance in diagnostic
perfonmance.
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Abstract

Backgrownd: To represent and interpret the three-dimen-
sional (30} geometry and the distribution of the axonal dam-
age to the retinal nerve fiber layer (RMFL) in patients with
multiple scherosis (MS) compared with healthy subjects. To
analyze alterations in RNFL morphology in eyes of M5 pa-
tients with or without previous episodes of optic neuwritis
[OH). Methods: M5 patients (n = 122) and age-matched
healtivy subjects (n = 10€) were enrolled. The Spactralis opti-
cal coherence tomography system was used to determine
the circumpapillary RNFL thickness. The 763 RNFL thickness
mezsurements were used to evaluate thickness measure-
ments in patients with orwithowt antecadent O and to de-
sign a 30 reconstruction of the RMFL thickness representing
the mechanobiologic tissue response to neurcdegeneration
caused by M5 and ON episodes. Results: RNFL thickness was
decreased in M5 patients, and was higher in the M5 group
with previous OM. Statistical analysis and 30 RNFL recon-
struction revealed greater damage to the ganglionar cells in

the superonzasal RMFL area (10177 pm in M3 ws. 12547 pm
in hiealthy subjects) and in the inferotemporal RMFL (11905
pmin M5 eyes and 149.26 pmi in healthy eyes). Conclusions:
The 30 representation of RMFL thickness based on measure-
mients allows physicians to bemer observe damage in the
temporal areas, especially in patients with previous O
Copyright & 2073 5. Kanger A, Basel

Introduction

Loss of retimal ganglion cells can be detected using oc-
ular imaging technologies such as optical coherence to-
mography (OCT) and scanning laser polarimetry, that
provide noninvasive, objective, and reproducible meth-
ods for evaluating the retinal nerve fiber layer (RNFL) [1].
OCT allows for cross-sectional imaging of the retina and
optic disk based on interference patterns produced by
low-coherence light reflected from retinal tissnes. Re-
cently introduced improvements in OCT technology, in-
cluding three-dimensional (30} high-resolution OCT us-
ing Fourier domain detection, provide increased resolu-
tion compared to classic time domain OCT, such as the
Stratus instrument [2-6].
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Multiple sclerosis (MS) is an autoimmune-mediated
disease of the central nervous system with a multifacto-
rial pathopenesis. Some recent models support the pres-
ence of three related mechanizms - inflammation, demy-
elination, and neurcdegeneration - taking place in MS, as
Garcia-Martin et al. described [4]. Several studies report
a correlation between axonal loss in the optic nerve of MS
patients and the extent of functional disability [7-9], but
the risk factors for increased axonal degeneration remain
unclear. RNFL atrophy has been demonstrated in MS pa-
tients [ 10-12], with axonal loss being greater in patients
who reported a previous episode of optic neuritis (ON)
|7, 12, 13]. Given that optic nerve evaluation is used as an
axonal damage biomarker in M5 patients, it is important
to determine which sectors or RNFL areas are preferen-
tially affected by OM. To this extent, if ON attacks cause
a higher reduction in specific areas of the RNFL, this
information may modify the interpretation of measure-
ments made to quantify axonal depeneration associated
with MS. Frohman et al. [14] surpested that RMFL eval-
uation could be more useful than magnetic resonance
imaging (MRI) for measuring nearonal atrophy, and a
growing number of neurologists such as Lamirel et al,
[15] and Talman et al. [ 10] use RNFL evaluation for mon-
itoring disease progression in MS patients. Some studies
have reported that RNFL thickness is linked to whole-
brain as well as white and gray matter atrophy [& 16, 17],
although an ON episode, which further damages the optic
nerve and especially disrupts the association with gray
matter, may interfere with this relation [16]. Dorr et al.
[18] demonstrated that the brain parenchymal fraction re-
flects MS severity, while RNFL thickness might be a better
parameter for monitoring axonal damage longitudinally.

Several mechanisms have been proposed by which ax-
onal loss caused by MS disease could lead to tissue degen-
eration and witrastructural changes of the retinal gangli-
onar cells, astrocytes, and endothelial cells [19, 20), and
are supported by evidence based on the effects of OM on
the RNFL [4, 21-23].

Cells and tissues can deform in various ways, such
as extension, compression, demyelination, atrophy, or
shearing, although these modes of alteration are not
independent of each another. The mechanobiclogic re-
sponse of tissues |24, 25] and cells [26-28] depends on the
mode of deformation, as well as the magnitude and tem-
poral profile of the stimulus, and the type of tissue or cell
and its biologic state. It is therefore of interest to deter-
mine which deformations are found in RMFL tissues of
patients with MS with or without ophthalmologic dam-
age.
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Sigal et al. [29], Bellezza et al. [30] and Burgovne et al.
[31] have reported that regions of the RNFL are differen-
tially damaged in eyes with glaucoma. Burpoyne etal. [31]
proposed 2 conceptual framework for understanding the
optic nerve head as a biomechanical structure, using basic
principles of biomechanical engineering to propose a
central role for intraccular pressure-related stress and
strain in the physiology of optic nerve aging and the
pathophysiclogy of glancomatous damage [31].

Here, we analyzed the deformation of the RMFL caused
by the progressive neurodegeneration in patients with
M5 and by the ON episodes that frequently affect these
patients [29-31]. The aim of the present study is to de-
scribe the 3I¥ geometries of the optic nerve head [3Z] in
patients with MS. RNFL damage was observed in differ-
ent areas in MS patients who reported ON episodes in the
context of M5 disease.

Materials and Methods

Experimental measurements of the biomechanical environ-
ment of the aptic nerve and RNFL are challenging. We
therefore used enginesring techniques that allow for simulation of
the RNFL biomechanics while accounting for the geometric com-
plexity of the relevant tissue regions |33, 34).

The design of the study followsd the Declaration of Helsinki
principles. The study protoce] was approved by the Clinical Re-
search Ethics Committes of Aragon (faragoea, Spainj, and in-
formed written consent was obtained from all participants.

Suljects and Measurement Protocol

The inclusion criteriawere as follows: best corrected visual acu-
ity of 20040 or better, refractive error within 500 dpt equivalent
sphere and 2200 dpt astigmatism, and transparent ocular media
{mudear colorfopalescence, cortical ar posterior subcapsular lens
opacity <1 according to the Lens Opacities Classification System
I [35]. Exclusion criteria incloded previous intracoalar surgery,
diabetes, or other diseases affecting the visaal feld or neurologic
system, and current uss of medications that coald affect visual
function.

Twa independent samples of 110 conssoative healthy individ -
als and 130 relapsing- remitting M5 patients were prospectively re-
craited from two dinics (one gist and one newralo-
gist) umder the area of influence of our hospital. The MS clinical
and neurcimaging criteria ussd in this study are based on the 2010
revisions of the McDonald criteria, which incloade demonstration
of dissemination of lessons in space and time, and exclusion of al-
reviewed, including disease duration, the Exparded Disability Sta-
tus Scale [37], disease-modifying treatments, acute M3 attacks, and
the presence of prior episodes of OMN as reported by the treating
newrclogist and patient. At the time of a routine 6-month ophthal-
maologic exploration, the Expanded Disability Statis Scale was
scared by a nearalogist with experience in ME. Subjects referred
for roatine ophthalmelogic revision that underwent routine =x-

Garcia-Martin /CalvedMabré/Herrero/
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Table 1. Comparison of sructural measurements provided by Spectralis OCT in M5 and healthy subjscts

Sector Central Healthy subjects (n =108] M5 patients (n =122) P
- o mean a0 mean D

Temparal = T2.64 12.04 GOLED 1538 <1001
Superior tempoml 67.57 136.28 19.17 12317 1558 <0001
Inferior temporal 125 149.26 .14 12543 1533 <0001
Masal 1&0.0" T223 1272 TLI4 1643 <235
Supersor nasal 75" 12547 15.84 0872 1100 <0001
Inferior nasl 23 57 109,89 2627 10599 026 <1001

Th-c'lut column shows the p walues of the comparison between both groups. p < 0,05 was considered to be

sgnificant. The 768 points registered during droular peripapillary scan acquisition were grouped o
obtain & uniformly divided sectors that were ussd in the statistical analysis.

amination without abnormal coalar findings were recruited as
normal eye controls. Eight M5 patients and 2 healthy sabjects did
not complete all of the required tests and were therefore excluded
from further analysis. A total of 230 eyes of white European arigin
{108 healthy individuals and 127 MS patients] were incuded in the
statistical 1. One eye from each sobject was cho-
ey e any

All participants underwent a full ophthalmologic examination:
clinical history, visual acuity, biomicroscopy of the anterior seg-
ment using a skt lamp, Goldmann applanation tonometry, and
aphthalmascopy of the posterior segment. CT tests were per-
formed to ohtain measurements of the peripapillary RNFL using
the Spectralis device. With this instroment, BNFL thickness was
mieasured around the disk with 16 averaged consscotive drcular
B-scans {diameter 3.5 mm, 768 A-scans); an online tracking sys-
tem was used to compensate for eye movement. All scans were
performed by the same experienced operator. Manual correction
was not applied to the OCT cutput. An internal fixation target was
ussd becanse it has previowsly been shown to give the highest re-
produchility, as Schuman o al. demonstrated [33] Thee quality of
the scans was assessed prior to the analysis and poor quality scans
were rejected. The Spectralis OCT uses a blue guality bar in the
image to indicate thesignal strength. The quality scome ranges from
0 {poor quality) to 40 (excellent guality). Only images with a scare
highes than 25 were analyzed. Eight images with artifacts, missing
pasts, ar seemingly distorted anatomy were excluded and these
scans were repeated [38]

Imiage acquisitions using the drcular peripapillary Spectralis
OCT scans (EMFL protocal) wers pedormed with the TruTrk
e_rl:—LmrJu.ng techmnlogy that recognizes, locks onto, and follows
the patient’s retina during scanning, and automatically pr_rl:'-urm;
follow-1up scans to ensare accurate monitoring of disease
sion. The Spectralis OCT system simultaneously captures m.fmud
fundus and spectral domain OCT images at 40,000 A-scans per
second. A real-time eye-tracking system measures eye mavements
and provides Emd‘buIl?ﬂ the scanning mechanism to stabilize the
retinal position of the B-scan. This system thus enables sweep av-
eraging at each B-scan location to reduce speckle noise [40]. The
RMFL Spectralis protoce] generates a map of the mean thickness
and & sector thicknesses (superonasal, nasal, inferonasl, infero-
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temporal, temporal, and supertemporal in the dodowise direc-
ticn for the right eye and counterclockwise for the l=ft eyel. The
Spectralis device also generates a database with BNFL thickness
measarements for all 768 points registered during circalar peri-
papillary scan acquisition. The Spectralis software vesion nsed
was 5.4b.

A geometric model of the optic nerve was created from ENFL
measarements using Autodask Invertor (version 11.0, Barceloma,

Spain).

Statistical Anelysis

Statistical analyses was performed using IBM 5PSS (version
18.0; PSS Inc., Chicago, [L, USA) The dependent variable was
mdm{murnn}and the predictive variables were the 768
RNFL measurements, mean BWFL thickness, ard 6 sac-
tor thicknesses measured with the Spectralis OCT. OCT tests were
performed to obtain thickness measurements from & uniformly
divided locations around the peripapillary BNFL {table 1) Com-
parisan of structural measurements provided by Spectralis 0CT in
healthy eyes, eyes.of M5 patients with previous 0N (08N M5 eyes)
and eyes of M5 patients withoat previows OM (noo-0MN MES syes)
was performed (ANOVA test) (bl 2).

The BNFL thicknesses are reported in a 30 model that repre-
senits an approximation of the human eye. The model was con-
stracted using computer-aided design software (SolidWaorks Inc,
Dassault, SolidWorks Corp., France). The 30 medel appearsas a
perfect sphere divided into & sectors (superonasal, nasal, inferona-
sal, inferotemporal, temporal, and superotemporml, respectively,
as defined before). In this way, it is possible to obtain a cdlear over-
view of the different BMNFL thicknesses in healthy and M3 eyes with
and withouot previous ON.

Results
One hundred and twenty-two MS patients and 108

ape-matched healthy subjects were examined. In the MS
group, a previous acute ON attack was reported for 37
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Table 2. Comparison of stroctural measurements provided by Spectralis OCT in healthy spes, eyes of MS patients with previows ON

{OM M5 eyes) and eyes of M5 patients without previcas ON (Mon-0WN MS syes)

Sactor Central  Healthy eyes (n= 108) Mion-0M M5 eyes (n = 85) M ME eyes (n=37) p valuse
positEn an (] TOEXT D mearn 5D (ANOVA)
Temporal o Ti.64 12104 B5.65 14.598 5580 16,08 0.340
Euperi:ttunpm’l] 675" 13628 1217 132.44 2011 11462 1968 <0001
Inferior temporal 1115% 145,26 014 13561 377 119205 172 0.724
Masal 1800~ 72113 1272 TEA3 15.58 6750 14.52 0.288
Superior nasal 247 5* 12547 1584 1077 18.35 0584 1231 0276
Inferior nasal 025" L] 1627 111.77 3207 8570 1981 0479

The last column of the table shows the comparison between the thres groups (ANOVA) p < 005 was considered to be statistically
significant. The 768 paints registered during crcular peripapillary scan acquisition were grouped to obtain & uniformby divided sectors

that were used in the statistical analysis.

Table 2. Clinical characteristics and RMFL average thickness of both populations induded (M3 patients and

healthy subjects) in the study
Healthy suhjects (n =108} MS patients (n= 122) p value
mean {range) &0 mean [range) &0
Age, years 418 (19-66) o8 419 (15-66]) ar 0425
IOP, mm Hg 14.4 (11-20) 10 143 (10-20) 12 0.1z9
REVA, Snellen 1 (08-1] 02 0.7 (04-1} a3 0.008
MD of AP 0.8 (-3.2to 3.8} 19 -1.2{-203 to 2.1} 9 .04y
Mean thickness, pm oa.4 (TE-145) BB 065 (37-148) 136 <{.001
ME duration, years - = 9.1 {05413 Lo -
EDSS scare, median - - 2.00 (D-8) 0.3 -

BV A = Best corrected visual acnity; IOF

= basml intmocular pressure; MDD = mean deviation; SAP = standard

agtomated perimetry; EDGES = Expanded Disability Status Scale. p < 005 was considered to be statistically sig-
mificant. (Student’s ¢ t=st betwesn normal and M5 groups for each population).

eyes (30.3%), while 85 eves (69.7% ) had no history of ON.
The duration of MS, patient ape and gender distribution
are represented in table 3. Forty-seven patients (38.5%)
received no specific treatment for MS, whereas 61 pa-
tients (50%) were treated with interferon-f and 14 pa-
tients (11.5%) received natalirumab. Median and range
for the Expanded Disability Status Scale were 2.01 and
(-8, respectively (table 3).

Age and intrascular pressure did not differ significant-
Iy between the groups (M5 and healthy subjects) in either
sample (p = 0425 and 0,129, respectively; table 31, The
proportion of women and men was 2:1 in both groups.

Two analyses were performed: the first evaluated the
differences between healthy subjects and M5 patients (in-

4 Ophthalmic lles
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cluding eves with previous OM and eyes without previous
OM). The second analysis compared three proups: healthy
eyes, M3 eves with previous ON, and M5 eyes without
previous (N,

Comparison of Healthy and MS Epes

All RNFL parameters except nasal quadrant area were
significantly different between MS patients and the
healthy controls. Structural (RNFL thickness measure-
ments provided by Spectralis OCT) and functional pa-
rameters (best corrected visual acnity, mean deviation of
standard automated perimetry) measured in the ophthal-
maologic evaluation were significantly different between
M3 patients and healthy controls (tables 1, 3).
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Fig. 1. Representation of the BMFL thickness map in the differ=nt
study groups healthy individuals, all MS patients, and patients
with and withowt previous ON episo-des. The Bgure shows higher
damage in M5 eyes with previous optic nerve inflammation. The
nasal superior region (270°) had the highest absolate diffzrence
hetwesn patients and healthy controls, and the nasal region (180°)
had the smallest difference.

All 788 A-scans provided by the Spectralis OCT for
measuring RNFL thickness were included in the statisti-
cal analysis. The 768 points registered during circular
peripapillary scan acquisition were grouped to obtain &
uniformly divided regions (each region representing the
miean of 50%) that were significantly decreased in MS eyes
compared with heslthy eyes (table 1; fig. 1). The most
damage was found in the superonasal area (125.5 vs. 98.7
pm, p < 0.001) and the smallest difference was observed
in the nasal area (72.2 vs. 72.1 pm, p = 0.235). Statistical
analysis based on the total of the 768 A-scans revealed
similar results, with MS eyes having decreased KMNFL
thickness compared to the healthy eyes (fig. 2a).

The 3D peometries representing the RNFL in MS pa-
tients showed a greater amount of damage in the tempo-
ral areas (fig. 3). In this figure, the mean of the color used
to represent the thickness of each sector is clarified in the
legend. The thickness of colored areas in the figure repre-
sents proportionally the average thickness for this sector
in the studied population.

Comparizon of Healthy Eves, and M5 Eyes with and

without Previous ON

Statistical anzlysis of the & uniformly divided locations
was repeated to compare three groups: healthy eyes, M5
eyes with previous OM, and MS eyes without previous

Three-INmensional Geometries of the
RNFL in Eyes with MS
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Fig. L Crraph representing the thickness map of BNFL measure-
ments provided by the Spectralis OCT. @ The 768 A-scans per-
formied by this devics are shown stratified as healthy and M35 eyes.
b The 768 A-scans are stratified by healthy, MS eyes with previous
(M and M5 eyes without previoes ON.

OM. The MS eyves with previous OMN had a greater de-
crease in the RNFL thickness compared with the other
two groups. The MS eyes without previous ON had sig-
nificantly decreased in RMFL superotemporal thickness
compared to healthy eves (ANOVA, p = 0.05; table Z).
Analysis of these three groups based on all of the 768 A-
scans showed that eyes with previous ON had a greater
decrease in all measurements compared to the eyes of pa-
tients without a history of ON (fig. 2h).

Representation of the RNFL morphology using the
30 model in MS patients with and without previous ON
showed more damage in the temporal areas (fig. £). In this
figure, the mean of the color used to represent the thick-
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Fig. 3. Representation of 3D geometry of RNFL in MS patients and healthy controls induded in the study. The
thickness of each colored area represents the averge thickness of this sector in the population of the study. The
nasal areas are shown an the right side, and temporal areas are on the left side. Trend information is color-coded
according to the RNFL mean thickness in each sector (as the legend of the figure represents) using Autodesk In-

vertor (version 11.0, Barcelona, Spain).

ness of each sector is clarified in the legend. The thickness
of colored areas in the figure represents proportionally
the average thickness for this sector in the studied popu-
lation.

Discussion

In the present study, we combined the data of 230 eyes
to characterize the effects of MS on RNFL morphology,
describing the 3D geometries of the optic nerve and the
RNFL deformation caused by progressive neurodegen-
eration in patients with MS and by ON episodes. The 3D
representation of RNFL thickness based on measure-
ments provided by the Spectralis OCT allows physicians
to better observe optic nerve damage.

In MS, diffuse brain parenchymal damage following
focal inflammation is increasingly recognized from the
very onset of the disease, and, although not detectable by
conventional imaging techniques, may present a major

6 Ophthalmic fles
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cause of permanent neurologic disability [41]. Subtle tis-
sue alterations, such as stiffness and internal friction, sig-
nificantly influence biomechznical properties that, in
organs more accessible than the brain, are traditionally
assessed by manual palpation during clinical exam. The
RNFL is a part of the central nervous system that can be
imaged using digital imaging technologies such as OCT.
Our current knowledge of RNFL elasticity and its biome-
chanical damage in neurodegenerative diseases, however,
is very limited.

The principles of mechanics can be applied to explore
biologic problems by evaluating the mechanics of hard
and soft tissues, biofluid mechanics, and cellular mechan-
ics. Modeling the optic nerve as a biomechanical struc-
ture generates a group of testable hypotheses regarding
the central mechanisms of optic nerve damage [31] and
provides a logical framework for dlassifying the principal
components of the susceptibility of an individual RNFL
to MS and previous ON episodes.

Color v on eveleld o on e
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Fig. 4. Kepresentation of 303 geometry of BNFL in two growps of eyes: the first group comprised eyes without
previous ON and the second group comprised eyes with previoos OM. The nasal areas are shown an the right

side, and the temporal areas are on the left side. Trend information is color-coded according

to the RNFL mean

thickness in each ssctor (as the legend of the figure represents) using Awtodesk Iovertor (version 110, Barcelona,

Spain).

This study may be an introduction to the analysis of
biomechanical damage of the optic nerve in MS disease,
because the 3D reconstruction of RNFL thickness allows
us to obtzin a model of areas with eardy atrophy in pa-
tients with MS and in patients with previous OM. Future
research should consider numerically modeling RNFL at-
rophy in M5 subjects. Further variations of the conditions
{type of MS, treatment, etc.) conld also be evaluated.

We evaluated changes in the morphology of the KNFL
caused by M35 and ON episodes, by observing alterations
in RMFL structure-geometry. Spectral domain OCT may
represent a novel in vive marker of neuroinflammatory
and newrodegenerative pathology affecting the BMFL,
which will be useful for diagnosis and follow-up in dis-
easzes such as MS, Alrheimer's disease, or Parkinson's dis-
ease [42].

The 3D reconstruction of RNFL damage in patients
with M3 and in eyes with previous ON allows us to un-
derstand the mechanobiologic response of retinal tissues
affected by this pathology and the mode of axonal loss

Three-INmensional Geometries of the
RNFL in Eyes with MS
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in ganglionar cells. The 30 model provides information
about which RNFL areas are more affected, which may
help us to understand the biomechanical effects of MS
on the optic nerve. These findings may be useful to help
neurc-ophthalmologists to distinguish between eves with
previous ON episodes and eves without this antecedent
The dizpniosis of ON attacks in M3 patients is very impor-
tant since these episodes are included as one of the diag-
nostic criteria for M5 (ON attack or objective clinical le-
sion) [43].

The nasal area showed no significant differences be-
tween healthy and MS eyes, but this area is the most vari-
able in OCT analysis, as described in our previous report
[7]- Im that study, we evaluated the reproducibility in 222
eves of 222 subjects (100 M5 eyes and 122 healthy eves)
and found higher variability in the nasal areas of both
groups using different Fourier domain OCT devices (Cir-
rus and Spectralis) [7].

Blumenthal et al. [43] and Schuman et al. [38] have
reported similar results in their evaluations of glavcoma

il s o vl i i
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and healthy eves, and the most accepted theory is that it
is difficult to calculate the RNFL thickness in the nasal
area using the current measurement algorithm [9, 12],
although Knighton and Qian [£4] supgested that this
problem is due to the angle of incidence of the illuminat-
ing beam, which makes the RNFL image on the nasal side
dimimer.

Some authors report that temporal areas suffer higher
atrophy in M5 patients, especially those with previous
ON episodes [4, 45, 46]. RNFL thickness in the temporal
quadrant is considered a sensitive parameter to detect ON
antecedents or optic nerve damape in MS patients [45].
Owr findings also demonstrate greater effects in temporal
areas in RNFL analysis.

RMNFL thickness is increasingly being used as a bio-
marker of M3_ Some authors have reported that the diag-
nostic ability of OCT in MS is high, and even superior to
that of MRI [47]. These anthors suggest that OCT should
be considered another diagnostic criterion for MS, neu-
rodegenerative and neuroinflammatory diseases such as
neuromyelitis optica or Susac syndrome, and that differ-
ent neurodepenerative diseases cause distinct RNFL sec-
torial loss [48-51]. Although OCT seems to be sensitive
for the detection of RNFL damage, many investigators do
not consider it a very specific diagnostic test for newrode-
generative diseases to distinguish between M5 and healthy
subjects [47]. For the detection of ON, evoked potentials
have a sensitivity of 81%, while the sensitivity of OCT is
0% [52].

Mew Fourier domain technology in OCT provides 30
high-resolution images of each eve and thickness maps
similar to those shown in figure 1, but these devices do
not allow for anabysis of several eves or for the integration
of several scans at the same thickness or morphology rep-
resentation.

The goal of the present study was to combine the in-
formation of 230 eyes to describe the effects of M5 and
ON on RNFL morphology. Longitudinal studies to ana-
lvze progressive biomechanical deformation of the KNFL
im MS patients may enhance our knowledge of the etio-
pathogenic processes of this neurodepenerative disease,
and clarify how optic nerve inflammatory episodes affect
RMFL morphology and function.

The diagnostic criteria for MS are based on MRI as-
sessment combined with clinical and other paraclinical
methods [14], and an ON episode may clarify or speed
diagmosis in some patients. The ability of OCT to distin-
puish patients with MS from healthy subjects might be
especially useful in cases reporting subclinical or doubtful
ON. Despite the improved diagnostic efficiency using

P Ophthalmic lles
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MEI, patients commonly wait months, even years, for a
definite diagnosis because the symptoms and signs may
not always fall within the parameters of the McDonald
criteria. Investigators continue to search for a definitive
test for MS, becanse evidence of both multiple attacks and
central nervous system lesions must be found before a
definite diagnosis can be made. In addition, a rapid diag-
nosis is considered critical to take advantage of new dis-
ease-modifying drugs, but accuracy is also imperative.
Mew dizpnostic tools are currently being developed and
may someday make the diagnosis of this complex disease
less challenging. In the meantime, Fourier domain OCT
may be useful for improving and accelerating the diagno-
sis.

This study provides a 3D representation of RNFL
thickness based on measurements provided by the Spec-
tralis OCT. These 30 models represent areas with more
or less damage in the optic nerve caused by MS and ON
episodes. We observed that temporal areas, especially in
patients with previous ON, showed more atrophy than
other RNFL areas [4, 9, 10]. The Spectralis (4T may be
a useful disgnostic tool for improving and accelerating
the diagnosis of MS.
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Abstract

Purpose: To analyze the ability of Spectralis optical coherence tomography (OCT) to detect
nmaltiple sclerosis (MS) and to distinguish MS eves with antecedent optic neuntis (O}, To
analyze the capability of artificial newral network (ANN) technigues to improve the diagnostic
precision.

Methods: M5 patients and controls were enrolled (n=217). The OCT was used to determine the
768 retinal nerve fiber layer thickness. Sensitivity and specificity were evaluated to test the
ability of OCT to discriminate between M5 and healthy eves; and between MS with and without

anfecadent ON usmgz ANN.

Resulis: Using ANN techmique nmaltilayer percepirons, OCT could detect BS with a sensitivity
of 89.3%, a specificity of 87.6%. and a diagnostic precision of 88.3%:. Compared with the OCT-
provided parameters, the ANN had a better sensitivity-specificity balance.

Conclusions: ANN teclmique improves the capability of Spectralis OCT to detect M3 disease
and to distinguish MS eyes with or without antecedent ON.
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Intreduction

Ganghon cell loss can be detected using ocular imaging technologies such as ophical coberence
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0 tomography (OCT) and scanming laser polanmetry, which allow for non-invasive, rapid.

12 objective, and reproducible evaluation of the retinal nerve fiber layer (FINFL). OCT provides

15 cross-sectional images of the retina and optic disc based on interference pattems produced by low
17 coherence light reflected from retinal tissues. Recent mprovements in OCT technology provide
18 mcreased resolution. such as three-dimensienal high-resolution OCT, which uses Founler-domain
27 detection {1-3). These new devices. such the Spectralis (Heidelberg Engineering Inc. Heidelberg.
24 Germany). have a spectrometer composed of fransmission grating and an air-spaced focusing
lens. These devices obtamn 2 to 3-pm axial resolution high-qmality maages with an mereased

20 acquisition spead (4).

37 Wultiple sclerosis (MS) is an autoimmmme-mediated disease of the central nervous system with a
34 nnltifactonal pathogenesis. Axonal loss is considered to be the maim canse of disability in this

=2 neurodegenerative disease. BINFL atrophy has been demonstrated i MS patients. with axonal

o loss being greater in patients who reported antecedent optic neuntis (ON) (5,6). Becanse optic

41 nerve inflammation 15 considered an MS blomarker, it 15 mportant to deternune 1f Spectralis
OCT can detect previous opfic nerve mflammation episodes. O aftacks lead to a reduction in the
a6 BINFL tluckness. and may thus alter the measurements provided by OCT devices. Some authors
46 have suggested that EINFL evaluation could be more useful than magnetic resonance imaging to
51 measure neuronal atrophy (7). and a growing mumber of newrelogists use FINFL evaluation to

53 momtor disease progression in MS patients (3.9}, Several stadies have demonstrated that overall
=5 mean FINFL thickness 15 the best diagnostic parameter in different pathologies such as glancoma

) and M5 (3,10} and that it 15 the most sensitive parameter to detect M5 progression (3). The
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results of the most recent studies, however, indicate that optimal M5 detection might best be
achieved by a combination of several parameters and that each measurement may make a
different contmbution to distingmish between healthy and M5 subjects. and to detect antecedent
subclinical ON m WS patients (11).

In am effort to improve the diagnostic accuracy of OCT measurements. previous studies have
explored the mplementation of machine leaming algorithms. such as artificial newral networks
{ANN), using PNFL measurements as input parameters {10-17). In contrast to conventional
statisfical techmeues, such as linear discrimuinant analysis. these methods do not fit the data mto a
pre-existing set of model variables; instead. AN nonlinearly adapts the classification decision
based on the data that 15 presented. Provided a representative and adequately large Taming
dataset in relation to the input parameters, this approach produces robust classifiers that are able
to generalize well. even m the absence of a model of the imderlving process. and are msensitive
to noise and outliers in the data (18). Studies performed by the Department of Electrical and
Computer Engineering of the University of Miami demonstrated the feasibility of ANN methods
for distinguishing between confrol subjects and MS patients using the P300 cogmfive evoked
potential {19-21}. The neural network model. however. has not vet been nsed to assess the

diagnostic abdlity of OCT i eves with ON.

In the present study. we analyzed the diagnostic precision of the Spectralis OCT to detect M5
and antecedent ON using an ANN multilayver percepiron techmicue. The aim of the present study
was fo determine whether a selective combination of ENFL measurements could further optimize
or accelerate MS diagnosis and help to detect antecedent subclinical inflammation episodes m the

optic nerve.
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Materials and methods

The design of the study followed the Declaration of Helsinki Primciples. The stndy protocoel was
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0 approved by the Clinical Fesearch Ethics Conmuites of Aragon (Zaragoza, Spam). and mformed

12 wiitten consent was obtained from all partcipants.

e Subjects and measurement protocol

12 Fequired inclusion critenia were as follows: best corrected visual acwity of 20/40 or better,
refractive error within £5.00 diopters equivalent sphere and =2.00 diopters astizmatism,

24 tramsparent ccnlar media (miclear color/opalescence. cortical or postenior subcapsular lens

26 opacity <1} according to the Lens Opacities Classification System ITI (22). Exclusion criteria
2 mcluded previous intraccular swrgery, diabetes, optic neunitis in previous § months. or other
a1 diseases affecting the visual field or newrologic system (ncluding optic newronmyelitis), and

33 current use of medications that could affect visual fimetion.

26 Two mdependent samples of 102 consecutive healthy individuals and 122 patients with MS
were prospectively recnuted from two climcs (one ophthalmologist and one neurolomst) under

41 the area of influence of our hospital. The diagnosis of MS was based on standard climcal and

43 neurcimaging criteria (7). Felated medical reconds were carefully reviewed, including disease

48 duration since diagnostic. the Expanded Disability Status Scale (EDSS) in the last 6 months.

48 disease-modifiing treatments. acute M5 attacks, and the presence of pror episodes of ON as
reported by the reating nevrclogist and patent. At the fime of a roufine §-month clinical visit, the
g3 EDSS was scored by a newrologist with experience in MS. Subjects referred for refraction that

55 underwent ronfine exammation without abnormal cenlar findings were recruited as normal eye

=7 controls. 5o MS patients did not complete all of the requured tests and were therefore exchided
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from fiwther analysis. Seven subjects with artifacts. missing parts, or showing seemingly
distorted anatomyy were excluded (4 patients and 3 healthy subjects) (23). A total of 217 eyes of
white European ongin (103 healthy mdividuals and 112 M5 patients} were included in the
statisfical analysis. One eve from each subject was randomly chosen for the study, wnless only

one eve met the inclusion critera.

All participants underwent a fill ophthalmologic examination that included clinical history.
visual acuity, biomicroscopy of the anterior segment using a slit lamp. visual field evaluation
using Humplrey field analyzer (Carl-Zeiss Meditec, Dublin. CA), Goldmann applanation

tomometry, and ophthalmoscopy of the postenior segment.

OCT tests were performed to obtam measurements of the penpapillary EINFL using the
Spectralis device. With this instrument, ENFL thickness was measired around the disc with 15
averaged consecutive circular B-scans (diameter of 3.5 mum. 768 A-scans); an online tracking
system was used to compensate for eve movement. All scans were performed by the same
expenienced operator. Bemween scan acquusitions, there was a time delay and subject position and
focus were randomly disrupted, meanng that aliznment parameters had to be newly adjusted at
the start of each mmage acqusition (24}, No manual correction was applisd to the OCT output. An
mfemnal fixation target was used to give the highest reproducibility (23). The gquality of the scans
was assessed poor to the analysis and poor quality scans were r2jected. The Speciralis OCT uses
a blue guality bar in the image to indicate signal strength. The quality score ranges from  {pocr

guality) to 40 (excellent gquality). Only images with a score greater than 23 were analyzed

Image acquisition using circular penpapillary Speciralis OCT scans (BINFL protocol) was

performed vsing TruTrack eve-tracking technelogy, which recogmizes. locks onto, and follows
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Page 7 of 72 Seminars in Ophthalmology

Version 1; September 2, 2012

the patient’s retina during scanning. and automatically places follow-up scans to ensure accurate

monitormg of disease progression. The Spectralis OCT system smonltaneously captures infrared
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fimdus and SD-0OCT images at 40,000 A-scans per second. A real-fime eve trackmg svstem

12 measures eve movements and provides feedback to the scanming mechanism to stabilize the

4 retinal position of the B-scan. This system thus enables sweep averaging at each B-scan location
7 to rednce speckle noise. The mean mmnber of scans to produce each circular B scan was 9 {24).
18 The FINFL Spectralis protocol generates a map with mean thickness and six sector thicknesses
1 {superonasal, nasal. mferonasal. mierotemporal, temporal. and superotemporal m the clockwise
24 direction for the right eye and counterclockwise for the left eye). The Spectralis device also

28 generates a database of BINFL thickness measurements at all 763 points remstered durng the

28 circular perpapillary scan acquisition. We used the Spectralis software version 5.4b.

31 All 768 A-scans provided by the Spectralis OCT to measure ENFL thickness, mean, and §

24 sectors thicknesses were registered and included in a database designed for this study using File
36 hMaker Pro 8.3 program (File Maker Inc., Santa Clara, CA). All statistical analyses were

28 evaluated using IBM SPSS (version 12.0; SPSS Inc.. Chicago, IL) and Rapidnuner 5.1.006

41 Softweare (Fapid [ GmbH. Dormmmed. Germany'} to perform the ANN analysis.

42 Eves of M5 patients were divided o two subgroups: 41 eves with antecedent ON (36.6%:) and
45 71 eves without previons ON attack. The diagnosis of O was based on climical findmgs,

ag mcluding decreased visual acuity, visual field defects. color vision loss, relative afferent pupil
a0 defects. and a compatible fundus examimation (26).
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Statistical analvsis: Neural Network Technique

We evaluated the performance of the ANN technigque for classifymg FNFL measurements by
the Spectralis OCT as M5 or healthy. ANN are data nuning tools nsed fimdamentally to look for
pattems in training sets of data. then the procedure leams these pattems and develops the ability
to classify new pattems comrectly (27-32). In this study. we used a feed-forward neural network
trained by a back-propagation algorithm (mmlt-layer perceptron [MLP]). The MLP, one of the
most commenly used newral network architectures, wses a feed forward architecture and can have
nmultiple hidden layers. The processing elements in each laver are commected to all processing
elements of the preceding and following layers. but not to processing elements of the same laver.
The MLP compnses an imput laver (in owr case OCT thickness measurements), an output layer

{in our case MS or control, and ON and Mon-ON), and cne or more idden layers (33).

Traming of machine-leammg classifiers and testing were performed with each ENFL thickness
parameter separately. as well as with all 768 PINFL measurements used conjointly. To maximize
the use of our collected data and avodd bias. the 10-fold cross-validation resampling method was
used. Accordingly. all data were randomly divided mto 10 subsets, each containing
approximately the same mmaber of healthy and M5 OCT thickness measurements. Nme subsets
were used for raning the classifiers while the remaiming subset was used for testing
classification performance. In traming the ANN ensemble, one of the tramming subsets was used
for early stoppmg of network traiming to avold over-fitting of the MLPs. Training data for the 33
MMLPs were created with bagging from the remaming & subsets. ANN traming was repeated by
keeping the same test subset and changing the early stopping set unil all raming data were used

both m traming and early stopping of the ANNs, and the classification results were averaged. The
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training and testing process for the ANN ensemble and the SVM were iterated. each time with a
different test set. and the results were merged to produce a single cutput for each classifier.
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0 Bv modeling the relationship of age, refraction. and measured PINEL thickness our nomuative
12 database, we conducted a linear regression analysis and used the derived coefficients to caloulate

15 the comected values of the measured PINFL thickness.

T To test for significant differences in the distribution of sex between the healthy and 35 groups,
20 the chi square test was used whereas significance testing for differences in the distnbutions of

22 age, visual acwty, and refractive emor was performed using the Mann-Whitney test.

25 MNonlimear dimensionality reduction basad on manifold leaming OCT A-scan data can be
characterized as nmltidimensional, because thev raquire multiple parameters (dimensicns) to be
30 represented. One approach to simplify the data representation is to use techniques that are able to
32 map the data to a set containing fewer parameters (... a lower dimensional space). Nonlinear

35 dimensionality reduction techniques based on manifold leaming fimetion by construcing

7 parameters with values that are assumed to be measurement points embedded in a specific type of
28 topelogic space (a nonlinear manifold), existing within the high-dimensional space of the

47 complete dataset. In contrast to lmear methods. such as prncipal component analvsis, these

44 techmigues retain nformation on nonlinear relationships between measurement pomnts and are
able to represent nonlinear structures in the data. The local tangent space alignment algonthm

40 that 15 used in this study is considered a local embedding techmique, and functions by

21 constructing an approximation for the tangent space at each data point. and alisning these tangent

spaces to provide the global coordinates of the data points.
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The selected mmber of transformed parameters that describes the A-scan data was based on
estimations of the infinsic dimensionality of the dataset.

Resulis

Two lnmdred and seventeen eyes of 112 M5 patients and 105 age-matched healthy subjects
were analyzed. In MS group. a previcus acute O attack was reported for 41 eves (36.6%3), while
71 eves (63.4%) were studied from patients who had no history of ON. The duration of the 1S
{smmce diagnosis) ranged from 6 menths to 41 vears with a median of 9.8 vears since diagnosis.
The ages of patients ranged from 20 to 71 years with a mean of 38.7 = 9.7 vears. The ratio of
women to men was 2:1 (73 women and 37 men). MMean mitaccular pressure was 13.9 mmHg.
Forty-two of the patients (37.5%) received no specific treatment for M5, whereas 50 patients
{44.6%) were treated with inferferon beta and 10 patients (2.9%:) received natalizvmab. hMean

ED55 was 2.41 (Tahle 1),

Mean age of the healthy group was 32.0 £ 10.1 years and the ratio of women to men was 2:1
{70 women and 35 men). Age and mitraccular pressure did not differ sizmficantly between growps

m etther sample (p=0.432 and 0.674, respectively; Table 1),

Different experiments were performed by changing the mmber of measurements mcluded in
each thickness group (Table 2). The 768 points (FINFL measurements provided by the Spectralis
OCT) were divided equally of different sizes m each expemment; in all of them. an ANN based
on multilayer percepirons was used with a mique secret network whose neural mmber was myput
mumuber +2/2. The best sensitivity-specificity balance was found in the experiment with 16

gToups.
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All ENFL parameters were significantly different between M3 patients and healthy controls.
The structural (FINFL thickness measurements provided by Spectralis OCT) and fimetional
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parameters (best cormected visual aowfy, mean deviation of standard automated penmetry)

12 registered in the ophthalmologic evaluation were sigmificantly different between groups (Tables 1
4 and 3). BNFL thicknesses were significantly different between the group of MS eves witha
previous O episode and those without previcus ON (Table 3, Fiqure 1)

The 768 points registered during circular peripapillary scan acquisition were grouped to obtain
27 16 viformaly divided locations (each with 42 consecutive FINFL thickness measurements) that
24 were included m ANN statistical analysis (Table 3). ANN performed with 16 locations identified
=2 more pathology in MS patients (Figures 1 and ) and had the best sensitivity-specificity balance
20 for disinguishing between LS and healthy eves and between ON eves and non-ON eves of MS
31 patients {Table 4). The sensitivity of the network was calculated as the number of true-positive
24 results divided by the munber of true-positive results plus the mmmber of false-negative results;
36 the specificity was calculated as the munber of true-negative results divided by the muber of
tre-negative results plus the number of false-posifive results; the diamnostic precision was

41 caleulated as the mmmber of comect diamoeses divided by the total mumber of test mals.

The sensitivity of the network to detect M5 using the Spectralis OCT was 89.3%; the specificity
48 was £7.6%; the diagnostic precision was 88.3% (Table 4). The senaitivity, specificity, and

46 positive and negative likelihood ratios (LE) of Spectralis OCT were better using ANN than using
51 standard FINFL thicknesses provided by the device (Table 4).
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The diagnostic precision of the ANN to detect M3 eves with antecedent ON was good, but the
sensitivity and specificity (84.5% and 23.2%, respectively) were smaller than that to diagnose

WS vs healthy subjects (Table 4.

Discussion

The diagnosis of MS is made by a neurclogist based on standard clinieal and nevroimaging
criteria (7). Although OCT parameters are curently not used as diagnostic criteria for M3, the
BNFL measurements provided by OCT can be used to clanify if specific ophthalmoelogic
symptoms were caused by a subclimical ON episode. This application of OCT may be useful to
find evidence of both multiple attacks and central nervous system lesions that nomst be foumd
before a doctor can make a definite WS diagnosis. A speedy diagnosis is considered crtical in
LIS patients so that treatment with new disease-modifving therapies can be implemented in a
timely manner.

The primary aim of our study was to analyvze the ability of AINN classifiers to improve the
diagnostic ability of measurements provided by the Spectralis OCT to distmguish between
healthy persons and M3 patients and to detect eves of MS patients with previons ON.

Machine learmning is a field of artificial intelligence concemed with the development of
computational and statistical methods that are able to leam throngh a raining process. ANNs
comprise a group of machine leaming methods used for both classification and fimetion
approximation tasks. They have been snocessfally used m a vanety of fields, nclnding medicime,

for data nunmg, automated mtetpretation of tests, and feature exraction from large datasets.
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MLPs, comprising mwltiple layers of artificial nevrons, are a type of ANN developed from the
origmal perceptron model (the first type of ANN, created mn the 1940s).
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0 The widespread use of MLFs 15 partly due to their abality to conduct nonlinear classification
tasks and because of their efficient supervised leaming algornthm based on back-propagation of
15 emor. Following developments in statistical learming theory. new techmiques for classification and
17 regression were introduced within the group of machine-leaming algonthms.

20 Omne important aspect of trained ANNs 15 their ability to generalize their adaptively created

22 decision rules on previously wnseen data. The generalization error of ANNs can be decomposed
25 mto the factors of bias (Le., a measure of the classification accuracy on the traming data) and

ey vanance (1.2, a measure of the stability of the given classification selution provided by the AN,
=8 depending on the variability of the training data). The two factors of bias and variance have an
32 mverse relationship and there is a trade-off between these two. To decrease the generalization

34 emor of a classifier. one can combine the prediction of a mumber of classifiers in an ensemble

soucnire.

28 The quality of the data obtained by the imaging devices is influenced by media opacity. retinal
47 prament epithelnm stats, mstmument varability, and posibioning and centenng of the mages. In
44 our study, we selected only good quality scans. but n climeal practice this 1s not abwvays possible.
These lmitations nmst be taken inte account when mterpreting OCT and ANN results.

48 The nenral network performance was promising and the results of this study indicate that the

53 ANN could correctly identify a ugh percentage of M5 subjects. The newral network performance
54 vielded the highest sensitivities at lugh specificities compared to any single PINFL parameter

== determined using OCT. Depending on the pre-test probability, positive or negative LEs indicate
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the extent to which a factor (Le.. probability of disease) will increase or decrease, Tespectively.
An IR value close to 1 indicates msignificant effects. whereas LE. values higher than 10 or lower
than 0.1 often mdicate higher post-test odds of the disease. The ANN had the lowest nezative LE.
thus nomaal results were associated with a high post-test probability of disease for these
variables. These charactenistics give the ANN performance an advantage for classifying healthy
subjects as normal subjects. Tlus is a key peint when clinicians mmst discriminate between
normal and M3 patients with early diagnosis or non-definitive MS diagnosis. Hence. firther
studies with this ANN performance and other analysis are needed to determine the abality of
learning classifiers at early stages of the diszase o1 In certain circumstances. such as recognizing
WIS when 1t 15 difficult to decide on the basis of other parameters (e z.. magnetic resonance
magmg, clinical findings) or to decide changes m any disease modifying treatment of M5,
Linear classifiers are additional tools and should be used m combmation with other parameters
and clinical explorations.

As our results showed, the ability of the Spectralis OCT to detect antecedent ON in MS patients
was not as good as that to distinzmush between healthy and S subjects. but the negative LE. of
ANN was only 0.2, which suggest that the ANN of the Spectralis OCT has a good capability for
classifving eves without antecedent ON in 1S patients. Further studies with a larger and more
homogeneous groups of ON and Non-ON eves of MS patients are needed to detemune the ability
of Spectralis OCT as a diagnostic tool.

Although magnetic resonance imaging has come a long way in helping to diagnose MS more
efficiently, it 15 not uncommeon to wait months, even yvears, for a defimte diagnosis becanse not
all patient’s symptoms and signs fall within the parameters of the McDonald critena.

Investigators are confimung their search for a defimtive test for M5, becanse evidence of both
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nmaltiple attacks (including ON episodes) and central nervous system lesions nmist be found
before a doctor can make a definite diagnosis. For some patients. the wait can be difficult.
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Without a single “gold standard”™ diagnostic test, though, MS can still be a difficult disease to

12 pinpoint. The importance of a good physician and adequate testing camnot be stressed encugh. In
4 addition. since new disease-modifying therapies have been introduced. a speedy diagnosis is

7 considered critical, but accuracy 1s also mperative. New diagnostic tools are currently in the

18 pipeline and may someday make the diagnosis of this complex disease less challengng. Fourier

domam OCT may be usefil for mproving the diagnosis procedure.

24 Cnir results demonstrate that Fourier domaim OCT may be useful to myprove the diagnosis of

=2 LS by two methods: first, PINFL measurements provided by OCT may be used as an MS marker.
20 and some authors have reported that FINFL thickness shonld be miroduced as a diagnostic

31 cnterion (11}; second. Fourier domam OCT can help to distinguish eves with antecedent ON

24 among M5 eves that have never before presented with ON mflammation. A review of MS

36 diagnostic criteria, including FINFL measursments provided by Fourier domain OCT, may

mprove and accelerate the diagnosis of M5 and increase the sensitvity-specificity balance.
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Figure legends

Figure 1: Neural network model nsed m the study for analysis of both sroups (nmltiple sclerosis

Lo R s R B S FL % R

0 and healthy eyes). The fiqure shows the profiles of retinal nerve fiber layer (EINFL) thicknesses
12 of all the patients. healthy in blue and pathologic in red. considering 16 groups of ENEL

15 thicknesses.

T Figure 2: The graph shows the profiles of retinal nerve fiber layer (FNFL) thicknesses of all the
20 patients. considering 24 groups of FNFL thicknesses and eliminating contimeous components. In
22 this graph. negative and positive values are represented. thus each of the profiles have an mean
25 height equal to zeto or. The red color prevails on the blue becanse when creating the figure, the
ey healthy group profile was inserted after the pathologic group profile. The average profiles of

healthy and M5 eves are alse represented using o and © symbols, respectively.

URL: http:fimc.manuscriptcentral . com/nsic Email: fribergH@pitt edu



Lo R s R B S FL % R

Table 1: Clinical characteristics and refinal nerve fiber laver measorement: provided by

Seminars in Ophthalmology

standard parameters of Spectralis OCT in both populations.

Healthy subjects [n:105)

M5 patients (n:112)

Mean [range) iD Mean (range] 5D P

Bge |years) 39.0 (19-70) 10.1 3E.T|20-71) 8.7 0.452
Intraocular pressure (mm Hg) 14.011-19) 21 135 | 10-20) 22 0.674
BCWVA [Smellen charts) 1(08-1) 02 0.7 (0.4-1) 03 0.0
Mean Deviation of perimetry 1.2§-3.1-4.0) 21 -1.7-19.0-2.1} 32 0.003
Mean thickmess 99.2 (77-129) E.& 56.7 (39-180) 13.2 <0.001
Termparal-supenior thickness 137 .4 (B2-205) 19.4 126.3 (40-251) 17.6 <0.001
Termparal thickness 75.7 (57-119) 129 71.1 (35-156) 16.5 0.001
Termparal-inferior thickness 1495 (6T-216) 15.2 145 5 [2E-228) 248 0023
Masal-inferior thickness 1103 (56-256) 204 110.2 {25-178) 212 .03
MNasal thickness 72.9 (42-110) 15.7 72.4(19-148) 18.0 0.345
Nasal-superior thickness 111 4 (67-1B0 17.9 &89 (45-158) 55 <0001
MS duration |years) - 9.8 [0L5-41) 08

EDSS soone 2.41 [0-7.5) 0.4

Abbreviatons: BCVA. best comected visual acwity; EDSS, expanded disabiliny stams scale;

M5, mmlriple sclerosis; n number

M5 durstion is calonlsted since definitive M5 diammosis date

Betinal nerve fiber layer thickneszes are expressed in microms (pm).

*Significant differences (P=00L05) in Sdent’s t-test befwesn normal and WS groups for each

population. Sipnificant differences are mdicated by letters in ifalics.
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Table 2: Representation of experiments to group the 768 retinal nerve fiber layer

measurements,

The 768 retinal nerve fiber layer measurements provided by Spectralis OCT were groupad
equally of different sizes in several experiments. The first column represents the total number of
groups. The second column shows the number of consecutive points included in each group,
calculated as result of dividing the total number of points of the original database (768) by the
number of groups. The third column shows the numbers of consecutive points included in each
quadrant. The fourth column represents the number and proportion (in parenthesis) of correctly
classified eyes (as MS or healthy eyes). The last column also represents the number and
proportion (in parenthesis) of correctly classified eyes (as MS or healthy eyes), but in this case,
the statistical program calculated each component of the input vector as the mean value of the
input (mean of the inputs that comprise the input vector), to study whether or not the continuous
component of the profik of thicknesses is disciminant (see Figure 2). In the two last columns,

the best diagnostic balances are indicated by italic Jetters.

Number | Group Number of Correctly Correctly dassified
of size points in each | classified eyes eyes (eliminating
groups group continue component)
192 4 48 186 (85.7%) 182 (83.9%)
128 6 32 183 (84.3%) 180 (82.9%)
96 [3 24 181 (83.4%) 180 (82.9%)
64 12 16 182 (83.9%) 178 (82.1%)
48 16 12 181 (83.4%) 183 (84.3%)
32 24 8 182 (83.9%) 184 (84.8%)
24 32 6 184 (84.8%) 190 (87.6%)
16 48 4 192 (88.5%) 180 (82.9%]
12 64 3 178 (82.0%) 171 (78.8%)
8 36 2 177 (81.6%) 159 (73.3%)
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Table 3: Retinal nerve fiber layer (RNFL) measurements in eyes of healthy subjects and

multiple sclerosis (MS) patients, showing mean and standard deviation (SD).

The eyes of the MS group are divided by presence or absence of antecedent optic neuritis (ON).

The 768 points registered during circular peripapillary scan acquisition were grouped to obtain

16 uniformly divided locations that were used in the statistical analysis. The third column in

each MS group shows the significance (P) of the comparison with healthy eyes. A value of

p<0.05 was considered to indicate statistical significance. Significant differences are indicated

by letiers in italics.

— RNFL Healthy eyes Non- ON eyes of MS ON eyes of MS patients
Poluts Paoints (n:105) patients (n:71) (n:41)
induded Mean SD Mean SD P Mean SD P
1 148 733 112 56.2 201 <0.001 518 284 <0.001
2 49-96 803 102 66.0 212 <0.001 618 256 <0.001
3 97-144 1155 145 1023 203 <0.001 95.4 203 <0.001
4 145-192 1445 20.2 1102 18.8 0.001 1075 19.7 0.007
5 193-240 140.2 193 1359 222 0.362 1314 256 <0.001
6 241-288 1234 233 1210 28,6 0.108 1154 355 <0.001
7 289-336 1059 208 1008 273 0.024 95.7 312 <0.001
B 337-384 1100 1985 95.7 20.0 <0.001 90.5 206 0.002
9 385-432 98 254 98.1 246 0.329 945 198 0.042
10 433-480 923 277 90.2 155 <0.001 86.6 15.0 0.006
1 481-528 66.6 235 614 295 <0.001 59.6 25.1 0.003
12 529-576 571 146 54.2 301 <0.001 541 296 0.018
13 577-624 58.6 166 55.5 185 <0.001 523 284 <0.001
14 625-672 692 141 643 25.7 0.007 501 248 0.045
15 673-720 96.8 303 899 27.6 <0.001 739 266 <0.001
16 723-768 3.1 28.7 95.7 198 <0.001 90.0 185 <0.001

Abbreviations: RNFL, retinal nerve fiber layer: ON, oplic neuritis; n, number of eyes: MS,
multiple sclerosis; SD, standard deviation: P, signification value.
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Table 4: Sensitivity, spedficity, and likelihood ratios of the artificial nenral network.

The table shows sensitivity, specificity, and likelibood ratios of the amificial neural nemwork

using 14 groups of measurements and retinal nerve fber layer parametars of OCT 1o

Lo R s R B S FL % R

10 discriminate between normal and muoliiple scleresis (MS) subjects, and between eyas of MS
12 patients with previous opfic neunts (OX MS) and eyes without anfecedent optic nearits (3on-

i4 ON M5}

20 Disgnostic ability Diagnostic ability
21 Healthy wvs MS eyes O WS v Mlan-08 WS éyeg

23 OCT parameters 5ens Spec  +LR -LR Sens  Spec +LR -LR

ANN (16 groups) B33 BTE 72 01 B45 EID 5.0 02
28 Average thickness 453 @41 76 06 TOE 912 B0 03
Termporal-Superior thickness IBE 911 41 07 472 903 49 0.6
0 Termporal thickness 1 T8 6 04 B1E 709 1B 03
30 Temporal-inferior thickness 47E B32 2B 05 589 EIS 4.7 0.5
Masal-inferior thickness 379 BES 33 07 426 B43 27 07
a3 Masal thickness 37 TIE 15 08 519 699 1.7 07
34 Masal-superior thickneis 4 BOE 1B 05 750 2 SLY 18 0.4

0 Abbreviations: OCT, optical coberence tomography; ANM, artificial neursl network; Sens,
41 Sensitivity; Spec, Specificity; +LF. positive likslihood ratio; -LE._ negative likelihood ratio.

43 Sensibility and specificity are expressed in %a.
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RESUMEN DE LA TESIS DOCTORAL POR COMPENDIO DE

PUBLICACIONES

1. OBJETIVOS DE LA INVESTIGACION

I. Evaluar los cambios que se producen en la capa de fibras nerviosas de la
retina con la evolucion de la esclerosis multiple y observar si se encuentran
diferencias en funcion de las diferentes actitudes terapéuticas y de la progresion de
la enfermedad.

II. Determinar la eficacia de las técnicas de analisis funcional y estructural del
nervio éptico en la deteccion de dafio secundario a esclerosis multiple y el grado de
correlacion existente entre ellas.

[ll. Analizar la precision diagnostica de la tomografia de coherencia O6ptica
Spectralis para detectar esclerosis multiple y el antecedente de neuritis 6ptica
usando la técnica estadistica de redes neuronales artificiales.

I\V. Describir la geometria en tres dimensiones de la cabeza del nervio 6ptico en
pacientes con esclerosis mdultiple y las zonas de la misma que se ven afectadas en
mayor grado por la enfermedad y por episodios de neuritis dptica.

V. Calcular y validar una funcién lineal discriminante en la tomografia de
coherencia éptica de dominio Fourier para mejorar la habilidad diagnéstica del
espesor de la capa de fibras nerviosas de la retina en la deteccion de la esclerosis

multiple.




2. APORTACIONES DEL DOCTORANDO

Los articulos de la presente tesis doctoral aportan a la comunidad cientifica unas
herramientas nuevas e inocuas para mejorar el diagnostico y el seguimiento de esta

compleja patologia.

Nuestros resultados proporcionan férmulas para ayudar a discriminar entre sujetos
sanos y pacientes con EM, que conducen a mejorar el diagndstico precoz en fases
tempranas de la enfermedad o en ciertas circunstancias que hacen dificil decidir la
presencia o no de EM basandose sélo en otros criterios como la resonancia magnética
o los signos clinicos. Se trata de un punto clave para la practica clinica ya que poder
realizar un diagnéstico precoz de esta patologia e iniciar de forma temprana el
tratamiento con las terapias modificadoras de la enfermedad, resulta esencial para

aumentar su efectividad.

Otra aplicacion practica muy importante para el manejo de estos pacientes que
aporta el andlisis de la CFNR es que puede servir como un método para evaluar la
eficacia de los tratamientos en la proteccién de la degeneracién axonal. Este aspecto
resulta especialmente Gtil para los neurdlogos a la hora de decidir sobre la conducta
terapéutica a seguir, y abre una via de investigacién para el futuro donde podrian

evaluarse qué tratamientos se asocian con una menor pérdida axonal.

Es importante resaltar ademas que el estudio de la CFNR a través de la OCT se
trata de un procedimiento inocuo y no invasivo, de facil realizacion tanto para el
evaluador, que no requiere un entrenamiento especial, puede adquirir las imagenes

con rapidez y disponer casi inmediatamente de los resultados; como para el paciente,




gque se somete a una prueba rapida, sencilla de realizar y que no causa molestias

durante su realizacion.

Finalmente, estas investigaciones aportan un enfoque multidisciplinar de los pacientes
con esclerosis multiple, basado en la colaboracion entre oftalmologia, neurologia y
neurofisiologia donde la evaluacion oftalmolégica juega un gran papel tanto en el
diagnéstico como en el seguimiento de esta enfermedad, ayudando a realizar un

manejo 6ptimo de estos pacientes.

3. METODOLOGIA UTILIZADA

Para la elaboracion de los cuatro trabajos se ha realizado un estudio prospectivo,
observacional y longitudinal que se ha llevado a cabo de modo coordinado entre los
Servicios de Oftalmologia, Neurologia y Neurofisiologia del Hospital Universitario
Miguel Servet de Zaragoza desde el afio 2007. El disefio del estudio siguio los
principios de la Declaracion de Helsinki, y el protocolo del estudio fue aprobado por el

Comité Etico de Investigaciones Clinicas de Aragon.

3.1. Sujetos de estudio

Se propuso la participacion en el estudio a todos los pacientes afectos de EM que
fueron revisados en las consultas de Neurologia de dicho hospital. Basdndose en los
datos de estudios previos, el nUmero de sujetos que fue necesario incluir para poder
detectar diferencias mayores o iguales a 5 um en la CFNR asumiendo un error alpha

del 5% y un error beta del 10% fue de 86. Sin embargo, con el objeto de prever




posibles pérdidas durante el seguimiento del estudio, incrementar su potencia y
disponer de varias poblaciones muestrales para validar los distintos pardmetros
diagndsticos, se incluyeron 150 pacientes con EM. Para el correcto disefio del estudio,
se realiz6 un muestreo estratificado segun las variantes de la enfermedad (recurrente-
remitente, primaria progresiva o secundaria progresiva).

Se incluyeron en el estudio 150 individuos sanos, reclutados entre el personal
sanitario del Hospital Miguel Servet y familiares o amigos, que aceptaron
voluntariamente patrticipar en el estudio. La preseleccion de estos individuos se llevo a
cabo pareandolos por edad y sexo a los pacientes con EM incluidos en el estudio.

Todos los participantes firmaron un consentimiento informado en el que se detallaba
el objetivo del trabajo y las pruebas incluidas en el protocolo exploratorio, asi como la

posibilidad de abandonarlo en el momento en que lo deseasen.

Los criterios de inclusion fueron la confirmacién del diagnéstico de EM por un
neurélogo basandose en los criterios clinicos y de neuroimagen de Polman®’, agudeza
visual igual o superior a 0,1 con la escala de Snellen en cada ojo, para permitir el
desarrollo correcto del protocolo exploratorio, y valores de presion intraocular de
aplanamiento inferiores a 20 mm Hg, para evitar incluir sujetos con glaucoma crénico
gue pudiera causar una reduccion de la CFNR por causas ajenas a la EM. Se
excluyeron del estudio aquellos pacientes que hubiesen padecido un episodio de
neuritis éptica en los 6 meses previos a su inclusién en el estudio o a lo largo de su
seguimiento, aquellos cuyo defecto de refraccion fuese superior a 5 dioptrias de
equivalente esférico o 3 dioptrias de astigmatismo, y aquellos con cirugia ocular
previa, diabetes, u otras enfermedades que afectasen el campo visual o el sistema

neuroldgico.




3.2. Protocolo exploratorio

El protocolo exploratorio consto de tres tipos de pruebas:

Exploracion oftalmoldgica, que incluy6 la evaluacion de la agudeza visual, de la
vision cromatica, la evaluacién de la motilidad ocular, de los reflejos pupilares y
del segmento anterior del ojo, asi como la medicion de la presiéon intraocular
mediante tonometria de aplanacion, la valoracion funduscoépica papilar, la

exploracién del campo visual y una tomografia de coherencia 6ptica (OCT).

Exploracion neurofisioldgica, que incluyé los potenciales evocados visuales

(PEV).

Exploracion neuroldgica que incluyé la valoracion del fenotipo de EM
(recidivante-remitente, primaria progresiva, y secundaria progresiva), el tiempo
de evolucién desde el diagndstico, la puntuacion en la escala de disfuncién
neurolégica (EDSS), el tratamiento recibido, la presencia de brotes agudos de

EM y de episodios previos de neuritis 6ptica.

Estas exploraciones fueron realizadas en el momento basal, al afio, a los dos afios y

al tercer afio con el objetivo de evaluar cambios en los parametros registrados y la

correlacion entre dichos cambios y otros factores asociados, tales como el tratamiento

aplicado o la progresién de la discapacidad funcional.

EXPLORACION OFTALMOLOGICA

La agudeza visual se midi6 mediante el optotipo de Snellen, de forma monocular,

con la mejor correccion posible del defecto de refraccion si era necesario y con el

paciente a 6 metros de distancia.




Figura 1. Optotipo de Snellen clasico.

La exploracion de la vision cromatica con el test de Ishihara permite valorar la
existencia de alteraciones en la percepcion de los colores, que aparecen durante el
periodo de estado de la neuritis 6ptica, generalmente en el eje rojo-verde del espectro
y, con menos frecuencia, en el azul-amarillo. En los estadios finales con atrofia éptica

solo es deficiente la discriminacion del rojo-verde.

La mayor parte de los pacientes presentan alteracién de la vision de colores en el
ojo afectado y el grado de afectacion puede evidenciarse con el test de Ishihara, que a
menudo es directamente proporcional al grado de pérdida visual. Sin embargo,
algunos pacientes tienen una alteraciéon de la vision cromatica superior a la esperada

para su afectacion visual.




Figura 2. Ejemplos de laminas pseudoisocrométicas del test de Ishihara.

El test de Ishihara proporciona unas laminas para clasificar con precision el defecto
de vision cromatica y diferenciar colores en sus diversas tonalidades. Estas ldminas o
mapas estan dispuestas con una confusion de manchas de distintos colores. Fue
ideado por el doctor Shinobu Ishihara y estd disponible con diferentes nUmeros de
laminas para examenes mas o menos exhaustivos. Se recomienda emplear al menos

14 [aminas.

En nuestro estudio se empleé un test de Ishihara con 20 laminas
seudoisocrométicas y se realiz6 de forma individual con cada ojo. El parametro

registrado fue el nUmero de aciertos del paciente.




El estudio del fondo do ojo se basé en la observacion del aspecto de la papila
(normal, palidez difusa, palidez sectorial, 0 edema) con la ayuda de una lente de 78
dioptrias. La forma del nervio éptico normal es verticalmente ovalada. El anillo
neuroretiniano de la papila 6ptica es de color rosado y esta formado por axones de las
células ganglionares y rodea una depresion central llamada excavacion Optica que no

tiene axones.

En la EM es frecuente encontrar atrofia dptica, con una papila palida, ligeramente
elevada con margenes mal delimitados por la gliosis asociada, y una reduccién del

numero de los pequefios vasos sanguineos que cruzan la superficie papilar (figura 3).

Figura 3. Atrofia por neuritis Optica asociada a EM. Se puede observar palidez temporal significativa en

ambas papilas tras multiples brotes.

El campo visual o campimetria se utiliza para cuantificar el campo de vision que
presenta el paciente y es la prueba funcional mas empleada en oftalmologia, después

de la medicion de la agudeza visual.

El término de perimetria se refiere a la medida del campo visual sobre una superficie

curva y ha venido a sustituir al término de campimetria en la practica clinica.



Figura 4. Campo visual (imagen de la izquierda) y Perimetro Humphrey Visual Field

Analyzer (imagen de la derecha).

En el campo visual automatizado convencional los estimulos luminosos blancos se
representan sobre una superficie blanca con una iluminacion reproducible. La luz se
presenta durante 0,2 segundos y se busca el umbral de la capacidad sensorial de
cada punto incrementando y disminuyendo ligeramente la intensidad del estimulo
(medida en decibelios, dB). El valor obtenido se expresa en unidades de luminancia,
siendo la mas utilizada el apostilb (asb). Para garantizar la fiabilidad de la exploracion
la fijacién del paciente se controla utilizando el método de Heijil-Krakau. Una vez

obtenidos los datos se representan numéricamente y mediante una escala de grises.

Las principales ventajas del campo visual automatizado estatico respecto a las
técnicas anteriores son su reproducibilidad, la mayor sensibilidad a los defectos leves,
el hecho de que no precisa personal experto en realizarlo y la obtencion de datos

numMeEricos que nos sirven para comparar la evolucion.

La reduccion de la CFNR puede producir una pérdida de funcién visual, que
generalmente pasa desapercibida en fases precoces y so6lo se detecta en el campo
visual cuando existe una reduccion importante del nimero de células ganglionares. En

la EM los patrones de afeccion mas frecuentes son los defectos altitudinales (55-80%)



durante los episodios inflamatorios y la disminucién difusa de la sensibilidad. También
pueden observarse escotomas, defectos arcuatos, cuadrantanopsias, constriccion

generalizada o la combinacion de éstos.

El campo visual ha demostrado una buena correlacion entre la localizacion de los
defectos perimétricos y la lesién estructural apreciable en otras pruebas diagnésticas

como la fotografia de la CFNR o la polarimetria laser®,

Sin embargo presenta algunas limitaciones, ya que su resultado puede verse
afectado por factores que causan una reduccion generalizada de la sensibilidad, como
la edad, la miosis, opacidades de medios, la afaquia y las ametropias. El resultado de

la prueba también puede alterarse por una ptosis o por el borde de las gafas.

Los pardmetros registrados en nuestro estudio fueron la desviacion media (DM)
medida en decibelios y el patron morfolégico del campo visual calificado como normal,
disminucién difusa de la sensibilidad, escotoma arcuato superior o inferior, escotoma
altitudinal superior o inferior, doble escotoma arcuato, aumento de la mancha ciega,
escotoma central, centro-cecal o paracentral, escalén nasal superior, escalon nasal
inferior, escal6n vertical, cuatrantanopsia, triple cuadrantanopsia, hemianopsia nasal o

temporal, reduccion concéntrica, o focos multiples.

La tomografia de coherencia 6ptica (OCT) permite estudiar cortes histol6gicos de
la retina in vivo y analizar las estructuras de la retina posterior, entre ellas la papila

Optica 'y la CFNR.

Figura 5.Cirrus OCT 3000 (Carl Zeiss Meditec)




El principio fisico que explica su mecanismo de accidén es la inferometria de baja
coherencia. Una fuente emite pulsos cortos de luz hacia un espejo, donde se reflectan

parcialmente hacia el ojo y hacia un espejo de referencia.

La luz que llega hasta el ojo se refleja y vuelve hacia un detector, comparandola con
la reflejada por el espejo de referencia. Con ello se genera una imagen final con una
escala de colores donde las zonas de alta reflectividad, que corresponden a areas de
bloqueo parcial o total al paso de la luz (sangre, fibrosis...), se muestran en tonos rojo-
blanco; mientras que las imagenes de zonas de baja reflectividad, que implican baja o
nula resistencia al paso de la luz (quistes, edema...), se muestran en el espectro azul-

negro.

Espejo de referencia
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50/50
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m

1
Detector .

Figura 6. Bases fisicas de la OCT.

La CFNR puede ser identificada y su espesor medido de forma objetiva gracias a las
siguientes caracteristicas: disposicion de la fibras nerviosas de la retina
perpendiculares al haz de luz, reflectividad de la interfase vitreo - membrana limitante

interna y la alta reflectividad de la interfase epitelio pigmentario - fotoreceptores. Las




estrategias con haz de luz circular entorno a la cabeza del nervio permiten el calculo

de grosor en los cuatro cuadrantes y por sectores.

Desde un punto de vista operativo, la OCT establece y calcula el grosor retiniano
como la distancia entre la interfase vitreorretiniana y la unién entre el segmento interior
y exterior de los fotorreceptores, justo internamente al epitelio pigmentario retiniano.
De esta manera, considera el grosor retiniano y de la CFNR, siendo éste Ultimo la
distancia entre el limite posterior de la CFNR y la interfase vitreorretiniana. En la figura
7 se muestra una imagen transversal en la cual aparece el grosor retiniano y de la

CFNR.

Figura 7. Imagen topografica del grosor retiniano y de la CFNR.

Este proceso de analisis y determinacion de puntos y lineas de referencia se realiza
en cada uno de los barridos lineales incluidos en el protocolo de adquisicion y, a
continuacion, integra la totalidad de los mismos para obtener los resultados de toda la

cabeza del nervio y determinar los diferentes parametros morfométricos papilares.

El dispositivo OCT posee una base de normalidad con la que compara
automaticamente los resultados de cada sujeto evaluado en relacion a su edad, raza y
sexo y asi determina la probabilidad de que la exploracion de ese individuo pueda

considerarse normal.

En nuestros estudios se utilizaron dos tipos de dispositivos OCT de dltima

generacion: OCT Cirrus y OCT Spectralis.




El dispositivo OCT Cirrus (Carl Zeiss Meditec Inc, Dublin, California, EEUU) es un
tomografo de dominio espectral capaz de realizar mediciones con una resolucion de
5/1.000 milimetros y méas de 67 millones de puntos de informacion diferentes mediante
el uso de la tecnologia de infrarrojos con una velocidad méxima de 27.000 escaneres

por segundo.

El protocolo de nervio 6ptico de la OCT Cirrus genera imagenes de un cubo de 200

por 200 micras alrededor del nervio Optico. Los parametros analizados en nuestro
estudio fueron el espesor medio de la CFNR, el espesor en cada uno de los
cuadrantes de la CFNR (superior, inferior, temporal y nasal), y el espesor en los doce
sectores horarios del nervio 6ptico. A los sectores horarios se les asigné un nimero de
posicién (C1 a C12) en el sentido horario para el ojo derecho y en el sentido anti

horario para el izquierdo.

El protocolo macular incluyé un cubo macular de 512x128 micras que proporcioné
los valores de los espesores como un mapa de colores para las nueve areas descritas
en el Early Treatment Diabetic Retinopathy Study (ETDRS). Este estudio divide la
macula en 9 areas definidas por tres circulos ubicados a 1, 3, y 6 mm, estos dos
altimos a su vez estan divididos en cuatro cuadrantes: superior, inferior, nasal y
temporal. El area 1 representa la fovea. Las areas 2, 3, 4 y 5 forman el anillo interno y
las areas 6, 7, 8 y 9 forman el anillo externo. Los pardmetros recogidos en nuestro
estudio fueron el espesor medio y el volumen macular total calculado en el anillo de 6

mm de diametro.




Figura 8. Imagen del mapa macular con los espesores de las 9 areas descritas en el Early Treatment

Diabetic Retinopathy Study (ETDRS) (arriba) y corte histolégico del perfil macular (abajo).

La OCT Spectralis analiza de forma simultanea multiples longitudes de onda del
espectro del haz de luz reflejado, siendo 100 veces mas rapido que la OCT previa de
dominio tiempo, y adquiriendo unos 40.000 cortes por segundo. Incorpora un sistema
de escaneo mediante Optica confocal (Confocal Scanning Laser Ophthalmoscope),
gue proporciona imagenes simultdneas con mejor contraste y detalle de la imagen, y
analiza de forma exclusiva la informacion del punto de enfoque. Dispone de un
sistema de seguimiento ocular que corrige los movimientos del ojo durante la
adquisicion de las imagenes, disminuyendo asi los artefactos y logrando imagenes
mas reproducibles. Asimismo, establece unas referencias anatdmicas que pueden
emplearse en futuras exploraciones como marcadores para analizar la misma zona
retiniana. La gran velocidad de adquisicion de los tomégrafos de dominio espectral
consigue valorar amplias areas de la retina con una alta definicion y de modo
tridimensional. La posibilidad de realizar un estudio de seguimiento con imagenes
previas hace que la valoracion en el tiempo sea mucho més fécil e incluso se pueda
conseguir en enfermos sin capacidad de fijacion.

El protocolo RFNL (Retinal Nerve Fiber Layer) del Spectralis genera un mapa que
contiene el espesor medio y el espesor de seis sectores (superonasal, nasal,

inferonasal, inferotemporal, temporal, y superotemporal) en direccion a las agujas del




reloj para el ojo derecho y en contra de las agujas para el ojo izquierdo. Ademas
generard una base de datos con todas las mediciones de los espesores de la CFNR
para los 768 puntos registrados durante el escaner circular alrededor del nervio éptico.
En nuestro estudio se registraron los espesores medio, por sectores y de los 768
puntos. El espesor de la CFNR se midi6é con un promedio de 16 B-scans consecutivos

y circulares (diametro 3,5 mm, 768 A-scans).

Para medir el espesor macular se utilizé el protocolo Fast macular. EI mapa de
espesores se representd en 9 subcampos de manera similar al OCT Cirrus. El

parametro evaluado en nuestro estudio fue el espesor macular medio.

Todas las imagenes fueron tomadas por el mismo operador con experiencia, en este
caso, el doctorando. La calidad de las imagenes fue valorada previamente al andlisis y

aguellas con una calidad baja fueron descartadas.

La OCT Cirrus determina la calidad de las imagenes utilizando una medicién de la
sefial que combina la relacion sefial-ruido con la uniformidad de la
sefal dentro de la imagen. Consta de una escala con un rango del 1 al 10, donde 1 es
una calidad de imagen pobre y 10 es una calidad de imagen excelente. Solo las

imégenes con una puntuacién mayor de 7 fueron incluidas en nuestro estudio.

La OCT Spectralis utiliza una barra de calidad azul en la imagen para indicar la
calidad de la sefial. La puntuacion de la calidad va desde un rango entre 0 (baja
calidad) y 40 (excelente calidad). Solo las imagenes con una puntuacion mayor de 25

fueron analizadas.
EXPLORACION NEUROFISIOLOGICA

Los potenciales evocados visuales (PEV) recogen la respuesta eléctrica cerebral
obtenida por estimulacion visual de la corteza occipital. Esta originada
fundamentalmente a nivel del area 17 (estriada) con participacion de é&reas de

asociacion 18 y 19. Explora la integridad de la via visual desde la macula hasta la




corteza occipital. El 80% de la respuesta es generada por los 8° centrales de la retina.
Las areas periféricas contribuyen menos, ya que la representacion cortical es menor
que la de las areas centrales. En el 20% restante de la respuesta, la contribucién del

hemicampo inferior es mayor que la del superior.

La respuesta obtenida tiene una morfologia en V. El complejo esta formado por los
componentes N75-P100-N135. ElI componente principal es P100, del que se valora la
latencia y amplitud. El estimulo utilizado puede ser de dos tipos: pattern o flash. Este
ultimo solamente se aplica en nifios con deficiente colaboracién y en pacientes con
opacidades de medios y no se ha utilizado en nuestro estudio. El estimulo pattern
puede presentarse en forma de campo completo o por hemicampos. En el pattern los
cuadros pueden ser de varios tamafios: los mas pequefios evaltan el area foveal y los

mas grandes, la region perifoveal.

Figura 9. Potencial evocado visual.

Cualquier alteracién de la via visual puede producir un PEV patolégico. En la
neuropatia éptica secundaria a enfermedad desmielinizante se suele producir un
retraso en la latencia de P100 y, con menor frecuencia, una reduccion en la amplitud.

Este aumento de la latencia no se correlaciona con la pérdida de agudeza visual y, de



hecho, persiste una vez que se recupera la vision. También es util en el diagnéstico de

neuritis subclinicas.

En nuestros estudios se empled el equipo Neuronic sensewitness 4.0 (Neuronic
Zaragoza, Spain) y unos electrodos de disco bafiados en cloruro de plata colocados en
el cuero cabelludo de la zona occipital (Oz, electrodo activo) y en el area frontal (Fz,
electrodo de referencia). Como electrodo de tierra se colocd un electrodo de baja
impedancia en la frente del paciente. Los estimulos se presentaron de forma
monocular y la frecuencia de alternancia de los estimulos pattern fue de 2 Hz. Se
emple6 un monitor de video de 26 x 20 centimetros colocado a un metro de distancia
del sujeto (angulo visual de 16°) y el tamafio de los cuadrados fue de 1° de arco. El
promedio de luminancia fue de 93,5 candelas/m? con un contraste del 99%. Se
analizaron la latencia y la amplitud del componente principal positivo, reconocido

convencionalmente como una deflexién hacia abajo (onda P100).

3.3 Recogiday analisis de datos

Todas las variables mencionadas fueron registradas en una base de datos

elaborada con el programa FileMaker Pro 8.5 (File Marker Inc., Santa Clara, CA).

Para una mejor compresion del andlisis de los datos, a continuacién se detalla la

técnica estadistica utilizada en cada uno de los trabajos de investigacion.

1. Herrero R, Garcia-Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R,
Martin J, Satue M, Dolz I, Fernandez J, Pablo LE. Progressive degeneration of
the retinal nerve fiber layer in patients with multiple sclerosis. Invest Ophthalmol

Vis Sci. 2012;53(13):8344-9. ISSN: 0146-0404. PMID: 23154461.




Se realiz6 un estudio longitudinal prospectivo de 3 afios de seguimiento. Se
incluyeron un total de 94 pacientes con EM (188 ojos) y 50 sujetos sanos (100 ojos)
que fueron evaluados en el momento basal, a los 12, 24 y 36 meses. Para el analisis

estadistico se utiliz el SPSS IBM (version 19.0; SPSS Inc, Chicago, IL).

Previamente al andlisis de los datos se comprobé el ajuste de las variables a la
normalidad mediante el test de Kolmogorov-Smirnov. Los resultados de cada variable
obtenidos en las sucesivas exploraciones fueron comparados entre ambos grupos (EM
y controles sanos) mediante un test de analisis de la varianza ANOVA, con el objetivo
de detectar diferencias en la estructura de la CFNR asociadas a la evolucién de la

enfermedad en este periodo de seguimiento.

Mediante un analisis de Pearson se llevé a cabo un estudio de correlacion entre las
variables estructurales (OCT) y las funcionales (agudeza visual, campimetria, vision
cromatica y PEV). Se determind el coeficiente de correlaciébn de Pearson () y la
significacion estadistica de la asociacion (P). El coeficiente de correlacion de Pearson
puede tomar un valor en un rango que va de -1 a 1. Un valor de 0 indica que no existe
asociacion entre las dos variables. Un valor mayor de 0 indica una asociacion positiva,
es decir, si el valor de una variable aumenta, también lo hace el de la otra variable. Y
por ultimo, un valor menor de 0 indica una asociacion negativa: si el valor de una

variable aumenta, el valor de la otra disminuye.

Finalmente, se dividi6 a los pacientes en dos grupos: los que habian recibido
tratamiento para la EM y lo que no habian sido tratados. Se analiz6 si existian
diferencias significativas en los cambios registrados en las variables durante los 3
aflos de seguimiento mediante el test estadistico T de Student, con el objetivo de
estudiar si el tratamiento es un factor protector para la degeneracién de la CFNR que

tiene lugar en la EM.

Un nivel de p<0,05 fue considerado significativo para todos los analisis estadisticos.




2. Garcia-Martin E, Pablo LE, Herrero R, Satue M, Polo V, Larrosa JM, Martin
J, Fernandez J. Diagnostic ability of a linear discriminant function for Spectral
domain optical coherence tomography in multiple sclerosis patients.

Ophthalmology 2012;119(8):1705-11. ISSN: 0161-6420. PMID: 22480742.

Se reclutaron dos muestras independientes de 115 sujetos sanos y 115 pacientes
con EM. De la poblacién total se seleccion6 de forma randomizada una muestra para
desarrollar la funcién lineal discriminante (“teaching set”) y otra muestra para
comprobar la actuacién de la funcién lineal discriminante (“validating set”).

En la muestra “teaching set” se realizé un analisis de regresion logistica binaria,
utilizado cuando la variable dependiente es dicotdmica (sano o enfermo) y las
variables independientes son de cualquier tipo. Las variables dependientes fueron el
diagndstico de EM (si 0 no), y las variables predictivas los 768 espesores de la CFNR,
el espesor medio y los espesores en los 6 sectores (superonasal, nasal, inferonasal,
inferotemporal, temporal, and superotemporal) obtenidos en la OCT Spectralis.

La importancia relativa de cada variable independiente se evalu6 mediante un
analisis de regresion logistica binaria utilizando el método de Foward Wald. El test
Wald-w2 sirve para comprobar la contribucién Unica de cada predictor en el contexto

de los otros predictores (manteniendo constantes los demés predictores).

La funcion lineal discriminante fue una puntuacion calculada tomando la suma
ponderada de las variables predictivas. Los parametros significativos de la OCT se
combinaron para generar una nueva variable denominada funcion lineal discriminante,
de tal manera que las diferencias encontradas entre o0jos sanos y ojos con EM fueron
maximizadas. La muestra “validacion set” se utilizé para probar y comparar la precision
diagndstica de dicha funcion lineal discriminante con otros parametros de la CFNR del

OCT Spectralis. Se trazaron curvas ROC (Receiver operating characteristic) para



http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Garc%C3%ADa%20E%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus

todos los parametros y se compararon con la curva ROC obtenida para la funcién
lineal discriminante propuesta.

Por dltimo, se analizaron las diferencias entre las curvas ROC para comparar los
valores del area bajo la curva (AUC) utilizando el método Hanley-McNeil. Los puntos
de corte se calcularon con el software MedCalc, como los puntos con el mejor balance
de sensibilidad-especificidad. Se calcularon las sensibilidades de cada parametro para
valores fijos de especificidad del 85% y 95%, y se determinaron los valores predictivos

positivo y negativo.

3. Garcia-Martin E, Calvo B, Malvé M, Herrero R, Fuertes I, Ferreras A, Larrosa
JM, Polo V, Pablo LE. Three-dimensional geometries representing the retinal
nerve fiber layer in multiple sclerosis, optic neuritis, and healthy eyes.

Ophthalmic Research 2013 (en prensa). ISSN: 0030-3747.

Se incluyeron dos muestras independientes de 110 sujetos sanos y 130 pacientes
con EM de tipo remitente recurrente. Un total de 230 ojos (108 sanos y 122 pacientes
con EM) fueron analizados y se eligi6 de forma aleatoria un ojo de cada paciente.
Todos ellos fueron evaluados mediante el OCT Spectralis con la version de software
5.4b. Se cre6 un modelo geométrico del nervio éptico mediante las medidas de la
CFNR utilizando el Autodesk Invertor (versién 11.0, Barcelona, Espafia). Las variables
independientes del estudio fueron el diagndéstico de EM (si o no) y las variables
predictivas fueron los 768 parametros del espesor de la CFNR, el espesor medio y el
espesor en cada uno de los seis sectores medidos mediante la OCT Spectralis. Los
resultados estructurales proporcionados por la OCT se compararon entre 0jos sanos,
ojos de pacientes con EM y neuritis Optica previa y ojos de pacientes con EM sin

neuritis previa, mediante el test de ANOVA para el andlisis de la varianza.
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Los espesores de la CFNR se mostraron en un modelo en tres dimensiones (3D)
gue representd una aproximacion al ojo humano. Este modelo fue reconstruido usando
el software Autodesk Invertor (SolidWorks Inc., Dassault, SolidWorks Corp., France) y
se presentd como una perfecta esfera dividida en seis sectores (superonasal, nasal,
inferonasal, inferotemporal, temporal, y superotemporal, respectivamente). De esta
forma, fue posible obtener una modelo visual de la afectacion de la CFNR en

pacientes con EM con y sin previos episodios de neuritis Optica.

4. Garcia-Martin E, Herrero R, Bambo MP, Ara JR, Martin J, Polo V, Larrosa
JM, Garcia-Feijoo J, Pablo LE. Artificial neural network techniques to improve
the ability of optical coherence tomography to detect optic neuritis. Seminars of

Opthalmology 2013 (en prensa). ISSN: 0882-0538.

Se incluyeron dos muestras independientes de 108 sujetos sanos y 122 pacientes
con EM de tipo remitente recurrente. 6 pacientes con EM no completaron todos los
requisitos de las pruebas y fueron excluidos del analisis. 7 sujetos que presentaron
artefactos, partes perdidas o or showing seemingly distorted anatomy fueron excluidos
(4 pacientes y 3 sujetos sanos). Un total de 217 ojos (105 sanos y 112 pacientes con
EM) fueron incluidos en el andlisis estadistico. Un ojo de cada sujeto fue elegido de

forma aleatoria para el estudio.

Se utiliz6 la OCT Spectralis con el software version 5.4b. Los 768 A-scans
proporcionados por la OCT Spectralis para medir el espesor medio de la CFNR y el
espesor en los 6 sectores fue registrado e incluido en una base de datos disefiada
para este estudio utilizando el programa FileMaker Pro 8.5 (File Marker Inc., Santa
Clara, CA). Para el analisis estadistico se utilizé el SPSS IBM (version 18.0; SPSS Inc,
Chicago, IL) y para realizar el analisis de redes neuronales artificiales se utilizo el

Software Rapidminer 5.1.006 (Rapid | GmbH, Dortmund, Germany). Los ojos de




pacientes con EM fueron divididos en dos subgrupos: 41 ojos con antecedente de
neuritis Optica y 71 ojos sin antecedente previo de neuritis Optica. Se evalud el
rendimiento de la técnica de andlisis de redes neuronales artificiales para clasificar las
mediciones de la CFNR proporcionadas por la OCT Spectralis como pacientes con EM

0 sujetos sanos.

Las redes neuronales artificiales son herramientas de extraccion de datos utilizadas
fundamentalmente para buscar patrones de comportamiento en un conjunto de datos,
aprender estos patrones y desarrollar la habilidad de clasificar nuevos patrones
correctamente. La red neuronal parte de un conjunto de datos de entrada
suficientemente significativo y el objetivo es conseguir que aprenda automaticamente
las propiedades deseadas. Las redes neuronales artificiales pueden clasificarse en
funcién del patrén de conexiones que presenta, definiéndose asi dos tipos basicos de

redes:

. Redes de propagaciéon hacia delante o aciclicas: en las que todas las
sefiales van desde la capa de entrada hacia la salida sin existir ciclos ni
conexiones entre neuronas de la misma capa de red neuronal. A su vez se
clasifican en monocapa o multicapa.

. Redes recurrentes: presentan al menos un ciclo cerrado de activacion

neuronal.

En este estudio, se utiliz6 un patron de red neuronal entrenado por un algoritmo de
propagacion hacia delante conocido como perceptrén multicapa. Este método es uno
de los més utilizados, utiliza una arquitectura de avance y como mejora del perceptron
simple, puede emular cualquier funcién continua. El perceptron multicapa esta formado
por multiples capas (siempre mas de tres), las cuales se dividen en:

e Capa de entrada: donde entra la informacion. En nuestro caso las

mediciones de espesores de la OCT.




¢ Capa oculta: puede ser una o0 mas capas, y realizan parte del proceso para
enviarlo a la salida.

¢ Capa de salida: ultima capa del perceptron multicapa, donde se devuelve el
resultado. En nuestro caso EM o controles, y 0jos con neuritis Optica o sin

neuritis optica.

Capade Capa Capa de
Entrada Oculka Salida
Entrada 1
@ \
Entrada 2 @

Entrada 3 —N S

Entrada n /@
@

— @ \ Salida

—_—)

Figura 10. Esquema de una Red Neuronal Atrtificial de tipo Perceptron simple con n neuronas de

entrada, m neuronas en su capa oculta y una neurona de salida.

El entrenamiento de los clasificadores de aprendizaje automatico se realiz6 con cada
espesor de la CFNR por separado, asi como con todos los 768 espesores de la CFNR
utilizados conjuntamente.

Se realizd un analisis de regresién lineal para normalizar la edad, la refraccién y el
espesor de la CFNR a nuestra base de datos, y los coeficientes de derivacion para

calcular los valores corregidos del espesor de la CFNR.


http://es.wikipedia.org/wiki/Perceptr%C3%B3n_simple

4. CONCLUSIONES

El analisis de la capa de fibras nerviosas de la retina es un buen biomarcador
de la degeneracién axonal progresiva que se produce en la esclerosis
multiple y es (til para evaluar la progresiéon de la enfermedad y la eficacia de

los tratamientos en la proteccion de la degeneracién axonal.

Las técnicas de andlisis funcional y estructural del nervio 6ptico son utiles
para la deteccibn de dafio secundario a esclerosis multiple y existe
correlacion entre las variables estructurales obtenidas mediante la tomografia
de coherencia Optica y las variables funcionales proporcionadas por el campo

visual, la medicién de la agudeza visual y los potenciales evocados visuales.

La técnica estadistica de redes neuronales artificiales pueden identificar
correctamente un alto porcentaje de sujetos con esclerosis mdltiples y
permite clasificar aquellos ojos que han presentado antecedente de neuritis
Opticas, con mayor precision diagndéstica que cualquier parametro aislado de
la capa de fibras nerviosas de la retina obtenido a partir de la tomografia de

coherencia Gptica.

La representacion del espesor de la capa de fibras nerviosas de la retina
utilizando el modelo de geometria en tres dimensiones nos permite observar
la distribucion del dafio axonal en pacientes con esclerosis maltiple con una
mayor afectacion del sector temporal, especialmente en aquellos pacientes

con neuritis Optica previa.




V. La funcién lineal discriminante que combina varios espesores de la capa de
fibras nerviosas de la retina mejora la capacidad de la tomografia de
coherencia Optica Spectralis para detectar esclerosis multiple y distinguir

entre 0jos con antecedente y sin antecedente de neuritis dptica.
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APENDICE Ill. JUSTIFICACION DE LA CONTRIBUCION DEL

DOCTORANDO EN CADA PUBLICACION

1. Herrero R, Garcia-Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R,
Martin J, Satue M, Dolz |, Fernandez J, Pablo LE. Progressive
degeneration of the retinal nerve fiber layer in patients with multiple
sclerosis. Invest Ophthalmol Vis Sci. 2012;53(13):8344-9. ISSN: 0146-

0404. PMID: 23154461.

El doctorando realiz6 todo el trabajo de campo con los pacientes y las pruebas
oftalmoldgicas, coordind el resto de pruebas, realizé la recogida de datos, la
redaccion del articulo y participé en la realizacion de los diversos analisis

estadisticos, en la revisién y en la correccion del articulo cientifico.

2. Garcia-Martin E, Pablo LE, Herrero R, Satue M, Polo V, Larrosa JM,
Martin J, Fernandez J. Diagnostic ability of a linear discriminant function
for Spectral domain optical coherence tomography in multiple sclerosis
patients. Ophthalmology 2012;119(8):1705-11. ISSN: 0161-6420. PMID:

22480742.

El doctorando realiz6 todo el trabajo de campo con los pacientes y las pruebas
oftalmoldgicas, coordiné el resto de pruebas, realiz6 la recogida de datos,
participé en los diversos analisis estadisticos y en la redaccion, revision y

correccion del articulo cientifico.
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3. Garcia-Martin E, Calvo B, Malve M, Herrero R, Fuertes |, Ferreras A,
Larrosa JM, Polo V, Pablo LE. Three-dimensional geometries
representing the retinal nerve fiber layer in multiple sclerosis, optic
neuritis, and healthy eyes. Ophthalmic Research 2013 (en prensa).

ISSN: 0030-3747.

El doctorando realiz6 todo el trabajo de campo con los pacientes y las pruebas
oftalmoldgicas, coordiné el resto de pruebas, realiz6 la recogida de datos,
participé6 en los diversos analisis estadisticos y en la redaccion, revision y

correccion del articulo cientifico.

4. Garcia-Martin E, Herrero R, Bambo MP, Ara JR, Martin J, Polo V,
Larrosa JM, Garcia-Feijoo J, Pablo LE. Artificial neural network
techniques to improve the ability of optical coherence tomography to
detect optic neuritis. Seminars of Opthalmology 2013 (en prensa). ISSN:

0882-0538.

El doctorando realiz6 todo el trabajo de campo con los pacientes y las
pruebas oftalmolégicas, coordiné el resto de pruebas, realiz6 la recogida de
datos, participd en los diversos analisis estadisticos y en la redaccion, revision

y correccién del articulo cientifico.
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APENDICE V. RENUNCIA DE LOS COAUTORES NO

DOCTORES A USAR EL ARTICULO EN SU PROPIA TESIS

DOCTORAL

Yo, Maria Satué Palacian, que figuro como coautora de los articulos:

e “Garcia-Martin E, Pablo LE, Herrero R, Satue M, Polo V, Larrosa JM, Martin J,
Fernandez J. Diagnostic ability of a linear discriminant function for
Spectral domain optical coherence tomography in multiple sclerosis
patients. Ophthalmology 2012; 119(8):1705-1711. ISSN: 0161-6420. PMID:
23154461,

e “Herrero R, Garcia-Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R, Martin
J, Satue M, Dolz I, Fernandez J, Pablo LE. Progressive degeneration of the
retinal nerve fiber layer in patients with multiple sclerosis. Invest

Ophthalmol Vis Sci. 2012;53(13):8344-9. ISSN: 0146-0404. PMID: 23154461”.

Renuncio a presentar dichos trabajos como parte de mi tesis doctoral.

En Zaragoza, a fecha 14 de Marzo de 2013

Fdo: Maria Satué Palacian.
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Yo, Maria Pilar Bambo Rubio, que figuro como coautora del articulo: “Garcia-Martin
E, Herrero R, Bambo MP, Ara JR, Martin J, Polo V, Larrosa JM, Garcia-Feijoo J,
Pablo LE. Artificial neural network techniques to improve the ability of optical
coherence tomography to detect optic neuritis. Seminars of Opthalmology 2013
(en prensa). ISSN: 0882-0538” renuncio a presentar dicho trabajo como parte de

mi tesis doctoral.

En Zaragoza, a fecha 14 de Marzo de 2013.

Fdo: Maria Pilar Bamb6 Rubio.
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-



Yo, Diego Rodriguez Mena, que figuro como coautor del articulo: “Herrero R, Garcia-
Martin E, Almarcegui C, Ara JR, Rodriguez-Mena R, Martin J, Satue M, Dolz I,
Fernandez J, Pablo LE. Progressive degeneration of the retinal nerve fiber layer in
patients with multiple sclerosis. Invest Ophthalmol Vis Sci. 2012;53(13):8344-9.
ISSN: 0146-0404. PMID: 23154461” renuncio a presentar dicho trabajo como parte de

mi tesis doctoral.

En Zaragoza, a fecha 14 de Marzo de 2013

Fdo: Diego Rodriguez Mena.
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Yo, Isabel Dolz Zaera, que figuro como coautora del articulo: “Herrero R, Garcia-Martin
E, Almarcegui C, Ara JR, Rodriguez-Mena R, Martin J, Satue M, Dolz |, Fernandez J,
Pablo LE. Progressive degeneration of the retinal nerve fiber layer in patients
with multiple sclerosis. Invest Ophthalmol Vis Sci. 2012;53(13):8344-9. ISSN: 0146-
0404. PMID: 23154461” renuncio a presentar dicho trabajo como parte de mi tesis

doctoral.

En Zaragoza, a fecha 14 de Marzo de 2013

Fdo: Isabel Dolz Zaera
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