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Presidential Address to the First Indian Statistical Congress, 1938

«Lo bueno, si breve, dos vezes bueno; y aun lo malo, si poco, no tan malo.»

Baltasar Gracidn a 1’Ordculo manual y arte de prudencia

Osca: Juan Nogués, 1647






vii

UNIVERSITAT DE LLEIDA

Resum

Facultat de Medicina

Departament de Ciencies Mediques Basiques
Doctor

Models matematics i estadistics aplicats a la presa de decisions en salut

per Carles FORNE IZQUIERDO

La presa de decisions en salut ha de basar-se en la millor evidéncia rellevant
disponible, més si aquestes decisions incideixen en tota la societat mitjangant
I'aplicacié de politiques publiques de salut i, donat que totes les persones
son pacients potencials —presents o futurs—, també en les decisions clini-
ques. Prendre la decisié optima depen de molts factors que han de ser de-
gudament identificats i minuciosament mesurats en les diferents alternatives
d’eleccid, entre els quals, 'escassetat de recursos disponibles per a cobrir una
illimitada demanda de salut. L’avaluacié economica en salut té per objecte
informar i facilitar decisions sobre quin és el millor s dels recursos limitats
disponibles, amb la finalitat de maximitzar-ne els beneficis en salut, priorit-
zant les alternatives d’eleccié mitjangant criteris d’eficiencia. Actualment, les
agencies nacionals d’avaluacié de tecnologies sanitaries basen les seves re-
comanacions de financament en estudis d’avaluacié economica fonamentats
en la millor evidencia disponible i metodologicament correctes. Aixo inclou
des d'un disseny adequat a l'objectiu, fins a un report complet i transparent
que permeti la reproductibilitat dels resultats, passant pel rigords tractament
analitic de les dades d’estudi. En aquest marc, els models analitics sén una
font d’evidencia valida per a la presa de decisions, com ho sén els assajos
clinics i els estudis observacionals, també ben dissenyats i ben realitzats. En
aquesta tesi s’inclouen quatre treballs en que 1’aplicacié dels metodes anali-
tics adequats van permetre donar resposta a uns objectius que d’altra manera
no podrien resoldre’s, 0 només parcialment o amb majors limitacions.

Gracies a 1'tis de models probabilistics es va poder avaluar el cost-efectivitat i
el dany-benefici de 2.625 escenaris diferents de cribratge de cancer de mama,
i es mostra que les estrategies basades en el risc poden reduir els danys i els
costos en comparacié amb les estrategies uniformes. Donat que per avangar
en l'organitzacié de programes de cribratge basats en el risc cal desenvolu-
par mesures precises de risc individual de cancer de mama, es va formular
un model conjunt bayesia que combina la historia longitudinal de la densi-
tat mamaria i 'edat en el diagnostic de cancer de mama. La metodologia
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proposada podria aplicar-se per obtenir mesures més precises del risc indivi-
dual de cancer de mama. Per aix0 caldria realitzar estudis de cohorts de base
poblacional més grans, amb disposici6 de mesures longitudinals de la den-
sitat mamaria, aixi com d’altres factors de risc coneguts, com les lesions de
mama benignes i el risc poligénic. D’aquesta manera, seria possible assolir
capacitats predictives aplicables a la personalitzacié del cribratge de cancer
de mama, o per establir estrategies de prevenci6 per a dones amb risc elevat.

En aquesta tesi també s’inclou una analisi de dinou potencials biomarcadors
cardiovasculars en poblacié amb malaltia renal mitjancant I’aplicaci6 d’algo-
rismes d’aprenentatge automatic. En concret, aplicant 1’algorisme de bosc
aleatori de supervivencia per a esdeveniments competitius, va ser possible
avaluar la capacitat predictiva de tots els biomarcadors alhora, junt amb to-
ta la resta de factors de risc coneguts, altrament impossible donat el limitat
nombre d’esdeveniments cardiovasculars disponibles per ajustar els habitu-
als models de supervivéncia multivariables. Si bé 1’addicié dels biomarca-
dors potencials va millorar marginalment la capacitat de discriminacié ob-
tinguda amb només els factors de risc cardiovascular coneguts, es van iden-
tificar els biomarcadors més prometedors, als quals idealment haurien de ser
destinats els recursos de la futura recerca, sempre que el benefici potencial
de la nova evidéncia superi els costos de la investigacio.

Per acabar, s’inclou I'avaluaci6é de I'impacte en costos i en salut de 'augment
de 1'ts de la intervenci6é coronaria percutania en pacients ingressats amb
sindrome coronaria aguda mitjancant un model analitic semi-Markov, ja que
els registres poblacionals mostren una infrautilitzacié de la intervencié en
ancians, possiblement deguda a la manca d’estimacions de la seva eficiencia
o del seu cost-utilitat. El model desenvolupat conceptualitza el curs de
la malaltia en un horitzé temporal de 8 anys des de 1'ingrés hospitalari, i
proporciona resultats molt robustos que indiquen que augmentar el nombre
de pacients ancians que es beneficiin de la intervenci6 és rendible en un
llindar de disposici6 a pagar molt inferior als estandards en paisos europeus.
Per tant, el cost-utilitat no hauria de ser un motiu per no incrementar 1'as de
la intervencié en aquesta poblacio.

Al llarg dels treballs inclosos en aquesta tesi han quedat palesos el paper i
la utilitat de la modelitzaci6 matematica i estadistica, aplicada de manera
adequada i rigorosa segons els objectius de cada estudi, per proporcionar
evidencia util que faciliti la presa de decisions, la planificaci6 i la gesti6 en
salut.
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Health decision-making should be based on the best relevant evidence avail-
able, even more so when these decisions impact society through the applica-
tion of public health policies, and given that all people are also potential—
present or future—patients in clinical decisions. Optimal decision-making
depends on many factors that must be properly identified and precisely mea-
sured for each alternative choice. These include the scarce resources available
to meet unlimited healthcare demand. The economic evaluation in health
aims to inform and facilitate decision-making on the best use of the limited
resources available, in order to maximize health benefits, prioritizing the al-
ternative choices following efficiency criteria. Currently, national agencies
for health technology assessment base their recommendations about whether
or not to fund particular interventions on economic evaluation studies that
incorporate the best relevant evidence available and are methodologically
correct. This ranges from a proper study design suited to the objective, to a
complete and transparent report allowing reproducibility of results, under-
taking a rigorous analytical handling of the study data. In this framework,
analytical models are a valid source of evidence for decision-making, such as
well-designed and well-conducted clinical trials and observational studies.
Four works are included in this thesis, in which the application of appro-
priate analytical methods allowed us to provide answers to objectives that
otherwise could not be solved, or only partially or with greater limitations.

Thanks to the use of probabilistic models, the cost-effectiveness and harm-
benefit of 2,625 different scenarios of screening for breast cancer were as-
sessed, showing that risk-based strategies can reduce harm and costs com-
pared to uniform strategies. Given that precise measures of individual breast
cancer risk must be developed in order to shift toward personalized screen-
ing strategies based on breast cancer risk, a Bayesian joint model that com-
bines the longitudinal history of breast density and age at diagnosis of breast
cancer was formulated. The proposed methodology could be applied to ob-
tain more precise measures of the individual risk of breast cancer. To achieve
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this objective, it would be necessary to conduct studies of larger population-
based cohorts, with longitudinal measurements of breast density as well as
other known risk factors, such as benign breast disease and polygenic risk.
In this way, it would be possible to achieve a predictive ability that makes it
possible to personalize screening for breast cancer, or to establish prevention
strategies for women at high risk.

An analysis of 19 potential cardiovascular biomarkers in patients with renal
disease by means of machine learning algorithms is also included in this
thesis. Specifically, by applying a random survival forest for competing
risks, it was possible to evaluate the predictive ability of all biomarkers at
the same time, along with all other known risk factors, otherwise impossible
given the limited number of cardiovascular events to fit classic multivariable
survival models. Although the addition of potential biomarkers marginally
improved the predictive ability obtained with only the known cardiovascular
risk factors, the most promising biomarkers were identified, where resources
for future research should ideally be allocated, whenever the benefit of new
evidence exceeds the costs of research.

Finally, the evaluation of costs and health outcomes of increasing the use
of percutaneous coronary intervention in patients admitted with acute coro-
nary syndrome through a semi-Markov analytical model is included, since
population-based registries have described lower use of the intervention in
the elderly, possibly due to the lack of estimates of their efficiency or cost-
utility. The model developed conceptualizes the course of the disease over
an 8-year time horizon from hospital admission, and provides very robust
results showing that increasing the number of elderly patients who benefit
from the intervention is cost-effective on a threshold of willingness-to-pay
far below the standards in European countries. Therefore, cost-utility should
not be a reason not to increase the use of percutaneous coronary intervention
in this population.

Throughout the work included in this thesis, the role and usefulness of math-
ematical and statistical modeling has been shown, properly and rigorously
applied according to the objectives of each study, to provide useful evidence
that facilitates decision-making, planning and healthcare management.
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La toma de decisiones en salud debe basarse en la mejor evidencia relevan-
te disponible, mads si estas decisiones inciden en toda la sociedad mediante
la aplicacién de politicas ptublicas de salud y, dado que todas las personas
son pacientes potenciales —presentes o futuros—, también en las decisiones
clinicas. Tomar la decisién 6ptima depende de muchos factores que deben
ser debidamente identificados y minuciosamente medidos en las diferentes
alternativas de eleccion, entre ellos, la escasez de recursos disponibles para
cubrir una ilimitada demanda de salud. La evaluacién econémica en salud
tiene por objeto informar y facilitar decisiones sobre cudl es el mejor uso de
los recursos limitados disponibles, con el fin de maximizar los beneficios en
salud, priorizando las alternativas de eleccién mediante criterios de eficien-
cia. Actualmente, las agencias nacionales de evaluacién de tecnologias sani-
tarias basan sus recomendaciones de financiacién en estudios de evaluacién
econdémica fundamentados en la mejor evidencia disponible y metodoldgi-
camente correctos. Esto incluye desde un disefio adecuado al objetivo, hasta
una comunicaciéon completa y transparente que permita la reproducibilidad
de los resultados, pasando por el riguroso tratamiento analitico de los datos
de estudio. En este marco, los modelos analiticos son una fuente de eviden-
cia valida para la toma de decisiones, como lo son los ensayos clinicos y los
estudios observacionales, también bien disefiados y bien realizados. En esta
tesis se incluyen cuatro trabajos en que la aplicacién de los métodos analiti-
cos adecuados permitié dar respuesta a unos objetivos que de otra manera
no podrian resolverse, o s6lo parcialmente o con mayores limitaciones.

Gracias al uso de modelos probabilisticos se pudo evaluar el coste-efectivi-
dad y el dafio-beneficio de 2.625 escenarios diferentes de cribado de cancer
de mama, y se mostr6 que las estrategias basadas en el riesgo pueden reducir
el dafio y los costes en comparacion con las estrategias uniformes. Dado que
para avanzar en la organizaciéon de programas de cribado basados en el ries-
go es necesario desarrollar medidas precisas de riesgo individual de cédncer
de mama, se formulé un modelo conjunto bayesiano que combina la historia
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longitudinal de la densidad mamaria y la edad en el diagnéstico de cancer
de mama. La metodologia propuesta podria aplicarse para obtener medidas
mas precisas del riesgo individual de cancer de mama. Para ello seria ne-
cesario realizar estudios de cohortes de base poblacional méas grandes, con
disposicion de medidas longitudinales de la densidad mamaria, asf como de
otros factores de riesgo conocidos, como las lesiones de mama benignas y el
riesgo poligénico. De este modo seria posible alcanzar capacidades predic-
tivas aplicables a la personalizacion del cribado de cdncer de mama, o para
establecer estrategias de prevencién para mujeres con riesgo elevado.

En esta tesis también se incluye un andlisis de diecinueve potenciales bio-
marcadores cardiovasculares en poblacién con enfermedad renal mediante
la aplicacion de algoritmos de aprendizaje automatico. En concreto, aplican-
do el algoritmo de bosque aleatorio de supervivencia para eventos competi-
tivos, fue posible evaluar la capacidad predictiva de todos los biomarcadores
al mismo tiempo, junto con todo el resto de factores de riesgo conocidos, de
otro modo imposible dado el limitado ntiimero de eventos cardiovasculares
disponibles para ajustar los habituales modelos de supervivencia multiva-
riables. Si bien la adicién de los biomarcadores potenciales mejor6 margi-
nalmente la capacidad de discriminacién obtenida con sélo los factores de
riesgo cardiovascular conocidos, se identificaron los biomarcadores mas pro-
metedores, a los que idealmente deberian ser destinados los recursos de la
futura investigacién, siempre que el beneficio potencial de la nueva eviden-
cia supere los costes de la investigacion.

Para acabar, se incluye la evaluacién del impacto en costes y en salud del
aumento del uso de la intervencién coronaria percutdnea en pacientes ingre-
sados con sindrome coronario agudo mediante un modelo analitico semi-
Markov, ya que los registros poblacionales muestran una infrautilizacién de
la intervencién en ancianos, posiblemente debida a la falta de estimaciones
de su eficiencia o de su coste-utilidad. El modelo desarrollado conceptua-
liza el curso de la enfermedad en un horizonte temporal de 8 afios desde
el ingreso hospitalario, y proporciona resultados muy robustos que indican
que aumentar el ntimero de pacientes ancianos que se beneficien de la inter-
vencion es rentable en un umbral de disposicién a pagar muy inferior a los
estdndares en paises europeos. Por tanto, el coste-utilidad no deberia ser un
motivo para no incrementar el uso de la intervencion en esta poblacion.

A lo largo de los trabajos incluidos en esta tesis han quedado patentes el
papel y la utilidad de la modelizacién matematica y estadistica, aplicada
de manera adecuada y rigurosa segtin los objetivos de cada estudio, para
proporcionar evidencia util que facilite la toma de decisiones, la planificacién
y la gestion en salud.
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Capitol 1

Introduccid

La presa de decisions és el procés que resulta de l'elecci6 d'una accié en-
tre diverses alternatives possibles davant d"un problema determinat o d’una
situacié donada. Aixi doncs, la presa de decisions és present en tots els as-
pectes de la vida de les persones, des del pla purament individual o familiar
tins a disciplines socials molt diverses —negocis, finances, etc.— o politiques
publiques, com per exemple, la politica sanitaria.

Com que l'objectiu és realitzar una eleccié optima, o si més no prou bona,
sempre caldra identificar préviament totes les alternatives factibles. De fet,
sense identificar com a minim una alternativa a ’escenari de referencia —no
fer res o seguir fent el mateix— no hi ha decisi6 possible a prendre. Es tracta,
doncs, d’ordenar totes les alternatives possibles segons el valor (preferéncia,
utilitat, creenca) que el decisor atorga a cadascuna, tenint en compte les con-
seqliencies que se'n deriven, tant els danys com els beneficis. També, donat
que els recursos son limitats, és important avaluar quins sén els costos que
s’han d’assumir per tal de dur a terme 1’elecci6 presa [1]. Tal com va definir
Lionel Robins, I’«<economia és la ciencia que estudia el comportament huma
com a relaci6 entre els fins i els mitjans escassos que tenen usos alternatius»
[2, p. 15]. Destinar els recursos d'una determinada manera implica renunciar
a altres alternatives d"Gis d’aquests recursos. En economia, es defineix el cost
d’oportunitat com el valor de la millor opcié a la qual es renuncia quan es
realitza una eleccié [3].

Ja fa temps que els raonaments economics s’han incorporat al camp de la
salut [1, 4]. L'emergent mercat d’innovacié de tecnologies sanitaries, que té
com a objectiu millorar la salut de la poblaci6, també genera uns costos as-
sociats al sistema sanitari i a la societat en general. Enfront de la illimitada
demanda de salut, cal decidir quina és la millor manera d’utilitzar 'escas-
setat de recursos disponibles, que fins i tot pot conduir a deixar de financar
tecnologies o intervencions considerades obsoletes [5, 6]. En concret, 1’ava-
luacié economica té per objecte informar i facilitar decisions sobre quin és el
millor Gs dels recursos limitats disponibles, amb la finalitat de maximitzar-ne
els beneficis [4, 7]. Es a dir, ajuda a prioritzar les diferents alternatives segons
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criteris d’eficiéncia [7]. Per aixo, tota avaluacié economica mesura els costos
i les conseqiiencies de les alternatives, i els compara per informar sobre 1'e-
lecci6 optima. Aixi doncs, I'avaluacié economica s’ha definit com «l’analisi
comparativa de cursos alternatius d’acci6 basant-se en els seus costos i en les
seves conseqiiencies» [7, p. 4].

1.1 Tipus d’avaluacions economiques

La identificaci6 i la mesura dels costos son similars en la majoria de les avalu-
acions economiques. Per contra, la manera de mesurar les conseqtiéncies de-
rivades de les alternatives examinades pot variar considerablement. Aques-
tes diferencies donen lloc a diferents tipus d’analisis (taula 1.1).

TAULA 1.1: Tipus d’analisis en avaluaci6é econdmica

Tipus d’analisi Mesura dels costos Mesura dels resultats
en salut

Analisi de minimitzacié Unitats monetaries Sense diferéncies
de costos en resultats en salut

Analisi de cost-efectivitat Unitats monetaries Unitats cliniques (morts
evitades, reducci6
de pressi6 arterial, etc.)

Analisi de cost-utilitat Unitats monetaries Esperancga i qualitat
de vida (anys de vida
ajustats per qualitat)

Analisi de cost-benefici Unitats monetaries Unitats monetaries
(disposici6 a pagar)

Adaptat de Sacristan et al. «Evaluacién econémica en medicina». Medicina Clinica (Barce-
lona), 2004, vol. 122, p. 379-382.

1.1.1 Analisi de minimitzacié de costos

L’analisi de minimitzacié de costos és el tipus d’analisi que normalment es
fa servir per descriure la situacié en que les conseqiiéncies de les alternati-
ves comparades son equivalents, independentment de les unitats en que es
mesuren, tant en efectivitat com en seguretat. Aixi doncs, si el benefici clinic
és igual, la diferencia entre aquestes es redueix a una comparacié de costos.
L tnica aplicaci6 possible de ’analisi de minimitzaci6 de costos és en situaci-
ons en qué s’adopta una visi6 basada en investigacions previes o en 1’opinié
dels professionals, en que les alternatives comparades sén equivalents en ter-
mes d’efectivitat, com per exemple tractaments amb bioequivalents [7]. Les
veus més critiques han reclamat ’aband¢ total d’aquest tipus d’analisi per
inapropiada, atés que argumenten que no és adequat avaluar les diferencies
en efectes i costos de manera separada i seqiiencial, alhora que defensen que
les incerteses haurien de ser avaluades conjuntament per tal de no introduir
biaixos en ’avaluaci6 [8, 9].
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1.1.2 Analisi de cost-efectivitat

L’analisi de cost-efectivitat és aquella en que els costos estan associats a un
resultat en salut Ginic i comu a les alternatives comparades, i que podria
resultar diferencial entre aquestes [7]. Aquest tipus d’analisi és molt freqiient
en avaluacié economica [10] i es caracteritza perqué els resultats en salut
es mesuren en unitats utilitzades habitualment en la practica clinica. Els
resultats en salut poden basar-se en variables intermédies —reducci6 de la
pressié arterial, respostes al tractament, complicacions evitades i altres— o
tinals —vides salvades, anys de vida guanyats— (vegeu la secci6 1.2.5.2).
L'ts de mesures d’efecte especifiques de certa area clinica suposa la seva
major limitacié, ja que dificulta 1’avaluacié del cost d’oportunitat (benefici
perdut potencial) en altres arees que podrien ser cobertes amb el mateix
pressupost. Aquesta limitacié només pot ser superada amb 1'tis de mesures
geneériques de benefici en salut.

1.1.3 Analisi de cost-utilitat

L’analisi de cost-utilitat és essencialment una variant de la de cost-efectivitat,
en que les conseqiiéncies es mesuren en escales generiques de benefici en
salut. De fet, sovint hom es refereix a I’analisi de cost-utilitat com de cost-
efectivitat. Aixi doncs, les conseqiiéncies en salut es calculen ponderant el
temps en diferents estats de salut per les preferencies individuals o socials
envers aquests, en l'intent de recollir efectes sobre diferents aspectes de la
salut. En economia, el terme utilitat! és freqiientment utilitzat per referir-se
a les preferencies del consumidor pels diferents béns i activitats de consum.
Els economistes de la salut fan servir el terme utilitat per referir-se al nivell
subjectiu de benestar que els individus experimenten en diferents estats de
salut [11]. Aixi, en el camp de la salut, com més preferit sigui un estat de
salut determinat, major utilitat s’hi associa [7, 12]. Els valors de les utilitats
s’expressen habitualment en una escala numerica amb extrems en 0, que
representa la mort, i 1, que representa la millor salut possible; aixo és 1’estat
de perfecte benestar fisic, mental i social, i no només absencia de malaltia,
segons 1'Organitzacié Mundial de la Salut.? En alguns sistemes de puntuaci6
també es poden donar valors negatius d’utilitat per a estats de salut pitjors
que la mort. Els valors d’utilitat de cada un dels estats de salut poden variar
d’una manera molt important d"un pais a un altre, encara que s’estandarditzi
per estructura de poblaci6 [13]. Els valors d’utilitat permeten obtenir anys
de vida ajustats per qualitat, que és una mesura ampliament utilitzada en
analisis de cost-utilitat (vegeu la secci6 1.2.5.2).

lUt1']1'i‘y [Internet]. York Health Economics Consortium; 2016. https://www.yhec.co.uk/
glossary/utility/

2Constituci6 de 1'Organitzacié Mundial de la Salut [Internet]. World Health Organization
(WHO); 2014. https://www.who.int/governance/eb/constitution/es/


https://www.yhec.co.uk/glossary/utility/
https://www.yhec.co.uk/glossary/utility/
https://www.who.int/governance/eb/constitution/es/
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1.1.4 Analisi de cost-benefici

Teoricament, I’analisi de cost-benefici és la forma d’avaluacié econOmica més
completa i més solida, i ha estat utilitzada com a ajuda per a la presa de de-
cisions en diversos ambits de la politica econdmica i social del sector public
des de mitjans del segle xx [14], pero poc utilitzada per a I’avaluacié econo-
mica de programes i serveis amb conseqiiéncies en 'estat de la salut [15]. En
’analisi de cost-benefici tant els costos com els resultats en salut es mesuren
en unitats monetaries. En conseqiiéncia, és 1'tnica que pot ser utilitzada per
informar de decisions sobre assignacié de recursos entre programes sanitaris
i no sanitaris [16]. Tot i ser el tipus d’analisi preferida per molts economistes
de la salut, la seva limitacié principal rau en la dificultat d’obtenir estima-
cions, deguda a les resistencies a realitzar valoracions en unitats monetaries
(disposicio a pagar) de canvis en 1'estat de salut [4, 16, 17]. Entre els diferents
metodes emprats per estimar la disposicié a pagar destaquen el metode de
valoracié contingent i I’analisi conjunta (conjoint analysis) [15, 16, 18-20].

1.2 Elements clau de I’avaluacié econOmica en
salut

Valorar els resultats d’una avaluacié economica sol ser una tasca dificil, per-
que cal valorar si els meétodes utilitzats son els adequats i si els resultats séon
valids en un altre context [7]. A 1’hora d’avaluar la validesa de I'evidéncia,
normalment es revisen els metodes emprats, per la qual cosa sovint és ttil
separar els diversos elements dels metodes per tal de valorar-los cadascun
de més a prop. Llavors, aixi com existeix la guia CONSORT, on s’indiquen
els elements clau que cal reportar en assajos clinics [21]; la guia STROBE per
a estudis observacionals [22], i tota una plétora de guies publicades, totes
elles incloses dins el lloc web de 'EQUATOR Network (Enhancing the Qual-
ity and Transparency of Health Research) [23], també s’ha desenvolupat la
guia CHEERS, amb les recomanacions per al report d’avaluacions economi-
ques [24]. A continuaci6 s’identifiquen els elements clau de qualsevol ava-
luacié economica que un lector o revisor pot trobar-se en avaluacions ben
realitzades, i que els permetran identificar i avaluar els punts forts i febles de
qualsevol estudi.

1.2.1 Definicié de I’objectiu de I'estudi

Com en qualsevol estudi, sempre cal formular clarament 1'objectiu, que en
avaluacié economica ha d’especificar clarament quines sén les alternatives
comparades, la perspectiva a partir de la qual es fa la comparaci6, I'horitzé
temporal en que s’examinen tant els costos com les conseqiiéncies de les
alternatives comparades, i les caracteristiques de la poblaci6 d’estudi [7].
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1.2.2 Perspectiva d’analisi

Un dels aspectes més rellevants és el de la perspectiva de 1’avaluacié econo-
mica. La perspectiva més global és la de la societat, encara que existeixen
altres possibilitats com sén la perspectiva del sistema ptblic de salut, la d"u-
na institucié en particular —per exemple, un hospital o un centre de salut—,
la del professional sanitari responsable de la intervencid, o la del pacient i
la seva familia. L'eleccié d’una perspectiva en concret determina els costos
rellevants, aixi com la manera en que aquests s’han d’avaluar. Aixi doncs,
mentre que la perspectiva del sistema sanitari restringeix els costos a aquells
que corresponen als serveis de salut prestats pel sistema en qiiestio, 1’adop-
ci6 de la perspectiva de la societat implica incloure tota inversié de recursos
que pugui suposar un cost d’oportunitat en qualsevol aspecte de la societat
[12]. En darrera instancia, la perspectiva de I'estudi depén de qui el financi;
aixi, mentre que hi ha paisos on es recomana com a preferent la perspecti-
va del financador —usualment, el sistema nacional de salut—, opcionalment
acompanyada de manera complementaria per la perspectiva social [25-29],
aquesta és la recomanada com a preferent en altres regions [30-33]. Sempre
que es considerin diferents perspectives, els resultats s’han de presentar de
manera separada i diferenciada per a cadascuna.

1.2.3 Horitz6 temporal d’analisi

L’eleccié de I'horitz6 temporal és una consideracié metodologica important
en les avaluacions economiques. Hauria de ser prou llarg per recollir les
principals conseqiiencies economiques i en salut —tant els beneficis com
els danys— diferencials entre les alternatives comparades [34]. Un horitzé
temporal curt pot incorporar biaixos en la comparacié de les alternatives, si
en aquestes els costos i els resultats en salut es produeixen a un ritme diferent
[12]. Per tant, per a la majoria de les avaluacions economiques, 1’horitz6
temporal pertinent és tota la vida del pacient [7].

Si bé els models de decisié6 poden ampliar-se considerant futures cohorts
d’incidents i I’abast de la valoraci6 es pot estendre molt de temps en el futur,
aixo inevitablement comporta estimacions cada cop més incertes. Per tant,
sovint és convenient limitar 1’analisi a les cohorts més immediates per a les
quals es necessiten decisions politiques. Aixi mateix, 1'omissié de resultats
futurs llunyans pot arribar a ser negligible a causa de la taxa de descompte,
una correcci6 sobre els resultats que s’incorpora en 1’avaluacié economica per
reflectir les preferencies temporals i de la qual es tracta amb més profunditat
a la secci6 1.2.5.3. La recomanacié general és que els analistes reflexionin
detingudament sobre com diferents horitzons temporals poden incidir en els
resultats i que justifiquin la seva elecci6 [35].

1.2.4 Identificacio de les alternatives

Informar d’una decisi6 concreta requereix identificar els possibles cursos
alternatius que es podrien prendre per millorar la salut dels pacients que es
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troben en una situacié determinada. Tot i que pot suposar un enorme treball
i pot complicar 1'avaluaci6, en principi, s’han de tenir en compte totes les
alternatives rellevants —totes aquelles que tinguin alguna possibilitat de ser
eficients, que pot incloure no fer res—, ja que una avaluaci6 excessivament
limitada, en la qual no s’hagi considerat alguna alternativa rellevant, pot
ser enganyosa. Les alternatives poden incloure diferents combinacions o
seqiiencies de tractament i diferents maneres en que es pot utilitzar una
intervenci6. Generalment, les alternatives solen comparar-se amb la practica
clinica habitual o amb 1'opcié més efectiva [29, 33, 36].

Sovint, les decisions sobre quina alternativa oferir es poden prendre per a
diferents tipus de pacients que, tot i tenir la mateixa condici6, probablement
difereixen en els efectes de les intervencions. En aquestes situacions, cal
identificar els diferents subgrups de pacients i les alternatives dins de cada
subgrup. Les estimacions dels costos, dels danys i dels beneficis sobre la
salut per a tota la poblaci6 de pacients sén la suma dels costos i dels efectes
en salut en cadascun dels subgrups [7].

1.2.5 Estimacio dels costos i dels resultats en salut

L’estimaci6 dels costos i dels resultats en salut és un aspecte clau que sosté la
validesa de qualsevol avaluacié economica en salut. Com s’assenyalava en
un editorial del British Medical Journal, presentar 1'evidencia de l'efectivitat
clinica d’'una determinada intervencié sense cap evidéncia sobre els costos
que suposa seva aplicacié «és com un aparador de botiga sense preus» [37].
Igualment, les avaluacions economiques en salut no han de donar-se sense
una base d’evidéncia cientifica idealment publicada sobre els resultats en
salut de les alternatives comparades. Aixi, tots dos conceptes sén igualment
importants.

1.2.5.1 Identificacié, quantificacié i valoracié dels costos

L'analisi de costos i la comparaci6 entre les diferents alternatives sén comu-
nes a tots els tipus d’avaluaci6é economica. El cost d’una intervenci6 és el
producte de dos elements: la quantitat total de recursos utilitzats i el valor
monetari de les unitats dels recursos en qtiesti6. Per determinar el cost d"una
intervenci6 és habitual seguir tres fases successives: identificacié, quantifica-
ci6 i valoracio [7, 12].

Tradicionalment, els costos han estat classificats segons si estan relacionats
directament amb la intervencié o no (directes o indirectes, respectivament) i
segons si impliquen un servei sanitari o no. Per tal d’identificar quins costos
s’han d’incloure en 'avaluacié economica cal establir-ne la perspectiva, aixi
com l'horitz6 temporal (taula 1.2).

Un cop identificats, cal determinar la quantitat de recursos consumits en uni-
tats fisiques. Es possible valorar els recursos en diferents nivells d"agregacio.
Per exemple, es pot estimar el cost d"una hospitalitzacié com els dies d’estada
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TAULA 1.2: Tipus de costos

Sanitaris No sanitaris
Directes Tractaments farmacologics, Ajudes técniques,
serveis hospitalaris, modificacions a la llar,
serveis ambulatoris, etc. transport, cuidadors
formals, etc.
Indirectes Serveis sanitaris Perdua/reduccié
no relacionats de productivitat
amb la intervenci6 (absentisme/presentisme),

cuidadors informals, etc.

Adaptat de Prieto et al. «Analisis de costes y resultados en la evaluacién econémica de las
intervenciones sanitarias». Medicina Clinica (Barcelona), 2004, vol. 122, p. 423-429.

a I'hospital pel cost d"un dia d’ingrés, que inclouria tots els recursos hospita-
laris (temps del personal assistencial, tractaments farmacologics, restauracio,
allotjament, etc.), o es pot identificar i quantificar tots aquests recursos. El
nivell d’agregaci6 dels recursos ha de ser consistent amb 1’avaluacié en qiies-
ti6, o pot veure-se’n limitada la validesa. Naturalment, el nivell d’agregaci6
sempre estara supeditat a la informacié disponible [12]. Un aspecte impor-
tant al qual cal prestar atencié i que cal evitar és el doble recompte d'un
mateix recurs.

Finalment, cal valorar els recursos assignant un cost unitari equivalent al
seu cost d’oportunitat. Teoricament son els preus de mercat els que valoren
adequadament el cost d’oportunitat, aixi que generalment sén aquests els
emprats. Alguns paisos, com el Regne Unit i Australia, disposen d"una llista
oficial de tarifes nacionals [38, 39]. La disponibilitat i ’accés a un reposito-
ri tinic i oficial de costos unitaris permeten la generalitzaci6 i la comparacié
de resultats entre diferents estudis; simplifiquen i agilitzen 1’accés a la infor-
macié i, per tant, del cost de realitzar 1’avaluacié econdmica, i minimitzen
el risc de biaixos en les estimacions [3, 32]. Tanmateix, els repositoris tinics
també plantegen inconvenients, com pot ser la manca de representativitat en
avaluacions especifiques per un centre o, en el cas d’Espanya, per comunitat
autonoma [32].

Entre tots els tipus de costos, la inclusié dels costos sanitaris indirectes és el
que actualment planteja major controversia. No esta exempta de certa con-
troversia la inclusié dels costos indirectes no sanitaris en una analisi amb
una perspectiva més amplia de societat, ja sigui en la mateixa definici6 o bé
en com han de ser avaluats. Aquest fet es reflecteix en 1'alta variabilitat en
les recomanacions de les diferents agéncies de tecnologies sanitaries. Si bé
totes les agéncies inclouen els costos directes sanitaris, i moltes també consi-
deren els costos directes no sanitaris, son menys les que també inclouen els
costos indirectes en la perspectiva social. Entre aquestes, n’hi ha que només
consideren la perdua de productivitat, mentre que d’altres també inclouen el
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cost del temps dels familiars [40]. Els costos indirectes corresponents a cuida-
dors informals sén cada vegada més rellevants en els paisos desenvolupats,
donat I’elevat nombre de pacients amb malalties croniques, caracteristica de-
mografica propia d’aquests paisos. En conseqiiéncia, les atencions informals
en termes de costos i morbiditat dels cuidadors creixen en pes relatiu sobre el
conjunt dels costos [41]. En la majoria d’avaluacions que inclouen els costos
indirectes es fa servir el métode del capital huma, tot i que també es fa servir
'aproximacié coneguda com a costos de friccié [7].

El metode del capital huma estima els costos de la perdua de productivitat
mitjangant el salari brut percebut per l'individu desocupat a causa de la
malaltia. S’acostuma a fer servir taules salarials mitjanes, com les publicades
per les oficines nacionals d’estadistica, i no el salari de I'individu. Una ra6 és
la incomoditat que acostuma a provocar preguntar pels ingressos i, per tant,
la poca fiabilitat de les respostes. Una altra ra6, no menys important, és per
consideracions d’equitat, ja que, assumint salaris especifics, certs programes
socials destinats a poblacié amb salaris baixos podrien resultar ineficients
davant d’alternatives de les quals es podria beneficiar una poblacié6 més
benestant. Alguns estudis també atorguen un cost per a aquells que no tenen
feina remunerada —per exemple, les persones encarregades de les tasques de
la seva propia llar—, ja sigui aplicant salaris mitjans, el cost de contractacié
per substituir la tasca de l'individu o el cost d’oportunitat de la producci6 a
que haurien pogut contribuir si no s’estiguessin a casa [7].

El meétode dels costos de friccié estima la quantitat de produccié perduda
a causa de la malaltia sobre la base del temps que les organitzacions neces-
siten per restaurar el nivell inicial de produccié. Aquest periode de friccié
difereix segons ubicacid, industria, empresa i categoria de treballadors. Per
exemple, tal com diuen Drummond et al. [7] «pot caldre només mitja jorna-
da per formar un cambrer d'una cadena d’hamburgueseries, perd almenys
dos dies per formar un economista de salut!». Les estimacions obtingudes
amb aquest metode sén substancialment menors que les obtingudes amb el
metode del capital huma [7, 42]. L'alta variabilitat en els resultats dels costos
indirectes segons el metode emprat en dificulta la inclusi6 en les avaluacions
economiques [32].

Finalment, també es poden identificar els costos intangibles, tot i que no se’'n
recomana la valoraci6 en termes monetaris degut a 'enorme complexitat que
suposa quantificar economicament aspectes com 1’ansietat, la por, etc., que
poden patir els individus. Tanmateix, en analisis de cost-utilitat, en les quals
els resultats en salut es mesuren en escales de qualitat de vida relacionada
amb la salut (QVRS), aquestes poden incloure I'impacte en aspectes intangi-
bles dins la qualitat de vida autopercebuda.

1.2.5.2 Mesures de resultats en salut

L'elecci6 de la mesura de resultat en salut a emprar ve determinada per la
pregunta d’investigacio i pel tipus d’avaluaci6 que es preveu realitzar (vegeu
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la secci6 1.1). En la literatura s’hi pot trobar un gran nombre de mesures
diferents de l'efecte en salut de les intervencions (figura 1.1).

Sovint, les mesures obtingudes en estudis clinics no sén realment mesures
del resultat en salut en si, sin6 de resultats clinics intermedis —per exemple,
un control lipidic o de pressi6 arterial millor en el risc cardiovascular. Tot i
que aquestes mesures de resultats intermedis poden ser adequades per de-
terminar si una intervencié és més efectiva que una altra, per si mateixes no
poden indicar la magnitud de la millora en salut que proporciona una inter-
vencio. Per fer-ho, els canvis en el resultat intermedi han d’estar vinculats a
canvis en les mesures del resultat en salut en si mateix.

Potser el principal problema de la majoria de les mesures cliniques de resul-
tats és que son especifiques de l’area clinica en qiiesti6 —per exemple, reduc-
ci6 d’atacs d’epilépsia, dies lliures de simptomes de 1’asma. Poden ser ttils
en avaluacions economiques restrictives, en que cal escollir entre terapies per
a la mateixa condicid, perod continua plantejant dificultats d'interpretaci6. Per
exemple, si una terapia és més costosa que una altra, perd proporciona més
millora clinica, no és clar si aquesta millora compensa el cost addicional. Per
poder fer aquesta interpretacié cal suposar que la mesura utilitzada inclou

Mesures d’efectes en salut

Resultats intermedis Resultats finals

Colesterol, pressi6 arterial,
casos detectats, etc.

Unidimensionals Multidimensionals

Supervivencia/mortalitat,
esdeveniments adversos, etc.

Generics Especifics

SF-36, EQ-5D, etc. EDSS, EORTC-8D, etc.

FIGURA 1.1: Taxonomia de mesures de resultats en salut

Adaptat de Drummond et al. Methods for the economic evaluation of health care pro-
grammes. Oxford University Press, 2015, p. 28.
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tots els canvis de salut rellevants [7, 43].

Algunes mesures del resultat en salut es limiten a un sol aspecte de la salut,
com per exemple, els efectes sobre la mortalitat i la supervivéncia. Tot i que
la durada de la vida és clarament un aspecte important de la salut, la qualitat
en que es viu també és important. De fet, en el cas de terapies contra el cancer
amb alta toxicitat, el pacient pot enfrontar-se a un compromis entre la durada
de la vida i la qualitat de vida. Per tant, una avaluacié economica basada en
el cost per any de vida guanyat és, en el millor dels casos, incompleta i també
podria ser enganyosa [7]. Ates que les mesures de qualitat de vida se centren
en els efectes del tractament que, en principi, repercuteixen en el benestar del
pacient, val la pena considerar-ne la rellevancia per a ’avaluaci6 econdmica.
Aquest fet ha motivat un interes creixent a incloure mesures de resultats
informats pel pacient en estudis clinics, que principalment consisteixen en
mesures de satisfaccié i de QVRS dels pacients i que recullen aspectes de
l'efecte del tractament que potser no es recopilen amb els principals resultats
clinics.

Moltes mesures de QVRS sén especifiques de determinades malalties i in-
tenten recollir aquells aspectes de la salut que sén més importants per als
pacients amb una condici6 particular —per exemple, I’Expanded Disability
Status Scale en esclerosi multiple. En aquest sentit, pateixen limitacions simi-
lars als resultats clinics. Les mesures genériques consideren un ampli ventall
de dimensions de qualitat de vida que, en principi, podrien ser afectades per
qualsevol malaltia, incloent-hi la funci6 fisica, el benestar mental, la funcié
social i el dolor —per exemple, I'SF-12 o I'EQ-5D. Aixi, fins i tot la tasca apa-
rentment senzilla de descriure la salut planteja qiiestions dificils sobre quines

1
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FIGURA 1.2: Representacio grafica del calcul dels anys de vida ajustats per
qualitat (AVAQ)
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dimensions o atributs sén importants. Hi ha diversos motius pels quals una
mesura geneérica de la QVRS té avantatges, fins i tot quan hi ha un sol re-
sultat clinic rellevant de la terapia, com 1'augment de la supervivéncia. Per
una banda, permet comparar els efectes en salut que proporcionen alterna-
tives que afecten diferents aspectes de la salut o tenen efectes en diverses
malalties. Per altra banda, proporciona coheréncia amb com es prenen altres
decisions rellevants per a altres grups de pacients amb diferents malalties.

La mesura generica més ampliament utilitzada en analisis de cost-utilitat és
els anys de vida ajustats per qualitat (AVAQ). Els AVAQ es calculen simple-
ment multiplicant els anys viscuts amb un cert estat de salut pel pes de la
QVRS (és a dir, la utilitat en salut; vegeu la seccié 1.1.3) associat a aquest
estat de salut (figura 1.2). Malgrat la seva aparent simplicitat, els AVAQ per-
meten combinar la quantitat i la qualitat de vida de les persones en un tnic
index de resultat que permet les comparacions entre diferents malalties o
arees de salut [7]. S’han proposat alternatives als AVAQ, com els anys salu-
dables equivalents [44], els anys de vida ajustats per discapacitat [45] i, més
recentment, mesures que tracten l'estat de salut amb atributs més amplis de
capacitat de benestar [46], o donant més pes al component de morbiditat [47].

Una altra critica als AVAQ és que reflecteixen una perspectiva individual i no
una perspectiva social, ja que tots es valoren igual, tot i que en I’ambit social
es podrien valorar diferent segons la situaci6 [7]. Per exemple, es podria vo-
ler valorar més un benefici en AVAQ d’algti que pateix una malaltia greu, en
contraposicié a una de més lleu, o valorar-ne més alt el benefici en la poblacié
més jove. S’han proposat les vides joves salvades equivalents, com a alterna-
tiva als AVAQ convencionals [48], com a mesura de les preferencies socials.
Mentre que en I'enfocament dels AVAQ), les preferencies s’obtenen pregun-
tant pels intercanvis o per les compensacions (trade-offs) que voldrien per a
ells mateixos, en I'enfocament de les vides joves salvades equivalents, que es
basa en meétodes d’intercanvis personals (person trade-off), les preferencies
s’obtenen preguntant a cada membre de la societat quins tipus d’intervenci-
ons voldrien per a altres, i aix0 constitueix la base per a la presa de decisions
de la societat [7]. El debat sobre si els AVAQ reflecteixen les preferéncies de la
societat planteja qiiestions sobre si han de ser ponderats per considerar altres
factors —com l'equitat— en les decisions sobre 1’assignacié de recursos assis-
tencials [7]. En general, es prefereix no introduir ponderacions en els AVAQ
en la mateixa analisi («un AVAQ és un AVAQ» [49, 50]) i deixar la conside-
raci6 de pertinéncia d’aquests factors en el procés deliberatiu de la presa de
decisions [7].

1.2.5.3 Descompte de costos i resultats en salut futurs

De la mateixa manera que els resultats en salut poden océrrer en diferents
periodes temporals, és habitual que les alternatives comparades suposin as-
sumir costos en diferents moments del temps. Els exemples més clars d’a-
quest fet sén aquells ens els quals es compara una intervencié preventi-
va —vacunes, detecci6 precog, etc.— enfront d’'intervencions terapeutiques.
Mentre que les intervencions terapeutiques proporcionaran resultats en salut
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a curt termini, les intervencions preventives suposaran despeses immediates
pero els resultats en salut s’'observaran a llarg termini. Normalment es prefe-
reixen els beneficis a curt termini i que els danys o els costos es posterguin en
el temps. Els economistes anomenen aquest fenomen «preferencia temporal»
[1, 7, 12] i succeeix, en part, per la incertesa del futur, i també per raons eco-
nomiques, ja que en periodes de creixement economic positiu (inflacionistes)
un euro d’avui té més valor que un euro en el futur.

La preferencia temporal ha d’incorporar-se a 1'avaluacié economica intro-
duint ajustos sobre els resultats economics i en salut futurs que permetin
expressar-los en el seu valor actual, és a dir, el seu valor equivalent en el mo-
ment present. Aquesta operacié d’ajust consisteix a multiplicar les quantitats
futures per un factor de descompte, que depen de la taxa de preferéencia tem-
poral i del temps que transcorri fins al moment en que es contreu el cost o
es gaudeix del benefici. Hi ha una certa controversia sobre quina ha de ser
la taxa de descompte, i sobre si cal aplicar la mateixa taxa als costos i als re-
sultats en salut [1, 12]. La taxa de descompte a aplicar sovint és la indicada
en les directrius oficials de les agéncies nacionals d’avaluacié de tecnologies
sanitaries de cada pais, entre les quals existeix una considerable variabilitat
[40]. Les directrius actuals de diversos paisos es poden consultar a I'eina en
linia desenvolupada per la International Society for Pharmacoeconomics and
Outcomes Research [51]. La recomanaci6 estandard és fer servir taxes que fa-
cilitin la comparaci6 entre estudis, tipicament del 3% o del 3,5% anual, tant
en costos com en beneficis [7].

1.2.6 Altres aspectes rellevants

Existeixen altres elements que sén clau a I'hora de dissenyar l'avaluacié
economica i que els que la reben o llegeixen han de saber identificar i valorar.
Aixi, l'origen de les dades i el metode utilitzat, 'obtencié dels resultats
incrementals i ’analisi de la incertesa sén també aspectes sobre els quals cal
fer una revisi6 critica per tal d’avaluar si els metodes emprats en 1'estudi
son adequats i els resultats, valids. Si els resultats s6n valids, també cal
valorar com s’aplicarien per a la presa de decisions [7]. En les seccions
segiients es tracta d’aquests aspectes: es relaten breument les alternatives
metodologiques emprades en avaluaci6 economica segons l'origen de les
dades sobre les quals es basa, la presentaci6é de resultats i 1’analisi de la
incertesa associada, i de quina manera es poden fer servir per informar d"una
decisio.

1.3 Metodes d’avaluacions economiques

En l'avaluacié econdmica, una de les dificultats rau en 1'accés a la informa-
cid, per a la identificaci6é tant de les alternatives com de les conseqiiencies
que derivarien de cadascuna en cas de ser finalment escollida. La manca
d’informaci6 rellevant explicita només pot ser coberta per acords tacits o as-
sumpcions. Tanmateix, com que la salut és probablement el bé més preuat
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de les persones, la presa de decisions en salut ha d’estar basada en la major
i millor evidencia disponible, d’estudis ben dissenyats i ben realitzats. Aixi,
les dades necessaries per realitzar una avaluaci6é economica es poden obtenir
d’assaigs clinics aleatoritzats (RCT, de I’angles randomized controlled trial) i
d’estudis observacionals. Les diferencies entre els dos tipus de disseny d’es-
tudi tenen implicacions pels tipus de dades que se'n poden obtenir i per la
interpretaci6é de les conclusions resultants [52]. Principalment, els RCT sén
la font preferent d’eficacia (resultats en condicions ideals), mentre que els
dissenys observacionals aporten resultats en condicions reals i, per tant, pro-
porcionen informaci6 d’efectivitat.

Es poc probable que un tnic estudi proporcioni tota la informaci6 necessaria
per estimar els costos i els efectes en salut de totes les alternatives rellevants,
durant el periode de temps en qué probablement es diferenciin, o en diferents
subgrups de pacients. Per tant, el més habitual és haver de cercar sistemati-
cament 'evidéncia disponible. Els models analitics s"utilitzen comunament
com l’estructura en que I'evidencia de diferents fonts, en combinacié amb su-
posits, pot informar dels parametres que proporcionen estimacions de costos
i efectes sobre la salut en qualsevol periode de temps per a totes les alterna-
tives [7]. La taula 1.3 resumeix els avantatges i inconvenients dels possibles
dissenys d’estudi per a una avaluaci6 econdmica.

1.3.1 Avaluacions economiques basades en estudis clinics

La principal fortalesa dels RCT prové de l'alta validesa interna. No obstant
aixo, els RCT tenen limitacions substancials [53]. La generalitzacié dels re-
sultats es veu habitualment limitada degut a criteris restrictius de seleccié
de pacients —per exemple, pacients en estat sever, dones no embarassades,
etc.— que els poden diferenciar en caracteristiques de pronostic i en els efec-
tes de les intervencions de la poblacié de referencia potencialment tributaria
[7, 54]. A banda, els RCT determinen els efectes de les intervencions seguint
protocols en condicions experimentals ideals; per tant, reporten mesures d’e-
ficacia. Ara bé, una avaluaci6 econdmica té com a objectiu relacionar costos i
efectes en condicions reals; per tant, hauria d’incorporar mesures d’efectivi-
tat [7, 52, 54]. Altres limitacions dels RCT per fer avaluacions economiques
tenen a veure amb el temps de seguiment i amb els comparadors. Mentre
que idealment una avaluacié economica inclou resultats al llarg de la vida en
comparacié amb la practica clinica habitual, els RCT acostumen a tenir temps
de seguiment més aviat curts i sovint comparant la nova intervenci6 o trac-
tament amb placebo [7, 54]. Tot i aquestes limitacions, els RCT han estat la
font d’informaci6 necessaria per justificar decisions d"aprovacio, d’entrada al
mercat i de finangament de noves tecnologies en el sistema sanitari. Aixi, la
International Society for Pharmacoeconomics and Outcomes Research publi-
ca una guia amb recomanacions per a realitzar avaluacions econdmiques en
assajos clinics [55, 56]. Algunes de les seves limitacions poden ser superades,
com a minim en part, amb el disseny d’'RCT pragmatics, que miren d’avaluar
els efectes d"una intervencié en condicions més semblants a les de la rutina
clinica habitual i amb un seguiment prolongat dels pacients [7, 54, 57].
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TAULA 1.3: Avantatges i inconvenients dels dissenys d’estudi d’avaluacions
econdmiques

d:l:sﬂtfii Avantatges Inconvenients
Alta validesa interna Resultats d’eficacia
(no d’efectivitat)
Alt nivell d’evidencia Poblacié molt restringida
50 (fiabilitat dels resultats) (manca de representativitat
2 g poblacional)
< v Seguiments curts

Us de recursos condicionats
per protocol
Cost elevat

Resultats d’efectivitat Baixa validesa interna
Té Major representativitat Menor nivell d’evidencia que
g -3 poblacional un assaig clinic
g S Costos i resultats a llarg Qualitat de les dades
m g termini
) Menor cost que els assajos
clinics
Incorporacié de dades Incorporacié d’assumpcions
o d’efectivitat
4 £  Horitzons temporals llargs Complexitat
zo g  Comparaci6 de diverses Critiques de manca
© alternatives de transparéncia

Baix cost i rapida execucié

Adaptat de Rubio-Terrés et al. «<Métodos utilizados para realizar evaluaciones econémicas
de intervenciones sanitarias». Medicina Clinica (Barcelona), 2004, vol. 122, p. 578-583.

En els estudis observacionals els pacients reben els tractaments i segueixen
les intervencions partint de la practica clinica habitual, sense o amb poques
restriccions de protocol, la qual cosa els ha valgut el nom d’estudis del «moén
real» [52]. La seva principal limitacié rau en la manca d’aleatoritzaci6 del
tractament, fet que pot limitar la comparacié de grups o inclis impossibilitar-
la [7]. Per exemple, si certa intervencié només s’ofereix a un subgrup de
pacients en estat greu, mentre que la resta de pacients sén sotmesos a una
altra intervencid, no hi ha cap base sobre la qual poder comparar I'efectivi-
tat d’ambdues intervencions. Per ajustar el desequilibri en les caracteristi-
ques relacionades amb la seleccié del tractament i potencialment predictives
dels resultats, cal fer servir modelitzaci6 estadistica, que proporciona la me-
todologia necessaria amb qué es pot arribar a estimar 1’efecte causal de les
intervencions en dissenys observacionals [58, 59]. Tanmateix, els dissenys
observacionals superen diverses de les limitacions dels RCT per a l’avalua-
cié economica. Aixi, els estudis observacionals solen tenir temps de segui-
ment més llargs de cohorts més grans i més representatives de la poblacié.
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Els dissenys prospectius sempre seran preferibles als retrospectius, en que la
manca d’informaci6 sobre les caracteristiques o esdeveniments clinics pot li-
mitar potencialment 1’avaluacié economica. En els darrers anys, hi ha hagut
un gran interés en 1'ts per a la investigaci6 d'informaci6 recollida de manera
rutinaria dins els sistemes de salut, també d’aquella amb finalitats adminis-
tratives, incloent-hi pagaments per part dels proveidors de salut. Alguns
sistemes de salut estan intentant enllagar una serie de conjunts de dades ad-
ministratives i cliniques, en ocasions integrades amb noves dades recopilades
per altres proveidors, per proporcionar conjunts de dades que cobreixen un
gran nombre de pacients en un ampli ventall d’arees cliniques [7]. En aquest
sentit, el sistema sanitari ptblic a Catalunya desenvolupa el Pla Director de
Sistemes d’Informaci6, que dona resposta a les necessitats d’informaci6é de
les persones i dels professionals que actuen en tot el sistema de salut i en
collaboracié amb els ambits que contribueixen a la salut i al benestar de les
persones, com el social o I’educatiu [60].

1.3.2 Avaluacions economiques basades en models analitics

Un enfocament més general per a I'avaluacié economica es dona quan s’ex-
treuen evidéncies de diferents fonts dins d’un model analitic de decisions.
Ltas dels models matematics en problemes de salut publica té una llarga his-
toria, des de les contribucions durant el segle xviiI del pioner Daniel Bernou-
lli en la modelitzaci6é de la propagaci6 i la mortalitat per verola [61], fins a
treballs posteriors apareguts a cavall dels segles x1x i XX, principalment rela-
cionats amb malalties infeccioses [62-65]. En els darrers anys, el nombre d’es-
tudis de modelitzacié matematica ha augmentat notablement, i tracten d"un
ampli ventall de preguntes. Cada vegada més, 'enfocament de la medicina
basada en l'evidencia i, per tant, la presa de decisions cliniques, es basa en la
caracteritzacié6 matematica o estadistica de processos biologics [66]. No obs-
tant aixo, els estudis de modelitzacié rarament s’inclouen formalment com a
part de la jerarquia de l’evidéncia. L’Organitzaci6 Mundial de la Salut actu-
alment esta desenvolupant criteris d’avaluacié del grau de credibilitat dels
estudis de modelitzacié per tal d’'integrar 1’evidencia que se’'n deriva amb
dades primaries per informar de directrius i recomanacions en politiques de
salut [67].

Sovint en avaluacié economica s’ha de recérrer a 1'tis de models matema-
tics per superar les limitacions existents en els resultats dels estudis clinics.
A més a més, en ocasions no és factible endegar un assaig clinic o un es-
tudi de cohorts prospectives, sovint per raons de caire etic o pressupostari.
Els models matematics, ben dissenyats i ben realitzats tot i que amb les se-
ves propies limitacions, sén una bona eina per aportar evidencia. Un model
analitic de decisié en salut defineix un conjunt de relacions matematiques
entre estats de salut i/o processos terapeutics, que caracteritzen el ventall de
possibles pronostics de malalties i I'impacte de les intervencions alternatives
en costos i efectes sobre la salut que interessen per a ’avaluacié economica
[7]. Aixi, I'Gs de models analitics es fa necessari per: extrapolar els resultats
de cost i d’efectivitat més enlla de les dades observades en un assaig clinic;



16 Capitol 1. Introduccié

vincular resultats clinics intermedis amb resultats finals; generalitzar els re-
sultats obtinguts en un assaig a la practica clinica habitual; generalitzar els
resultats aplicant particularitats dels sistemes de salut de diferents regions
o paisos; realitzar comparacions entre alternatives per a les quals no hi ha
comparacions directes en estudis clinics; quan cal estimar la carrega global
de certa malaltia o condici6 [67], 0 quan cal informar de les decisions so-
bre politiques d’assignacié de recursos que s’han de prendre en absencia de
dades dures [68], com pot ser en el cas d’avaluar 1'eficiencia de la vacuna,
encara per desenvolupar, per a una mutacié d"un virus o I’aparicié d"un nou
virus, com el SARS-CoV-2, que esta causant una epidémia o una pandemia.

Els models permeten fer simulacions de realitats complexes i incertes tot
extrapolant, adaptant i integrant els resultats dels assajos clinics utilitzant
informacié procedent de registres hospitalaris, bases de dades, opinions
d’experts, revisié d’histories cliniques i estudis epidemiologics, entre d’al-
tres [69]. La qualitat i la credibilitat dels models dependran directament de la
validesa de la informaci6 emprada en la seva realitzaci6 i de la seva transpa-
réncia i reproductibilitat [54, 68]. S"han dut a terme diverses iniciatives per
a la definici6é de guies de bones practiques per al desenvolupament i l’ava-
luacié dels models economics de salut. Per exemple, la International Society
for Pharmacoeconomics and Outcomes Research i la Society for Medical De-
cision Making publiquen conjuntament una guia amb recomanacions per a
realitzar avaluacions economiques basades en models analitics d’intervenci-
ons sanitaries [70]. També, les agencies d’avaluaci6é de tecnologies sanitaries
publiquen les seves respectives recomanacions, amb una considerable varia-
bilitat entre si, perd sobre la modelitzacié només argumenten vagament que
el model adequat depen del problema de decisi6 [40].

En la literatura s’hi troben diverses propostes de marc conceptual per selec-
cionar el tipus de model apropiat [71-75]. La figura 1.3 és una adaptacié de
I'esquema proposat per Barton et al. [71], amb la incorporacié d’altres tipus
de models dels quals no tracta en el seu treball. El procés de seleccié dun
enfocament adequat per als models econdomics sanitaris implica la conside-
raci6 de diversos criteris. Un aspecte comu en tots els esquemes proposats
és considerar aspectes estructurals com el nivell d’agregacié de la poblacié
—simulaci6 de cohorts enfront de microsimulacié— i la interactivitat de la
poblacié. A més a més d’alinear la naturalesa d"un problema de decisi6 de-
terminat amb les caracteristiques estructurals d"un tipus de modelitzacio, cal
considerar possibles restriccions practiques que inclouen des de la disponi-
bilitat de dades fins a la comprensié de les necessitats dels usuaris finals i
les parts interessades. Una recomanaci6 general és seleccionar el model més
senzill que descrigui adequadament els estats de salut sense fer suposits poc
raonables, ates que els models senzills i transparents son més facilment ente-
sos i acceptats per no especialistes [73]. Tanmateix, 1'is de marcs de decisié
pot proporcionar una falsa sensacié de confianga en el fet que s’utilitzen els
metodes adequats sense aprofundir en el procés i les consideracions que han
dut a I’eleccié d’un cert enfocament de modelitzacié sobre els altres [76]. L'e-
leccié del tipus de modelitzaci6é és un pas important i necessari, amb grans
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Adaptat de Barton et al. «Modelling in the economic evaluation of health care: selecting
the appropriate approach». Journal of Health Services Research & Policy, 2004, vol. 9, p.

110-118.
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implicacions en el desenvolupament i en la validesa del model posterior, ra-
ons per les quals cal triar rigorosament, i debatre i informar de ’eleccié acu-
radament [75-77].

Els arbres de decisi6 sén probablement el tipus de modelitzacié amb 1’es-
tructura més simple i familiar, en qué tots els possibles cursos del pacient es
mostren explicitament amb probabilitats associades i mesures de resultats de
costos i de salut. Els costos i els resultats en salut esperats de les alternati-
ves comparades es poden calcular sumant al llarg de tots els cursos possibles
dels pacients el cost i el resultat en salut de cada curs ponderats per la seva
respectiva probabilitat [7]. Quan s’utilitzen arbres, s’assumeix que la pobla-
ci6 que s’esta examinant es pot modelitzar agregadament, de manera que les
probabilitats coincideixen amb la proporcié d’individus de la poblacié que
s’esta estudiant [74]. En general, solen ser adequats si el periode de temps és
curt i si la mortalitat dels pacients no difereix entre les estrategies [71]. No
permeten considerar recurrencies, perd sén possibles escenaris molt compli-
cats, amb moltes estrategies de decisio, seqiiéncies de tractament llargues i
multiples resultats possibles [72]. Aixi, els arbres es poden estendre per més
d"un periode de temps, perd després d'unes poques repeticions l’arbre pot
tenir molts centenars de nodes [73]. Per tant, els models de simulacié i de
Markov sén més convenients per modelitzar intervencions amb efectes en
salut a llarg termini.

Les limitacions dels arbres de decisions son la raé principal per la qual els
models de Markov també s"utilitzen ampliament en 1’avaluacié economica en
salut [7]. Mentre que els arbres de decisi6 caracteritzen possibles pronostics
en diferents branques de l'arbre, els models de Markov es basen en una série
d’estats de salut que un pacient pot ocupar en un moment determinat. Els
estats de salut son mituament excloents, representen la totalitat del procés de
la malaltia i s’Tassumeix que els pacients que es troben en un mateix estat de
salut formen una poblacié homogenia. La probabilitat que un pacient ocupi
un determinat estat es valora en una serie de periodes de temps discrets,
anomenats cicles. La durada d’aquests cicles depén de la malaltia i de les
intervencions que s’estiguin avaluant: per exemple, pot ser d’'un mes o d'un
any, pero idealment ha de ser tan curt com sigui possible en sentit clinic. El
moviment entre estats es produeix un cop per cicle segons les probabilitats
de transici6. Les probabilitat de transicié depenen només de l'estat en que es
troba el pacient a l'inici del cicle (assumpcié de Markov de no-memoria).

L’assumpcié de Markov no permet que la probabilitat de transicié depengui
de la historia previa, sin6 que només depen de l'estat actual. D’aquesta
manera, els models de Markov obliguen a crear estats separats per a cada
subgrup, amb atributs o caracteristiques diferents [72, 73]. El model s’executa
en molts cicles, i se n’obté la distribuci6 de pacients en els estats de salut al
llarg del temps, fins que tota la cohort esta en l'estat absorbent de la mort
o fins que s’assoleix 1'horitz6 temporal del model. Cada estat del model
generalment té un cost associat, aixi com una mesura de resultat en salut, tot
i que també es poden aplicar a la proporcié que realitza una transicié. Per a
cada cicle es pot calcular la suma ponderada dels resultats de costos i de salut
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de cada estat per la proporcié de la cohort en els respectius estats de salut. Els
costos i els resultats en salut totals s’obtenen sumant-los al llarg dels cicles
de I'horitz6 temporal del model. En la seva forma més general, un model
de Markov permet que les probabilitats variin amb el temps. En aquest
cas, els models s"anomenen semi-Markov i habitualment cal solucionar-los
mitjancant metodes de simulacié numerica [74]. El principal benefici dels
models de Markov és la facil representacié d’esdeveniments recurrents, pero
no permeten la interacci6 entre individus [71, 78].

Tant els arbres de decisié com els models de Markov descrits sén exemples de
models de cohorts [7], tot i que la metodologia es pot estendre i se’n pot fer
Us per simular pacients individuals sense interaccid; els més habituals sén
els models de microsimulacié o simulaci6 de primer ordre de Montecarlo
[7, 72, 78]. Com que els individus es modelitzen per separat, la microsimu-
lacié pot emmagatzemar informacié sobre el que li ha passat a l'individu,
és a dir, té memoria, i tampoc cal assumir homogeneitat entre els pacients.
Les probabilitats de transicié modelitzen el pronostic del pacient i es calcu-
len condicionades pels factors de risc i per la historia individual. El calcul de
costos i resultats en salut és similar als models de Markov de cohorts, amb la
particularitat que amb els models de microsimulacié cada pacient té les seves
propies estimacions de cost i resultats segons el seu recorregut pel model.

Una alternativa als models de microsimulacié sén els models d’esdeveni-
ments discrets [7]. En els models d’esdeveniments discrets se simula el temps
fins al proper esdeveniment per a cada pacient; per tant, un pacient pot ro-
mandre en un estat determinat durant una durada variable del temps, que
no ha de ser un multiple exacte d'un cicle de longitud fixa, com en els models
de Markov. Les histories individuals se simulen una a una o totes alhora. La
simulacié simultania en els models d’esdeveniments discrets permet mode-
litzar interaccions o competencia pels recursos [76]. Tots els altres tipus de
models anteriors suposen que els individus sén independents els uns dels
altres respecte de la seva salut, és a dir, la salut d’'un individu no afecta la
salut d’altres. Aquesta hipotesi d’independéncia pot ser insostenible en el
context de malalties infeccioses en que la incidéncia de noves infeccions de-
pén del nombre d’individus infectats [7, 71], o inclts quan les restriccions en
els recursos comporten que l'eleccié del tractament d"un pacient afecta el que
es pot donar a un altre [71].

La simulaci6é d’esdeveniments discrets és un tipus de modelitzacié molt fle-
xible que descriu el flux d’entitats dins un sistema [73, 74, 76, 79]. Les entitats
son objectes, com ara individus, que poden interaccionar amb altres entitats
o competir pels recursos del sistema. En aquest tipus de models els recur-
sos es representen mitjancant objectes que proporcionen serveis a les entitats
dinamiques, que sén els individus, la qual cosa implementa els efectes de
les cues. Cada interacci6 entre entitats o amb els recursos és un esdeveni-
ment i fa variar l'estat del sistema per complet [74]. A les entitats se’ls pot
donar atributs, com ara caracteristiques o memoria, que poden influir en el
seu recorregut a través de la simulaci6 o la durada entre els esdeveniments.
Les conseqtiéncies en costos i en efectes en salut es poden associar a 1'ts de
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recursos, als esdeveniments o al temps amb una condicié particular. Els mo-
dels basats en agents podrien considerar-se una extensié dels models d’esde-
veniments discrets en els quals els agents tenen coneixement del seu estat i
segueixen regles de decisi6 per interactuar o comunicar-se amb altres agents
o amb el mateix sistema. De simples regles individuals, en poden emergir
comportaments complexos dins la xarxa d’agents [74, 76]. Tot i la flexibilitat
dels models de simulacié d’esdeveniments discrets, que els permet adaptar-
se d'una manera molt més precisa a la realitat que es pretén explicar, el seu
s no és gaire habitual, probablement degut a la contrapartida en 'augment
dels parametres necessaris per al model. Una altra raé que pot explicar el
seu poc Us és que l'augment de la complexitat, encara que sigui adequada
al problema, pot semblar que en redueix la transparencia i dificulta als re-
visors comprendre el model i verificar que és una representacié raonable i
correctament implementada [80].

No sempre és necessari modelitzar cada individu per separat per considerar
interaccions. La dinamica de sistemes i els models compartimentals, un en-
focament basat en cohorts comt en epidemiologia i investigaci6é operativa,
modelitza 'estat del sistema en termes de variables continues canviants al
llarg del temps [72, 81]. Aquests tipus de models permeten que els canvis
en el sistema siguin en funcié de l'estat del mateix sistema (feedback o retro-
alimentacié). Aquesta retroalimentaci6 és tipica en contextos de malalties
infeccioses, en que elevats nivells d’infeccié6 comporten un major risc d’inci-
dencia de noves infeccions, tot i que també redueix el nombre de persones en
risc, alhora que pot tenir efectes en el funcionament del servei de salut, que té
un rendiment diferent quan és ple o se sobrepassen les capacitats d’atencié.
Un model de dinamica de sistemes s’acostuma a comengar representant el
diagrama causal de tots els factors rellevants i les vies potencials de retroali-
mentacié. Aquests diagrames consten de dos tipus de variables principals:
I'estoc, que representa les entitats de capacitat limitada o cues, i el flux, que
son les taxes d’intensitat en les quals els estocs es buiden o es reomplen [74].
Es poden estimar costos i resultats, que s’actualitzen continuament segons el
temps en estoc o els moviments entre estocs.

En definitiva, un bon modelitzador triara el metode de simulacié que com-
pleixi millor la finalitat de 1’estudi, tenint en compte la disponibilitat de da-
des i els compromisos entre la carrega computacional, la capacitat de realitzar
analisis de sensibilitat, la capacitat de comprendre el comportament del mo-
del i la capacitat de comunicar els resultats a I'laudiencia a qui va adrecada
I'avaluacié. Aixi, donat que els models d’avaluacié economica sén ttils per
proporcionar als decisors evidencia sobre les conseqiiencies de les alternati-
ves considerades, la credibilitat del model i la confianga en els resultats s6n
ineludiblement fonamentals. Eddy et al. [82] descriuen les practiques oOpti-
mes a les quals s’haurien d’adherir els autors d"un model per tal d’aportar la
informaci6 necessaria que permeti avaluar la credibilitat del model i els re-
sultats. Principalment distingeixen dos aspectes als quals cal adregar-se per
aconseguir-ho: la transparencia i la validacié. La transparéncia del model
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té el proposit de proporcionar un descripcié general del model que perme-
ti entendre’n el funcionament, aixi com proporcionar la informacié tecnica
necessaria per tal de poder reproduir-lo. Amb la validaci6 el que es pre-
tén és avaluar si el model prediu la realitat que intenta imitar amb exactitud.
L’analisi de sensibilitat és una part important de la validacid, pero no la subs-
titueix, ja que tot i que es pot utilitzar per explorar com canvien els resultats
d’"un model en funcié de la variacié dels parametres (vegeu la secci6 1.5), per
si mateixa no avalua amb quina precisié un model simula la realitat. Amb tot,
la transparencia i la validacié estan inextricablement vinculades i ambdues

sOn necessaries per ajudar els lectors a guanyar confianca en els resultats del
model [82].

1.4 Analisi de resultats

L’analisi i la comparaci6 entre les alternatives dels resultats obtinguts depe-
nen del tipus d’avaluacié economica. Aixi, en I’analisi de minimitzaci6 de
costos l'alternativa més eficient sera aquella amb un cost menor ja que, tal
com s’ha explicat en la seccié 1.1.1, en aquest tipus d’avaluacié economica
s’assumeix que les alternatives no difereixen en efectivitat. En l’analisi de
cost-benefici els resultats poden presentar-se com una relacié entre els bene-
ficis i els costos, és a dir, benefici dividit per cost, ambdoés expressats en les
mateixes unitats monetaries, tot i que és més habitual i es recomana ordenar
les alternatives segons les diferéncies entre els beneficis i els costos, aixo és
benefici menys cost. Un resultat de benefici net positiu implica que 'aplicacié
de la intervencié incrementaria el benestar global, ra6 per la qual hauria de
ser adoptada sempre que les restriccions pressupostaries ho permetessin. En
cas d’avaluar diverses alternatives matuament excloents, la regla de decisié
és escollir en primer lloc aquella que mostri un major benefici net [1].

EnI’analisi de cost-efectivitat es pot expressar el valor relatiu d’una interven-
ci6é com el quocient que s’obté de dividir el cost per I'efectivitat, que rep el
nom de relacié de cost-efectivitat mitjana [36]. Un altre indicador possible
en una analisi de cost-efectivitat és la relacié de cost-efectivitat incremental
(ICER, de I’angles incremental cost-etfectiveness ratio), que compara els cos-
tos i els resultats d’efectivitat de dues alternatives A i B de la manera segtient:

[CER — Costg — Cost 4 ~ ACost
- Efectivitatg — Efectivitaty  AEfectivitat

Per tant, 'CER informa del cost addicional per unitat d’efectivitat addicional
que suposa passar de A a B. En I’analisi de cost-utilitat, els resultats de les
opcions comparades es presenten de la mateixa manera que en 1’analisi de
cost-efectivitat, amb la particularitat que la mesura d’efectivitat son AVAQ, i
els indicadors solen anomenar-se relacié de cost-utilitat mitjana i relacié de
cost-utilitat incremental (ICUR, de I’anglés incremental cost-utility ratio).

Tant en ’analisi de cost-efectivitat com en l’analisi de cost-utilitat, totes les
guies advoquen per la presentacié de I'ICER o I'ICUR [40]. El motiu rau en
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el fet que 1'avaluaci6 economica pretén proporcionar informacié d’eficiencia
comparada entre les diferents alternatives, és a dir, estimar els recursos ad-
dicionals que s’han d’invertir en una intervencié a canvi d’obtenir un millor
resultat en salut en comparaci6 amb la resta d’alternatives. Per tant, la infor-
maci6 verdaderament rellevant 1’aporten les relacions incrementals, ja que
tenen en compte les diferéncies en costos i resultats.

Les alternatives comparades se solen representar en el pla de cost-efectivitat
(figura 1.4). Habitualment, I'alternativa de referéncia, per exemple la prac-
tica clinica habitual, se situa al centre de coordenades. D’aquesta manera,
'eix d’abscisses representa la diferéncia en efectivitat, mentre que 1’eix d’or-
denades representa la diferéncia en costos. Els eixos identifiquen quatre qua-
drants, que es poden identificar com nord-est (NE), nord-oest (NO), sud-oest
(SO) i sud-est (SE). En cas d’alternatives en els quadrants NO o SE, l'elecci6
és clara. En el quadrant SE l'alternativa proporciona millores en salut a me-
nor cost, i s’anomena alternativa dominant. En el quadrant NO succeeix just
el contrari, i les alternatives en aquest quadrant s’anomenen dominades. En
els quadrants NE i SO, I'eleccié depen del llindar en I'ICER segons, respecti-
vament, si s’esta disposat a invertir més recursos a canvi de millors resultats
en salut o si s’assumeix una pérdua de salut a canvi d"un estalvi de recursos,
que podrien ser destinats a altres fins. Arribats a aquest punt, determinar
quina quantitat addicional de recursos s’ha d’invertir en una determinada
alternativa per tal d’assolir una millora en salut és competencia tinicament
de I'agent regulador i dels decisors en salut [33].

Per tal d’illustrar el calcul i la interpretacié de 'ICER/ICUR, considerem els
resultats d’una analisi de cost-utilitat de programes de cribratge poblacional
de cancer de mama alternatius (taula 1.4).
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FIGURA 1.4: Pla de cost-efectivitat
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TAULA 1.4: Resultats de I'analisi de cost-utilitat de programes de cribratge de
cancer de mama

Cost (€) Efectivitat (AVAQ) ACost AEfectivitat ICUR
No cribratge  11.000 20 - - -
Programa A 12.500 20,2 1.500 0,2 7.500
Programa B 13.500 20,1 1.000 -0,1 Dominada
Programa C 14.500 20,35 2.000 0,15 13.333,33
Programa D 17.500 20,4 3.000 0,05 Dominada estesa
Programa E 20.500 20,5 6.000 0,15 40.000

Cost i AVAQ per dona. A: increment; AVAQ: anys de vida ajustats per qualitat; ICUR:
incremental cost-utility ratio.

Les alternatives considerades son muatuament excloents, i també es considera
'opci6 de no cribratge, que és I’alternativa que comporta menys cost. Els di-
ferents programes alternatius proposen diferents rangs d’edat i periodicitats
de proves de cribratge que proporcionen millores en efectivitat, mesurada en
AVAQ), a canvi d'un augment en la inversi6 de recursos.

En la taula 1.4 també es mostra el cost i I'efectivitat incremental respecte de
l'alternativa que la precedeix en eficiéncia. Per aix0 cal establir si hi ha alter-
natives dominades o si totes son dominants [1]. Aixi, respecte de 1’alternati-
va de no cribratge, el programa B proporciona un guany menor en efectivitat
amb un cost major que el programa A; per tant, el programa B és una al-
ternativa dominada pel programa A. Com que el programa B queda exclos
de les alternatives eficients, I'ICUR del programa C es calcula respecte del
programa A, que és l'alternativa més eficient que el precedeix en costos in-
crementals. També pot succeir que certa alternativa estigui dominada per
una combinacié d’unes altres dues, la qual cosa s’anomena dominancia este-
sa. Enl’exemple, el programa D no pertany al conjunt d’alternatives eficients
perque, respecte del programa C, la seva ICUR (60.000 €) és major que la del
programa E (40.000€). Equivalentment, una alternativa esta en dominancia
estesa si l'efectivitat que proporciona es podria assolir adoptant una combi-
naci6 de dues alternatives eficients a un cost menor. En I'exemple, I’efectivi-
tat que proporciona el programa D es pot assolir oferint el programa Ca2/3
dela poblaci6, i el programa E al 1/3 restant de la poblacié, ja que 2/3 x 20,35
+1/3 x 20,5 = 20,4 AVAQ; alhora que es reduirien els costos del programa
D, ja que 2/3 x 14.500€ + 1/3 x 20.500€ = 16.500€ < 17.500€. L'exclu-
si0 del programa D de les alternatives optimes també és un bon exemple per
illustrar la conveniencia de 'ICER (ICUR) enfront de les relacions de cost-
efectivitat (cost-utilitat) mitjanes per seleccionar les alternatives eficients. La
relacié de cost-utilitat mitjana del programa D (~857,8 €) és menor que la
del programa E (1.000 €), pero, com s’acaba de veure, el programa D queda
exclos de les alternatives eficients per estar en situacié de dominancia estesa.

Per tant, les alternatives que s’haurien de tenir en compte per al seu millor
rendiment d’eficiencia formen la frontera d’eficiencia optima de Pareto, i en
I'exemple son I'alternativa de no cribratge i els programes A, C i E. Totes les
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FIGURA 1.5: Frontera optima de Pareto

alternatives de la taula 1.4 es representen en la figura 1.5, on també es po-
den observar les situacions de dominancia descrites i la frontera d’eficiéncia
optima.

Existeixen alternatives a I'ICER per decidir si una intervenci6 és o no rendi-
ble, com el benefici net en salut incremental i el benefici monetari net incre-
mental, definits de la manera segtient:

Benefici net en salut incremental = AEfectivitat — 1/A x ACost
Benefici monetari net incremental = A x AEfectivitat — ACost

on A és el llindar d’eficiéncia, o el maxim que s’esta disposat a pagar per be-
nefici en salut incremental. Si una alternativa és rendible, tant el benefici net
en salut incremental com el benefici monetari net incremental sén positius,
que és equivalent al fet que I'ICER sigui inferior al llindar A que estableixi
I'agent decisor. En un sistema de salut amb recursos restringits, els costos
assistencials representen realment els resultats en salut d’altres pacients en
competencia sobre els recursos assistencials. Per tant, les decisions basades
enl’avaluaci6 economica tracten d’identificar 1’alternativa que ofereix els ma-
jors beneficis nets incrementals [7].

1.5 Incertesai analisi de sensibilitat

Tota avaluacié economica conté un cert grau d’incertesa, imprecisi6 i contro-
versia metodologica. Per aixo, cal identificar els suposits metodologics cri-
tics i les fonts d’incertesa, i quantificar-ne I'impacte en els resultats per tal de
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complementar la informaci6 per a la presa de decisions, tal com indiquen aca-
demics, societats cientifiques i agencies d’avaluaci6 estatals [3, 40, 55, 83, 84].
En el cas d’avaluacions basades en models analitics de decisi6, en que es
fa servir I'evidencia de diverses fonts per tal de determinar els parametres
del model, resulta imprescindible mesurar la incertesa deguda als metodes
analitics utilitzats i la variabilitat de 1’evidencia disponible, aixi com avalu-
ar l'extrapolaci6 i la generalitzacié dels resultats a altres poblacions o a la
poblaci6 general [85]. Briggs et al. (2012) [86] distingeixen entre diversos
tipus o fonts d’incertesa, relacionats amb les dades utilitzades en 1’analisi o
els principals suposits metodologics. En concret, la incertesa estocastica es
diferencia de la incertesa parametrica, de 1'heterogeneitat i de la incertesa
estructural associada als metodes analitics o estadistics utilitzats (taula 1.5).

Els metodes per tractar i quantificar la incertesa difereixen segons la seva font
i el tipus d’avaluaci6 economica que es faci. Aixi, la incertesa estocastica es
relaciona amb la variabilitat no explicada, és a dir, amb el fet que diferents
individus amb les mateixes caracteristiques i probabilitats experimentin dife-
rents efectes d’una malaltia o intervencié. En canvi, la incertesa parametrica
es refereix a la variabilitat en 'estimaci6 del parametre d’interes, ja que les
probabilitats que governen els resultats s6n en si mateixes incertes. La dis-
tincié entre la incertesa estocastica i la parameétrica és analoga a la diferencia
entre la desviaci6 estandard i l’error estandard en les estimacions. Com per
a l'error estandard, la incertesa parametrica pot ser reduida augmentant el
nombre de mesures; i analogament a la desviaci6 estandard, la incertesa es-
tocastica no pot ser reduida sin6é tiinicament pot ser caracteritzada, per exem-
ple, descrivint la funcié de densitat o la probabilitat acumulada. Per exem-
ple, en el cas d’avaluacions econdomiques realitzades simultaniament amb
un assaig clinic, les dades sén estocastiques, és a dir, tenen una distribucié.
Aixi, en les avaluacions economiques basades en l’analisi de dades indivi-
duals, els metodes estadistics permeten avaluar tant la incertesa estocastica
com la incertesa parameétrica. Per al calcul dels intervals de confianca de les
ICER s’han proposat diverses aproximacions —meétodes basats en caixes de
confianga o ellipses de confianca, séries de Taylor, metode de Fieller, remos-
treig per bootstrap—, dels quals el métode parametric basat en el teorema de
Fieller i 'enfocament no parametric de bootstrap sén els que proporcionen
millors resultats [85, 87].

L’heterogeneitat fa referéncia a la variabilitat deguda a diferencies en les ca-
racteristiques dels pacients, com poden ser 1’'edat o el sexe, per exemple. Per
tractar I’heterogeneitat cal identificar els subgrups de pacients, per als quals
s’haurien de realitzar analisis d’eficiencia diferenciades. D’aquesta mane-
ra, les alternatives optimes poden diferir entre diferents subgrups; alhora,
la ponderaci6 dels resultats per la distribucié dels subgrups permet obtenir
resultats poblacionals [7, 86].

Tot i que l'estructura general d’un model analitic de decisi6 resulta de molts
suposits i opcions analitiques (vegeu la seccié 1.3.2), és ttil distingir dues
grans categories de models que reflecteixen l’estructura subjacent i com es
relacionen amb els conceptes d’incertesa [86]. En els models de simulaci6é
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TAULA 1.5: Tipus o fonts d’incertesa

Tipus d’incertesa Descripcié
Incertesa estocastica (error Variabilitat aleatoria entre pacients
de Montecarlo de primer ordre) idéntics
Incertesa parametrica (error Variabilitat en I’estimaci6
de Montecarlo de segon ordre) del parametre d’interes (error
estandard)
Heterogeneitat Variabilitat entre subgrups
de pacients
Incertesa estructural (incertesa Assumpcions del model del decisi6
del model)

Adaptat de Briggs et al. «Model parameter estimation and uncertainty: a report of the
ISPOR-SMDM Modeling Good Research Practices Task Force-6». Value in Health, 2012, vol.
15, p. 835-842.

pel que fa al pacient —per exemple, models d’esdeveniments discrets i de
microsimulacié—, la incertesa de primer ordre esta relacionada amb 1’error
de simulaci6 (simulaci6é de primer ordre de Montecarlo; vegeu la secci6 1.3.2)
i es pot eliminar simulant un gran nombre d’histories individuals fins que
I'efecte de la incertesa estocastica sobre els resultats esdevingui insignificant.
Avaluar la incertesa parametrica, o de segon ordre, requereix 1’eliminacié de
la incertesa estocastica. En altres paraules, en aquests models cal simular tant
la incertesa en les estimacions dels parametres com la variabilitat estocasti-
ca, fet que resulta computacionalment molt intens, i, en conseqiiéncia, sovint
no s’avalua de manera minuciosa. S’han proposat alternatives metodologi-
ques computacionalment més eficients, tot i que encara sén metodologies en
desenvolupament i d"tis poc estés [88-90]. Per contra, en els models de co-
horts, com per exemple els models de Markov, es pot avaluar la incertesa dels
parametres sense preocupacio per la incertesa estocastica, ra6 per la qual sén
preferibles davant dels models de microsimulacié, sobretot en el cas que el
decisor no estigui interessat a coneixer els resultats d"un individu en concret
[88]. En avaluacions basades en models analitics, el métode per quantificar
la incertesa parametrica s’anomena «analisi de sensibilitat», en qué es va-
rien els diversos parametres del model per tal d'informar de com aquestes
variacions afecten els resultats de 1'estudi [7]. L'analisi de sensibilitat tam-
bé s’utilitza per avaluar la incertesa relacionada amb suposits metodologics,
que alhora és un complement clau per a la validaci6é dels models analitics de
decisio [82].

A l'hora de realitzar una analisi de sensibilitat cal identificar els parametres
amb incertesa, especificar els rangs plausibles d’aquests parametres i escollir
el tipus d’analisi de sensibilitat adient [7]. En principi, tots els parametres
haurien de ser inclosos en ’analisi de sensibilitat. Gairebé 1"tinica ra6 per ex-
cloure’n un parametre és que se’'n conegui el valor amb absoluta seguretat,
com per exemple podria ser el cost unitari d’un recurs en una certa jurisdiccié
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en concret. També cal justificar els intervals i les distribucions plausibles as-
signades als parametres, ja que assumint variacions injustificadament petites
es pot concloure erroniament un alt grau de robustesa dels resultats obtin-
guts [7]. La incertesa pot ser avaluada mitjancant una analisi de sensibili-
tat determinista (ASD) o mitjan¢ant una analisi de sensibilitat probabilistica
(ASP) [86]. En una ASD s’avalua la influéncia de la incertesa en un o més
parametres sobre els resultats esperats, variant els parametres al llarg d'un
rang de valors plausibles, per exemple, I'interval de confianga del 95% basat
en els resultats d'un estudi. En una ASP, preferiblement tots els parametres
es varien simultaniament a partir de distribucions de probabilitats definides
a priori.

Historicament, la forma més habitual d’analisi de sensibilitat ha estat I’ASD
univariable, i se n"han representat els resultats en diagrames de tornado.
Avui en dia no es considera un metode que permeti tractar de manera in-
tegral la incertesa dels parametres, ja que no incorpora la variabilitat combi-
nada en diversos parametres ni la possible correlaci6 existent. Una variant
de I’ASD univariable és I'analisi de llindars, amb que es pretén identificar
els valors critics, o punts de tall, per sobre o per sota dels quals les conclusi-
ons de 'avaluacié canvien a favor d’una o altra alternativa comparada. Per
exemple, els responsables de prendre una decisi6é poden especificar una ICER
per sobre de la qual el programa no seria acceptable. Llavors, es poden valo-
rar quines combinacions de parametres podrien fer que se superés el llindar.
Alternativament, es poden definir els valors llindar dels parametres que fa-
rien que el programa no fos rendible. Llavors, els responsables de la decisié
després podrien decidir si els llindars es podrien o no incomplir [7]. Un plan-
tejament més elaborat és I’ASD multivariable, que preveu incertesa en més
d’un parametre alhora, cadascun dels quals variant dins un interval especifi-
cat. Per pocs parametres que hi hagi, ’ASD multivariable i la presentaci6 de
resultats es compliquen inevitablement degut al gran nombre de combina-
cions potencialment possibles. Una alternativa és plantejar diversos valors
discrets dels parametres que descriguin diferents escenaris, entre els quals
tipicament s’inclouen el millor i el pitjor dels escenaris possibles [7, 85, 86].
L’analisi d’escenaris també es pot fer servir per explorar I'impacte d’assump-
cions del model analitic.

Univariable o multivariable, I’ASD no pot reflectir la incertesa combinada de
tots els parametres del model, alhora que proporciona estimacions esbiaixa-
des en models no lineals [7, 89]. L’ASP ben realitzada és un enfocament més
rigords, que supera les limitacions de 1’ASD, fet que I'ha convertit en el tipus
d’analisi de sensibilitat actualment més estes, alhora que recomanat en la ma-
joria de guies i per les agencies d’avaluacio6 [7, 25, 27, 40, 86]. Si I’estimaci6
dels parametres esta basada en un gran volum de dades disponibles, pel te-
orema del limit central, la distribucié normal pot ser emprada en 1’ASP, de la
mateixa manera que per establir regions de confianca en 1’ASD. No obstant
aixo, s’acostumen a especificar distribucions segons els tipus de parametre.

La taula 1.6 mostra les distribucions recomanades per als parametres més co-
muns. Ja sigui per manca d’evidéncia publicada o de dades disponibles, de
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TAULA 1.6: Parametres i distribucions candidates recomanades

Parametre (suport) Tipus de dades i metodes Distribucié candidata
d’estimacié

Probabilitat Binomial: proporcié Beta

0<o<1) Multinomial: proporcions Dirichlet

Temps fins a 'esdeveniment: analisi ~Log-normal
de supervivencia

Risc relatiu Binomial: ratio de proporcions Log-normal
@ >0

Cost Suma ponderada recursos: mitjana Gamma

@ >0 Log-normal
Desutilitat Continua: mitjana Gamma

@ >0 Log-normal
Tots els parametres Qualsevol distribucié Normal

(amb dades suficients)

Adaptat de Briggs et al. Decision modelling for health economic evaluation. Oxford
University Press, 2006, p. 108.

vegades hi ha molt poca informacié sobre un parametre i cal recérrer a 1'o-
pini6 d’experts. En cap cas s’han d’excloure els parametres d'una analisi de
sensibilitat per manca d’informaci6 suficient per estimar la incertesa. S"han
proposat metodes per obtenir distribucions de probabilitat partint de I’opini6
d’experts [91]. Distribucions possibles pero poc plausibles, com per exemple
la uniforme o la triangular, haurien de ser evitades [86].

La representaci6 dels resultats d’'una ASP depen de si hi ha multiples alter-
natives. Quan només es comparen dues alternatives, simplement es pot re-
presentar els costos i els resultats esperats simulats a ’ASP en el pla de cost-
efectivitat. Reprenent I'exemple de les alternatives de cribratge de cancer de
mama de la secci6 1.4, la figura 1.6 mostra I’ASP de considerar el programa B
i l'estrategia de no cribratge com a alternativa de referéncia. L'ICUR espera-
da és un quocient dels costos i AVAQ incrementals esperats, no una mitjana
de les ICUR simulades. L'ICUR del programa B respecte del no cribratge és
de 25.000 € per AVAQ. El llindar de rendibilitat esta representat per la linia
discontinua, amb un pendent de 20.000 € per AVAQ. Per tant, el programa
B no és rendible i el no cribratge proporcionaria beneficis nets esperats su-
periors. La incertesa sobre la decisi6 es pot aproximar per la proporci6 de
punts que es troben per sota de la linia discontinua, en que el programa B és
rendible i proporciona beneficis nets superiors que el no cribratge. Ara bé,
la incertesa de la decisié és en si mateixa incerta. Aixi, variant el llindar de
rendibilitat es pot construir una corba, anomenada «corba d’acceptabilitat de
cost-efectivitat», en que a l'eix d’ordenades es representa la probabilitat de
rendibilitat per a un rang d’ICER a 1’eix d’abscisses (figura 1.7).

Habitualment hi ha més de dues alternatives, i el diagrama de punts sobre
el pla de cost-efectivitat esdevé impossible d’interpretar correctament. Les
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FIGURA 1.6: Diagrama de punts de ’analisi de sensibilitat probabilistica pel
programa de cribratge B respecte de 1'estratégia de no cribratge

corbes d’acceptabilitat permeten avaluar més facilment els resultats de 1'a-
nalisi de sensibilitat. En les figures 1.8 i 1.9 es mostren els resultats de 1'a-
nalisi de sensibilitat de totes les alternatives de l’'exemple del cribratge de
cancer de mama. En el cas de mdltiples alternatives, les corbes d’acceptabi-
litat s’obtenen a partir del benefici net esperat calculat per a diferents valors
del llindar de rendibilitat. La probabilitat que cadascuna de les alternatives
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Disposicio a pagar (€) per any de vida ajustat per qualitat

FIGURA 1.7: Corba d’acceptabilitat de cost-efectivitat per al programa de
cribratge B respecte de I'estrategia de no cribratge
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FIGURA 1.8: Diagrama de punts de ’analisi de sensibilitat probabilistica de totes
les alternatives de cribratge

sigui rendible es pot aproximar per la proporcié de simulacions en les quals
cadascuna assoleix el major benefici net esperat. Les corbes d’acceptabilitat
de cost-efectivitat de les diferents alternatives de cribratge de la figura 1.8 es
mostren en la figura 1.9. Per exemple, si el llindar és de 20.000<€, no hi ha
cap incertesa associada a la decisi6 de rebutjar l’alternativa B basada en la
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FIGURA 1.9: Corba d’acceptabilitat de cost-efectivitat per a totes les alternatives
de cribratge
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rendibilitat esperada, i practicament cap a rebutjar l'alternativa E. Si el llin-
dar és de 30.000 €, la incertesa de la decisié és major: la probabilitat que el
programa C proporcioni el major benefici net és 0,62, pero és possible que
altres alternatives siguin rendibles (els programes A, D i E, amb probabilitats
0,02, 0,181 0,18 respectivament).

Es important tenir present que l’alternativa amb major probabilitat de ser
rendible pot no ser I'alternativa amb major rendibilitat esperat i que propor-
ciona un benefici net més alt [92]. Aixi, com es pot observar en la figura 1.9,
entre els llindars 40.000 € i 42.050 €, s’espera que el programa E sigui més
eficient —és a dir, produeix uns beneficis nets esperats més alts que el pro-
grama C—, per0 té una probabilitat menor que C de ser rendible. Aquest
fet, que pot semblar contraintuitiu, simplement és un reflex de I’asimetria de
la distribuci6 de les diferéncies en beneficis nets, de manera que la mitjana
és major que la mediana. En altres paraules, quan el programa E és millor
que el programa C, la diferéncia és major que quan el programa C és millor
que 'E. Succeeix un fet analeg entre els llindars 12.800€ i 13.333,33 €, en que
s’espera que el programa A sigui el programa més eficient, tot i que amb una
probabilitat menor que el programa C. En aquest cas, la mitjana és menor
que la mediana. Per aix0, sempre cal representar quines de les alternatives
s’espera que siguin rendibles juntament amb la seva probabilitat. En la fi-
gura 1.9 s’indica amb les linies discontinues la frontera d’acceptabilitat de
cost-efectivitat.

Amb tot, la decisié d'incorporar una certa alternativa partint de la informa-
ci6 disponible sempre tindra alguna possibilitat de ser erronia. Per exemple,
segons la figura 1.9, el programa E té una probabilitat del 63% de no ser ren-
dible quan els responsables de la decisi6 estan disposats a pagar 40.000 € per
AVAQ. Aixi, el cost esperat de la incertesa depén de la probabilitat que una
decisi6 sigui erronia i de les conseqiiencies de prendre una decisi6 equivo-
cada. Els costos previstos de la incertesa es poden interpretar com el valor
esperat de la informacio perfecta (VEIP), ja que una informaci6 perfecta pot
eliminar la possibilitat de prendre una decisié equivocada [93]. Com més
gran sigui el VEIP, més gran és el cost d’oportunitat d"una decisi6 incorrecta.
La informaci6 és valuosa perque redueix la possibilitat de prendre una deci-
si0 erronia i, per tant, redueix els costos de la incertesa associada a la decisio.
El VEIP és també la suma maxima que el sistema sanitari hauria d’estar dis-
posat a pagar per obtenir més evidencia per informar d’una mateixa decisié
en el futur [93]. Aixi, el VEIP es calcula habitualment en termes monetaris
mitjangant 1'ts del benefici monetari net, tot i que també es pot expressar
mitjancant 1'ds del benefici net en salut [86]. En el capitol 11 de Drummond
et al. [7] es poden trobar els detalls de les alternatives metodologiques per al
seu calcul i de la seva aplicaci6 per decidir si és rendible finangar més recerca
per informar de futures decisions. A Claxton et al. (2001) [94] i Claxton et
al. (2002) [93] es reporta un cas practic del calcul i de I’aplicaci6é del VEIP en
I’avaluacié d’un nou tractament farmacologic per a la malaltia d’Alzheimer.
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1.6 Criteris de decisio

Un cop realitzada 'avaluacié economica cal decidir quina alternativa esco-
llir, per la qual cosa cal definir un criteri de decisi6 [36]. Si els recursos fossin
illimitats sempre s’escolliria I'alternativa que proporcionés una major efecti-
vitat. Davant dels pressupostos limitats, també cal tenir en compte el preu
per unitat addicional d’efectivitat que s’esta disposat a pagar.

Continuant amb 1’exemple de les alternatives de cribratge, sense limitacié
pressupostaria el programa E seria 'escollit. Ara bé, si el decisor disposa
d'una quantitat addicional maxima a pagar de 8.000€ per dona en el nou
programa de cribratge, el programa E ja no seria una opcié factible a oferir
a tota la poblaci6 (figura 1.10). Llavors, si es volen maximitzar els AVAQ
es podrien oferir diferents programes a les dones. En concret, oferint el
programa E a un 75% de la poblaci6 i el programa C a la resta, els costos
incrementals d’aplicar la nova estrategia de cribratge serien 1/4 x 3.500€
+ 3/4 x 9.500€ = 8.000 € i s’assoliria una efectivitat incremental d’1/4 x
0,35+ 3/4 x 0,5 ~ 0,46 AVAQ (punt vermell en la figura 1.10). Si per raons
d’equitat no es volgués oferir alternatives diferents, I’alternativa optima seria
aquella amb major efectivitat amb un cost inferior al limit pressupostari. A
I'exemple, l'alternativa optima seria el programa D, que passaria a formar
part de la frontera d’eficiéncia optima un cop desestimat el programa E.

A part de considerar el limit pressupostari, per realitzar 1’elecci6 cal deter-
minar si l’alternativa amb major efectivitat la proporciona amb un cost incre-
mental inferior al que s’esta disposat a pagar. En 'exemple del cribratge, si

10.000 4
8.000
©
E
S 6.000
&
o
£ 4.000
@
)
O
2.000
A
0 ibratge o
0,0 0,1 0,2 0,3 0,4 0,5

Increment d’anys de vida ajustats per qualitat

FIGURA 1.10: Exemple de presa de decisions en I'exemple de les alternatives de
cribratge de cancer de mama
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el llindar de rendibilitat fos de 35.000 € per AVAQ, el programa D en que-
daria exclos, ates que la seva ICUR és de 60.000 € per AVAQ en comparacid
amb el programa C, superior a la disposici6 a pagar maxima. Aixi, la segiient
alternativa més efectiva, el programa C, seria l'eleccié optima, ja que, a part
de respectar el limit pressupostari, proporciona un increment d’efectivitat a
un cost incremental de 13.333,33 €, que si que es consideraria assumible. Per
tant, per fer judicis sobre que és i qué no és rendible cal fer-ho amb referéncia
a un llindar de rendibilitat que representi els costos d’oportunitat [7, 95]. Es
inevitable fer una avaluaci6 del llindar, perqué en cas de no ser explicit, el sol
fet de prendre una decisi6 comporta un valor implicit pel llindar [7].

Per tal de fer comparacions entre intervencions en diferents problemes de
salut, es poden construir classificacions (league tables) partint de la relacié
de cost-efectivitat. Aquestes classificacions permeten posar els resultats de
les avaluacions economiques en un context més ampli, alhora que propor-
cionen una visi6 de 1'eficiencia de les diferents intervencions competint en
la distribuci6é dels recursos [36]. Tanmateix, 1'ts de les classificacions par-
tint de la relaci6é de cost-efectivitat planteja diverses limitacions que susciten
diverses critiques, moltes de les quals associades a les caracteristiques me-
todologiques propies de les analisis de cost-efectivitat. Aixi, els trets distin-
tius de les analisis que més poden afectar la comparacié de les relacions de
cost-efectivitat son: la taxa de descompte; el metode d’estimacié de les uti-
litats en salut; l'interval de costos i de resultats utilitzat, i la seleccié de les
alternatives comparades [96]. Per tal que les classificacions siguin dtils, els
decisors haurien de poder avaluar la rellevancia i la fiabilitat de I'evidéncia
que proporciona l’avaluacié economica en el seu propi entorn. A més a més,
els autors de les avaluacions econdomiques han de reportar els metodes i els
resultats tan exhaustivament com sigui possible, ates que ajudarien molt en
la construcci6 i 1'as adequat de les classificacions [96].

1.7 Metodes estadistics en avaluacio econOmica

Els metodes estadistics son presents en tota avaluacié economica, ja sigui ba-
sada en les dades d"un estudi clinic o en un model analitic. En el cas d’avalu-
acions basades en dades individuals, els metodes estadistics son necessaris,
tal com ho sén en 1’analisi d’estudis clinics. Aixi, cal aplicar metodes d’ana-
lisi de dades categoriques, variables discretes i variables continues. Per tal
d’establir mesures d’associaci6 lliures de confusié, habitualment també cal
fer servir metodes de regressio, des de models lineals multiples o models li-
neals generalitzats [97], amb especial protagonisme de la regressi6 logistica
[98], 0 models de dades categoriques o de recompte (count data) [99], fins a
I'analisi de dades de supervivencia [100-102]. Tanmateix, 1'as d’assajos cli-
nics com a vehicle d’avaluacions economiques té una historia més curta, per
la qual cosa les propostes metodologiques especifiques per a tractar els ma-
tisos de les analisis de cost-efectivitat s’han anat produint durant els darrers
anys [7, 103].
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Una de les preocupacions de qualsevol estudi és la mesura dels efectes cau-
sals de les exposicions o les intervencions. En els RCT, I’associaci6 és de cau-
salitat, ates que l’aleatoritzacié assegura que els exposats i els no exposats
poden ser intercanviables. Per contra, en estudis observacionals, 1’associaci6
no és generalment de causalitat, ja que els exposats i els no exposats no sén
generalment intercanviables [59]. Tanmateix, donat que el disseny observaci-
onal sovint és 1'tnica alternativa factible, cal aplicar metodologies adequades
que incorporin el context causal en 1’analisi. Altrament, analitzar les dades
Unicament en termes estadistics, tot eliminant-ne el context causal, pot con-
duir a errors analitics i a interpretacions erronies de la realitat que s’intenta
explicar [104].

Una de les particularitats de les dades economiques que requereixen nous
metodes o I'adaptacié de les tecniques existents és ’asimetria en les dades
de costos, que acostumen a presentar una cua llarga a la dreta de la distribu-
ci6; és a dir, hi ha una proporci6 relativament petita de pacients amb valors
relativament grans. A més a més, sovint una gran part dels pacients tenen
cost zero perque no consumeixen recursos rellevants, per la qual cosa s’han
revisat i proposat diverses metodologies per tractar adequadament aquestes
limitacions en les dades d’tis de recursos i costos [105]. Una altra limitaci6
és la presencia de dades mancants. El problema de la manca de dades també
existeix en I'analisi de dades cliniques, pero té algunes implicacions especi-
alment importants per a 1’analisi economica [7]. Tal com s’ha vist en la secci6é
1.2.5.1, l'estimacio del cost es basa en dades d’ts de recursos, cadascun dels
quals es multiplica per un cost unitari. Si falta algun d’aquests elements de
recurs per a un pacient en particular, no és clar com calcular el cost total
d’aquest pacient. Una situacié similar existeix amb ’analisi de dades indivi-
duals sobre QVRS. Per identificar el millor metode per tractar les dades man-
cants, cal avaluar els mecanismes que les ocasionen. Un altre aspecte que
origina manca d’informaci6 és el temps de seguiment, que sol diferir entre
pacients, i que condueix a dades censurades. Existeixen metodes per a 1'a-
nalisi del temps fins a I’esdeveniment d’interes [100-102], que poden no ser
adequades per analitzar dades de costos censurades i que, per tant, poden
conduir a estimacions esbiaixades. Tots aquests aspectes, i d’altres, propis
de I'analisi de dades per a l’avaluacié economica i de les solucions metodo-
logiques proposades, estan exhaustivament revisats en les publicacions de
Willan i Briggs [103] i Glick et al. [106].

Una metodologia especialment adequada i til és la modelitzacié conjunta
de dades longitudinals i temps fins a I'esdeveniment [107]. La modelitzacié
conjunta de dades longitudinals i de temps fins a I'esdeveniment és una area
cada cop més productiva d’'investigacié estadistica que avalua 1’associacié
entre processos longitudinals i de supervivencia. Millora la modelitzacié
longitudinal, ja que permet la inclusi6 de mecanismes d’abandonament no
susceptibles de ser ignorats, alhora que millora els models de supervivencia
estandards mitjangant la inclusié de covariables internes que depenen del
temps. Els models conjunts d’efectes aleatoris compartits (shared-effects joint
models) sén un tipus de models conjunts en queé els processos longitudinals i
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de supervivencia es connecten mitjangant un vector comu d’efectes aleatoris.
Aixi doncs, no tnicament sén fttils i adequats per obtenir estimacions no
esbiaixades de la incidencia o la mortalitat, sin6 que també permeten estimar
evolucions de marcadors longitudinals, que poden ser variables de costos.
A més a més, la seva aplicaci6 és factible en presencia de dades mancants
sense ocasionar la perdua de cap pacient en el procés d’inferencia. Donada
la relativa curta historia del desenvolupament de programari estadistic que
en permeti 1’aplicacid, no han estat gaire introduits en analisis economiques,
tot i que se’n poden trobar alguns exemples en la literatura [108-111].

Per altra banda, els metodes estadistics d’aprenentatge automatic (machine
learning) o d’aprenentatge profund (deep learning) i la intelligencia artifici-
al han anat agafant protagonisme en la recerca biomedica, sobretot arran de
I'explosi6 de les dades omiques, els estudis de descobriment de nous biomar-
cadorsi el diagnostic per imatge [112]. Per tant, també han anat introduint-se
en avaluacions econdomiques, en que encara s’esta avaluant la utilitat i les difi-
cultats en 1’aplicacié d’algorismes d’aprenentatge automatic i discutint sobre
aquests aspectes [113, 114].

Com ja s’ha apuntat en la secci6 1.3, les avaluacions economiques basades en
models analitics procuren incorporar tota l'evidencia disponible. De fet, és
un dels seus avantatges, ja que quan hi ha diverses fonts d’evidencia per a
un parametre determinat, totes poden ser incorporades al model. Per tant, és
habitual realitzar una revisi6 sistematica per identificar tota I’evidencia vali-
da disponible i posteriorment sintetitzar totes les estimacions mitjancant una
metanalisi per incloure-les en un model de decisi6 [7]. El més habitual en les
metanalisis és avaluar 1’eficacia i la seguretat de la nova tecnologia en compa-
raci6 directa amb un comparador tinic [115]. Ara bé, mitjangant, per exemple,
el metode de Bucher, es poden obtenir estimacions de comparacions indirec-
tes quan la informacio és limitada o inexistent [116]. Les metanalisis en xarxa,
0 comparacions mixtes, permeten combinar estimacions de comparacions di-
rectes i indirectes, a fi d’augmentar la poténcia estadistica [116]. A I'altim, en
la secci6 1.5 també s’ha apuntat la importancia de les tecniques estadistiques
per a I’avaluaci6 de la incertesa en els models analitics.

1.8 Aplicacié en problemes de salut

Hi ha un gran ventall d’exemples de problemes o situacions en les quals cal
realitzar una decisi6 en salut i, per tant, una avaluaci6é economica previa. La
prevencio6 o el tractament de malalties amb majors taxes d’incidencia i/o de
mortalitat son probablement els que mereixen una especial atencid, per la
major carrega social que ocasionen.

El cancer de mama és el cancer més comunament diagnosticat entre les
dones. Segons les tltimes dades recollides pel Sistema Europeu d'Informacié
del Cancer, durant el 2018 es van diagnosticar un total de 32.825 nous casos
de cancer de mama a Espanya; és, doncs, el tipus de tumor més freqiient
entre les dones, per davant del cancer colorectal, d"tter, de pulmé i d’ovari,
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i representa aproximadament el 30% dels cancers diagnosticats en les dones
espanyoles [117]. Segons la mateixa font, durant el 2018 van morir 6.421
dones per cancer de mama, just per darrere del cancer colorectal (6.645) i per
davant del cancer de pulm¢ (5.337), fet que representa aproximadament el
15% de morts per cancer en dones d’Espanya.

La malaltia cardiovascular és un dels problemes de salut més freqiients que
afecten homes i dones a tot Europa i, cada cop més, als paisos de la Medi-
terrania oriental [118]. El 2015 hi va haver aproximadament 11 milions de
nous casos als paisos membres de la Societat Europea de Cardiologia; se so-
brepassaren, aixi, els 83 milions de casos prevalents [118]. L'impacte social
de la malaltia cardiovascular és enorme, tant pels costos directes associats als
recursos assistencials com pels costos indirectes relacionats amb 1’absentis-
me, la productivitat perduda i la mortalitat prematura evitable [119-121]. Les
estadistiques de mortalitat mostren que la malaltia cardiovascular continua
sent la causa més freqiient de mort a Europa, ja que representa el 45% de to-
tes les morts —el 49% de les morts entre les dones i el 40% entre els homes—
[118, 122, 123], tot i que amb grans desigualtats entre els paisos amb ingres-
sos mitjans, amb més del 50% de les morts, i els paisos amb ingressos alts
de I'Europa occidental, on la mortalitat cardiovascular representa menys del
30% de totes les morts [118]. Dels 4 milions de persones que moren anual-
ment de malalties cardiovasculars a Europa, 1,4 milions es produeixen abans
dels 75 anys [122, 123]. La sindrome coronaria aguda (SCA) és un subgrup
de malaltia cardiovascular que inclou I’angina inestable i I'infart de miocardji,
que son els esdeveniments cardiovasculars amb major cost associat, sobretot
durant els primers anys [124, 125].

1.8.1 Cribratge poblacional de cancer de mama

Ates que la majoria de factors de risc coneguts del cancer de mama no sén
modificables, no existeixen programes poblacionals de prevencié primaria.
En conseqiiéncia, la deteccié precog és una prioritat entre els programes de
salut publica, amb 1’objectiu de millorar el pronostic de la malaltia i reduir-
ne la mortalitat. Juntament amb el desenvolupament de noves terapies adju-
vants, la detecci6 precog del cancer de mama en redueix la mortalitat i pot mi-
llorar la qualitat de vida de les dones diagnosticades precogment mitjangant
examens mamografics [126, 127]. No obstant aix0, el cribratge poblacional és
costos i pot causar danys —per exemple, falsos positius, sobrediagnostic— a
moltes d’elles [128-131]. La figura 1.11 mostra els danys i els beneficis asso-
ciats al cribratge per mamografia. Per tant, la justificaci6é dels programes de
cribratge poblacional de cancer de mama ha d’implicar el fet que els benefi-
cis globals superin els danys a un cost raonable. A més a més, una avaluaci6é
economica és especialment necessaria quan el cribratge esta finangat per re-
cursos publics.

Els programes de cribratge organitzats per a la detecci6 precog del cancer de
mama ofereixen per igual proves de cribratge en totes les dones elegibles,
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independentment del seu risc individual. Per exemple, les directrius euro-
pees recomanen oferir un cribratge per mamografia a dones de 50 a 69 anys
cada dos anys [132]. Aquest paradigma uniforme o de “cafe per a totes” ha
anat derivant cap a la personalitzaci6 d’estrategies de detecci6 basades en el
risc de cancer de mama. En aquest sentit, I'Institute of Medicine va identi-
ficar el cribratge personalitzat com a crucial per millorar la deteccié precog
del cancer de mama [133]. Ara bé, disposar d"una estimaci6 fiable del risc in-
dividual de cancer de mama és fonamental per desenvolupar programes de
cribratge personalitzats i optimitzar 1's dels recursos en una poblaci6é. En
general, es considera que una eina de prediccié ha de tenir una capacitat de
discriminacié minima, amb una area sota la corba ROC superior a 0,7 [98].
Malauradament, 1’aplicacié en poblacié espanyola dels models de prediccié
de risc de cancer de mama ha mostrat una capacitat de discriminaci6 limitada
[134].

1.8.2 Prevencio cardiovascular

Qualsevol intervencié en poblacié general destinada a reduir els factors de
risc cardiovasculars estalvia costos al sistema sanitari i millora la salut de
la poblacig, tal com s’ha evidenciat en diversos estudis [135-138]. Tanma-
teix, hi ha poblacions d’alt risc cardiovascular amb factors de risc no modi-
ficables, com els pacients amb malaltia renal cronica (MRC), als quals és ne-
cessari aplicar altres intervencions. L'MRC afecta aproximadament un 7,2%
de persones majors de 30 anys, pero la prevalenga augmenta fins al 23-36%
en poblacié major de 65 anys [139], i s’espera que augmenti en les properes
décades [140]. Tenint en compte aquestes tendéncies, i donat que els pa-
cients amb MRC tenen major risc d’esdeveniment cardiovascular, indepen-
dentment de la preséncia d’altres comorbiditats de risc, com la diabetis i la
hipertensi6 [141, 142], esta justificada la inversi6 de recursos en la recerca de
nous marcadors que ajudin a millorar I'estimacié de risc cardiovascular en
aquesta poblaci6, subestimat pels models de risc estandard [143]. A més a
més, nous biomarcadors del risc cardiovascular podrien obrir la porta a pro-
posar i desenvolupar nous tractaments.

A banda, també cal avaluar les intervencions disponibles per millorar els re-
sultats en salut a curtillarg termini després de patir un esdeveniment cardio-
vascular. Un exemple és la intervencié coronaria percutania (ICP) en cas de
patir un esdeveniment d’SCA. Entre el 17 i el 34% dels pacients ingressats
per SCA sén ancians [144, 145] i segons l'evidencia actual el seu tractament
hauria de ser similar al dels pacients més joves. En pacients amb infart de
miocardi amb elevaci6é del segment ST (STEMI, de 'angles ST-segment ele-
vation myocardial infarction), I'estandard assistencial és la reperfusi6é imme-
diata [146]. La ICP és l'estrategia de reperfusi6 preferida, per davant de la
trombolisi, sense limit d’edat superior. En pacients amb SCA sense elevaci6
del segment ST (NSTE-ACS, de I'anglés non-ST-segment elevation acute cor-
onary syndrome) es recomana seguir una estrategia invasiva si els pacients
tenen un risc elevat [147], la qual cosa representa aproximadament 2/3 dels
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pacients amb NSTE-ACS. L'estratégia invasiva inclou una angiografia coro-
naria urgent seguida de revascularitzacid, que sol realitzar-se amb una ICP.
Per a pacients de risc elevat, 'estandard d’atenci6 és una estratéegia invasiva
rutinaria. En els pacients més grans, 'estrategia invasiva rutinaria redueix
I'ocurrencia d’infart agut de miocardi i de revascularitzacié posterior, com-
parada amb l'estrategia selectiva [148]. Tot i que les directrius actuals reco-
manen una estratégia invasiva en tots els pacients amb STEMI i en la majoria
de pacients amb NSTE-ACS, registres poblacionals han descrit un ts més
baix de la ICP i I'angiografia en pacients ancians amb SCA [149, 150], possi-
blement associat a la preséncia de comorbiditats i a ’aparicié de simptomes
atipics [151], aixi com un major risc de complicacions de la ICP [144, 152-155].
Dr’altra banda, també és possible que la infrautilitzacié de la ICP estigui en
part causada per la manca d’estimacions de la relacié de cost-efectivitat del
seu Us en pacients ancians amb SCA. Per aportar major evidencia, es va dur
a terme el projecte EUROTRACS [156], que es va centrar a examinar l'efecti-
vitat de diferents intervencions per millorar els resultats de malalties cardio-
vasculars a Europa.
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Capitol 2

Hipotesis i objectius

2.1 Hipotesi general

La modelitzaci6 matematica i estadistica proporciona informacié als deci-
sors, clinics i gestors, per prendre una decisid, ja que constitueix la metodolo-
gia necessaria i valida per aportar evidencia, ja sigui mitjangant la simulacié
de possibles escenaris alternatius o amb 1’analisi de dades reals.

2.2 Hipotesis especifiques

Sobre les estratégies de cribratge poblacional de cancer de mama:

H1 La modelitzacié de la historia natural de la malaltia permetra simular
escenaris hipotetics de diverses estrategies de cribratge poblacional ba-
sat en el risc, i comparar-les amb el cribratge uniforme actual.

H2 Incloure mesures longitudinals de densitat mamaria en models con-
junts de dades longitudinals i temps fins a un esdeveniment permetra
obtenir mesures de risc de cancer de mama més acurades.

Quant a la prevenci6 cardiovascular:

H3 La inclusi6é de nous biomarcadors d’ateromatosi subclinica en l'estrati-
ficaci6 del risc cardiovascular podria millorar la capacitat predictiva en
poblacié amb malaltia renal cronica.

H4 Estendre 1'ts de la intervencié coronaria percutania a pacients ancians
hospitalitzats amb un esdeveniment de sindrome coronaria aguda pot
proporcionar beneficis en salut a uns nivells d’eficiéncia assumibles per
part del finangador.
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2.3 Objectius

L'objectiu general és millorar la presa de decisions sanitaries, tant en el ves-
sant de la practica clinica com en el de la gesti6, mitjangant la utilitzacié de
models matematics i estadistics. Els objectius especifics son:

O1 Avaluar i comparar la rendibilitat de diferents estratégies de cribratge
poblacional de cancer de mama mitjangant un model probabilistic.

O2 Desenvolupar mesures del risc del cancer de mama mitjangant models
conjunts de dades longitudinals i temps fins a 'esdeveniment.

O3 Determinar l'associaci6 i la capacitat predictiva de nous biomarcadors
d’esdeveniment cardiovascular en pacients amb malaltia renal cronica.

O4 Avaluar l'eficiencia de 'augment de 1'Gs de la intervencié coronaria
percutania per a la gestié de pacients de 75 anys o més hospitalitzats
amb un esdeveniment de sindrome coronaria aguda mitjancant un mo-
del probabilistic.
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Capitol 3

Meétodes i resultats

Els materials i metodes utilitzats i els resultats obtinguts que donen resposta
als objectius de la tesi es presenten en les seccions segiients. La taula 3.1
relaciona els diferents objectius plantejats en la tesi i les seccions on es pot
trobar el detall de la metodologia i dels resultats.

TAULA 3.1: Relaci6 entre els objectius de la tesi i els capitols on es detalla la
metodologia i es presenten els resultats

Objectiu Seccié

O1. Avaluar i comparar el cost-efectivitat de diferents estra- Secci6 3.1
tegies de cribratge poblacional de cancer de mama mitjan-
cant un model probabilistic

0O2. Desenvolupar mesures del risc del cancer de mama Secci6 3.2
mitjangant models conjunts de dades longitudinals i temps
tins a ’esdeveniment

0O3. Determinar 1l'associaci6 i la capacitat predictiva de Secci6 3.3
nous biomarcadors d’esdeveniment cardiovascular en paci-
ents amb malaltia renal cronica

O4. Avaluar l'eficiencia de I'augment en 1'ts de la interven-  Secci6 3.4
ci6 coronaria percutania per a la gestié de pacients ancians
hospitalitzats amb un esdeveniment de sindrome coronaria

aguda mitjangant un model probabilistic
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3.1 Metodes i resultats de I’objectiu 1

En aquesta secci6 es presenten els metodes utilitzats i els resultats obtinguts
per donar resposta al primer dels objectius platejats en aquesta tesi. Tota la
metodologia i els resultats estan continguts en el manuscrit original Vilapri-
nyo et al. (PLOS ONE, 2014), la informaci6 del qual es detalla a continuacio,
junt amb el resum traduit al catala.

Titol: Cost-effectiveness and harm-benefit analyses of risk-based screening
strategies for breast cancer

Autors: Vilaprinyo E, Forné C, Carles M, Sala M, Pla R, Castells X, Domingo
L, Rue M; Interval Cancer (INCA) Study Group

Revista: PLOS One. 2014 Feb 3;9(2):e86858

Factor d’'impacte de I’any de la publicacié: 3,234 (percentil 85,1 a Multidis-
ciplinary Sciences)

DOI: 10.1371/journal.pone.0086858

Resum:

El paradigma d’"una mateixa estrategia tinica i uniforme per a totes les dones
en el cribratge organitzat de cancer de mama esta canviant cap a un enfo-
cament personalitzat. El present estudi té dos objectius: (1) realitzar una
avaluacié economica i avaluar les relacions dany-benefici de les estrategies
de cribratge que varien en la seva intensitat i en els intervals d’edat basant-se
en el risc de cancer de mama, i (2) estimar el guany en termes de reduccié
de costos i de danys del cribratge basat en risc respecte a la practica habi-
tual. Hem utilitzat un model probabilistic i dades de registres i programes
de cribratge en poblaci6 espanyola, aixi com estudis clinics, per estimar el
benefici, el dany i els costos al llarg del temps de 2.624 estrategies de cri-
bratge, uniformes o basades en el risc. Es van definir quatre grups de risc
—baix, moderat-baix, moderat-alt i alt— basats en la densitat mamaria, els
antecedents familiars de cancer de mama i els antecedents personals de bi-
opsia de mama. Les estratégies basades en el risc es van obtenir combinant
la periodicitat de I'examen (anual, biennal, triennal i quinquennal), les edats
inicials (40, 45 i 50 anys) i les edats finals (69 i 74 anys) en els quatre grups de
risc. S’han calculat relacions de cost-efectivitat incremental i de dany-benefici
incremental per seleccionar les estrategies Optimes. En comparacié amb les
estrategies basades en el risc, de les uniformes en resulta un benefici molt
menor per a un cost especific. S’han obtingut reduccions properes al 10% en
costos i superiors al 20% en resultats de falsos positius i casos sobrediagnos-
ticats amb estratégies basades en el risc. El cribratge optim es caracteritza per
periodicitats quinquennals o triennals per als grups de risc baix o moderats,
i periodicitat anual per al grup d’alt risc. Les estrategies basades en el risc
poden reduir-ne els danys i els costos. Cal desenvolupar mesures precises
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del risc individual i treballar en la implementacié d’estrategies de cribratge
basades en el risc.
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Introduction cancer risk. In 2005 the Institute of Medicine (IOM) identified that
personalized screening was crucial to improving the early
detection of breast cancer [7]. More recently, Schousboe et al.
[8], using a Markov microsimulation model, found that the cost-
effectiveness of screening mammography depended on a woman’s
age, breast density, family history, and history of breast biopsy.
Based on their results, mammography every two years was cost-
effective for women aged 40 to 49 years with relatively high breast
density or additional risk factors for breast cancer. And
mammography every three to four years was cost-effective for
women aged 50 to 79 years with low breast density and no other
risk factors. van Ravesteyn et al. [9], using different microsimula-
tion models, determined that women aged 40 to 49 years with a
twofold increase in risk have similar harm-benefit ratios for
biennial screening mammography as average-risk women aged 50
to 74 years.

Early detection of breast cancer (BC) reduces mortality and may
improve quality of life for most of the women diagnosed early by
mammographic exams [l]. Nevertheless, screening healthy
women is expensive and may cause harms (e.g. false positive
results, overdiagnosis) in many of them [2-5]. In order for
organized screening programs to be justified in this time of
economic constraints, overall benefits should outweigh harms at a
reasonable cost. Moreover, an economic evaluation is especially
necessary when screening is funded by community resources.

Organized screening programs for early detection of BC
provide screening services where all eligible women are treated
as equal risk. For instance, the European guidelines recommend
offering mammography screening to women aged 50-69 every
two years [6]. This one-size-fits-all or uniform paradigm is starting
to shift toward personalizing screening strategies based on breast
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In a previous study, we performed an economic evaluation of
uniform screening strategies that had different periodicities and
varied in the ages at starting or ending the screening exams [10].
The present study has two objectives that extend our previous
work: 1) To perform an economic evaluation and to assess the
harm-benefit ratios of screening strategies that vary in their
intensity and interval ages based on BC risk; and 2) To estimate
the gain in terms of cost and harm reductions using risk-based
screening with respect to the usual practice.

Methods

The model and model inputs

We used the probabilistic model developed by Lee and Zelen
(LZ), which has been described elsewhere [11-13]. Further details
of the model can be found in Appendix S, section A. The model
assumes a four-state progressive disease with Sp: disease-free state,
S,: preclinical state (asymptomatic disease that can be diagnosed
by a special exam), S.: clinical state (diagnosis by symptomatic
detection), and S;: death from BC. The LZ model consists of a set
of equations that allow to estimate the cumulative probability of
death for a particular cohort exposed to a specific screening
scenario or to no screening, after T' years of follow-up. Since the
model is analytical, for each specific set of inputs, the model run
produces the same results. The model also provides incidence and
prevalence of BC over time, both measures necessary for the
estimation of treatment and follow-up costs.

The model requires input data that was obtained from different
sources. BC incidence and survival, and mortality from other
causes refer to cohorts born in Catalonia (Spain) in the period
1948-1952 [10,14-17]. The sojourn time in the pre-clinical state,
the distribution of stages at diagnosis (Table S1 in Appendix S1)
and the sensitivity of mammography were obtained by Lee and
Zelen from published randomized clinical trials and observational
studies [12]. Based on previous work of Zelen and Feinleib [18]
and Day and Walter [19] on the randomized clinical trial of the
Health Insurance Plan (HIP), it was assumed that the preclinical
sojourn time follows an exponential distribution with an age
dependent mean equal to 2 years for age<40 and 4 years for age>
50. In the (40-50] age interval the mean sojourn time increases
linearly from 2 to 4 years. The additional inputs are described
below in the next subsections. All the calculations assumed an
initial population of 100,000 women at birth. The time horizon for
the study was 4079 years of age.

The research protocol was approved by the institutional review
board and ethics committee of the Hospital Universitari Arnau de
Vilanova de Lleida (Spain) which waived the need for informed
consent.

Risk of invasive breast cancer

We started estimating the age-specific risk of invasive BC for our
study cohort, using the model published elsewhere by Martinez-
Alonso et al. [17]. Details of the model can be found in Appendix
S1, Section B.1. Then, following Tice et al. [20] and Schousboe et
al. [8], age-specific BC risk groups were defined according to the
following variables: breast density (measured using the Breast
Imaging Report and Database System (BI-RADS) categories 1 to 4
[21]), family history of BC in first degree relatives (yes/no) and
personal history of breast biopsy (yes/no). Details can be found in
Appendix S1, section B.2.

We obtained four aggregated risk groups that combined the
profiles of women that had similar levels of BC incidence over
time: 1) Low (L) risk which included Category 1 breast density with
at most one risk factor - family history or breast biopsy - and

PLOS ONE | www.plosone.org

Risk-Based Assessment of Breast Cancer Screening

Category 2 breast density with no risk factors; 2) Medium-Low
(ML) risk which included Category 1 breast density with two risk
factors, Category 2 breast density with one risk factor, and
Categories 3 or 4 breast density with no risk factors; 3) Medium-
High (MH) risk which included Category 2 breast density with two
risk factors, Categories 3 or 4 breast density with one risk factor;
and 4) High (H) risk which included Categories 3 or 4 breast
density with two risk factors. The frequency distributions of the
risk groups was 39.6%, 42.8%, 15.6% and 2.0% for L, ML, MH
and H, respectively.

The incidence rates of the four aggregated risk groups were
estimated as weighted sums of detailed incidence curves (see
Section B.2, Tables S2, S3, and Figure S1 in Appendix S1). The
weights were based on the prevalences of each combination of risk
factors obtained from the Risk Estimation Dataset of the Breast
Cancer Surveillance Consortium (BCSC) [22].

The screening strategies

We analyzed 2,625 screening strategies, 24 of them uniform and
2,601 risk-based. The risk-based strategies were obtained com-
bining the exam periodicity (annual (A), biennial (B), triennial (T),
and quinquennial (Q, [every five years])), the starting ages (40, 45
and 50 years) and the ending ages (69 and 74 years) in the four risk
groups, L, ML, MH and H. In the following sections, uniform
strategies are abbreviated as B5069 or B4574, for biennial exams
in the 50-69 or in the 45-74 age groups, respectively. Risk-based
strategies are abbreviated with four strings, e.g. Q5069-Q4574-
T4574-A4074, that correspond to the L, ML, MH and H risk
groups, respectively. A sample of the studied screening strategies is
presented in Table S4 in Appendix S1.

The benefits

For each screening strategy and for the background, we
measured the benefit of screening with two outcomes: the number
of lives extended, LE, and the number of quality-adjusted life years
gained, QALY. Because of the lack of Spanish data, the QALY
were estimated using the work of Lidgren et al. [23] in a sample of
361 Swedish women with localized, recurrent, or metastatic breast
cancer (See Table S5 in Appendix S1). We considered the
Lidgren’s study more robust and suitable than other studies that
used expert opinion or healthy population to obtain quality of life
estimates associated with breast cancer. We used the values
obtained from the EuroQol EQ-5D in the Lidgren’s study. For
women that did not die of BC we considered a loss of QALYs in
the first five years following the diagnosis. For women that died of
breast cancer, we considered that the last four years of their lives
or the time from diagnosis to death, if they lived less than four
years, were spent in a metastatic stage, independently of the stage
at diagnosis. See section C in Appendix S1 for further details.

The harms

False positive (FP) results. We used the P rates for non-
invasive and invasive tests obtained from the Cumulative Risk of
False Positive Study (RAFP) study which included 74 distinct
radiology units in eight regions of Spain, from March 1990 to
December 2006 [2]. The RAFP study included 1,565,364 women
that underwent 4,739,498 mammographic exams. The FP rates
were age and exam specific. We multiplied the FP rates by the
number of women at risk for BC, at each specific exam, to estimate
the number of women that would receive additional non-invasive
(e.g. ultrasound) or invasive tests (e.g. biopsy). See further details in
Appendix S1, section D and Tables S6 and S7.

Interval cancers and false-negative (FN) results. In our
model, true interval tumors correspond to those that appear
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between exams and were not in the pre-clinical state when the
previous exam was performed. FN cases are tumors that were not
detected in the previous exams due to lack of sensitivity of the
screening test. We considered that all tumors in pre-clinical state in
the previous exam were FN.

Overdiagnosis. Screening may cause overdiagnosis when it
detects tumors which would never have been diagnosed during a
lifetime without screening because of the lack of progressive
potential or death from other causes. To estimate overdiagnosis we
made some additional assumptions. We differentiated between
overdiagnosis of invasive BC and ductal carcinoma in situ (DCIS).
For both types of tumors we assumed that: 1) overdiagnosis only
happens when a mammographic exam is performed, 2) a woman
with an overdiagnosed tumor would not die of breast cancer, and
3) QALY and costs of treatment (initial and follow-up) for women
with overdiagnosed tumors are the same as for Stage I BC.

Overdiagnosis of invasive breast cancer. Estimates of
overdiagnosis show high variation depending on the study design
and the method used [3,4,17,24-28]. Based on the reported data,
an overdiagnosis rate of 15% can be considered a sensible value.

Using the incidence model described in Appendix S1, section
B.1 [17], and taking into account the distribution of the sojourn
times in the preclinical state and the sensitivity of mammography
(as in the LZ model), we estimated the number of BC cases that
would be detected in the screening exams. Then, for each
screening strategy, we assumed an overdiagnosis rate of 15% in
the mammography exams. This assumption makes it possible to
associate overdiagnosis with mammography exams, in the sense
that more intensive screening strategies are considered to produce
a higher overdiagnosis burden. For any screening strategy, an
overdiagnosis estimate of 15% of the screen-detected cases gives an
overall estimate lower than 15%), depending on the distribution of
exam-detected and interval cases. For further details about how
the overdiagnosis rate has been applied see section E and Table S8
in Appendix S1.

DCIS attributable to screening. To estimate the impact of
screening on detection of DCIS we obtained the incidence and
Census data from the Girona and Tarragona Cancer Registries in
the period 1983-2008. Data on mammography use was obtained,
for the Girona and Tarragona provinces, from three health
surveys performed in the years 1994, 2002 and 2006 [29,30].
Section F in Appendix S1 explains in detail the analysis conducted
to estimate the excess of DCIS attributable to sceening. From this
analysis we estimated an excess of 31.13 DCIS cases per 100,000
mammograms, with respect to a strategy of no screening (Table S9
and Figures S2 and S3 in Appendix S1).

Because DCIS is treated when detected, it is not possible to
accurately estimate the fraction of detected DCIS that would
progress to invasive disease. A review of the literature showed that
between 14% and 53% of DCIS may progress to invasive cancer
over a period of 10 or more years [31]. In our study we have
assumed that 1/3 of the DCIS detected by mammography would
progress to invasive cancer. With this assumption, the estimated
excess number of DCIS attributable to screening was approxi-
mately 21~2/3%31.13=20.75 per 100,000 mammograms, or
0.21 per 1,000 mammograms. In the sensitivity analysis we have
estimated the proportion of DCIS that progress to be equal to 2/3
or to 1/6 of 31.13 per 100,000 mammograms.

Costs

We have adopted the perspective of the national health system
and considered only direct healthcare costs. We have partitioned
the estimation of costs into four parts: screening and diagnosis
confirmation, initial treatment, follow-up and advanced care costs.

PLOS ONE | www.plosone.org

Risk-Based Assessment of Breast Cancer Screening

All costs were valued in 2012 euros and both costs and outcomes
have been discounted at an annual rate of 3%, according to the
economic evaluation guidelines of the Spanish Ministry of Health
[32].

The costs of screening mammograms, complementary tests and
administrative expenses were obtained from the Early Detection
Program of Parc de Salut Mar (PSMAR) in the city of Barcelona.
Data on treatment costs were obtained from a database that
included 592 women consecutively diagnosed and initially treated
for BC at the PSMAR in Barcelona in the period January lst,
2000-December 31, 2003 [10].

Cost-effectiveness and harm-benefit analyses

To compare the relative costs and outcomes of the different
strategies, we calculated the incremental cost-effectiveness ratio
(ICER). The ICER is defined as the ratio of the change in costs to
the change in effects of a specific intervention compared to an
alternative. The ICER indicates the additional cost of obtaining
one additional unit of outcome. We obtained the cost-effectiveness
frontier, also called the Pareto frontier, which contains the efficient
alternatives for which no alternative policy exists that results in
better effects for lower costs.

To perform a harm-benefit analyses, we ordered the studied
strategies from less to more adverse effects and obtained the
incremental harm-benefit ratio of each strategy in relation to the
previous one. We also obtained the harm-benefit frontier.

Selection of optimal strategies

To search for optimal strategies taking into account benefit,
costs and harms, we selected the most recommended uniform
strategy in Europe, biennial exams in the 50-69 age interval
(B5069), or the alternative towards which some countries are
moving, biennial exams in the 45-74 age interval (B4574), as
reference strategies. Then, for each reference strategy we obtained
the intersection of the subsets that contained strategies with similar
benefit (between 1 and 1.05 times) than the reference strategy and
lower cost and harms in terms of FP results and overdiagnosed
cases (invasive and DCIS). The resulting strategies were located at
or near the cost-effectiveness and harm-benefit frontiers with
values in the x-axis near the B5069 or B4574 benefit values. We
did not include the FN results in the intersection but we assessed
them in the resulting optimal subset.

Validation of the model

We have compared our results with the results of three
published reviews, the Cochrane systematic review [33], the
Independent UK Panel on Breast Cancer Screening review [34],
and the Euroscreen comprehensive review of European screening
programs [35]. In addition, we have checked the results of the
INterval CAncer (INCA) study in Spain, which included 645,764
women aged 45/50 to 69 years that participated biennially in
seven population-based screening programs, from January 2000 to
December 2006 (not yet published). A total of 1,508,584
mammograms were included in the study. The cohort was
followed until June 2009 for breast cancer identification, resulting
in 5,311 cases screen-diagnosed and 1,682 interval cancers.

We have compared the following summary indicators in the
INCA study and the uniform B4569 strategy of our model: 1)
frequencies of screen-detected and interval cancer, by age-group,
2) sensitivity of the program defined as the ratio of the number of
tumors detected in the screening exams between all the detected
tumors, 3) distribution of true interval cases and FN, by time since
last mammogram, and 4) distribution of stages at diagnosis, by
type of detection (screening or symptomatic).
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Sensitivity analysis

There is uncertainty associated with the model inputs and there
is also uncertainty associated with the model structure. It is
complex and computationally intensive to obtain the variance of
the model estimates. Instead, we performed univariate sensitivity
analyses to study the impact on our conclusions when some of the
inputs were modified. First, we changed the four risk group
distributions assuming that 20% of women in the L, ML, and MH
groups migrated to the next higher risk group. The new risk group
distributions was 31.7%, 42.1%, 21.1% and 5.1%, for L, ML, MH
and H, respectively. Second, we changed the amount of
overdiagnosis of invasive tumors to 0%, 5% and 25%. Third,
we changed the excess of DCIS to 0.1 and 0.26 per 1,000
mammograms. Fourth, we tested the effect of changing the costs of
cancer treatment to two-fold and five-fold the costs of the main
analysis. Iifth, we assessed the effect of changes in the disutility by
false-positive result on QALY. We used zero and two times the
disutility of the main analysis.

Data availability
All the input data will be available to researchers upon request.

Results

Cost-effectiveness and harm-benefit analyses

Benefits, harms, and costs of each screening strategy were
obtained as a function of the risk-groups’ incidence and the
screening characteristics (periodicity and age-interval of exams by
risk group). Figures 1 and 2 contain an overview of benefits,
harms, and costs of all 2,625 strategies evaluated. The strategies
that gave the best value for money can be found in Tables S10 and
S11 in Appendix S1.

Measuring effectiveness with LE. Figure 1 and Table S10
in Appendix S1 present the results of the cost-effectiveness and
harm-benefit analyses. Table 1 (A) shows two selected strategies
that improve on the B5069 uniform strategy and two that improve
on the B4574 uniform strategy. As an example, compared to
B5069, the optimal strategy Q5074-Q5074-1T5074-A5074 for the
L, ML, MH and H risk groups, respectively, has 3.8% higher
benefit in terms of LE and achieves reductions of 8.9% in costs,
25.1% in FP and 20.6% in overdiagnosed cases. In absolute
numbers, with an annual discount rate of 3% for every 2,000
women screened, the risk-based strategy Q5074-Q5074-T5074-
A5074 would extend about the same number of lives (4) as the
uniform B5069 strategy but would avoid 1.5 overdiagnosed cases,
97 FP mammograms (six of them ending with a biopsy) and would
save 250,000 euros. The only drawback would be one additional
FN. If we consider the uniform strategy B4574 as a reference, the
risk-based strategy T5074-15074-A4574-A4574 results in a 5%
higher benefit and reductions of 6.8% in costs, 21.9% in FP and
10.1% in overdiagnosed cases.

Measuring effectiveness with QALYs. Figure 2 and Table
S11 in Appendix S1 present the results of the cost-effectiveness and
harm-benefit analyses. Table 1 (B) shows that, compared to the
B5069 uniform strategy, the risk-based Q5069-Q4574-Q4574-
A4074 strategy results in reductions of 8% in costs, 17.2% in FP
and 25% in overdiagnosed cases. Similarly, compared to the
uniform strategy B4574, the risk-based Q4574-Q4574-A4574-
A4074 strategy achieves an increase of 4% in QALYs and
reductions of 9.2% in costs, 20.4% in FP and 23% in
overdiagnosed cases.

False negative results. We have analyzed the incremental
ratios of FN results per unit of benefit separately from the other
cost-effectiveness or harm-benefit ratios because the pattern of
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changes in FN results is affected differently by the periodicity of
the exams and the age-interval of screening. For instance, moving
from uniform B5069 to uniform A5069 reduces the amount of FN
by 29%, but moving from uniform B5069 to uniform B4574
increases the amount of FN by 33%. Figures 1 and 2 show that
there were no strategies in the lower left part of the incremental
FN per incremental benefit analyses and the harm-benefit frontier
for FN per LE or per QALY only included annual screening
strategies.

The last column of Table 1 shows the percentages of changes in
FN results for the selected risk-based strategies with respect to the
uniform B5069 and B4574 strategies. Compared to the uniform
B5069 strategy, the selected risk-based strategies, which have a
similar benefit, have more FN results (20% or more when the
measure of benefit is LE, 25% or more when the benefit is
measured in QALY). Nevertheless, when considering the uniform
B4574 strategy, the selected risk-based strategies not only have less
FP results and overdiagnosed cases but also have less FN results.
The finding that there are more FN results from risk-based
screening compared to uniform B5069 than compared to uniform
B4574 is mostly due to the fact that, in general, the selected risk-
based strategies screen women until age 74.

Summary of optimal strategies. When all the risk-based
strategies that are at or near the Pareto frontier are considered and
benefit is measured as LE, the risk-based strategies that provide a
similar benefit than the B5069 strategy are caracterized by
quinquennial for the L and ML, triennial for the MH and tri-, bi-
or annual periodicities for the H risk groups. When benefit is
measured as QALYs, the risk-based strategies are characterized by
quinquennial periodicities for the L, ML and MH and annual for
the H risk groups. When the standard of comparison is the
uniform strategy B4574, the risk-based strategies that provide
similar benefits, either LE or QALY, are characterized by
quinquennial for the L, triennial for the ML, and annual
periodicities for the MH and the H risk groups.

Figures S4 and S5 in section G of Appendix S1 show how the
uniform screening strategies, other than B5069 and B4574,
performed in the cost-efectiveness and harm-benefit analyses.

Validation of the model inputs

When we assumed a scenario without screening, for the age
interval 0 to 74 years, we obtained a cumulative incidence of BC
equal to 5.8% and a mortality rate from BC equal to 1.5%. These
values were consistent with the literature [36,37]. Section G.1, and
Tables S12 and S13 in Appendix S1 compare our results for the
biennial strategy B4569 with the results obtained in the INCA
study. The detection rates obtained with our model are slightly
higher than the INCA rates for both types of detection (screening
or interval), except for the 4449 age group. The overall program
sensitivity was very similar (68.1% in the INCA study versus
68.4% in our model). The stage distributions of the models, either
screen-detected or interval, were more favorable than the cases in
the INCA study. Table 2 shows the distribution of the interval
cases in true interval and FN, by time since last mammogram. The
timing of overall interval cases and true interval cases was similar
in the INCA study and our model. We observed differences in the
distribution of FN results at first and second year after the exams.
While in the INCA study there was a higher proportion of FN in
the second year, our model had a higher proportion of FN in the
first year of the interval. Table 3 compares the overall benefit and
harm results for the uniform strategies B5069 and B4574 with
published reviews [33-35]. We observe similarities between the
Lancet review for mortality reduction and with the Cochrane and
Euroscreen reviews for overdiagnosis. The ratios of overdiagnosed
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Figure 1. Cost-effectiveness and harm-benefit analyses for 2,625 early detection strategies. Effect measured in lives extended. Dots
represent specific screening strategies. Results obtained with an annual discount of 3%. @: uniform B5069; M: uniform B4574. A: risk-based Q5074-
Q5074-Q4574-A4574; V. risk-based Q5074-Q5074-T5074-A5074. <. risk-based T5069-B5074-A5074-A5074; B risk-based T5074-T5074-A4574-A4574.
Exams periodicities: A =annual, B=biennial, T =triennial, Q= quinquennial. The first two numbers refer to the age at starting the exams and the last
two numbers refer to the age at the last exam. In the risk-based strategies, the four strings correspond to the Low, Medium-Low, Medium-High and

High risk groups, respectively.
doi:10.1371/journal.pone.0086858.9001

per LE for the B5069 and B4574 strategies in our study were 1.3
and 1.4, respectively, in the lower range of the reviews.

Sensitivity analysis

Figures S6 and S7 in Appendix S1 show that if there was a
migration of women to higher risk groups, the selected risk-based
strategies would achieve even higher benefit than the uniform
B5069 and B4574 strategies at similar cost and harm values.

Tables S14 and S15 in Appendix S1 present the results of the
sensitivity analysis, when the assumptions on the overdiagnosis
rates for invasive BC and DCIS, on the costs of cancer treatment,
and on the disutility by FP were changed. Tables S14 and S15 also
show the relative changes with respect to the uniform B5069
strategy. In general, the cost-benefit and the harm-benefit analyses
were robust to changes in the inputs, but we observed changes in
the incremental cost-benefit or harm-benefit ratios. When the
overdiagnosis rate of invasive or DCIS tumors increased, the
incremental cost- or harm-benefit ratios also increased which
means that the cost or the harm for each additional unit of benefit
was higher. When treatment costs increased, a reduced number of
the strategies located in the left part of the frontier were not
optimal anymore. This phenomenon was common to both benefit
measures (LE and QALY) and was more marked for a 5-fold than
for a 2-fold increase. Finally, when the disutility of FP results
increased, the optimal strategies were similar, but the incremental
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FP per incremental QALY also increased. Section G.2 in
Appendix S1 includes further details of the sensitivity analyses.

Discussion

Our analysis aimed to be a global assessment of the impact that
a new paradigm of screening would have on benefit, costs and
harms rather than a detailed guideline of how personalized
screening should be done.

Using probabilistic models, we have found that risk-based
screening strategies are more efficient and have lower harm-
benefit ratios than uniform strategies. If, instead of screening
biennially all women 50 to 69 years old, we combined
quinquennial, triennial and annual exam periodicities for women
at L or ML, MH, and H risk, respectively, in the age interval 50 to
74, we would avert the same number of deaths. Similarly,
strategies that combine quinquennial exams for women at L or
ML risk with annual exams for women at MH or H risk,
respectively, in the age interval 45 to 74, result in similar gain in
QALYs than the uniform biennial strategy in the age interval 45 to
74. But, the important result is that in both cases the risk-based
strategies would result in remarkable reductions of costs, FP results
and overdiagnosis.

It is important to notice that a risk-based screening strategy

05074-Q5074-0Q4574-A4574 has similar benefits and less costs
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and harms than the uniform B5069. This does not mean that
05074-Q5074-04574-A4574 should be recommended, only that
the same benefits as B5069 can be achieved more efficiently and
safely. In fact, in terms of LE, Q5074-Q5074-T5074-A5074
improves the uniform B5069 and has similar costs and harms to
05074-Q5074-04574-A4574. The cost-effectiveness and harm-
benefit analyses show the trade-offs when moving along the Pareto
frontier. Drawing horizontal lines at the level of uniform strategies,
one can estimate the improvement in benefit for a specific cost or
harm. Drawing vertical lines allows estimation of the reduction in
costs or harms for a specific benefit.

Some recent works have proposed personalized recommenda-
tions for BC screening based on cost-effectiveness or cost-utility
analyses [8,9] or in decision models that compare harm and
benefits [38]. Schousboe et al. [8] established cost-effectivenes
thresholds of $100,000 or $50,000 per QALY gained and
compared different periodicities for the screening exams in 10-
year age groups, BI-RADS breast density categories and the
presence/absence of personal history of biopsy and family history
of breast cancer. They recommended that women aged 50 to 79
years who have low breast density and no other breast cancer risk
factors may consider having mammography less frequently than
every 2 years, which is consistent with our results. But, they
recommended biennial screening for women aged 50 to 79 with
breast densities of 3 or 4, independently of the presence of the
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other two risk factors. In our study, women with breast density 3 or
4 belong to ML, MH, and H risk groups, depending on having 0,
1 or 2 additional risk factors, respectively, and therefore the
optimal strategy would have recommended different periodicities
and age intervals for these three risk groups. In addition,
Schousboe et al. concluded that annual mammography was not
cost-effective for any group, regardless of age or breast density.
These recommendations do not agree with our results, probably
due to differences in the studies’ objectives and the methodological
approaches used.

van Ravesteyn ¢/ al. used different models - one of them was the
LZ model that we used in the present study - to assess the false-
positive mammography findings per death averted and per years
of life gained in women aged 40 to 49 years [9]. In all models,
screening women with increased risk for breast cancer lead to
more breast cancer deaths averted with approximately the same
number of false-positive results.

Ayer et al. [38], using a Markov decision process that considers
personal risk characteristics and the personal history of screening,
showed that personalized screening strategies outperform the
existing guidelines with respect to the total expected quality-
adjusted life years, while significantly decreasing the number of
mammograms and false-positives. They concluded that screening
is less beneficial for most women over age 74 and, as we found,
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Table 1. Uniform B5069 and B4574 strategies compared with alternative risk-based strategies.

A) Effect measured in lives extended (LE)’

Schedule LE Cost (x10%°€) False positive> Overdiagnosis® False negative
Uniform B5069 201.9 139.6 19,256.3 3476 2239
Risk-based strategies* Percentage of change, compared to fixed B5069

Q5074-Q5074-Q4574-A4574 0.6 —9.3 —25.1 —259 227
Q5074-Q5074-T5074-A5074 3.8 —8.9 —25.1 —20.6 20.8

Uniform B4574 264.7 154.5 26,578.5 493.1 298.2
Risk-based strategies* Percentage of change, compared to fixed B4574

T5069-B5074-A5074-A5074 0.5 —-7.7 —23.0 —124 —216
T5074-T5074-A4574-A4574 5.0 —6.8 —-219 —10.1 —9.7

B) Effect measured in quality-adjusted life years (QALY)'

Schedule QALY Cost (x10%°€) False positive> Overdiagnosis® False negative
Uniform B5069 2,3333 139.6 19,256.3 347.6 2239
Risk-based strategies* Percentage of change, compared to fixed B5069

Q5069-Q4574-Q4574-A4574 03 —83 —183 —259 249
Q5069-Q4574-Q4574-A4074 15 —8.0 —17.2 —25.0 26.2

Uniform B4574 2,848.8 154.5 26,578.5 493.1 298.2
Risk-based strategies* Percentage of change, compared to fixed B4574

Q5074-Q5074-A4074-A4074 0.4 —9.2 —253 —234 —10.5
Q4574-Q4574-A4574-A4074 4.0 —9.2 —20.4 —23.0 —7.2

All the absolute values have been discounted at an annual rate of 3%.
2False positive includes both non-invasive and invasive procedures.
30verdiagnosis of invasive and DCIS cases.

to the age at the last exam.
doi:10.1371/journal.pone.0086858.t001

provides significant QALY gains, for the high-risk women in the
age group 40-49.

Limitations and other considerations

We have used a very detailed model that allowed us to
thoroughly assess the cost-effectiveness and harm-benefit of 2,625
different screening scenarios, either risk-based or not. However,
our study has several limitations.

"Data correspond to a cohort of 100,000 women at birth assessed in the age-interval 40-79 years.

“Periodicity and age-interval for Low, Medium-Low, Medium-High and High risk groups, respectively.
Exams periodicities: A =annual, B=biennial, T =triennial, Q = quinquennial. The first two numbers refer to the age at starting the exams and the last two numbers refer

First, our model relies on data and assumptions that may be not
correct. When available, we have used Catalan or Spanish data
from population based registries or BC screening programs. If the
input data was not available at the region or country level, we used
data that the Cancer Intervention and Surveillance Modeling
Network (CISNET) had prepared for BC mortality modeling
research groups in the USA, like the distribution of disease stages
at diagnosis [12], or from the Breast Cancer Surveillance
Consortium, like the distribution of risk factors in the population

Table 2. Distribution of the interval cases by time since last mammogram.

Time since last mammogram
Interval cancer

False negative and occult

(months) True interval and minimal signs tumors

N % N % N %
The INCA study’
0-11 420 324 142 26.2 117 387
12-23 876 67.6 399 738 185 61.3
Probabilistic model, biennial screening
0-11 529 353 287 26.8 242 56.5
12-23 971 64.7 785 73.2 186 435

were reviewed.
doi:10.1371/journal.pone.0086858.t002
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"The total number of interval cases in the INCA study is higher than the sum of true interval and FN, occult and minimal signs, because 60.3% of all the interval cases
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Table 3. Comparison with published reviews.

Risk-Based Assessment of Breast Cancer Screening

Independent UK
Panel on Breast
Cancer Screening

Cochrane

systematic review?

Euroscreen review®

Our study' review [34] [33] 35]
B5069 B4574
Mortality reduction (%) 14.4 19.6 20.0 15.0 23.0-30.0
Deaths averted 43 5.8 43 0.5 7-9
Overdiagnosis 55 8.1 129 5.0 4
Non invasive FP 265.5 347.8 - >100 200
Invasive FP 249 287 - - 30
Number needed to screen to extend 1 live 233 172 235 2000 111-143

Benefits and harms per 1,000 women screened.
'time horizon 40-79 years.

210 years of follow-up.

3time horizon 50-79 years.
doi:10.1371/journal.pone.0086858.t003

or the relative risks of the considered risk factors [8,20,22]. Finally,
there were some inputs that had been obtained from published
randomized clinical trials and observational studies [12,23]. This
variety of data sources and modeling assumptions makes it
necessary to carefully analyze the model outputs. To validate our
model, on one hand, we have performed sensitivity analyses either
in this study or in previous publications that show that the model
and results are robust to the model assumptions [10,16]. On the
other hand, we have reviewed the literature to check whether our
results were consistent, at least for the screening strategies that
have been included in reviews - mostly biennial strategies in the
50-69 year age interval. The three examined reviews, the
Cochrane systematic review [33], the Independent UK Panel on
Breast Cancer Screening review [34], and the Euroscreen
comprehensive review of European screening programs [35]
provide a wide range of values for the benefits and harms of
screening. Our results have similarities and differences with the
three reviews. We obtained a value close to the Lancet review for
number of deaths averted per 1,000 women. Our ratios of
overdiagnosed cases per death averted were in the low range of
values obtained in the mentioned reviews, 0.5, 3 and 10
overdiagnosed cases per death averted in the Euroscreen, the
UK Panel and the Cochrane reviews, respectively. Our estimates
of false-positive mammography results were higher than in the
reviews, nevertheless for invasive false-positives we were close to
the Euroscreen result. Finally, when we compared our results for
the uniform screening strategies B4569 or B5069 with the INCA
study or other studies of interval cancer [39—41], we found a high
consistency in most of the results relative to the number of cancer
cases detected per mammography, sensitivity of the program,
distribution of screen-detected and interval cases, and distribution
of true interval and false-negative cases.

Second, we have assumed that BC risk influenced only the
incidence of the disecase and not the distribution of stages at
diagnosis, the sensitivity and specificity of mammography, the
sojourn time in the preclinical state or the mortality from other
causes. It could happen that tumors for women at MH or H risk
groups had a less favorable stage distribution at diagnosis and the
benefit of screening for these groups was lower than estimated.
Also, it is known that mammography performance is associated
with the considered risk factors [42,43].

Third, we have assumed that there are no changes in the risk
factors after the age at which screening exams start. We considered

PLOS ONE | www.plosone.org

that the proportion of women in the risk groups remained constant
over time and it was the overall sample estimate for the BCSC
data. This assumption may not be correct, because as women get
older breast density tends to decrease and personal history of
biopsy and family history of breast cancer have more chances to be
present. We think that our results are robust to changes in the risk
group weights over time, as the sensitivity analysis has shown to be
the case for changes in the risk group distributions. However,
when considering personalized screening, BC risk should be
updated when new information on risk factors or their trends is
available.

Forth, our model used age-specific sensitivities of the screening
exam that correspond to a more prevalent use of film mammog-
raphy than digital mammography. We did not assess the impact of
changing the mammography performance in this study. van
Ravesteyn et al. [9] found that there was greater harm relative to
benefit from digital than from film mammography in women aged
4049 years, an age group were it seems that digital mammog-
raphy has higher sensitivity, detects more cases of DCIS and
results in more FP results [44,45].

Fifth, our probabilistic model assumes that screening results in a
stage-shift at BC diagnosis, but does not consider DCIS as one of
the BC stages. Therefore, the fraction of DCIS tumors that would
have progressed and been diagnosed as invasive in the absence of
screening, are re-distributed under screening in more favorable
stages at diagnosis, but not as DCIS. This may have produced an
underestimation of the benefit of the screening strategies, both
uniform or risk-based. If bias had affected uniform and risk-based
strategies similarly, the cost-effectiveness and harm-benefit anal-
yses would remain valid.

We agree with Mandelblatt [46] and Ayer [38] on that risk-
based approaches show promise, but there are important issues
that need further research. One issue is the need to know more
about the underlying relationships between risk factors and the
biology of breast cancer and, the other issue, is to overcome the
practical issues of implementing appropriate screening strategies
based on personalized risk. The PROCAS study in the UK [47],
the KARMA project in Sweden [48-50], and the PROSPR
network in the USA [51] are examples of advancing towards a
tailored screening through improving BC risk prediction. Creating
new strategies for communicating individual estimates of benefit
and risk of alternative screening methods, to better inform patients
and health care providers, is a challenge for researchers.
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In conclusion, risk-based screening strategies seem to be more
efficient and have better harm-benefit ratios than the standard
uniform strategies. We have proposed a reduced number of risk-
based screening strategies that combine quinquennial or triennial
exams for women in low or moderate-low risk groups and annual
exams for women in the moderate-high or high risk groups, for the
consideration of researchers, decision makers and policy planners.
Now, it is necessary to develop accurate measures of individual risk
of BC and to work on how to organise risk-based screening
programs.

Supporting Information

Appendix S1 Supporting information on methods used
and results obtained, containing Tables S1 to S15 and
Figures S1 to S7. Table S1, Distribution of stages at diagnosis of
BC. Table S2, Relative risk of breast cancer based on age and
breast density. Table S3, Prevalences of risk factors by age group
for each category of breast density. Table S4, Characteristics of the
2,625 screening strategies analized. Table S5, The utilities for the
general population and for women diagnosed with BC, ecither
DCIS or invasive. Table S6, Model for false positives of non-
invasive tests. Table S7, Model for false positives of invasive tests.
Table S8, Distribution of stages at diagnosis of BC for screen-
detected cases. Different overdiagnosis rates. Table S9, Linear
regression model with dependent variable being the DCIS rate per
10° women-year. Table S10, Cost-effectiveness and harm-benefit
analysis. Lives extended. Table S11, Cost-effectiveness and harm-
benefit analysis. Quality-adjusted life years (QALY). Table S12,
Number of mammograms and detection rates for screen-detected
and interval cases and program sensitivity by age groups. Invasive
cancer (DCIS not included). Table S13, Distribution of stages at
diagnosis of BC. Table S14, Sensitivity analysis. Changes in lives
extended. Table S15, Sensitivity analysis. Changes in QALY.
Figure S1, Incidence curves for twelve risk profiles grouped by risk
level: (A) Low Risk, (B) Medium-Low Risk, (C) Medium-High
Risk, and (D) High Risk. Graphic (E) shows the smoothed
incidence rates for each risk group. Figure S2, Observed and
smoothed DCIS rates over time in Catalonia (1983-2008). Figure
S3, Index of mammography use (IMU) and smoothed DCIS rates
over time in Catalonia (1983-2008). Figure S4, Cost-effectiveness
and harm-benefit analyses for 2,625 early detection strategies, with
uniform strategies marked. Effect measured in lives extended.
Figure S5, Cost-effectiveness and harm-benefit analyses for 2,625
carly detection strategies, with uniform strategies marked. Effect
measured in QALY. Figure S6, Sensitivity analysis of a change in
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56 Capitol 3. Metodes i resultats

Appendix S1

A The probabilistic model

Lee and Zelen (LZ) developed a probabilistic model that predicts mortality
as a function of the early detection modality. The characteristics and as-
sumptions of the LZ model are described in detail elsewhere [1-3]. The as-
sumptions of the LZ model are (1) a four-state progressive disease in which
a subject may be in a disease-free state (Sp), preclinical disease state (S:
capable of being diagnosed by a special exam), clinical state (S.: diagnosis
by symptomatic detection), and a death from breast cancer (BC) state (S;);
(2) age-dependent transitions into the different states; (3) age-dependent ex-
amination sensitivity; (4) age-dependent sojourn times in each state; and (5)
exam-diagnosed cases have a stage-shift in the direction of more favorable
prognosis relative to the distribution of stages in symptomatic detection.

So — Sp Sp — Se Sc — Ske
Sojourn timein Sp Survival time .
_______ | |- — - —— -+ Time (age)
I
zZ+x zZ+T z+y
The LZ model considers:
* 1 screening exams at times tg < t; < ... < t,_1. It is assumed that

to = 0 and z = age at t.
¢ Three chronological times (see schema):

— x: time at entering S, z + x: age when entering S,. The time x is
not observed but can be derived from the incidence function and
the distribution of sojourn time in the S, state. x takes a negative
value if the transition to S, occurs before the age at first exam, z.

- T: time at entering S., z + T: age at entering S.. The time T can
not be observed in cases detected by exam, only in the clinically
detected cases. For cases detected by exam, T can be estimated.

— y: time at death, z + y: age at death. Thenx < T <y
* Sojourn timein Sp: T — x
* Sojourn timein Sc:y — T
The LZ basic model calculates the cumulative probability of death for the
cohort group exposed to any screening program after T years of follow-up.

Similarly, the cumulative probability of death for the cohort group receiving
typical health care can be calculated. These probabilities are used to calculate
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possible reductions in mortality in an early detection program after T years
of follow-up.

Survival distributions for exam-diagnosed, interval, and control cases are
assumed to be conditional on the stage at diagnosis and treatment, but are
not dependent on the mode of diagnosis. The LZ model assumes k stages,
$s(j), ¢i(j) and ¢.(j) represent the probability of being diagnosed at stage
j,j = 1,...,k for exam-diagnosed, interval and control cases, respectively,
and f;(t|z + 7) is the probability density function (pdf) of survival time ¢
among subjects who would have been clinically diagnosed at stage j in the
absence of screening. Then the survival time pdfs of the exam-diagnosed,

interval and control cases are the mixtures: gs(t|z+ T) = 2;-‘:1 ¢s(j) fi(t]z +
1), 8i(tlz+7) = Ty ¢i() fi(tlz + 1) and ge(t|z + 7) = T ¢e () fi(Hlz + T),

respectively.

Since screening will appear to increase survival time, the LZ model controls
for lead time bias by setting the origin of survival time for the screened,
interval, and clinical cases at the time of clinical diagnosis. Consequently,
there is an implied guarantee time for disease-specific survival, that is, the
cases diagnosed earlier would have been alive at the time the disease would
have been clinically diagnosed. This guarantee time, also called lead time, is a
random variable and is incorporated into the equations of the model. Explic-
itly, the lead time is T — ¢, where T is the time at which the individual enters
the clinical state and ¢, is the time at which the r detection exam, when the
disease will be diagnosed, is given.

A.1 Swurvival functions

Since the BC survival functions in presence of screening are affected by the
lead time and length biases, we used the Catalan BC survival functions by
age and stage for the period 1980-89 [4], which correspond to the pre-screen-
ing era in Spain. To introduce the benefit of BC treatments during the 1990s
and the 2000s, we multiplied the 1980-89 BC hazard rates by stage-specific
hazard ratios (HR) found in the literature. For local and regional BC, the haz-
ard ratios of adjuvant treatment—either multi-chemotherapy or hormonal
treatment—were adapted from Mariotto et al. [5]. We assumed HR=0.85 for
localized BC (AJCC stages I or II-) and HR=0.8 for regional BC (stages II+
and III). For metastatic BC we assumed HR=0.72 [6].

A.2 Distribution of stages at diagnosis

Table S1 presents the distribution of stages at diagnosis for screen-detected,
interval and background cancer cases, according to periodicity of exams. The
stage distribution for cases without screening was obtained from the Surveil-
lance Epidemiology and End Results (SEER) program of the National Cancer
Institute and the stage distribution for the screen-detected and interval cases
from the Breast Cancer Surveillance Consortium (BCSC), by Lee and Zelen
[2]. For screen-detected cases and interval cases Lee and Zelen distinguished
between annual, biennial and irregular screening.
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The stage distributions of screen-detected cases in Table S1 were modified to
deal with assumptions of overdiagnosis in the main analysis as well as in the
sensitivity analysis. (See section E and Table S8 of this Appendix S1).

B Invasive BC incidence by risk group

B.1 Overall incidence model for invasive BC

To estimate the age-specific incidence rates for invasive BC we used the mod-
el published elsewhere by Martinez-Alonso et al. [7]. This model estimates
the expected number of incident cases, E(I), using the equation:

E(I) = exp(—6.0626 — 38.4818 Age; + 0.0005 Age; + 0.6250 PM50;+
+ 0.0120 YB; + offset),

where Age; = (age/10)72 — 0.0331, Age; = (age/10)% — 166.375, YB; =
year-of-birth — 1937.5, PM50; = PM50%° — 0.4342 (with PM50 being the pro-
portion of women who were having periodic mammograms for early detec-
tion at age 50) and offset = log(exposed) — 0.15 CFR, where CFR indicates
the complete fertility rate of the cohort. To obtain the background incidence
we assumed PM50=0.

B.2 BC incidence in risk groups

BC risk groups were defined according to the following variables: breast
density (measured using the BI-RADS categories 1 to 4 [8]), family history
of BC in first degree relatives (yes/no) and personal history of breast biopsy
(yes/no). Relative risks of invasive breast cancer based on breast density,
family history of BC, and breast biopsy were taken from Tice et al. [9] and
Schousboe et al. [10].

To obtain the age-specific BC incidence by risk group we took the following
steps:

1. We estimated the age-specific BC incidence for each breast density cat-
egory based on the reported relative risks from Schousboe et al. [10].
Table S2 shows, by age groups, the relative risks for each breast density
level compared to all women in the corresponding age group.

2. Based on data from Tice et al. [9], we approximated the relative risks
of invasive breast cancer to 1.5 or 0.9, for the presence or absence of a
family history of BC in a first degree relative, respectively. The same
relative risks, 1.5 or 0.9, were assumed for a positive or negative history
of prior breast biopsy.

3. With the previous considerations, twelve detailed age-specific inci-
dence curves were obtained. We grouped them in four aggregated age-
specific incidence curves taking into account the proximity of the de-
tailed curves. The four incidence groups represented: (i) category 1
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breast density with at most one risk factor, and category 2 breast den-
sity with no risk factors (Low Risk); (ii) category 1 breast density with
two risk factors, and category 2 breast density with one risk factor, and
category 3, 4 breast density with no risk factors (Medium-Low Risk);
(iii) category 2 breast density with two risk factors, and category 3, 4
breast density with one risk factor (Medium-High Risk); and category
3, 4 breast density with two risk factors (High Risk).

4. The incidence rates of the four aggregated risk groups were estimated
as weighted sums of the detailed incidence curves. The weights were
based on the prevalences of each combination of risk factors obtained
from the Risk Estimation Dataset of the Breast Cancer Surveillance
Consortium (BCSC) [11]. Figure S1 shows the detailed and aggregated
incidence curves.

Table S3 shows the prevalences of risk factors by age group for each level of
breast density.

C Quality Adjusted Life Years (QALY)

The QALYs for the different breast cancer disease states were obtained using
the health related quality of life (HRQoL) measures from Lidgren et al. [12].
As Schousboe et al. [10], we used the HRQoL measures obtained from the
EuroQoL EQ-5D self classifier in the Lidgren et al.’s study, which provided
HRQoL measures for the first year after primary BC (EQ-5D=0.696); the first
year after recurrence (EQ-5D=0.779); the second and following years after
primary BC or recurrence (EQ-5D=0.779); and the metastatic BC state (EQ-
5D=0.685).

We also followed Schousboe et al. [10] to obtain the QALY values for the first
year after BC diagnosis: 0.744 for ductal carcinoma in situ (DCIS), 0.696 for
localized BC and 0.620 for regional or distant BC. For women that did not die
of BC, beyond the first year of diagnosis and during four years, we assumed
no loss in quality of life for women with DCIS and a QALY value of 0.779 for
the invasive cancers, either local, regional or distant at diagnosis. For women
that died of breast cancer, we considered that the last four years of their lives
were spent in a distant stage with a QALY value of 0.685, independently of
the stage at diagnosis.

The HRQoL data of the Lidgren et al.’s study were not reported by age. To
obtain the QALY values by age group and BC state we replicated the work of
Schousboe et al. [12]. The estimated average QALY value of Swedish women
at the mean age of the Lidgren’s population was 0.823. The proportion of
expected quality of life, for any given age for all of the BC states, compared
to perfect health (QALY = 1.0) was obtained dividing the previously stated
values for each BC state by 0.823. The final QALY value, for each BC state
and for any given age group, was obtained multiplying these proportions
by the QALY value for that age group in the general population. The QALY
values that we used are shown in Table S5.
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For false-positive mammograms we assumed an average annualized loss of
quality of life of 0.013. Schousboe et al. [10] reported that they used this value
in their sensitivity analysis but assumed no loss in quality of life in their main
analysis. To obtain the 0.013 value they assumed that 50% of women with a
false-positive would have anxiety sufficient to increase the mood subscale of
the EuroQol instrument from 0 to 1, lasting a total of 2 months. According to
the U.S. EQ-5D tariffs, such a change for an entire year represents a decrease
in the QALY value of 0.156, which divided by 12 (1/2 women x 1/6 years)
is 0.013. In the sensitivity analysis we assessed the impact of changing the
disutility by false-positive to 0, and to 0.026.

D Model that estimates the false-positive rates for invasive
and non-invasive tests

The Cumulative False Positive Research study (RAFP) provided the false-
positive (FP) rates for invasive and non-invasive tests for women starting
biennial exams at ages 44-45 to 68-69. The maximum number of screening
rounds was six (non-published data).

We used the FP rate as the dependent variable and included the screening
round and age as independent variables, in a log linear model. Tables S6 and
S7 contain the parameter estimates. The model allowed us to estimate the
FP rate for annual screening. We assumed that after the 6th exam the FP rate
was constant. Tables S6 and S7 show the estimated coefficients, confidence
intervals and p-values.

E Distribution of stages for screen-detected cases under the
assumption of overdiagnosis of invasive BC

To re-calculate the stages” distribution of screen-detected cases, first we sub-
tracted the overdiagnosis rate (e.g 15% for the main analysis) from the pro-
portion of stage I of BC. Then, we divided the proportions of each stage by
1—overdiagnosis rate and obtained the new distribution of stages” distribu-
tion. Table S8 presents the stages” distributions for screen detected cases used
in the main analysis as well in the sensitivity analyses.

As an example, the stages’ distribution for annual screen detected cases
under the assumption of 15% overdetection rate, for the age-group 40-49
years, has been obtained as follows:

* From Table S1 the proportion in stage I is 0.62. If we subtract 0.15, we
obtain a proportion of 0.62 — 0.15 = 0.47 women in stage I.

e We subtract 0.15 from 1 and obtain a total of 0.85 women diagnosed
with invasive cancer.

* We divide the new proportion for stage I and the old proportions for
stages II to IV by 0.85. We obtain 0.47/0.85 = 0.5529 women in stage
I, 0.1131/0.85 = 0.1331 in stage II-, 0.2141/0.85 = 0.2519 in stage 11+,
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0.0436/0.85 = 0.0513 in stage III and 0.0092/0.85 = 0.0108 in stage IV,
as indicated in Table S8.

F DCIS attributable to screening

Figure 52 shows the age-specific DCIS rates over time, using the data from
the Cancer Registries of the Girona and Tarragona provinces in Catalonia.
We used natural splines to obtain a smooth trajectory of the DCIS rates in the
age groups 40-49, 50-69 and 70 or more years.

An increase in the DCIS rates, starting at the beginning of the 1990s was
observed in the three age groups. In the 40-49 and 50-69 year age groups, we
observed a plateau near the year 2000 followed by a new increase afterwards.
The DCIS in the older age group seemed to have stabilized during the 2000s.

Our purpose was to quantify the increase in the DCIS rate in relation to the
dissemination of mammography for early detection. First, we estimated an
index of mammography use (IMU). The data was obtained, for the Girona
and Tarragona provinces, from three health surveys performed in the years
1994, 2002 and 2006. Data from these surveys was already analyzed to study
the dissemination of periodic mammography in Catalonia [13, 14]. For each
health survey year, the IMU was obtained using the following formula:

IMU= Y fix1/i

ie{1,24}

where f; is the fraction of women in the population that received early detec-
tion mammograms with a periodicity of i years, with i = 1,2, 4 if the interval
between mammograms was 1, 2 or 3 or more years, respectively. The IMU
measures the intensity of mammography use per woman-year. If no women
in the population used periodic mammography, IMU=0. If every woman in
the population received an annual mammography, IMU=1 and if half of the
women in the population receive a biennial mammograph, IMU= 0.25.

Then, we used a linear regression model to assess the impact of mammog-
raphy use in the DCIS rate. Age-group was included in the model as a cat-
egorical variable. For this model, we used the DCIS rates corresponding to
a baseline period (years 1983-1987) and three periods of three years centered
around the health survey years, 1993-1995, 2001-2003 and 2005-2007. For
the baseline period, when there was very little use of mammography, it was
assumed that the IMU=0.

Figure S3 presents the smoothed DCIS rates and the IMU values. It can be
observed that the pattern of increase of the DCIS rate is related to the pattern
of growth of the IMU, mainly for the 50-69 age group, which is the target
population for the public screening program in Catalonia.
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Table S9 presents the results of the linear regression model. The IMU is
associated with the DCIS rate with a beta coefficient equal to 31.13, indicating
an increase of approximately 31.13 DCIS cases per 100,000 women-year if the
IMU changes from 0 (no screening) to 1 (all women receive a mammogra-
phy). The R? coefficient of determination is 0.87, denoting that the model
explains a high percentage of the total variability in the DCIS rate.

G Results

Tables S10 and S11 show the Pareto efficiency frontiers of cost-effectiveness
and harm-benefit analyses in terms of lives extended (LE) and quality-adjust-
ed life years gained (QALY), respectively.

Figures 54 and S5 contain the same data as Figures 1 and 2 with all the stud-
ied uniform strategies labeled.

G.1 Validation of the model inputs

Table S12 compares the screen-detected and interval cancer rates per 1,000
mammograms in the INCA study and the fixed B4569 strategy of the mathe-
matical model. The model detection rates are slightly higher than the INCA
rates for both types of detection (screening or interval), except for the 44-49
age group. The age-specific interval rates for the INCA study do not show
an increasing pattern as the model interval rates.

The overall program sensitivity was very similar (68.1% in the INCA study
versus 68.4% in the mathematical model). By age group, both the INCA
study and the mathematical model show an increasing trend (Table S12).

Table S13 presents the stages distribution for screen-detected and interval
cases. Screen-detected cases in the model had a higher distribution of cases in
Stages I and II than the INCA study, which had a higher distribution of Stage
III cases. Similarly, interval cases in the INCA study had a higher proportion
of Stages III and IV cases. In summary, the stage distributions of the model,
either screen-detected or interval, were more favorable than the cases in the
INCA study.

G.2 Sensitivity analysis
G.2.1 Changes in the risk groups distribution

Figures S6 and S7 present the cost-effectiveness and harm-benefit analyses
when 20% of the women in the L, ML, and MH risk groups migrated to the
next higher risk group, for the selected risk-based strategies compared to the
uniform B5069 and B4574 ones. With the new risk groups distribution, the
selected risk-based strategies even perform better than with the former risk
groups distribution.
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G.2.2 Changes in the overdiagnosis rate of invasive tumors

Tables 514 and S15 present the results obtained, for the benefit measures LE
and QALY, respectively, when the assumptions on overdiagnosis rates for
invasive BC and DCIS and the cost of cancer treatment were changed. In
Table 514 the absolute values correspond to the selected Q5074-Q5074-T5074-
A5074 strategy whereas in Table S15 they correspond to the selected Q5069-
Q4574-Q4574-A4074 strategy. In both tables the percentages in parentheses
correspond to relative changes with respect to the fixed B5069 strategy.

In the main analysis an overdiagnosis rate of 15% was assumed for the
invasive tumors when the mammography exams were performed. The sen-
sitivity analysis showed that, in absolute terms, the measures of benefit
(LE and QALY) decreased when the overdiagnosis rate increased from 0%
to 5% and from 5% to 15%. When the overdiagnosis rate increased from
15% to 25% the measures of benefit (LE and QALY) increased for the less
intensive strategies and decreased for the more intensive strategies. The
cost-benefit and the harm-benefit analyses were robust to changes in the
overdiagnosis of invasive tumor rates. The resultant optimal strategies were
mostly the same as in the main analysis but we observed changes in the
incremental cost-benefit or harm-benefit ratios. Changes were more marked
when the overdiagnosis rate increased from 15% to 25% where some less
intensive screening strategies exited the Pareto frontier. In general, when
the overdiagnosis rate increased, the incremental cost- or harm-benefit ratios
also increased which means that the cost or the harm for each additional unit
of benefit was higher.

For the risk-based Q5074-Q5074-T5074-A5074 strategy, increasing the over-
diagnosis rate of invasive tumors led to a decrease in the number of LE (Ta-
ble 514), but the percentage change with respect to the fixed B5069 strategy
increased. Similarly, for the risk-based Q5069-Q4574-Q4574-A4074 strategy,
increasing the overdiagnosis rate of invasive tumors led to a decrease in the
number of QALYs (Table S15) but, compared to the fixed B5069 strategy, the
percentage change also increased.

G.2.3 Changes in the overdiagnosis rate of DCIS

The overdiagnosis rate of DCIS is directly associated with a slight increase
in costs (Tables S14 and S15) and a slight decrease in QALYs (Table S15).
Since we assumed that overdiagnosed DCIS did not die of breast cancer, both
LE and QALY were not affected by changes in the overdiagnosis rate. The
resultant optimal strategies were the same as for the main analysis, except
for one of the optimal strategies in the FN-QALY harm-benefit analysis.

For the risk-based Q5074-Q5074-T5074-A5074 and Q5069-Q4574-Q4574-
A4074 strategies, increasing the overdiagnosis rate of DCIS led to an increase
in costs and in the percentage change with respect to the fixed B5069 strategy
(Tables S14 and S15).
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G.2.4 Changes in the costs of breast cancer treatment

When treatment costs increase, a reduced number of the strategies located in
the left part of the frontier were not optimal anymore. This phenomenon was
common to both benefit measures (LE and QALY) and was more marked for
a 5-fold than for a 2-fold increase.

G.2.5 Changes in the disutility of FP results

This sensitivity analysis only has an impact on QALYs. Increasing the disu-
tility of FP results led to a decrease in QALY (Table 515).
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Tables

Table S1: Distribution of stages at diagnosis of breast cancer

Stages!
Age (years) I II- I+ I v
Background '~
40-49 0.3008 0.2277 0.3091 0.0999 0.0625
50-59 0.2868 0.2176 0.3111 0.1021 0.0825
60-69 0.3028 0.2225 0.2713 0.0974 0.1061
70-79 0.3157 0.2671 0.2227 0.0983 0.0961
Annual screening. Screen-detected cases'”
40-49 0.6200 0.1131 0.2141 0.0436 0.0092
50-59 0.6669 0.1057 0.1935 0.0296 0.0043
60-69 0.7641 0.0739 0.1412 0.016 0.0047
70-79 0.7821 0.0875 0.1067 0.0165 0.0072
Annual screening. Interval cases'?
40-49 0.4644 0.1903 0.2598 0.0667 0.0188
50-59 0.4501 0.1744 0.2976 0.0665 0.0113
60-69 0.5417 0.1532 0.2320 0.0591 0.0141
70-79 0.5446 0.2345 0.1583 0.0496 0.013
Biennial screening. Screen-detected cases!”®
40-49 0.5839 0.1217 0.2360 0.0438 0.0146
50-59 0.6210 0.1472 0.1734 0.0423 0.0161
60-69 0.6563 0.1295 0.1830 0.0246 0.0067
70-79 0.7287 0.1311 0.1128 0.0137 0.0137
Biennial screening. Interval cases'~
40-49 0.3673 0.2246 0.3099 0.0819 0.0164
50-59 0.2945 0.2609 0.2648 0.1166 0.0632
60-69 0.4077 0.2231 0.2672 0.0744 0.0275
70-79 0.4336 0.2885 0.1770 0.0673 0.0336
Triennial or quinquennial screening. Screen-detected cases!”
40-49 0.4910 0.1576 0.2605 0.0614 0.0295
50-59 0.5096 0.1707 0.2193 0.0622 0.0382
60-69 0.5384 0.1605 0.2124 0.0489 0.0398
70-79 0.5910 0.1765 0.1494 0.0419 0.0412
Triennial or quinquennial screening. Interval cases!?
40-49 0.3466 0.2262 0.3097 0.0868 0.0307
50-59 0.2919 0.2465 0.2802 0.1118 0.0696
60-69 0.3727 0.2229 0.2686 0.0821 0.0537
70-79 0.3943 0.2814 0.1922 0.0776 0.0545

1 American Joint Committee on Cancer (AJCC) stage distribution.
2 From Surveillance, Epidemiology, and End Results (SEER).
3 From Breast Cancer Surveillance Consortium (BCSC).
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Table S2: Relative risk of breast cancer based on age and breast density (the
reference group for each relative risk is all women of that age group)!

BI-RADS Age groups

category 40-49 50-59 60-64 65-69 70-79
1 0.351 0.388 0.400 0.581 0.600
2 0.730 0.807 0.832 0.885 0.914
3 1.131 1.251 1.291 1.228 1.268
4 1.468 1.623 1.675 1.283 1.325

1 From Schousboe et al. [10].

BI-RADS (American College of Radiology Breast Imaging Reporting and Data System) 1 =
almost entirely fat; 2 = scattered fibroglandular densities; 3 = heterogeneously dense; 4 =
extremely dense.

Table S3: Prevalences of risk factors by age group for each category of breast
density!

35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75-79 80-84

BI-RADS 1
ORF 0.0251  0.0343  0.0403 0.0521  0.0644 0.0778  0.0859  0.0920  0.0932  0.0943
1 RF 0.0128  0.0078  0.0101  0.0143  0.0198  0.0241 0.0294 0.0330 0.0341  0.0346
2 RF 0.0011  0.0006  0.0009  0.0015 0.0023  0.0030  0.0040 0.0036  0.0045  0.0042
BI-RADS 2
ORF 0.1931  0.2604 0.2746  0.3089  0.3336  0.3461  0.3477 0.3490 0.3512  0.3501
1 RF 0.1182  0.0699  0.0825 0.1016  0.1234 0.138  0.1529 0.1626  0.1594  0.1581
2 RF 0.0136  0.0062  0.0083 0.0120 0.0164 0.0198 0.0211 0.0233  0.0248  0.0246
BI-RADS 3
0RF 02589 03452 0.3226  0.2850  0.2448 02149 0.1946 0.1812 0.1792  0.1806
1RF 0.1826  0.1109 0.1191 0.1216 0.1201  0.1144 0.1098 0.1051  0.1015 0.0974
2 RF 0.0225 0.0111  0.0150 0.0168 0.0178 0.0170  0.0173  0.0168  0.0180  0.0173
BI-RADS 4
0RF 0.0904 0.1060  0.0826  0.0537 0.0341 0.0258 0.0220 0.0194 0.0200  0.0241
1RF 0.0719  0.0424 0.0384 0.0285  0.0202  0.0160 0.0132  0.0117  0.0118  0.0125
2 RF 0.0097  0.0051 0.0056 0.0039 0.0033 0.0023  0.0021  0.0022  0.0024  0.0023

1 Based on the Risk Estimation Dataset of the Breast Cancer Surveillance Consortium (BCSC) [11].

BI-RADS (American College of Radiology Breast Imaging Reporting and Data System) 1 = almost entirely fat; 2 =
scattered fibroglandular densities; 3 = heterogeneously dense; 4 = extremely dense.

RF = Risk Factor(s).
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Table S4: Characteristics of the 2,625 screening strategies analized
S Interval between exams Age at starting Age at ending
@‘w according to risk group according to risk group according to risk group
g (years) (years) (years)
o7
L ML MH H L ML MH H L ML MH H
1 5 5 5 5 50 50 50 50 69 69 69 69
2 5 5 5 5 50 50 50 50 69 69 69 74
3 5 5 5 5 50 50 50 50 69 69 74 74
4 5 5 5 5 50 50 50 50 69 74 74 74
5 5 ) 5 5 50 50 50 50 74 74 74 74
6 5 5 5 5 50 50 50 45 74 74 74 74
5 3 2 1 50 50 45 40 69 69 74 74
2625 1 1 1 1 40 40 40 40 74 74 74 74

L = Low risk; M-L = Medium-Low risk; M-H = Medium-High risk; H = High risk.

Table S5: The utilities for the general population and for women diagnosed with

breast cancer, either DCIS or invasive

1

Women Regional Four

in the or L,RorD years

Age general DCIS Local distant  successive  before
group population firstyear firstyear firstyear  years® death
40-49 0.859 0.777 0.726 0.647 0.813 0.715
50-59 0.845 0.764 0.715 0.637 0.800 0.703
60-69 0.812 0.734 0.687 0.612 0.769 0.676
70-79 0.788 0.712 0.666 0.594 0.746 0.656

1 Adapted from Lidgren et al. [12] and Schousboe et al. [10].

2 QALY for DCIS in successive years are the same as for the general population.

L =local, R = regional, D = distant.
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Table S6: Model for false positive results of non-invasive tests

Variables Coefficient SE p-value
Intercept —1.2905 0.1857 <0.001
Screening round —0.1424 0.0160 <0.001
Age at screening —0.0322 0.0031 <0.001
First screening round (yes versus 10) 0.5520 0.0653 <0.001

! Screening round ranges from 1 to 6.

Table S7: Model for false positive results of invasive tests

Variables Coefficient SE p-value
Intercept —4.6539 0.1878 <0.001
Screening round —0.1483 0.0162 <0.001
Age at screening —0.0195 0.0032 <0.001
First screening round (yes versus n0) 1.0638 0.0660 <0.001

! Screening round ranges from 1 to 6.
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Table S8: Distribution of stages at diagnosis of breast cancer for screen-detected
cases. Different overdiagnosis rates

1

Stages
Age (years) I 1I- I+ I v
Annual screening
Overdiagnosis rate 5%
40-49 0.6000 0.1191 0.2254 0.0459 0.0097
50-59 0.6494 0.1113 0.2037 0.0312 0.0045
60-69 0.7517 0.0778 0.1486 0.0168 0.0049
70-79 0.7706 0.0921 0.1123 0.0174 0.0076
Overdiagnosis rate 15%
40-49 0.5529 0.1331 0.2519 0.0513 0.0108
50-59 0.6081 0.1244 0.2276 0.0348 0.0051
60-69 0.7225 0.0869 0.1661 0.0188 0.0055
70-79 0.7436 0.1029 0.1255 0.0194 0.0085
Overdiagnosis rate 25%
40-49 0.4933 0.1508 0.2855 0.0581 0.0123
50-59 0.5559 0.1409 0.2580 0.0395 0.0057
60-69 0.6855 0.0985 0.1883 0.0213 0.0063
70-79 0.7095 0.1167 0.1423 0.0220 0.0096
Biennial screening
Overdiagnosis rate 5%
40-49 0.5620 0.1281 0.2484 0.0461 0.0154
50-59 0.6011 0.1549 0.1825 0.0445 0.0169
60-69 0.6382 0.1363 0.1926 0.0259 0.0071
70-79 0.7144 0.1380 0.1187 0.0144 0.0144
Overdiagnosis rate 15%
40-49 0.5105 0.1432 0.2776 0.0515 0.0172
50-59 0.5541 0.1732 0.2040 0.0498 0.0189
60-69 0.5956 0.1524 0.2153 0.0289 0.0079
70-79 0.6808 0.1542 0.1327 0.0161 0.0161
Overdiagnosis rate 25%
40-49 0.4452 0.1623 0.3147 0.0584 0.0195
50-59 0.4947 0.1963 0.2312 0.0564 0.0215
60-69 0.5417 0.1727 0.2440 0.0328 0.0089
70-79 0.6383 0.1748 0.1504 0.0183 0.0183
Triennial or quinquennial screening
Overdiagnosis rate 5%
40-49 0.4642 0.1659 0.2742 0.0646 0.0311
50-59 0.4838 0.1797 0.2308 0.0655 0.0402
60-69 0.5141 0.1689 0.2236 0.0515 0.0419
70-79 0.5695 0.1858 0.1573 0.0441 0.0434
Overdiagnosis rate 15%
40-49 0.4012 0.1854 0.3065 0.0722 0.0347
50-59 0.4231 0.2008 0.2580 0.0732 0.0449
60-69 0.4569 0.1888 0.2499 0.0575 0.0468
70-79 0.5188 0.2076 0.1758 0.0493 0.0485
Overdiagnosis rate 25%
40-49 0.3213 0.2101 0.3473 0.0819 0.0393
50-59 0.3461 0.2276 0.2924 0.0829 0.0509
60-69 0.3845 0.2140 0.2832 0.0652 0.0531
70-79 0.4547 0.2353 0.1992 0.0559 0.0549

! Distribution of stages at diagnosis of breast cancer for screen-detected cases with an overdiagnosis rate of 0%,

same as Table S1.
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Table S9: Linear regression model with dependent variable being the DCIS rate
per 10° women-year

Variables Coefficient SE p-value
Intercept 0.4027  1.9045 0.838
Age group 50-69 years! 2.6302 1.9898 0.223
Age group >70 years! 2.8019  2.1886 0.236

Index of mammography usage (IMU)? 31.1336  4.5488 <0.001
R?=0.87

! The reference group for the variable age group is 40-49 years.

2 Mammogram usage is an index that measures the intensity of mammography use per woman-year. It takes values
between 0 and 1. If nobody is using mammography for early detection IMU=0. If every woman in the population
receives an annual mammography, IMU=1. If every woman receives a biennial mammography, IMU=0.5.

Table S10: Cost-effectiveness and harm-benefit analysis. Lives extended (LE)!

Cost-effectiveness analysis. Incremental cost per incremental LE, per 100,000 women at birth

Strategy LE Cost ALE ACost ICER
(x106euros) (x10° euros) euros/LE
Q5069-Q5069-Q5069-Q5074 146.6 123.8
Q5069-Q5069-Q5074-Q5074 157.8 123.9 11.3 0.1 0.01
Q5069-Q5074-Q5074-Q5074 177.5 124.3 19.7 04 0.02
Q5074-Q5074-Q5074-Q5074 189.1 124.8 11.6 0.5 0.04
Q5074-Q5074-Q5074-Q4574 190.0 124.8 0.9 0.0 0.06
Q5074-Q5074-Q5074-T5074 191.5 125.0 1.6 0.1 0.09
Q5074-Q5074-Q5074-A5074 197.7 125.6 6.1 0.6 0.10
Q5074-Q5074-T5074-A5074 209.5 127.1 11.8 15 0.13
Q5074-Q5074-A5074-A5074 238.8 132.5 29.3 5.4 0.18
Q5074-T5074-A5074-A5074 258.7 136.7 19.9 42 0.21
Q5074-T5074-A5074-A4574 260.2 137.0 14 0.4 0.25
Q5074-A5074-A5074-A4574 309.5 152.8 49.3 15.7 0.32
T5074-A5074-A5074-A4574 320.4 156.6 10.9 3.9 0.35
T5074-A5074-A4574-A4574 327.2 159.7 6.8 3.1 0.45
T5074-A5074-A4574-A4074 328.2 160.2 1.0 0.5 0.46
A5074-A5074-A4574-A4074 354.9 175.4 26.7 15.2 0.57
A5074-A5074-A4074-A4074 359.7 179.3 48 3.9 0.80
A5074-A4574-A4074-A4074 370.7 188.1 11.0 8.8 0.80
A5074-A4074-A4074-A4074 378.6 198.9 7.8 10.8 1.38
A4574-A4074-A4074-A4074 384.3 207.3 5.7 8.4 1.46
A4074-A4074-A4074-A4074 388.4 217.4 4.1 10.2 2.47
Incremental false-positives (FP) per incremental LE, per 100,000 women at birth

Strategy LE FP ALE A FP AFP/ALE
Q5069-Q5069-Q5069-Q5069 144.2 12,995.4
Q5069-Q5069-Q5069-Q5074 146.6 13,006.2 23 10.8 4.7
Q5069-Q5069-Q5074-Q5074 157.8 13,090.8 11.3 84.5 7.5
Q5069-Q5074-Q5074-Q5074 177.5 13,321.9 19.7 231.2 11.7
Q5074-Q5074-Q5074-Q5074 189.1 13,536.1 11.6 214.2 18.5
Q5074-Q5074-Q5074-T5074 191.5 13,607.4 24 71.3 29.1
Q5074-Q5074-Q5074-A5074 197.7 13,856.0 6.1 248.5 40.5
Q5074-Q5074-T5074-A5074 209.5 14,415.2 11.8 559.3 47.5
Q5074-Q5074-A5074-A5074 238.8 16,363.8 29.3 1,948.6 66.4
Q5074-T5074-A5074-A5074 258.7 17,893.3 19.9 1,529.5 76.7
Q5074-T5074-A5074-A4574 260.2 18,034.1 14 140.8 97.2
Q5074-A5074-A5074-A4574 309.5 23,362.9 493 5,328.8 108.1
T5074-A5074-A5074-A4574 320.4 24,780.0 10.9 1,417.1 129.5
A5074-A5074-A5074-A4574 347.1 29,717.0 26.7 4,937.1 184.8
A5074-A5074-A4574-A4574 353.9 31,031.0 6.8 1,313.9 194.4
A5074-A5074-A4574-A4074 354.9 31,240.1 1.0 209.2 201.0
A5074-A4574-A4574-A4074 365.9 35,176.2 11.0 3,936.1 358.2
A5074-A4574-A4074-A4074 370.7 36,994.8 4.8 1,818.6 376.2
A4574-A4574-A4074-A4074 376.5 40,844.6 5.7 3,849.9 670.7
A4574-A4074-A4074-A4074 384.3 46,107.9 7.8 5,263.3 671.2
A4074-A4074-A4074-A4074 388.4 51,155.8 4.1 5,047.9 1,224.1

Continued on next page...
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...Continued from previous page.
Incremental overdiagnosis (ODX) per incremental LE, per 100,000 women at birth

Strategy LE ODX ALE AODX AODX/ALE

Q5069-Q5069-Q5069-Q5069 144.2 187.2

Q5069-Q5069-Q5069-Q5074 146.6 189.3 23 2.1 0.9
Q5069-Q5069-Q5074-Q5074 157.8 200.1 11.3 10.8 1.0
Q5069-Q5074-Q5074-Q5074 177.5 220.2 19.7 20.2 1.0
Q5074-Q5074-Q5074-Q5074 189.1 233.4 11.6 13.2 1.1
0Q5074-Q5074-Q5074-Q4574 190.0 234.6 0.9 1.1 1.3
Q5074-Q5074-Q5074-Q4074 190.6 235.3 0.6 0.8 1.3
Q5074-Q5074-Q4574-Q4074 194.6 241.6 4.0 6.3 1.6
Q5074-Q5074-Q4074-Q4074 197.3 246.5 2.8 4.9 1.8
Q5074-Q5074-Q4574-A4574 203.1 257.6 5.8 11.0 19
Q5074-Q5074-A5074-A5074 238.8 326.9 35.7 69.3 1.9
Q5074-A5074-A5074-A5074 308.0 493.4 69.2 166.5 2.4
Q5074-A5074-A5074-A4574 309.5 497.2 1.4 3.8 2.6
Q5074-A5074-A5074-A4074 310.5 500.5 1.0 3.2 3.1
T5074-A5074-A5074-A4074 321.4 536.2 10.9 35.7 3.3
A5074-A5074-A5074-A4074 348.1 623.7 26.7 87.5 3.3
A5074-A5074-A4574-A4074 354.9 646.5 6.8 229 34
A5074-A5074-A4074-A4074 359.7 667.5 4.8 21.0 4.3
A5074-A4574-A4074-A4074 370.7 718.6 11.0 51.1 4.7
A5074-A4074-A4074-A4074 378.6 769.0 7.8 50.4 6.4
A4574-A4074-A4074-A4074 384.3 809.6 5.7 40.6 7.1
A4074-A4074-A4074-A4074 388.4 852.2 4.1 42.6 10.3

Incremental false-negatives (FN) per incremental LE, per 100,000 women at birth
Strategy LE EN ALE AFN AFN/ALE

A5069-A5069-A5069-A5069 297.1 158.9

A5074-A5074-A5074-A5074 345.7 180.9 48.6 22.0 0.5
A5074-A5074-A5074-A4574 347.1 182.8 1.4 1.8 1.3
A5074-A5074-A4574-A4574 353.9 191.3 6.8 8.6 1.3
A5074-A4574-A4574-A4574 364.9 205.2 11.0 13.9 1.3
A4574-A4574-A4574-A4574 370.6 212.5 5.7 7.3 13
A4574-A4574-A4574-A4074 371.6 215.4 1.0 2.9 2.7
A4074-A4074-A4074-A4074 388.4 261.6 16.8 46.2 2.8

! Data corresponding to a cohort of 100,000 women at birth assessed in the age-interval 40-79 years. All the absolute
values have been discounted at an annual rate of 3%.

Table 511: Cost-effectiveness and harm-benefit analysis. Quality-adjusted life
years (QALY)!

Cost-effectiveness analysis. Incremental cost per incremental QALY, per 100,000 women at birth

Schedule QALY Cost AQALY ACost ACost/AQALY
(x10° euros) (x10° euros) euros/QALY

Q5069-Q5069-Q5069-Q5074 1,816.3 123.8

Q5069-Q5069-Q5074-Q5074 1,869.5 123.9 53.2 0.1 0.001
Q5069-Q5069-Q5074-Q4574 1,892.0 123.9 22.5 0.0 0.002
Q5069-Q5074-Q5074-Q4574 1,983.9 124.3 91.9 04 0.004
Q5069-Q5074-Q4574-Q4574 2,084.5 124.9 100.6 0.6 0.006
Q5069-Q5074-Q4574-Q4074 2,101.8 125.0 17.3 0.1 0.006
Q5074-Q5074-Q4574-Q4074 2,154.7 125.5 529 0.5 0.010
Q5074-Q5074-Q4574-A4574 2,241.0 126.5 86.3 1.0 0.012
Q5074-Q4574-Q4574-A4574 2,393.3 128.5 152.3 1.9 0.013
Q5074-Q4574-Q4074-A4074 2,496.3 129.9 103.0 14 0.014
Q5074-Q4574-A4574-A4074 2,893.2 138.3 396.8 8.4 0.021
Q4574-Q4574-A4574-A4074 2,961.9 140.3 68.8 2.0 0.029
Q4574-Q4074-A4074-A4074 3,187.2 146.9 225.2 6.6 0.029
Q4569-A4569-A4069-A4074 3,682.2 165.6 495.1 18.7 0.038
Q4574-A4574-A4074-A4074 3,810.9 171.0 128.7 53 0.042
A5069-A4569-A4074-A4074 3,987.3 181.2 176.4 10.2 0.058
A5069-A4069-A4074-A4074 4,148.0 192.0 160.7 10.8 0.067
A5069-A4074-A4074-A4074 4,193.8 195.6 45.8 3.6 0.078
A4569-A4074-A4074-A4074 4,286.7 203.9 92.9 8.4 0.090
A4574-A4074-A4074-A4074 4,307.6 207.3 20.9 33 0.159
A4074-A4074-A4074-A4074 4,360.5 217.4 529 10.2 0.192

Continued on next page...
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Incremental false-positive (FP) per incremental QALY, per 100,000 women at birth

Schedule QALY FP AQALY AFP AFP/AQALY

Q5069-Q5069-Q5069-Q5069 1,805.3 12,995.4

Q5069-Q5069-Q5069-Q5074 1,816.3 13,006.2 11.0 10.8 1.0
Q5069-Q5069-Q5069-Q4574 1,838.8 13,034.5 22.5 28.3 1.3
Q5069-Q5069-Q5074-Q4574 1,892.0 13,119.0 53.2 84.5 1.6
Q5069-Q5074-Q5074-Q4574 1,983.9 13,350.2 91.9 231.2 25
Q5074-Q5074-Q5074-Q4574 2,036.8 13,564.4 52.9 214.2 4.0
Q5074-Q5074-Q5074-A4574 2,140.4 13,996.8 103.6 432.4 4.2
Q5074-Q5074-Q4574-A4574 2,241.0 14,428 .4 100.6 431.7 43
Q5074-Q5074-A5074-A4574 2,659.7 16,504.6 318.7 2,076.2 6.5
Q5074-Q5074-A5074-A4074 2,587.6 16,713.8 27.9 209.2 7.5
Q5074-Q5074-A4574-A4074 2,740.9 18,027.7 153.3 1,313.9 8.6
Q5074-Q4574-A4574-A4074 2,893.2 19,551.1 152.3 1,523.3 10.0
Q5069-A5069-A4569-A4074 3,271.0 23,362.4 377.8 3,811.4 10.1
Q5069-A5069-A4574-A4074 3,300.6 23,713.0 29.6 350.6 11.9
Q5074-A5074-A4574-A4074 3,399.3 24,886.0 98.8 1,173.0 11.9
Q5074-A5074-A4074-A4074 3,517.7 26,704.6 118.4 1,818.6 15.4
Q5074-A4574-A4074-A4074 3,742.2 30,640.6 224.5 3,936.1 17.5
A5069-A4569-A4074-A4074 3,987.3 35,147.7 245.1 4,507.0 18.4
A5069-A4574-A4074-A4074 4,033.1 36,106.5 45.8 958.8 209
A5069-A4074-A4074-A4074 4,193.8 41,369.7 160.6 5,263.3 32.8
A4569-A4074-A4074-A4074 4,286.7 45,219.6 92.9 3,849.9 415
A4574-A4074-A4074-A4074 4,307.6 46,107.9 20.9 888.3 425
A4074-A4074-A4074-A4074 4,360.5 51,155.8 529 5,047.9 95.3

Incremental overdiagnosis (ODX) per incremental QALY, per 100,000 women at birth

Schedule QALY ODX AQALY AODX AODX/AQALY

Q5069-Q5069-Q5069-Q5069 1,805.3 187.2

Q5069-Q5069-Q5069-Q4069 1,845.1 189.1 39.8 1.9 0.05
Q5069-Q5069-Q4569-Q4069 1,945.6 195.3 100.4 6.3 0.06
Q5069-Q5069-Q4069-Q4069 2,020.7 200.3 75.1 49 0.07
Q5069-Q4569-Q4069-Q4069 2,172.6 213.4 151.9 13.2 0.09
Q5069-Q4069-Q4069-Q4069 2,279.6 2249 106.9 11.5 0.11
Q5069-Q4069-Q4069-A4069 2,398.3 241.8 118.7 16.9 0.14
Q4569-Q4069-Q4069-A4069 2,466.7 251.6 68.4 9.8 0.14
Q4569-Q4069-A4069-A4069 3,005.6 351.1 539.0 99.5 0.18
Q4069-Q4069-A4069-A4069 3,046.9 360.5 41.3 9.4 0.23
Q4569-A4569-A4069-A4069 3,675.8 518.5 628.8 158.0 0.25
Q4069-A4069-A4069-A4069 3,877.7 578.4 201.9 59.9 0.30
A5069-A4069-A4069-A4069 4,111.9 664.4 234.3 86.1 0.37
A4569-A4069-A4069-A4069 4,204.8 705.0 92.9 40.6 0.44
A4569-A4069-A4069-A4074 4,211.3 709.4 6.5 44 0.68
A4569-A4069-A4074-A4074 4,240.9 732.8 29.6 234 0.79
A4069-A4069-A4074-A4074 4,293.8 775.4 52.9 42.6 0.80
A4069-A4074-A4074-A4074 4,339.6 821.1 45.8 45.7 1.00
A4074-A4074-A4074-A4074 4,360.5 852.2 20.9 31.1 1.49

Incremental false-negatives (FN) per incremental QALY, per 100,000 women at birth

Schedule QALY FN AQALY AFN AFN/AQALY

A5069-A5069-A5069-A5069 3,392.5 158.9

A5069-A5069-A5069-A4569 3,427.3 160.7 34.8 1.8 0.05
A5069-A5069-A4569-A4569 3,580.5 169.3 153.3 8.6 0.06
A5069-A4569-A4569-A4569 3,805.0 183.2 224.5 13.9 0.06
A4569-A4569-A4569-A4569 3,897.9 190.5 929 7.3 0.08
A4569-A4569-A4569-A4069 3,925.8 193.3 27.9 29 0.10
A4569-A4569-A4069-A4069 4,044.2 206.7 118.4 13.3 0.11
A4569-A4069-A4069-A4069 4,204.8 228.3 160.7 21.6 0.13
A4569-A4069-A4069-A4074 4,211.3 229.5 6.5 1.2 0.19
A4569-A4069-A4074-A4074 4,240.9 235.4 29.6 59 0.20
A4069-A4069-A4074-A4074 4,293.8 246.7 52.9 11.3 0.21
A4069-A4074-A4074-A4074 4,339.6 256.5 45.8 9.8 0.21
A4074-A4074-A4074-A4074 4,360.5 261.6 20.9 51 0.24

! Data corresponding to a cohort of 100,000 women at birth assessed in the age-interval 40-79 years. All the absolute
values have been discounted at an annual rate of 3%.
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Table 512: Number of mammograms and detection rates for screen-detected and
interval cases and program sensitivity by age groups. Invasive cancer (DCIS not
included)

Number of Program
mammograms Screen-detected Interval cancer sensitivity
N N Yoo N Yoo Yo
The INCA study
Total 1,508,584 3,096 2.05 1,448 0.96 68.13
44-49 65,177 168 2.58 74 1.14 69.42
50-54 480,094 808 1.68 512 1.07 61.21
55-59 441,633 808 1.83 400 091 66.89
60-64 383,641 860 2.24 325 0.85 72.57
65-70 138,039 452 3.27 137 1.00 76.74
Mathematical model!, biennial screening
Total 1,186,681 3,021 2.55 1,399 1.18 68.35
45-49 235,524 297 1.26 192 0.82 60.74
50-54 233,102 460 1.97 251 1.08 64.70
55-59 229,681 555 242 257 1.12 68.35
60-64 225,542 669 297 352 1.56 65.52
65-70 262,832 1,040 3.96 347 1.32 74.98

! The results correspond to the fixed B4569 strategy.

Table S13: Distribution of stages at diagnosis of breast cancer

Stages (%)
Age (years) I II III 1A%
Screen-detected cases. INCA study
44-49 64.7 23.5 9.8 2.0
50-59 59.0 31.3 8.9 0.8
60-69 64.9 26.3 8.0 0.8
Interval cases. INCA study
44-49 30.6 45.2 21.0 3.2
50-59 27.5 43.8 24.8 4.0
60-69 28.5 46.1 20.9 4.5
Screen-detected cases. Model inputs!
40-49 58.4 35.8 4.4 1.5
50-59 62.1 32.1 4.2 1.6
60-69 65.6 31.3 2.5 0.7
Interval cases. Model inputs’
40-49 36.7 53.5 8.2 1.6
50-59 29.5 52.6 11.7 6.3
60-69 40.8 49.0 7.4 2.8

! The results correspond to the fixed B4569 strategy.
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Figure S2: Observed and smoothed DCIS rates over time in Catalonia
(1983-2008)
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Figure S3: Index of mammography use (IMU) and smoothed DCIS rates over
time in Catalonia (1983-2008)
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Figure S6: Sensitivity analysis of a change in the risk groups distribution.
Cost-effectiveness and harm-benefit analyses for 2,625 early detection strategies.
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The first two numbers refer to the age at starting the exams and the last two numbers refer
to the age at the last exam. In the risk-based strategies, the four strings correspond to the
Low, Medium-Low, Medium-High and High risk groups, respectively.
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Figure S7: Sensitivity analysis of a change in the risk groups distribution.
Cost-effectiveness and harm-benefit analyses for 2,625 early detection strategies.
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En aquesta secci6 es presenten els metodes utilitzats i els resultats obtinguts
per donar resposta al segon dels objectius platejats en aquesta tesi. Tota la
metodologia i els resultats estan continguts en el manuscrit original Armero
et al. (Statistics in Medicine 2016), la informaci6 del qual es detalla a conti-
nuacio, junt amb el resum traduit al catala.

Titol: Bayesian joint ordinal and survival modeling for breast cancer risk
assessment

Autors: Armero C, Forné C, Rué M, Forte A, Perpifidn H, Gémez G, Baré M
Revista: Stat Med. 2016 Dec 10;35(28):5267-5282

Factor d’'impacte de 1’any de la publicacié: 1,861 (percentil 84,3 a Statistics
& Probability)

DOI: 10.1002/sim.7065

Resum:

Proposem un model conjunt per analitzar 1'estructura i la intensitat de 1’asso-
ciaci6 entre les mesures longitudinals d"un marcador ordinal i el temps fins
a un esdeveniment d’interes. El procés longitudinal es defineix en termes
d’un model logit acumulatiu d’odds proporcionals. El temps fins a I'esde-
veniment es modelitza a través d"un model de riscs proporcionals truncat
per l'esquerra, que incorpora la informacié del marcador longitudinal i de
les covariables basals. Els processos longitudinals i de supervivéncia estan
connectats mitjangant un vector comu d’efectes aleatoris.

Les inferencies es discuteixen sota 1’enfocament bayesia i inclouen la distri-
buci6 posterior de les probabilitats associades a cada categoria longitudinal i
I'avaluaci6 de I'impacte de les covariables basals i del marcador longitudinal
a la funci6 de risc. La flexibilitat que proporciona el model conjunt permet
estimar dinamicament la probabilitat individual lliure de I’esdeveniment i
predir els valors futurs del marcador longitudinal.

El model s’aplica a 1'avaluacié del risc de cancer de mama en dones que
assisteixen a un programa de cribratge poblacional. El marcador ordinal
longitudinal és la densitat mamografica mesurada amb 1’escala BI-RADS en
examens de cribratge biennal.
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Bayesian joint ordinal and survival
modeling for breast cancer risk
assessment

C. Armero,*" C. Forné,”* M. Rué,” A. Forte,* H. Perpiiian,*°
G. Gémez' and M. Baré?

We propose a joint model to analyze the structure and intensity of the association between longitudinal meas-
urements of an ordinal marker and time to a relevant event. The longitudinal process is defined in terms of
a proportional-odds cumulative logit model. Time-to-event is modeled through a left-truncated proportional-
hazards model, which incorporates information of the longitudinal marker as well as baseline covariates. Both
longitudinal and survival processes are connected by means of a common vector of random effects.

General inferences are discussed under the Bayesian approach and include the posterior distribution of the
probabilities associated to each longitudinal category and the assessment of the impact of the baseline covariates
and the longitudinal marker on the hazard function. The flexibility provided by the joint model makes possible
to dynamically estimate individual event-free probabilities and predict future longitudinal marker values.

The model is applied to the assessment of breast cancer risk in women attending a population-based screen-
ing program. The longitudinal ordinal marker is mammographic breast density measured with the Breast
Imaging Reporting and Data System (BI-RADS) scale in biennial screening exams. © 2016 The Authors. Statistics
in Medicine Published by John Wiley & Sons Ltd.

Keywords: BI-RADS scale; Latent process; Left-truncated proportional-hazards model; Proportional-odds
cumulative logit model
_____________________________________________________________________________________|

1. Introduction

The current evidence on benefits and harms supports the personalization of screening as a crucial step to
improve early detection of breast cancer [1,2]. A number of risk models were designed to measure the
individual probability of developing breast cancer [3—5]. In the context of individualized breast cancer
screening, the utility of these risk models has been questioned because of their low discrimination power
[6]. The inclusion of a baseline measure of breast density — a characteristic of the breast tissue — in the
risk models improved the accuracy of the breast cancer risk estimate [7—10].

Several studies have shown that high breast density is associated with increased breast cancer risk
[7,11-14], with risk estimates in the range four-fold to six-fold for women with very high breast density
compared with women with low breast density [11, 12]. Other studies have examined whether changes in
breast density over time are associated to changes in breast cancer risk [15-21] and have suggested that
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monitoring changes in breast density could help to identify women at greater risk of disease. In most of
the cases, the statistical methods used did not account for relevant characteristics of prospective studies
like non-ignorable dropout mechanisms or internal time-dependent covariates [22].

Joint modeling of longitudinal and time-to-event data is an increasingly productive area of statistical
research that assesses the association between longitudinal and survival processes. It enhances longitudi-
nal modeling by allowing for the inclusion of non-ignorable dropout mechanisms and survival modeling
by the inclusion of internal time-dependent covariates [22]. Joint models were introduced during the 90s
[23-25] and since then, have been applied to a great variety of studies in epidemiological and biomedical
areas. Shared-parameter models are a type of joint models where the longitudinal and time-to-event pro-
cesses are connected by means of a common set of subject-specific random effects. These models make
possible to quantify both the population and individual effects of the underlying longitudinal outcome
on the risk of an event and obtain individualized time-dynamic predictions. Recently, Rizopoulos pro-
posed an overview of the theory and applications of joint modeling [26] and developed the JM [27] and
JMbayes [28] R packages for the frequentist and Bayesian shared-effects’ approaches, respectively. Ser-
rat et al. illustrate the application of both statistical approaches to joint modeling longitudinal measures
of prostate specific antigen and prostate cancer detection in men participating in a screening trial [29].

When longitudinal outcomes are ordinal, joint models become more complex. Different approaches,
that use constraints in the probabilities of the categorical outcomes or the discretization of a continuous
latent variable, have been proposed [30-33]. The non-linear and longitudinal nature of the data pro-
duce a complex likelihood function, difficult to maximize under the frequentist paradigm. This could
be a reason why the standard software for joint models does not include longitudinal ordinal vari-
ables yet. Some relevant works on the subject use the frequentist [34-36] and Bayesian [33, 37, 38]
approaches, respectively.

The objective of this paper is to propose a Bayesian joint model for assessing the structure and intensity
of the association between longitudinal measures of an ordinal marker and a time-to-event outcome. In
particular, we use a proportional-odds cumulative logit model [30] for the ordinal measurements and a
proportional hazard model with left-truncation for the time to an event of interest. We have applied the
model to analyze the risk of breast cancer in women attending a population-based screening program
with regard to repeated measurements of mammographic breast density.

Section 2 presents a description of the motivating dataset. Section 3 formulates the joint model and
discusses general inferences for (1) dynamic probabilities associated to the different ordinal categories,
(2) the impact of baseline covariates and the longitudinal marker on the hazard function, (3) dynamic
estimation of survival probabilities, and (4) prediction of future longitudinal outcomes. Section 4 applies
the model developed in Section 3 to study age at diagnosis of breast cancer in women who participate in
a population-based screening program. Finally, Section 5 contains a discussion and some conclusions.

2. Motivating data

2.1. Study design and study population

This is an observational prospective study including 13,760 women that participated for the first time in
the breast cancer early-detection program in the Valles Occidental Est (BCEDP-VOE) area in Catalonia
(Spain), between October 1995 and June 1998. The BCEDP-VOE invites women aged 50-69 years for
biennial mammographic exams. At study entry, the participants were 50-70 years old and did not have
a personal history of breast cancer. They were followed for vital status or possible diagnosis of breast
cancer until December 2013 [39-41].

Of the initial 13,760 women, we excluded seven without follow-up data, as well as 38 women who were
diagnosed with breast cancer and nine who died within six months of baseline. Twenty-one women were
also excluded for not having breast density measurements within the 50-70 age interval. We analyzed
invasive breast cancer and ductal carcinoma in situ diagnosed during follow-up. The final sample included
13,685 women, with 431 diagnosed with breast cancer.

2.2. Variables and data description

At the first mammographic exam, the study participants answered a questionnaire that included infor-
mation on family history of breast cancer, prior breast procedures, age at menarche, age at first birth,
and menopausal status. Family history refers to absence/presence of first-degree relatives with breast
cancer. Prior breast procedures included breast biopsy, fine needle aspiration, cyst aspiration, breast
reconstruction, lumpectomy, and surgical treatment.

________________________________________________________________________________________|]
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Table I. Baseline risk factors according to breast cancer diagnosis status at
the end of follow-up.

No breast cancer  Breast cancer
N=13254 (%) N = 431 (%)

Family history of breast cancer

No 12,539 (94.8) 388 (90.2)

Yes 686 (5.2) 42 (9.8)
Prior breast procedures

No 12,318  (92.9) 374 (86.8)

Yes 936 (7.1) 57 (132

Breast density at first examination
(baseline breast density)

a: Almost entirely fatty 2959 (23.4) 56 (13.9)
b: Scattered fibroglandular densities 5353 (42.3) 138 (34.2)
c: Heterogeneously dense 2301 (18.2) 103 (25.6)
d: Extremely dense 2037 (16.1) 106 (26.3)

Breast density at last examination®
(women with at least two examinations)

a: Almost entirely fatty 2284 (18.1) 35 9.4)
b: Scattered fibroglandular densities 7957 (63.0) 201 (54.0)
c: Heterogeneously dense 1475 (11.7) 71 (19.1)
d: Extremely dense 919 (7.3) 65 (17.5)

If breast cancer was diagnosed within 6 months following the last mammogra-
phy, the last breast density considered was the previous one, whenever it was not
coincident with the baseline measure.

Breast density is a characteristic of the breast tissue that is reflected in mammograms. Breasts are
considered dense if the connective and epithelial tissues predominate over the fatty tissue. At all mam-
mographic exams, breast density was rated and recorded according to the BI-RADS system [40,42] that
categorizes breast density in four groups: a, almost entirely fatty (low density); b, scattered fibroglandular
densities (medium density); ¢, heterogeneously dense (high density); and d, extremely dense (very high
density). This longitudinal breast density data is a remarkable and unique characteristic of the BCEDP-
VOE among the breast cancer screening programs in Spain. Breast density measures within 6 months
before breast cancer diagnosis could be affected by the presence of preclinical breast cancer; therefore,
they were excluded. The mammographic exams performed before age 50 or after age 70 were excluded
in order to avoid sample biases. A total of 81,621 measures of breast density were included in the lon-
gitudinal analysis, with median [range] 4 [1 to 9] and 6 [1 to 15] measures for women with or without
breast cancer diagnosis, respectively.

We considered that the time origin for the event of interest (diagnosis of breast cancer) was age 50 years,
the lower limit of the screening age interval. We defined the time-to-event as the time elapsed from the
origin to diagnosis of breast cancer. For women without a breast cancer diagnosis at the study end, the
censoring time was obtained as the minimum of time to death and time to the last screening exam plus
2.5 years that correspond to the active follow-up for cancer identification. It is important to remark that
women who entered the program over 50 years had delayed entry times that may induce length biased
sampling or left truncation.

Among 13,685 women aged 50 years and older, 431 developed breast cancer — 336 invasive cancers
and 95 ductal carcinoma in situ —, and 513 died within 2.5 years of the last mammogram. Median follow-
up was 12.7 years for women without breast cancer and 8.2 years for women with breast cancer. Table I
shows the baseline characteristics of women and the breast density measurements at first and last exam-
ination according to their breast cancer diagnosis status at the end of follow-up. High breast density
categories were more prevalent among women with breast cancer, in both the first and the last mammo-
gram. Furthermore, between the first and last exams, the prevalence of low density categories increased,
as described in the literature.

To illustrate the longitudinal breast density measurements, we randomly selected eight women without
and eight women with cancer (Figure 1). A high variability of the breast density trajectories can be
observed: some women experience an increase of breast density, while others remain stable, fluctuate,
or experience a decrease. The plots show the biennial periodicity of the screening exams, as well as the
unbalanced number of measures between women, because of different reasons. Not all women entered
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Figure 1. Subject-specific profiles of BI-RADS measures for 16 randomly selected women. The left panel
corresponds to eight women without breast cancer, and the right panel corresponds to eight women with
breast cancer.

the study at the same age, not all the scheduled screening exams were taken, or not always breast density
was rated.

3. The joint model

We propose a model with two submodels: (1) a proportional-odds cumulative logit model for the lon-
gitudinal ordinal measurements based on the idea of a continuous latent variable [30, 33] and (2) a
left-truncated proportional hazard model for the time-to-event, which incorporates information from the
longitudinal process. Both processes are connected through a shared vector of random effects, which, in
the presence of covariates and parameters, endows them with conditional independence [26].

Let {D,,D,, ..., Dy} denote the set of ordinal categories and y;; the longitudinal category of individual
i,i =1,...,n, at time Lijs J = 1,...,n;,. We assumed an underlying continuous latent variable y;.k. that
determines the ordinal category of individual i at time 7;;. This latent variable has no interest per se, but
it is useful for motivating and interpreting the cumulative logit model. The relationship between y;; and
yj‘j is stated as

yij =Dy ‘i’y; € N1 i) k=1,....K,

where —co = yy < y; < -+ < yx_; < yg = oo are unknown cut-points. We assumed a logistic
distribution for yZ, Lo(my,s = 1), with location parameter m;; (mean) and a common scale parameter
s = 1 for achieving identifiability. The choice of that distribution implies a logit link for the cumulative
probabilities

1

G = POy > D) =P (y;; > yk> Rl prey—_ (1
/]

and therefore,

. dijk
IOglt qijk = IOg 1 = mij = Yk
— Gijk

Despite the fact that s = 1 in the logistic distribution of the latent variable, the model is overparam-
eterized (any set of k probabilities can be obtained increasing the cut-points in the same quantity). To
obtain an identifiable model, we arbitrarily introduced a reference point on the latent scale, in particular
vk, =0if Kisevenand yx_y), =001 ykyy)p = 0if K is odd.

We considered a mixed-effects model to describe the subject-specific time trajectories of the latent
variable

% /

— _
Yy =my+e; =x; B +zl:].b,- + € 2)
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-
where xl(f) is a P dimensional vector of covariates relevant to the longitudinal process, as indicated by
superscript (/), for individual 7 at time 7; with regression coefficients (populational) f; z;; the vector of
explanatory variables attached to the vector of random effects b; for the ith individual at time 7;; and
€;; an error term for the ith individual at time L, modeled in terms of a logistic distribution, Lo(0, 1).
The random effects b = (b, ..., b,)T are conditionally i.i.d. (given the hyperparameter vector ¢) with
(bi | ¢) Nf(bi | ¢)

Let7,,i = 1,...,n, be the observed event time for the ith subject, obtained as the minimum between
the true failure time, T, and the right-censoring time, C;, 7; = min(7?, C;). The event indicator 6; =
I(T? < C,) takes the value 1 if the observed time corresponds to a true event time, and 0 otherwise. In
addition, event times corresponding to individuals who enter the study at delayed entry times introduce
left-truncation, thus defining the subsequent hazard function as zero in the period before the entrance
of the individual to the system [43]. In particular, we consider the hazard function of Ti* in terms of a
left-truncated relative risk regression model

hy(t) = hy() exp {xﬁs)'n +a mit} , t>a;, 3

and zero otherwise, where A, (f) is the baseline risk function; xl@ represents the vector of baseline covari-
ates relevant to the survival process, as indicated by superscript (s), with associated coefficients n; a
assesses the effect of the longitudinal marker of subject i on the event of interest in terms of the latent
variable mean; g; is the delayed entry time of individual i. It is important to comment that left-truncated
data will add computational complexity to the modeling because the likelihood function corresponding to
this type of data will incorporate conditional probabilities that contain the information that the individual
is alive in the period between their theoretical entrance at time zero and their real entrance to the system.

To complete the Bayesian model, it is necessary to elicit a prior distribution, z(0) for all the unknown
parameters and hyperparameters of the joint model @ = (8,1, «, ¥, $)”. Our joint model contains param-
eters and hyperparameters, 6, and random effects . From a Bayesian perspective, 7(6,b | D), where
D represents all the data collected from the longitudinal and the survival processes, is the joint poste-
rior distribution of the parameters, hyperparameters, and random effects, which can be obtained by the
hierarchical modeling

7(0,b | D) =L(6,b | D)f(b | ) n(6). “4)

L(6,b | D) is the likelihood function of @ and b for data D, f(b | ¢) the distribution of the random effects
b given ¢ introduced before, and z(0) the prior distribution for 8. Markov Chain Monte Carlo (MCMC)
simulation methods allow to obtain an approximated random sample from the posterior z(0,b | D),
which is the key element and the starting point of all relevant inferences.

Finally, it is worth noting that when inference is carried out under the Bayesian formulation, the shared
joint model will induce conditional independence between the longitudinal and the survival processes
given not only the random effects and covariates but also given all the parameters and hyperparameters
in the model, as a result of its stochastic role in Bayesian inference.

3.1. Dynamic probabilities associated to ordinal categories

From expression (1), the probability distribution of the ordinal marker y;, for individual i at time ¢ can be
computed in terms of the logistic distribution of their latent variable y? as

P 5y =D 1%0.0.,) = P (v € (i1 1) 1%7.0.8,) , k=1,2... K. )

These probabilities depend on 60, b;, and the relevant covariates associated to that individual. Con-
sequently, we could use the posterior marginal distribution z(0,b; | D) for computing the posterior
distribution, z#(P(y;, = D, | xl(.ll), 0.b,) | D), of all the relevant dynamic probabilities for each individual
in the study.

A complementary and overall perspective of the temporal evolution of the different categories of the
ordinal marker is based on the marginal distribution

PGy =D | x;,0) = / P (3, =Dy 1%.0.5,) £, $)db, (©6)
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which is computed by integrating out the random effects of the conditional distribution (5). This dis-
tribution only depends on 6. It can be interpreted as the time-specific population distribution of the
longitudinal marker for a generic individual of the population with covariate values x Consequently,
we can use our current information about @ expressed through z(60 | D) and compute the posterior distri-
bution z(P(y; = D, | x(l) 0) | D) for each ordinal category D,. This posterior distribution provides point
estimates of these relevant probabilities such as posterior expectations

E (PO, =Dy 1x.6)| D) = /P(y,, =D, 1x.6) 701 D)d0 = P(y, =D, |x)\D), ()

as well as credible intervals for measuring the uncertainty of the estimation.

Our model also allows to explore the estimated relationship between the ordinal and latent variables.
We could address the posterior distribution of the latent variable y? for each time with regard to each
individual in the study or a generic one. The logistic distribution, Lo(m;,, s = 1), for the latent variable y;
is a conditional distribution with an unknown mean that depends on 0 and b,. The subsequent marginal
distribution f(y}; | x(l) 0) can be obtained as in (6) integrating out the random effects and can be inter-
preted as a time- spe01ﬁc population distribution of the latent variable for a generic individual. Again, this
marginal distribution is also a conditional distribution that depends on the population parameters 6 and
the posterior distribution of the latent variable can be estimated as

! (yu ff),D / f(y f,”,e) (0 | D)do. ®)

3.2. Impact of the covariates on the risk of the event

The hazard ratio (HR) of an individual with covariates x having the event as compared with an individual

with covariates x* is exp{ Zﬁ:] Ny (xp - x;> }, where P is the number of covariates. This hazard ratio

only depends on 7, the vector of regression coefficients in (3). Consequently, its posterior distribution,

(oo ZL () 19).

computed from the approximate MCMC sample from the posterior marginal z(n | D), provides all the
relevant information about that HR.

The association parameter @ allows to assess the relationship of the mean of the latent density with
the hazard function but does not provide a direct link with the ordinal longitudinal variable. To facilitate
an interpretation of the association parameter in terms of the ordinal measurements, we propose the
following ad-hoc procedure:

1 Compute the posterior mean, E(y, | D), of the cut-points y, and construct the posterior intervals
(E(V(k_l) | D), E(ry I D)), k=1,....K

2 Define for a given time ¢ a representative value 7i1;,, k = 1, ..., K of the mean of each ordinal category
in the latent scale as follows

(a) Compute the median of the posterior distribution (8) in each interval (E(y_y, | D), E(y, |
D)), and consider them, J; , as the representative value of the latent variable y* in each ordinal
category.

(b) For each j; , generate a value i, of the latent mean according to the general formulation (2)
y* = m+ ¢, or equivalently m = y* — €, where € is a random error with logistic distribution
Lo(0, 1).

3 Approximate the conditional HR, given a, of an individual in the ordinal category k having the event
versus an individual in category k” at time ¢ as e =),

4 Compute the posterior distribution of the approximate HR in step 3 from the marginal posterior
distribution of a as [ e*™w~") z(a | D)da.

3.3. Prediction

Bayesian reasoning approaches the estimation of the conditional survival probability of an individual i
with a given history provided by their baseline covariates and longitudinal follow-up J;, (which guaran-

tees that their survival time is greater than the time, ;, , of their last longitudinal measurement) through
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the posterior distribution #(P(T; > ¢t | T, > t,,,Y,,.X;,0,b;) | D), t > t,, . This posterior contains all
relevant information about the location and variability of this conditional survival probability over time.
In particular, its posterior mean can be more easily computed as

P(Tl 2 t | Tl > tini?y[ni7x[’ D) = / P(]"l 2 t | Tz > tini’ y[ni’xi’ G’bl) ﬂ(g’bl | D7 yiniarz—'i > tlnl)d(e’bl)

= /P(Ti z2t|T;>1,,x;,0,b)n(0,b;| D,V,, . T; > 1;,)d(0,b)),1 > 1;, ,

(10)

where the conditional probability P(T; > ¢ | T, > t,,,Y,,.X;,0,b;) does not depend on the particular

longitudinal trajectory, )V, , as a result of the induced iﬂdepéndence of the shared effects joint model, and

z(0,b; | D, Y,,,T; > t;,) is the marginal posterior distribution of the common parameters’ and random
effects’ vector for individual i, given ), and T, > t,, .

We could also approach prediction of ‘a future lonéitudinal measurement of an individual in the study
[44]. The posterior predictive distribution of a new longitudinal measurement y; , ,; at the time ¢;,, ; of
a future scheduled appointment for individual i with covariates x; and longitudina'l ordinal history j)ini is
given by

PWin1 = Dy 1T > 1145 Vi X3, D) = P (yzn,.+1 € -l I T3> ti,n,-+l’yin,-’xi’D>
- /P<yifn,.+1 € -1 1l I T > [i,n,-+l’yini’xi’9’bi) 7(0,b; | D, Y, T; > 1;,,,41)d(6, b))

= / P (y;k,,,ﬁ] € (V—1-7il | x5 e,bi> 7(0,b; | D, yini’ T, > ti,ni+1)d(9,bi)
(11

where

elkMin+1 _ @Vt ™ Min+1

% j—
P (yi,n,-+1 € V-1, 74l |x,-,9,b,») - (1 + e/ M1 )(1 4 eli-t i)

is obtained from (1), with m;, ., = (By + by) + (B, + b;))t;, 11- The conditional probability P(y::n,-+l €
Fk—1-7d | T; > 1, 41, V5 X3, 0, b)) 1s independent on the survival history, 7; > 1;, ., as a consequence
of the shared random effects joint model. Note also that the different longitudinal measurements of the
same individual are independent given (0, b;).

The previous two posteriors both apply to individuals in the study and to individuals of the population
that could be involved in the study in the future. In this framework, some discussion about the posterior
distribution z(0,b | D,Y,,,T; > t,, ) becomes necessary. If the interest concentrates on a specific indi-
vidual in the study, such as individual i, for whom we want to estimate the conditional probability (10)
or the predictive distribution (11) from the current data D, the information provided by ), and T; > 1;,
is already included in D. Consequently, z(0,b | D, Y,,,T; > t,,) = n(0,b | D). If the interest focuses on
sequentially estimate (10) or/and predict (11) as a result of their Ifollow—up, we would need to sequentially
update the current posterior distribution z(6, b | D) with all that new relevant follow-up information, in
particular new longitudinal measurements and the updated survival time.

Dynamic posterior estimation and prediction for individuals of the population who have not partici-
pated in the study are also possible. Let us consider now a new subject i’ who initially has not participated
in the inferential process and enters the study at time a; with given values x; of the baseline covariates.
The posterior distribution of their unconditional survival probability is #(P(T;, >t | Ty > ay,x;,0.,b;) |
D) with posterior mean

P(T, >1|T, > ay.x;,D) = / P(T, >t| T, > ay.x,,0,b,) x(6,b, | DT, > a,)d(0,b,)

_/ P(T, >t|x;,0,b,;)
/] P(T,>ay|x,,0,b,)

12)

m(0.b, | D, T, > a,)d(6,b,),
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Prediction of their first longitudinal measurement planned at a fixed time ,; > a; is
Py, =Dy T, > ay,x,,D) = P (y;",’l €l | T, > ai,,xi,,D)
= / P <y,-*,!1 € V> vl | Ty > ai”xi”e’bi’) 7(0,b, | D,T; > a;)d(0,b;) (13)
_ / P <y;",’1 € Gero 7] | %5 e,b,.,) 20.b, | D, T, > a,)d(6,b,)

If as a consequence of the follow-up of this individual, we would like to compute posterior probabili-
ties of the type (10) and/or (11), the subsequent marginal posterior distribution will come from the joint
posterior distribution #(0,b,b; | D,Y;,,, Ty > ty,,), which includes the common parameters and hyper-
parameters 6, the vector of random effects b associated to the ori ginal individuals in the study and those
of that new individual considered, b; .

From a Bayesian point of view, the incorporation of sequential information from an individual who is
already involved in the study or from the follow-up of a future subject implies the need of sequentially
update the posterior distribution z(0,b | D). In the case of studies based on samples with large sample
size, we would expect a minimal change in the estimation of the common parameters but possibly not in
the subject specific random effects. The process of updating a posterior distribution for which we only
have an approximate random sample and not an analytical distribution is conceptually easy but not so in
practice. The main tools to carry out this computational process are based on sequential MCMC methods
[45,46] and although are beyond the scope of this paper are a current aim of our research team. Rizopoulos
[47] proposes, as an approximation of the subsequent posterior distribution, updating the specific random
effects associated with individuals. In particular, the author uses empirical Bayesian estimation for the
random effects and an asymptotic normal distribution, based on maximum likelihood estimation, for the
common population parameters. Taylor et al. [48] also separately update the vector of random effects
by using a quick MCMC based on a prior distribution for the population parameters coming from the
marginal posterior z(0 | D).

4. Joining longitudinal breast density and age at breast cancer detection

Let {D,,D,,D5,D,} denote the set of BI-RADS breast density categories {a, b, c,d}, which represent

low, medium, high, and very high density, respectively, y;; the breast density category of woman i, i =

1,...,n, at time 1 (age 50 + tij), j=1,...,n;and y; her subsequent underlying continuous latent value.
Following (3), the connection between both processes is

yt] =Dk @y: S (yk—l’ Vk], k= 17253»47

where —co =y, < 7, < 7, < ¥3 < ¥4 = oo are unknown cut-points, with y, = 0, and Lo(m
represents the corresponding logistic distribution for y:..

Considering the evidence of a decreasing trend of breast density with age and a linear trajectory for
the longitudinal latent breast density of woman i

U,S=])

(V@) | my,) = my, + €, = By + bip) + (B + bt + €, (14)

where (8, #;)" and (b, b;))" are the fixed (population) and random effects (individual) for the inter-
cept and the slope term, respectively, and ¢ the error term. Random effects (b,,b,)!, where b, =
(boys -+ »by,)T and by = (b4, ...,b,,)T, are assumed conditionally i.i.d. with (b | 6,) ~ N(0,6,) and
(b;; | ) ~ N(0, 0)).

The hazard function of age at breast cancer diagnosis is defined in terms of the left truncated relative
risk regression model

hi (1] x;,0,,1 > al-) = hy(t | A, ny) exp{n, Famhist; + n,Brstproc; + am;(t)}, t > a;, (15)

where hy(t | A,n,) = At*~1eM is the baseline risk function of a Weibull distribution, We(4, e"); family
history of breast cancer (Famhist) and prior breast procedures (Brstproc) are dychotomous baseline
covariates with associated coefficients #; and #,, respectively; a assesses the effect of the individual
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trajectory of breast density on breast cancer risk in terms of the latent breast density mean; and q; is the
age over 50 at which woman i enters the screening program, thus providing the left truncated time [43].

We assumed prior independence among all the parameters and hyperparameters as a default specifi-
cation and, with the aim of giving all inferential prominence to the data, we elicited wide proper prior
distributions. For the parameters in the longitudinal submodel, we followed Lunn et al. [30] except for
the standard deviations. In particular, we selected N(0, 100) for the f’s regression coefficients. The ordi-
nal constraint for the cutpoints of the latent scale, —oco <y, <y, =0 < y3 < y, = o0, was expressed by
truncating the subsequent prior distributions in the appropriate parametric subspace

11 ~ N (=log(3),0, = 100) Z(=c0,7, = 0),
13 ~ N (log(3), 0, = 100) Z(y, = 0, 00),

where Z(—) is the indicator function. Prior means for y, and y;, respectively, correspond to the first and
third quartiles of a logistic distribution Lo(0, 1) in order to provide the same prior probability to each
response category. For the standard deviations ¢, and o, we choose a uniform distribution, Un(0, 10).
In the case of the survival submodel, we selected N(0, 100) for the #’s regression coefficients as well as
for the association coefficient «, and a gamma distribution Ga(l, 1) for the parameter 4 of the baseline
hazard function because it mimics a constant baseline hazard function [49].

4.1. Posterior distribution

The posterior distribution z(6, b | D) was computed in terms of the hierarchical modeling (4) and approx-
imated using MCMC simulation methods through the JAGS software [50]. In particular, we run three
MCMC chains with 100,000 iterations, 10,000 of which were used for the burn-in period. The chains
were thinned by only storing every 270th iteration in order to reduce autocorrelation in the saved sam-
ple. Trace plots of the simulated values of the three chains appear overlapping one another indicating
stabilization. Convergence of the chains to the posterior distribution was assessed through the potential
scale reduction factor, R , and the effective number of independent simulation draws, n ., [S1] and [52],
respectively. R compares the within-chain variance to the estimated variance of the posterior distribution
in such a way that R values near 1 indicate that the simulated process has reached the posterior distribu-
tion. n of deals with the level of autocorrelation of the chains simulated values, so that Ny > 100 indicates
that sufficient MCMC samples have been obtained.

Table II summarizes the approximate MCMC random sample from the marginal posterior distribution
(0 | D) through the mean, median, standard deviation, 2.5% and 97.5% percentiles. The last column
of Table II contains the probability that the corresponding parameter is positive: a 0.5 probability would
indicate that a positive value of the parameter is equally likely that a negative one, hence indicating little
relevance of the corresponding variable (given the remaining covariates). This is not the case for the
parameters of our model with probabilities that show a clear preference for being above or under zero.

The marginal posterior distribution associated to the population intercept i, and slope g, of the mean
of the latent breast density clearly states that both are negative, P(f, < 0 | D) = P(f, < 0| D) =1,
indicating decreasing values over time of the true latent breast density and therefore a higher probability

Table II. Posterior summaries of the parameters and hyperparameters
of the breast cancer joint model.

Mean SD 2.5% Median 97.5% P(- > 0|D)

fo —14262 0.0346 —1.4964 —1.4251 —1.3608 0.0000
p,  —-0.0524 0.0018 -—0.0560 —0.0524 —0.0489 0.0000
o, 26067 0.0227 25643 2.6059 2.6534

o, 0.0053 0.0018  0.0015 0.0053 0.0087

y1  —4.6994 0.0269 —4.7521 —4.6998 —4.6489

73 1.7362  0.0156  1.7060 1.7364 1.7675

A 1.5366  0.1044  1.3287 1.5387 1.7386

n, —7.6066 03369 —8.2476 -7.6011 —6.9337 0.0000
n 0.6227  0.1716  0.2747 0.6308 0.9517 0.9984
n, 04535 0.1440 0.1644 0.4600 0.7210 1.0000
a 0.1490  0.0207  0.1089 0.1496 0.1887 1.0000
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of being in the lower breast density categories with age. The variability associated with the random
intercept is important, E(c, | D) = 2.6067, as a sign of high population heterogeneity with regard to
initial breast density. In contrast, there is small variability in the subject-specific slopes, E(c; | D) =
0.0053, which denotes that subject-specific trajectories of the true latent breast density do not differ much
from the population trend. The estimation of the cut-points y; and y; is very stable and accurate. The
posterior means of the coefficients associated to the baseline covariates, family history of breast cancer,
and prior breast procedures, 0.6227 and 0.4535, respectively, indicate an increase of risk of breast cancer
detection when women have one or both of these risk factors. These values are consistent with the ones
reported in the literature. The strength of the association between the breast density and age at breast
cancer diagnosis is assessed through their posterior expectation E(a | D)=0.149 and 95% credible interval
(0.1089, 0.1887). In addition, the posterior probability 1 for that coefficient being positive provides strong
support on the connection between breast density and breast cancer risk.

4.2. Probabilities associated to breast density BI-RADS categories

Figure 2 (top) shows the posterior mean and 95% credible interval of the posterior distribution z(P(y;, =
D, | 0) | D) associated to each BI-RADS category for a generic woman in the study. Probabilities
associated to category BI-RADS b are always higher than 0.5, and grow slightly with age. Probabilities
for categories a, ¢, and d are initially very similar, but categories ¢ and d decrease with age following
a similar pattern while category a increases (see Table S1 in Appendix). The information provided by
credible intervals is very valuable, thus indicating high precision in the estimated means.

Figure 2 (bottom) shows a violin plot (a combination of a kernel density plot and a boxplot) of the pos-
terior marginal distribution of the latent breast density at ages 50, 55, 60, 65 and 70. The four categories
of the ordinal breast density are marked with regard to the posterior mean of the cut points y, and y3, and
7, = 0. The visual comparison between real and latent results is very interesting. We clearly appreciate
that the posterior marginal distribution of the latent breast density tends towards lower values with age. In

Probabality

Age (years)

Figure 2. Age-specific population distribution of breast density. Posterior mean and 95% credible interval of the

probability associated to each BI-RADS category with respect to age (top) and violin plot of the posterior marginal

distribution of the latent breast density of an average woman at ages 50, 55, 60, 65, and 70 (bottom). Horizontal

dotted lines represent the posterior mean of the cut-points, thus approximately indicating the region of the latent
density corresponding to ordinal BD categories a, b, ¢, and d (from bottom to top).
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addition, the bottom tail of the distributions increase with age in detriment of the top tail, thus indicating
the general decreasing of breast density with age.

4.3. Assessment of the impact of the study variables on breast cancer risk

Relevant HRs arise from the combination of baseline covariate categories. Figure 3 shows the posterior
distribution of the HRs of a breast cancer diagnosis for family history of breast cancer, prior breast pro-
cedures, and both risk factors, with posterior means 1.864, 1.574, and 2.934, respectively. The marginal
effects of each covariate are relevant, with posterior probabilities 0.998 and 1.000 associated to HR values
greater than 1 for family history of breast cancer and prior breast procedures, respectively.

Following the ad-hoc procedure presented in Section 3.2, Figure 4 shows the posterior mean and 95%
credible intervals with regard to age of the approximate HR of a breast cancer diagnosis for women with
breast densities b, ¢, and d compared with women with the same covariate values and breast density
a. Changes in breast density from category a towards more dense categories have a strong effect on
breast cancer risk. We observe posterior means of the HR around four for category d versus a, and HRs
greater than 1 (around 1.7 and 2.6) when comparing categories b and ¢ versus a, respectively. A gently
wavy behavior for the posterior distributions and credible intervals of the HRs with respect to age can be
appreciated, as a consequence of the simulation of the logistic error in the procedure.

4.4. Prediction

Figure 5 shows the posterior mean (10) and 95% credible band for four of the women without cancer in
Figure 1, at the end of follow-up. As expected, breast cancer-free probabilities are very high and decrease
with age. It is worth noting the narrowness of the bands corresponding to women with a higher number
of density measurements, possibly because of the precision of the random effects estimates. Women with
high breast density values seem to have lower breast cancer-free survival probabilities. However, we must

Brstpeos
Fambisy
Fambist and Brsiproc

o
B
&
o=

Hazard Ratio

Figure 3. Posterior distribution of the hazard ratios associated to family history of breast cancer and prior
breast procedures.

Hazard Ratio
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Figure 4. Approximate posterior mean and 95% credible interval with regard to age of the HRs of a BC diagnosis
for women withbreastdensity b, ¢, and d as compared with women with the same covariates and BD measurement a.

________________________________________________________________________________________|]
© 2016 The Authors. Statistics in Medicine Published by John Wiley & Sons Ltd. Statist. Med. 2016, 35 5267-5282




Statistics

C. ARMERO ET AL.

D=342 | ID = 5318 |
d - - - - \ 10 d -.“ 10
2 los z us
mc- g e e g Fd
w w
: 1% :
= =
b O o b . O (o
@ @
0.8946 0.884
[ ar a7 - - ar
50 [ w0 ] T8 50 [ w0 ] T
Age (years) Age (years)
1D = 9572 I | I0 = 17540 |
a . - \ 10 a e 19
'z 3
mc_ = L] & X - - - 5 s
g ® g ®
: g i 8
b . e tos b . s s . o
= 2
0.941 0.973
a] ; _G‘J‘ aq a7
50 55 0 65 70 50 55 0 65 70
Age (years) Age (years)

Figure 5. Posterior mean and 95% credible band of the probability of a breast cancer-free diagnosis for women
with IDs 942; 5318; 9672; and 17540 without breast cancer at the end of the follow-up. The value of the probability
at the lower right of each graphic is the subsequent posterior mean at 70 years.
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Figure 6. Posterior predicted mean of the breast density in the BI-RADS scale over age for women with IDs with
IDs 942; 5318; 9672; and 17540 without breast cancer at the end of the follow-up.

also consider the baseline risk factors. Thus, disease-free survival is higher for woman 942, who has a
stable very high breast density, than for woman 9672, who experiences a decrease in density. This result
can be attributed to presence of prior breast procedures in woman 9672 and absence of them in woman
942. Both women do not have family history of breast cancer.

Figure 6 shows the posterior predictive distribution of the ordinal breast density categories for the
women in Figure 5. We appreciate a great variability among the predicted BI-RADS trajectories, and
for most of the selected women, category b has the highest probabilities over age. But, for woman 5318
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category a is always the most prevalent with an increasing trend over age, followed by categories b, ¢
and d. These results are in line with the observed breast density trajectory for this woman: three breast
density measurements with values b, a and a at late ages 65, 67, and 69, respectively. In contrast, for
woman 942 category d is always the most prevalent with a decreasing trend over age. These results are
also consistent with the observed breast density trajectory for this woman, stable with very high breast
density at relatively late ages 61, 63, 65, 67, and 69.

5. Discussion

We propose a Bayesian joint model that combines the information provided by a longitudinal ordinal pro-
cess and a left-truncated time-to-event outcome. The joint density of both processes is approached through
a shared-parameter model which generates a structure of association and conditional independence
between both outcomes by means of a vector of common random effects.

We chose a latent variable formulation for the longitudinal process which translated the ordinal scale to
the framework of linear mixed models, with a logistic distribution for the measurement error. The latent
variable approach facilitates the computational implementation of the model but introduces complexity
in the interpretation of results. We assume a logistic distribution for the latent variable that implies the
logistic link for cumulative probabilities. Other models might be also appropriate. The most usual alter-
natives are the normal and the extreme value distributions, which result in the probit and complementary
log-log regression links, respectively. It is widely accepted that probit and logit links produce similar
results. This also occurs in our study (results not shown), where we have implemented the probit link to
assess the robustness of the model. This is not the case for the extreme value distribution that, unlike the
logistic and normal ones, is not symmetrical.

‘We consider that the cut-points that relate the ordinal and latent variables are common for all individu-
als and time. This assumption may produce some stiffness in the longitudinal model. Thus, individual or
time-specific cut-points might endow of more flexibility to the longitudinal latent variable at the expense
of a more complex model. Dealing with more than four categories in the ordinal variable is not straight-
forward. One of the reasons for this is that one or both of the endpoints of the truncated intervals in
which the marginal prior distribution of each unknown cut-point is defined can be also unknown [53].
The estimation of these models involves important computational issues in the MCMC sampling that
have provided many discussion and proposals, such as hybrid Metropolis—Hasting algorithms to sample
from the subsequent posterior distribution [54,55].

Robustness is a major statistical concern in Hierarchical Bayesian models because it can be affected
by an inappropriate choice of hyperprior distributions for hyperparameters. We have tested the sensitivity
of the model using other prior specifications for the hyperprior distribution of the random effects scale
parameter. In particular, we have considered a wide uniform distribution, Un(0, 100), as an alternative to
the elicited Un(0,10) in the paper and inverse-gamma hyperdistributions, IGa(0.01, 0.01) and 1Ga(0.001,
0.001), because of their common use in Bayesian applications. All of them provided almost identical
results (not shown in the paper), possibly because of the large sample size.

Our proposal could be applied to a variety of real problems devoted to analyze time-to-event outcomes
with temporal ordinal endogeneous covariates. We explored the role of death prior to breast cancer diag-
nosis as a competing risk. The cumulative incidences estimated with the Kaplan—-Meier method or the
competing risks with cause-specific hazards approach are very similar, even at older ages (See Figure A1
in the Supplementary file). Therefore, even though the censoring due to the competing risk “death” was
informative, it would hardly affect our estimates. Event times have been modeled in terms of relative risk
models with left-truncation as a corrective mechanism for the delayed entry bias. Left truncation is com-
mon in observational studies of risk factors, where not all the participants enter the study at time zero. We
select the Weibull distribution as baseline risk function because it is a traditional model for survival data
with a great flexibility in representing different types of risk. The exploration of more sophisticated base-
line risk functions, which include multimodality and heavy tailed distributions, in the area of Bayesian
joint modeling is a relevant subject with strong connections with the specification of prior distributions.
See [56] for a detailed explanation of piecewise constant hazard models and Gamma processes. In addi-
tion, the latent linear mixed model is a flexible model that can accommodate heterogeneous trajectories,
from linear to complex functions. This is the case of linear models expressed in terms of spline bases to
accommodate non-linear profiles [57].

We have used our joint model for analyzing the relationship between mammographic breast density and
breast cancer risk in women attending a public screening program. A linear subject-specific trajectory of
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the latent variable is included in a relative risks survival model together with two of the most known breast
cancer risk factors, family history of breast cancer and previous breast procedures. Our joint model for
breast cancer and breast density is a good starting point that provides results consistent with the literature
[16, 18, 19,21]. They are the basis for a rationale for extending the model and assessing its adequacy
and accuracy. Evaluating the ability of breast density to predict time to breast cancer diagnosis, under
our joint model, by means of calibration and discrimination measures [58] is a major concern of our
research. The discriminative power of our model should offset its complexity. Discrimination measures
based on receiver operating characteristic curves are commonly used for assessing predictive accuracy.
We are currently exploring a general latent variable approach that could be appropriate.

In contrast to studies published to date, our study is the first to have used the complete longitudinal
history of breast density for assessing breast cancer risk over time, at population and individual level.
Potential benefits of the proposed joint model include obtaining individual predictions of time-free of
breast cancer at age u > ¢, given the observed responses up to age ¢, and also individual longitudinal
predictions of future breast density values. Thus, a joint model similar to that shown here could be used for
surveillance of breast cancer risk over time, for scheduling screening exams based on individual dynamic
predictions, and also in discussing prevention strategies for those at high risk [16].
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BI-RADS and age

Table A1. Posterior expectation of the probability associated to each BI-RADS category with respect to age.

Age (years)

BI-RADS | 50 55 60 65 70
0.150 0.168 0.191 0.214 0.239
0.526 0.538 0.541 0.545 0.545
0.166 0.157 0.147 0.136 0.125
0.158 0.137 0.121 0.106 0.092
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Cumulative incidence

In Figure A1, the dashed line shows the cumulative incidence calculated using the Kaplan-Meier approach without
accounting for competing risk events. The solid line shows the cumulative incidence, after adjusting for competing

risk. The dotted line shows the cumulative incidence of the death occurring prior to the breast cancer diagnosis.
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Figure A1l. The estimated cumulative incidence of breast cancer using the Kaplan-Meier approach and the competing risks approach.

JAGS code for the proposed model

model{
for(i in 1:N){
for(j in 1:K[il){ #1
y[i,j] = dcat(pli,j,1:41)
pli,j,1] <= 1-qli,j,1]
pli,j,2] <- qli,j,1]1-qli,j,2]
pli,j,3] <- qli,j,21-qli,j,3]
pli,j,4] <- qli,j,3]
www.sim.org Copyright © 2015 John Wiley & Sons, Ltd. Statist. Med. 2015, 00 1-4
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}

logit(qli,j,1]) <- location[i,j]-gammal
logit(qli,j,2]) <- location[i,j]
logit(qli,j,3]) <- locationl[i,j]-gamma3
location[i,j] <- betaO + bO[i] + betal*time[i,Projl[i,jl]
+ bi[i]*time[i,Projl[i,j1]
Httimes[i,] a grid of times for individual i and times[i,Projl[i,j]]

is the observed time of individual i at time j

#0nes’ trick for a not implemented likelihood in BUGS
ones[i] ~ dbern(probl[il) #2
prob[i] <- L[il/C

## Likelihood for survival data - event=1 if event, and O if censoring
L[i] <- (pow(f[i],event[i])*pow(S[i],1-event[i]))/(SO[i])

## Hazard for individual i at each time point of the grid timel[i,]
for(j in 1:J[i1){
h[i,j] <- (lambda*pow(timel[i,j], (lambda-1))) * exp(etal[l] + eta[2]*numrell[i]
+ eta[3]*brstproc[i] + alpha*(beta0 + bO[i] + (betal + bi[i])*time[i,j]))

## Cumulative hazard H[t] = int_0"t (h[ul du) using GAUSS-LEGENDRE polynomials
and evaluated at 12 different (n.end) points indicated by Proj.aux
for(j in 1:n.end){ #3
Aux[i,j] <- ((time[i,Proj.aux[j+1]]-time[i,Proj.aux[j]]1)/2)
xinprod(wk.int, h[i, (Proj.aux[jl+1):(Proj.aux[jl1+5)]1)
#wk.int Gauss-Legendre weights
H[i,j] <- sum(Aux[i,1:j])

## Survival probability for individual i at their final time
S[i] <- exp(-H[i,n.end])
## Survival probability for individual i at their entry time
S0[i] <- exp(-H[i,n.ini])

## Density function
f[i] <- h[i,J[i]]=*s[i]

bO[i] ~ dnorm(0, tau0)
b1[i] ~ dnorm(0, taul)

C <- 10000

#Prior distributions for the survival process
for(i in 1:3){ etali]l ~ dnorm(0.0, 0.0001) }

Statist. Med. 2015, 00 1-4 Copyright © 2015 John Wiley & Sons, Ltd. www.sim.org
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alpha ~ dnorm(0.0, 0.0001)
lambda ~ dgamma(l, 1)

#Prior distributions for the longitudinal process
betal0 ~ dnorm(0.0, 0.0001)

betal ~ dnorm(0.0, 0.0001)

gammal ~ dnorm(-1.0986, 0.001)I(,0)

gamma3 ~ dnorm(1.0986, 0.001)I(0,)

tau0 <- pow(sig0, -2)

sig0 ~ dunif (0, 100)

taul <- pow(sigl, -2)

sigl ~ dunif (0, 100)

}
1. Specification of the latent variable
2. One’s trick for the Survival likelihood to incorporate left truncation.
3. Code for the numerical integration for H(t) using Gauss-Legendre polynomials and evaluated at different
time points
www.sim.org Copyright © 2015 John Wiley & Sons, Ltd. Statist. Med. 2015, 00 1-4
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3.3 Metodes i resultats de I’objectiu 3

En aquesta secci6 es presenten els metodes utilitzats i els resultats obtinguts
per donar resposta al tercer dels objectius platejats en aquesta tesi. Tota la
metodologia i els resultats estan continguts en el manuscrit original Forné
et al. (Clinical Kidney Journal 2019), la informaci6 del qual es detalla a
continuacio, junt amb el resum traduit al catala.
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Resum:

Antecedents: Els pacients amb malaltia renal cronica (MRC) presenten una
major carrega d’ateroesclerosi i un alt risc d’esdeveniment cardiovascular.
S’han descrit diversos biomarcadors associats a esdeveniments cardiovascu-
lars, pero la seva efectivitat combinada, en 1'estratificacié del risc cardiovas-
cular, no ha estat provada encara. L'objectiu del present treball és analitzar la
capacitat combinada de 19 biomarcadors associats a la malaltia ateromatosa
en la prediccié d’esdeveniments cardiovasculars després de 4 anys de segui-
ment en una subcohort de 1’estudi NEFRONA, en individus amb diferents
estadis d’MRC sense esdeveniment cardiovascular previ.

Metodes: Es van quantificar dinou suposats biomarcadors en 1.366 pacients
(73 esdeveniments cardiovasculars), i la seva capacitat predictiva d’esdeve-
niments cardiovasculars es va avaluar mitjangant models de bosc aleatori de
supervivencia. Els factors associats amb el risc cardiovascular van ser con-
trastats en models de regressi6 de Fine i Gray, amb la mort no cardiovascular
i el trasplantament renal com a esdeveniments competitius.

Resultats: L'analisi de supervivencia per bosc aleatori va identificar diversos
biomarcadors com a rellevants per predir esdeveniments cardiovasculars. La
inclusi6é d’aquests biomarcadors en un model Fine i Gray va mostrar un aug-
ment del risc cardiovascular per nivells alts d’osteopontina, d’osteoprotege-
rina, de metalloproteinasa de matriu 9 i del factor de creixement de I’endoteli
vascular, tot i que només va millorar de manera marginal la discriminaci6 ob-
tinguda amb els parametres clinics classics [index de concordanga (interval
de confianga del 95%): 0,744 (0,609, 0,878) i 0,723 (0,592, 0,854), respectiva-
ment]. Tanmateix, en individus amb diabetis tractats amb antihipertensius i
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hipolipemiants, la determinacié d’aquests biomarcadors podria ajudar a mi-
llorar les estimacions de risc cardiovascular.

Conclusions: La determinacié de quatre biomarcadors en serum de pacients
amb MRC podria millorar la prediccié del risc cardiovascular en individus
d’alt risc.
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ABSTRACT

Background. Chronic kidney disease (CKD) patients show an increased burden of atherosclerosis and high risk of
cardiovascular events (CVEs). There are several biomarkers described as being associated with CVEs, but their combined
effectiveness in cardiovascular risk stratification in CKD has not been tested. The objective of this work is to analyse the
combined ability of 19 biomarkers associated with atheromatous disease in predicting CVEs after 4 years of follow-up in a
subcohort of the NEFRONA study in individuals with different stages of CKD without previous CVEs.

Methods. Nineteen putative biomarkers were quantified in 1366 patients (73 CVEs) and their ability to predict CVEs was
ranked by random survival forest (RSF) analysis. The factors associated with CVEs were tested in Fine and Gray (FG)
regression models, with non-cardiovascular death and kidney transplant as competing events.

Results. RSF analysis detected several biomarkers as relevant for predicting CVEs. Inclusion of those biomarkers in an FG
model showed that high levels of osteopontin, osteoprotegerin, matrix metalloproteinase-9 and vascular endothelial
growth factor increased the risk for CVEs, but only marginally improved the discrimination obtained with classical clinical
parameters: concordance index 0.744 (95% confidence interval 0.609-0.878) versus 0.723 (0.592-0.854), respectively. However,
in individuals with diabetes treated with antihypertensives and lipid-lowering drugs, the determination of these
biomarkers could help to improve cardiovascular risk estimates.

Conclusions. We conclude that the determination of four biomarkers in the serum of CKD patients could improve
cardiovascular risk prediction in high-risk individuals.

Keywords: biomarkers, cardiovascular risk, cohort study, competing risks, random forest
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INTRODUCTION

Chronic kidney disease (CKD) is a highly prevalent disease
worldwide with a median prevalence of 7.2% in people >30
years of age, but increasing to 23-36% in individuals >64 years
of age [1]. These numbers are expected to increase dramatically
in the next decades, mainly due to the aging of the population
and to the increase of other risk factors such as diabetes, hyper-
tension and obesity [2]. These trends raise significant concern
due to the fact that CKD patients have increased risk of major
cardiovascular events (CVEs), as cardiovascular disease (CVD) is
the leading cause of death in this population [3]. The increased
cardiovascular risk in CKD patients seems to be associated, at
least in part, with their propensity to present atheromatous pla-
ques, as the prevalence of atherosclerotic-related events is very
high [4] and the presence of plaques predicts the incidence of
CVEs [5]. Today, prevention, diagnosis and prognosis of CVD in
CKD patients is difficult, as the standard risk scores underesti-
mate the cardiovascular risk in CKD patients [6, 7].

With the aim of modifying or improving current cardiovas-
cular risk assessment algorithms, there has been an extensive
search for serum biomarkers useful to predict CVEs associated
with atheromatosis [8]. Atherosclerotic plaque is a manifesta-
tion of a systemic disease. Consequently, associated biomarkers
can be the product of the disease itself or derive directly from
the plaque [9]. Thus, published studies have focused on markers
of plaque presence, instability, inflammation, neovasculariza-
tion, calcification, stenosis severity and atheromatous CVEs [10,
11]. However, one of the main problems related with the search
for new biomarkers is that they are usually evaluated in an iso-
lated context and only corrected by the confounding effect of
traditional risk factors in multivariable regression analysis. To
date, no study has evaluated the possible role of a combination
of a large number of biomarkers to predict CVEs in a CKD
population.

Machine learning algorithms are powerful tools to make pre-
dictions based on large amounts of data. Among them, random
forest algorithms build several decision trees. Each tree is built
based on a random subsample and the rest of the sample (out-
of-bag) is used to assess the model performance and the vari-
able importance. For each node, a subset of variables is explored
to determine which variable maximizes the improvement of the
outcome prediction. Finally, by ensembling the results of all
trees, measures of performance can be obtained [concordance
index (C-index), variable importance, etc.]. Therefore, random
forest could be a useful tool to assess the contribution of several
biomarkers on atheromatous disease-related events.

In this context, this study was carried out with the main ob-
jective of evaluating whether 19 biomarkers previously associ-
ated with atherosclerotic disease can increase the capacity of
traditional risk factors for predicting CVEs in patients with dif-
ferent stages of CKD and controls included in the NEFRONA
cohort.

MATERIALS AND METHODS
Study design

This study included 1366 subjects from the NEFRONA [12, 13]
study of which 813 presented with CKD (380 Stage 3, 304 Stages
4 and 5 and 129 dialysis) and 553 were controls without CKD (es-
timated glomerular filtration rate based on creatinine >60mL/
min/1.73 m?). Briefly, NEFRONA is a multi-centre, observational,
prospective study designed to assess the predictive value of

non-invasive imaging techniques and biomarkers for CVEs and
mortality in CKD patients. Patients 18-75 years of age and at dif-
ferent CKD stages were recruited in Spain from 2009 to 2012.
Exclusion criteria were a history of CVEs, significant carotid ste-
nosis, active infections (human immunodeficiency virus and tu-
berculosis), pregnancy, life expectancy <12 months and having
received any organ transplantation or carotid artery surgery. A
4-year follow-up was performed collecting data on CVEs, both
fatal and non-fatal. CVEs were defined according to the
International Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM). Physicians responsible for the
patients’ recruitment recorded the CVEs. In case of out-of-
hospital death, family members were interviewed to determine
death circumstances. Each local ethics committee approved the
study and all included patients signed an informed consent.

Clinical data and biochemical variables

Anthropometric data [sex, age and body mass index (BMI)], clin-
ical data [systolic and diastolic blood pressure (SBP and DBP),
pulse pressure (PP)], family history of early CVD, cardiovascular
risk factors (smoking, diabetes, hypertension and dyslipidae-
mia) and blood samples were collected by a specifically trained
itinerant team formed by two technicians and a specifically
trained nurse. The diagnoses of diabetes, hypertension and dys-
lipidaemia were obtained directly from the clinical records.
Biochemical parameters were obtained from routine blood tests
3months before or after an ultrasound was performed.

Collected blood samples were stored at —80°C in the Biobank
of the RedInRen in the University of Alcala de Henares (Madrid)
until biomarker determination, which was performed in a
blinded manner. All biomarkers were measured using
MILLIPLEX MAP kits (EMD Millipore, Burlington, MA, USA). The
list of biomarkers assessed, the minimum detectable level of
each biomarker as well as the information about intra- and
interassay coefficients of variation are shown in the
Supplementary data, Table S1.

We selected biomarkers associated with processes of athero-
sclerosis, focusing on inflammatory chemokines [14], proteins
related to bone metabolism and calcification [15] and proteins
related to plaque inflammation, progression and vasculariza-
tion [10]. The other needed criteria used were the availability of
MILLIPLEX MAP kits for quantification.

Atherosclerosis assessment

Atherosclerosis assessment was performed at baseline as previ-
ously described [16]. Participants underwent a carotid and fem-
oral ultrasound in three territories of both carotid arteries
(internal and common carotid arteries and carotid bulbs) and
two territories of both femoral arteries (common and superficial
femoral arteries). Plaques were defined according to the
American Society of Echocardiography and the Mannheim ca-
rotid intima-media thickness (cIMT) Consensus as cIMT lumen
protrusion >1.5mm [17, 18]. Plaque presence was defined as
plaque in at least one territory. Detailed protocols for plaque im-
aging, quantification and prevalence in the NEFRONA cohort
have been published previously [19].

Statistical analysis

Qualitative variables were described with frequencies and per-
centages and quantitative variables with medians and 25th and
75th percentiles. Bivariate analysis by occurrence of CVEs was
performed by means of the logrank test.

610z Isnbny 20 uo Jesn vAIFTT 3A LVLISHIAINN AQ €88€H5S/¥602IS/MI/€601 0L /I0PAdRASE-8]011B-80UBADE/MO/WO02 dno olWepeoe//:sdiy wolj pepeojumoq



To discover new biomarkers for cardiovascular incidence,
we performed random survival forest (RSF) analysis for compet-
ing risks [20]. The competing events to the CVEs were non-
cardiovascular death and kidney transplant. We fitted two mod-
els: one with known risk factors and confounders—without bio-
markers—and the other adding new potential biomarkers.
Previously the same algorithm was used for missing values im-
putation. Additionally, quantitative variables were previously
centred and scaled. No variables were excluded from analysis
by near-zero variance or high pairwise correlation among pre-
dictors. Forests were grown using the modified Gray’s splitting
rule, selecting variables based on their direct effect on the cu-
mulative cardiovascular incidence. Variables were ranked by
the mean decrease in prediction error [measure of variable im-
portance (VIMP)] and the C-index) was obtained as a measure of
model performance. Confidence intervals (CIs) for VIMP were
calculated subsampling the survival forest [21]. Finally, we in-
cluded in a Fine and Gray (FG) competing risk regression model
the variables with the 5th percentile of VIMP > 0, thus ensuring
95% confidence of being relevant to the outcome of interest.
The final model was selected by backward stepwise regression
based on the minimum Akaike information criterion (AIC). We
evaluated the calibration and discrimination of the final mod-
els. Moreover, model assumptions were assessed (linearity and
proportional subhazards). When needed for validating the mod-
els, transformations of variables were used. We also provide
a nomogram of the model predictions in order to simplify its
interpretation.

All tests were two-sided at a significance level o=0.05. All
statistical analyses were carried out using R statistical software
(R Foundation for Statistical Computing, Vienna, Austria). The
randomForestSRC package was used for RSF algorithm imple-
mentation, the crrstep and riskRegression packages for FG
modelling and the crskdiag package for model assumptions
validation.

RESULTS

Bivariate analysis to identify biomarkers of CVEs

Over a median follow-up time of 48 months, 73 CVEs were
reported: 13 in the control group, 22 in CKD Stage 3, 27 in CKD
Stages 4 and 5 and 11 in the dialysis group. Higher hazards
of CVEs were found for older patients, for patients with
plaque at baseline and for patients in more advanced CKD
stage. Moreover, patients with or being treated for diabetes,
hypertension and dyslipidaemia or with the presence of
atrial fibrillation showed higher hazards of having a CVE.
Patients with an increased risk of a CVE also showed low
levels of high-density lipoprotein (HDL) cholesterol and 25-
hydroxyvitamin D3 [25(OH)D3], higher levels of triglycerides,
high-sensitivity C-reactive protein (hsCRP), phosphate,
potassium, SBP and PP (Table 1). In addition, cardiovascular
risk was also higher for patients with higher levels of soluble
vascular cell adhesion molecule (sVCAM-1), matrix metallo-
proteinase-9 (MMP-9), osteopontin (OPN), osteocalcin (OC),
vascular endothelial growth factor (VEGF), osteoprotegerin
(OPG) and monocyte chemoattractant protein 1 (MCP-1)
(Table 2).

RSF analysis to identify biomarkers of CVEs

RSF performed without biomarkers showed that the 10 most
important variables for CVE prediction were SBP, PP, diabetes,
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Table 1. Characteristics of participants according to the occurrence
of CVEs

No event Event
Variable (n=1293) (n=73) P-value
Age (years) 59 (49, 67) 63(56,70) <0.001
Sex (female), n (%) 557 (43.1) 27 (37.0) 0.286
BMI (kg/m?) 27.9 (25,31.3) 29.6 (25.8,32.4) 0.065
Dyslipidaemia, n (%) 695 (53.8) 55(75.3)  <0.001
Lipid-lowering drugs, n (%) 642 (49.7) 55(75.3)  <0.001
Hypertension, n (%) 871 (67.4) 66 (90.4)  <0.001
Antihypertensive drugs, n (%) 850 (65.7) 64 (87.7)  <0.001
Diabetes, n (%) 264 (20.4) 32(438) <0.001
Antidiabetic drugs, n (%) 235 (18.2) 30(41.1)  <0.001
Atrial fibrillation, n (%) 16 (1.24) 3(4.12) 0.030
Heart failure, n (%) 17 (1.31) 1(1.37) 0.943
Family history of early 147 (11.4) 11 (15.1) 0.303
CVD, n (%)
Smoking status, n (%) 0.136
Non-smoker 545 (42.2) 26 (35.6)
Current smoker 498 (38.5) 26 (35.6)
Former smoker 250 (19.3) 21 (28.8)
CKD stage, n (%) <0.001
Control 540 (41.8) 13 (17.8)
CKD Stage 3 358 (27.7) 22 (30.1)
CKD Stages 4 and 5 277 (21.4) 27 (37)
Dialysis 118 (9.1) 11 (15.1)
Presence of basal plaque, n (%) 811 (62.7) 60 (82.2) 0.001
Total cholesterol (mg/dL) 190 (163, 214) 180 (156,209) 0.101
Missing values 46 1
HDL cholesterol (mg/dL) 49 (41, 61) 44 (34,52) <0.001
Missing values 158 12
LDL cholesterol (mg/dL) 112(90,136)  111(75,133) 0.168
Missing values 179 14
Triglycerides (mg/dL) 112(81,162)  138(94,181)  0.008
Missing values 72 4
SBP (mmHg) 136 (124, 151) 149 (134, 168) <0.001
DBP (mmHg) 80 (73, 87) 85(76,89)  0.071
PP (mmHg) 55 (46, 67) 68(53,79) <0.001
Potassium (mEq/L) 4.65(4.31,5) 4.8(449,53) 0.001
Missing values 88 2
Phosphate (mg/dL) 3.7(3.2,42) 3.85(3.4,4.4) <0.001
Missing values 250 5
Calcium (mg/dL) 94(9.1,9.7)  9.4(9,9.8)  0.851
Missing values 203 5
hsCRP (mg/L) 1.93 (0.95, 4.13) 2.25 (1.02, 6.68) 0.004
Missing values 15 3
25(0H)D3 (ng/L) 17.3 (12.7,21.9) 14.7 (9.5,20.2) 0.003
Missing values 11 2

Italic numbers are frequencies of missing data.

Values are shown as medians and 25th and 75th percentiles unless stated other-
wise. P-values correspond to the logrank test.

LDL, low-density lipoprotein.

being treated for dyslipidaemia, hypertension, DBP, being
treated for diabetes, CKD stage, being treated for hypertension
and HDL cholesterol (Figure 1a). When biomarkers were in-
cluded alongside clinical variables in the RSF analysis, OPN was
the most relevant predictor of the incidence of CVEs, followed
by PP, SBP and diabetes. OPG also appeared as a potential pre-
dictor of cardiovascular risk (Figure 1b). VIMP values for all vari-
ables are shown in the Supplementary data, Table S2. Overall
discrimination without biomarkers was 0.678 (95% CI 0.649-
0.710) and improved when biomarkers were included [0.716
(95% CI 0.689-0.746)].
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Table 2. Biomarker levels according to the occurrence of CVEs

Variable No event (n=1293) Event (n=73) P-value

Eotaxin (pg/mL) 122 (84, 170) 122 (77, 168) 0.780
Missing values 54 4

FGF-2 (pg/mL) 60 (33, 100) 65 (39, 114) 0.456
Missing values 50 4

Fractalkine (pg/mL) 83 (48, 133) 77 (51, 124) 0.929
Missing values 53 4

GM-CSF (pg/mL) 8.6 (4.2,16.5) 8.5(2.7,16.2) 0.538
Missing values 53 4

IFN-y (pg/mL) 5.2 (2.9, 10.6) 5.4(1.9,12.3) 0.557
Missing values 53 4

IP-10 (pg/mL) 446 (309, 689) 451 (323, 704) 0.271
Missing values 53 4

Leptin (pg/mL) 15 627 (6822, 33 667) 16 601 (8523,38389) 0.754
Missing values 37 3

MCP-1 (pg/mL) 357 (232, 534) 358 (256, 535) 0.028
Missing values 54 4

MDC (pg/mL) 941 (709, 1220) 903 (721, 1107) 0.463
Missing values 54 4

MIP-18 (pg/mL) 32.4(20.6, 47.9) 30.2 (21.3, 47.1) 0.685
Missing values 53 4

MMP-9 (pg/mL) 71 (46, 1354) 798 (58, 2071) 0.001
Missing values 38 3

MPO (ng/mL) 27.1(0.37,55.8) 4.6 (0.30, 37.3) 0.746
Missing values 43 3

OC (pg/mL) 11501 (8226, 17 022) 14 660 (8915, 22 649) <0.001
Missing values 37 4

OPG (pg/mL) 473 (320, 601) 538 (370, 699) <0.001
Missing values 37 3

OPN (pg/mL) 13209 (6049, 23 539)24 530 (11 471, 43 840) <0.001
Missing values 38 3

PAI-1 (pg/mL) 80 (29, 521) 262 (36, 773) 0.074
Missing values 37 3

SICAM-1 (pg/mL) 147 (107, 624) 293 (108, 758) 0.243
Missing values 38 3

SVCAM-1 (pg/mL) 27 (17, 8889) 7449 (20,10747)  0.002
Missing values 37 3

VEGF (pg/mL) 81 (38, 153) 88 (45, 161) 0.046
Missing values 52 4

Italic numbers are frequencies of missing data.

Values are shown as medians and 25th and 75th percentiles. P-values corre-
spond to the logrank test.

FGF-2, fibroblast growth factor 2; GM-CSF, granulocyte-macrophage colony-
stimulating factor; IP-10, IFN-y inducible protein 10; MDC, macrophage-derived
chemokine; MIP-1B, macrophage inflammatory protein-1beta; MPO, myeloper-
oxidase; PAI-1, plasminogen activator inhibitor-1; sSICAM-1, soluble intercellular
adhesion molecule-1.

With the most promising variables (those with 95% of VIMP
values >0), we performed a multivariate FG competing risks
model for cardiovascular incidence (Table 3). Of the traditional
risk factors considered, being treated with lipid-lowering drugs
and having lower levels of HDL cholesterol showed a signifi-
cantly increased risk for CVEs. Regarding biomarkers, higher
values of OPG, MMP-9, VEGF and OPN were statistically signifi-
cant predictors of increased cardiovascular risk. Other predic-
tors [interferon gamma (IFN-y), diabetes, being treated for
hypertension, total cholesterol and age] were kept in the model
as their inclusion improved the AIC. In order to meet the model
assumptions, base-2 logarithm transformations for OPG and
OPN were used.

The discrimination ability of the competing risks model
without biomarkers at 48 months was moderately high [0.723

(95% CI 0.592-0.854)]. As shown in Figure 2, the inclusion of bio-
markers slightly increased the C-index [0.744 (95% CI 0.609-
0.878)]. Figure 3 shows the adjusted cumulative cardiovascular
incidence, according to the FG model with biomarkers, corre-
sponding to four risk groups defined by the presence or absence
of diabetes and being or not treated with both lipid-lowering
and antihypertensive drugs. Significant biomarkers—OPN, OPG,
MMP-9 and VEGF—were set to their 25th and 75th percentiles.
The patients with diabetes and treated with both drugs are
those suffering major impacts on absolute cardiovascular risk
of higher levels of biomarkers.

Finally, to better visualize our model predictions, we
obtained a nomogram illustrating a representative patient of
our cohort (Figure 4). The cumulative incidence estimate of
CVEs at 48 months for this representative patient was 0.041.

DISCUSSION

In this study we explored the role of 19 serum biomarkers previ-
ously shown to be associated with atheromatosis in improving
CVE prediction in a cohort mainly composed of CKD patients.
The main result of our analysis is that the addition of bio-
markers marginally improved the discrimination ability
obtained with only traditional risk factors in CKD. Despite this,
OPN was the most relevant predictor of CVEs in RSF analysis.
Thus when biomarkers were not included in RSF, clinical
parameters with higher prediction ability were PP and SBP, data
that agree with previous results [22], and the third most rele-
vant clinical parameter was diabetes, also linked to CVEs in the
CKD population [23]. Moreover, when the most promising varia-
bles in the RSF analysis were included in an FG regression,
higher levels of OPN, OPG, VEGF and MMP-9 were significantly
associated with a higher incidence of CVEs, along with tradi-
tional factors such as HDL cholesterol and being treated for
dyslipidaemia.

Our group has previously identified predictors of CVEs in the
NEFRONA cohort. First, we focused on clinical variables and
routine clinical analytics to find predictors of CVEs. Sex, CKD,
25(0H)-vitamin Ds, cholesterol and subclinical atheromatosis
were identified as the main predictors [5]. The inclusion of bio-
markers in this analysis overruled the effect of all of them,
maybe reflecting that the biomarkers selected have a strong re-
lationship with the atherosclerotic process. Moreover, we can-
not rule out that the inclusion of medications also reduced the
effect of some clinical variables. In a second work [11] we identi-
fied OPN and OPG as factors significantly associated with CVEs.
soluble tumor necrosis factor-like weak inducer of apoptosis
(STWEAK) also showed an independent association, but was not
included in this work as it was missed in 50% of our samples. In
the mentioned study, since we only tried to identify whether
they were independently associated with the events, we did not
test the improvement of prediction added by the biomarkers or
rank the variables as we did in the present work. Furthermore,
in this study we identified that patients with diabetes and
treated for dyslipidaemia and hypertension could benefit from
the determination of biomarkers, as these patients are suffering
major impacts on absolute cardiovascular risk of higher bio-
marker levels. It should be noted that being treated for dyslipi-
daemia or hypertension can be considered similar to presenting
with these comorbidities.

The search for serum biomarkers with potential prognostic
ability for CVEs is a very active field of study. However, although
results sometimes are confirmed in independent cohorts, a very
small number make it to the clinic [24]. This fact could be due to
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(b) with biomarkers
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FIGURE 1: Variable importance from the RSF analysis for cardiovascular risk: the top 10 features ranked by mean decrease in prediction error. (a) RSF including only
clinical variables and (b) the top 10 features considering clinical variables and biomarkers.

Table 3. Multivariate FG competing risks model for cardiovascular
incidence

Variable Hazard ratio® (95% CI) P-value
log, OPG 12.3 (3.39-44.6) <0.001
MMP-9 1.24 (1.07-1.42) 0.003
VEGF 1.27 (1.06-1.53) 0.010
log, OPN 1.33 (1.07-1.66) 0.011
HDL cholesterol 0.69 (0.50-0.96) 0.026
Lipid-lowering drugs 1.90 (1.07-3.35) 0.028
SBP 1.25 (0.99-1.58) 0.059
IFN-y 0.86 (0.73-1.01) 0.072
Diabetes 1.65 (0.95-2.88) 0.075
Antihypertensive drugs 1.74 (0.88-3.44) 0.110
Total cholesterol 1.19 (0.93-1.53) 0.160
Age 1.20 (0.90-1.60) 0.200

*Hazard ratio corresponds to an increase of 1 standard deviation (SD) for contin-
uous predictors (except OPG and OPN). For OPG and OPN, hazard ratio corre-
sponds to an increase of 2-fold difference in their scaled values. Variable (SD):
MMP-9 (1360), VEGF (361), HDL cholesterol (15.5), SBP (20.3), IFN-v (159), total cho-
lesterol (38.8), age (12.2), OPG (414), OPN (28 657).

the very high level of heterogeneity of the populations and to
the existence of many confounding factors that are not taken
into account in the data collection [25]. Furthermore, many bio-
markers might be related between them due to biological inter-
actions in the signalling pathways that cannot be identified
when analysed in an independent manner.

By applying RSF, we found a marginal improvement in accu-
racy when adding potential biomarkers to the traditional risk
factors. However, our data show that OPN has high prediction
ability for CVE incidence, even higher than well-described clini-
cal variables such as SBP and diabetes [3, 26, 27]. OPN is an ex-
tracellular matrix glycoprotein that participates in cell-to-cell
contact mechanisms; its levels increase in different models of
atherosclerosis [28] and it has been found to be associated with
cardiovascular risk in CKD patients [29]. The other biomarker

with good performance in prognosis, when considered together
with clinical variables, is OPG. The glycoprotein OPG is a mem-
ber of the tumour necrosis factor-related family, and part of the
receptor activator of nuclear factor-kappaB (RANK)-RANK
ligand (RANKL)-OPG network. Higher levels of OPG have been
associated with coronary atherosclerosis in several studies [30,
31] and in CKD, dialysis and kidney transplant patients it has
been further associated with adverse events [32-34]. These
associations were also found with the FG analysis, so both OPN
and OPG were predictors included in the final model for cardio-
vascular risk.

The final FG competing risk model also included MMP-9 and
VEGF. MMP-9 has been associated with plaque instability and
CVEs [35], and its serum levels have been found to be correlated
to carotid atherosclerosis in CKD patients [36]. VEGF is an angio-
genic molecule crucial for endothelial integrity and it also con-
tributes to plaque formation and destabilization [26], its levels
are increased in CKD [27] and it has been identified in haemor-
rhagic arterial plaques of CKD patients [37]. We also plotted a
nomogram to visualize our model predictions, allowing us to
quickly predict the cumulative risk of CVEs at 48 months for any
patient by knowing only the 12 selected variables.

One strength of this study is the large sample size, including
participants without previous CVEs of a prospective observa-
tional study, and the consideration of 19 different biomarkers
together with clinical variables. Thus, including the most prom-
ising features in cardiovascular risk assessment could improve
the prediction ability of current risk scales. Random forest is a
versatile analysis method that usually provides good results
when compared with alternative algorithms, such as support
vector machines, neural networks or some boosting algorithm,
which also usually take much longer to build and tune. The ran-
dom forest also has the advantage of offering greater interpret-
ability. Thus we believe that the RSF algorithm used in this
study is useful and appropriate. We would like to point out that
the mean decrease in prediction error was chosen as a measure
of variable importance in order to rank variables in RSF since
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FIGURE 3: Adjusted cumulative cardiovascular incidence obtained with the FG regression model with biomarkers (Table 3). Population was stratified according to dia-
betes and being treated with lipid-lowering and antihypertensive drugs. Quantitative variables (except significant biomarkers) were set at their median value: HDL cho-
lesterol = —0.104, SBP = —0.119, IFN-y=—0.084, total cholesterol=—0.024, age =0.178. Significant biomarkers at their 25th percentile (solid line) and 75th percentile
(dashed line): OPG = —0.471 and 0.195, MMP-9 = —0.618 and 0.371, VEGF = —0.323 and 0.039, OPN = —0.552 and 0.095.

that is the most common measure used for this purpose.
Nevertheless, other measures have been proposed in RSF analy-
sis [38], so different rankings could have been obtained if other
measures had been used. Also, there are alternatives to select-
ing the FG regression model. Other possible criteria could have
resulted in models with different predictors. Finally, we want to
point out that the prediction ability of the clinical factors and
the biomarkers included in this study could vary with different
follow-up times.

Our study has several limitations. First, the small number of
CVEs may have limited the capacity to more clearly identify pre-
dictors of cardiovascular risk and therefore limit the conclu-
sions of this study. Machine learning algorithms, like random
forest used in this analysis, help to partly overcome this limita-
tion and allow identification of strong predictors in problems

with bad signal:noise ratios. Second, detection of the bio-
markers was performed by multiplex analysis. Although the
method is very useful to detect multiple analytes in small
amounts of sample, it should be validated with individual en-
zyme-linked immunosorbent assay (ELISA) kits. A third limita-
tion is that, as a consequence of the NEFRONA study design,
subjects that received a kidney transplant during the follow-up
were not followed for CVE assessment, but this limitation was
overcome by performing cumulative incidence analysis with a
competing risks approach. Furthermore, only a portion of the
cohort had samples available to perform the multiplex analysis,
so the subsample could not be representative of the whole co-
hort. Another important limitation is the lack of data on coro-
nary calcium scores, which have shown great power in CVE
prediction in the CKD population [39]. Other variables such as
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FIGURE 4: Nomogram for predicting cumulative risk of CVEs at 48 months with the FG model. As a cohort’s representative, we illustrated a patient with the cohort me-
dian values for continuous variables, without diabetes and being treated with lipid-lowering and antihypertensive drugs. With these characteristics, the probability of

suffering a CVE after 4 years is estimated to be 4.1%.

changes in medication or poor BP control may affect the out-
come and were not recorded. In addition, a single measurement
of biomarkers may not be representative and may not directly
predict the outcome. Finally, we would like to mention that out-
of-hospital death causes were based on family interviews,
which could introduce some bias in our study.

In summary, our study confirmed previous results
obtained about clinical risk factors with the capacity to pre-
dict CVEs in CKD patients. Although a deep and flexible
analysis by RSF found no relevant improvement in discrimi-
nation ability added by the potential biomarkers assessed in
this study, OPN was identified as the best biomarker for possi-
ble use in future scales or algorithms to predict CVEs in CKD
patients. The parametric competing risks modelling deter-
mined that, among all the biomarkers studied, OPN, OPG,
VEGF and MMP-9 could be used in combination to predict
CVEs in CKD patients. Individuals with diabetes, dyslipidae-
mia and hypertension could benefit from interventions lower-
ing levels of these biomarkers to decrease cardiovascular risk.
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Supplementary tables

Table S1. Minimum detectable, intra- and inter-assay variability of kits used

Minimum Intra-assay Inter-assay
Biomarkers detectable variability, %  variability, %
Eotaxin, pg/mL 4 7.2 10.8
FGF-2, pg/mL 7.6 2.3 4.8
Fractalkine, pg/mL 22.7 4.5 9.4
GM-CSE pg/mL 7.5 3.1 10.1
IFN-v, pg/mL 0.8 1.6 12
IP-10, pg/mL 8.3 2.6 15.3
Leptin, pg/mL 7.3 <10 <15
MCP-1, pg/mL 1.9 1.5 7.9
MDC, pg/mL 3.6 1.6 7.2
MIP-18, pg/mL 3 24 8.8
MMP-9, pg/mL 2 1.9 9
MPO, ng/mL 0.036 <15 <20
OC, pg/mL 68.5 <10 <15
OPG, pg/mL 1.9 <10 <15
OPN, pg/mL 37.7 <10 <15
PAI-1, pg/mL 3.2 1.2 9.9
sICAM-1, pg/mL 0.019 <15 <20
sVCAM-1, pg/mL 0.024 <15 <20
VEGE, pg/mL 26.3 3.7 10.4

FGF-2: fibroblast growth factor 2; GM-CSF: granulocyte-macrophage colony-stimulating
factor; IFN-v: interferon gamma; IP-10: IFN-v inducible protein 10; MCP-1: monocyte
chemoattractant protein-1; MDC: macrophage—derived chemokine; MIP- 18: macrophage
inflammatory protein-lbeta; MMP-9: matrix metalloproteinase-9; MPO: myeloperoxidase;
OC: osteocalcin; OPG: osteoprotegerin; OPN: osteopontin; PAI-1: plasminogen activator
inhibitor-1; SICAM-1: soluble intercellular adhesion molecule-1; sVCAM-1: soluble vascular
cell adhesion molecule-1; VEGF: vascular endothelial growth factor.
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Table S2. Variable importance of the random survival forest analysis with all

variables
Biomarkers 100 x VIMP (95% CI) 5" percentile*
OPN 1.214 (0.823, 1.606) 0.886
PP 1.087 (0.736, 1.437) 0.793
SBP 1.048 (0.710, 1.385) 0.764
Diabetes 0.769 (0.521, 1.018) 0.561
Lipid-lowering drugs 0.614 (0.416, 0.811) 0.448
OPG 0.576 (0.390, 0.762) 0.420
DBP 0.524 (0.355, 0.693) 0.382
Atrial fibrillation 0.491 (0.332, 0.649) 0.358
CKD stage 0.488 (0.331, 0.646) 0.356
Antihypertensive drugs 0.455 (0.308, 0.602) 0.332
Anti-diabetic drugs 0.441 (0.299, 0.583) 0.322
HDL-cholesterol 0.412 (0.279, 0.545) 0.301
Hypertension 0.411 (0.279, 0.544) 0.300
OoC 0.351 (0.238, 0.465) 0.256
25(OH)-vitamin D3 0.343 (0.232, 0.453) 0.250
Age 0.298 (0.202, 0.394) 0.217
Dyslipidemia 0.266 (0.180, 0.352) 0.194
PAI-1 0.261 (0.177, 0.345) 0.190
Presence of plaque at baseline 0.246 (0.166, 0.325) 0.179
BMI 0.241 (0.163, 0.318) 0.176
LDL-cholesterol 0.233 (0.158, 0.308) 0.170
Total cholesterol 0.224 (0.152, 0.296) 0.163
Potassium 0.214 (0.145, 0.283) 0.156
sVCAM-1 0.175 (0.119, 0.231) 0.128
Fractalkine 0.170 (0.115, 0.225) 0.124
hsCRP 0.157 (0.106, 0.208) 0.115
MPO 0.143 (0.097, 0.190) 0.105
Eotaxin 0.127 (0.086, 0.168) 0.093
Leptin 0.126 (0.085, 0.167) 0.092
Calcium 0.112 (0.076, 0.149) 0.082
MMP-9 0.107 (0.073, 0.142) 0.078
Heart failure 0.101 (0.069, 0.134) 0.074
Triglycerides 0.100 (0.068, 0.132) 0.073
IFN-vy 0.053 (0.036, 0.070) 0.039
VEGF 0.053 (0.036, 0.070) 0.039
FGF-2 0.043 (0.029, 0.057) 0.031
Phosphorus 0.016 (0.011, 0.021) 0.012
MCP-1 0.011 (0.007, 0.014) 0.008
sICAM-1 -0.004 (-0.005, -0.003) -0.005
Smoking habits -0.005 (-0.007, -0.004) -0.007
MDC -0.052 (-0.068, -0.035) -0.066
IP-10 -0.061 (-0.081, -0.042) -0.078

Continued on next page...
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...Continued from previous page

Biomarkers 100 x VIMP (95% CI) 5 percentile*
Women -0.067 (-0.089, -0.046) -0.085
GM-CSF -0.072 (-0.095, -0.049) -0.092
Family history of early CVD -0.084 (-0.112, -0.057) -0.107
MIP-18 -0.086 (-0.114, -0.058) -0.109

* With purpose of selecting variables: 5" percentile > 0 (in bold).

BMI: body mass index; CVD: cardiovascular disease; DBP: diastolic blood pressure; FGF-
2: fibroblast growth factor 2; GM-CSF: granulocyte-macrophage colony-stimulating factor;
HDL: high-density lipoprotein; hsCRP: high-sensitivity C-reactive protein; IFN-y: interferon
gamma; IP-10: IFN-v inducible protein 10; LDL: low-density lipoprotein; MCP-1: monocyte
chemoattractant protein-1, MDC: macrophage-derived chemokine; MIP-18: macrophage
inflammatory protein-1beta; MMP-9: matrix metalloproteinase-9; MPO: myeloperoxidase;
OC: osteocalcin; OPG: osteoprotegerin; OPN: osteopontin; PAI-1: plasminogen activator
inhibitor-1; PP: pulse pressure; SBP: systolic blood pressure; sSICAM-1: soluble intercellular
adhesion molecule-1; sVCAM-1: soluble vascular cell adhesion molecule-1; VEGF: vascular
endothelial growth factor.
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3.4 Metodes i resultats de I’objectiu 4

En aquesta secci6 es presenten els metodes utilitzats i els resultats obtinguts
per donar resposta al quart dels objectius platejats en aquesta tesi. Tota
la metodologia i els resultats estan continguts en 1’esborrany del manuscrit
original Forné et al. (actualment en procés de revisio), la informacié del qual
es detalla a continuaci6, junt amb el resum traduit al catala.

Titol: A model-based cost-utility analysis of increasing percutaneous coro-
nary intervention use in elderly patients with acute coronary syndromes

Autors: Forné C, Subirana I, Blanch J, Ferrieres J, Azevedo A, Meisinger C,
Farmakis D, Tavazzi L, Davoli M, Ramos R, Brosa M, Marrugat J, Dégano IR;
on behalf of the EUROTRACS investigators

Revista: manuscrit en versié esborrany

Factor d’impacte de I’any de la publicacié: manuscrit en versié esborrany

Resum:

Antecedents: La intervenci6 coronaria percutania (ICP) redueix la mortalitat
en pacients amb sindrome coronaria aguda (SCA), pero es desconeix 1efici-
encia d’augmentar-ne 1'ts en pacients ancians amb SCA.

Meétodes: Es va avaluar l'eficiencia de I'augment de 1'ts de la ICP en compa-
racié amb la practica actual en pacients amb >75 anys ingressats per SCA a
Franca, Alemanya, Grecia, Italia, Portugal i Espanya amb un model de semi-
Markov de transici6 entre estats. Les estimacions de la reduccié de la morta-
litat hospitalaria per ts de la ICP i dels costos van ser obtingudes del projecte
EUROTRACS EU (n=28.600). El risc de recurrencia i de mort extrahospitala-
ria per totes les causes es van obtenir de la base de dades SIDIAP del nord-est
d’Espanya (n=55.564). Es va modelitzar la mortalitat hospitalaria mitjancant
I'analisi estratificada del propensity score (PS). Es va estimar el risc de re-
currencia d’SCA i la mortalitat extrahospitalaria en un horitz6 temporal de 8
anys ajustant un model de supervivencia multiestat. Els escenaris analitzats
van ser augmentar 1ts de la ICP entre pacients amb les probabilitats més
altes, moderades i més baixes de rebre ICP basades en 1’analisi de PS.

Resultats: Franga, Grecia i Portugal van mostrar uns costos totals similars
(7,29-11,05 milions d’euros per cada 1.000 individus), mentre que a Ale-
manya, [talia i Espanya, els costos van ser més alts (13,53-22,57 milions
d’euros per cada 1.000 individus). Les relacions de cost-utilitat incremen-
tal de proporcionar ICP a tots els pacients oscillaven entre 2.262,8 € per
any de vida ajustat per qualitat (AVAQ) guanyat, per als homes alemanys,
i 6.324,3€/AVAQ guanyat, per a les dones italianes. L'augment de 1'ts
de la ICP es va mostrar eficient en un llindar de disposicié a pagar de
10.000€/AVAQ guanyat, per a tots els escenaris en els sis paisos, en homes i
dones.



3.4. Meétodes i resultats de I'objectiu 4 121

Conclusions: En comparacié amb la practica clinica actual, I'ampliaci6 de
"ts de la ICP en pacients ancians amb SCA seria eficient en diferents sistemes
de salut a Europa, independentment de 'estrategia seleccionada.
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Abstract

Background: Percutaneous coronary intervention (PCI) reduces mortality in
acute coronary syndrome (ACS) patients but the cost-utility of increasing its
use in elderly ACS patients is unknown.

Methods: We assessed the efficiency of increased PCI use compared to cur-
rent practice in patients aged >75 years admitted for ACS in France, Ger-
many, Greece, Italy, Portugal, and Spain with a semi-Markov state transi-
tion model. In-hospital mortality reduction estimates by PCI use and costs
were derived by the EUROTRACS EU Project (n=28,600). Risk of recur-
rence and out-of-hospital all-cause mortality were obtained from the SIDIAP
database from North-Eastern Spain (n=>55,564). In-hospital mortality was
modelled using stratified propensity score (PS) analysis. 8-year ACS recur-
rence risk and out-of-hospital mortality were estimated with a multistate sur-
vival model. The scenarios analyzed were to increase PCI use among patients
with the highest, moderate, and lowest probability of receiving PCI based on
the PS analysis.

Results: France, Greece, and Portugal showed similar total costs/1000 in-
dividuals (7.29-11.05 million €); while in Germany, Italy, and Spain, costs
were higher (13.53-22.57 million €). Incremental cost-utility ratios of provid-
ing PCI to all patients ranged from 2,262.8 € per quality adjusted life year
(QALY) gained for German males to 6,324.3€/QALY gained for Italian fe-
males. Increasing PCI use was cost-effective at a willingness-to-pay thresh-
old of 10,000€/QALY gained for all scenarios in the 6 countries, in males
and females.

Conclusions: Compared to current clinical practice, broadening PCI use
in elderly ACS patients would be cost-effective across different healthcare
systems in Europe, regardless of the selected strategy.

Keywords: Elderly; Acute coronary syndrome; Percutaneous coronary inter-
vention; Cost-effectiveness; Cost-utility.
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Introduction

Seventeen to 34% of the patients admitted for acute coronary syndromes
(ACS) are elderly!? and their management should be similar to that of
younger patients. In patients with ST-segment elevation myocardial infarc-
tion (STEMI), the standard of care is immediate reperfusion.® Primary per-
cutaneous coronary intervention (PCI) is the preferred reperfusion strategy
with no upper age limit. In patients with non-ST-elevation ACS (NSTE-ACS),
an invasive strategy is recommended if patients have an intermediate/high
risk,* which represents most NSTE-ACS patients. For high-risk patients, the
standard of care is a routine invasive strategy. In elderly patients, the rou-
tine compared to selective invasive strategy reduces the occurrence of acute
myocardial infarction (AMI) and of subsequent revascularization.’

Although current guidelines recommend an invasive strategy in all STEMI
and most NSTE-ACS patients, population-based registries have described
lower PCI and angiography use in elderly ACS patient.>” The lower use of
evidence-based therapies in elderly ACS patients has been associated with
presence of comorbidities and occurrence of atypical symptoms.® In addi-
tion, elderly ACS patients have an increased risk of thrombotic and bleeding
events, and also of PCI complications.”~12 On the other hand, it is possible
that part of the underutilization of evidence-based therapies is caused by the
unknown cost-utility of increasing their performance in elderly ACS patients.

To fill this gap, we carried out the EUROTRACS project,'® which was focused
on examining the cost-utility of different interventions to improve cardiovas-
cular disease outcomes in Europe. The aim of this study was to examine the
efficiency of a broader use of PCI in the management of elderly patients ad-
mitted for ACS in six European countries.

Methods

Model description

A semi-Markov state transition model was developed to assess the efficiency
of increased PCI use in ACS patients aged >75 years. The model conceptual-
ized the course of the disease in terms of mutually exclusive health states and
transitions among them. The health states considered were ACS hospitalized
event—the starting health state for all patients—eventual recurrences during
the subsequent years after an AMI or unstable angina (UA), and death (Sup-
plementary Figure 1). The model used yearly cycles, except for the first year
that was divided in two periods—in-hospital stay and the rest of year.

Model inputs

Model inputs included estimates of in-hospital mortality, PCI use, transition
probabilities, complications during hospitalization, costs, and utility decre-
ments. In-hospital mortality reductions associated to PCI utilization were
obtained from a tertile stratified propensity score (PS) analysis carried out



3.4. Meétodes i resultats de I'objectiu 4 125

with ACS patient data from the EUROTRACS project.'®> Patients were in-
cluded if they had an AMI or UA, were aged >75 years and had information
in the variables required for the analysis (n=28,600) (Supplementary Figure
2). Missing data in the required variables ranged from 0.05 to 4.63%. Charac-
teristics of the ACS patients from the EUROTRACS ACS cohort are presented
in Supplementary Table 1-A. The PS was defined as the probability of receiv-
ing PCI and estimated using a logistic regression model where the predictor
variables were patient characteristics at hospital admission associated with
PCI and with in-hospital mortality (age, diabetes, hypertension, previous MI,
admission Killip class, and ST-segment elevation). The area under the ROC
curve of the PS logistic model was approximately 70% in males and in fe-
males. The association between in-hospital mortality and PCI was assessed
separately for each PS tertile and sex using logistic regression adjusted for
patient characteristics during hospitalization associated with mortality (re-
ception of PCI, PS, age, reception of thrombolysis, maximum Killip during
hospitalization, and ACS type [AMI/UA]). Markov model inputs included
in-hospital mortality reductions by sex and by PS tertile, obtained by sub-
tracting the mortality rate in patients receiving PCI from the rate in those
not receiving PCI. Rates of PCI use and in-hospital mortality rates in elderly
EUROTRACS patients are shown in Supplementary Table 2.

Transition probabilities between health states were obtained by fitting a mul-
tistate survival model in a population-based cohort with an 8-year follow-up.
Patients with primary ACS during 2007-2013, were selected from the Infor-
mation System for the Development of Research in Primary Care (SIDIAP),
a validated healthcare database from North-Eastern Spain.!*!® Patients were
included if they had a primary AMI or UA, were aged >30 years, and did
not die during the first month after diagnosis (n=>55,564) (Supplementary
Figure 3). There were no missing data and individuals lost to follow-up
were censored (1,050/55,564). Characteristics of the ACS patients from the
SIDIAP cohort are presented in Supplementary Table 1-B. Each participant
was followed-up until death, or censoring applied to transfer from SIDIAP or
end of study period, which ever occurred first. Deaths during the first month
after the ACS were excluded to avoid overestimation of in-hospital mortality,
already accounted with the stratified PS analysis. We used the illness-death
without recovery model, a three-state model with three transitions. Patients
entered the 1st state when they were discharged alive from their first hospi-
talization for AMI or UA; the 2nd state was a recurrence, a secondary ACS
event; and the 3rd state was all-cause mortality. The predictor variables for
transition hazards were age, sex, reception of PCI, and ACS type (AMI/UA)
(Supplementary Table 3). Possible trajectories—paths that a patient might
follow—through the multistate model were sampled using 10,000 bootstrap
data sets for computing prediction probabilities (Supplementary Figure 4).
The multistate survival model was developed with the R packages mstate
and survival.
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Cost data

Each event and health state of the Markov model was associated with de-
tined country-specific costs obtained from the EUROTRACS project (Supple-
mentary Table 4). Acute care cost of surviving AMI/UA patients were con-
sidered as weighted cost of patients with or without complications during
hospitalization. Percentage of complications during hospitalization was as-
sumed to be 45.9% according to hospital activity from the Spanish National
Health System.'® Both acute care and follow-up costs varied extensively be-
tween participating countries.

Health-related quality of life

The impact of increased PCI use on mortality and quality-of-life was esti-
mated using quality-adjusted life years (QALYs). QALYs were derived by
applying disutility values to the estimated years of life. Health-related util-
ity decrements were assigned to each health state. ACS-specific disutilities
were adapted from previous studies,!”!8 For death, we assumed a disutility
of 1. Disutility values for AMI/UA events in the first or subsequent years
were —0.1055 and —0.1, respectively.

Perspective, time horizon and discounting

The analysis was carried out from the perspective of the healthcare payer,
so it considered only health effects for the patients and direct costs faced by
the healthcare provider. The time horizon was 8 years, and all costs were
expressed as year 2018 EUR. Costs and QALYs were discounted using an
annual rate of 3%.

Scenarios compared

Four scenarios were compared to the current PCI utilization—base scenario.
A: PCI use in patients included in the PS third tertile, which had the highest
probability of receiving PCI; B: PCI use in patients included in the PS second
and third tertiles, which had a moderate-high probability of receiving PCI;
C: PCI use in all patients; and D: PCI use in patients included in the PS first
tertile, which had the lowest probability of receiving PCIL.

We analyzed the 4 scenarios in a cohort of initial age 75 years, and consider-
ing females and males separately.

Analysis

Cost-utility of increasing PCI use was expressed as the incremental cost-
utility ratio (ICUR), which describes the incremental cost per unit of QALY
gained. ICURs were calculated for each scenario compared to the base one,
as follows:

Costaiternative scenario — COStyase scenario

QALYalternative scenario ~ QALYbase scenario
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We performed a deterministic one-way sensitivity analysis to examine the
impact on results of input changes. Input values for each parameter were
varied one at a time across a range while the remaining values were held at
their baseline values (Supplementary Table 5).

We did a probabilistic sensitivity analysis (PSA) to explore the combined im-
pact of all uncertainties in model inputs. We specified each input as a prob-
ability distribution (Supplementary Table 6). Monte Carlo simulation was
used to generate 1,000 samples in the PSA. PSA results were presented with
incremental scatterplots (cost-utility planes) and with cost-utility acceptabil-
ity curves for each alternative scenario and country.

Analysis of in-hospital mortality, transition probabilities, and PSA graphs,
were performed with the R statistical software (version 3.5.2). The semi-
Markov model and the sensitivity analyses were developed in MS Excel
Spreadsheet 2013 with a specific macro.

Results

Receiving PCI was significantly associated with a lower risk of in-hospital
mortality in all PS groups (Supplementary Table 7).

Table 1 shows the cost-utility results for each participant country by sex.
Providing PCI to all patients in the third PS tertile (scenario A) was asso-
ciated with the lowest increase in QALYs at the lowest cost, while provid-
ing PCI to all patients (scenario C) was associated with the highest increase
in QALYs at the highest cost. Total costs and QALYs were similar between
sexes. Total QALYs/1000 individuals ranged from 4,795.2 to 5,439.9. Total
costs between scenarios were similar within countries but different between
countries. France, Greece, and Portugal showed similar total costs/1000 in-
dividuals (7.29-11.05 million €) depending on the scenario; while in Ger-
many, Italy, and Spain, costs were 2-3 times higher (13.53-22.57 million €).
ICUR ranged from 2,262.8€/QALY gained for German males in scenario C
to 6,422.4€/QALY gained for Italian females in scenario B. Regardless of the
country, all scenarios provided similar efficiency results, especially for fe-
males. As for results by sex, ICURs were higher in females than in males for
all scenarios and countries, particularly in the scenarios of providing PCI to
all patients (scenario C) and to the ones in the first PS tertile (scenario D).

Results were robust across a wide range of values for the model parameters
as shown in the deterministic one-way sensitivity analysis (Supplementary
Tables 8-13). The parameters with the largest influence were disutilities, cost
of PCI, in-hospital mortality reduction by PCI, and annual discount rate, for
all countries and regardless of sex. Results of PSA showed that all alternative
scenarios yielded more QALYs, at a higher cost, compared to current clinical
practice (Figure 1). ICURs for increasing PCI use among elderly ACS patients
fell below a willingness-to-pay of 10,000 €/QALY gained in almost 100% of
the PSA samples, in both males and females (Figure 2). All scenarios showed
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Table 1. Results of economic evaluation: total cost and quality adjusted life year
(QALY) for each scenario, and incremental cost-utility ratios (ICUR) by country
and sex

Scenarios
Country  Sex Base A B C D

Total cost 8.00 8.70 9.60 10.66 9.06
Females Total QALY 4,795.2 4,957.3 5,145.7 5,390.7 5,040.2
ICUR - 43355 45834 4,479.7 4,331.2

France
Total cost 8.29 8.88 9.65 10.66 9.30
Males Total QALY 4,829.6 4,980.2 5,153.9 54399 5,115.6
ICUR - 3,951.3 4,1904 3,887.2 3,543.3
Total cost 14.84 15.29 15.86 16.53 15.52
Females Total QALY 4,795.2 4,957.3 5,145.7 5,390.7 5,040.2
ICUR - 2,756.6  2,8904 2,833.0 2,750.9
Germany
Total cost 15.46 15.81 16.25 16.84 16.06
Males Total QALY 4,829.6 4,980.2 5,153.9 5,439.9 5,115.6
ICUR - 2,293.8 24232 2,262.8 2,081.0
Total cost 8.81 9.40 10.15 11.05 9.70
Females Total QALY 4,795.2 4,957.3 5,145.7 5,390.7 5,040.2
ICUR - 3,656.9 3,829.3 3,757.3 3,654.3
Greece
Total cost 8.81 9.31 9.94 10.81 9.68
Males Total QALY 4,829.6 4980.2 5,153.9 5,439.9 5,115.6
ICUR - 3,328.8 3,490.2 3,285.2 3,052.7
Total cost 18.80 19.80 21.05 22.57 20.32
Females Total QALY 4,795.2 49573 5,145.7 5,390.7 5,040.2
Ttaly ICUR - 6,188.2 64224 6,324.3 6,183.9
Total cost 18.84 19.68 20.73 22.23 20.34
Males Total QALY 4,829.6 4,980.2 5,153.9 5,439.9 5,115.6
ICUR - 5,606.8 5,821.2 5549.9 52422
Total cost 7.29 7.74 8.31 8.99 7.97
Females Total QALY 4,795.2 4,957.3 5,145.7 5,390.7 5,040.2
ICUR - 2,774.8 29175 28574 27714
Portugal
Total cost 7.64 8.01 8.49 9.14 8.28
Males Total QALY 4,829.6 49802 5,153.9 5,4399 5,115.6
ICUR - 24942 26323 24582 2,260.8
Total cost 13.53 14.40 15.51 16.84 14.85
Females Total QALY 4,795.2 4,957.3 5,145.7 5,390.7 5,040.2
. ICUR - 5420.3 5,671.5 5,566.0 5,415.0
Spain

Total cost 13.98 14.72 15.66 16.95 15.27
Males Total QALY 4,829.6 4,980.2 5,1539 54399 5,115.6
ICUR - 49283 5,168.2 4,865.1 4,521.4

Results from a hypothetical cohort of 1,000 individuals with primary ACS at 75 years old and an 8-year follow-up.
Absolute values have been discounted at an annual rate of 3%. Total cost is in millions of euros. Scenario A: use
of PCI in all patients included in the third tertile of the PS analysis (highest probability of receiving PCI); Scenario
B: use of PCI in all patients included in the second and third tertiles of the PS analysis (moderate-high probability
of receiving PCI); Scenario C: use of PCI in all patients with ACS—regardless of their PS tertile—; Scenario D: use
of PCI in patients included in the first tertile of the PS analysis (lowest probability of receiving PCI). ACS, acute
coronary syndrome; ICUR, incremental cost-utility ratio; PCI, percutaneous coronary intervention; PS, propensity
score; QALY, quality-adjusted life year.
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Figure 1. Cost-utility planes by sex and country. Scatterplot showing the mean
differences in costs and in QALYs. For each alternative scenario, estimates of in-
cremental costs and QALYs were obtained by re-running the model employing
1,000 bootstrap samples from the related probability distributions in the proba-
bilistic sensitivity analysis. Scenario A: use of PCI in all patients included in the
third tertile of the PS analysis (highest probability of receiving PCI); Scenario B: use
of PCI in all patients included in the second and third tertiles of the PS analysis
(moderate-high probability of receiving PCI); Scenario C: use of PCI in all patients
with ACS—regardless of their PS tertile—; Scenario D: use of PCI in patients in-
cluded in the first tertile of the PS analysis (lowest probability of receiving PCI). ACS,
acute coronary syndrome; PCI, percutaneous coronary intervention; PS, propensity
score; QALY, quality-adjusted life year.
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Panel A: Females
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Figure 2. Cost-utility acceptability curves by sex and country. Cost-utility accept-
ability curves presenting the probability that each alternative scenario is optimal
given different values of willingness to pay for an additional QALY, derived from
1,000 bootstrap samples in the probabilistic sensitivity analysis. Scenario A: use of
PCl in all patients included in the third tertile of the PS analysis (highest probability
of receiving PCI); Scenario B: use of PCI in all patients included in the second and
third tertiles of the PS analysis (moderate-high probability of receiving PCI); Sce-
nario C: use of PClin all patients with ACS—regardless of their PS tertile—; Scenario
D: use of PCI in patients included in the first tertile of the PS analysis (lowest proba-
bility of receiving PCI). ACS, acute coronary syndrome; PCI, percutaneous coronary
intervention; PS, propensity score; QALY, quality-adjusted life year.
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a higher probability of being cost-effective in males than in females, for the
same willingness-to-pay threshold.

Discussion

In this study with an 8-year time horizon, increasing the number of elderly
ACS patients who received a PCI was cost-effective at a willingness-to-pay
threshold of 10,000 €/QALY gained in all 6 European countries studied.

While all scenarios provided similar efficiency results, offering PCI to all ACS
patients with the lowest probability of receiving a PCI, was the most cost-
effective in males. In females, cost-utility results were almost the same for
providing PCI to all ACS patients with the lowest and the highest probability
of receiving a PCI. This result reflects the observed in-hospital mortality
reductions by PCI use which were larger in males in the first PS tertile, and
in females in the first and third PS tertile. It also suggests that the impact
of PCI use on health outcomes is larger in the in-hospital period than in the
following 8-years.'

The fact that one of the most cost-effective scenarios was to provide PCI to all
ACS patients with the lowest probability of receiving PCI may indicate that
the decision of providing PCI depends on many factors, some of which were
probably not included in this study and cannot always be assessed. We could
expect that a fraction of patients classified with a low probability of receiving
PCI could have indeed a higher probability of receiving PCI. The PS model
used to calculate the probability of receiving PCI was based on age, type
of ACS, occurrence of previous AMI, and presence of diabetes, hypertension,
and heart failure. The PS model had a discrimination of 70% showing that the
indication of PCI could not be totally defined with the available covariates.
Current clinical guidelines on STEMI and NSTE-ACS recommend evaluating
comorbidities, life expectancy, quality of life, frailty and patient preferences,
to indicate an invasive strategy in elderly patients>* Comorbidities are com-
mon in elderly ACS patients and are associated with worse prognosis,?’ but
as the benefit of an invasive strategy is not fully understood, these patients
have a lower probability of receiving an invasive strategy.?! Similarly, frailty
is associated with higher in-hospital and long-term mortality in NSTE-ACS
patients but frail patients have a lower probability of receiving PCI.?? These
studies and our results suggest that some high-risk ACS patients are proba-
bly treated more conservatively than they should.

Total costs associated with short- and long-term management of ACS pa-
tients, and therefore ICUR by increasing the number of patients receiving
PCI, were different among countries. Previous studies have also shown large
differences in the cost of cardiovascular events across countries, mainly due
to differences in study population and costing methodologies.?>~2” While
cost differences were associated with a reduced cost-utility in those coun-
tries with higher unit costs, it is important to bear in mind that ICUR was
lower than 10,000 €/QALY gained for males and females in all countries.
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Our model showed a high structural robustness, reflected in the consistency
of the results for the different scenarios considered. It also provided very
reliable results, probably due to the use of large cohorts of ACS patients to
obtain the model parameters, and in spite of the wide ranges considered for
parameters with unknown dispersion. Nevertheless, predicted probabilities
of the possible paths through the multistate model were not included in
the sensitivity analysis, as they were obtained by intensive computational
bootstrapping methods, that made its inclusion in the sensitivity analysis
unfeasible.

There were other limitations in this study that should be considered. First,
we were unable to analyze the cost-utility for ACS patients with and with-
out ST-segment elevation because this information was not available in the
SIDIAP database.*1> However, taking into account that all STEMI and most
NSTE-ACS patients are candidates to receive a PCI, this analysis provides
a robust first picture of the cost-utility of increasing PCI use in elderly ACS
patients. Second, the study population may not reflect current ACS patients
and practice. While PCI rate and in-hospital mortality estimates were ob-
tained from a large database of ACS patients in Europe (EUROTRACS),3
not all patients where admitted during the last decade. Although we would
expect an increased PCI rate and a reduction in in-hospital mortality in more
contemporary data, PCI rate has not been increased in elderly ACS patients
at the same rate as in younger patients.?® Third, short- and long-term recur-
rence data were obtained from the validated SIDIAP database and these data
was assumed to be similar for the other 5 countries. It is known that there are
differences in clinical management among European countries.?’ However,
it could be expected that the natural history of the disease would be similar
among countries.

Conclusions

Compared to current clinical practice, broadening PCI use in elderly ACS pa-
tients would be cost-effective across different healthcare systems in Europe,
regardless of the selected strategy. Cost-utility should not be a factor for not
providing PCI to elderly ACS patients. The fact that providing PCI to elderly
ACS patients with low probability of receiving a PCI is as cost-effective as
providing PCI to patients with high probability of receiving a PCI, suggests
that the criteria to recommend PCI in elderly ACS patients should be more
clearly defined.
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Supplementary material

Tables

Supplementary Table 1. Demographic and clinical characteristics of the study
populations

Panel A EUROTRACS cohort (n=28,600)
Age 82.1 (5.16)

Sex: Female 14,014 (49.0%)
Diabetes 6,034 (21.1%)
Hypertension 11,032 (38.6%)

Chronic kidney disease
Previous MI

Admission Killip class: III-IV
Type of ACS

Non-ST-segment elevation ACS

ST-segment elevation MI
Non classificable
Admission year*
2000-2004
2005-2009
2010-2014
Thrombolysis
PCI
CABG
Maximum Killip class: III-IV

3,414 (11.9%)
5,948 (20.8%)
1,931 (6.75%)

16,621 (58.1%)
9,975 (34.9%)
2,004 (7.01%)

4,590 (16.2%)
7,272 (25.6%)
16,498 (58.2%)
1,036 (3.62%)
8,897 (31.1%)
426 (1.49%)
1,975 (6.91%)

In-hospital mortality 3,957 (13.8%)
Panel B SIDIAP cohort (n=55,564)
Age 68.9 (13.0)
Sex: Female 17,827 (32.1%)
Diabetes 18,334 (33.0%)
Hypertension 38,702 (69.7%)
Chronic kidney disease 5,621 (10.1%)
Type of ACS

AMI 52,371 (94.3%)

UA 3,193 (5.75%)
Admission year

2007-2009 26,600 (47.9%)

2010-2013 28,964 (52.1%)
PCI 1,478 (2.66%)
CABG 18,165 (32.7%)
Recurrence 15,851 (28.5%)

Death (with/without prior recurrence) 3,303 (5.94%) / 7,880 (14.2%)

* Admission date was missing for 240 ACS patients. ACS, acute coronary syndrome; CABG,
coronary artery bypass grafting; MI, myocardial infarction; PCI, percutaneous coronary
intervention.
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Supplementary Table 2. PCI use and in-hospital mortality rates according to sex
and PS tertile

PS Basal rate of Mortality rate Mortality
Sex . .
tertile use of PCI Without PCI With PCI reduction
15t 13.1% 19.2% 10.8% 8.4%
Females ond 25.1% 13.8% 7.6% 6.2%
3 40.9% 19.4% 11.0% 8.4%
15t 20.3% 18.9% 8.5% 10.4%
Males ond 33.7% 12.7% 7.5% 5.2%
3rd 49.7% 15.2% 7.7% 7.5%

Tertile 1: lowest probability of receiving PCI; Tertile 2: intermediate probability of receiving
PCI; Tertile 3: highest probability of receiving PCI. PCI, percutaneous coronary interven-
tion; PS, propensity score.

Supplementary Table 3. Multistate transition model

Transition Factor HR (95% CI) p-value
Age group (ref 30-49)
50-59 1.18(1.10-1.26)  <0.001
60-69 1.28 (1.20 - 1.36) <0.001
_ 70-79 142(134-151)  <0.001
From primary ACSto ¢ gq 132(1.23-141)  <0.001
recurrence 90+ 1.13 (0.99 - 1.29) 0.073
Male (ref female) 1.20 (1.16 — 1.25) <0.001
AMI (ref UA) 0.65 (0.60 — 0.71) <0.001
PCl yes (ref no) 0.91 (0.88 — 0.95) <0.001
Age group (ref 30-49)
50-59 1.62 (1.30 - 2.02) <0.001
60-69 291 (2.38 - 3.57) <0.001
. 70-79 7.20 (5.92 - 8.75) <0.001
From primary ACSto g, g9 18.97 (15.62—23.05)  <0.001
death 90+ 4853 (39.56 -59.53)  <0.001
Male (ref female) 1.23 (1.18 - 1.29) <0.001
AMI (ref UA) 116 (1.07-125)  <0.001
PClI yes (ref no) 0.51 (0.48 — 0.55) <0.001
Age group (ref 30-49)
50-59 177 (126 -247)  <0.001
60-69 350 (2.56-4.78)  <0.001
From  recurrence o 7079 7.00 (5.17-9.50)  <0.001
80-89 18.07 (13.32 -24.51) <0.001
death 90+ 41.40 (29.67 ~57.78)  <0.001
Male (ref female) 1.13 (1.05-1.22) <0.001
AMI (ref UA) 1.55(1.34 - 1.81) <0.001
PClI yes (ref no) 0.51 (0.45-0.57) <0.001

ACS, acute coronary syndrome; AMI, acute myocardial infarction; CI, confidence inter-
val; HR, hazard ratio; PCI, percutaneous coronary intervention; UA, unstable angina.
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Supplementary Table 5. Values for deterministic one-way sensitivity analysis

Left Right Base case
Model parameter values values values
Female
In-hospital mortality reduction (PCI vs non-PCI)
1%t tertile of PS 6.30%  10.50% 8.40%
2" tertile of PS 4.65%  7.75% 6.20%
3" tertile of PS 6.30%  10.50%  8.40%
Male
In-hospital mortality reduction (PCI vs non-PCI)
1%t tertile of PS 7.80%  13.00%  10.40%
2 tertile of PS 390%  6.50%  5.20%
3" tertile of PS 563%  938%  7.50%
Common parameters
Acute care costs*
ﬁoilérwvmg AMI patients with complica- 266933 444888 3,559.10
Syrwvmg AMI patients without compli- 106649 177748 1421.98
cations
AMI patients who died 2,083.22 3,472.04 2,777.63
thiIServmg UA patients with complica- 230243 3,837.38 3,069.91
Surwvmg UA patients without compli- 649.06 108177  865.42
cations
UA patients who died 639.74 1,066.23 852.98
PCI 2,360.73 3,934.55 3,147.64
Follow-up costs per year*
UA 799.55 1,332.59 1,066.07
AMI 66492 1,10820  886.56
Patients hospitalized with complications 34.5%  57.4% 45.9%
Disutilities
ACS first year 0.0791  0.1319 0.1055
ACS subsequent years 0.0750  0.1250 0.1000
Death 0.7500  1.0000 1.0000
Annual discount rate 0.00% 5.00% 3.00%

* Cost values ranged between 0.75 and 1.25 times its baseline value. Values shown corre-

spond to France.

ACS, acute coronary syndrome; AMI, acute myocardial infarction; PCI, percutaneous coro-

nary intervention; PS, propensity score; UA, unstable angina.
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Supplementary Table 6. Distributions assumed for probabilistic sensitivity
analysis

Model parameter Distribution Alpha Beta

Female

In-hospital mortality reduction (PCI vs non-PCI)

1%t tertile of PS Beta 1,861 20,294
2d tertile of PS Beta 1,037 15,690
3 tertile of PS Beta 909 9,907
Male
In-hospital mortality reduction (PCI vs non-PCI)
1%t tertile of PS Beta 2,304 19,851
2" tertile of PS Beta 870 15,857
3" tertile of PS Beta 811 10,005

Common parameters

Acute care costs*

Surviving AMI patients with complications Gamma 100 35.59
. Surviving AMI patients without complica- Camma 100 14.92
tions
AMI patients who died Gamma 100 27.78
Surviving UA patients with complications Gamma 100 30.70
. Surviving UA patients without complica- Camma 100 8.65
tions
UA patients who died Gamma 100 8.53
PCI Gamma 100 31.48
Follow-up costs per year*
UA Gamma 100 10.66
AMI Gamma 100 8.87
Patients hospitalized with complications Beta 39,576 46,566
Disutilities
ACS first year Lognormal  -2.25  0.011
ACS subsequent years Lognormal  -2.30  0.010
Death Lognormal 0.00  0.150

* Coefficient of variation for the cost parameters (the ratio of the standard error to the
mean) was assumed to be 0.1. Values shown correspond to France.

ACS, acute coronary syndrome; AMI, acute myocardial infarction; PCI, percutaneous
coronary intervention; PS, propensity score; UA, unstable angina.
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Supplementary Table 7. Effect of PCI on in-hospital mortality in elderly patients
(>75 years)

Female Male
Tertile of PS OR (95% CI) OR (95% CI)
1¢t 0.47 (0.34, 0.64) 0.34 (0.26, 0.46)
ond 0.43 (0.33, 0.57) 0.48 (0.37, 0.62)
3rd 0.43 (0.35, 0.53) 0.40 (0.32, 0.50)

Tertile 1: lowest probability of receiving PCI; Tertile 2: intermediate probability of receiving
PCI; Tertile 3: highest probability of receiving PCI. CI, confidence interval; OR, odds-ratio;
PCI, percutaneous coronary intervention; PS, propensity score.
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Figures

In-hospital

death
Hospitalized
primary ACS
patients
L, Discharge Secondary
alive ACS event

N

All-causes death

Supplementary Figure 1. Structure of the semi-Markov state transition model.
Semi-Markov process with identical health states for each of the management
options. In-hospital mortality rates were obtained from the EUROTRACS ACS
database. All patients discharged alive remained in this state until recurrence or
death occurs. The transition probabilities were obtained from the SIDIAP

database.

ACS patients included in
the EUROTRACS database
(n=94,474)

No AMI/UA diagnosis (n=2,637):
- Other (n=402) -~
- Missing (n=2,235)

Age <75 years (n=60,180) or
missing age (n=322)

Missing variables needed
for the analysis* (n=2,736)

Patients available for
analysis (n=28,600)

Supplementary Figure 2. Flowchart of the participants included from the
EUROTRACS ACS database. * Variables needed for the analysis: ACS type,
admission Killip, age, diabetes, hypertension, maximum Killip, PCI use,
previous MI, thrombolysis use. ACS, acute coronary syndrome; AMI, acute
myocardial infarction; UA, unstable angina.
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Population included in
the SIDIAP database
(n=6,596,804)

l

With AMI/UA event
(n=142,570)

No AMI/UA as principal
diagnosis (n=36,806)

With previous AMI/UA
event (n=23,241)

Age <30 years or
diagnosis date before 2006 -~
(n=24,004)

Death during month
after diagnosis date (n=2,955)

Patients available for
analysis (n=55,564)

Supplementary Figure 3. Flowchart of the population included from the SIDIAP
database. AMI, acute myocardial infarction; UA, unstable angina.
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Supplementary Figure 4. Proportion of patients for all possible trajectories after
hospital discharge alive by sex, primary ACS event and PCI. Predicted probabili-
ties calculated by sampling all possible trajectories through the multistate model
implemented with SIDIAP data (10,000 bootstrap data sets). ACS, acute coronary
syndrome; AMI, acute myocardial infarction; PCI, percutaneous coronary inter-
vention; UA, unstable angina.
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Capitol 4

Discussio

4.1 Resultats principals

Els resultats dels manuscrits inclosos en la tesi sostenen les hipotesis prin-
cipals. Per una banda, indiquen la idoneitat d’adaptar els programes de
cribratge de cancer de mama al risc de les dones, ja que d’aquesta manera
s’obtindrien beneficis en salut similars, reduint costos i efectes adversos, o
proporcionarien millors resultats en salut amb el mateix pressupost. Tam-
bé mostren que amb la incorporacié de mesures longitudinals de la densitat
mamaria als models de risc de cancer de mama, junt amb els altres factors de
risc coneguts, es podrien obtenir estimacions de risc més acurades.

Per una altra banda, els costos addicionals associats a 'increment de I'as de
la intervenci6 coronaria percutania (ICP) en poblacié anciana ingressada per
un esdeveniment de sindrome coronaria aguda (SCA) serien sobradament
compensats pel major benefici en salut obtingut per la reduccié de la mor-
talitat hospitalaria i el millor pronostic després de 'alta hospitalaria associ-
ats a la ICP. Finalment, també s’han identificat els biomarcadors de malaltia
cardiovascular en pacients amb malaltia renal cronica (MRC) més promete-
dors per continuar investigant-ne la incorporacié en models d’estimaci6 de
risc cardiovascular. A continuacié s’enumeren els resultats principals d’a-
questa tesi.

Sobre les estratégies de cribratge poblacional de cancer de mama il’estimaci6
del risc de cancer de mama:

1. En comparacié amb les estrategies uniformes, les basades en el risc
produeixen un benefici molt superior per a un pressupost determinat.
Les estratégies basades en el risc proporcionen reduccions properes al
10% en els costos i superiors al 20% en resultats de falsos positius i casos
sobrediagnosticats.

2. El cribratge Optim es caracteritza per periodicitats quinquennals o tri-
ennals per als grups de risc baix o moderat i una periodicitat anual per
al grup d’alt risc.
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3. Un augment de la densitat mamaria amb l'edat s’associa a un augment
del risc de cancer de mama. Alternativament, una disminucié de la
densitat s’associa a una reducci6 del risc.

4. La modelitzaci6é conjunta de la historia longitudinal completa de densi-
tat mamaria i de I’edat al diagnostic de cancer de mama permet estimar
el risc de cancer de mama individual de manera dinamica, aixi com re-
alitzar prediccions de valors futurs del marcador longitudinal.

Pel que fa a la millora de l'estimaci6 del risc cardiovascular en pacients amb
MRC:

5. Tot i que no s’ha trobat cap millora rellevant en la capacitat de discrimi-
naci6 afegida pels potencials biomarcadors als factors de risc ja cone-
guts, I'osteopontina va ser el biomarcador amb major capacitat predic-
tiva d’esdeveniment cardiovascular, per davant de factors de risc ben
descrits en la literatura. L’'osteoprotegerina, la metalloproteinasa de
matriu 9 i el factor de creixement de 'endoteli vascular també van des-
tacar per la capacitat de discriminacié.

Finalment, sobre 1’avaluacié de l'increment de 1is de la ICP en pacients
ancians ingressats per SCA:

6. L'avaluaci6 economica mostra que augmentar el nombre de pacients
ancians amb SCA que reben una ICP és rendible en un llindar de dis-
posicié a pagar de 10.000 € per any de vida ajustat per qualitat (AVAQ)
guanyat, en un horitz6é temporal de 8 anys.

7. Tots els escenaris alternatius avaluats van proporcionar resultats d’e-
ficiencia molt similars, els quals reflecteixen la reduccié de mortalitat
hospitalaria per ts de la ICP observada en 1’'estudi EUROTRACS. Els
resultats també suggereixen que l'impacte de 1'tis de la ICP en els re-
sultats de salut és més gran en el periode hospitalari que en els 8 anys
seguents.

4.2 Discussio conjunta

Els models matematics i estadistics utilitzats en els treballs inclosos en aques-
ta tesi han permes aportar evidencia rellevant en les seves respectives arees
d’interes i han proporcionat informaci6 ttil per a la presa de decisions. Ai-
xi, utilitzant models probabilistics simulant la historia natural del cancer de
mama, s’ha mostrat que les estrategies de cribratge basades en el risc son
més eficients i produeixen relacions de cost-efectivitat i de dany-benefici més
baixes que les estratégies uniformes. Per exemple, si en lloc d’oferir un pro-
grama de cribratge biennal a totes les dones de 50 a 69 anys, es combinessin
periodicitats d’examens quinquennals, triennals i anuals per a dones amb
risc baix o moderat-baix, moderat-alt i alt, respectivament, en l'interval d’e-
dat de 50 a 74 anys, s’evitara el mateix nombre de morts. De manera similar,
les estrategies que combinen examens quinquennals per a dones amb risc
baix o moderat-baix amb examens anuals per a dones amb risc moderat-alt
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o alt, en l'interval d’edat de 45 a 74 anys, suposen un benefici similar en
AVAQ que l'estrategia biennal uniforme en el mateix interval d’edat. Pero
el resultat important és que en ambdés casos les estratégies basades en el
risc comportarien reduccions notables de costos, resultats de falsos positius
de la mamografia i casos sobrediagnosticats, tant de cancer invasiu com in
situ. Diversos treballs basats en models de decisi6 han proposat recomanaci-
ons personalitzades per al cribratge de cancer de mama basades en analisis
de cost-efectivitat, de cost-utilitat o comparant-ne els danys i els beneficis
[157-164]. Amb les diferéncies metodologiques existents entre si, tots conclo-
uen que el cribratge basat en el risc millora els beneficis en salut i redueix els
danys i els costos d"un cribratge uniforme independent del risc. Per exemple,
Schousboe et al. [157] van establir uns llindars de cost-utilitat de 100.000 $
0 50.000 $ per AVAQ i van comparar diferents periodicitats per als examens
de cribratge en grups d’edat de deu anys, categories de densitat mamaria
en l'escala BI-RADS i la preséncia o absencia d’historia personal de biopsia
i historia familiar de cancer de mama. Van recomanar que les dones de 50 a
79 anys amb una baixa densitat mamaria i sense cap factor de risc de cancer
de mama podien considerar fer-se mamografies amb menys freqiiencia que
cada 2 anys, resultat consistent amb els nostres resultats. Perd van recoma-
nar un cribratge biennal per a dones de 50 a 79 anys amb densitat mamaria
alta —categories BI-RADS c i d—, independentment de la presencia d’altres
factors de risc. En el nostre estudi, les dones en les categories ¢ o d de den-
sitat mamaria pertanyen a grups de risc diferents, dependent també de la
presencia de 0, 1 o 2 factors de risc addicionals; per tant, l'estrategia optima
recomanaria diferents periodicitats i intervals d’edat per als diferents grups
de risc. A més a més, Schousboe et al. van concloure que la mamografia anu-
al no era eficient per a cap grup, independentment de 1’edat o de la densitat
mamaria, fet que tampoc esta en linia amb els nostres resultats, probable-
ment degut a les diferencies en els objectius dels estudis i en els enfocaments
metodologics utilitzats.

El nostre treball no pretén ser una guia detallada de com s’hauria de fer el
cribratge personalitzat, sind una avaluacié global de I'impacte que un nou
paradigma de cribratge tindria sobre els costos i els resultats en salut, tant
beneficis com danys. Una revisi6 sistematica duta a terme per un investiga-
dor independent va avaluar els models de simulaci6 de cribratge estratificat
pel risc de cancer de mama [165]. Entre tots els treballs inclosos en la revisio,
el nostre estudi va ser avaluat com el millor en la simulaci6 del cribratge en
poblaci6 general, per davant de 'excellent treball publicat per Schousboe et
al. uns anys abans.

Per tal d’adaptar el cribratge al risc individual de cancer de mama i avangar
en l'atenci6é sanitaria personalitzada cal disposar de mesures acurades del
risc. Hi ha diversos instruments dissenyats amb aquesta finalitat, tot i que
inicialment van ser ideats per identificar dones que poguessin beneficiar-
se de quimioprevenci6 primaria. Probablement, el més conegut de tots és
el model de Gail [166], que ha servit de referéncia per al desenvolupament
d’altres models. Chen et al. [167] i Barlow et al. [168] van desenvolupar
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nous models que, entre altres factors de risc, incorporaven la densitat mama-
ria, un dels factors que més explica la variabilitat de la incidencia de cancer
de mama. Diversos estudis han mostrat que una densitat mamaria elevada
s’associa amb un major risc de cancer de mama, amb estimacions de risc 4-6
vegades major entre els quintils extrems de la poblaci6 [169, 170]. Les lesions
benignes previes i les variants geniques o SNP (de 1’angleés, single-nucleotide
polymorphism) han estat les variables més rellevants incorporades als mo-
dels de predicci6 de risc de cancer de mama en els darrers anys [171-174].
Amb tot, tal com s’ha vist en una revisi6 sistematica recent, la capacitat de
discriminacié dels models continua sent limitada [175]. En el segon treball
d’aquesta tesi, s’ha proposat un model conjunt bayesia que combina la his-
toria longitudinal completa de la densitat mamaria i ’'edat en el diagnostic
de cancer de mama, juntament amb dos dels factors de risc de cancer de ma-
ma més coneguts —antecedents familiars de cancer de mama i procediments
previs de mama. El model conjunt, estimat amb les dades d"una cohort de
dones participants en un programa poblacional de cribratge de cancer de ma-
ma, va proporcionar resultats coherents amb la literatura sobre I'impacte de
I’evolucié de la densitat mamaria en el risc de cancer de mama [176-179],i va
mostrar un increment de risc de diagnostic de cancer de mama en aquelles
dones que no experimentaven una disminucié de la densitat mamaria amb
I’edat. Considerem que el nostre model proporciona un bon punt de partida,
a partir del qual en caldria estendre i avaluar el calibratge i la discriminacio,
per intentar augmentar la capacitat predictiva dels models actuals.

En el tercer treball d’aquesta tesi s’ha explorat, mitjancant algorismes d’apre-
nentatge automatic, I’aportacié de dinou biomarcadors serics en la millora
de la prediccié del risc cardiovascular en una cohort composta principalment
per pacients amb MRC. Si bé 1’addicié dels nous biomarcadors potencials va
millorar marginalment la capacitat de discriminacié obtinguda amb només
els factors de risc cardiovascular coneguts en MRC, l'osteopontina va ser el
predictor més rellevant en 1’analisi per models de bosc aleatori de supervi-
vencia, fins i tot per davant de factors de risc ben descrits com el sexe mas-
culi, 'augment de l'edat, el tabaquisme, la diabetis mellitus i el colesterol
total elevat [180]. Aquest resultat va ser confirmat en 'analisi de regressi6é
de Fine i Gray, en la qual nivells alts d’osteopontina i de tres biomarcadors
més —osteoprotegerina, metalloproteinasa de matriu 9, i factor de creixe-
ment de l’endoteli vascular— també van mostrar un increment significatiu
del risc cardiovascular. Els resultats son consistents en relacié amb estudis
previs en que s’avaluava l'impacte en el risc cardiovascular de 1'osteopon-
tina [181] i 'osteoprotegerina [182], o la relaci6 amb processos inflamatoris
i la formaci6 i desestabilitzaci6 de plaques ateroesclerotiques de la metal-
loproteinasa de matriu 9 [183] i del factor de creixement de 1’endoteli vas-
cular [184]. Els resultats poden ser rellevants ja que indiquen quins sén els
biomarcadors més prometedors, als quals idealment haurien de ser destinats
els recursos de la futura recerca, sempre que el benefici potencial de la nova
evidencia superi els costos de la investigacié. A més a més, donat que els pa-
cients amb MRC i altres comorbiditats —com diabetis o dislipemies— sén el
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subgrup amb major risc, aquests podrien beneficiar-se d'un cribratge de ni-
vells alts d’aquests biomarcadors per a posteriors intervencions preventives,
o inclis, també, d'un futurible tractament preventiu centrat en la disminu-
ci6 dels nivells d’aquests biomarcadors. Aquestes hipotetiques intervencions
serien més eficients en aquest subgrup de pacients que en altres, pel fet de
requerir un menor nombre de pacients a tractar per evitar un esdeveniment
cardiovascular, la qual cosa suposaria un major benefici net en salut per una
determinada disposici6 a pagar.

En el quart treball d’aquesta tesi s’ha implementat un model analitic semi-
Markov per avaluar I'impacte en costos i en salut de 'augment en 1'ts de
la ICP en pacients ancians amb SCA. El model conceptualitza el curs de la
malaltia en un horitzé temporal de 8 anys des de 'ingrés hospitalari. Els
resultats de l'estudi indiquen que augmentar el nombre de pacients ancians
que es beneficiin de la ICP durant I'ingrés per SCA és rendible en un llin-
dar de disposicié a pagar molt inferior als estandards en paisos europeus.
Si bé tots els escenaris van proporcionar resultats d’eficiencia molt similars,
I'escenari de proporcionar la ICP a tots els pacients amb la menor proba-
bilitat de rebre-la en la practica clinica habitual va ser el més rendible en
homes. En les dones, els resultats cost-utilitat van ser gairebé els mateixos
en els escenaris de proporcionar la ICP a pacients amb la menor i la major
probabilitat de beneficiar-se’'n en l’actual practica clinica. El fet que un dels
escenaris més rendibles fos proporcionar ICP a tots els pacients amb la proba-
bilitat més baixa de beneficiar-se de la intervenci6 pot indicar que la decisi6
de proporcionar-la depen de molts factors diferents, alguns dels quals proba-
blement no van ser inclosos en les estimacions de les reduccions de mortalitat
per ICP, i que no sempre es poden avaluar.

El model de propensity score utilitzat per calcular la probabilitat de rebre la
ICP es va basar en l'edat, el tipus d’esdeveniment d’'SCA, 1’aparicié d’infart
de miocardi previ i la presencia de diabetis, hipertensi6 i simptomes d’insu-
ficiencia cardiaca. El model va mostrar una capacitat de discriminacié del
70%, la qual cosa indica que no es pot definir totalment la indicaci6é de la ICP
amb les covariables disponibles. Tenint en compte aixo, podriem esperar que
una fraccié de pacients classificats amb una baixa probabilitat de rebre la ICP
podria tenir en realitat una probabilitat més alta de rebre-la. Les directrius
cliniques actuals recomanen avaluar les comorbiditats, I’esperanca de vida,
la qualitat de vida, la fragilitat i les preferencies del pacient, per tal de deci-
dir la indicaci6é d'una estrategia invasiva en pacients grans [146, 147]. Tot i
aixo, aquests parametres no sempre s’utilitzen per prendre decisions terapeu-
tiques, i diversos estudis, aixi com el nostre, suggereixen que alguns pacients
amb SCA d’alt risc reben probablement un tractament més conservador del
que haurien de rebre [185-187].

4.3 Limitacions

Donat que els quatre treballs de la tesi tenen dissenys i fonts de dades dife-
rents, les principals limitacions sén les propies de cadascun dels treballs. Els
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dos treballs d’avaluacié economica basats en models analitics comparteixen
la limitaci6 propia de les fonts d’evidencia utilitzades i dels suposits meto-
dologics. En ambdés models, s'ha fet servir la major evidéncia disponible
per a la poblaci6 objecte d’estudi, adaptant els suposits metodologics neces-
saris per tal de poder-la incorporar al model. De tota manera, se’n va avaluar
detingudament la incertesa. En 1’avaluaci6 de les estrategies de cribratge de
cancer de mama, la incertesa va ser avaluada mitjangant analisi de sensibili-
tat determinista univariable dels parametres de costos i d’AVAQ, per ser els
parametres amb major impacte en els resultats, tal com ja es va mostrar en
treballs previs [188, 189], i mitjancant 1’analisi dels nous suposits incorporats
en la modelitzaci6 del treball inclos en aquesta tesi: la distribucié dels grups
de risc considerats al model i el percentatge de sobrediagnostic de cancer de
mama invasiu i in situ. L'analisi de sensibilitat probabilistica va ser deses-
timada, donat que, en tractar-se d'un model semi-Markov basat en equaci-
ons diferencials que cal solucionar numericament, el cost computacional era
inassumible. Tanmateix, es va validar el calibratge del model comparant els
resultats obtinguts amb una revisi6 sistematica de Cochrane [190], la revisié
independent de I'Independent UK Panel on Breast Cancer Screening [191],
la revisi6 integral del programes de cribratge a Europa del grup de treball
EUROSCREEN [192] i I’estudi INCA (INterval CAncer) [193] o altres estudis
de cancer d’interval [194, 195].

En l'avaluacié de 1'ts de la ICP en pacients ancians, la incertesa estructural
va ser avaluada mitjan¢ant la implementacié de diversos escenaris d’incre-
ment de 1'ts de la ICP per tercils de probabilitat (propensity score) de rebre
la intervenci6 en la practica clinica habitual. La incertesa parametrica va ser
avaluada mitjangant analisi de sensibilitat determinista univariable i analisi
de sensibilitat probabilistica. El model va mostrar ser molt robust i va pro-
porcionar estimacions molt precises de 1'eficiencia dels diferents escenaris,
probablement com a conseqiiencia de la potencia dels estudis clinics, dels
quals es van extreure les estimacions dels parametres i els errors estandards.
No obstant aixo, el pronostic dels pacients després de 1’alta hospitalaria no es
va incorporar a l’analisi de sensibilitat, donat que 1'estimaci6 de les probabili-
tats de recurrencia i de mort per als cicles del model només pot ser obtinguda
per metodes d’integracié numerica basats en bootstrap computacionalment
intensius, cosa que en fa inviable la inclusi6 en l’analisi de sensibilitat. Hi ha
altres limitacions en aquest estudi que convé tenir en compte. En primer lloc,
no es va avaluar el cost-utilitat segons si els pacients amb SCA presentaven
o no elevaci6 del segment ST. Les estimacions del pronostic extrahospitala-
ri utilitzades en aquest estudi es van obtenir d'una base de dades sanitaria
validada del nord-est d’Espanya que no tenia informacié sobre 1’elevaci6 del
segment ST. Tanmateix, tenint en compte que tots els pacients amb elevacié
del segment ST i la majoria de pacients amb SCA sense elevaci6 del seg-
ment ST sén candidats a rebre una ICP, I'avaluaci6 realitzada en aquesta tesi
proporciona una primera aproximacio al cost-utilitat d’augmentar-ne 1'ts en
pacients ancians. En segon lloc, és possible que la poblacié de 1’estudi no
reflecteixi I’actual practica clinica dels pacients amb SCA als paisos europeus
inclosos en I'avaluacié economica realitzada. Tot i que les estimacions de la
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probabilitat de rebre la ICP i de la mortalitat hospitalaria es van obtenir d"una
base de dades gran de pacients amb SCA a Europa (EUROTRACS) [156], no
tots els pacients corresponen a ingressos durant la darrera década. Malgrat
que esperariem un augment de 1'as de la ICP i una reduccié de la mortalitat
hospitalaria en dades més contemporanies, estudis amb dades més recents
mostren que 1'ts de la ICP no ha augmentat en pacients ancians al mateix rit-
me que en pacients més joves, tot i que els motius romanen incerts [196]. En
tercer lloc, les probabilitats de recurréncia i mortalitat després de 1’alta hospi-
talaria es van estimar a partir d'una font validada a Espanya i es van assumir
per als altres 5 paisos. Tot i que se sap que hi ha diferéncies en la gesti6 cli-
nica entre els paisos europeus [197], es podria esperar que la historia natural
de la malaltia fos similar entre paisos.

Una limitacié en l’analisi conjunta de les mesures longitudinals de densi-
tat mamaria i risc de cancer de mama és la limitada grandaria de la cohort
d’estudi per dur a terme una analisi de factors de risc de cancer. Pero el nos-
tre model no pretén ser una eina d’as habitual, siné 1'exemple d’aplicacié
practica d'una metodologia que podria emprar-se per obtenir mesures més
precises del risc individual de cancer de mama. Per aix0, caldrien estudis de
cohorts més grans de base poblacional, amb disposicié de mesures longitu-
dinals de la densitat mamaria, aixi com dels altres factors de risc coneguts.
Tot i que el nostre model incorpora els antecedents familiars i els procedi-
ments previs de mama, com per exemple els models de Chen et al. [167] i de
Barlow et al. [168], els models actuals incorporen les lesions benignes [171]
i també el risc poligenic [174], no disponibles en les dades del nostre estudi.
Les assumpcions metodologiques i les alternatives de la modelitzaci6 estan
extensament discutides en la publicaci6 del segon treball d’aquesta tesi.

En el tercer treball d’aquesta tesi, el petit nombre d’esdeveniments cardiovas-
culars pot haver limitat la capacitat d'identificar més clarament els predictors
de risc cardiovascular. A més a més, cal tenir present que, tot i que la recerca
de biomarcadors serics amb capacitat predictiva potencial d’esdeveniments
cardiovasculars és un camp d’estudi molt actiu, un nombre molt reduit arri-
ba a la clinica [198, 199]. Per superar aquestes limitacions s’ha fet servir un
model de bosc aleatori de supervivencia en preséncia d’esdeveniments com-
petitius, que ha proporcionat una ordenacié de la capacitat predictiva de tots
els predictors de manera simultania. En general, els algorismes d’aprenen-
tatge automatic permeten identificar predictors forts en situacions amb una
relacié senyal-soroll baixa, caracteristica que els fa especialment ttils en la
cerca de nous biomarcadors.

4.4 Fortaleses

La principal fortalesa, potser comuna a tots els treballs que configuren aques-
ta tesi, és ’aplicaci6 adequada i rigorosa dels metodes matematics i estadis-
tics necessaris per proporcionar evidencia ttil per a la presa de decisions,
segons els objectius plantejats en els diferents treballs. En el primer treball
es va utilitzar un model molt detallat que va permetre avaluar l'eficiéncia i
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les relacions dany-benefici de 2.625 escenaris de cribratge diferents, ja sigui
basats en el risc 0 no. Només amb un model analitic és possible fer una ava-
luaci6 tan exhaustiva. Amb un elevat nombre de citacions (69 a Scopus a 9 de
juny de 2020), i més enlla del reconeixement de la qualitat del nostre model
en una revisio sistematica realitzada per un investigador independent [165],
el nostre treball s'incorpora a tota I’evidéncia publicada sobre els beneficis del
cribratge adaptat al risc, majoritariament avaluada en models analitics. Pot-
ser també degut a aix0, en els darrers anys s’han endegat assajos clinics per
avaluar l'eficacia, la seguretat i I'acceptabilitat del cribratge basat en el risc
en comparaci6é amb l'estrategia uniforme estandard, com és el cas de l'estudi
WISDOM als Estats Units [200, 201], el multicéntric MyPeBS (My Personal-
ized Breast Screening) a Europa [202] i el TBST (Tailored Breast Screening
Trial) a Italia [203]. S’espera que els resultats d’aquests estudis corroborin
les conclusions dels de modelitzacié i consolidin I'evidéncia sobre la major
efectivitat del cribratge personalitzat del cancer de mama.

A diferencia de treballs anteriors, el nostre estudi de modelitzacié conjun-
ta ha estat el primer que ha utilitzat la historia longitudinal completa de la
densitat mamaria per avaluar el risc de cancer de mama al llarg del temps,
tant poblacional com individual. La flexibilitat de la modelitzacié6 emprada
permet obtenir prediccions individuals del risc de cancer de mama, donada
tota I’evoluci6 de la densitat mamaria, aixi com prediccions longitudinals in-
dividuals de valors futurs de densitat mamaria. De fet, la nostra proposta
podria aplicar-se a una varietat de problemes reals per analitzar 'impacte de
I'evolucié de variables endogenes ordinals en el risc d’experimentar 1’esde-
veniment d’interes.

Potser una de les fortaleses més grans de l'estudi dels biomarcadors cardio-
vasculars és el fet d’haver considerat un nombre elevat de biomarcadors po-
tencials alhora, i juntament amb biomarcadors i factors de risc coneguts. La
contribuci6 a la capacitat de discriminacié va poder ser avaluada de manera
conjunta gracies a 1’algorisme de bosc aleatori, que a part de ser més facil-
ment interpretable que altres algorismes d’aprenentatge automatic alterna-
tius, com ara les maquines de vector de suport (support-vector machines),
les xarxes neuronals artificials (artificial neural networks) o certs algorismes
boosting, acostuma a proporcionar resultats amb altes precisions i sovint re-
quereix menys temps computacional.

El model emprat en 1'avaluacié de la ICP en pacients ancians va mostrar
una robustesa estructural molt elevada, reflectida en l’alta coheréncia dels
resultats per als diferents escenaris considerats. Malgrat els amplis intervals
tinguts en compte per a parametres amb dispersi6 desconeguda, el nostre
model també va proporcionar resultats molt fiables, probablement a causa
de 1'ts de grans cohorts de pacients amb ACS per obtenir els parametres del
model. L'estimacio de I'efectivitat, en termes de reducci6 en la mortalitat hos-
pitalaria associada a la utilitzacié de la ICP, es va obtenir a partir de les dades
de tots els pacients ancians ingressats per SCA durant els anys 2000-2014 als
hospitals europeus participants en el projecte EUROTRACS [156]. Les es-
timacions del risc de recurréncia i mortalitat després de 1’alta hospitalaria
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es van obtenir a partir de dades poblacionals del Sistema d’Informacié per
al Desenvolupament de la Recerca en Atenci6é Primaria (SIDIAP) [204, 205],
seleccionant els pacients amb esdeveniment d’'SCA primaria durant el peri-
ode 2007-2013. Per tant, considerem que la representativitat de la poblacié
analitzada reforca l'alt nivell d’evidencia aportada pels resultats obtinguts
del model analitic, que indiquen 1’eficiencia d’estendre 1'Gs de la ICP a tots
els pacients ancians ingressats per SCA. A més a més, com que el projec-
te EUROTRACS també va recopilar dades de costos sanitaris directes dels
sis paisos participants, es van poder reportar resultats adaptats als diferents
sistemes sanitaris, la qual cosa facilita la presa de decisions segons la pers-
pectiva de les diferents jurisdiccions.

4.5 Futures linies de recerca

Aquesta tesi s'emmarca dins la linia d’avaluaci6é econodmica i salut de la Uni-
versitat de Lleida. En 1’era de la medicina personalitzada, la linia de recerca
té com a principal objectiu la personalitzacié del cribratge de cancer de ma-
ma, impulsada per diversos factors: 1’evidencia disponible sobre els efectes
adversos, en especial el sobrediagnostic; la disseminaci6é de la medicina per-
sonalitzada; la presa de decisions compartides metge-pacient; el desenvolu-
pament de models de risc de cancer de mama més precisos, i la possibilitat
de realitzar intervencions preventives en dones d’alt risc. Sense cap tipus de
dubte, 'avaluacié economica del cribratge presentada en aquesta tesi pro-
porciona un dels ingredients fonamentals, sobre el qual s’ha continuat avan-
cant en els darrers anys amb 1’estudi InforMa [206]. L’estudi InforMa és un
RCT dut a terme pel nostre grup de recerca que ha permés evidenciar que
el fet d’aportar informacié quantitativa sobre beneficis i danys del cribratge
ha produit un augment considerable del coneixement i la presa de decisions
informada, amb una alta acceptacié dels materials informatius [207]. Actual-
ment, esta en marxa 1'estudi DECIDO, que pretén avaluar 1’acceptabilitat i la
viabilitat d’oferir cribratge personalitzat del cancer de mama dins el sistema
public de salut [208]. Entre els seus objectius, s’espera que l'estudi DECI-
DO proporcioni informacié sobre les barreres i els facilitadors del canvi de
paradigma del cribratge uniforme al cribratge personalitzat, fet que implica
diversos nivells del sistema sanitari que haurien de coordinar-se de la mane-
ra més eficient possible, aixi com 1’acceptabilitat entre les dones.

El desenvolupament metodologic que permeti donar resposta als problemes
de salut plantejats és també focus d’interes principal del nostre grup de
recerca. El model conjunt proposat en el desenvolupament d’aquesta tesi
és fruit de les dues vessants principals de la nostra linia de recerca. Ara
bé, per una banda, per tal de proporcionar una eina ttil, a la practica, de
mesura del risc individual de cancer de mama, el model proposat hauria
de ser ajustat a una poblacié més gran, potser també més representativa,
amb un seguiment prou llarg i recopilant les dades de tots els factors de
risc rellevants. Malauradament, el disseny d’una nova cohort prospectiva
amb aquest objectiu seria inabastable per a nosaltres. Si els programes de
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cribratge poblacional registressin la densitat mamaria de manera rutinaria
en cada mamografia es podrien fer estudis amb milers de dones i multiples
mesures longitudinals. A més a més, una analisi d’'una simple mostra de
saliva permetria identificar les variants geniques conegudes que configuren
el factor de risc poligénic incorporat als models de risc més recents. Per una
altrabanda, el calcul de la mesura de discriminacié del model conjunt seguint
un enfocament purament bayesia és un aspecte d’alt interés metodologic per
a nosaltres i per a la comunitat cientifica. A més a més, és necessari mesurar
la millora en la capacitat predictiva respecte d’altres modelitzacions que no
inclouen les trajectories longitudinals dels factors de risc per tal de justificar
el major esfor¢ que suposa la modelitzaci6é conjunta de mesures longitudinals
i temps fins a I'esdeveniment. Rizopoulos va proposar una metodologia
pseudobayesiana per al calcul de la capacitat predictiva d"un model conjunt
[107], que seria un bon punt de partida per obtenir una primera estimacio
per al nostre model.

En general, qualsevol problema d’avaluacié econdomica i/o estudis amb dis-
senys que necessiten metodologia estadistica avancada representen oportu-
nitats de collaboracié amb altres grups de recerca en ciéncies de la salut per
avancar en el coneixement, sempre amb 1’objectiu de millorar la salut i la
qualitat de vida de les persones. Els altres dos treballs inclosos en aques-
ta tesi en sén un bon exemple. L'apendix A incorpora una relacié d’altres
collaboracions amb objectius d’avaluacié economica, o de modelitzacié de
resultats en salut.
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Conclusions

Al llarg dels treballs inclosos en aquesta tesi ha quedat pales el paper i la
utilitat de la modelitzaci6 matematica i estadistica per guiar les decisions,
la planificaci6 i la gesti6 en salut. A continuacié s’enumeren les principals
conclusions de la tesi, segons el problema de decisi6 plantejat.

Quant a I'avaluaci6 dels programes de cribratge de cancer de mama:

1. Les estratégies de cribratge de cancer de mama basades en el risc pro-
porcionen major benefici net en salut que les estrategies uniformes es-
tandards.

2. Cal desenvolupar mesures precises de risc individual de cancer de
mama i avancar en l’organitzacié de programes de cribratge basats en
el risc.

En relacié amb la incorporacié de mesures longitudinals de densitat mamaria
per a I’estimaci6 de risc de cancer de mama mitjangant models conjunts:

3. Afegir la trajectoria temporal de la densitat mamaria als actuals models
de risc pot proporcionar estimacions individuals del risc de cancer de
mama més precises i permetre avancar cap a la personalitzacié del
cribratge.

4. Es podria utilitzar un model conjunt similar al proposat, que ha uti-
litzat la historia longitudinal completa de la densitat mamaria, per a
la vigilancia del risc de cancer de mama, per programar examens de
cribratge a partir de prediccions dinamiques individuals i també per
discutir estrategies de prevenci6 per a dones amb risc elevat.

Pel que fa al’avaluacié de la capacitat de discriminacié de nous biomarcadors
de risc cardiovascular en pacients amb MRC:

5. Larecerca futura hauria de focalitzar-se en els biomarcadors amb major
capacitat predictiva —en aquest treball, basicament 1’osteopontina—,
per davant d’aquells que mostren una contribucié quasi nulla en la
predicci6 cardiovascular en pacients amb MRC.
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6. Els pacients amb MRC i altres comorbiditats —diabetis, dislipemia,
hipertensio— podrien beneficiar-se dun cribratge de nivells alts d’a-
quests biomarcadors.

Quant a I'avaluacié econdmica de l'increment de 1'Gs de la ICP en poblacié
anciana amb SCA:

7. En comparaci6é amb la practica clinica habitual, realitzar la ICP a una
proporcié més alta de pacients ancians ingressats per SCA seria eficient,
independentment de l'estrategia seleccionada. Per tant, el cost-utilitat
no hauria de ser un motiu per no incrementar 1'as de la ICP en aquesta
poblacié.

8. El fet que sigui tant eficient proporcionar ICP a pacients ancians amb
SCA amb baixa probabilitat de beneficiar-se de la intervenci6 en la prac-
tica clinica actual com proporcionar-la a pacients amb alta probabilitat
de beneficiar-se’n en la practica clinica actual, suggereix que els criteris
d’aplicaci6 de la ICP en pacients ancians haurien de revisar-se i definir-
se amb més claredat.

5.1 Implicacions per a la salut ptiblica

Els treballs d’aquesta tesi han incorporat evidencia en les seves respectives
arees, fet que facilita la presa de decisions en diferents nivells del sistema de
salut i en el camp de la recerca.

Amb els diversos i excellents treballs publicats sobre el benefici de la perso-
nalitzaci6 del cribratge de cancer de mama, entre els quals es troba el nostre, i
en l'era de la medicina personalitzada, s’espera que el sistema ptuiblic de salut
emprengui les accions oportunes per transitar cap a estratégies de cribratge
personalitzades, i que faciliti informaci6 a les dones sobre els beneficis i els
efectes adversos per a una presa de decisions adequada sobre la seva parti-
cipacié. L'obligacié dels gestors i decisors publics és informar la poblaci6 i
destinar els recursos de la manera més eficient possible. El cribratge persona-
litzat és I'alternativa eficient, alhora que redueix els costos de les estrategies
uniformes actuals.

L’avaluacié economica de la ICP s’afegeix als resultats d’efectivitat reportats
per l'estudi EUROTRACS amb anim d’encoratjar gestors i clinics a estendre
1ts de la ICP a pacients ancians, que podrien beneficiar-se d’una intervencié
que sovint no se’ls aplica. En vista dels resultats del nostre treball, la disse-
minaci6é de la ICP proporcionaria un benefici net en salut enorme acceptant
una disposici6 a pagar estandard en paisos de I’'Europa occidental.

En l'era de les dades massives (big data), també la salut publica ha de
beneficiar-se d"un paradigma caracteritzat per un gran volum de dades, d’al-
ta complexitat i generades a gran velocitat. Aixo fa necessaris metodes d’esti-
maci6 eficients utilitzant conjunts de dades d’tis de recursos sanitaris, dades
cliniques, dades de dispositius personals i moltes altres fonts. Els models de
regressio tradicionals sovint no sén adequats. Els algorismes d’aprenentatge
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automatic aborden i superen aquestes limitacions de manera eficag, tot i que
estan subjectes als potencials biaixos habituals dels estudis observacionals, i
per tant han de ser avaluats amb el mateix rigor que els models estadistics
convencionals. Tanmateix, la intelligéncia artificial i 'aprenentatge automa-
tic també tenen limitacions que cal tenir en compte abans d’adoptar amplia-
ment la tecnologia en la presa decisions en salut. Tal com s’apunta en un arti-
cle publicat al New England Journal of Medicine el desembre de 2019, «com
totes les intervencions mediques, implementar I’aprenentatge automatic per
al diagnostic de cancer tindra alguns beneficis i alguns perjudicis. Pot aug-
mentar la velocitat i la consistencia del diagnostic, perd també pot agreujar
el sobrediagnostic» [209]. Per tot plegat, és del tot necessari que els analistes
acreditin una solida formaci6 en ciencies i técniques estadistiques.

Finalment, els recursos destinats a la investigaci6 tenen el seu impacte en la
salut de les persones a través de 1’elecci6 dels projectes de recerca finangats,
ja sigui per fons publics o privats. Les innovacions han de ser de prou valor
afegit per al financador per compensar el cost de la recerca. Aixi, per exem-
ple, els estudis de nous biomarcadors sén ttils per centrar els esforgos futurs
en aquells que hagin mostrat major associacié amb el resultat d'interés. La in-
novacié metodologica en 1’analisi de dades també contribueix en 1’aveng del
coneixement, ja que omple els buits existents en les técniques estadistiques,
que es van creant a mesura que altres disciplines avancen o per 'aparicié
de noves tecnologies. Per tant, destinar recursos per al desenvolupament de
metodologies estadistiques que poden aportar solucions a problemes oberts
també té un potencial impacte positiu en la salut de les persones. Aquest
seria el cas, per exemple, de la modelitzacié conjunta de dades longitudi-
nals i temps fins a 1’esdeveniment aplicada al desenvolupament de mesures
dinamiques del risc individual de cancer de mama. Un model amb la histo-
ria longitudinal de la densitat mamaria que inclogués els altres factors de risc
coneguts, com les lesions benignes i el risc poligenic, podria assolir capacitats
predictives aplicables a la personalitzacié del cribratge de cancer de mama,
o a l’establiment d’estrategies de prevencié per a persones amb risc elevat.
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Apendix A

Altres articles amb resultats
collaterals

Durant el desenvolupament d’aquesta tesi també s’han publicat, amb la par-
ticipaci6 del doctorand, altres treballs d’avaluacié economica o de modelitza-
cions de resultats en salut per aplicar en posteriors avaluacions economiques
o en la practica clinica. La taula A.1 mostra les referencies d’aquests treballs
amb llurs objectius.

TAULA A.1: Objectius collaterals a la tesi i referéncies a les publicacions
originals

Objectiu Article

Avaluar el calibratge i la capacitat de Arrospide et al. BMC Cancer 13:587
discriminacié de tres models predic-

tius de risc de cancer de mama (Gail,

Chen, Barlow)

Avaluar l'impacte dels biaixos en la Roso-Llorach et al. SORT 38:139-160
supervivencia del cancer de mama

deguts a la detecci6 precog (lead-time

bias i length-sampling bias)

Determinar utilitats en salut generi- Miravitlles et al. Health and Quality
ques per a pacients espanyols amb of Life Outcomes 12:120

malaltia pulmonar obstructiva cro-

nica estratificades segons diferents

classificacions (GOLD 2007, GOLD

2013, GesEPOC 2012, index BODEX)

Continua a la pagina segiient...
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...Continua de la pagina anterior.

Objectiu

Article

Determinar les variables demografi-
ques i cliniques significativament as-
sociades a les utilitats en salut per a
pacients amb malaltia pulmonar obs-
tructiva cronica

Determinar la rendibilitat d’omalizu-
mab en comparacié6 amb el tracta-
ment estandard per al control de as-
ma persistent greu segons dades de
pacients tractats en una unitat d’as-
ma especialitzada

Analisi de minimitzacié de costos de
’onabotulinumtoxina A i 1’abobotu-
linumtoxina A, partint de dosis reals
administrades a nens amb espastici-
tat associada a la deformitat dinami-
ca del peu equi deguda a paralisi ce-
rebral

Estimar els costos sanitaris directes
del tractament antimicrobia domici-
liari endovends administrat per les
unitats d’hospitalitzacié domiciliaria
a Espanya

Avaluar si la malaltia renal cronica
promou un perfil de lipids proatero-
genic modificant la composici6 de les
lipoproteines i el nombre de particu-
les

Miravitlles et al. International Jour-
nal of Chronic Obstructive Pulmo-
nary Disease 10:367-377

Vennera et al. Clinical Drug Investi-
gation 36:567-578

Tapias et al. Farmacia Hospitalaria
40:412-426

Gonzélez-Ramallo et al. Internation-
al Journal of Antimicrobial Agents
50:114-118

Bermudez-Lopez et al. Expert Opin-
ion on Therapeutic Targets 23:619-
630
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A.1 Article A1l

Titol: An assessment of existing models for individualized breast cancer risk
estimation in a screening program in Spain

Autors: Arrospide A, Forné C, Rué M, Tora N, Mar J, Baré M

Revista: BMC Cancer. 2013 Dec 10;13:587

Factor d’impacte de I’any de la publicacié: 3,319 (percentil 63,8 a Oncology)
DOI: 10.1186/1471-2407-13-587

Resum original:

Background: The aim of this study was to evaluate the calibration and
discriminatory power of three predictive models of breast cancer risk.

Methods: We included 13,760 women who were first-time participants in the
Sabadell-Cerdanyola Breast Cancer Screening Program, in Catalonia, Spain.
Projections of risk were obtained at three and five years for invasive cancer
using the Gail, Chen and Barlow models. Incidence and mortality data were
obtained from the Catalan registries. The calibration and discrimination of
the models were assessed using the Hosmer-Lemeshow C statistic, the area
under the receiver operating characteristic curve (AUC) and the Harrell’s C
statistic.

Results: The Gail and Chen models showed good calibration while the Bar-
low model overestimated the number of cases: the ratio between estimated
and observed values at 5 years ranged from 0.86 to 1.55 for the first two mod-
els and from 1.82 to 3.44 for the Barlow model. The 5-year projection for
the Chen and Barlow models had the highest discrimination, with an AUC
around 0.58. The Harrell’s C statistic showed very similar values in the 5-
year projection for each of the models. Although they passed the calibration
test, the Gail and Chen models overestimated the number of cases in some
breast density categories.

Conclusions: These models cannot be used as a measure of individual risk in
early detection programs to customize screening strategies. The inclusion of
longitudinal measures of breast density or other risk factors in joint models
of survival and longitudinal data may be a step towards personalized early
detection of BC.

Keywords: Breast cancer, Screening, Risk models, Individual risk, Breast
density
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A.2 Article A2

Titol: Assessing the impact of early detection biases on breast cancer survival
of Catalan women

Autors: Roso-Llorach A, Forné C, Macia F, Galceran J, Marcos-Gragera R,
Rué M

Revista: SORT - Stat Oper Res T. 2014 Jul-Dec;38:139-160

Factor d'impacte de I’any de la publicacié: 1,333 (percentil 69,3 a Statistics
& Probability)

DOI: 10.2436/20.8080.02.8

Resum original:

Survival estimates for women with screen-detected breast cancer are af-
tected by biases specificto early detection. Lead-time bias occurs due to the
advanceof diagnosis, and length-samplingbias because tumors detected on
screening exams are more likely to have slower growth thantumors symp-
tomatically detected. Methods proposed in the literature and simulation
were usedto assess the impact of these biases. If lead-time and length-
sampling biases were not taken intoaccount, the median survival time of
screen-detected breast cancer cases may be overestimatedby 5 years and the
5-year cumulative survival probability bybetween 2.5 to 5 percent units.

Keywords: Breast cancer, early detection, screening, lead time bias, length
bias, survival.
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A.3 Article A3

Titol: Generic utilities in chronic obstructive pulmonary disease patients
stratified according to different staging systems

Autors: Miravitlles M, Huerta A, Fernandez-Villar JA, Alcazar B, Villa G,
Forné C, Cuesta M, Crespo C, Garcia-Rio F

Revista: Health Qual Life Outcomes. 2014 Sep 5;12:120

Factor d’'impacte de I’any de la publicacié: 2,120 (percentil 63,1 a Health
Care Sciences & Services)

DOI: 10.1186/s12955-014-0120-5

Resum original:

Background: To determine generic utilities for Spanish chronic obstructive
pulmonary disease (COPD) patients stratified by different classifications:
GOLD 2007, GOLD 2013, GesEPOC 2012 and BODEXx index.

Methods: Multicentre, observational, cross-sectional study. Patients were
aged >40 years, with spirometrically confirmed COPD. Utility values were
derived from EQ-5D-3 L. Means, standard deviations (SD), medians and
interquartile ranges (IQR) were computed based on the different classifica-
tions. Differences in median utilities between groups were assessed by non-
parametric tests.

Results: 346 patients were included, of which 85.5% were male with a
mean age of 67.9 (SD=9.7) years and a mean duration of COPD of 7.6
(SD=5.8) years; 80.3% were ex-smokers and the mean smoking history was
54.2 (5D=33.2) pack-years. Median utilities (IQR) by GOLD 2007 were 0.87
(0.22) for moderate; 0.80 (0.26) for severe and 0.67 (0.42) for very-severe pa-
tients (p<0.001 for all comparisons). Median utilities by GOLD 2013 were
group A: 1.0 (0.09); group B: 0.87 (0.13); group C: 1.0 (0.16); group D: 0.74
(0.29); comparisons were statistically significant (p<0.001) except A vs C.
Median utilities by GesEPOC phenotypes were 0.84 (0.33) for non exacer-
bator; 0.80 (0.26) for COPD-asthma overlap; 0.71 (0.62) for exacerbator with
emphysema; 0.72 (0.57) for exacerbator with chronic bronchitis (p<0.001).
Comparisons between patients with or without exacerbations and between
patients with COPD-asthma overlap and exacerbator with chronic bronchi-
tis were statistically-significant (p<0.001). Median utilities by BODEx index
were: group 0-2: 0.89 (0.20); group 3—-4: 0.80 (0.27); group 5-6: 0.67 (0.29);
group 7-9: 0.41 (0.31). All comparisons were significant (p<0.001) except
between groups 3—4 and 5-6.

Conclusion: Irrespective of the classification used utilities were associated
to disease severity. Some clinical phenotypes were associated with worse
utilities, probably related to a higher frequency of exacerbations. GOLD
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2007 guidelines and BODEXx index better discriminated patients with a worse
health status than GOLD 2013 guidelines, while GOLD 2013 guidelines were
better able to identify a smaller group of patients with the best health.

Keywords: Chronic obstructive pulmonary disease, Health utility, Health
related quality of life, GOLD, GesEPOC
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A.4 Article A4

Titol: Clinical variables impacting on the estimation of utilities in chronic
obstructive pulmonary disease

Autors: Miravitlles M, Huerta A, Valle M, Garcia-Sidro P, Forné C, Crespo C,
Lépez-Campos JL

Revista: Int ] Chron Obstruct Pulmon Dis. 2015 Feb 16;10:367-377

Factor d'impacte de I’any de la publicacié: 3,046 (percentil 71,5 a Respira-
tory System)

DOI: 10.2147 /COPD.S76397

Resum original:

Purpose: Health utilities are widely used in health economics as a measure-
ment of an individual’s preference and show the value placed on different
health states over a specific period. Thus, health utilities are used as a mea-
sure of the benefits of health interventions in terms of quality-adjusted life
years. This study aimed to determine the demographic and clinical vari-
ables significantly associated with health utilities for chronic obstructive pul-
monary disease (COPD) patients.

Patients and methods: This was a multicenter, observational, cross-sectional
study conducted between October 2012 and April 2013. Patients were aged
>40 years, with spirometrically confirmed COPD. Utility values were de-
rived from the preference-based generic questionnaire EQ-5D-3L applying
weighted Spanish societal preferences. Demographic and clinical variables
associated with utilities were assessed by univariate and multivariate linear
regression models.

Results: Three hundred and forty-six patients were included, of whom
85.5% were male. The mean age was 67.9 (standard deviation [SD]=9.7)
years and the mean forced expiratory volume in 1 second (%) was 46.2%
(SD=15.5%); 80.3% were former smokers, and the mean smoking history was
54.2 (SD=33.2) pack-years. Median utilities (interquartile range) were 0.81
(0.26) with a mean value of 0.73 (SD=0.29); 22% of patients had a utility value
of 1 (ceiling effect) and 3.2% had a utility value lower than 0. The factors as-
sociated with utilities in the multivariate analysis were sex (beta= —0.084,
95% confidence interval [CI]: —0.154; —0.013 for females), number of exac-
erbations the previous year (—0.027, 95% CI: —0.044; —0.010), and modi-
tied Medical Research Council Dyspnea Scale (mMRC) score (—0.123 [95%
CI: —0.185; —0.061], —0.231 [95% CI: —0.301; —0.161], and —0.559 [95% CI:
—0.660; —0.458] for mMRC scores 2, 3, and 4 versus 1), all p<0.05.
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Conclusion: Multivariate analysis showed that female sex, frequent exacer-
bations, and an increased level of dyspnea were the main factors associated
with reduced utility values in patients with COPD.

Keywords: COPD, health utility, health-related quality of life, multivariate
linear regression
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A.5 Article A5

Titol: Cost-Effectiveness Analysis of Omalizumab for the Treatment of Seve-
re Persistent Asthma in Real Clinical Practice in Spain

Autors: Vennera MC, Valero A, Uria E, Forné C, Picado C
Revista: Clin Drug Investig. 2016 Jul;36(7):567-578

Factor d’'impacte de I’any de la publicacié: 1,853 (percentil 31,7 a Pharma-
cology & Pharmacy)

DOI: 10.1007 /s40261-016-0402-2

Resum original:

Background and Objective: Omalizumab is a humanized monoclonal an-
tibody that targets circulating immunoglobulin E molecules to treat severe
uncontrolled asthma. The aim of this study was to determine the cost effec-
tiveness of omalizumab compared with standard treatment for the control of
severe persistent asthma according to data from patients treated in a special-
ized asthma unit.

Methods This was an observational, retrospective, single-center study in the
setting of the Pulmonology and Respiratory Allergy Service, Thorax Insti-
tute, Hospital Clinic de Barcelona, Barcelona, Spain. Data were collected
by review of medical records of 86 uncontrolled severe persistent asthma
patients treated with omalizumab from January 2005 to April 2014. Effec-
tiveness was assessed by the reduction in asthma exacerbations and 3-point
increases in the Asthma Control Test (ACT) score. The economic evaluation
was performed from the societal perspective, including direct health costs
(resource use and drug treatments) and indirect costs (disease impact on la-
bor productivity) in 2016 Euros. The time horizon was 12 months before and
after the initiation of treatment with omalizumab. Results were expressed
using the incremental cost-effectiveness ratio (ICER).

Results: Taking into account only direct costs, the ICERs were €1487.46
(95% confidence interval [CI] 1241.21-1778.34) per exacerbation avoided and
€5425.13 (95% CI 4539.30-6551.03) per 3-point increase in the ACT. When in-
direct costs were included, the ICERs were €1130.93 (95% CI 909.08-1392.86)
per exacerbation avoided, and €4124.79 (95% CI 3281.69-5186.73) per 3-point
increase in the ACT.

Conclusions: The results of this study confirm the effectiveness of the addi-
tion of omalizumab to standard therapy in patients with uncontrolled severe
persistent asthma.

Keywords: Asthma, Indirect Cost, Salmeterol, Asthma Control, Asthma
Exacerbation
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A.6 Article A6

Titol: Cost-minimization analysis in the treatment of spasticity in children
with cerebral palsy with botulinum toxin type A: an observational, longitu-
dinal, retrospective study

Autors: Tapias G, Garcia-Romero M, Crespo C, Cuesta M, Forné C, Pascual-
Pascual SI

Revista: Farm Hosp. 2016 Sep 1;40(5):412-426

SCImago Journal Rank (SJR) de I’any de la publicacié: 0,227 (tercer quartil
a Medicine (miscellaneous))

DOI: 10.7399/£h.2016.40.5.10429

Resum original:

Objective: Cost-minimization analysis of onabotulinumtoxinA and abobo-
tulinumtoxinA, taking into account the real dose administered to children
with spasticity associated with dynamic equinus foot deformity due to cere-
bral palsy.

Method: A single centre, observational, longitudinal, and retrospective
study which included spastic paediatric patients aged 2-to-18-years and
treated with onabotulinumtoxinA or abobotulinumtoxinA from December
1995 to October 2012, in the Paediatric Neurology Unit of a first-level Spanish
hospital. A longitudinal analysis of spasticity severity was made to confirm
the similar effectiveness of both treatments. Cost minimization was analyzed
using the dose administered and the direct costs (pharmacological and med-
ical visits costs) from the perspective of the National Health System (in 2016
euros).

Results: We analyzed 895 patients with paediatric spasticity: 543 were
treated only with onabotulinumtoxinA, 292 only with abobotulinumtox-
inA, and 60 with both treatments. The mean doses administered were 5.44
U/kg (5D=2.17) for onabotulinumtoxinA, and 14.73 U/kg (5.26) for abobo-
tulinumtoxinA. The total annual direct cost (pharmacological and medical
visits) was €839.56 for onabotulinumtoxinA and €631.23 for abobotulinum-
toxinA, which represents a difference of €208.34 per year in favour of treat-
ment with abobotulinumtoxinA.

Conclusions: It has been shown that in real clinical practice, the cost per pa-
tient and year for treatment of paediatric spasticity was lower when abobo-
tulinumtoxinA was used.

Keywords: Botulinum toxins; Paediatric spasticity; Clinical practice dose;
Equinus foot; Spain
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A.7 Article A7

Titol: Costs of outpatient parenteral antimicrobial therapy (OPAT) adminis-
tered by Hospital at Home units in Spain

Autors: Gonzélez-Ramallo V], Mirén-Rubio M, Mujal A, Estrada O, Forné C
Aragoén B, Rivera AJ

Revista: Int ] Antimicrob Agents. 2017 Jul;50(1):114-118

Factor d'impacte de I’any de la publicacié: 4,253 (percentil 87,2 a Pharma-
cology & Pharmacy)

DOI: 10.1016/j.ijjantimicag.2017.02.017

Resum original:

The aim of this study was to assess the direct healthcare costs of outpatient
parenteral antimicrobial therapy (OPAT) administered by Hospital at Home
(HaH) units in Spain. An observational, multicentre, economic evaluation of
retrospective cohorts was conducted. Patients were treated at home by the
HaH units of three Spanish hospitals between January 2012 and December
2013. From the cost accounting of HaH OPAT (staff, pharmacy, transporta-
tion, diagnostic tests and structural), the cost of each outpatient course was
obtained following a top-down strategy based on the use of resources. Costs
associated with inpatient stay, if any, were estimated based on length of stay
and ICD-9-CM diagnosis. There were 1324 HaH episodes in 1190 patients
(median age 70 years). The median (interquartile range) stay at home was 10
days (7-15 days). Of the OPAT episodes, 91.5% resulted in cure or improve-
ment on completion of intravenous therapy. The mean total cost of each in-
fectious episode was €6707 [95% confidence interval (CI) €6189-7406]. The
mean cost per OPAT episode was €1356 (95% CI €1247-1560), mainly dis-
tributed between healthcare staff costs (46%) and pharmacy costs (39%). The
mean cost of inpatient hospitalisation of an infectious episode was €4357
(95% CI1€3947-4977). The cost per day of inpatient hospitalisation was €519,
whilst the cost per day of OPAT was €98, meaning a saving of 81%. This
study shows that OPAT administered by HaH units resulted in lower costs
compared with inpatient care in Spain.

Keywords: OPAT; Outpatient parenteral antimicrobial therapy; Intravenous
antimicrobials; Hospital at home; Cost analysis
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A.8 Article A8

Titol: An in-depth analysis shows a hidden atherogenic lipoprotein profile
in non-diabetic chronic kidney disease patients

Autors: Bermudez-Lopez M, Forné C, Amigo N, Bozic M, Arroyo D, Breto-
nes T, Alonso N, Cambray S, Del Pino MD, Mauricio D, Gorriz JL, Fernandez
E, Valdivielso JM

Revista: Expert Opin Ther Targets. 2019 Jul;23(7):619-630

Factor d'impacte de 1’any anterior de la publicacié: 4,621 (percentil 88,6 a
Pharmacology & Pharmacy)

DOI: 10.1080/14728222.2019.1620206

Resum original:

Background: Chronic kidney disease (CKD) is an independent risk factor for
atherosclerotic disease. We hypothesized that CKD promotes a proathero-
genic lipid profile modifying lipoprotein composition and particle number.

Methods: Cross-sectional study in 395 non-diabetic individuals (209 CKD
patients and 186 controls) without statin therapy. Conventional lipid deter-
minations were combined with advanced lipoprotein profiling by nuclear
magnetic resonance, and their discrimination ability was assessed by ma-
chine learning.

Results: CKD patients showed an increase of very-low-density (VLDL) parti-
cles and a reduction of LDL particle size. Cholesterol and triglyceride content
of VLDLs and intermediate-density (IDL) particles increased. However, low-
density (LDL) and high-density (HDL) lipoproteins gained triglycerides and
lost cholesterol. Total-Cholesterol, HDL-Cholesterol, LDL-Cholesterol, non-
HDL-Cholesterol and Proprotein convertase subtilisin-kexin type (PCSK9)
were negatively associated with CKD stages, whereas triglycerides, lipopro-
tein(a), remnant cholesterol, and the PCSK9/LDL-Cholesterol ratio were pos-
itively associated. PCSK9 was positively associated with total-Cholesterol,
LDL-Cholesterol, LDL-triglycerides, LDL particle number, IDL-Cholesterol,
and remnant cholesterol. Machine learning analysis by random forest re-
vealed that new parameters have a higher discrimination ability to classify
patients into the CKD group, compared to traditional parameters alone: area
under the ROC curve (95% CI), .789 (.711, .853) vs .687 (.611, .755).

Conclusions: non-diabetic CKD patients have a hidden proatherogenic lipo-
protein profile.

Keywords: Atherosclerosis, chronic kidney disease, dyslipidemia, lipopro-
tein subfractions, Lp(a), PCSK9
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