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Resum

El paper central de la plaqueta en la trombosi arterial és ampliament
conegut. En els ultims anys, s’ha descrit i analitzat extensament la
seva participacié en l'inici i el desenvolupament de la malaltia

tromboembolica venosa (VTE).

El principal objectiu d’aquesta tesi ha estat la caracteritzacié dels
parametres plaquetaris en la poblacié sana, aixi com la estimaci6 de la
seva determinacié genetica o heredabilitat (h?). A més s’han descrit

'associacié de diversos parametres plaquetaris amb el risc de VTE.

Per a aixo s’han utilitzat dos tipus de mostra: el projecte Genetic
Analysis of Idiopathis Thrombophilia 2 (GAIT 2), un estudi de 35
families, i el projecte denominat Riesgo de FEnfermedad
TROmboembolica VEnosa (RETROVE), un estudi prospectiu cas—

control d’individus no emparentats.

[’Estudi #1 ha permes establir uns intervals de normalitat dels
recomptes i indexs plaquetaris, fraccié plaquetaria immadura (IPF) i
funci6 plaquetaria global (PFA) representatius de la poblaci6
espanyola sana dins de la mostra GAIT 2. [’analisi de cadascun dels
models de regressio lineal mixtos ha permes concloure que existeixen
variacions de recomptes i volums plaquetaris entre la poblacié infantil
(2-12 anys) i la resta de grups de edat (13-93 anys). Alhora, la funcié
plaquetaria es manté constant al llarg de la vida en part gracies a la
relacié inversa existent entre el recompte de plaquetes i el volum
plaquetari mitja. Paral - lelament, s’observa la invariabilitat dels
parametres de PFA durant la major part de la vida. Els parametres
de volum i d'TPF es comporten de forma similar respecte a 1'edat

(augmenten) i el sexe (no varien).

L’Estudi #2 s’ha realitzat en 'ambit del projecte GAIT 2. Aquest
estudi familiar té com a objectiu principal la identificacié de gens que

determinen la variabilitat dels parametres relacionats amb el risc de
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VTE. El projecte GAIT 2 ha replicat 'h? de la trombosi venosa
descrita en el projecte GAIT 1. A més s'ha determinat les h? dels

recomptes i indexs plaquetaris, d’IPF i dels parametres de PFA.

Els Estudis #3 i #4 s’han realitzat dins del marc del projecte
RETROVE. L’Estudi #3 ha identificat ’associacié entre el risc de
VTE i diversos parametres plaquetaris mitjancant models de regressio
lineals generalitzats. En aquest sentit, s'ha descrit 1'associaci6 entre el
risc de VTE i els recomptes elevats de plaquetes i plaquetocrit en les
dones. A I'Estudi #4, Paugment de la funcié plaquetaria analitzada
per agregometria en sang total (Multiplate™) no s’ha associat a risc
de trombosi. En canvi, la funcié plaquetaria analitzada mitjancant
lanalitzador PFA-100% si que ha estat capac¢ de detectar el risc, la qual
cosa indica que és un metode altament 1til en 'avaluacié del risc de
VTE.
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Resumen

El papel central de la plaqueta en la trombosis arterial es ampliamente
conocido. En los ultimos afos, se ha descrito y analizado ampliamente
su participacion en el inicio y desarrollo de la enfermedad

tromboembodlica venosa (VTE).

El principal objetivo de esta tesis ha sido la caracterizacién de los
parametros plaquetarios en poblacién sana, asi como la estimacion de
su determinaciéon genética o heredabilidad (h?). Ademas se han
descrito la asociaciéon con el riesgo de VTE de varios parametros

plaquetarios.

Para ello se han utilizado dos tipos de muestra: el proyecto Genetic
Analysis of Idiopathis Thrombophilia 2 (GAIT 2), un estudio de 35
familias, y el proyecto denominado Riesgo de FEnfermedad
TROmboembdlica Venosa (RETROVE), un estudio prospectivo caso—

control de individuos no emparentados.

El Estudio #1 ha permitido establecer unos intervalos de normalidad
de los recuentos e indices plaquetarios, fraccién plaquetaria inmadura
(IPF) y funcién plaquetaria global (PFA) representativos de la
poblacién espanola sana del proyecto GAIT 2. El anélisis de cada uno
de los modelos de regresién lineal mixtos ha permitido concluir que
existen variaciones de recuentos y volimenes plaquetarios entre la
poblacién infantil (2-12 anos) y el resto de grupos de edad (13-93
anos). La funcién plaquetaria se mantiene constante a lo largo de la
vida en parte gracias a la relacién inversa existente entre el recuento
de plaquetas y el volumen plaquetario medio. Paralelamente, se
observa la invariabilidad dels pardmetros de PFA durante la mayor
parte de la vida. Los parametros de volumen y de IPF se comportan

de forma similar respecto a la edad (aumentan) y el sexo (no varian).



El Estudio #2 se ha realizado dentro del ambito del proyecto GAIT
2. Este estudio familiar tiene como objetivo principal la identificacion
de genes que determinan la variabilidad de los parametros relacionados
con el riesgo de VTE. .El proyecto GAIT 2 ha replicado la h? de la
trombosis venosa descrita en el proyecto GAIT 1. Ademés se ha
determinado las h? de los recuentos e indices plaquetarios, d’IPF y de

los parametros de PFA.

Los Estudios #3 y #4 se han realizado dentro del marco del proyecto
RETROVE. El Estudio #3 ha identificado la asociacién entre el riesgo
de VTE y diversos parametros plaquetarios mediante modelos de
regresion lineales generalizados. En este sentido, se ha descrito la
asociacion entre el riesgo de VTE y los recuentos elevados de plaquetas
y plaquetocrito en las mujeres. En el Estudio#4, el aumento de funcién
plaquetaria analizada por agregometria en sangre total (Multiplate™!)
no se ha asociado a riesgo de trombosis. En cambio, la funcién
plaquetaria analizada mediante el analizador PFA-100% si ha sido
capaz de detectar el riesgo, lo cual indica que es un método altamente

util en la evaluacion del riesgo de VTE.
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Summary

The central role of the platelet in the arterial thrombosis is largely
known. In the recent years, the platelet involvement in the initiation
and development of venous thromboembolism (VTE) has been

described and widely discussed.

The main objective of this thesis has been the characterization of the
platelet parameters in healthy population, as well as the estimation of
their genetic determination or heritability (h?). In addition, the
association of various platelet parameters with the risk of VTE have

been described.

We have used two types of sample: the Genetic Analysis of Idiopathis
Thrombophilia 2 (2 GAIT) project, a study of 35 families, and the
project called Riesgo de FEnfermedad TROmboembolica VEnosa
(RETROVE), a prospective case—control of unrelated individuals.

The Study #1 has established the normal ranges for the platelet
counts and indices, immature platelet fraction (IPF) and platelet
function (PFA), representative of the healthy Spanish population
healthy, part of the GAIT 2 project. The linear mixed models have led
to the conclusion that there are variations in platelet counts and
volumes between children (2-12 years) and the other groups of age
(years 13-93). The platelet function remains constant throughout the
life due in part to the inverse relationship between platelet count and
the mean platelet volume. Moreover, the PFA parameters did not vary
during the life. The parameters of volume and IPF shown similar

behaviour with respect to age (increase) and gender (do not vary).

The framework of the Study #2 is the GAIT 2 project. The main
objective of this family—based study is the identification of genes that
determine the variability of the parameters related to the VTE risk.
The GAIT 2 project has replicated the h? of the venous thrombosis
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already described in GAIT 1 project. Also, we determined the h?
platelet counts, and indices, IPF and PFA.

The framework of the Studies #3 and #4 are the RETROVE project.
The Study #3 has identified the association between the risk of VTE
and various platelet parameters using generalized linear regression
models. In this regard, the association between risk of VTE and higher
counts of platelet and plateletcrit in women has been described. In the
Study #4, the increase in the platelet function analysed by
aggregometry in whole blood (Multiplate™) has been not associated
with the risk of thrombosis. On the other hand, the platelet function
evaluated by the PFA-100® analyser whether has been able to detect
of the VTE risk, thereby that it is a highly useful method to evaluate
of the risk of VTE.
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Prefacio

El papel central de la plaqueta en la trombosis arterial es ampliamente
conocido. Asimismo, en los ultimos anos, se ha descrito y analizado
ampliamente su participacion en el inicio y desarrollo de la enfermedad
tromboembodlica venosa (VTE). El reconocimiento del papel central de
la plaqueta, en la trombosis en general y en la VTE en particular, es

un tema de estudio que se encuentra actualmente en auge.

Los grupos de investigacion de Hemostasia i Trombosi del Hospital de
la Santa Creu i Sant Pau (Barcelona) y de Genetica de Malalties
Complexes del Institut d’Investigacié Biomedica Sant Pau (IIB-Sant
Pau) estudian la VTE desde un punto de vista multidisciplinar con
diferentes objetivos entre los que destacan el hallazgo de nuevos
factores genéticos de riesgo trombotico y la busqueda de factores
genéticos, biolégicos y clinicos capaces de predecir el riesgo de un

individuo concreto para desarrollar una trombosis.

Mi colaboracién como bidlogo dentro de estos dos grupos de
investigacién sobre la VTE se ha centrado especialmente en aspectos
genéticos, bioldgicos y clinicos de la plaqueta, asi como su relaciéon con
la VTE. Todos ellos constituyen la base de los estudios que se

presentan en esta tesis:

= La oportunidad de disponer de una amplia muestra de poblaciéon
sana, incluyendo una apreciable proporcién de poblacién infantil
ha permitido establecer, mediante la aplicacién de métodos
estadisticos apropiados, unos intervalos de normalidad de los
recuentos e indices plaquetarios, fracciéon plaquetaria inmadura
y funciéon plaquetaria global representativos de la poblacion
espanola (Estudio #1).

= El proyecto GAIT 2 (Genetic Analysis of Idiopathic
Thrombophilia 2) pretende encontrar nuevos factores de riesgo

en grandes familias, a través de la identificacién de nuevos genes,

poel



gracias al andlisis de la descomposicion de la varianza. El primer
paso es determinar cuanta de la variabilidad de diversos
fenotipos cuantitativos es debida al efecto de los genes, es decir,
su heredabilidad (h?). En este &mbito, hemos determinado la h?
de los recuentos e indices plaquetarios, de la fraccién plaquetaria
inmadura y de pardametros béasicos de funcidon plaquetaria
(Estudio #2).

El proyecto RETROVE, acrénimo de Riesgo de Enfermedad
TROmboembélica VEnosa, es un estudio prospectivo de tipo caso—
control que pretende identificar factores genéticos, bioldgicos y
clinicos capaces de predecir, en un individuo concreto, el riesgo de
presentar VTE. Los recuentos e indices plaquetarios y la funcién
plaquetaria global se han analizado en contexto del proyecto R

Xxii



Capitulo 1

Introduccion






1. Antecedentes historicos

El inicio del siglo XIX aglutiné los antecedentes historicos mas
relevantes para la identificacién y conocimiento de unas pequenas
células anucleadas, denominadas plaquetas, que tienen un papel
central en la formacién del codgulo gracias a sus estructuras celulares
y funcionamiento especificos. La masa plaquetaria mantiene gracias a
un equilibrio entre la produccién y la destruccion de plaquetas, con
algunas variaciones debidas a la edad, el sexo y la genética de cada

individuo.

El conocimiento de la plaqueta como entidad independiente se remonta
a mediados del siglo XIX, cuando en 1841, el anatomista y fisi6logo
inglés George Gulliver (1804-1882) midi6, observé y representd por
primera vez un componente sanguineo diferenciado, que definié las
plaquetas como “minute spherules about 1/10,000 of an inch (2.5 um)”
con aspecto de “granulated particles after keeping blood for some
hours”. Un afio més tarde (1842), el hematdlogo inglés William
Addison (1803-1881) describi6 la estructura de un codgulo de fibrina
y plaquetas [1]. La plaqueta como tal no fue descrita hasta 1865,
cuando el anatomista y fisi6logo aleman Max Shultze (1825-1874)
describi6 “little spherules of different sizes” y reconocié que el coagulo

estaba formado por “individual colourless bodies” [1,2].

Sin embargo, no fue hasta 1882 que el patdlogo italiano Giulio
Bizzozero (1846-1901) les otorgd su nombre actual (Figura 1.1) [2-4].
Bizzozero observd “constant blood particle, differing from red and
white blood cells”, anteriormente identificada en numerosos estudiosos,
pero que éste denomind como “piastrine” en italiano, “butpldttechen”
en aleman “petites plaques” o “plaquettes” en francés, del que se derivd
el término anglosajon “platelets”. La descripcion morfolégica de

Bizzozero define a las plaquetas como “discoid corpuscles without



Figura 1.1: De izquierda a derecha Giulio Bizzozero (médico e investigador),
Albert von Kélliker (médico y botdnico) y Camilo Golgi (citélogo e histélogo).

Imagen tomada y texto adaptados de una publicacién previa [4].

nucleus, consisting of a membrane and matrixz in which there were a
few dispersed granules” [4]. A su vez, éste corroboré el conocimiento
de estudiosos como Gustav Zimmermann (1804-1882) y Max Shultze
(1825-1874) caracterizando las plaquetas como “colourless and
transparent particles around 2-3 pm in diameter which circulated in

the mesenteric vessels” [2,4].

Los estudios de Bizzozero fueron claves para entender las funciones
plaquetarias en la formacién del codgulo. El fue el primero en afirmar
con claridad que las plaquetas eran el tercer elemento morfologico de
la sangre e indicd el importante papel que desempefiaban en la
hemostasia y la trombosis. A su vez, el analisis de la totalidad de su
obra permite afirmar que Bizzozero consider6 a la médula 6sea como

el posible origen de las plaquetas circulantes [4]. A pesar de ello, no



fue hasta 1906 que el megacariocito fue identificado como precursor de

las plaquetas por James Homer Wright (1869-1928) [5].

El conocimiento de la trombosis se remonta a 1856, cuando el patologo
prusiano Rudolf Virchow (1821-1902) caracterizé los factores que
promueven la trombosis: la hipercoagulabilidad, la estasis venosa y el
dafio en el endotelio. Con posterioridad, el médico francés Armand
Trousseau (1801-1867) describié la estrecha relacién entre la
tromboflebitis y el carcinoma géstrico [6]. Ya entrado el siglo XX dos
moléculas marcan la historia de la trombosis: la heparina y el
dicumarol. La primera fue descubierta independientemente por el
médico francés Maurice Doyon (1863-1934) y el estadounidense Jay
McLean (1890-1957), entre 1911 y 1916, mientras que el bioquimico
Karl Link (1901-1978) hizo lo propio con la segunda (1940s) [7,8].

Tras los hallazgos pioneros del siglo XIX en el conocimiento de la
plaqueta, éstos se han visto ampliados por una gran variedad y
cantidad de estudios durante los siglos XX y XXI. Ya entrado éste
ultimo siglo, se ha profundizado en el estudio de la relaciéon entre la
plaqueta y el inicio y desarrollo de la enfermedad tromboembdlica

venosa (VTE).



2. Ultaestructura de la plaqueta

Las plaquetas no activadas son elementos discoides biconvexos de
medida variable (2-5 ym de didmetro por 0.5 um de grosor) con un
volumen plaquetario medio de 6,5 a 10,5 fL. [9-11]. Su apariencia
externa es totalmente lisa, con presencia de un ntimero variable de
pequenas aberturas [12,13]. En cambio, en su interior se advierten
cuatro zonas diferenciadas: la zona periférica, la zona sol-gel, los

organulos y el sistema membranoso (Figura 1.2) [14,15].

SMF

Figura 1.2: Representacion esquemadtica de un corte ecuatorial de la plaqueta
en la que se observan la mayoria de sus estructuras y organulos. Los
componentes localizados en la zona periférica son el glucocilix (EC), la
membrana plasmética (CM) y el drea submembrana que contiene los
filamentos (SMF). La zona sol-gel contiene microfilamentos de actina, tibulos
y microttibulos (MT), asi como los granulos de glucégeno (Gly). Los orgdnulos
alrededor de la zona sol-gel son las mitocondrias (M), los granulos o (G) y
los granulos densos (DB). El sistema membranoso se compone principalmente
del sistema canalicular abierto (SCCS), en continuidad con la CM, y el
sistema tubular denso (DTS). Imagen tomada de una publicacién previa [13].

Texto y abreviaciones adaptadas de publicaciones previas [13,15].



La zona periférica incluye el glucocilix, la membrana plasmatica y el
area submembrana (Figura 1.2 y 1.3). El glucocélix (15-20 nm de
grosor) contiene los principales receptores glucoproteicos o
glucoproteinas (GP) responsables de la adhesién y la agregacién
plaquetarias. En el proceso de adhesion, el principal receptor es el
complejo GP Ib-V-IX, que se une al factor von Willebrand (vWF).
Por su parte, el complejo GP IIb-Illa, que interacciona con el
fibrin6geno, juega un papel central en la agregacién [11,16]. La
membrana plasmatica es una bicapa fosfolipidica asimétrica esencial
como soporte de la coagulacién, ya que permite una actividad
procoagulante. El area submembrana participa en la transmision de

las sefiales a través del citoesqueleto [9].

La zona sol-gel esta principalmente constituida por el citoesqueleto y
sus diferentes componentes tubulares, y el glucogeno (Figura 1.2 y 1.3)
[14,17]. El citoesqueleto garantiza la forma discoide, caracteristica de
la plaqueta en reposo, mientras que durante la activaciéon le
proporciona, un eficaz mecanismo contractil. Los principales
componentes del citoesqueleto plaquetario son los microtibulos y los
microfilamentos. Los microtibulos (25 nm de didmetro) son los
responsables de la forma discoide de la plaqueta, al formar un anillo
ecuatorial, y también facilitan la secrecion plaquetaria. Los
microfilamentos, de actina y miosina, constituyen el principal sistema
contractil de la plaqueta. Ocasionalmente pueden encontrarse gotas

lipidicas y diferentes sustancias solubles, como cationes de calcio.

La zona de organulos (Figura 1.2 y 1.3) estd integrada principalmente
por los granulos plaquetarios (granulos o, granulos densos o ) vy,
testimonialmente, presenta cuerpos multivesiculares (30-70 nm de
didmetro). Los granulos o (200-500 nm de didmetro), originados en las
cisternas trans del complejo de Golgi, son los mas numerosos (~40-80
por plaqueta). Su morfologia es caracteristica (con nicleo excéntrico

méas denso), y contienen sustancias que facilitan la adhesién y la



agregacion plaquetaria (fibrin6geno, vVWF y GP IIb-IIla), factores de
la coagulacion, factor plaquetario 4, f—tromboglobulina, y factores de
crecimiento (factor de crecimiento derivado de las plaquetas o PDGF)
que producen la regeneracién del endotelio. Los granulos densos (200—
300 nm de didmetro), menos numerosos (~5 por plaqueta) que los
granulos o, contienen elevadas concentraciones de calcio, serotonina,

nucleétidos y pirofosfatos [9,16].

La existencia de estructuras inespecificas en las plaquetas se centra
principalmente en dos tipos de organulos: los lisosomas y las
mitocondrias (Figura 1.2 y 1.3), las cuales poseen una funcién

energética [9,14].

Por dltimo, el sistema membranoso de la plaqueta esta constituido por
el sistema canalicular abierto y el sistema tubular denso asi como,
ocasionalmente, por complejos membranosos mixtos. El primero es una
estructura Unica y extensa generada por la invaginacién de la bicapa
fosfolipidica, que desempena tres funciones principales [9,12]. En
primer lugar, la de ejercer de via de entrada a la plaqueta de elementos
externos (endocitosis), asi como de ruta de secrecién de los granulos o
(exocitosis). En segundo lugar, la de ser reservorio de membrana y
facilitar la formacion de pseudépodos y el proceso de adhesién y
agregacion. Por su parte, el sistema tubular denso es una estructura
estanca de canales derivada del reticulo endopldsmico, que constituye

el principal reservorio de calcio plaquetario [9,14].



Zona sol-gel

= Microfilamentos

= Filamentos submembrana (SME)
* Microtibulos (MT)

Estructuras inespecificas

+ Mitocondria (M)

Zona sol-gel

+ Gluchgeno (Gly)

Sistema membranoso

+ Sistema canalicular abierto (SCCA)

‘ Zona de orgianulos
+ Granulos o (G)

+ Granulos densos (DI3)

Zona perifériea
= Glicocilix (EC)

= Membrana plasmitica (CM)

« Area submembrana (SMF)

Figura 1.3: Estructuras y organulos plaquetarios procedentes de una muestra sanguinea, sin anticoagulantes.
La imagen ha sido obtenida por microscopia electrénica de transmisiéon (x 20 000). Imagen realizada en el
marco del proyecto GAIT 2, perteneciente a nuestro grupo. Siglas presentes en la Figura 1.2. adaptacién de

publicaciones previas [13,15].



3. Plaqueta y hemostasia

El sistema hemostatico es el mecanismo que impide una pérdida
excesiva de sangre mediante el equilibrio entre procesos procoagulantes
y anticoagulantes. De este modo, sus diferentes componentes
(plaquetas, células endoteliales y factores de la coagulacién) garantizan
la integridad del sistema circulatorio [18,19]. La hemostasia,
comprende la formacién del trombo plaquetario (Figura 1.4) o

hemostasia primaria y del codgulo o hemostasia secundaria [20,21].
3.1. Formacion del trombo plaquetario

El endotelio es el tejido que recubre la zona interna de todos los vasos
sanguineos, incluido el corazén (endocardio). Actia de barrera entre
los vasos sanguineos y el tejido adyacente, regula el tono y la
permeabilidad vasculares, inhibe la coagulacién y la agregacién

plaquetaria y modula el proceso de fibrindlisis [18,21].

En condiciones fisioldgicas, el endotelio garantiza la continuidad del
vaso sanguineo. En caso de ruptura, quedan expuestas las moléculas
presentes en la matriz subendotelial, las cuales desencadenaran la
activacion plaquetaria, que engloba diversos procesos, que comienzan
con la adhesiéon y finalizan con la agregacién irreversible, la secrecién
y la exposicién de una superficie procoagulante [22]. Las principales
moléculas son el coldgeno y algunos factores procoagulantes y
protrombdticos que favorecen la adhesiéon plaquetaria, como el factor
vWF, el factor activador de plaquetas (PAF) o el factor tisular (TF)
[18,23]. El subendotelio dafiado también puede aportar fibrinégeno,

laminina, fibronectina y trombospondina [24].
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Figura 1.4: Representacion esquematica de las funciones plaquetarias dentro de la hemostasia. La rotura
del vaso sanguineo expone un conjunto de moléculas de la matriz extracelular (ECM), como el coldgeno, y
facilita el procesos de adhesién de las plaquetas a su alrededor. De este modo, se inicia la agregacién
plaquetaria y la liberacién de mediadores, como el ADP y el tromboxano A» (TxAz). La activacién de las
plaquetas produce la liberaciéon de trombina, que cataliza el inicio de la formacion del codgulo de fibrina.

Imagen tomada y adaptado de una publicacién previa [23].



Tabla 1.1: Principales receptores de la membrana plaquetarial.

Reclutamiento, adhesiéon y agregacién

GP Ib-IX-V LRR* P—selectina, trombina,
trombospondina, vVWF

GP VI (FcRy) Inmunoglobulinas  Coldgeno, laminina

GP Ia-IIa Integrinas Colageno

GP IIb-IITa Integrinas Fibrina, fibronectina,
fibrinégeno,
trombospondina,

vitronectina, vWF

GP IV (CD36) Scavenger B Colageno, trombospondina

Amplificacién del coagulo de fibrina

P2Y1 Proteina G ADP
P2Y12 Proteina G ADP
PAR-1 Proteina G Trombina
PAR-4 Proteina G Trombina

Estabilizacion del coagulo de fibrina

P—selectina CLEC-2° PSGL-1¢
GP Ib
TF

PEAR-1 EGF-like domine¢ ?

Retraccién del coagulo de fibrina

PECAM-1 (CD31) Inmunoglobulinas  Coladgeno, PECAM-1

! De izquierda a derecha se exponen los diferentes receptores, la familia a la que
pertenecen, los ligandos que unen y por ultimo la principal funcién que ejercen
dentro de la funcién plaquetaria (reclutamiento, adhesién y agregacion), asi
como dentro del codgulo de fibrina (amplificacién, estabilizacién y retraccion).
* Familia glicoproteinas ricas en leucina o leucine—rich repeat.

" Familia receptor tipo 2 de lectinas tipo C o C-type lectin receptor 2.

¢ Familia de proteinas similares al factor de crecimiento epidérmico o epidermal
growth factor-like domain.

4 Ligando 1 de la glicoproteina P-selectina o P-selectin glycoprotein ligand—1
(PSGL-1).

12



La adhesion plaquetaria es el primer paso para la formacion del trombo
plaquetario o tapén hemostatico (Figura 1.5). En una primera fase,
denominada de contacto, la exposicién del coldgeno subendotelial (tipo
[ y IIT) y la liberacion de vWF por parte de las células endoteliales
juegan un papel fundamental en el proceso. En condiciones de alto
shear stress el vWF es el responsable de la adhesién mediante la unién
de su dominio Al con la GP Ib (del complejo GP Ib-V-IX), y la de
su dominio A3 con el coldgeno [22,25]. En una segunda fase,
denominada de extension o spreading, la velocidad de las plaquetas se
reduce facilitando la interaccién irreversible de las plaquetas con el
coldgeno subendotelial (Figura 1.5) [11,26,27]. Sin embargo, en
condiciones de bajo shear stress, la unién puede ser via coldgeno (tipos
I, III, IV y VI), fibronectina, laminina e incluso trombospondina [25].
La unién de la GP Ib—V-IX con el vWF es capaz de desencadenar por
si sola la activacion plaquetaria, pero existen otros mecanismos
paralelos de activacién como son la unién especifica via coldgeno
subendotelial, mediante la GP Ia-Ila y GP VI, o via trombina,
mediante receptores purinérgicos (P2X, P2Y; o P2Y) o por receptores
activadores de proteasas (PAR-1 y PAR4) [25,28].

La activacion plaquetaria genera una reestructuraciéon de los
componentes del citoesqueleto que implica un cambio de forma de las
plaquetas y la extensién de éstas sobre el subendotelio, a la vez que
desencadena la movilizacién masiva de calcio y facilita la interaccién
de la GP IIb-IIIa con el fibrin6geno para producir la agregacién de las
plaquetas entre si [22,25,29]. Paralelamente, la reorganizacién del
citoesqueleto durante la agregacion conlleva una movilizaciéon de los
organulos plaquetarios hacia el centro de la célula, que inducird un
proceso denominado degranulacién plaquetaria o release reaction [26].
Dicho proceso implica la liberacién del contenido de los granulos o y

los granulos densos.
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Figura 1.5: Mecanismo de spreading, adhesién y agregacién plaquetaria en la
formaci6n del trombo. (a) La unién de la glicoproteina plaquetaria (GP) IIb-IIla
con el fibrinégeno en suspensién favorece la agregacién plaquetaria. En la figura,
la unién del agonista (véase Tabla 1.1) a su receptor, en este caso un receptor
acoplado a proteina G (GPCR) induce la activacién plaquetaria. Esta provoca un
cambio conformacional del dominio extracelular de la GP IIb-IIla que permiten
la unién al fibrindgeno y desencadena la agregacién plaquetaria. Los dimeros de
fibrindgeno unen GP IIb-IIla de plaquetas adyacentes. (b) En condiciones de
cizallamiento elevado el proceso de spreading comprende diferentes fases (resting,
tethering y translocation o rolling). En la fase inicial de spreading, la agregacién
plaquetaria es dependiente del proceso tethering, desencadenado por la expresién
de GP Ib en la superficie plaquetaria. La adhesién de ésta con el factor von
Willebrand (vWF) subendotelial facilitard el proceso de translocation o rolling.
Esta concatenacion de eventos inmovilizaran por completo la plaqueta dando la
agregacion estable, mediada por la uniéon de GPIIb-IIla al vWF, fibrin6geno y
fibronectina, entre otros (véase Tabla 1.1). Imagen tomada y texto adaptado de

una publicacién previa [27].
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Al mismo tiempo, la polarizacién de la membrana plaquetaria estimula
la formacién del tromboxano A, (TxA;). El TxA,, el cual a través de
su receptor especifico, es un potente inductor de la agregacién y
activacion plaquetaria. Este, conjuntamente a otras sustancias
activadoras (serotonina, ADP o epinefrina) forman en un eficaz

sistema de amplificacién de la respuesta plaquetaria [29].
3.2. Plaqueta y coagulacion

El proceso fisioldgico de la coagulacion tiene como funcién principal el
mantenimiento de la integridad del sistema circulatorio tras una lesién
endotelial. La intervencién de enzimas del tipo serina proteasa
(hidrolasas), factores y cofactores sobre la superficie celular,
principalmente plaquetaria pero también endotelial, permite la
estabilizacién del trombo y la formacién del codgulo de fibrina [18,19].
La cascada de la coagulacion es el resultado de la accion de dos vias:
intrinseca y extrinseca (Figura 1.6), que convergen en la via comun.
Esta division, obedece mas a criterios in vitro que a la secuencia de los
procesos  fisiologicos  (iniciacién, amplificacién, propagacién,
estabilizacion y fibrindlisis) propuestos en un modelo celular o in vivo
[18,21].

Dos procesos marcan la fase de iniciacién: la adhesién plaquetaria
(véase apartado 3.1) y la exposicién de TF. La expresion de TF en
superficie, ya sea constitutiva (fibroblastos) o inducida (células
endoteliales, monocitos y macréfagos) como respuesta al dano
endotelial, inicia la cascada de la coagulacién activando el factor VII.
In wvivo, el complejo TF-VIla activa dos complejos enzimaticos
formados por los factores IX, IXa y VIIla (complejo tenasa, via
intrinseca), y los factores X, Xa y Va (complejo protrombinasa, via
extrinseca) [30,31]. Este tltimo es suficiente para la generacién de una
pequena cantidad de trombina, pero insuficiente para desencadenar la
formacién de fibrina [18,21,30].
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Las pequenas cantidades de trombina generadas con anterioridad
permiten iniciar la fase de amplificacion. Ello implica la activacién del
resto de factores de la coagulacién (factor V, VII y XI) y la
estimulacién de la activacion y agregacién plaquetarias [21,30]. A su
vez se aportan grandes cantidades de aniones de calcio procedentes del
interior de la plaqueta y de las superficies fosfolipidicas. Todo ello

provocard la generacién de trombina en grandes cantidades [18,30].

Asi, la continuidad en la generacién de trombina (fase de propagacién)
se asegura gracias a la presencia de los dos complejos (tenasa y
protrombinasa), descritos en la fase de iniciacién. En este punto, la
plaqueta contribuye tanto a la continuidad en la generacién de
trombina, como a la correcta ubicacion del codgulo de fibrina [21,30].
Recientes estudios muestran que una poblacién plaquetaria estimulada
por trombina y coligeno (COAT) muestra una mejor capacidad de
generar trombina, debido a la presencia de ambos complejos en su
superficie y de receptores plaquetarios especificos para el vVWF y el
coldgeno [30,32]. Estos ultimos, a su vez, permiten la correcta
ubicacién de la formacién de la trombina, y consecuentemente, la

correcta ubicacion y formacién del codgulo de fibrina [21,30].
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Figura 1.6: Representacién esquematica de la vias intrinseca y extrinseca dentro
de la cascada de la coagulacién. En la via intrinseca (tissue factor pathway), el
dafio tisular o el proceso inflamatorio (citocinas) inducen la expresién de TF. La
formacién del complejo tenasa (FT-VIIa) activa el factor X (FX), que convierte
la protrombina en trombina. En la via extrinseca (contact activation pathway)
necesita de los polifosfatos y fosfolipidos expuestos durante la activacién de la
plaqueta. Una cascada de reacciones reguladas, iniciada por el factor XII (FXII),
permite la activacién del factor X (FX) y la posterior generacién de trombina a

partir del complejo protrombinasa (FXa—Va). Imagen tomada de una publicacién
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previa [31]. Texto modificado de dos publicaciones previas [30,31].
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4. Poblacion plaquetaria circulante

El aporte de plaquetas a la circulacién sanguinea depende de la
generacion 'y la maduracién de los megacariocitos medulares
(megacariocitopoyesis)  para  producir y liberar  plaquetas
(trombocitopoyesis). Este tltimo proceso esta principalmente regulado
por la trombopoyetina (TPO) y numerosas interleucinas (IL-1, IL—6
y IL-11), entre otras sustancias [9,33]. Asi, se induce la formacién de
prolongaciones pseudopddicas en el area marginal de los
megacariocitos, que generan estructuras alargadas y cilindricas. Estas
estructuras de 120 ym de largo y 2,5 ym de didmetro, denominadas
proplaquetas, se liberan en los sinusoides medulares, y maduran hasta

formar plaquetas (Figura 1.7).

El numero de plaquetas producidas y extravasadas al torrente
sanguineo oscila entre 35-100 - 10°/L por dia, de las cuales dos tercios
se encuentran libres en la circulacién [9,10,33]. El tercio restante se
encuentra retenido o secuestrado en el bazo el cual, ademas, mediante
sus propias células fagociticas, es el principal érgano encargado de la

destruccién fisiolégica de las plaquetas [10].

En un individuo adulto, las plaquetas circulantes mantiene un nivel
constante de 150-450 - 10°/L, con una vida media de entre 8 a 10 dias
[9,10,34]. Se describen valores superiores en las mujeres y la poblacién
infantil, asi como fluctuaciones estacionales [10,34-36]. En la poblacién
general se ha abordado en profundidad la disminucién del recuento
plaquetario con la edad, asi como la influencia del sexo [34,37]. La
disminucién del recuento plaquetario en la poblacién anciana es del

35% (hombres) y del 25% (mujeres) respecto a la infantil [34].

El volumen medio fluctta entre 6,5—10,5 fL., con un elevado grado de
dispersién entre 2,2-21 fL, y éste aumenta con la edad [10,38-40]. La
masa plaquetaria total o plaquetocrito (PCT) muestra unos intervalos

relativamente amplios de 0,10-0,45%, con un repunte descrito en nifias
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prepuberales [35,39]. De este modo, y en condiciones fisioldgicas, el
recuento de plaquetas y el MPV determinan una correlacién inversa y
no lineal conocida como nomograma de Bessman [41,42]. A su vez,
esta relacién ayuda al mantenimiento de una funcién hemostatica

constante.

El ensayo de funcién plaquetaria o platelet function assay (PFA),
realizado con el analizador PFA-100%, simula la hemostasia primaria
tras una pequena lesion vascular en presencia del agonista expuesto a
elevados indices de cizallamiento [43,44]. Se hace circular sangre
anticoagulada por un capilar que se recubre de una membrana de
coldgeno y un agonista plaquetario (ADP o epinefrina) [44]. La
membrana contiene un orificio que se ird cerrando a medida que las
plaquetas activadas por el agonista se adhieran, agreguen y acaben por
formar el tapén plaquetario. El tiempo requerido para oclusién se
denomina tiempo de obturacién o closure time (CT) [45]. En la
poblacién adulta sana se han descrito valores de CT de 85-120
segundos, para el cartucho de colageno—ADP, mientras que para el
cartucho de colageno—epinefrina los valores de CT, de 110-161
segundos [44]. Diferentes estudios han descrito que ni la edad ni el sexo
influyen sobre éstos [46,47]. Sin embargo, un estudio coreano describe
cierta influencia de la edad y unos valores de CT maés alargados en

mujeres que en hombres, para ambos cartuchos [48].

Es conocido que el consumo estimado de plaquetas en la poblacion
sana es de 7 - 10%/L por dia [10]. Una subpoblacién joven de plaquetas,
con mayor capacidad funcional y presencia de RNA en su interior,
aseguran la reposicién y el nivel constante de plaquetas en sangre. Se
denominan plaquetas reticuladas (RP) o fraccién plaquetaria
inmadura (immature platelet fraction, IPF) y suponen entre un 1-2%
de la masa plaquetaria total [10,49]. La presencia de RNA se detecta
mediante una tincién de la muestra con colorantes especificos

(polimethine y oxacina) para su posterior deteccién por
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Figura 1.6: Representacion esquemética de la formacion de proplaquetas y liberacién de plaquetas por parte del megacariocito
(trombocitopoyesis). El megacariocito inmaduro inicia un proceso de maduracién mediante endomitosis nucleares, en el que (a)
se sintetizan y (b) maduran los elementos del citoesqueleto y algunos organulos. (c¢) Translocacién de microtiibulos hacia la zona
marginal del megacariocito para iniciar una incipiente sintesis de proplaquetas. La membrana de demarcacién actiia como
reservorio de membrana para la produccién y crecimiento de las proplaquetas. Se inicia la formacién de pseudépodos. (d) La
produccién de proplaquetas se inicia cuando un polo del megacariocito empieza a erosionarse. Los microtibulos se encargan de
dirigir elementos, como los organulos, hacia la proplaqueta. Una rapida retraccion separa las proplaquetas del megacariocito, a
la vez que el ntcleo de éste se descompone. (e) La ultima fase convierte la totalidad del citoplasma megacariocitico en

proplaquetas. Imagen modificada de una publicacién previa [33]. Texto adaptado de las mismas publicaciones [9,33].



difraccién 6ptica o citometria de flujo [50,51]. Algunos estudios en la
poblacién europea han estimado unos valores del IPF en torno al 2,6—
3,4% [52,53].
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5. Plaqueta y trombosis

La rotura de un vaso sanguineo desencadena un mecanismo fisiologico
para minimizar la pérdida de volumen de sangre y el dafio tisular
(véase apartado 3) [54]. Sin embargo, cambios en la pared del vaso
sanguineo, el flujo o los componentes circulantes pueden asociarse a
alteraciones de la hemostasia primaria y secundaria, como ya describié
Rudolf Virchow [6,54]. Por tanto, la trombofilia, se define como la
propensiéon anormal de un individuo a generar trombos, tanto

arteriales como venosos [55].

5.1. Plaqueta y fisiopatologia de la trombosis

5.1.1. Trombosis arterial

La trombosis arterial se define como el proceso de formacién de un
coagulo patolégico que causa la interrupcién del flujo normal de sangre
en el sistema arterial intimamente ligada a la formacién de una placa

aterosclerdtica subyacente [56].

La formacién de una placa aterosclerotica se inicia con una disfuncion
endotelial, seguida de la expresién de moléculas proinflamatorias,
principalmente selectinas e integrinas, presentes tanto en el endotelio
como en los leucocitos [57]. Una vez el endotelio estd activado las
plaquetas se adhieren y agregan a éste (véase apartado 3.1),
estimulando una accién procoagulante en la zona. Paralelamente,
algunos factores de crecimiento plaquetario, como el PDGF y el factor
de crecimiento epidérmico (EFG), estimulan la migracion de las células
musculares lisas hacia la zona afectada. Estas son responsables de
generar una matriz fibrosa inestable en la zona. En un estadio
avanzado, la inflamacién persistente y localizada provoca un deterioro
de la intima del vaso, que estimula la protedlisis y la apoptosis celular.

Todo ello acaba por dafiar el endotelio de manera irreversible,
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desencadenando la rotura de éste y dando lugar a la formacién

intravascular del trombo [56-58]
5.1.2. Trombosis venosa

La VTE se define como el proceso de formacién, crecimiento y/o
fragmentacion de un codgulo patogénico que interrumpe el flujo
normal de sangre en el sistema venoso profundo. La acciéon de multiples
genes y su interaccion con factores ambientales determinaran en cada
individuo el grado de susceptibilidad a padecer la enfermedad [59]. La
incidencia de la VTE es de 1-3%c0 individuos por ano, siendo las
localizaciones méas frecuentes la trombosis venosa profunda de las
extremidades inferiores y el tromboembolismo pulmonar [55,60].

La plaqueta no solo juega un papel central en la trombosis arterial
(véase apartado 5.1), también muestra un papel destacado en la
patogénesis de la VTE. Recientemente se han propuesto tres
mecanismos por los que la plaqueta contribuye de manera esencial al
inicio de la VTE: reclutamiento de leucocitos, activacién via trampas
extracelulares de neutréfilos (NETS) y, generacién de microparticulas
(MP) (Figure 1.8) [24].

En primer lugar, el reclutamiento de leucocitos se produce gracias a la
interaccion de la GP Iba con el vWF' y la P—selectina subendoteliales
[24]. Este proceso se ha demostrado clave en la estimulacién de la
formacién del codgulo y el inicio de la VTE. En el proceso inflamatorio
intrinseco, estos agregados plaqueta—leucocito aumentan la
transcripcion y expresion del TF y, en consecuencia, se estimula la via
extrinseca de la coagulacién [61]. La segunda via se produce por el
acimulo de histonas en los NETs que favorecen la activaciéon de las
plaquetas via receptores tipo Toll (TLR). La estimulacién de la
generacion de trombina aumenta el crecimiento del trombo en el inicio
de la VTE [62]. Por tltimo, la generacion de MP desencadena un

estado procoagulante que favorece el inicio de la VTE [24,63].
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profunda. La estasis venosa induce la disfuncién y expresién de moléculas de
adhesi6n, como la molécula 1 de adhesién a célula vascular (VCAM-1),
P—selectina y E—selectina, que favorecen la adhesion de los leucocitos. La
actividad procoagulante se estimula por regulacién negativa de factores
antitrombéticos o positiva de antifibrinoliticos y procoagulantes. En este
sentido, el inhibidor 1 del activador del plamindgeno (PAI-1), el factor tisular
(TF) o la liberacién de trampas extracelulares de neutréfilos (NETS) o
microparticulas (MP) pueden inducir zonas trombogénicas en las valvas. Todo
ello provoca la oclusién de la vena por acimulo de fibrina y hematies. Imagen

y texto modificados de una publicacién previa [60].

5.2. Factores adquiridos de riesgo trombdtico

En condiciones proinflamatorias y/o procoagulantes, diversos factores
pueden predisponer o favorecer la formacién de trombos patoldgicos,
tanto a nivel arterial como venoso. Los principales factores de riesgo
que se asocian a trombosis arterial son la hipertensién, la diabetes o
los niveles elevados de colesterol y, aunque las condiciones
fisiopatoldgicas en que se forman los trombos arteriales y venosos

difieren, recientes revisiones han puesto de manifiesto que existen

24



Tabla 1.2: Principales factores de riesgo de trombosis!.

Trombosis arterial Compartidos Trombosis venosa

Hipertension Edad avanzada Inmovilizacién

Diabetes BMI* elevado Traumatismo

Colesterol elevado Tabaquismo Cirugia

Obesidad abdominal Historia familiar de MI"*  Céncer activo

Dano endotelial Trombofilia Embarazo/puerperio
Estasis Viajes de larga distancia
Tratamiento hormonal Anticonceptivos orales
sustitutorio
Inflamacion Factores genéticos®

Trombosis venosa previa

! Tabla adaptada de dos publicaciones previas [64-66]
* Indice de masa corporal o body mass index (BMI).
b Infarto de miocardio o myocardial infarction (MI).

¢ Los factores genéticos incluyen: las deficiencias de antitrombina, proteina C y proteina S,
las mutaciones en el factor V Leiden, la protrombina (20210A), el factor XIII (34val), el
fibrindgeno (G 10034T), la difibrinogenemia y el grupo no O del sistema sanguineo ABO.

diversos factores de riesgo compartidos entre la ambas patologias
(Tabla 1.2) [64,65].

En este sentido, algunos de los factores de riesgo que se han asociado
clasicamente a la VTE son la inmovilizaciéon, la cirugia, el tener
antecedentes de trombosis previas o deficiencias y mutaciones en
factores de la coagulacién (factores genéticos), entre otros (Tabla 1.2)
[66]. Paralelamente, estudios recientes han analizado la asociacién
entre la variabilidad en los otros parametros, como los recuentos,

volimenes y/o funcién plaquetarias, y la patogenia de la VTE [67,68].

En este sentido, numerosos estudios en pacientes oncolégicos han
evidenciado una clara asociacién entre recuentos elevados de plaquetas
(superiores a 300-350 - 10°/L) y un mayor riesgo de VTE (Tabla 1.3)
[69-72]. En la poblacién general, sin embargo, el recuento elevado de

plaquetas no muestra una clara asociaciéon con el riesgo de VTE.
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Estudios, como Tromsg y el Longitudinal Investigation
Thromboembolism Etiology (LITE), no han identificado el recuento de
plaquetas como indicador de riesgo de VTE [73,74]. Sin embargo,
Zakai et al describe una asociacién entre recuentos de plaquetas
superiores a 350 - 10°/L y el riesgo de VTE, con una odds ratio (OR)
no ajustada de 2,5 (Tabla 1.3) [75].

El volumen plaquetario, por su parte, se ha asociado con el riesgo de
VTE. Valores superiores a 9,5 fLi se han asociado a una hazard ratio
(HR) de 1,3 con un intervalo de confianza (CI) del 95% entre 1,0-1,7,
para el riesgo de VTE total, y de 1,5 con un CI del 95% entre 1,1-2,3,
para el riesgo de VTE esponténea [73].

Tabla 1.3: Tabla resumen del riesgo de tromboembolismo venoso (VTE)

asociado a recuento y volumen plaquetarios!.

Pardmetro Muestra® Valor? Riesgo (95% CI)° Referencia

PLT 188 (65) 350 2.5 (1.3-4.8) [75]
2082 (129)" 295 1.98 (1.21-3.23) [69]
665 (44)> 443 3.50 (1.52-8.02) [70]
3003 (58)" 350 2.81 (1.63-4.93) [72]
381 (30)> 300 1.65 (1.09-2.64) [71]

MPV 25923 95 1.5 (1.1-2.3) 73]
(445)
98 (247)c 74 3.65 (1.38-9.64) [77]
589 (40)° 7.3 2.32 (1.03-5.23) [76]

! Tabla adaptada de una publicacién previa [67]. Las abreviaturas indican recuento
de plaquetas (PLT) y volumen plaquetario medio (MPV).

* Namero total de muestra. Entre paréntesis se exponen las trombosis venosas
incluidas en los diferentes estudios.

b Estudios con pacientes oncolégicos.

¢ Estudios con antecedentes de trombosis y/o aborto con sindrome antifosfolipido
(APS).

4 Los valores superiores o iguales a los que se ha asociado riesgo de VTE. El PLT se
da en 10°/L, mientras que el MPV se muestra en femtolitros (fL).

¢ Riesgo de VTE con intervalo de confianza (CI) del 95% mostrado entre paréntesis.
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Otros estudios mas recientes han ahondando en la relaciéon existente
entre el volumen plaquetario y el riesgo de VTE (Tabla 1.3) [76,77].
Asfi se ha sugerido que un recuento absoluto de la subpoblacién joven
de plaquetas se puede asociar a un aumento de riesgo trombdtico,
debido a su mayor actividad y volumen respecto a la poblacién de
plaquetas adultas [78,79]. En este sentido, una elevada funcién

plaquetaria puede representar un factor de riesgo independiente de
VTE [67].

El concepto de hiperagregabilidad plaquetaria se define como la
capacidad de las plaquetas para una mayor activacién in vitro a bajas
concentraciones de algunos agonistas, como el péptido—activador 6 del
receptor de la trombina (TRAP-6), el coladgeno, el ADP o la epinefrina
[67,80,81]. En este sentido la hiperagregabilidad no se ha asociado de
manera clara con el riesgo de VTE, de la misma manera que no se ha
probado la asociacion entre los valores de CT cortos del PFA y el
riesgo de VTE.

5.3. Determinantes genéticos de las plaquetas y riesgo

de trombosis venosa

En el ambito de la plaqueta, las alteraciones mendelianas o de tipo
monogénico implican variaciones en la funcionalidad plaquetaria [67].
De este modo, son considerados factores genéticos de riesgo de VTE
algunos polimorfismos en las GP de membrana que conllevan tanto un
incremento en la densidad como en la afinidad de las mismas [82,83)].
A su vez, como algunas alteraciones en los genes GASG (growth arrest-
specific 6 o gen 6 especifico de detencién de crecimiento) y PEAR-1
(platelet endotelial aggregation receptor—1 o gen del receptor 1 de
agregacion al endotelio) se han asociado como factor de predisposicién
a un aumento del riesgo trombdtico mediante un incremento en la
hiperagregabilidad plaquetaria (sindrome de las plaquetas pegajosas o
sticky platelets syndrome (SPS)) [67].
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Tabla 1.4: Tabla resumen de herabilidades (h?) obtenidas en pardmetros

plaquetarios!.
Parametro Etnia® Heredabilidad Referencias
PLT Caucdsica (12517) 54% (89]
Caucdsica (1101) 55% (87]
Caucésica (712°) 57% [94]
Caucdsica (687, 1083) 60% [88.,90]
Caucésica (6111) 64% (86]
Caucdsica (385") 80% [92]
Caucésica (92P) 86% [91]
Africana (321) 67% [90]
MPV Caucésica (687) 55% [90]
Caucésica (1083) 73% (88]
Caucésica (1101) 79% (87]
Caucdsica (92") 88% [91]
Africana (321) 1% [90]
PCT Caucésica (1101) 53% (87]
PDW Caucésica (1101) 37% (87]
PFAadp Caucésica (306) 19% (93]
PFAepi Caucésica (687) 24% [90]
Caucésica (301) 51% (93]
Africana (321) 61% [90]

! Tabla adaptada de una publicacién previa [85]. Las abreviacturas indican recuento
de plaquetas (PLT), volumen plaquetario medio (MPV), plaquetocrito (PCT),
amplitud de distribucién de los voltimenes plaquetarios (PDW), y tiempos de
obturacién o closure time (CT) del PFA-100® para cartuchos de ADP (PFAadp) y
epinefrina (PFAepi).

* Numero de individuos analizados en cada estudio indicado entre paréntesis.

b Estudios realizados en gemelos y/o mellizos.

Estos factores genéticos mendelianos no descartan la existencia de
nuevos genes que predispongan a padecer la VTE si se considera a ésta
como una enfermedad compleja resultado de la interacciéon entre
factores genéticos y ambientales. La heredabilidad (h*) o componente

genético de la predisposicion individual a sufrir una VTE ha sido
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estimada en un 60% y en parte se ha asociado a alteraciones en genes
que codifican factores de la coagulacién [59,84]. Sin embargo, ain no
se ha realizado ningin analisis exhaustivo de la variabilidad debida al
efecto de los genes, que esta presente en los parametros plaquetarios
[85]. En este sentido, la h® ha sido estimada sélo para el recuento e
indices plaquetarios, y parcialmente para los parametros del test in
vitro del analizador PFA-100° (Tabla 1.4) [86-94].

Un excelente indicador del proceso de adhesién y en general, de la
hemostasia primaria son los CT del test in vitro del analizador PFA—
100° [46,95]. Algunos estudios han descrito los intervalos de
normalidad para los CT, asi como la influencia que variables como la
edad y el sexo tienen sobre éstos (véase apartado 4) [45,46]. En la
actualidad, su utilidad clinica se centra en el diagnéstico diferencial de
enfermedades hemorrdgicas [96,97]. Sin embargo, numerosos articulos
asocian hiperreactividad plaquetaria en pacientes con enfermedad
cardiovascular y CT cortos [46,98-100].
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6. Proyectos de investigacion en trombosis

vVenosa
6.1. Proyecto GAIT 2

El proyecto GAIT 2 (Genetic Analysis of Idiopathic Thrombophilia 2)
ha sido disefiado y realizado por la Unitat d’Hemostasia i Trombosi
del Hospital de la Santa Creu i Sant Pau de Barcelona y la Unitat de
Genomica i Malalties Complexes del Institut d’Investigacié Biomedica
de Sant Pau (IIB-Sant Pau), en colaboracién con diversos grupos de
investigacién de instituciones nacionales e internacionales. Tras la
primera fase, iniciada en 1995 (proyecto GAIT 1), en 2006 se disend e
inici6 el reclutamiento de individuos en el proyecto GAIT 2
finalizdindose en 2010. En la actualidad, se estan llevando a cabo

diversos estudios con datos y muestras obtenidas en dicho periodo.

El objetivo principal del proyecto GAIT es la identificaciéon de genes
que determinan la variabilidad de los parametros relacionados con la
hemostasia y especialmente, la localizacién de aquellos que influyen
sobre el riesgo de VTE [59,101]. Ademds, otros objetivos incluidos
especificamente en el proyecto GAIT 2 consisten en la replicacién de
los resultados obtenidos en el proyecto GAIT 1, el andlisis de la
variabilidad genética debida a la expresién de RNA, la exploracién de
otros sistemas fisioldgicos, como la estructura y funcién de la plaqueta,

o la obtencion de mayor informacién clinica.

La metodologia para la identificacion de genes se basa en el andlisis de
rasgos o parametros cuantitativos en familias [59,103]. Un pardametro
cuantitativo es una variable continua que se encuentra determinada
simultaneamente por multiples genes, factores ambientales y la posible
interaccion entre ambos. En nuestro trabajo, por ejemplo, se
analizardan diferentes mediciones relacionadas con la biologia

plaquetaria [102].
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En las familias, cuanto mayor es el grado de parentesco entre dos
individuos, mayor cantidad de genes (alelos) idénticos son compartidos
por ambos y viceversa. Para cuantificar la variabilidad, expresada
como proporcion de la varianza, de una variable cuantitativa debido
al efecto exclusivo de los genes, se usa un pardmetro denominado h?
Esta se define como la proporcién de la varianza total debida a la
varianza genética y comprende valores entre 0 y 1, siendo este tltimo
valor un indicador de que el componente genético es el causante
exclusivo de la variabilidad. La estimacién de la h? es un paso previo
indispensable para localizar los loci o genes, puesto que si el parametro
cuantitativo muestra una h? muy pequenia (inferior al 10%), no tiene

ningin sentido practico su busqueda [59,103].

El proyecto GAIT 2 es, como se ha visto con anterioridad, una
ampliacién del proyecto GAIT 1 y presenta 935 individuos agrupados
en 35 familias de poblacion espanola (Tabla 1.5). Cada familia tiene
un minimo de 10 miembros y 3 generaciones y ha sido reclutado a

partir de un paciente con trombofilia idiopatica [101,102].

Tabla 1.5: Descripcion del proyecto GAIT 21.

Caracteristicas
Individuos totales 935
Edades (min:max) 2-101
Sexo (M:F) 465:470
Familias 35
Parejas de parentesco 8649
Individuos con trombosis 120
Individuos con trombosis venosa 86
Individuos con trombosis arterial 47
Individuos con ambas trombosis 13
Parametros plaquetarios analizados 11

! Tabla elaborada en base al estudio previamente publicado [102].
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6.2. Proyecto RETROVE

El proyecto RETROVE (Riesgo de Enfermedad TROmboembélica
Venosa) ha sido disenado y realizado por la Unitat d’Hemostasia i
Trombosi del Hospital de la Santa Creu i Sant Pau de Barcelona
(2012-2016) en colaboracion con la Unitat de Genomica i Malalties
Complexes de I'Institut d’Investigacié Biomedica de Sant Pau (IIB-
Sant Pau).

Los objetivos principales de este proyecto son: la identificacion de
nuevos factores de riesgo de VTE y la formulaciéon de un algoritmo
matematico de prediccién de riesgo individual de VTE, mediante la
combinacién ponderada de diferentes factores (plasméaticos, genéticos

y epigenéticos).

El proyecto RETROVE es un estudio prospectivo caso—control de 400
pacientes mayores de 18 anos con VTE, segtin el criterio clinico
definido de inclusién, y 400 controles, segin la distribuciéon de edad y
sexo de la pirdmide poblacional espafiola en el censo del 2001 (Tabla

1.6).

Tabla 1.6: Descripcion del proyecto RETROVE.

Caracteristicas

Individuos totales (caso:control) 400:400

Edades (min:max) 19-96

Sexo (M:F) 390:410

Total de trombosis 513
Trombosis venosas 504
Trombosis arteriales 9

Eventos trombético de inclusién al proyecto 400
Individuos con 1 evento trombético 310
Individuos con 2 evento trombéticos 72
Individuos con 3 evento trombdticos 15
Individuos con 4 evento trombéticos 3
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7. Metodologia de laboratorio

El recuento, volumen e inmadurez plaquetarios son sencillos de evaluar
con la tecnologia existente [49,52,79,104]. Sin embargo, la funcién
plaquetaria puede ser evaluada mediante determinaciones in vivo o in
vitro [95,105]. Uno de los métodos més usados para explorar la funcién
plaquetaria es la obtencién del CT gracias al analizador PFA-100°
(Siemens Healthcare Diagnostics, Marburgo, Alemania) para dos
agonistas (ADP y epinefrina) [106]. Por su parte, la agregacién
plaquetaria puede ser valorada mediante la agregacién en sangre total
o Multiplate™ (Roche Diagnostics Internacional, Basilea, Suiza), con
la que se pueden explorar mayor cantidad de agonistas aunque no
explora la adhesién [44,105].

7.1. Determinacién del recuento e indices de plaquetas

y de la fraccion plaquetaria inmadura

Los analizadores hematoldgicos automaticos obtienen recuentos de
plaquetas de manera rapida y sencilla, ademds de otros parametros o
indices plaquetarios. Asimismo, determinan la subpoblaciéon de
plaquetas inmaduras [39,52,53]. Los analizadores hematologicos
automdticos Sysmex® (Roche Diagnostics International, Basilea,
Suiza) siguen los principios de impedancia (Sysmex XE-2100° y Symex
KX-21IN®) y dispersién 6ptica (Sysmex XE-2100%).

El principio de impedancia fue descrito por el ingeniero americano
Wallace Coulter (1913-1998) en el afio 1956 y consiste en la circulacién
de las células, suspendidas en un liquido conductor, por una abertura
por la que pasa una corriente eléctrica constante. Asi el aumento
transitorio en la impedancia es proporcional al volumen de la célula

que lo atraviesa [39,50].
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Figura 1.9: Distribucién log—normal de la poblacién de plaquetas. Las
abreviaturas que aparecen en el grafico de izquierda a derecha indican: PL
como limite inferior de deteccién (2 fL), PDW como amplitud de distribucién
de volimenes plaquetarios o platelet distribution width, P-LCR como indice
de plaquetas de volumen superior en 12 fL. o platelet-large cell ratio, PU como
limite superior de deteccién (30 fL). Imagen tomada de una publicacién previa
[50]. Texto adaptado de dos publicaciones previas [49,50].

El segundo principio se basa en la difraccién optica en la cual la
trayectoria de un rayo laser incide en cada una de las células. El
analisis de la luz difractada permite estimar el volumen de las células
y su complejidad interna. Asi, la poblacién celular sanguinea de mayor
volumen y menor complejidad se podra identificar con los hematies
mientras que la poblacion de menor tamafio y mayor complejidad se

identificara con las plaquetas (Figura 1.9) [39,50].

Los recuentos y volumenes plaquetarios obtenidos mediante el
analizador hematolégico Sysmex XE-2100 son: recuento estandar de
plaquetas (PLT) y recuento 6ptico de plaquetas (PLTOP). También
se han obtenido los siguientes indices plaquetarios: volumen
plaquetario medio (MPV), amplitud de la distribucién de los

volimenes plaquetarios (PDW), indice de plaquetas de volumen
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superior a 12 fL. (P-LCR) y plaquetocrito o masa plaquetaria (PCT)
(Tabla 1.7a).

El analizador hematolégico Sysmex KX-21N® también funciona con el
principio de impedancia pero tiene la particularidad permitir
seleccionar el umbral superior de los volimenes plaquetarios a 40 fL,
minimizando la infravaloracion de las plaquetas de mayor volumen.

Los parametros obtenidos con este analizador son: recuento de

Tabla 1.7a: Parametros plaquetarios (I) evaluados en los diferentes

estudios expuestos en el trabajo!.

Sysmex XE—-2100° (impedancia)

PLT x109/L Recuento de plaquetas.

MPV L. Volumen plaquetario medio.

PDW % Distribucién de los volimenes plaquetarios.
PCT % Plaquetocrito.

Sysmex KX—21N® (impedancia)

PLT40 x109/L Recuento de plaquetas con un umbral superior
de deteccién de 40 L

MPV40 fL Volumen plaquetario medio con un umbral
superior de deteccién de 40 fL.

PCT % Plaquetocrito calculado con MPV 40fL.

Sysmex XE—2100° (difraccién 6ptica)

PLTOP x10°/L Recuento de plaquetas dptico.

P-LCR % Indice de plaquetas de volumen superior a 12
fL.

IPF% % Porcentaje de plaquetas inmaduras.

HIPF% % Porcentaje de plaquetas inmaduras con mayor

contenido de RNA dentro de IPF%.
IPF# x10°/L Recuento de IPF absoluto.
IPF-X  uf Media de RNA contenido por plaqueta en

unidades de fluorescencia.

! De izquierda a derecha: abreviatura del parametro plaquetario evaluado,

unidades de medicién y descripcion.
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plaquetas (PLT40), volumen plaquetario medio (MPV40) vy
plaquetocrito (PCT40) (Tabla 1.7a).

Los parametros de IPF se han obtenido mediante el canal de difracciéon
6ptica del Sysmex XE-2100® previa tincién automdtica de la muestra
con un colorante especifico para RNA (véase apartado 4) (Tabla 1.7a).
Los parametros de IPF obtenidos son: porcentaje de plaquetas
inmaduras (IPF%), porcentaje de plaquetas inmaduras con mayor
contenido de RNA dentro de IPF% (HIPF%), recuento de IPF
absoluto (IPF#) y media del contenido de RNA contenido por la
plaqueta (IPF-X)

7.2. Determinacion de funciéon plaquetaria global

El analizador de la funcién plaquetaria PFA-100® utiliza un método
basado en las propiedades adhesivas y agregantes de las plaquetas a
indices elevados de cizallamiento (5 0006 000 s'), en presencia del
agonista expuesto [105,106]. El ensayo de funcién plaquetaria (PFA)
es, por tanto, una técnica in vitro reproducible realizada a partir de
sangre total citratada [95,106]. La muestra de sangre es aspirada de
manera constante hacia una membrana impregnada de coldgeno que
contiene una apertura de ~150 um de didmetro. Ademads del coldgeno
la membrana contiene ADP (cartucho de coldgeno-ADP) o epinefrina
(cartucho de coldgeno—epinefrina). Pasado un determinado tiempo, la
adhesién y agregacion de las plaquetas obturan el orificio [105,107]. El
tiempo de obturacién del orificio o CT, medido en segundos, es
inversamente proporcional a la capacidad funcional de las plaquetas y,

por tanto, de gran utilidad diagnostica.

En la actualidad, la principal aplicacién del analizador PFA-100° e la
clinica es el diagnéstico de los déficits de la hemostasia primaria, como
trombocitopatias y enfermedad de von Willebrand, también es una
herramienta ttil para el seguimiento del tratamiento antiagregante

[95,96,105,107]. Recientemente, se han publicado estudios centrados
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en la deteccion de incrementos de la funciéon plaquetaria o
hiperreactividad plaquetaria en relaciéon con la trombosis arterial
[98,100]. Sin embargo, una revisién reciente de Emmanuel Favaloro,
basada en el andlisis de numerosos estudios en enfermedad
cardiovascular, sugiri6 que los CT cortos pudieran reflejar una

tendencia protrombética [46,98-100].

Con el analizador PFA-100® se obteniden dos pardmetros: CT del
cartucho de coldgeno—ADP (PFAadp) y CT del cartucho de coldgeno-
epinefrina (PFAepi), ambos en segundos (Tabla 1.7b).

7.3. Determinacion de la agregacién plaquetaria

La agregometria en sangre total por impedancia o Multiplate™ es un

método que permite valorar la agregacion plaquetaria a través de la
variacién de la impedancia entre dos electrodos sumergidos en la
muestra de sangre citratada en agitacién y temperatura constante (37
°C) [44]. Cuando los electrodos entran en contacto con la sangre se
genera una capa de plaquetas. La introducciéon de un agonista genera
que la conductancia disminuya con rapidez. Por el contrario, la
impedancia aumenta en funcién del nimero de plaquetas acumulado
en los electrodos [44,105]. Mientras que a baja concentracién de
agonista se obtienen curvas reversibles, a elevadas concentraciones se
consigue una agregacién irreversible [44]. En el presente trabajo de
tesis use ha valorado un tnico tipo de agonista, el ADP, a

concentraciones de 0,25 uM y 0,5 uM.

™ son: 4rea

En este caso los parametros obtenidos con el Multiplate
bajo la curva (AUC), agregacién en porcentaje (AGR) y pendiente de

la curva en unidades de absorbancia por minuto (SLP) (Tabla 1.7b).
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Tabla 1.7b: Pardmetros plaquetarios (II) evaluados en los diferentes

estudios expuestos en el trabajo!.

PFA-100°

PFAadp s Tiempo de obturaciéon del cartucho
coldgeno-ADP.

PFAepi S Tiempo de obturaciéon del cartucho
colageno—epinefrina.

Multiplate™

ABC® UA® Area bajo la curva.

AGR? % Agregacion.

SLPp® UA - min™ Pendiente de la curva.

! De izquierda a derecha: abreviatura del pardmetro plaquetario evaluado,

unidades de medicién y descripcion.

* Parametros del Multiplate

obtenidos en respuesta a baja (0,25 uM) y alta

(0,5 uM) concentraciones de ADP como agonista.
P Unidades de absorbancia (UA).
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8. Metodologia estadistica

Los resultados de un analisis descriptivo conducen a la generacion de
hipétesis cientificas que son confirmadas o refutadas, con las
herramientas estadisticas apropiadas. Una de las herramientas mas
utilizadas en la estadistica inferencial es el andlisis de regresion usado
en diversos campos de la epidemiologia genética y la evaluacién de

riesgos.
8.1. Analisis de la regresion

El concepto de regresion fue introducido en el afio 1889 por el
estadistico y matemadtico inglés Sir Francis Galton (1822-1911) [108].
El analisis de la regresion es un modelo matematico que permite
estimar las relaciones entre la variable dependiente y la variable
independiente. Un modelo de regresion tipo, segin su férmula escalar,

se define como
Yi = ,50 + 2,57 “Ti FE,

donde y es la variable variable respuesta(o dependiente), By es la raiz
de la funcién o intercept de y, f; es el coeficiente de regresion, también
denominado pendiente o slope, asociado a la variable explicativa z; (o

independiente), y ¢ es el error aleatorio [109].

Los anélisis de regresion persiguen principalmente tres finalidades. En
primer lugar, establecer una relaciéon causal entre la variable
dependiente y la variable independiente. En segundo lugar, predecir
los valores futuros que toma la variable respuesta en funcién de la
variable independiente. Por tltimo, caracterizar las variables
independientes, mostrando cudl de ellas tiene una mayor importancia
para explicar el comportamiento de la variable dependiente. Asi el
modelo final facilita la comprensién del comportamiento de la variable
dependiente en funcién del tipo de relaciéon e importancia de las

variables independientes [109,110].
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Existen diferentes tipos de modelos de regresiéon dependiendo del
ntmero de variables independientes (regresién simple o multiple), asi
como del tipo de funcién utilizada (lineal o no lineal). En este trabajo
centramos nuestro interés en la combinacién de dos de estos tipos de

regresion: la regresion lineal multiple.

Mientras una regresiéon lineal simple permite trabajar con una sola
variable, es posible analizar la relaciéon entre dos o méas variables en
un mismo modelo de regresién, lo que se denomina regresion lineal
multiple o regresion lineal multivariante [111]. Asi su férmula escalar,

se define como
Yi = /30 + 2,5, “ Ty +Eij,

donde y; es la variable dependiente, fy, fi, fe, .., Br son los coeficientes
de regresién, y e; es el error aleatorio asociado a la variable y;
asumiendo la independencia de la variable (E(e;) = 0), y la varianza
constante (Var(e;) = o) para i = 1, 2, .., n. En un ejemplo clasico de
regresion lineal se asume una distribuciéon normal en la que la varianza
o’ es constante. Siendo ciertas estas asunciones, los coeficientes de
regresién pueden ser estimados mediante el principio de los minimos

cuadrados, formulada en el teorema de Gauss-Markov (1829) [111].
8.1.1. Modelos lineales mixtos

La aplicacién de un modelo de regresién lineal queda sujeta al
cumplimiento de las asunciones anteriormente citadas, siendo el de la
independencia de las variables imprescindible para su aplicacién. Este
supuesto implica que los residuos (g;;) de las variables independientes
no se encuentren correlacionados. Es precisamente en este punto,
donde los modelos de regresién lineal mixto o linear mized models
(LMM) se muestran como una excelente solucién al contemplar la
varianza debida a dos tipos diferentes de efectos: fijos (fized effects) y

aleatorios (random effects). Asi los efectos fijos influyen altamente y
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de manera persistente en la varianza. Por su parte, los efectos
aleatorios, introducidos por primera vez en un modelo lineal por el
bidlogo y estadistico inglés Sir Ronald Fisher (1890-1962), contemplan
la influencia dispar de la varianza en la variable dependiente [112]. Los

LMM quedan formulados de la siguiente manera:
Yi = Po + 2P wy + Ly + yi + g,

donde w; son las covariables con efectos aleatorios y VY sus
correspondientes coeficientes. Los modelos mixtos son especialmente
utiles para analizar datos que tienen una cierta estructura intrinseca

en distintos niveles (clases o clusters).

Una aplicacién préactica de éstos ha permitido evaluar la influencia de
la edad y el sexo sobre los parametros plaquetarios en una poblacién
sana extraida del estudio GAIT 2. Los dos tipos de efectos
contemplados en los LMM permiten el andlisis de covariables como la
edad y sexo, como efectos fijos, y a su vez, modelizar la matriz de
relaciéon entre los individuos de una misma familia, como efecto

aleatorio [113].
8.1.2. Modelos lineales generalizados

Los modelos lineales generalizados o generalized linear models (GLM)
derivan del no cumplimiento de la normalidad, la varianza no
constante o la no linealidad de las observaciones. Este tipo de
modelizacion lineal fue formulada por los estadisticos John Nelder
(1924-2010) y Robert Wedderburn (1947-1975). EI GLM muestra tres
componente principales: sistematica (o predictor lineal) y aleatoria
(observaciones independientes generalmente variables de distribucién
binomial) y funcién ligando o link. Este dltimo componente permite
relacionar los valores esperados de la componente aleatoria como
combinacién lineal de las variables predictoras (generalmente logit

para distribucién binomial) [114,115].
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Asi los GLM se han postulado como una herramienta 1util para el
calculo de riesgo en un rasgo cuantitativo en respuesta a una variable
discreta y dicotémica que registra el estado de la enfermedad como
afecto o sano. La conversién del rasgo cuantitativo en rasgo discreto y
dicotémico permite definir un umbral determinado de riesgo o liability
(percentil 90 de los individuos sanos). De este modo, si el valor de
riesgo de un individuo sobrepasa el valor umbral determinado, se le
presupone una predisposicion a la enfermedad (riesgo) mientras que,
si este valor no supera el umbral, el individuo no manifestara la
enfermedad (normal). Ademads, los GLM permiten la introduccién de
diferentes variables confusoras (confounders) que evalian la posible
relacion de nuestro rasgo cuantitativo o de riesgo y la enfermedad, en

nuestro caso la VTE.
8.2. Entorno R

La totalidad de los analisis estadisticos de este trabajo se han realizado
en R. Disefiado en 1993 por George Ihaka y Robert Gentleman, de la
Universidad de Auckland (Nueva Zelanda), R es un entorno y lenguaje
libre de programacién focalizado en el analisis estadistico [116]. Se
trata de una evolucién del lenguaje S y su caracteristica més
importante es la capacidad de incluir paquetes (o packages), creados
por los propios usuarios, y que permiten hacer frente a problemas
estadisticos, mediante la creacién de funciones y algoritmos. La
totalidad de los analisis estadisticos se han realizado en el entorno
estadistico R, usando los packages adecuados para cada trabajo como
Ime4 o ImerTest [117,118]. Ademés, durante la realizacion del presente
trabajo, nuestro grupo, también se ha participado activamente en el
desarrollo de algunos de ellos [119,120].
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Capitulo 2

Hipé6tesis y objetivos






1.

Hipoétesis

= Los analizadores hematolégicos tienden a infravalorar las

plaquetas ligeramente aumentadas de tamafio, generando

mediciones erréneas en los recuentos y volimenes plaquetarios.

Hipétesis 1: Es posible mejorar la medicion de los recuentos
y wvolimenes, asi como los plaquetocritos, incorporando un
analizador hematologico que valore mejor las plaquetas de un

mayor volumen.

Es bien conocido que existen diferencias en las mediciones de
los recuentos e indices plaquetarios de la poblacién general
debidas a la edad y/o el sexo. Sin embargo, en la poblacién
caucasica espafiola no se han establecido estandares de

normalidad para la poblacién infantil y adolescente

Hipétesis 2: Es posible obtener estindares de normalidad de
los pardmetros plaquetarios segin los grupos los de edad y/o0
sexo en la poblacion sana, adulta e infantil, del proyecto GAIT
2, a condicion de aplicar métodos estadisticos apropiados que

eliminen el efecto del parentesco.

La variacion de los fenotipos cuantitativos plaquetarios tiene
una cierta correlacion con la informacion genética. Estas
variaciones pueden modificar el equilibrio hemostatico

primario, asi como influir en el riesgo de VTE.

Hipétesis 3: La determinacion genética de los fenotipos
cuantitativos plaquetarios analizados en el marco del proyecto
GAIT 2 puede contribuir a la deteccion de nuevos factores

genéticos de riesgo de VTE.

La determinacion de los intervalos de normalidad en la
poblacién sana del proyecto GAIT 2, asi como la

estandarizacion de la metodologia de obtenciéon de las

45



mediciones de los pardmetros plaquetarios, ha permitido
incluirlos como biomarcadores de riesgo de VTE en el estudio
RETROVE.

Hipétesis 4: Las variaciones de los pardmetros plaquetarios
(recuentos, indices y funcion), que comportan un desequilibrio

en el sistema hemostdtico, se asocian a un aumento del riesgo

de VTE.
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2.

Objetivos

= Evaluar las diferencias en las mediciones de recuento, volumen

y plaquetocrito obtenidas a través de un analizador
hematolégico estandar y un analizador hematolégico que
mejore la mediciéon de las plaquetas con mayor volumen
(Estudio #1).

Dado que la poblaciéon sana del proyecto GAIT 2 puede
mostrar una relacién de parentesco, desarrollar un modelo
estadistico apropiado que neutralice el posible efecto del
parentesco y permita evaluar el influencia de la edad y/o sexo
para cada uno de los parametros plaquetarios analizados
(Estudio #1).

Establecer los estdndares de normalidad para cada uno de los
parametros plaquetarios obtenidos en el estudio GAIT 2 segin
grupos de poblacién de edad —infantil, adolescente, adulta y

anciana— y/o sexo (Estudio #1).

Estimar los determinantes genéticos de algunos fenotipos
plaquetarios previamente estudiados: recuento de plaquetas,
volumen plaquetario medio, amplitud de distribucién de los

volimenes plaquetarios y plaquetocrito (Estudio #2)

Estimar, por primera vez, los determinantes genéticos de
algunos fenotipos plaquetarios: indice de plaquetas de volumen
superior a 12 fL, fenotipos de la fracciéon plaquetaria inmadura
y fenotipos de funcién plaquetaria obtenidos con el analizador
PFA-100° (Estudio #2).

Analizar y estimar el riesgo de VTE asociado al aumento de
algunos valores de los recuentos e indices plaquetarios en la
poblacién del estudio RETROVE (Estudio #3).
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= Analizar y estimar el riesgo de VTE asociado a la obtencién
de tiempos de obturacién cortos en el analizador PFA-100°,
indicadores de un aumento de funcién plaquetaria, en la
poblacién del proyecto RETROVE (Estudio #4).
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Introduction: Several studies have analysed the platelet parameters in human blood, nevertheless there
are no extensive analyses on the less common platelet phenotypes. The main objective of our study is to
evaluate the age and gender effects on 15 platelet phenotypes.

Methods: We studied 804 individuals, ranging in age from 2 to 93 years, included in the Genetic Analysis
of Idiopathic Thrombophilia 2 (GAIT 2) Project. The 15 platelet phenotypes analysed were the platelets
counts, platelet volumes, plateletcrits, immature platelet fraction (IPF) and platelet function assay (PFA).
A regression-based method was used to evaluate the age and gender effects on these phenotypes.
Results: Our results were consistent with the previously reported results regarding platelet counts and
plateletcrit (PCT). They showed a decrease with increasing age. The mean platelet volume (MPV), platelet
distribution width (PDW) and platelet-large cell ratio (P-LCR) increased with age, but did not present any
gender effect. All the IPF phenotypes increased with age, whereas the PFA phenotypes did not show any
relation to age or gender.

Discussion: To sum up, our study provides a comprehensive analysis of the age and gender effects on the
platelet phenotypes in a family-base sample. Our results suggest more reasonable age stratification into
two distinct groups: childhood, ranging from 2 to 12 years, and the mature group, from 13 to 93 years.
Moreover, the PFA phenotypes were maintained constant while the platelet counts, the MPV and IPF

levels vary with age.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Platelets are anucleated blood cells that play an important role
in different physiological functions such as haemostasis, wound
healing and inflammation [1,2]. Their intrinsic features include
size, metabolic capacity, ability to aggregate and relative short
lifespan (8-10 days). These features determine their functional
properties [3,4]. Megakaryocytes maintain the platelet population
and functionality, producing about 10! platelets per day [4,5].

The haematological status of individuals is currently based on
the assessment of different clinical phenotypes such as platelet
counts, platelet volumes and plateletcrits [6-8]. These phenotypes
are used to determine the thrombopoietic status of patients and
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http://dx.doi.org/10.1016/j.compbiomed.2015.12.023
0010-4825/© 2016 Elsevier Ltd. All rights reserved.

quantitative variations in platelet phenotypes [9-11]. The platelet
distribution width (PDW) describes how uniform the platelets are
in size, and it has been proposed as a marker of platelet activation
[7,12]. The platelet-large cell ratio (P-LCR) is defined as the per-
centage of large platelet volume, and it has been associated with
higher platelet reactivity and cardiovascular risk [13-15]. The
immature platelet fraction (IPF) phenotypes are an indirect mea-
surement of the reticulated platelets and the thrombopoiesis
turnover [7,9,16,17]. The platelet function assay (PFA) phenotypes
estimate the platelet function [18,19]. All of these platelet phe-
notypes are measured using either haematological analysers
[6,8,9] or in vitro assays [19-21].

In the healthy human population, normal platelet counts range
from 150 to 400 - 10°/L of whole blood [4,5,22]. The mean platelet
volume (MPV) ranges from 7.8 to 11.0 fL [23] and the reference
PDW values range from 2 to 30 fL [11]. The IPF values range from
0.70% to 6.1% or 8% [6,7,24]. These phenotypes have previously
been studied with respect to the effects of age and gender [25-27].
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Some studies have compared also many different haematological
analysers [8,9,24,28], intervals of age [25,29,30], and the ethnicity
or habitat [31-35]. There are also studies that have reported
incomplete or partial analyses of the platelet blood count (PBC)
[16,23,25].

The main aim of our study is to provide a comprehensive
analysis of the influence of age and gender on 15 platelet pheno-
types. An underlying aim is to determine statistical differences
among the results obtained using two different automated hae-
matological analysers on these 15 platelet phenotypes and, finally,
our third aim was to develop a single statistical model to evaluate
the age and gender effects on each these phenotypes.

2. Methods
2.1. Sample

We studied a subset population of the GAIT 2 Project at the
Hospital de la Santa Creu i Sant Pau of Barcelona, Spain. The main
aim of the GAIT 2 Project was to identify genetic factors of
thrombophilia using family-based analyses and variance compo-
nent statistical methods [36]. The GAIT 2 population consisted of

Table 1
Age groups in the GAIT2 subset population included in the study.

227

935 individuals from 35 extended Spanish families. Each family
consisted of at least 10 members over 3 generations and was
ascertained through a proband with idiopathic thrombophilia.

To be included in the present study, an individual had to pre-
sent normal haematological values, including normal iron meta-
bolism. The exclusion criteria were any venous or arterial throm-
bosis event (previous or present), apparent illness, signs or
symptoms of acute illness, inflammatory or infectious disease in
the last four weeks, active malignancy and antiaggregant drugs
intake in the last two weeks before onset of the study. Individuals
with haemorrhagic diathesis also were excluded of the study.
Thus, the total analysed population consisted of 804 healthy
Caucasian individuals and 131 individuals were excluded. The ages
of our population ranged from 2 to 93 years and it included 389
males and 415 females, who were divided into the following four
age groups: childhood (Group 1), adolescence (Group 2), adult-
hood (Group 3) and elders (Group 4), as listed in Table 1.

Our study complied with the Declaration of Helsinki. Written
informed consent was obtained from all adult patients and by
parents of children. All procedures were approved by the Institu-
tional Review Board at the Hospital de la Santa Creu i Sant Pau.

Groups (years) Males Females Total
N Age + SD* N Age + SD* N Age + SD°
Childhood group 1 (2-12 years) 66 78+29 59 88+27 125 83+28
Adolescence group 2 (13-18 years) 42 161+ 17 25 159+ 18 67 16.0 +1.7
Adulthood group 3 (19-64 years) 243 419 +11.8 269 411+ 116 512 415+ 117
Elders group 4 (65-93 years) 38 74.0 + 6.7 62 744 + 6.6 100 74.3 + 6.6
Total (2-93 years) 389 36.5+20.9 415 40.0 + 211 804 3834211
2 Means and standard deviations (SD) are given in years.
Table 2
Platelet phenotypes analysed in our study by automated haematological analyser and methodology.
Phenotype groups Sysmex XE-2100" Sysmex KX- PFA-100"
2IN"
Impedance Optical Impedance In vitro
Platelet counts PLT PLTOP PLT40
Platelet volumes MPV PDW P-LCR MPV40
Plateletcrits PCT PCT40
Immature platelet IPF% HIPF%
fraction IPF# IPF-X
Platelet function assay PFAadp
PFAepi
Table 3
Pairwise comparison of phenotypes measured by different automated haematological analysers and/or methodology using the Sign test.
Phenotype groups Sysmex XE-2100" Sysmex KX-21N" p-values
Impedance Optical Impedance
PLT 232 (240 + 55) PLT40 235 (246 + 63) 31.1073
Platelet counts® PLT 232 (240 + 55) PLTOP 230 (237 +55) 1.76-10~ 1
PLTOP 230 (237 +55) PLT40 235 (246 + 63) <22-1071¢
Platelet volumes MPV 11.0 (105 + 1.5) MPV40 121 (123 + 1.5) <22-10716
Plateletcrit” PCT 0.25 (0.25 + 0.05) PCT40 0.28 (0.30 + 0.08) <22.10716

Platelet counts, volumes and plateletcrits show the median (mean + standard deviation). (*) Median and mean in platelet volumes (MPV and MPVO0) are given in fL.

2 Median and mean in platelet counts (PLT, PLTOP and PLT40) are given in x 10°/L.

b Median and mean in plateletcrit (PCT and PCT40) are given in percentage (%).
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Table 4

Means and confidence intervals of platelet counts, mean platelet volumes and plateletcrits phenotypes.

MPV (fL)" MPVA40 (fL)" PDW (%) P-LCR (%)°

PLT40 ( x 10°/L)° PCT (%)° PCT40 (%)°

PLT ( x 10°/L)" PLTOP ( x 10°/L)"

Gender”

21.6 (19.8-23.4)

10.9 (10.5-10.3)

9.5 (9.2-9.7) 12.7 (12.4-13.0)

0.46 (0.44-0.47)

0.31 (0.30-0.32)

365 (350-380)

319 (305-333)

310-337)
304-335)
208-240)
233-272)
212-224)
242-253)
183-221)
215-247)

(0.29-0.32)

0.23 (0.22-0.25)
0.27 (0.25-0.29)
0.23 (0.23-0.24)
0.26 (0.26-0.27)

360 (343.02-377.22)
241 (224-259)

315 (298-331)

12,5 (12.1-13.0) 127 (122-13.2)  29.3 (27.2-313)

10.4 (10.1-10.7)

031 (0.29-0.33)

223 (205.38-241)
255 (234-276)

258 (236-279)

106 (105-10.7) 122 (12.05-1235) 131 (129-133) 311 (30.4-318)

0.29 (0.28-0.29)

222 (215-229)

217 (210-223)
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247 (241-254)

243 (237-249)

027 (025-029) 109 (10.6-11.3) 123 (111-12.5) 135 (13.0-140)  32.9 (30.9-35.0)

0.22 (0.20-0.24)
0.25 (0.24-0.27)

207 (187-228)

197 (178-216)

224 (206-241)

221 (204-237)

323
319
224
253
218
248
202
231

M

Group 1

M

Group 2

9

M

Group 3

2

M

Group 4

Confidence interval (between brackets) was fixed in 95%.

2 Males (M) and females (F).

b Phenotypes obtained by the Sysmex XE-2100".
¢ Phenotypes obtained by the Sysmex KX-21N".

2.2. Blood collection

To minimise the circadian fluctuation, all of the blood samples
were obtained by venipuncture between 9:00 a.m. and 9:30 a.m.,
under basal conditions after 12-h overnight fasting. A 5 ml sample
was obtained in anti-coagulant EDTA-K3 to determine platelet
counts, platelet volumes, and IPF phenotypes. Another 5 ml sam-
ple was obtained in citrate to determine PFA phenotypes. Both
samples were processed within 2-4 h of collection.

2.3. Measure of phenotypes

We used two automated haematological analysers: Sysmex XE-
2100" and KX-2IN" (Roche Diagnostics, Basel, Switzerland), to
measure 13 of the 15 phenotypes. Two of the phenotypes were
determined using the PFA-100" system (Siemens Healthcare
Diagnostics, Marburg, Germany). All the 15 platelet phenotypes
are shown in Table 2.

The platelet counts (PLT and PLTOP), platelet volumes (MPV, P-
LCR and PDW) and plateletcrit (PCT) were determined by Sysmex
XE-2100", whereas the Sysmex KX-21N" was used to obtain
additional measures of platelet count and platelet volume (PLT40
and MPV40), fixing the upper threshold of the platelet population
at 40 fL. The plateletcrit (PCT40) was calculated as follow:
MPV40 - PLT40/1000. The IPF phenotypes were also determined
with the Sysmex XE-2100" using the optical technology. These IPF
phenotypes were: (1) percentage of the immature platelets (IPF%),
(2) percentage of the IPF with the highest RNA content included
the IPF% (HIPF%), (3) absolute count of IPF (IPF#) and (4) mean
RNA content per platelet (IPF-X). The two PFA phenotypes were
measured using the PFA-100" system, shown in Table 2. This
system measures the platelet function by simulating a vessel wall
under shear stress in in vitro conditions. The Closure Time (CT) was
measured using two different cartridge membranes, collagen-ADP
(PFAadp) and collagen-epinephrine (PFAepi), according to the
instructions of the manufacturers.

2.4. Statistical analysis

Since we used two different analysers to measure platelet
counts (PLT, PLTOP and PLT40), mean platelet volumes (MPV and
MPV40) and plateletcrits (PCT and PCT40), we applied a non-
parametric Sign test to compare the measurements from two dif-
ferent automated haematological analysers (Sysmex XE-2100" and
Sysmex KX-21N") and channels (impedance and optical). The Sign
test compares the medians with the null hypothesis of non-
differences in the medians between measurements.

To evaluate the effects of age and gender on the 15 phenotypes
under study, we used a linear regression model with three cov-
ariates: the categorical four age groups, the continuous age and
the gender. The categorical age variable allowed for a more clini-
cally relevant interpretation of the phenotypes means and con-
fidence intervals (CI) per age group, while the continuous age
variable was used to take into account the dynamics of the phe-
notype value within the group, especially in the case of the group
of children under the age of 13 years old. We also considered
possible interactions between the age group and the other two
covariates. To explicitly account for the non-independence among
individuals in our family-based sample, we applied a linear mixed
effects (LME) model. Each phenotype y is denoted in vector
notation as following:

y=Xep+g+e,

where X is a matrix of fixed effects or covariates, f are the
regression coefficients or effect sizes, g is a vector of the random
genetic effects and ¢ is the residual error. The term g is assumed to
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PLT (10*%/L)

Age (years)

229

b

MPV (fL)

100

0 25 50 75
Age (years)

Fig.1. Mean values per age group in PLT and MPV phenotypes. (a) The mean in PLT ( x 10°/L) was divided by male (solid line and dark grey) and female (broken line and light
grey) along the age. (b) The mean in MPV (fL) along the age without gender influence. The 95% confidence intervals for model parameters were estimated by the bootstrap

method with 1000 iterations.

have a Gaussian distribution with zero mean and covariance
matrix defined by the kinship matrix.

The R packages Ime4 [37] and the ImerTest [38] were used to fit
the LME model and test for the statistical significance of the
effects, respectively. A backward elimination model-building
strategy was used, discarding the non-significant covariates
according to the principle of marginality (testing the highest order
of interactions first). As random effects, we considered the genetic
additive effect by means of the kinship matrix estimated by SOLAR
[39]. The random effect of the 15 phenotype models was deter-
mined by the double kinship coefficient matrix based on the
pedigree structure. That allowed to explicitly control the family-
based relatedness among individuals.

3. Results
3.1. Platelets counts and plateletcrits phenotypes

The Sysmex XE-2100" measurements were compared to those
of the Sysmex KX-21N", as shown in Table 3. The platelet counts
(PLT, PLTOP and PLT40), the mean platelet volumes (MPV and
MPV40), and the plateletcrit (PCT and PCT40) phenotypes were
compared in pairs using the Sign test. For these phenotypes, the
median values were higher with the Sysmex-KX-21N" than with
the Sysmex XE-2100" instrument. For example, the PLT40 median
(235) was higher than PLT median (232) with a p-value of
3.1-10"3, as shown in Table 3.

The complete measurements for the platelet counts, platelet
volumes and plateletcrits phenotypes are shown in Table 4. All of
measurement of the platelet counts (PLT, PLTOP and PLT40)
showed an age and gender effect, as the Group 1 presented higher
significant values than Group 3 and Group 4. Also, PLT mean values
in males were higher in Group 1 (323) than Group 3 (218) and
Group 4 (202). The platelet counts showed higher values in
females than in males, except for the Group 1. Namely in Group
3 for the PLT, the mean values in females (248) were higher than in
males (218), as shown in Fig. 1a. Differences between Group 1 and
Group 3, as well as Group 1 and Group 4, were statistically sig-
nificant for all platelets counts (Table 5). For instance, PLT showed
an estimated mean differences between Group 1 and Group 3 of

—89+7 (p<2-10~'%), whereas between Group 1 and Group
4 was of 105+ 10 (p <2-10~'%). Any statistical differences were
observed between Group 2 and Group 3.

The plateletcrits values (PCT and PCT40) were significantly
higher in females than in males, except in Group 1 (Table 4). For
example, the mean PCT value in Group 3 was higher in females
(0.26%) than males (0.23%). Also, we observed that the PCT and
PCT40 values decreased with age. For instance, the mean PCT40
value in Group 1 (0.46%) was higher than Group 4 (0.27%). In
addition, both plateletcrit phenotypes did not show any difference
between Group 3 and Group 4.

3.2. Platelet volumes phenotypes

The remaining platelet phenotypes, MPV, MPV40, PDW and
P-LCR, showed an age, but not a gender effect (Table 4). For the
MPV, PDW and P-LCR values increased with age. For example, the
MPV mean value in Group 1 (9.5 fL) was lower than in Group 4
(10.9 fL), as shown in Fig. 1b. Also, the PDW and P-LCR values
increased with age (Table 4). These three phenotypes showed
statistical differences between Group 1 and Group 3, as well as
Group 1 and Group 4 (Table 5). For example, the MVP phenotype
showed an estimated mean difference between Group 1 and
Group 3 of 1.1 +0.1 fL (p <210~ '), whereas between the Group
1 and Group 4 was of —1.5+0.2fL (p<2-10"'6).

On the other hand, the MPV40 phenotype decreased with
increasing age. The Group 1 value (12.7 fL) was higher than Group
4 (12.3 fL). In addition, this phenotype (MPV40) showed an esti-
mated mean difference between Group 1 and Group 4 of
0.5+ 0.2 fL (p=0.02).

3.3. IPF and PFA phenotypes

The IPF and PFA measurements are shown in Table 6 and
comparisons between groups in Table 7. The IPF values increased
with the age. For instance, the mean IPF% value in Group 1 (1.92%)
was lower than Group 3 (3.32%) and Group 4 (3.67%). Differences
between Group 1 and Group 3, as well as between Group 1 and
Group 4, were statistically significant for all IPF phenotypes. In
addition, any statistical differences were observed between the
Group 3 and Group 4 (Table 7).
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Table 5

Estimated mean differences, standard errors (SE) and p-values (p-val) between age groups and gender for platelet counts, mean platelet volumes and plateletcrits phenotypes.

P-LCR (fL)’

MVP (fL)® MVPA40 (fL)° PDW (%)°

PCT40 (%)°

PCT (%)°

PLTOP ( x 10°/L)° PLT40 ( x 10°/L)°

PLT ( x 10%L)°

p-val Mean + SE p-val

Mean + SE

p-val Mean + SE p-val Mean + SE p-val Mean + SE p-val Mean + SE p-val Mean + SE p-val Mean + SE p-val

Mean + SE

<2.107® 95+09 <2.10°16

7-107% 22+02

<2.107'° -05+0.2

+ 11401

<2-107' -01+0.01 <2-107' -02+0.01 <2.10"'¢

<2.107'° -128 +7

<2.107° 87+7

-89+7

Gr3-

Grl
Gr3-

NS 1.8+11 NS

-04+03

NS

-03+0.2

02 NS

02+

0.0 +0.01 0.008

0.0+ 0.01 NS

NS

-15+8

NS

NS

-6+7

Gr2
Gr3-

NS

-1.8+11

NS -04+03 NS

0.2

0.0+

0.017

-04+02

0.0 4+0.01 NS

0.0+ 0.01 NS

19+8 0.022

0.008

21+8

0.036

16 +8

Gr4
Grl-

-1.8+03 <2.107' -7.7+11 <2.10716

NS

<2.107' 02+02

01+001 <2-107'6 -0.9+0.2

+ <2.107'® 113410 <2-107'% 01+0.01 <2.1071¢

<2.107'¢ 78+10

83+9
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Gr2
Grl-

-26+03 <2.107'° -113+14 <2.107'°¢

0.02

<2.107'® 05+0.2

147+10 <2-107'® 01+0.01 <2-107'® 02+0.01 <2.-107'¢ -1.5+0.2

<2.1071¢

<2-107'° 108 + 10

105+ 10

Gr4
Gr2-

-3.7+15 0.01

0.03

-08+04

02 NS

03+

0.009

-0.6+0.2

0.0 +0.01 0.002

0.0 +£0.01 NS

34411 0.002

0.005

30+11

10 0.032

22+

Gr4
M-F*

00+0.01 <2.10°1¢

+ <2.107' -13+5 0.006

<2-107' 2045

21+4

Statistical Significances were established in 0.05.

2 The phenotypes with gender influence were shown by males (M) and females (F).

b phenotypes obtained by the Sysmex XE-2100".
¢ Phenotypes obtained by the Sysmex KX-21N".

The CT values of PFAadp and PFAepi were shorter in Group
1 than the rest of the age groups (Table 6). For the PFAadp, the CT
mean value in Group 1 (83 seconds) was shorter than in Group 3
(87 seconds). In addition for the PFAepi, the CT mean value in
Group 1 (113 seconds) was shorter than in Group 3 (121 seconds).
For PFA phenotypes, statistical differences were observed between
Group 1 and Group 3 (Fig. 2a and b, Table 7).

4. Conclusions

We used the LME model to study the effect of age and gender
on 15 platelet phenotypes. Our results suggest that two age groups
should be considered clinically: childhood, ranging from 2 to 12
years, and the mature group, from 13 to 93 years. Several studies
have analysed several haematological parameters of the red and
white blood counts [35,40], and the PBC [30,31,34,41], but there
are few studies that analysed comprehensively how age and
gender affect other platelet phenotypes, such us the IPF and PFA
phenotypes.

One of the first aims of the present study was to compare the
measurements of the Sysmex XE-2100" and Sysmex KX-21N"
analysers. The PLT, PLTOP, MPV and PCT have been analysed largely
by the Sysmex XE-2100" [9,24]. However, there are few studies
that analyse the PLT40, MPV40 and PCT40 obtained by the Sysmex
KX-21N" [33,42]. The present study showed significant differences
when measuring the same phenotypes with different analysers
(PLT and PLT40, MPV and MPV40, and PCT and PCT40). The results
obtained with the phenotypes assessed with both analysers were
consistent.

We found that all the platelet counts (PLT, PLTOP and PLT40)
decrease with age (Fig. 1a). In accordance with previous studies
[25,27,43], we also found that the PLT, PLTOP and PLT40 had higher
counts in females than in males. An Italian study [25] estimated
also that the PLT decreases in older ages more than 35% in men
and 25% in women. It has been reported also that the MPV phe-
notype increases with age [6,23,44]. Besides the MVP, the other
platelet volumes (PDW and P-LCR) and the IPF phenotypes,
showed increased values with age, but had no gender effect
(Fig. 1b). There are some studies [16,17,45] that define the mean
and CI of IPF values in different ethnic populations such as Korean
(3.4%, 11-6.1%), Japanese (3.3%, 1.0-10.3%) or Indian (2.1%, 0.3-
8.7%) adults. In our study, the levels of IPF phenotypes (IPF%, IPF#,
HIPF% and IPF-X) in the childhood group (Group 1) were sig-
nificantly lower than the adulthood (Group 3) and elder (Group 4)
groups. We also observed that the IPF% increase with age [16]. No
gender effect in the adulthood group, unlike the Korean and Eur-
opean studies [9]. We did not observe either an age or a gender
effect on PFA phenotypes (Fig. 2a and b), as it has been previously
reported [19,21]. Our study in extended Spanish pedigrees of the
15 platelet phenotypes replicate earlier studies [16,25,30], and it
provides a better understanding of the PBC behaviour throughout
the life.

We also performed a comprehensive analysis of the influence
of age and gender on platelet function. In healthy population, the
platelet dynamics have been characterized previously taking into
account the effect of different covariates [22,25,30], analysing a
single [25,33] or a few platelet phenotypes [23,27,29,34], such as
the platelet counts, MPV or PCT phenotypes. These previous
reports led us to the partition of the subjects into different age and
gender groups. With this approach, we were able to replicate
earlier studies [25,27]. Regarding other phenotypes, such as the
IPF and PFA phenotypes, we report a novel regression-based
model taking into account the effect of the age and gender. For
instance, the IPF%, IPF# and IPF-X showed a similar dynamics than
the MPV (Fig. 1b). Previous studies [14,16] in patients with
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Table 6
Means and confidence intervals for the IPF and PFA phenotypes.

IPF%* IPF# ( x 10°/L)° HIPF%* IPF-X* PFAadp (s)° PFAepi (s)"
Group 1 1.92 (1.61-2.23) 5.27 (4.69-5.86) 0.56 (0.45-0.67) 16.06 (15.56-16.55) 83 (80-87) 113 (108-118)
Group 2 2.67 (2.24-3.10) 5.86 (5.04-6.67) 0.78 (0.62-0.93) 17.51 (16.95-18.07) 86 (81-90) 114 (107-121)
Group 3 3.32 (3.14-3.50) 7.40 (7.06-7.73) 1.01 (0.94-1.07) 18.11 (17.90-18.31) 87 (85-89) 121 (118-123)
Group 4 3.67 (3.34-4.00) 7.86 (7.24-8.49) 110 (0.99-1.22) 18.47 (17.90-19.04) 87 (83-90) 121 (115-127)

Confidence interval (between brackets) was fixed in 95%. IPF%: proportion of platelets containing RNA with respect to the platelet count (%). IPF#: absolute number of
platelets containing RNA ( x 10~ °/L). HIPF%: proportion of platelets with the highest RNA content (%) included the IPF%. IPF-X: mean RNA content per platelet (fluor-
escence intensity).

2 Phenotypes obtained by the Sysmex XE-2100".

" Phenotypes obtained by the PFA-100" system.

Table 7
Estimated mean differences, standard errors (SE) and p-values (p-val) between age groups for IPF and PFA phenotypes.

IPF%* IPF# ( x 10°/L)* HIPF%® IPF-X? PFAadp (s)” PFAepi (s)°

Mean + SE  p-val Mean +SE  p-val Mean +SE  p-val Mean +SE  p-val Mean +SE  p-val Mean+SE p-val
Gr3-Gr1 144027 <2-107' 214032 <2.100'® 044006 <2.-107'® 204026 <2.107'° 3.8+181 0.04 75+2.85 0.009
Gr3-Gr2 07+023 0.004 15+043 4.107% 02+0.08 0.004 0.6+029 0.04 154233 NS 71+3.75 NS
Gr3-Gr4 -03+019 NS -05+036 NS —01+0.06 NS -04+030 NS 0.7+210 NS -03+335 NS
Gr1-Gr2 -07+026 0.004 -0.6+050 NS —02+0.09 0.002 -15+037 1.107*% —23+272 NS -04+434 NS
Gr1-Gr4 -17+023 <2.107'® -26+043 <2.107'® —05+008 <2.107'® -24+038 <2.107'® —31+25 NS ~78+399 NS
Gr2-Gr4 -10+027 3.10°% -20+054 1.1074 —03+009 6.1074 ~1.0+040 0.02 —08+291 NS —74+467 NS

Statistical Significances were stablished in 0.05. IPF%: proportion of platelets containing RNA with respect to the platelet count (%). IPF#: absolute number of platelets
containing RNA ( x 10~°/L). HIPF%: proportion of platelets with the highest RNA content (%) included the IPF%. IPF-X: mean RNA content per platelet (fluorescence

intensity).
2 Phenotypes obtained by the Sysmex XE-2100".
" Phenotypes obtained by the PFA-100" system.

a

125 -

PFAadp (s)

50
Age (years)

PFAepi (s)

50
Age (years)

Fig. 2. Mean values per age group in PFA phenotypes. (a) The mean in PFAadp (seconds), (b) and the mean in PFAepi (seconds) phenotypes. Both phenotypes show a
constant mean values along the age without gender influence. The 95% confidence intervals for model parameters were estimated by the bootstrap method with 1000

iterations.

thrombocytopenia (low platelet counts) reported high IPF values.
Therefore, the IPF phenotypes are commonly used as markers to
determine if the platelet production is abnormal in aplastic
anaemia, with an IPF% mean value of 7.7% (range, 1.0-33.8%) 16]. It
is also used to measure platelet over destruction in immune
thrombocytopenic purpura (ITP), with an IPF mean value of 3.5%
(range, 0.6-12.9%) [16]. Previous studies also have reported [25],
thrombocytopenia in children or thrombocytosis in elders could
be wrongly diagnosed. As a result of the present study, we propose
a new partitioning strategy for the age group to study these 15

platelet phenotypes. In this study, statistically differences between
the childhood (Group 1) and adulthood (Group 3) groups
(Tables 5 and 7). Consequently, we suggest, under a practical point
of view, to only consider two age groups clinically: childhood,
ranging from 2 to 12 years, and the mature group, from 13 to
93 years.

The platelet counts and MPV are the phenotypes most com-
monly analysed by the clinicians. Previous studies suggest that
there is an inverse and non-linear correlation between the platelet
counts and the mean platelet volume phenotypes [27,30,34]. We
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attempted to replicate these results, by means of a regression-
based model that characterizes the platelet phenotypes according
to different age groups (Fig. 1a and b). Our models estimated the
relationship between each phenotype and an age group. We found
that there was a tendency for the platelet counts to be higher in
the childhood group than in the other age groups (Fig. 1a), while
the MPV increased more abruptly in the childhood group (Fig. 1b).

Although, the PFA-100" system is unspecific to any particular
platelet disorder, it might be a useful screening test for the platelet
dysfunction [19,46]. Thus, the measurement of the PFA phenotypes
could be considered a proper global test system for primary hae-
mostasis. The present study reports significant differences
between the CT of the childhood (Group1) and adulthood (Group
3) groups for both PFA phenotypes, as previous study have
reported [46]. In addition, any other statistical differences were
observed among the other age groups for the PFAadp and PFAepi
(Table 7). Thus, the non-linear and inverse correlation between
both platelet phenotypes (platelet counts and MPV) might be
explained by a biological trend to maintain invariably the platelet
mass and the platelet function throughout the life of the individual
[47] (Fig. 2a and b).

Although we have confirmed previous findings, in the present
work we report the results from a more comprehensive view of
the platelet-related parameters and the platelet function, and its
variation throughout the life of the individual. In addition, our
study proposes a new approach to analyse a sample of related
individuals (within extended Spanish pedigrees) by means of lin-
ear mixed regression models. We believe that the same approach
should be considered for other study designs where the popula-
tion stratification is an issue, for example, a sample measured
among different geographical regions [25] or ethnic groups [26].
Finally, our results support the hypothesis that platelet function is
maintained invariably over time.
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Figura 3.1: Recuentos plaquetarios, segin grupos de edad y sexo, obtenidos por el canal de (a) impedancia
(PLT) y (b) 6ptico (PLTOP) del analizador hematoldgico Sysmex XE—2100%, en el proyecto GAIT 2. Los
grupos de edad se han separado por lineas verticales: grupo 1 (poblacién infantil), de 2 a 12 afios; grupo 2
(poblacién adolescente) de 13 a 18 afios; grupo 3 (poblacién adulta) de 19 a 64 afos y grupo 4 (poblacién
anciana) de 65 a 93 afios. Para los hombres, las medias de los recuentos por grupo se han representado en
lineas de color azul e intervalos de confianza (CI) del 95% en color gris oscuro. Para las mujeres, las medias

de los recuentos se han representado con lineas de color rojo y CI del 95% en color gris claro.
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GAIT 2. Los grupos de edad se han separado por lineas verticales: grupo 1 (poblacién infantil), de 2 a 12 afios; grupo 2 (poblacién adolescente)
de 13 a 18 afios; grupo 3 (poblacién adulta) de 19 a 64 afios y grupo 4 (poblacién anciana) de 65 a 93 afios. Para (a) el MPV, y los diferentes
pardmetros relacionados con el volumen, como (b) el P-LCR o (c) el PDW, se han representado en lineas de color amarillo las medias de los
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as platelet-large-cell ratio (P-LCR) index, immature platelet fraction (IPF) parameters and overall platelet func-
tion measured through the PFA-100 system.
Materials and Methods: As part of the GAIT-2 (Genetic Analysis of Idiopathic Thrombophilia 2) Project, 935 indi-
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I;ngs' viduals from 35 large Spanish families, ascertained through a proband with thrombophilia, were studied. Using
Platelet large-cell ratio variance component methods, implemented in the SOLAR package, the heritability of the following sets of
Immature platelet fraction platelet-related phenotypes was determined: platelet count and indices, IPF, and platelet function.
Thrombophilia Results and Conclusions: High heritabilities of the platelet count and index phenotypes (from 0.41 to 0.64) were
Heritability found, especially for those related to platelet volume. The heritabilities of the IPF phenotypes, as a measure of
platelet turnover, were the highest (from 0.65 to 0.69). The heritabilities of the platelet function phenotypes
were high also (0.45 and 0.62). The covariate age influenced all of the platelet phenotypes. Smoking influenced
the platelet indices related to platelet volume and all the IPF phenotypes. Venous thrombosis showed a heritabil-
ity of 0.67. We did not find a genetic correlation between any of the platelet-related phenotypes and venous
thrombosis. The high heritabilities found for all of the platelet phenotypes provid promising data for the identi-
fication of new genes that underly these phenotypes.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction none of these abnormalities is found [1]. Despite this fact, and by using a

family-based approach, we demonstrated that the heritability of the lia-

The development of thrombosis depends on a complex and variable bility to thromboembolic disease in the Spanish general population is
interaction between genetic and environmental factors. Several genetic higher than 60 % [2]. Ulterior studies, using different strategies, gave sim-
abnormalities that determine susceptibility to thrombosis have been ilar results [3]. The high heritability of the risk of thrombosis indicates the
described. However, in more than 50 % of the families with thrombosis importance to search for susceptibility genes. The identification of these
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genes would be of great interest for subsequent screening in the general
population to identify people at risk. It may help also to understand the
mechanism underlying the increased risk of thrombosis, thereby suggest-
ing preventive strategies. This would lead ultimately to reduce the
thrombotic-related morbidity and mortality in the population.

The classical case-control studies have evaluated by association
whether a gene has any effect on the risk of thrombosis [1]. However,
this approach is not useful for identifying unknown genes with effects
on the disease. Unlike case—control studies, the GAIT (Genetic Analysis
of Idiopathic Thrombophilia) Project is a family-based genetic study
that is able to localize directly the potential effect of a locus through
pedigree-based variance component analyses [4]. The first step of this
type of study is to select intermediate phenotypes that could play a
role in the susceptibility to thrombosis, based on their biological activi-
ties and on previously published evidence. Then, using the variance
component method, the correlation in a given phenotype between rel-
atives leads to the partition of the variance into components attributable
to genes (heritability) and to environment [2,4]. The first phase of the
GAIT Project (GAIT-1) was focused mainly on coagulation phenotypes
and gave interesting results [5-7].

The second phase of the GAIT Project (GAIT-2) has investigated a
larger number of individuals and families and has included a larger
number and types of phenotypes, among them numerous platelet-
related phenotypes.

Platelets play a key role in primary hemostasis and are involved in
the development of arterial thrombosis [8]. Moreover, there is growing
evidence that platelets are involved also in venous thrombosis through
several mechanisms such as the release of polyphosphates which acti-
vate the coagulation intrinsic pathway and increase the clot resistance
to fibrinolysis [9,10], the production of procoagulant-antifibrinolytic
microparticles [11] or the involvement in inflammatory cellular interac-
tions [12,13].

Several studies have focused on whether platelet number or platelet
volume (which are both determinants of platelet mass) are risk factors
for thrombosis. Elevated values of mean platelet volume have been re-
lated to risk factors for cardiovascular disease, with arterial and venous
thrombosis and with impaired antiplatelet therapy responses [14-19].
In contrast, increased platelet counts have failed to demonstrate a con-
sistent association with thrombosis in the majority of studies [14-16].
Other studies have related the elevated levels of different platelet
indices -plateletcrit, platelet distribution and width, platelet-large cell
ratio- to risk factors for cardiovascular disease, coronary syndromes, ve-
nous thromboembolism or poor response to aspirin [19-23].

Taking into account that immature platelets have a higher functional
capacity than mature platelets, it has been investigated if an increased
proportion of circulating immature platelets (the immature platelet
fraction or IPF) is a risk factor for thrombosis. Similar studies have
been performed on the platelet hyperreactivity that leads to increased
platelet activation and aggregation. Increased levels of IPF or of platelet
reactivity have been related to cardiovascular risk factors, coronary dis-
eases or poor responses to antiaggregant drugs [24-31].

Using different approaches it has been established that there is a ge-
netic contribution to the platelet count, to some platelet index pheno-
types and to some phenotypes involving platelet function [32-36].
The aim of the present study was to analyze the genetic determinants
of platelet-related phenotypes, including platelet count and indices,
IPF, and platelet function, as part of the GAIT-2 Project.

2. Methods
2.1. Enrollment of Individuals and Families

As part of the GAIT-2 Project, 935 individuals from 35 large Spanish
families were studied at the Hospital de la Santa Creu i Sant Pau in Bar-

celona, Spain. The families were recruited following the same criteria as
in the GAIT-1 Project [2], namely they were ascertained through a

proband with thrombophilia and the condition of having at least of 10
members and at least 3 generations. Thrombophilia was defined as mul-
tiple thrombotic events (at least one of which was spontaneous), a
single spontaneous event with a first-degree relative affected also, or
onset of thrombosis before age of 45 years. The thrombotic events
were diagnosed by objective methods and they were considered spon-
taneous when all of the known biological causes of thrombosis were ex-
cluded. These exclusion criteria were: deficiencies of antithrombin,
Protein S, Protein C, heparin cofactor II, or plasminogen, activated
protein C resistance, Factor V Leiden, dysfibrinogenemia, lupus antico-
agulant and antiphospholipid antibodies. To recruit the individuals
following the same criteria as in GAIT-1 Project [2], initiated in 1995,
the prothrombin A20210G mutation was not considered an exclusion
criterion. The unification of the recruitment crietaria would have some
advantages such as to have a larger statistical sample for future analyses.

The families had between 10 and 68 individuals and all the families
had three generations including 14 families with more than three gen-
erations. In total, these families gave 8649 pairs of relatives. Among
the individuals studied, 465 were males and 470 were females. The
mean age of the individuals was 39.5 (minimum 2.6, maximum 101,
SD 21.4), and 197 of them were children up to 18-years. A total of 187
thrombotic events (121 venous and 66 arterial) were registered, affect-
ing a total of 120 individuals: 86 with venous thrombosis, 47 with arte-
rial thrombosis, and 13 with both.

The study was performed according to the Declaration of Helsinki.
Written informed consent was obtained from all adult patients and for
parents of children. All procedures were approved by the Institutional
Review Board at the Hospital de la Santa Creu i Sant Pau.

The subjects were interviewed by a physician to collect demographic
data and medical history including episodes of venous or arterial
thrombosis and the age and circumstances at which these episodes oc-
curred. Only documented events were considered. The subjects were
questioned about their current medication to confirm that they had
not taken antiplatelet drugs (such as aspirin or clopidogrel) in the last
two weeks or they had not taken other drugs with slight effect on plate-
let function (such as nonsteroidal antiinflammatory drugs or serotonin
reuptake inhibitor drugs) in the last week. Also, we collected data on
the smoking habit and, in women, on the use of oral contraceptives or
hormonal replacement therapy.

2.2. Blood Collection and Platelet Phenotype Analyses

Whole blood samples were obtained by venipuncture, under basal
conditions, after a 12-hour overnight fast, and between 9:00 and
9:30 am. to minimize the circadian fluctuation. A 5 ml sample was ob-
tained in EDTA-K; for determining platelet count and indices and for
IPF phenotypes. Another 5 ml sample was obtained in sodium citrate
for determining platelet function. Both samples were processed within
2 and 4 hours of collection. Using the impedance channel of the auto-
mated hematology analyzer Sysmex XE-2100 (Roche Diagnostics,
Kobe, Japan), the following platelet phenotypes were determined:
platelet count, mean platelet volume (MPV), plateletcrit (PCT), platelet
distribution width (PDW) and platelet-large cell ratio (P-LCR). In the
functional description of the Sysmex XE-2100, PDW is defined as the
platelet volume distribution width at the 20 % frequency level, assuming
that the peak height of platelet volume histogram is 100 % (Fig. 1), and
the P-LCR is defined as the percentage of platelets with more than 12 fl
of volume (Fig. 1). Staining the cells with fluorescent dyes for RNA and
using its optical channel, the Sysmex XE-2100 determined the IPF pa-
rameters: percentage of platelets containing RNA with respect to the
platelet count (IPF%), absolute number of platelets containing RNA
(IPF#), percentage of platelets with the highest RNA content (HIPF%),
included in IPF%, and mean RNA content per platelet (IPF-X).

The overall platelet function was measured by means of a routine lab-
oratory test in daily clinics, the PFA-100 system (Siemens Healthcare Di-
agnostics, Marburg, Germany) which measures the primary hemostasis
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Fig. 1. Lognormal distribution curve of platelet volumes obtained in the Sysmex XE-2100.
Platelets larger than 12 fl correspond to the platelet large-cell ratio or P-LCR (grey area).

by simulating in vitro a vessel wall under shear stress. The device contains
a membrane coated with collagen that represents the vessel wall and it is
coated also with ADP (cartridge Col-ADP) or with epinephrine (cartridge
Col-Epi) as platelet activators. The membrane has a hole through which
the anticoagulated blood passes, and the occlusion time of this hole (in
seconds) is taken as the measure of platelet function. To avoid erroneous
results due to thrombocytopenia or anemia, 6 individuals with platelet
counts down to 100 x 10°/1 and 8 individuals with hemoglobin down to
110 g/l were excluded for the of PFA-100 measurements.

2.3. Statistical Methods

The statistical methods that we applied have been described else-
where [2,4]. Briefly, the analysis of heritability (h?, the relative propor-
tion of phenotypic variance of the phenotype attributable to the
effects of genes) was performed using the variance component method.
The total phenotypic variance was partitioned into three components:
1) an additive genetic variance that is caused by the sum of the average
effects of all the genes that influence the phenotype; and 2) a shared en-
vironmental variance that is caused by the environmental factors that
are common to members of a household (¢?); and 3) a residual random
environmental variance that is specific to each individual. The covari-
ances among individuals within a family that are due to additive genetic
effects were estimated as a function of their expected genetic kinship
relationships. The power of this variance component approach of parti-
tion genetic and environmental effects stems from the high information
content in the case of the extended pedigrees where families cut across
multiple household [37]. Because the pedigrees were ascertained
through a thrombophilic proband, all analyses included an ascertain-
ment correction to allow unbiased estimation of parameters relevant
to the general population [38].

Phenotype-specific covariates in the variance component models
were evaluated from the following list of candidate covariates: age,
sex, smoking and oral contraceptives.

The correlations between all the measured phenotypes related with
platelets and disease liabilities (venous thrombosis, arterial thrombosis
or all thrombosis together) were analyzed by multivariate variance
component models, being an extension of the univariate model [2].

All statistical analyses were performed employing the computer
package Sequential Oligogenic Linkage Analysis Routines (SOLAR,
version 6.6.2, official) [37]. SOLAR employs the maximum likelihood ap-
proach for variance component models with the standard likelihood
ratio tests (LRT) to evaluate the statistical significance of the model pa-
rameters [39]. P-values of less than 0.05 were considered statistically
significant.

3. Results and Discussion

The heritability (h?) of all of the platelet phenotypes was high (from
0.41 for platelet count to 0.69 for the IPF-X). Tables 1-3 display the de-
scriptive statistics and h? of the platelet count and platelet index pheno-
types, the IPF phenotypes, and the platelet function phenotypes. These
tables display also the proportion of the total variance explained by
the covariates that showed significant influence on each phenotype,
and the list of these significant covariates for each phenotype. Only
the MPV phenotype showed a slight household effect: > = 0.11 with
a p-value = 0.04 (data not shown). We do not know the cause of this
effect but one could speculate about shared diet, a significant compo-
nent of household. However, we have found no reference to any study
on the household effect on platelet phenotypes.

The heritability for total thrombosis (arterial or venous) was 46 %
(h? =046 + 0.13; p = 9.4 x 10°), and for venous thrombosis it was
67 % (h? = 0.67 + 0.17; p = 1.6 x 10~ ). The heritability for arterial
thrombosis (h? = 0.23 + 0.19; p = 0.14) was not significantly different
from 0. Although both, total and venous thrombosis and platelet-related
phenotypes, displayed high heritabilities, no genetic correlation was
found between thrombosis and any of the platelet phenotypes (data
not shown). These results do not exclude a genetic relationship of the
platelet phenotypes with thrombosis. Simply, they indicate that if this
relationship exists, as has been suggested in the past [11,12], other
platelet mechanisms not explored in the GAIT-2 could be involved.
Among them, the platelet release of prothrombotic factors, platelet-
related immune or inflammatory mechanisms or platelet disturbances
caused by aberrant cell proliferation.

It is well accepted that the number and volume of platelets, namely
the platelet mass, are determined genetically to a great degree. A specif-
icamount of circulating platelet mass is essential for maintaining appro-
priate hemostatic function. This is achieved with a constant balance
among production, distribution and destruction of platelets through a
set of coordinated mechanisms [40] under a fine regulation which in-
volves transcritption factors, growth factors, and negative regulatory
molecules, all of them susceptible to genetic variation. Significant h?
values for all platelet count and index phenotypes were found, with

Table 1
Platelet count and platelet index phenotypes. Descriptive statistics and heritability.
PLT MPV PCT PDW P-LCR

Reference values® 140 - 300 7.5-11.5 0.200 - 0.310 11.1-141 215-37.0
Median (SD) 237 (61) 10.5 (1.1) 0.251 (0.059) 12.9(1.96) 304 (7.37)
Min - Max 80 - 527 6.3-14.1 0.090 - 0.550 8.7-35.0 11.8-57.1
1st - 3rd Quartile 197 -272 99-11.2 0.210 - 0.280 11.7-139 254-353
h2 (SD) 0.41 (0.062) 0.50 (0.063) 0.42 (0.063) 0.65 (0.055) 0.64 (0.056)
p value of h? 1.25x107 " 516x 1020 8.02x10°1° 1.23x1073° 5.92x 103
Effect of covariates”’ 0.16 0.06 0.13 0.08 0.08
Covariates'® age, sex age, smoking age, sex age, smoking age, smoking

PLT: platelet count (x 10%1); MPV: mean platelet volume (fl); PCT: plateletcrit (%); PDW: platelet distribution width (fl); P-LCR: platelet large-cell ratio (%); SD: standard deviation; h%:

heritability (ranges from 0 to 1).

(@ Refererence values for Spanish adult individuals, taken from the Hematology Laboratory of the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain).

® proportion of the total variance explained by the covariates.
() Covariates that affect significantly the total variance.
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Table 2
Immature platelet fraction phenotypes. Descriptive statistics and heritability.
IPF% IPF# HIPF% IPF-X

Median (SD) 3.26 (1.98) 7.13 (3.43) 1.00 (0.79) 17.97 (2.06)
Min - Max 0.40 - 19.00 1.30-41.30 0.10-11.90 12.90 - 28.90
1st - 3rd Quartile 2.00 - 4.00 4.70 - 8.90 0.50-1.20 16.60 - 19.10
h? (SD) 0.65 (0.060) 0.67 (0.060) 0.59 (0.064) 0.69 (0.057)
p value of h? 830x 102 471x107% 228x10%4 233x1073!
Effect of covariates'® 0.10 0.05 0.10 0.05

Covariates® age, smoking

age, smoking, con

age, sex, smoking age, smoking, con

IPF%: proportion of platelets containing RNA with respect to the platelet count (%).
IPF#: absolute number of platelets containing RNA (x 10%/1).
HIPF%: proportion of platelets with the highest RNA content (%), included in IPF%.
IPF-X: mean RNA content per platelet (fluorescence intensity).
SD: standard deviation; h?: heritability (ranges from 0 to 1).
con: oral contraception.

(@ Pproportion of the total variance explained by the covariates.

® Covariates that affect significantly the total variance.

strong statistical significance (Table 1). The h? of platelet count, MPV
and PCT were 0.41, 0.50 and 0,42 respectively.

Although in all previous studies the genetic component of the
platelet phenotypes was important, their values showed a wide
range, from 0.54 to 0.87 for platelet count and from 0.55 to 0.88 for
MPV [36,41]; the only h? reported for PCT was 0.53 [42]. These differ-
ences could be explained by differences in the ethnic group or other
population characteristics, the study design (twins or families, can-
didate genes or GWAS), the covariates included in the statistic calcu-
lations, or the type of hematologic counter used to obtain the platelet
phenotypes. The heritabilities of PDW and P-LCR indices were 0.65
and 0.64, respectively. The h? of PDW has been previously described
as 0.37 [42]. However, we did not find any previous description of the
h? of P-LCR.

Interestingly, MPV, PDW, and P-LCR showed the highest h? among
the platelet indices. All of these phenotypes represent different esti-
mates of the platelet volume. MPV is the mean platelet volume and P-
LCR is the percentage of platelets measuring more than 12 fl. PDW is
the width of the platelet-volume distribution curve and can also be con-
sidered a measure of platelet volume because the curve of the platelet-
volume distribution is lognormal (Fig. 1) reflecting the relatively high
number of small platelets and the relatively low number of large plate-
lets. As a result, an increase in the number of large platelets rather than
an increase in the number of small platelets would lead to an increase in
PDW.

Under physiological conditions, there is a small subpopulation of
immature platelets among the circulating platelets, the IPF, which corre-
sponds to platelets that are released recently and reflects the rate of plate-
let turnover. Immature platelets maintain a high capacity of producing
proteins owing to significant amounts of RNA, and are larger and more

Table 3
Platelet function phenotypes. Descriptive statistics and heritability.
Col-ADP Col-Epi

Median (SD) 87 (20) 120 (32)
Reference values(® 58-123 72-191
Min - Max 48 - 300 49 - 297
1st - 3rd Quartile 74-97 100-133
h2 (SD) 0.45 (0.062) 0.52 (0.067)
p value of h? 1.33x107 18 228x10718
Effect of covariates® 010 .001
Covariates® age age

Occlusion times, in seconds, obtained by the PFA-100 system using the collagen-ADP car-
tridge (Col-ADP) and the collagen epinephrine cartridge (Col-Epi).
SD: standard deviation; h%: heritability (ranges from 0 to 1).

(@ Refererence values for Spanish adult individuals, taken from the Hemostasis Laboratory
of the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain).

(® proportion of the total variance explained by the covariates.

() Covariates that affect significantly the total variance.

functional [43]. Significant high h? levels for all IPF phenotypes were
found, ranging from 0.59 to 0.69 (Table 2). This suggests that the genetic
factors influence platelet turnover, the underlying phenomenon of IPF
[43]. No data have been described previously on the h? of any of the IPF
phenotypes.

The estimates of the h? for the platelet function phenotypes, mea-
sured with both types of cartridges of the PFA-100 system, are described
in Table 3. Using the Col-ADP cartridge the h? was 0.45 and using the
Col-Epi cartridge it was 0.52. No previous estimates of these phenotypes
have been published, although our group already delivered preliminary
data in a subsample of the same GAIT-2 Project [44]. Regarding the
technical characteristics of the PFA system, it should be noted that the
device was designed primarily to detect decreased platelet responses
and, for this reason, the membranes were coated with platelet activators
(ADP or epinephrine) in addition to collagen. As in our study the PFA
was used to evidence increased platelet responses, it can not be ruled
out that the presence of activators decreased the variability of the
measurements.

Age was a significant covariate of the h? of all the platelet
phenotypes (Tables 1-3). Sex was a significant covariate of the h?
of selected phenotypes: platelet count, PCT and HIPF% (Tables 1, 2).
The relationship of age and sex with platelet counts and indices is
well known [32,34] whereas their relationship with IPF and platelet
function is less known [29]. Smoking influenced the phenotypes re-
lated with platelet volume (MPV, PDW, P-LCR), unlike sex that influ-
enced the phenotypes mainly related with platelet count (Table 1).
Smoking influenced also the h? of all IPF phenotypes. For a long
time smoking has been associated with an increase in platelet vol-
ume, and it was suggested that this increase was related to an in-
crease in platelet consumption and turnover [45]. Recent studies
have described additional effects of smoking on cardiovascular dis-
ease [46]. Finally, the use of sex hormones influenced the variance
of some IPF phenotypes: IPF# and IPF-X. It is well known that the
use of sex hormones increases the risk of venous thrombosis and
the changes in estrogens and estrogen receptors associated with
aging may contribute to this risk. Different authors have described
an increase in the IPF and in platelet functions related to the use of
sex hormones [47] whereas others have demonstrated negative ef-
fects on platelet function and a protective role on vascular diseases
[48]. Further studies are needed to clarify the role of sex hormones
on IPF.

4. Conclusions

We have determined the heritabilities of a selected a number of
platelet-related phenotypes that in principle could represent intermedi-
ate phenotypes for the risk of thrombosis. Even though we did not find a
correlation between the platelet phenotypes and thrombosis, we
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confirmed the high heritabilities previously reported of some platelet-
related phenotypes: platelet count, MPV, PCT and PDW. Moreover, we
described, for the first time, the high heritabilities of the P-LCR index
phenotype, of all the IPF phenotypes and of the platelet function pheno-
types obtained with the PFA-100 system. The high heritabilities found
for all of the platelet-related phenotypes provide a sound basis for
studying the underlying genes of these phenotypes using GWAS. This
study is currently in progress in our laboratory within the GAIT-2
Project.
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Resultados suplementarios






0.69 ( 0.63 - 0.75 )

IPF-X o
0.67 ( 0.61 - 0.73)
IPF# @
0.65 ( 0.59 - 0.71 )
IPFY% @
0.65 ( 0.6 - 0.7)

PDW S
@ 0.64 ({ 0.538-0.7)
£ PLCR o
-
[
fif
g
=
& 0.59 ( 0.53 - 0.65 )
B HipFy @
’_‘E
£
-
@
% 0.52 ( 0.45- 0.59 )
-
D{E PFAepi

0.5 ( 0,44 - 0.56 )
MPV L 3
0.45 ( 0.39 - 0.51 )
PFAadp - L -
0.42 ( 0.36 - 0.48 )
POT ; HED
041 (0.35- 047 )
PLIT »

0.4 0.5 (LG L1 N}

Herabilidades (h?)
Figura 3.4: Heredabilidades (h?), obtenidas en el proyecto GAIT 2, para los
parametros plaquetarios. En la figura se observa una ordenacién de menor a mayor
h2. En ella se puede observar como los parametros de inmadurez plaquetaria tienen

una mayor determinacion genética que los pardmetros de recuento plaquetario.
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Estudio #3

Platelet Count and Plateletcrit are Associated with an
Increased Risk of Venous Thrombosis in Females.
Results from the RETROVE Study






Introduction

Several studies have associated the risk of venous thromboembolism
(VTE) with elevated platelet counts [1,2] and mean platelet volume
(MPV) [2,3]. A previous study identified an elevated platelet count
over 350 - 10°/L as an independent risk of VTE with an odds ratio
(OR) of 2.5 and 95% confidence interval (CI) of 1.3-4.8 [1]. Also, the
Tromsg study [3] identified the MPV as a predictor of VTE risk with
a hazard ratio (HR) of 1.3 and 95% CI of 1.0-1.7, especially in
unprovoked VTE risk with a HR of 1.5 and 95% CI of 1.1-2.3. The
main aim of our study was to evaluate the thrombotic risk in patients

with VTE using platelet counts and platelet indices.
Material and Methods

We performed an analysis based on a case—control study. RETROVE
(Riesgo de Enfermedad TROmboembdlica VEnosa) is a prospective
case—control study that includes 400 adult patients (over 18 years)
with VTE and 400 healthy control volunteers, according to the age
and sex distribution of the Spanish population (2001 census). Our
study was performed in accordance with the ethical guidelines of the

Declaration of Helsinki.

A 5 ml blood sample was obtained in the anti—coagulant (BD
Vacutainer Becton Dickinson and Company, New Jersey, USA)
containing EDTA. Samples from the 400 patients were taken at 6
months after thrombosis. None of the participants was using oral
anticoagulants, heparin or antiplatelet therapy at the time of blood
collection. The platelet counts (PLT and PLTOP), plateletcrit (PCT),
MPV, platelet distribution width (PDW) and platelet-large ratio cell
(P-LCR) were determined within 2 hours after the blood extraction
using an automated haematological analyser Sysmex XE-2100°

(Roche Diagnostics, Basel, Switzerland), as previous described [4].

83



The Chi-square and the non—parametric Mann—Whitney tests were
used to compare pairs of categorical variables (Supplementary
Table 1) and differences between the mean values of platelet
parameters. An unconditional logistic regression analysis was used to
calculate the VTE risk. For the platelet parameters, values over the
90" percentile were considered as risk factors. Also, we identified the
individuals with 3 platelet parameters (PLT, PLTOP and PCT) over
90th percentile and designated as redundant platelet number
parameter (RPNP). Using the Bayesian Information Criterion (BIC)
[5], we found that age, gender, body mass index (BMI), hypertension,
risk levels of VIII (FVIII) and von Willebrand (vWF) factors (over
216% and 183%) were potential confounders. For this reason, we
analysed the VTE risk using three models: Model 1, model adjusted
only by age and gender and; Model 2, model adjusted by all the
potential confounders, as well as by ABO blood group system (group
O versus non-0). We performed also a sex—specific analysis, taking
into account the distribution of the controls of each gender. The
detailed material and methods section are included as supplemental

material.
Results

There are statistically significant differences between patients and
controls for age groups, BMI over normal values, alcohol consumption,
hypertension, dyslipidaemia and diabetes mellitus (Supplementary
Table 1). We observed more spontaneous (n = 273, 68.3%) versus
non-spontaneous VTE (n = 127, 31.8%), as shown in
Supplementary Table 2. We did not find significant differences
between patients and controls for the means of each of these 6 platelet

parameters (Supplementary Table 3).

We focused on PLT, PLTOP, PCT in the three models previously
described (Table 1). In Model 1, only the RPNP resulted in a
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significant OR of 1.97 within the 95% CI of 1.16—3.39. In Model 2,
the PLT (OR = 1.70), PCT (OR = 1.67) and RPNP (OR = 1.96)
over 90" percentile showed significant p—values for the thrombotic

risk.

In females but not in males, PLT, PLTOP and PCT were associated
with thrombotic risk in Model 1 and 2 (Table 1 and Figure 1). The
OR between the two models is similar: for PLT 2.18 and 2.33, for
PLTOP 1.98 and 2.07, for PCT 2.19 and 2.22 and for RPNP 2.57 and
2.69. The remaining platelet parameters (MPV, PDW and P-LCR)
did not show any significant odds ratios (OR) in any model

(Supplementary Table 4).
Discussion

The platelet count is a parameter that is widely used to determine the
thrombopoietic status of individuals. In healthy population, the
platelet counts decrease with age and females show higher counts than
males. Several studies [4,6] reported a normal platelet counts range
from 150 to 400 - 10°/L of whole blood and, found the difference due
to gender was between 21 and 34 - 10°/L. Thus, we investigated the
role of PLT, PLTOP and PCT as risk factors for VI'E. Our results
indicated that high values of these parameters are related to increased
VTE risk, especially in females, but we did not find this relationship
in males. The RPNP showed even a stronger association with the VTE

risk.

In the RETROVE Study, demographic variables differences may be
due to the fact that the patients were older than the controls and also
to the particular design of the RETROVE Study [7]. The high
prevalence of spontaneous VTE (68.3%) versus non-spontaneous
(31.8%) may be due to the increasing use of pharmacological VTE
prophylaxis in patients with thrombotic risk, in patients who had

surgical procedures or patients with long immobilization periods.
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In our patients, the VTE risk was greater when the PLT was over
302 - 10°/L, in Model 2. Moreover, the VTE risk was similar when the
PCT was over 0.32%, in the Models 1 and 2. For these parameters,
we found a risk of VTE after adjusting for age and gender (Model 1).
However, for the PLTOP, there are no association with the VTE risk.
Several studies [1,3] reported different results for the PLT parameter.
Nevertheless, we observed an increase in the VTE risk, in all of our
models, when the RPNP was over the 90" percentile (Table 1 and
Figure 1).

A previous study [8] reported that the incidence of VTE is higher in
females than in males. In our study, the sex—specific analysis found
that elevated values in the PLT (over 312-10°/L), PLTOP (over
317 - 10°/L) and PCT (over 0.33%) are associated with an increased
risk of VTE, in the Models 1 and 2. Our OR values were consistent
with those reported in a previous study [1], that have an OR of 2.6
(95% CI 1.3-5.5) for PLT wvalues over 350 - 10°/L. Also, studies [2]
with oncologic patients reported similar OR. However, a study [9] in
patients with heparin prophylaxis reported higher PLT values (over
500 - 10?/L) than what we found.

Finally, these platelets parameters showed the highest VTE risk in
Model 2 (Table 1). It is possible that the increased risk of VTE in
patients with elevated platelet counts is mediated by the FVIII. The
FVIII stimulates the platelet adhesion and aggregation, processes that

contribute to stimulate prothrombosis [10].
Conclusion

In the RETROVE Study, we observed a high prevalence of
spontaneous VTE versus non—spontaneous. Moreover, -elevated
platelet counts (even within the reference clinical range) were
associated with a high risk of VTE, especially in our female patients.

Our findings support the concept that elevated platelet counts play an
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important role in the pathogenesis of VI'E. We believe that our results
will provide a firm foundation for additional studies and ultimately

find a place in clinical practice.
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Tables and Supplementary Tables

Table 1: Odds ratio of venous thromboembolism (VTE) events, taking into account the 90 percentile of controls, for

each platelet counts and plateletcrit in the RETROVE Study.

Model 1f Model 21
Interval* p* c*
OR (95% CI) p—value® OR (95% CI) p-—value?
Total (800)
PLT (x10°/L)  [302-657) 54 41 1.61 (1.02-2.58) 0.043 1.70 (1.04—2.79)  0.034
PLTOP (x10°/L)  [313-725) 53 40 1.59 (0.99-2.55) NS 1.6 (0.97—2.67) NS
PCT (%) 0.32-0.64) 61 44 1.69 (1.09-2.65) 0.020 1.67 (1.04-2.68)  0.034
RPNP 43 27 1.97 (1.16—3.39) 0.013 1.96 (1.11—3.48) 0.021
Females (410)
PLT (x10°/L)  [312-480) 44 29 2.18 (1.26-3.83) 0.006 2.33 (1.29-4.23)  0.005
PLTOP (x10°/L)  [317-474) 45 30 1.98 (1.15-3.45) 0.015 207 (1.15-3.74)  0.015
PCT (%) [0.33-0.47) 47 30 2.19 (1.28-3.82) 0.005 2.22 (1.25—3.99) 0.007
RPNP - 35 19 9,57 (1.37-4.95) 0.004 2.69 (1.38-5.34)  0.004
Males (390)
PLT (x10°/L)  [282-657) 10 12 0.81 (0.33-1.98) NS 0.89 (0.35—2.22) NS
PLTOP (x10°/L)  [288-725) 8 10 0.83 (0.30-2.21) NS 0.85 (0.30—2.33) NS
PCT (%) 0.30-0.64) 14 14 1.03 (0.46-2.27) NS 1.00 (0.43—2.29) NS
RPNP ; 8 8 1.04 (0.37—2.95) NS 1.00 (0.34-3.92) NS

0dds ratio (OR) models within the 95% confidence intervals (CI) in parentheses: () adjusted for age and gender () adjusted for
age, gender, body mass index (BMI), hypertension and risk levels (greater than the 90" percentile of controls) of the VIII and von
Willebrand factors, as well as ABO blood group system (group O versus non-0).

(*) Number of individuals analysed over the 90" percentile sorted by (p) patients and (c) controls. The number of excluded
individuals by technical issues is shown in parentheses in Supplementary Table 3.

(2) The statistical significances are fixed in a p-value < 0.05. The non-significance is shown as NS
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Supplementary Table 1: Clinical characteristics for patients and controls of the RETROVE Study.

Baseline Characteristics

Patients Controls
p—values?
Males Females Males Females
Number 196 204 194 206 NS
Age*
Adulthood—group 1 (18-64) 117 (59.7) 82 (40.2) 158 (81.4) 156 (75.7) < 22106
Elders—group 2 (65-94) 79 (40.3) 122 (59.8) 36 (18.6) 50 (24.3) <2210
Body mass index (BMI)f
Normal (< 25) 52 (26.5)  63(30.9) 89 (45.9) 117 (56.8)  7.44- 10U
Overweight (25—30) 91 (46.4)  73(35.8)  75(38.7) 68 (33.0) NS
Obesity (> 30) 53 (27.0) 66 (32.3) 30 (155) 21 (10.2) 3.3-107
Smoking 37 (18.9) 18 (8.8) 40 (20.6) 35 (17.0) NS
Alcohol intake 119 (60.7) 76 (34.3) 130 (67.0) 98 (47.6) 0.019
Hypertension 83 (42.3) 94 (46.1) 35 (18.0) 40 (19.4) 8.27- 101
Dyslipidaemia 62 (31.6)  75(36.8) 36 (18.6) 43 (20.9) 3.46 - 10°
Diabetes mellitus 23 (11.7) 17 (8.3) 10 (5.2) 10 (4.9) 0.0073
Autoimmune disease 20 (10.2) 21 (10.3) 14 (7.2) 18 (8.7) NS.
Thrombosis# 98 (50) 115 (56.4) 98 (50.5) 127 (61.7) NS

Number of individuals for each group. The percentages are given in parentheses.

(*) The intervals of age are given in parentheses (years).

(") Two individuals are excluded by technical issues. The intervals are given in parentheses (kilograms per square
meters).

(*) Familiar thrombosis background.

(°) The statistical differences, fixed in a p-wvalue < 0.05, are reported only for descriptive purposes. The
not—significance is shown as NS.
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Supplementary Table 2: Characteristics of first thrombotic events characteristics in the RETROVE Study.

Spontaneous Non-spontaneous
Males* Females* Totalt Males*  Females* Totalt
Isolated deep vein thrombosis 82 (56.2) 63 (49.6) 145 (53.1) 27 (54.0) 38 (49.4) 65 (51.2)
No isolated deep vein thrombosis 30 (20.6) 19 (15.0) 49 (18.0) 10 (20.0) 11 (14.3) 21 (16.5)
Isolated pulmonary embolism 31 (21.2) 42 (33.1) 73 (26.7) 12 (24.0) 26 (33.8)  38(29.9)
Visceral thrombosis 2 (1.4) 2 (0.7) 1(2.0) 1(0.8)
Venous sinus thrombosis 1 (0.7) 3(24) 4 (1.5) - 2 (2.6) 2 (1.6)
Total# 146 (36.5) 127 (31.8) 273 (68.3) 50 (125) 77 (19.3) 127 (31.8)

The percentages are given in parentheses.

(*) The percentages are obtained from the number of thrombosis types divided into the total number of males or females.

() The percentages are obtained from the number of thrombosis types divided into the total number of spontaneous or non

spontaneous events.

(#) The percentages were obtained from the number of male, female or total divided into the total number of patients or controls.
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Supplementary Table 3: Descriptive statistics for the platelet parameters in the RETROVE Study.

Patients Controls p—values?
n* Mean + SD# n* Mean + SD#

PLT (x10°/L) 396 (4) 237 + 55 400 236 + 67 NS
PLTOP (x10°/L) 389 (11) 242 + 57 398 (2) 243 + 70 NS
PCT (%) 396 (4) 0.27 £ 0.05 400 0.25 £+ 0.07 NS
MPV (fL) 396 (4) 84409 400 84+ 1.0 NS
PDW (%) 396 (4) 13.5 £ 2.0 400 13.4 £ 2.0 NS
P-LCR (%) 389 (11) 324+ 75 394 (6) 322 4 7.8 NS

The PLT and PLTOP are given x10°/L. The PCT and P-LCR are given in percentages. The MPV and PDW are given
in femtoliters (fL).

(*) Number of the individuals. The number of excluded individuals by technical issues is shown in parentheses.

(#) Means of platelet parameters and standard deviations (SD).

(2) The statistical significances for the Mann—Whitney test are fixed in a p-value < 0.05. The non-significance is shown
as NS.
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Supplementary Table 4: Odds ratio of the venous thromboembolism (VTE) risk, taking into account the 90"

percentile of controls, for each platelet volume parameters in the RETROVE Study.

Model 1f Model 21
Interval* p* c*
OR (95% CI) p—value? OR (95% CI) p—value?

Total (800)

MPV (fL) [96-11.8) 48 40 1.06 (0.66-1.70) NS 0.98 (0.59—1.64) NS

PDW (fL) [16.0-23.8) 56 41  1.25 (0.79-1.97) NS 1.26 (0.78—2.05) NS
P-LCR (%) [42.0°58.7) 47 40  1.05 (0.661.69) NS 1.04 (0.62—1.74) NS

Females (410)

MPV (fL) (0.6-11.6) 21 22 0.87 (0.44-1.71) NS 0.69 (0.32—1.46) NS

PDW (fL) [15.6-23.0) 22 17  1.23 (0.60-2.53) NS 1.19 (0.56—2.53) NS
P-LCR (%) [41.857.1) 21 21 0.94 (0.47-1.87) NS 0.87 (0.41—1.80) NS
Males (390)

MPV (fL) (0.6-11.8) 27 18  1.32 (0.69-2.57) NS 1.40 (0.68-2.91) NS

PDW (fL) [16.2-23.8) 34 24 1.29 (0.72-2.33) NS 1.30 (0.68—2.50) NS
P-LCR (%) [42.3-58.7) 26 19 1.20 (0.63-2.32) NS 1.28 (0.61—2.71) NS

Odds ratio (OR) models within the 95% confidence intervals (CI) in parentheses: (1) adjusted for age and gender (if) adjusted for
age, gender, body mass index (BMI), hypertension and risk levels (greater than the 90" percentile of controls) of the VIII and von

Willebrand factors, as well as ABO blood group system (group O versus non-0).

(*) Number of individuals analysed over the 90" percentile sorted by (p) patients and (c) controls. The number of excluded

individuals by technical issues is shown in parentheses in Supplementary Table 3.

(?) The statistical significances are fixed in a p-value < 0.05. The non-significance is shown as NS.
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Figure 1 Risk of venous thromboembolism (VTE) for 6 platelet parameters and RPNP in the sample (left), females (centre) and males
(right) following Model 2. The odds ratio (OR) and the 95% confidence intervals (CI) with significant p—values are shown for the platelet
counts (PLT, PLTOP and RPNP) and plateletcrit (PCT). The rest of the OR and the 95% CI are shown in Table 1 and Supplementary
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Short Closure Time Values in PFA-100° Are Related
with Venous Thrombotic Risk. Results from the
RETROVE Study






Introduction

Venous thromboembolism (VTE) consists in Deep Vein Thrombosis
(DVT) and Pulmonary Embolism (PE) and constitutes a leading
cause of morbidity and mortality [1,2]. Platelets, together with
endothelial cells and circulating coagulation proteins, are crucial
mediators of vascular haemostasis and, therefore, they play an

important role in VTE.

The relevance of platelets in the pathophysiology of thrombosis is
well established [3]. Injury in the endothelium leads to exposure of
the circulating blood cells to collagen from the subendothelial space.
Platelets, through their glycoproteins (GP) GPVI and GPIb/V/IX,
interact with collagen and the von Willebrand factor (vVWEF) [4].
Collagen exposure leads to platelet adhesion and the formation of a
platelet monolayer. Activated platelets recruit other circulating
platelets, coagulation factors and other cell types by secreting
aggregatory mediators. Deep tissue damage leads to the release of
tissue factor (TF) that mediates the conversion of prothrombin to

thrombin, fibrin generation, and clotting [5].

An initial approach to assess platelet function begins with an
appropriate clinical evaluation, platelet counts and the observation
of peripheral blood cell morphology. Further laboratory testing

includes platelet function assays and vWF analyses [6].

Generally, different methodologies are employed to evaluate platelet
function such as bleeding time (BT), light transmission aggregometry
on platelet rich plasma (PRP) or impedance aggregometry on whole
blood [7]. Later, the PFA-100° analyser (Siemens Healthcare
Diagnostics, Marburg, Germany) become a useful in vitro assay for

the evaluation of overall platelet function [8-10].
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The PFA-100° simulates a vessel wall under physiologic shear stress
conditions. The device contains a membrane coated with collagen
and also with ADP (PFAadp) or with epinephrine (PFAepi). This
membrane has a hole through which the anticoagulated blood passes.
The presence of these agonists and the high share rates results in
platelet adhesion, activation and aggregation, and finally forming a
stable platelet plug which occludes the hole. The time required to
occlude the hole, in seconds, it is reported as closure time (CT) and

it is inversely proportional to the functional capacity of platelets [8].

The Multiplate™ analyser (Roche Diagnostics International Ltd.,
Rotkreuz, Switzerland) is a multiple electrode impedance
aggregometer that assesses platelet aggregation in whole blood
[11,12]. This method is based on the attachment of platelets to two
platinum electrodes, resulting in an increase of electrical resistance
between the electrodes. The change of resistance or impedance is
continuously recorded and it is proportional to the amount of

platelets stuck in the electrodes.

Several studies have attempted to develop models for predicting
thrombogenicity and thrombus formation. The complex mechanisms
behind high shear rate thrombus occlusion have been investigated by
Mehrabadi et al [13]. By using platelet function analyser, the PFA—
100®, they developed a model for thrombus formation at high shear

rates to predict thrombus growth and occlusion times.

Recently the Framingham Heart Study has published results about
baseline aggregability and VTE risk. They found a weak correlation
between platelet reactivity and VTE [14]. However, these results are
inconsistent with other clinical studies that reported an exaggerated
platelet aggregation response to platelet agonists in patients with
VTE [15,16].
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Considering the hypothesis of a relationship between platelet
hyperreactivity and VTE, the aim of the present study is to
investigate the role of the platelet function analysis, by means of
PFA-100® and Multiplate™ parameters, in the assessment of VTE

risk.
Material and Methods

Study Sample

Individuals were recruited from the RETROVE Study (Riesgo de
Enfermedad TROmboembélica VEnosa) at the Hospital de la Santa
Creu i Sant Pau of Barcelona (Spain) between 2012 and 2016.
RETROVE is a prospective case—control study which included 400
consecutive adult patients (over 18 years) with VTE (according to
specific clinical inclusion criteria) and 400 healthy volunteers who
serve as controls. Detailed population baseline characteristics are
described in Table 1. The goals of the RETROVE Study were to
identify new biomarkers for VTE and to establish mathematical

algorithms to predict the risk of thrombosis.

The diagnosis of thrombosis was based on doppler ultrasonography,
tomography, magnetic resonance, arteriography, phlebography and
pulmonary gammagraphy. Any type of thrombosis was included
except those related to cancer. As detailed in Table 2, a VTE event
was classified as either unprovoked or spontaneous or provoked or
non-spontaneous (one or more provoking factors within three
months previous to a recognised event) [17,18]. In this last group,
provoking factors were: surgery, immobilization, pregnancy or
puerperium, oral contraceptives, prothrombotic mnon—neoplastic
diseases and other circumstances. For the control group, 400 healthy
individuals (non-related with cases and neither among them) were
included and they were distributed according to the age and gender

distribution of the Spanish population (2001 census).
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Our study was performed in accordance with the ethical guidelines of
the Declaration of Helsinki. Written informed consent was obtained
from all of the participants and all of the procedures were approved
by the Institutional Review Board at the Hospital de la Santa Creu i
Sant Pau.

Blood Collection

The patient group, samples were taken 6 months after thrombosis.
None of the participants was took oral anticoagulants in the previous
21 days, heparin in the previous 36 hours or antiplatelet therapy or
non-steroidal anti-inflammatory drugs (NSAIDs) in the previous
week at the time of blood collection. Blood samples for PFA analysis
were collected from antecubital vein between 9:00 a.m. and 12:00
p.m., under basal conditions and after 12-hour overnight fasting.
Blood was drawn into 4.5 ml tubes that contained a 3.8% solution of
sodium citrate as anticoagulant (BD Vacutainer Becton, Dickinson
and Company, New Jersey, USA). To determine platelet
aggregometry all samples were collected in tubes containing hirudin
25pug/ml (Roche Diagnostics GmbH, Mannheim, Germany). It was
mandatory that the hirudin and citrated whole blood samples were

analysed between 15 minutes and two hours after blood sampling.

To measure plasma parameters, blood samples were collected with
1/10 volume of sodium citrate 0.13 M (BD Vacutainer Becton,
Dickinson). The vWF and factor VIII (FVIII) levels were measured
immediately after blood extraction. PRP was obtained by
centrifugation at 2000g for 20 minutes and stored at -20 °C until
analysed. For the blood group genotyping, DNA was isolated from
peripheral blood leukocytes by a standard protocol [19].

Measurement of Parameters

For the PFA analysis, the citrated whole blood sample was

transferred into the reservoir of the disposable test cartridges
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(PFAadp and PFAepi), already inserted in the instrument, and both
CT were recorded. Our normal references ranges were comprised
from 58 to 123 seconds, for the PFAadp and, from 72 to 191 seconds,
for the PFAepi.

For Multiplate™ analysis, whole blood was added to the test
cuvettes, stirred and warmed up to 37 °C, and, then the following
aggregation values were recorded: area under the curve (AUC),
maximum height of the aggregation (AGR) and maximum slope of
the curve (SLP). Two different concentrations of the agonist ADP
were used (ADP-test): 0.25 uM and 0.5 uM. The AGR values of at
least 60% was considered as normal aggregation according to our

Multiplate™ reference standards.

The FVIII activity was measured by STA®TImnunoDef FVIII (Stago,
Asnieres sur Seine, France) coagulometric method. The vWEF levels
were measured by ELISA. The blood group genotyping was
performed by PCR and subsequent enzyme digestion, as previously
described [20].

Descriptive Statistical Analysis

An unconditional logistic regression analysis was used to calculate
the VTE risk. For the PFAadp and PFAepi, values under the 10™
percentile were considered risk factors. Also, we identified the
individuals with both PFA parameters under 10" percentile. In
addition, we created a new parameter called redundant platelet
function assay (RPFA). For the Multiplate™ parameters, values
over the 90" percentile were considered risk factors. According to
previous studies [21-23] there are potential confounders that can
introduce bias in determining risk factors for venous and arterial
thrombosis. We used the Bayesian Information Criterion (BIC) to
identify them. For venous thrombosis, we found that age, gender and
risk levels of FVIII and vWF (over 216% and 183%) were potential
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confounders. As published previously [24,25], the ABO locus has
functional effects on vWF and FVIII, thus, we also considered the
non—O blood group as potential confounder. For arterial thrombosis
we found that the age, gender and body mass index (BMI) were

potential confounders.

Due to the potential effects of the confounders, we built four final
unconditional logistic regression models for each parameters. The
VTE risk models were: 1) the unadjusted model (Modell); 2) model
adjusted only by age and gender (Model2); 3) model adjusted by age,
gender and vWEF (Model 3) and; 4) model adjusted by all the
potential venous or arterial thrombosis confounders, for either PFA

™

or Multiplate™ respectively (Model 4). All the variables included in

any of the models are detailed in the Supplementary Table 1.
Results
Clinical Characteristics in the RETROVE Study

The baseline characteristics of patients and controls are summarized
in Table 1. The characteristics of the inclusion thrombotic events,
according to spontaneous vs non—spontaneous location are shown in
Table 2.

The descriptive statistics of the PFA and Multiplate™ parameters
are summarized in Table 3. Only in the PFA parameters we found
significant differences between patients and controls. For the
PFAadp, the patient group (77 + 20.5 s) showed shorter CT values
than the control group (86 + 19.3 s), with a significant p—value of
3.38 - 107%. Also, for the PFAepi, the patient group (110 4+ 30 s)
showed shorter CT values than control group (147 + 33.2), with a
significant p—value (1.15 - 10°7"7).

PFA Parameters and VTE Risk
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To assess whether there was an association between CT and VTE
risk we stratified the sample into 4 groups (10", 20", 30" and 50™
percentiles of the control distribution), as shown in Supplementary
Table 2. Significant differences below the 20" percentile for PFAadp
and below 50" percentile for PFAepi were founded. As shortest the
CT is, the odds ratio (OR) of thrombosis risk increases.

For the PFAadp (Figure 1la), the VTE risk was associated to CT
values lower than 72 seconds (20" percentile), while for PFAepi the
risk was associated with CT values lower than 120 seconds (50"

percentile) (Figure 1b).
PFA Parameters and the VTE Risk under 10" Percentile

For the Model 1, the ORs were significant for PFAadp, PFAepi and
RPFA (4.02, 3.33 and 5.17, respectively). The ORs remained
significant when the PFA parameters were adjusted by age and
gender (Model 2): 3.49 for PFAadp, 2.88 for PFAepi and 4.26 for
RPFA. When we added vWF (a protein that contributes in platelet
adhesion and aggregation) the ORs decreased but they still remained
significant: 2.18 for PFAadp, 1.64 for PFAepi and 2.54 for RPFA.
Finally, the Model 4 identified VTE risk for all parameters (Table
4).

Multiplate™ parameters and VTE Risk over 90" Percentile

The Multiplate™ parameters (AUC 0.25 pM, AUC 0.5 uM, AGR
0.25 uM, AGR 0.5 uM, SLP 0.25 uM and SLP 0.5 uM) did not show
any significant OR in any of the models, as shown in Table 4 and

Figure 2.
Discussion

In the classical view of thrombotic events, platelets are considered to
play a pivotal role in arterial thrombosis. However, arterial

thrombosis and venous thrombosis are related and share common
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risk factors, such as the platelet hyperreactivity [26]. Several studies
have discussed that the elevated platelet reactivity may be due to an
increased platelet adhesion, activation and/or aggregation [14-16,27].
Widely used analysers to assess the platelet function in the clinical
practice are the PFA-100° and Multiplate™ [7,10,9].

Several studies have been reported normal ranges for the PFA-100°
analyser cartridges [9,28-30]. Our results also have shown normal
values for both PFA parameters (Figures la and 1b). Although
being within normal limits for these parameters, the VT'E risk was
higher when the CT values were lower than 10th percentile, in all
the models. Both PFA parameters are above the normal ranges, as
shown in Figures la and 1b. Especially for these parameters, the
VTE risk was greater when the CT values were lower than 10th
percentile, in all the models. For the PFAadp and PFAepi, the VTE
risk increased when the CT values are lower than 66 seconds and 93
seconds, respectively. Also, these risks were maintained after
adjusting the model for age and gender (Model 2) in both PFA
parameters. For these parameters, the OR decreased only after
adjusting for potential confounders of venous thrombosis (Model 3
and 4 vs Model 1). Additionally, the RPFA parameter showed a
similar decrease in OR values after adjusting for age and gender, as

shown in Figure 2.

In the Model 3, the VWF (over 183%), used as confounder, may
explain the lower VTE risk for the PFA parameters. Also, the
presence of the vWF, as well as the FVIII (over 216%) and non—O
blood group may be explain the decrease of the VTE risk in Model 4.
Some studies have reported that the FVIII stimulate an increased
platelet adhesion and aggregation via thrombin and vWF. In
addition, it is well known that the blood ABO system, acting
through elevated vWF, explain about 30% of the genetic variation in
FVIII levels [22,31]. Thus, the relationship between FVIII, vWF and
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blood non—O group may explain in part the decreased VTE risk in
PFA parameters when such confounders are taken in to

consideration.

Higher aggregability is the way of platelets to react more strongly
than normal during an in vitro response to low levels of platelet
agonists [32]. Several studies have been associated the VTE risk in
response to low—doses of TRAP—6 or collagen [14,16]. Especially, the
collagen lag time have been associated with the increased VTE risk
with a hazard ratio (HR) of 1.01 (95% CI, 1.00-1.02) [14]. However,
we did not perform aggregometry stimulated with thrombin or
collagen, thus we cannot compare our results with those of previous
studies [15,16].

Despite of previous studies [13, 15], our results of aggregometry in
whole blood, using (0.25 uM) and high (0.5 uM) doses of ADP, did
not show any association with VTE risk (Figure 2), according to
others reported [14,16]. Our studies on the relation between platelet
function and risk of VTE have provided different results depending
to the measurement method. Using PFA-100® analyser we have
clearly find that low CT values are associated with VTE risk, even
within the normal intervals. However, when using whole blood
aggregometry, we did not found any relation with VTE risk. A
plausible explanation for this difference could be that in PFA-100°
analyser platelets adhere to a membrane before they aggregate, while

™

in Multiplate analyser platelets are in suspension and only

aggregate, as several studies reported [7,10].

The PFA-100® analyser was developed and largely used for the
diagnosis of bleeding disorders such as von Willebrand disease or
thrombopathies [30]. However, our study strongly suggests that this

method may be also useful in the field of thrombosis.
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A methodological issue in our study needs to be addressed.
Specifically, the parameters were measured at least six months after
the thrombotic event. We cannot be sure if our results would have

been different if we had studied patients during the acute phase.
Conclusion

In our analysis, we investigated the role of PFA and
Multiplate™ parameters as risk factors for VTE. Our results
reported that the VTE risk increases with shortest CT for
PFAadp and PFAepi. Especially, shorter CT values for the
PFA parameters (even within the reference clinical range) were
associated with a high risk of VTE. However, elevated values
for the Multiplate™ parameters were not associated with a risk
of VTE. Our findings suggest that the concept an elevated
adhesion function, but not hyperaggregability, play an
important role in the pathogenesis of VI'E. We believe that
our results will provide a firm foundation for additional studies

and ultimately find a place in clinical practice.
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Tables and Supplementary Tables

Table 1: Clinical characteristics of patients and controls of the RETROVE Study.

Baseline characteristics

Patients Controls
p—val?
Males Females Males Females

Gender (n) 196 204 194 206
Age (year) (mean + SD) 61.5 + 16.9 66.2 £+ 20.0 476 £17.7 505 £ 187 < 2.2-107
BMI (kg - m?) (mean + SD)f 280+ 41 283 +£6.1  260+£254  244+41 <22-10%
Smoking (n, %) 37 (18.9) 18 (8.8) 40 (20.6) 35 (17.0) NS
Alcohol intake (n, %) 119 (60.7) 76 (34.3) 130 (67.0) 98 (47.6) 0.023
Hypertension (n, %) 83 (42.3) 94 (46.1) 35 (18.0) 40 (19.4) 8.27- 10"
Dyslipidaemia (n, %) 62 (31.6) 75 (36.8) 36 (18.6) 43 (20.9)  3.46-10°
Statins (n, %) 46 (23.5) 60 (29.4) 18 (9.3) 32 (155) 581107
Diabetes mellitus (n, %) 23 (11.7) 17 (8.3) 10 (5.2) 10 (4.9) 0.0073
Autoimmune disease (n, %) 20 (10.2) 21 (10.3) 14 (7.2) 18 (8.7) NS
Haemorrhagic ictus (n, %)* 0 (0.0) 2 (1.0 1 (5.0) 0 (0.0) NS
Arterial thrombosis background (n, %)? 14 (7.1) 15 (7.4) 1 (5.0) 1 (5.0) 1.08 - 10°¢
Non-steroidal anti-inflammatory drugs (n, %) 29 (14.8) 58 (28.4) 23 (11.9) 34 (16.5) 0.0058
Anti-platelet drugs (n, %) 24 (12.2) 18 (8.8) 2 (1.0) 5 (2.4) 2.46 - 107

Number of individuals for each group. The percentages are given in parentheses.

(") Excluded Individuals by technical issues: BMI (2), the ictus haemorrhagic (10), arterial thrombosis background (10) and familiar arterial

thrombosis background (2).

(2) The statistical differences, fixed in a p—value < 0.05, are reported only for descriptive purposes. The not—significance is shown as NS.
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Table 2: Characteristics of the first thrombotic events in the RETROVE Study.

Spontaneous Non—-spontaneous

Males* Females* Totalt Males*  Females* Totalt

Isolated deep vein thrombosis 82 (56.2) 63 (49.6) 145 (53.1) 27 (54.0) 38 (49.4) 65 (51.2)
No isolated deep vein thrombosis 30 (20.6) 19 (15.0) 49 (18.0) 10 (20.0) 11 (14.3) 21 (16.5)
Isolated pulmonary embolism 31 (21.2) 42 (33.1) 73 (26.7) 12 (24.0) 26 (33.8) 38 (29.9)

Visceral thrombosis 2 (14) 2 (0.7) 1(2.0) 1(0.8)

Venous sinus thrombosis 1 (0.7%) 3(24) 4 (1.5) 2 (2.6) 2 (1.6)
Total* 146 (36.5) 127 (31.8) 273 (68.3) 50 (12.5) 77 (19.3) 127 (31.8)

The percentages are given in parentheses.

(*) The percentages are obtained from the number of thrombosis types divided into the total number of males or females.

() The percentages are obtained from the number of thrombosis types divided into the total number of spontaneous or non-—
spontaneous events.

(#) The percentages were obtained from the number of male, female or total divided into the total number of patients or controls.
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Table 3: Descriptive statistics for the PFA and Multiplate™ parameters in the RETROVE Study.

Patients Controls p—values?
N* Mean + SD# N* Mean + SD#
PFA parameters
PFAadp (s) 397 (3) 77 + 205 397 (3) 86 + 19.3 3.38 - 10716
PFAepi (s) 397 (3) 110 + 30 397 (3) 127 + 33.2 1.15- 107
Multiplate™ parameters
AUC 0.25 pM (ATU) 383 (17) 159 + 9.5 383 (17) 15.2 + 10.2 NS
AUC 0.5 pM (AU) 397 (3) 25.9 & 14.7 389 (11) 24.8 + 14.1 NS
AGR 0.25 pM (%) 385 (15) 31.4 +17.1 385 (15) 30.3 £ 18.2 NS
AGR 0.5 nM (%) 397 (3) 473 + 25 390 (10) 452 + 24.4 NS
SLP 0.25 uM (AU - min') 384 (16) 51 +1.8 385 (15) 493419 NS
SLP 0.5 pM (AU - min™) 397 (3) 6.9 + 3.0 390 (10) 6.7 + 2.9 NS
Other parameters
FeVIIIC (%) 397 (3) 231.0 + 84.1 397 (3) 143.0 + 53.1 2.32 10
vWF (%) 400 201.0 £ 92.8 400 117.0 £+ 53.2 3.54 - 1052

The PFA parameters are given in (s) second. The Multiplate™ parameters are given in (AU) absorbance units, (%)
percentage of aggregation and (AU - min') absorbance units per minute.

(*) Number of the individuals analysed. The excluded individuals by technical issues are shown in parentheses.

(#) Means of PFA parameters and standard deviations (SD).

(?) The statistical significances for the Mann—Whitney test are fixed in a p-value < 0.05.
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Table 4: Odds ratio (OR) of venous thromboembolism (VTE) events for the PFA parameters, under the 10" percentiles of controls, and Multiplate™ patameters,

over the 90" percentiles of controls, in the RETROVE Study.

Risk P* Cc* Model 1* Model 2P Model 3¢ Model 4¢
Interval N (%) N (%) OR (95% CI) p—val® OR (95% CI) p—val® OR (95% CI) p—val® OR (95% CI) p—val®
PFA
PFAadp (4466) 128 (32.2) 42 (10.6)  4.02 (276-5.95)  1.04-10"° 3.36 (2.48-5.50) 1.40-10" 2.24 (1.44-3.49) 3.40-10" 2.90 (1.91-4.46) 8.84-107
PFAepi (58-93] 110 (27.7) 41 (10.3) 3.33 (2.27—4.97) 1.65-10°  2.87 (1.93—4.34)  3.50-107  1.63 (1.04-2.59) 0.035 1.97 (1.28-3.07) 0.002
RPFA 67 (16.9) 15 (3.8)  5.17 (298-9.56)  2.64-10°  4.41 (249-7.58) 1.06-10° 2.60 (1.38-5.13)  0.004  2.82 (1.52-5.48) 6.63- 10"
Multiplate™
AUC 0.25 uM [27.8-66) 37 (9.7) 39 (10.2) 0.94 (0.59-1.52) NS 0.92 (0.55-1.51) NS 0.93 (0.53-1.59) NS 0.96 (0.57-1.59) NS
AUCO5uM 47 79) 42 (10.6) 40 (10.3)  1.03 (0.65 0.89) NS 0.97 (0.59-1.59) NS 1.03 (0.6-1.74) NS 0.93 (0.561.54) NS
AGRO0.25pM  [521-119) 39 (10.1) 39 (10.1) 1 (0.63-1.6) NS 0.98 (0.59-1.61) NS 1 (058 1.71) NS 0.99 (0.59-1.64) NS
AGRO05uM  [81.8150) 48 (12.1) 40 (10.3) 1.2 (0.7 1.88) NS 1.12 (0.7-1.81) NS 1.04 (0.61-1.75) NS 1.09 (0.67-1.78) NS
SLP 0.25 M [7.16-16.3) 43 (11.2) 39 (10.1)  L.12 (0.71-1.77) NS 1 (0.611.63) NS 0.94 (0.551.61) NS 1.08 (0.66-1.78) NS
SLP 0.5uM  [11121.8) 41 (10.3) 39 (10)  1.04 (0.65 1.65) NS 0.98 (0.6-1.6) NS 1.05 (0.61-1.79) NS 0.93 (0.56-1.54) NS

The odds ratio (OR) within the 95% confidence intervals (CI) in parentheses for the: (a) non-adjusted model (Model 1); (b) adjusted for age and gender (Model 2); (c) adjusted for age,
gender and vWEF (Model 3) and (d) adjusted for age, gender, factor VIII (FVII), vWF and ABO blood group system, in the PFA parameters (Model 4), and age, gender and body mass

index (BMI), in the Multiplate™ parameters (Model 4).

(*) Number of individuals for patients (P) and controls (C) with the percentages in each percentile. The number of excluded individuals is shown in parentheses in Table 2.

(?) The statistical significances are fixed in a p-value < 0.05. The not—significance is shown as NS.



Supplementary Table 1: Clinical baseline characteristics of the variables in the logistic

regression models.

Patients Controls
Males Females Males Females
Gender 196 204 194 206
Age (n, %)
Adulthood—group 1 (18-64) 117 (59.7) 82 (40.2) 158 (81.4) 156 (75.7)
Elders—group 2 (65-94) 79 (40.3) 122 (59.8) 36 (18.6) 50 (24.3)

BMI (kg - m?) (n, %)*

Normal (< 25.0) 52 (26.5) 63 (31.2) 89 (45.9) 117 (56.8)
Overweigh (25.0-30.0) 91 (46.4) 73 (36.1) 75 (38.7) 68 (33.0)
Obesity (> 30) 53 (27.0) 66 (32.7) 30 (15.5) 21 (10.2)
Factor VIII (n, %) 87 (444) 112 (55.4) 9 (4.6) 31 (15.2)
von Willebrand factor (n, %) 107 (54.6) 118 (58.1) 19 (9.8) 22 (10.7)
ABO system (n, %)f
O group 45 (23.2) 47 (23.4) 74(38.7) 78 (384)
Non-O group 149 (76.8) 154 (76.6) 117 (61.3) 125 (61.6)

() For BMI (2) and ABO (11) blood group system a few individuals are excluded by technical issues.
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Supplementary Table 2: Odds ratio (OR) of venous thromboembolism (VTE) events,

taking into account the 10%, 20™ 30" and 50" percentile of controls, for each PFA

parameters in the RETROVE Study.

Patients* Controls* Model 1#
Interval
N (%) N (%) OR (95% CI) p—val?®
PFAadp (s)

(44-66] 128 (32.2) 42 (10.6) 482 (3.02-7.36) 11010

(66-72] 66 (16.6) 46 (9.8) 227 (147-3.53)  2.52- 10"

(72-75) 26 (6.5) 34 (11.6) 1.21 (0.69-2.11) NS

(75-82] 53 (13.5) 79 (8.6) 1.06 (0.70-1.60) NS

(82-233] 124 (31.2) 196 (49.4) 1.00 (reference)

PFAepi (s)

(39-93] 110 (27.7) 41 (10.3) 5.00 (3.28 7.76) 228107
(93-101.2] 67 (19.9) 39 (9.8) 3.20 (2.03-5.12) 7.39 - 107
(101.2-108] 43 (10.8) 41 (10.3) 1.96 (1.20-3.20) 0.007
(108-120] 73 (18.4) 82 (20.7) 1.66 (1.12-2.47) 0.012
(120-300] 104 (26.2) 194 (48.9) 1.00 (reference) -

Odds ratio (OR) within the 95% confidence intervals (CI) in parentheses for the (a) non-adjusted model

(Model 1).

(*) Number of individuals with the percentages in each percentile. The number of excluded individuals by

technical issues is shown in parentheses in Supplementary Table 1.

(?) The statistical significances are fixed in a p-value < 0.05. The not—significance is shown as NS.
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Figure la: Risk of venous thromboembolism (VTE) following Model 1 for the
PFAadp. The odds ratio (OR) and the 95% confidence intervals (CI) with
significant p-values are shown in the plot. The rest of the OR and the 95% CI
are shown in the Supplementary Table 3. The statistical significance of lower CI
is fixed in 1.0, as indicated by the vertical broken line. La imagen corresponde a

la Figura 3.6 del presente trabajo.
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Figure 1b: Risk of venous thromboembolism (VTE) following Model 1 for the
PFAepi. The odds ratio (OR) and the 95% confidence intervals (CI) with
significant p-values are shown in the plot. The rest of the OR and the 95% CI
are shown in the Supplementary Table 3. The statistical significance of lower CI
is fixed in 1.0, as indicated by the vertical broken line. La imagen corresponde a

la Figura 3.7 del presente trabajo.
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Figure 2: Risk of venous thromboembolism (VTE) following the Models 4 for the
PFA and Multiplate™ parameters. The odd ratio (OR) and the 95% confidence
intervals (CI) with significant p-values are shown in the plot. The rest of the OR and
the 95% CI are shown in the Table 3. The statistical significance of lower CI is fixed
in 1.0, as indicated by the vertical broken line. La imagen corresponde a la Figura

3.8 del presente trabajo.
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Capitulo 4

Discusion






El proyecto GAIT 2, con sus 935 individuos distribuidos en 35 familias,
ha permitido la caracterizacion biologica y genética de la plaqueta en
dos ambitos principales: la influencia de la edad y el sexo en los
pardmetros plaquetarios (Estudio #1) y su determinacién genética
(Estudio #2).

En el Estudio #1 la presencia de una numerosa poblacion infantil sana
(125 individuos menores de 12 anos) ha permitido observar que la
funcién plaquetaria (PFAadp y PFAepi) se mantiene constante,
mientras que la clara relaciéon inversa y no lineal entre PLT y el MPV
(nomograma de Bessman) mantiene la masa plaquetaria inalterada a
lo largo de la vida [113]. Precisamente la inclusiéon de la poblacién
infantil en el estudio determina la relacién entre PLT y MPV. Ademas,
los LMM han obtenido una modelizacién, segiin edad y sexo, de los
pardmetros plaquetarios similar a la de otros andlisis [37,38]. Los
recuentos plaquetarios analizados disminuyen con la edad y son
mayores en mujeres que en hombres (Figura 3.1). El MPV| asi como
otros parametros relacionados (PDW, P-LCR o parametros de IPF)
(Figura 3.2 y 3.3), no muestra ninguna influencia del sexo, pero si que

aumentan con la edad [113].

En el &mbito de la determinacién genética, algunos de los parametros
plaquetarios como el PLT, MPV, PDW o el PCT han sido
ampliamente caracterizados en la poblacion general. Sin embargo otros
pardmetros como los de inmadurez (IPF) o funcién (PFA) estan

todavia escasamente caracterizado.

El Estudio #2, con las extensas familias del proyecto GAIT 2, ha
permitido obtener una visiéon completa de la determinacién genética
para 11 pardmetros plaquetarios [102]. Los resultados han estimado
una elevada h* de la VTE (67%), similar a la obtenida con anterioridad
en el estudio GAIT 1 [59]. Ademas, se han confirmado unas elevadas

h? en los principales pardmetros analizados en articulos previos [85].
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Para los parametros de IPF se han obtenido unas h? de entre 59-69%,
y del 45% y del 52% para PFAadp y PFAepi, respectivamente (Figura
3.4) [102].

El andlisis de correlaciones en el proyecto GAIT 2 determiné la
ausencia de correlacion genética entre el riesgo o liability de VTE y los
pardmetros plaquetarios [102]. De manera complementaria y paralela
al andlisis en familias, el estudio RETROVE, indica la influencia de
algunos parametros plaquetarios en el de riesgo de VTE (Estudio #3
y #4). Pera ello, los modelos GLM utilizados incluyen las posibles

variables confusoras (Tabla 4.1).

En este sentido, el Modelo 2 (véase Tabla 4.1) del Estudio #3 ha
asociado el PLT superior a 302-10°/L, el PLTOP superior a
317-10°/L y el PCT superior a 0.33% con un riesgo aumentado de
VTE en mujeres, pero no en hombres (Figura 3.5). Los recuentos
elevados puede implicar una mayor potencialidad en los procesos de
adhesiéon y agregacién plaquetarias [121]. Sin embargo, los valores
elevados de MPV, PDW y P-LCR no se han asociado a riesgo de VTE.

Paralelamente el Estudio #4 ha revelado que los parametros de PFA
juegan un importante papel en la evaluacién de la funcionalidad
plaquetaria y el riesgo de VTE. Una revisién previa han puesto de
manifiesto la asociacion de CT cortos y la enfermedad cardiovascular
[46]. Por primera vez, el proyecto RETROVE ha puesto de manifiesto
sisteméaticamente la relacién existente entre los valores de CT y el
riesgo de VTE.

En primer lugar, se observa que el riesgo de VIT'E aumenta con los
valores acortados de CT. En este sentido, valores de CT inferiores a
72 segundos (PFAadp) y 120 segundos se han asociado a un riesgo
continuo de VTE (Figura 3.6 y 3.7). En segundo lugar, el Modelo 4
(véase Tabla 4.1) indica que el riesgo de VTE es especialmente elevado

en los CT inferiores a 66 segundos, para el PFAadp, y a 93 segundos,
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Tabla 4.1: Modelos de regresion lineal generalizados (GLM) utilizados para
el célculo de riesgo de enfermedad tromboembélica venosa (VTE) en el
proyecto RETROVE!.

Estudio Modelo 1 Modelo 2 Modelo 3 Modelo 4
Estudio #3 Edad® Edad -
(PLT, Sexo Sexo
PLTOP, PCT, BMIY
RPNP MPV,
PDW y P Hipertension
LCR) FVIII
vWFd
ABO¢
Estudio #4 Crudo Edad Edad Edad
(PFAadp y Sexo Sexo Sexo
PFAepi) BMI
FVIII
vWF
ABO
Estudio #4 Crudo Edad Edad Edad
(ABC, AGR y Sexo Sexo Sexo
SLP)f vWF BMI

! La totalidad de las variables son discretas y/o dicotémicas.

* Para los individuos con edades < 64 afios se categorizaron como grupo 1 (adultos),
mientras que los individuos con edades > 64 afios como grupo 2 (ancianos).

b La variable body mass index (BMI) se categoriza en tres grupos: normal (< 25), con
sobrepeso (entre 25 y 30) y obeso (> 30). Las unidades de corte son dadas en
quilogramo por metro cuadrado.

¢ La variable factor VIII (FVIII) se categoriza como grupo de riesgo para valores >
216%, mientras que valores < 216% se considera grupo normal.

4 La variable factor von Willebrand (vWF) se categoriza como grupo de riesgo para
valores > 183%, mientras que valores < 183% se considera grupo normal.

¢ El sistema ABO se categoriza como grupo O y grupo no O.

™

f Parametros del Multiplate™ obtenidos en respuesta a baja (0,25 uM) y alta (0,5 uM)

concentraciones de ADP como agonista.
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para el PFAepi (Figura 3.8). Sin embargo, los pardmetros obtenidos

™

mediante el agregémetro Multiplate'™ no se han asociado con el

riesgo de VTE.
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Capitulo 5

Conclusiones






1.

Conclusiones del Estudio #1

= Las parejas de parametros plaquetarios analizadas por

diferentes analizadores hematoldgicos son estadisticamente
diferentes. Los valores obtenidos por impedancia con el umbral
de volumen superior a 40 fL. son mayores que los obtenidos por
el analizador hematoldgico estandar —tanto por impedancia
como por el canal 6ptico—, indicando que es un método méas
preciso para la medicién de la poblacion de plaquetas con

mayor volumen.

Los recuentos plaquetarios son mayores en mujeres que en
hombres, excepto en el grupo infantil en que son mayores en
las ninas. Los recuentos disminuyen con la edad en ambos

SeXO0s.

Los plaquetocritos siguen la misma tendencia que los
recuentos, es decir, son mayores en mujeres que en hombres y,
en el grupo infantil, son mayores en las ninas. Asimismo

disminuyen con la edad.

Los parametros de volumen —volumen plaquetario medio,
amplitud de distribucién de los volimenes plaquetarios y
porcentaje de plaquetas de mas de 12 fL— aumentan con la

edad y son independientes del sexo.

Entre la poblacién infantil y adolescente se describe la maxima
variacién entre grupos de edad, tanto en recuentos como en

volumen.

La relacion inversa y no lineal entre el recuento de plaquetas
y el volumen plaquetario medio, descrita mediante el

nomograma de Bessman, se replica en nuestro estudio.
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= Al igual que en los pardmetros de volumen, los parametros de
la fraccion plaquetaria inmadura aumentan con la edad y no

son modificados por el efecto del sexo

= Los parametros de funcién plaquetaria no varian en relacion al
sexo ni a la edad. Unicamente se observa ligeramente

significativa entre la poblacién infantil y la adulta.
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2.

Conclusiones del Estudio #2

= Los parametros de recuento de plaquetas, volumen plaquetario

medio, y amplitud de distribuciéon de los volimenes
plaquetarios se encuentran en gran parte, determinados
genéticamente con unas heredabilidades que oscilan entre 40—
65%. Estas confirman los resultados de estudios previos.

La heredabilidad del fenotipo porcentaje de plaquetas de
volumen superior a 12 fLL ha sido estimada por primera vez con
un resultado alto, del 64%.

Las heredabilidades de los fenotipos de la fraccién plaquetaria
inmadura has sido determinadas por primera vez asimismo con
valores altos, entre 59-69%.

Las heredabilidades de los fenotipos de funcién plaquetaria
global han sido asimismo estimados por primera vez con
resultados entre 42-52%.

Las heredabilidades de la trombosis total (46%) y de la
trombosis venosa (67%) han dado valores elevados, mientras
que la heredabilidad de la trombosis arterial (23%) ha sido no
significativa.

No se ha encontrado correlaciéon genética entre los fenotipos

plaquetarios y el riesgo de VTE.

135



3.

Conclusiones del Estudio #3

= En el proyecto RETROVE, los recuentos plaquetarios

elevados, aun sin sobrepasar el limite superior de la
normalidad, se asocian a un incremento del riesgo de VTE,
Unicamente en mujeres. En el recuento estandar el riesgo
aparece por encima de 312 x10?/L plaquetas y en el recuento
6ptico por encima de 317 x10%/L.

En el proyecto RETROVE, el plaquetocrito elevado (0.33%),
aun sin sobrepasar el limite superior de la normalidad, se asocia
a un incremento del riesgo de VTE, tinicamente en mujeres.
En el estudio RETROVE, los niveles elevados de los
parametros de volumen plaquetario no se han asociado a un

incremento de riesgo de VTE.
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4.

Conclusiones del Estudio #4

= En el estudio RETROVE, el acortamiento de los tiempos de

oclusiéon obtenidos en el analizador PFA-100°, tanto con
coldgeno—ADP como con coldgeno—epinefrina, se asocia
asociado a un incremento del riesgo de VTE de forma

inversamente proporcional.

Los tiempos de oclusién situados por debajo del percentil 10,
en concreto inferiores a 66 segundos para el colageno—-ADP e
inferior a 93 segundos para el colageno—epinefrina, son
especialmente relevantes en cuanto al riesgo de VTE. Estos
valores se encuentran dentro de los intervalos de normalidad

de nuestro Hospital.

La capacidad del analizador PFA-100” para detectar riesgo de
VTE indica que puede ser un método altamente 1util en la

practica clinica en el campo de las trombosis.

En el estudio RETROVE, la funcién plaquetaria aumentada,
analizada con el agregémetro Multiplate™, tanto a bajas como
altas concentraciones de ADP no se asocia a incremento del
riesgo de VTE.
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