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Résumé

L’Analyse Bayésienne Décisionnelle pour le design d’essais cliniques dans le contexte de

fievres hémorragiques virales

Les fievres hémorragiques virales (FHVs) sont des maladies souvent associées a des taux de
mortalités élevés et des épidémies difficiles a prédire, ce qui entraine des difficultés a conduire
des essais cliniques méthodologiquement forts (tel qu’un essai controlé randomisé). Or il est
nécessaire d’évaluer de nouveaux traitements contre les FHVs. Du fait d’un seuil de
significativité statistique trés conservateur (seuil de 5%), les investigateurs doivent faire face
a des nombres réduits de patients inclus impactant la puissance statistique de I'essai. Ainsi,
dans le contexte de FHV, ou les taux de mortalité sont élevés et peu de traitements efficaces
disponibles, une erreur de type | de 5% peut ne pas étre appropriée, voire méme soulever des

questions éthiques.

La “Bayesian Decision Analysis” (BDA) est une méthode permettant d’incorporer le fardeau
de la maladie et les préférences patients lors du design des essais cliniques. En effet, cette
méthode permet de prendre en compte le contexte de la maladie afin de calculer un nombre
de sujets nécessaires et une erreur de type | optimaux a un essai clinique pour une maladie
donnée. Nous avons voulu adapter la méthodologie de la BDA afin de pouvoir I'utiliser dans
le contexte des FHVs. Pour cela, étant donné que le taux de mortalité est le critere de
jugement généralement le plus utilisé dans ce contexte, nous avons adapté la méthodologie
a des essais cliniques avec un critére de jugement binaire. Ce travail permet d'obtenir les
tailles d'échantillon et erreurs de type | optimales pour un essai randomisé a 2 bras selon
plusieurs parameétres a pré-spécifier dont la sévérité de maladie, la taille de la population cible

et |'effet attendu du traitement.

Nous avons ensuite illustré cette méthodologie dans le contexte des FHVs et notamment de
la maladie a virus Ebola. Pour cela, nous avons d’abord conduit une revue systématique afin
de récolter, pour chaque FHV, les nombres de cas, mortalité, traitements et séquelles reportés
dans la littérature ainsi que sur les sites de I’'OMS et du CDC. Nous avons ensuite appliqué les
chiffres et hypothéses de la maladie a virus Ebola dans notre méthodologie BDA en prenant
le taux de mortalité comme critére de jugement. Nous avons trouvé que pour un essai 2 bras
a taille d’échantillon fixe, les erreurs de type | et les tailles d’échantillon optimales peuvent

varier grandement selon la taille de la population cible et les taux de |étalité de la maladie.



Ce travail permet d’apporter un nouvel outil aux futurs chercheurs souhaitant évaluer un
nouveau traitement, notamment pour des maladies trées mortelles avec peu de traitements

disponibles, tels que les FHVs.

Mots-clés: Bayesian decision analysis, essai clinique, maladie o virus Ebola, fievre

hémorragiques virales, erreur de type |, taille d'échantillon



Abstract

Bayesian decision analysis to design clinical trials in the context of viral hemorrhagic fevers

Viral hemorrhagic fevers (VHFs) are often associated with high mortality rates and
unpredictable outbreaks, leading to difficulties to conduct methodologically strong clinical
trials (such as a randomized controlled trial). As very few therapeutic options are available
against VHFs, new experimental drugs need to be assessed. Due to a conservative statistical
significance threshold (5% threshold), investigators face reduced numbers of included
patients with an impact on the statistical power of the trial. Therefore, in the context of VHF,
with high mortality rates and few effective therapies available, a 5% type | error may not be

appropriate and may raise ethical questions.

The Bayesian Decision Analysis (BDA) is a method that incorporate the burden of disease and
patient preferences when designing a clinical trial. It allows taking into account the context of
the disease to calculate optimal sample size and type | error for a clinical trial in a given disease
context. As the mortality rate is the most commonly used outcome in our context, we
extended the BDA framework to clinical trials with a binary outcome, specifically those
targeting VHF therapeutics. Finally, this work allows obtaining optimal values of sample size
and type | error for a two-arm randomized clinical trial given several parameters to pre-specify
including the severity of the disease, the size of the target population and the expected

treatment effect.

We illustrated this methodology in the context of VHFs, more particularly Ebola virus disease.
We conducted a systematic review to retrieve, for each VHF, the number of cases, mortality,
treatments and sequelaes reported in the literature and in the WHO and CDC websites. Then
we applied Ebola's numbers and hypotheses to our BDA framework with the mortality rate as
primary outcome. For a two-arm fixed-sample clinical trial, we found that optimal type | errors
and sample sizes vary greatly given the size of the target population and the severity of the

disease.

Through this BDA adaptation, we provide a new tool to researchers for designing clinical trials
with a binary primary outcome to assess therapeutic options, which can be particularly useful

for diseases with high mortality rates and few therapies available.

Keywords: Bayesian decision analysis, clinical trial, Ebola virus disease, viral hemorrhagic

fevers, type | error, sample size
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1. Introduction

1.1. Fievres hémorragiques virales
Les fievres hémorragiques virales (FHVs) sont des maladies fébriles causées par des virus a
ARN (acide ribonucléique). Les virus a ARN, ou ribovirus, sont des virus utilisant ’ARN comme
matériel génétique ou dont la réplication du génome passe par un ARN intermédiaire. Les
FHVs sont causées par 4 familles de virus a ARN : arenaviridae, filoviridae, bunyaviridae et
flaviviridae [1]. Elles désignent un ensemble de maladies qui peuvent étre bénignes ou tres
séveres, présentant pour certaines des taux de mortalité extrémement élevés. Elles peuvent
étre caractérisées, selon la gravité, par de la fievre, des douleurs musculaires et articulaires,
des malaises, des vomissements, des saignements des muqueuses et gastro-intestinaux, un

état de choc d{i a une perte de sang, des cedemes et de I’hypotension [2].

Ces virus infectieux sont essentiellement zoonotiques, c’est-a-dire qu’ils existent
naturellement dans les populations animales ou arthropodes. Les modes de transmission sont
variés. La transmission peut étre interhumaine par contact avec une personne symptomatique
via les fluides corporels, ou via des interactions avec des animaux infectés : consommation de
viande crue ou de lait non pasteurisé provenant d’animaux infectés ou encore piqures de
moustiques ou de tiques [3]. La période d’incubation varie selon la FHV entre 2 et 35 jours
[2,4]. Cette période d’incubation commence avec une phase de premiers symptomes non-
spécifiques tels que de la fievre, des malaises ou des symptoémes gastro-intestinaux. Cette
phase est suivie par une augmentation de la réplication virale menant a une libération
excessive de cytokines pouvant causer une activation endothéliale, une augmentation de la
perméabilité vasculaire, une vasodilatation suivi d’hypotension, des défaillances multi-

viscérales et le déces [4].

A ce jour, aucun traitement spécifique ou vaccin n’est disponible pour la plupart des
FHVs [5]. La difficulté de la recherche dans ce domaine réside dans le fait que les FHVs sont
souvent associées a des épidémies difficiles a prédire et trés mortelles. Les épidémies de FHVs
ont généralement lieu dans les zones du monde présentant les réservoirs du virus associé.
Ainsi, bien que les FHVs sont présentes sur tous les continents (Figure 1), ce sont trés souvent
des maladies endémiques c’est-a-dire que celles-ci sont présentes dans des régions données

[2]. Les zones touchées par chaque FHV sont souvent délimitées par la présence d’un réservoir
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de virus a proximité. Par exemple la maladie a virus Ebola touche essentiellement I’Afrique
alors que la fievre hémorragique de Crimée-Congo touche plus généralement |’Asie ou

I’'Europe de I'Est [2,5].

Bien que cela soit peu documenté pour la plupart des FHVs, les survivants peuvent
présenter des séquelles. Si I'on prend I'exemple de la maladie a virus Ebola, des études ont
été menées sur les complications au long cours chez des patients ayant guéri de I'infection
[6,7]. Plus de la moitié des survivants suivis présentaient au moins un symptome un an apres
I’épisode aigu. Ces symptdmes consistaient essentiellement en des douleurs articulaires, des

maux de téte et de la fatigue.
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Figure 1. Distribution des FHVs a travers le monde. La couleur indique le nombre de FHV avec une épidémie rapportée jusqu’en janvier 2020 dans chaque pays et I'acronyme représente la FHV — Source :
Belhadi et al. PLoS Negl Trop Dis 2022 [5]

No.of viE | o [0 1+ [ 2 [ 4

Notations : AHF, Alkhurma hemorrhagic fever; ArHF, Argentine hemorrhagic fever; BHF, Bolivian hemorrhagic fever; CHF, Chapare hemorrhagic fever; CCHF, Crimean-
Congo hemorrhagic fever; EVD, Ebola Virus Disease; FHV, fievre hémorragique virale; HPS, Hantavirus Pulmonary Syndrome; HFRS, Hemorrhagic fever with renal
syndrome; LF, Lassa fever; LHF, Lujo hemorrhagic fever; MVD, Marburg virus disease; No. of VHF, nombre de FHVs reportant au moins une épidémie dans le pays en
question; OHF, Omsk hemorrhagic fever; RVF, Rift Valley fever; SHF, Sabia hemorrhagic fever; VeHF, Venezuelan hemorrhagic fever
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Les épidémies de FHVs les plus récentes rapportées jusqu’en juin 2023 incluent des
épidémies de maladie a virus Ebola, de maladie a virus Marburg et de fievre de Lassa. La
derniere épidémie de maladie a virus Ebola a eu lieu entre septembre 2022 et janvier 2023 en
Ouganda avec 142 cas confirmés et 55 déces [8]. Contrairement a la grande épidémie de 2013-
2016 en Afrique de I'Ouest, celle-ci a été causée par la souche du Sudan ebolavirus. Ceci
s’explique par le fait que le Sudan ebolavirus est présent dans les réservoirs animaux de la
région. Bien que de nouveaux traitements (deux cocktails d’anticorps monoclonaux REGN-EB3
et mAb114) et vaccins (un vaccin vivant atténué recombinant constitué du virus de la
stomatite vésiculaire et deux vaccins a adénovirus) [9] soient disponibles de facon limitée

contre la souche du Zaire ebolavirus, ce n’est pas le cas pour le Sudan ebolavirus.

Concernant la maladie a virus Marburg, les derniéres épidémies ont eu lieu en 2023 en
Guinée Equatoriale et en Tanzanie avec respectivement 17 et 8 cas confirmés, incluant 12 et
6 décés [10,11]. Ce sont les premiéres épidémies rapportées de maladie a virus Marburg dans
ces deux régions. Aucun vaccin ou traitement antiviral n’a été approuvé a ce jour pour lutter
contre cette maladie. Ainsi, des soins de support standards (réhydratation orale ou via des
solutés intraveineux), des traitements symptomatiques ou des traitements de co-infections
ont été essentiellement recommandés pour améliorer la survie des patients. Le traitement
antiviral remdesivir a également été utilisé a titre compassionnel en Guinée Equatoriale [10].
Un certain nombre de traitements ont été évalués durant ces épidémies, dont des produits

sanguins, des immunothérapies ou des traitements médicamenteux [10,12].

Concernant la fievre de Lassa, la derniere épidémie rapporte un total de 4702 cas
suspectés avec 877 cas confirmés dont 152 décés au Nigéria en 2023 [13]. Cette maladie est
endémique au Nigéria, avec des épidémies saisonnieres notamment entre décembre et avril.
Des soins de support standards précoces avec de la réhydratation et des traitements
symptomatiques sont recommandés pour augmenter la survie des patients. Le traitement par
ribavirine (un antiviral a large spectre contre les virus a ARN) est aussi utilisé pour traiter la
fievre de Lassa. Cependant son efficacité et sa tolérance n’ont a ce jour jamais été démontrés
de facon robuste. En effet, plusieurs études rapportent des taux de mortalité plus faibles chez
les patients traités par ribavirine, notamment si le traitement est administré de fagon précoce,
mais ces études présentent de sérieux risques de biais méthodologiques [14]. Ainsi, 'OMS
souligne la nécessité de produire des résultats fiables sur I'efficacité de la ribavirine pour le

traitement de la fievre de Lassa [15].
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Par conséquent, il apparait nécessaire d’accroitre les connaissances autour des FHVs
et d’évaluer de nouveaux traitements contre ces maladies. Pour cela nous allons tout d’abord
revenir aux principes de base des tests statistiques afin de mieux comprendre les éléments

méthodologiques a prendre en compte dans ce contexte.
1.2. Quelques éléments de contexte statistique

a. Généralités sur les tests statistiques
En statistiques, un test, ou test d'hypothese, est une procédure de décision entre deux
hypotheses : I’hypothése nulle H, que l'on considere comme vraie a priori et sa

complémentaire I’hypothese alternative H;. Un test statistique peut étre de 2 formes :

- Unilatéral : on considere une hypothese alternative H; ou le signe de la différence
entre les deux valeurs que I'on teste est connu ;
- Bilatéral : on considére une hypothése alternative H; ou le signe de la différence entre

les deux valeurs que I'on teste est inconnu.

Si I'on prend l'exemple d’un test statistique pour démontrer ['efficacité d’un
traitement sur un critere de jugement continu, avec u; la moyenne pour le traitement
expérimental et y, la moyenne pour le comparateur, appelé « controle », alors le test peut

étre défini comme suit :
Hy : puy = u, (traitement expérimental inefficace)
Test bilatéral : H; : u, # U, (traitement expérimental efficace ou délétere)
Test unilatéral : Hy : u, < U, (ou uy > U,) (traitement expérimental efficace)

Pour définir la régle de décision du test statistique, nous utilisons la notion de

statistique de test dont la formule varie selon le test utilisé (test de Student, test du y?

ANOVA...). La valeur de cette statistique de test observée dans notre échantillon est ensuite

compareée a la valeur critique, c’est-a-dire sa valeur sous I’hypothése nulle H,.

Lors de lI'interprétation du résultat d’un test statistique, on accepte un certain risque

d’erreur. En effet, il existe deux types d’erreur possibles :

- l'erreur de type |, correspondant au fait de rejeter I’hypotheése nulle H, alors que celle-
ci est vraie. La probabilité a de commettre cette erreur correspond au seuil de

significativité permettant d’interpréter le résultat du test statistique. Le seuil le plus
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courant utilisé est 0.05 pour un test bilatéral (0.025 pour un test unilatéral), ce qui
signifie que nous acceptons d’avoir 5% de chances de rejeter H; a tort.

- l'erreur de type Il, correspondant au fait de ne pas rejeter I’'hypothese nulle H, alors
que celle-ci est fausse. La probabilité § de commettre cette erreur est directement liée
a la puissance statistique du test définie par : Puissance = 1 — f. Ainsi, la puissance

statistique du test correspond a la probabilité de rejeter H, lorsque celle-ci est fausse.

b. Description de différents designs d’essai clinique utilisés lors d’'une
épidémie de FHV
Pour tester I'efficacité et la tolérance d’un traitement expérimental, conduire un essai clinique
est nécessaire. Généralement, le critéere de jugement principal utilisé dans les essais cliniques
de FHVs est binaire et correspond au déceés. La conception de I'essai clinique ou « design »

varie d’un essai a I'autre en fonction notamment :

- Dunombre de groupes ou « bras » de traitement :

o Essai simple-bras : essai avec un seul bras de traitement correspondant au
groupe de patients recevant le traitement expérimental. La proportion
observée est généralement comparée a une proportion historique chez des
patients avant le début de I’essai n’ayant pas recu le traitement expérimental.

o Essai double-bras : essai avec deux bras de traitement, un bras ou les patients
recoivent le traitement expérimental et un bras controle ol les patients
recoivent soit un placebo soit les soins de support standards. Dans un essai
clinique randomisé les patients sont aléatoirement assignés a un des deux bras.
Les proportions observées dans chacun des deux bras sont statistiquement
comparées pour évaluer I'effet du traitement expérimental.

- Du plan expérimental

o Essai fixe : un nombre de sujets nécessaires est calculé avant la mise en place
de I'essai, ce nombre correspond au nombre de patients qu’il faut inclure pour
avoir la puissance statistique suffisante pour montrer une différence attendue
entre les deux bras sur le critere de jugement principal. Les inclusions sont
arrétées lorsque ce nombre est atteint. Si I'essai est arrété avant la fin des
inclusions, par exemple dans la situation ol le nombre de cas de la maladie
diminue trop fortement conduisant a une incapacité a inclure de nouveaux
patients dans I'essai, alors le résultat sera potentiellement non-significatif sur

le critére de jugement principal di a un manque de puissance statistique.
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o Essai séquentiel par groupes (cf. Figure 2.A.) : des analyses intermédiaires

durant les inclusions sont programmées en amont. Des regles d’arrét précoce
pour futilité ou efficacité sont également définies a I'avance. Ainsi, I'essai peut
étre arrété suite aux résultats d’une de ces analyses intermédiaires. Etant
donné que la méthodologie de ces analyses intermédiaires et que les régles
d’arrét sont définies en amont du début des inclusions, ces éléments sont pris
en compte lors des différentes analyses afin de maintenir la puissance globale,
de prendre en compte la multiplicité des tests statistiques et d’éviter une
inflation de I'erreur de type | globale.

Essai multi-bras multi-étapes (cf. Figure 2.B.): plusieurs traitements
expérimentaux sont comparés a un bras controle. Des analyses intermédiaires
et des régles d’arrét précoce sont également définies en amont. Chaque
traitement expérimental peut étre arrété au cours de I'étude (pour efficacité
ou futilité démontrée lors d’une analyse intermédiaire) et de nouveaux

traitements expérimentaux peuvent également étre ajoutés en cours d’essai.
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Figure 2 Schéma pour : A. un essai séquentiel par groupe; B. un essai multi-bras multi-étapes
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1.3. Cas de la maladie a virus Ebola
Un certain nombre d’études a été conduit afin d’identifier des traitements efficaces contre la
maladie a virus Ebola. Plusieurs essais cliniques ont été menés durant I'importante épidémie
de 2013-2016 en Afrique de I'Ouest, ou trois antiviraux (favipiravir, brincidofovir, TKM-13083),
un cocktail d’anticorps monoclonaux (ZMapp), et des traitements par plasma de
convalescents ont été évalués [16—20]. La majorité de ces essais cliniques consistaient en des

essais simple-bras ou des essais non-randomisés. Ce fut le cas par exemple de I'essai clinique
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JIKI évaluant le traitement antiviral favipiravir en Guinée, dont la méthodologie a été assurée
par France Mentré et Cédric Laouénan au sein de notre laboratoire de recherche. Un design
séquentiel simple-bras avec comparateur historique a été choisi dii a la réticence des
professionnels de santé ainsi que des populations locales a accepter un essai randomisé ou le
patient ne recevrait potentiellement pas le traitement expérimental [17]. Sur les 111 patients
analysés, les résultats n‘ont pas permis de conclure a I'efficacité du favipiravir aux doses
administrées en termes de mortalité a 14 jours apres l'initiation du traitement. Cependant, il
a été démontré que les concentrations plasmatiques de favipiravir auxquelles ont été
exposées les patients étaient inférieures a celles initialement définies comme susceptibles
d’exercer une activité antivirale significative [21]. Il a donc été conclu que des doses plus

élevées de favipiravir devraient étre testées.

Tous les essais conduits durant cette épidémie ont débuté les inclusions apres le pic
épidémique. Ainsi le nombre de sujets nécessaires calculé avec une erreur de type | de 5% n’a
pas été atteint pour la plupart de ces essais, entrainant une incapacité a mettre en évidence
un potentiel effet du traitement. Notamment |’essai contrélé randomisé PREVAIL Il a identifié
un effet bénéfique du cocktail d’anticorps monoclonaux ZMapp mais non-significatif,
certainement d0 au manque de puissance statistique lié au fait que le nombre de sujets
nécessaires n’ait pas été atteint [16]. Plus récemment un essai multi-bras multi-étapes a été
mené en République Démocratique du Congo pour évaluer trois traitements expérimentaux
(remdesivir un traitement antiviral, Mab114 un anticorps monoclonal et REGN-EB3 un cocktail
d’anticorps monoclonaux) en comparaison avec le ZMapp [22]. lls ont ainsi pu conclure a
I'efficacité de deux traitements (MAb114 et REGN-EB3) en comparaison avec ZMapp en

termes de mortalité a 28 jours.

1.4. Challenges associés a la recherche clinique dans un contexte d’épidémie de FHV
Conduire un essai clinique durant une épidémie est associé a un certain nombre de challenges,
notamment lorsqu’il s’agit de maladies avec de forts taux de mortalité et peu d’options
thérapeutiques disponibles. Une autre complexité liée a la conduite d’un essai clinique lors
d’une épidémie de FHV concerne la durée de I'épidémie qui est difficile a prédire et qui peut
méme étre « trop courte » pour pouvoir mettre en place un essai et recruter le nombre de
patients nécessaires. En effet, un nombre de patients réduit aura un impact sur la puissance

statistique de I'essai et empéchera de démontrer un potentiel effet bénéfique du traitement.

21



Dans ce contexte, quel type d’essai clinique est-il le plus judicieux de conduire lors d’une

épidémie de FHV ?

Nous avons voulu répondre a cette question en évaluant plusieurs scénarios afin
d’aider les futurs chercheurs a choisir le design le plus adapté a leur situation. Nous avons ainsi
conduit une étude de simulation d’essais cliniques comparant plusieurs designs en
considérant plusieurs scénarios d’épidémie de FHV. Ce travail a été publié dans BMC Medical

Research Methodology (Annexe 1) [23].

Lors de la conception d’un essai clinique, le choix du design est important. Les
chercheurs doivent par exemple faire le choix parmi les designs suivants : un essai simple-bras
versus un essai double-bras ; un essai fixe avec un nombre de sujets nécessaires calculé au
moment de la conception de I'essai versus un essai séquentiel par groupes avec un nombre
de sujets final qui peut étre réduit durant I'essai en cas d’arrét précoce suite a une analyse
intermédiaire. Ainsi, nous avons décidé de comparer quatre designs d’essai clinique : un essai
fixe simple-bras, un essai séquentiel simple-bras, un essai fixe double-bras et enfin un essai
séquentiel par groupes double-bras. Nous avons considéré le décés a 14 jours comme critére

de jugement principal.

Concernant les scénarios, nous avons décomposé la chronologie générale d’une
épidémie en deux phases principales: avant et aprés le pic épidémique. Au début de
I’épidémie, des soins de support standards sont mis en ceuvre, ce qui peut permettre de
diminuer progressivement la mortalité liée a la maladie. Apres le pic épidémique, il est de plus
en plus difficile d’inclure des nouveaux patients dans I'essai d(i au nombre de cas qui diminue.

Ainsi, nous avons considéré trois scénarios (cf. Figure 3) :

- Le cas « standard » correspondant a une mise en place de I'essai au début de
I’épidémie, ou il est possible d’inclure le nombre de sujets nécessaires calculé
initialement et avec une mortalité fixe tout au long de I'épidémie ;

- Le cas « évoluant au cours du temps » (« changing with time » sur la Figure 3)
similaire au cas « standard » mais ou la mortalité diminue au cours de I'épidémie ;

- Le cas «arrét du recrutement » (« Ngrop » sur la Figure 3) correspondant a une
mise en place de I'essai apres le pic de I'épidémie et ol il n’est pas possible
d’inclure le nombre de sujets nécessaires calculé initialement. Nous avons
considéré trois arréts possibles (correspondants aux Ngrop) : au bout de 20, 50 et
100 patients inclus.
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Figure 3 Scénarios considérés au cours d'une épidémie pour I'étude de simulation — Source : Manchon et al. BMC Med Res
Methodol 2021 [23]
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Les résultats de cette étude montrent que la phase de I'épidémie durant laquelle est
mis en place I'essai clinique a un impact important sur le design qu’il est préférable de choisir.
Au début de I'épidémie, un essai séquentiel par groupes double-bras devrait étre préféré. En
effet, avant le pic de I'épidémie, le nombre de cas augmente permettant ainsi d’avoir un
nombre important de patients éligibles a I'inclusion et donc de pouvoir conduire un essai
contrélé randomisé méthodologiquement plus robuste. De plus, le c6té adaptatif d’un design
séquentiel par groupes rend possible un arrét précoce de I'essai si le traitement évalué est
jugé futile, délétere ou efficace lors d’une analyse intermédiaire. Par contre, apreés le pic de
I’épidémie, un essai fixe simple-bras devrait étre considéré car durant cette phase le nombre
de cas diminue. En effet, il est préférable d’atteindre le nombre de sujets nécessaires d’un
essai fixe simple-bras, que de conduire un essai méthodologiquement plus robuste mais
présentant un manque de puissance statistique d{ a une incapacité a inclure le nombre de
sujets nécessaires. Cependant, cela nécessite malgré tout un niveau de confiance important
concernant la proportion historique (chez des patients non inclus dans I'essai et n’ayant pas
recu le traitement expérimental) qui sera utilisée comme comparateur a la proportion
observée dans I'essai pour évaluer le traitement expérimental. Ce choix est notamment
discutable siI'on se trouve dans le cas « évoluant au cours du temps » ou la mortalité diminue
au cours de I'épidémie impliquant forcément pour un essai simple-bras que I’"hypothése faite

sur la proportion historique est incorrecte.
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1.5. Remise en question du seuil de significativité a 5%
Notre étude de simulation décrite en section 1.4 nous a permis de déterminer quel design
d’essai clinique il est préférable de mettre en place selon la situation épidémique dans laquelle
nous nous trouvons. Cependant, lorsque I'on doit faire face a ces situations ou le nombre de
cas est limité, ou les taux de mortalité sont tres élevés et pour lesquelles peu de traitements
sont disponibles, un autre point important a considérer est I'utilisation du seuil habituel de
significativité a 5%. En effet, la question se pose si dans ces cas-la utiliser une erreur de type |

de 5% dans nos essais cliniques est approprié, voire méme éthique.

En 2019, plus de 800 scientifiques ont signé une tribune dans le journal Nature
appelant a ne plus considérer la notion de « significativité statistique » [24]. Pour cause, il est
courant que les études publiées concluent a une absence d’association deés lors que les
résultats sont non-significatifs au seuil de 5%. Or, dans certains cas si I’on observe de plus prés
la taille d’effet du traitement et la p-valeur associée, les résultats ne sont pas aussi
catégoriques. Les auteurs nous conseillent ainsi d’accepter le fait qu’il y a de I'incertain dans
nos résultats. Ils nous invitent a ne pas prendre de décision catégorique a partir d’un seuil de
significativité qui peut ne pas étre adapté au cas dans lequel nous nous trouvons, mais plutot
a apprendre a mieux comprendre et interpréter nos estimations, voire méme de parler

d’intervalle de « compatibilité » plutét que d’intervalle de confiance.

On pourrait répondre que nous avons besoin de cette notion de seuil de significativité
statistique pour obtenir une réponse claire a une question posée. Dans la pratique, si I'on
prend I'exemple d’un dossier de soumission a une autorité de santé pour un nouveau
traitement, de nombreux autres éléments, que seulement un résultat significatif, sont pris en
compte pour prendre une décision finale. L’American Statistical Association (ASA) a également
publié un bilan clarifiant les principes sous-jacents a |'utilisation et I'interprétation correcte de
la p-valeur [25]. Une conclusion scientifique ne doit pas étre fondée seulement sur la
significativité d’'une p-valeur par rapport a un seuil spécifique. En effet, les chercheurs se
doivent d’inclure des facteurs contextuels, tels que le design de I'étude, la qualité de la
mesure, les éléments extérieurs et enfin la validité des hypothéses dans leur analyse et

conclusion.

Dans des essais cliniques évaluant le bénéfice-risque d’un traitement expérimental,
cette convention consistant a prendre une décision a partir d’un seuil de 5% ne prend pas en

compte les préférences des patients, c’est-a-dire leur propre arbitrage bénéfice-risque
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concernant le traitement, ni de I'impact de cette décision sur la santé publique. Ainsi, pour
pallier cette difficulté, plusieurs méthodes ont été proposées. Nous avons décidé de nous
intéresser a 'une de ces méthodes, la Bayesian Decision Analysis (BDA), qui permet de
prendre en compte ces éléments contextuels dans la conception méme d’un essai clinique

[26-28].

1.6. Bayesian Decision Analysis
Plusieurs études récentes ont exploré |'utilisation de la méthode de la BDA pour calculer des
valeurs optimales de tailles d’échantillon et de valeurs critiques du test a échantillon fixe pour
une maladie donnée [26-28]. Ces valeurs optimales sont calculées en prenant en compte le
fardeau de la maladie et les préférences des patients en termes de bénéfice-risque de recevoir
un traitement expérimental. Il est ainsi possible d’adapter la méthodologie au contexte de la

maladie lors de la conception d’un essai clinique.

La BDA est une méthode qui emprunte I'idée du principe de la statistique bayésienne
d’incorporer des informations a priori lors du design de I'essai clinique, tout en conservant
une analyse fréquentiste pour I'essai clinique en lui-méme. Cette méthode est fondée sur la
définition de « colts » associés a un essai clinique sous I'hypothése nulle H, et sous
I’hypothése alternative H;. Le terme de codt utilisé ici fait référence aux conséquences de
prendre une décision correcte ou incorrecte concernant le traitement évalué sur la santé des
patients inclus dans I’essai (représentés par n, la taille d’échantillon par bras dans I'essai) et
ceux qui pourraient bénéficier ou non du traitement dans le futur (représentés par N, la taille
de la population cible, c’est-a-dire le nombre de personnes atteintes par la maladie sur une
période de temps définie). Ces colts ne font donc pas référence a des codts financiers. Des a
priori sont ainsi attribués a I'hypothése nulle H, et a ’hypothese alternative H;, pour pouvoir

définir le co(t engagé par I'essai clinique.

La fonction de colit associée a un essai clinique peut étre décomposée en deux
groupes : les colts pendant I'essai et les colts post-essai. Les colts pendant I'essai sont
indépendants de la conclusion finale de I'essai et dépendent par contre du nombre de patients
inclus dans I'essai. Les colits post-essai dépendent essentiellement du résultat de I'essai et
sont supposés indépendants du nombre de patients inclus. Tous ces co(its prennent en
compte les effets indésirables du traitement et le fardeau de la maladie via notamment sa

prévalence, sa mortalité et les séquelles associées chez les survivants.
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Ces différents colts peuvent étre représentés via une matrice de colt bayésienne. Le
Tableau 1 rapporte la matrice pour un critere de jugement continu comme définie dans

I'article d’lsakov et al. [26].

Tableau 1 Matrice de codt bayésienne pour un critére de jugement continu (Bayesian Decision Analysis) - Source : Isakov et
al. ] Econom 2019 [26]

Co(ts post-essai Codts pendant
H = H, H=H, I'essai
(ne pas conclure a (conclure a I'efficacité
I’efficacité du du traitement)
traitement)
H=H, 0 Nc,q ncy
(traitement inefficace)
H = H, Nc, 0 nyNc,
(traitement efficace)

Notations : H, vraie hypothése sous-jacente ; H, conclusion & la fin de I'essai (rejet ou non de I’hypothése nulle)
H,, hypothése nulle pour un test a échantillon fixe correspondant a un traitement inefficace ; H,, hypothése
alternative pour un test a échantillon fixe correspondant a un traitement efficace ; N, taille de la population cible
, n, taille d’échantillon par bras dans I'essai ; c,, coit lié aux effets indésirables du traitement ; c,, codt lié au
fardeau de la maladie ; y, codt marginal lié a I'ajout d’un patient en plus dans chaque bras de I’essai.

A partir de cette matrice de co(t, le colt engagé par I'essai, pour un test a échantillon
fixe et un critére de jugement continu, peut étre défini par :

Ncl]l{znzln} + ncq, H = HO

C(H) ZTL) fXd(n: ATL)) = {NCZH{Zn<An} + nyNCz‘ H = Hl

- nest lataille d’échantillon par bras

- Z, est la statistique de test observée dans I'essai

- A, estlavaleur critique de la statistique de test

- fxd(n,A,) correspond a la comparaison de Z,, a 4,, pour un n donné

- 1 _j estlafonction indicatrice qui prend la valeur 1 si la condition entre accolades

est réalisée, O sinon.

Les valeurs optimales de taille d’échantillon et de valeur critique de la statistique du
test a échantillon fixe sont ensuite obtenues en minimisant la fonction de colt associée a

I’essai clinique :

(n*, A;,) = argmin C(fxd(n,1,)) soumisal — B < Powery, .
neN,A,eR

- n” est la taille d’échantillon optimale bar bras

- Ay estlavaleur critique optimale de la statistique de test
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- C(fxd(n,A,)) est défini par I'espérance du colt engagé par Iessai:
E[C(H, Zp, fxd(n, A,))]
- P estlerreur de typelll

- Powery,,, est la borne supérieure de la puissance.

Cette méthodologie a été développée pour des criteres de jugement continus ou
censurés. En 2019, un article a été publié décrivant la méthodologie pour un critére de
jugement continu qui a été ensuite appliquée aux 30 principales causes de mortalité
prématurée aux Etats-Unis en 2010 [26]. Le Tableau 2 présente les résultats de cette étude.
D’un c6té, sur des maladies tres séveres avec peu de traitements disponibles, tel que le cancer
du pancréas, on peut voir que I'erreur de type | calculée par BDA est de 23.9% (comparée au
seuil standard de 2.5% pour un test unilatéral). De I'autre c6té, pour des maladies moins
mortelles avec une prévalence élevée, tel que pour le diabéte, I'erreur de type | calculée par
BDA est de 1.3%. Ceci montre I'impact que peut avoir la prise en compte des éléments
contextuels des maladies dans le design de I'essai clinique. Cela a également un impact sur la
taille d’échantillon nécessaire pour montrer un potentiel effet bénéfique du traitement. En
effet, lorsque I'erreur de type | calculée par BDA est plus élevée que le seuil standard, alors la
taille d’échantillon nécessaire sera plus faible que celle calculée de fagon standard et

inversement si I’erreur de type | calculée par BDA est plus faible que le seuil standard.

Tableau 2 Nombre de sujets nécessaires, valeur critique, erreur de type | et puissance optimaux calculés par BDA pour un effet
du traitement attendu &, = 0/8 (ou o représente I'erreur standard dans chaque bras) - Source : Isakov et al. ] Econom 2019

[26]

YLL Prevalence Sampile Critical Power
Rank isease Mame [Thousands) Severity Size Value (%] (%)

1 lschiemic heart disaase B BO5.61 12 R 1.853 3.2 744
2 Lung cancer ZROHT 045 521 1.094 137 B22
3a Ischiemic stroke 3,932.33 15 TaT 1.735 40 756
3b Hemorrhagicjother non-ischemic stroke 049,33 .16 151 1723 4.2 758
4 Chronic obstructive pulmonary disease 3237211 0.06 D40 2,182 1.5 FLIA |
7 Daaheres 23,604 90 005 TR 2.226 1.3 i et
B Cirrhagis of the lver TR.3T 049 491 1.024 15.3 B2S
0 AlZheimers disease 5, 145.03 18 727 1.652 40 768
10 Coborectal cancer T49E.90 015 152 L.727 4.z 153
11a Mreumacoccal preamaonia Bd.14 .30 506 1.351 BE T
11 InMuenza 11503 020 679 1.584 5.7 764
11c H influenzae type B pneumaonia 2115 .26 55 1.378 B4 154
114 "'{“'\.Flilu'lllll’!l' -f.'|'||,':,l|i.:|| Viriis |’t-|'|¢|,||'|1|:-|'|i,1 14.90 0,07

13 Breast cancer 3.BE5.25 005 a51 2218 1.3 B4
[+ CHironic kil,ll'll_‘!ll disease 091902 0,04 81 2288 1.1 AR5
18 Pancrearic cancer 2167 071 384 0711 234 B45
20 Cardsomyopathy 41631 oy 729 1.677 a7 761
21 Hypenensive heart disease 185.26 0.27 633 1.420 T 8.7
2 Leukpmia 13975 021 &7 1.551 6.0 770
23 HIVAIDS 1,150.58 010 B30 1.926 27 733
24 Kidney cancers 3128.94 012 794 1.864 ER| 734
25 Non-Hodgkin lymphaoma 2294 13 .. 1792 37 744
7 Prostate cancer 3.700.70 005 057 2,258 1.2 G8.8
28 Brain and NeTVouUs system cancers 5976 0.30 585 1.339 9.0 788
30 Liwer cancer nzz 0.44 492 1.080 14.0 g1.1

Notation : YLL, Years of Life Lost due to premature death; a, erreur de type I.
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Dans un contexte différent, dans un article publié en 2022, les chercheurs de la méme
équipe se sont intéressés au traitement expérimental AMX0035 contre la sclérose latérale
amyotrophique (SLA) [27]. La SLA est une maladie neurodégénérative mortelle sans
traitement curatif disponible. Le traitement AMX0035 est composé de deux molécules, le
phénylbutyrate de sodium, qui est un inhibiteur de |’histone-désacétylase, et I'acide
tauroursodésoxycholique. La combinaison de ces deux molécules permettrait de réduire le
stress cellulaire et la mort des cellules nerveuses [29]. Or, une controverse est née autour du
traitement AMXO0035 suite a la publication de I'essai de phase Il (137 patients inclus : 89
patients dans le bras traitement et 48 patients dans le bras contrdle) présentant des résultats
positifs en termes de réduction du risque de progression de la maladie (avec une p-valeur
obtenue a 3%) [29]. Bien que les résultats de I'essai de phase Ill ne soient pas encore
disponibles, des associations de patients ont soumis, sans succés, une pétition avec plus de
50 000 signatures a la US Food and Drug Administration (FDA) demandant de rendre ce

traitement disponible.

Les auteurs ont ainsi décidé d’utiliser la BDA afin de déterminer I'erreur de type |
optimale permettant de faire un compromis entre le besoin de la FDA de limiter I'impact des
effets indésirables du traitement et le besoin des patients d’avoir acces a un traitement
potentiellement efficace. Ils ont appliqué la BDA a un critére de jugement censuré, des
paramétres liés a la chronologie de la recherche et au temps nécessaire a la FDA pour relire le
dossier et prendre une décision ont également été pris en compte en plus des parametres liés
au fardeau de la maladie. Le Tableau 3 rapporte les principaux résultats de leur analyse.
Plusieurs scénarios ont été considérés : une probabilité que I’hypothése nulle ne soit pas
rejetée p, variant entre 10% et 95%, un rapport « signal sur bruit » (i.e. rapport entre un effet
réel du traitement et les fluctuations aléatoires de I'effet du traitement) p variant entre 0.25
et 0.50, et un fardeau de la maladie mesuré soit en utilisant les YLD (Years lived with Disability)
soit les DALY (Disability-Adjusted Life Years). Ainsi pour py < 70% et p < 0.5, I'erreur de type
| optimale calculée par BDA est supérieure a 10%, soit plus élevée que la p-valeur de 3%
rapportée dans |'essai de phase Il. Ces résultats donnent un point de vue intéressant sur la
possibilité d’incorporer des éléments contextuels (ici une maladie mortelle sans traitement

curatif disponible) dans I’évaluation de I'effet thérapeutique de '’AMX0035.
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Tableau 3 Erreurs de type | optimales calculées par BDA en utilisant les données de I’essai de phase Il évaluant AMX0035 et
en prenant 89 patients dans le bras traitement et 48 patients dans le bras contréle — Source : Xu et al. Amyotroph Lateral Scler
Frontotemporal Degener 2022 [27]

o (%) " z' (%) Poweer (%)

Burden of DMsease Measure: YLLD
10 0.25 26.0 20.0
10 0.33 15.4 50.0
10 (.50 2.6 B0
30 0.25 20.0 0.0
30 0.33 15.4 B0.0
30 0.50 2.6 B0.0
50 0.25 26.3 T
50 .33 15.4 R0
50 (.50 2.6 S0
70 0.25 10.7 56.1
70 0.33 11.8 75.1
70 0.50 2.6 B0.0
05 0.25 0.3 2.0
95 0.33 1.0 327
o5 0.50 1.5 733

Burden of DMsease Measure: DALY
10 0.25 20.0 B0.0
10 0.33 15.4 0.0
10 0.50 2.6 30.0
30 0.25 20.0 20.0
30 0.33 15.4 50.0
30 (.50 2.6 80,0
50 0.25 20.0 =0
3l 033 15.4 BN
50 (.50 2.6 B0
70 0.25 20.0 B0.0
70 0.33 15.4 0.0
70 0.50 2.6 0.0
05 0.25 3.8 35.1
L] .53 5.6 B8
05 0.50 2.6 0.0

Notations : p,, probabilité que I’'hypothése nulle ne soit pas rejetée ; p rapport « signal sur bruit » ; a*, erreur de
type | optimale ; YLD, Years lived with Disability ; DALY, Disability-Adjusted Life Years.

A travers ces différents résultats, nous nous sommes demandés si nous ne pouvions
pas adapter cette méthode au cas des FHVs. |l serait ainsi possible de prendre en compte le
contexte des FHVs lors du design des essais cliniques afin de pouvoir pallier la difficulté de
trouver un traitement efficace pour des maladies mortelles dont la majorité n’a pas d’option

thérapeutique disponible.

1.7. Objectifs de la these
L'objectif des travaux de cette thése porte sur |'étude d’une nouvelle approche
méthodologique pour I'aide a la mise en place d’un essai clinique lors d’une épidémie de FHV.

En effet, du fait d’un seuil de significativité statistique a 5% conservateur, les nombres de
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sujets a inclure peuvent étre relativement élevés en comparaison du nombre de cas de la

maladie.

Dans une premiére partie nous avons réalisé une revue systématique de la littérature
afin de collecter les informations disponibles pour chaque FHV. Nous nous sommes
concentrés sur 18 FHVs et avons recueilli les données sur les épidémies, le nombre de cas, les

taux de mortalité, les traitements et les séquelles de chacune de ces FHVs.

Dans une seconde partie nous avons développé la méthodologie de la BDA afin de
pouvoir I'utiliser dans le contexte des FHVs. Pour cela, étant donné que la mortalité a un temps
donné est généralement le critére de jugement le plus utilisé pour les FHVs, nous avons adapté
la BDA a des essais cliniques avec un critére de jugement binaire. Nous avons ensuite illustré
cette méthode en utilisant le cas de la maladie a virus Ebola. Ce travail a été effectué en
collaboration avec I'équipe du professeur Andrew Lo, directeur du Laboratory of Financial
Engineering au MIT Sloan School of Management a Boston (Etats-Unis), qui est a I'origine des
différents travaux sur le développement et |'utilisation de la BDA dans la conception d’essais

cliniques [26-28].
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2. Nombres de cas, mortalité, traitements et séquelles des fieévres

hémorragiques virales

2.1. Résumé
Dans cette premiere partie, I'objectif est de proposer un état des lieux des informations
disponibles sur les FHVs en termes de nombre de cas, de mortalité, de traitements disponibles
et des séquelles. Le protocole de cette revue systématique a été publié dans le registre
prospectif international des revues systématiques PROSPERO (CRD42020167306 ; cf. Annexe
2) selon les recommandations PRISMA-P (Preferred Reporting Items for Systematic Review

and Meta-Analysis — Protocols) [30].

Les criteres PICOS (Participants, Intervention, Comparison, Outcomes and Study types)

suivants ont été utilisés:

- Participants : humains infectés par un agent pathogene d’'une FHV de la liste ci-
dessous définie a partir des FHVs disponibles sur le site du CDC (Centers for Disease
Control and Prevention) en décembre 2019 [31] :

o Fiévre hémorragique d’Alkhurma

o Fievre hémorragique argentine

o Fievre hémorragique bolivienne

o Fievre hémorragique du Chapare

o Fievre hémorragique de Crimée-Congo

o Maladie a virus Ebola

o Syndrome pulmonaire a hantavirus

o Fievre hémorragique avec syndrome rénal
o Fievre de Kyasanur

o Fievre de Lassa

o Fievre hémorragique virale due au virus Lujo
o Chorioméningite lymphocytaire

o Maladie a virus Marburg

o Fievre hémorragique d'Omsk

o Fievre de la vallée du Rift

o Fievre hémorragique brésilienne (due au virus de Sabia)
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o Méningoencéphalite a tiques (d’un variant hémorragique)
o Fievre hémorragique vénézuélienne.

- Interventions/Comparateurs : la revue ne se restreint a aucune intervention en
particulier.

- Criteres de jugement : toute référence rapportant des nombres de cas, des taux
de |étalité, des taux de mortalité associés ou non a des traitements d’'une FHV et
des informations sur les séquelles.

- Types d’étude : informations officielles venant de 'OMS, du CDC ou de sites de
santé nationaux; études transversales, de cohorte ou cas-contréle; rapports

descriptifs ; essais cliniques.

La revue a été divisée en deux parties. La premiere recherche a été conduite en
décembre 2019 sur les sites de 'OMS et du CDC et la seconde recherche était une revue
systématique de la littérature conduite en janvier 2020 sur les bases de données MEDLINE,
Embase and CENTRAL (Cochrane Central Register of Controlled Trials). Pour cette seconde
recherche, chaque publication a été revue par moi-méme et un autre chercheur de facon
indépendante, tout d’abord sur titres et abstracts puis sur articles complets en utilisant les
criteres PICOS définis précédemment. Les discordances ont été résolues par un troisieme

chercheur.

Pour la premiére recherche, 57 rapports de I'OMS et 96 rapports du CDC ont été
identifiés, pour un total de 141 rapports retenus dans notre revue systématique. Pour la
seconde recherche, 4461 publications ont été identifiées, pour un total de 126 publications
répondant aux criteres PICOS et retenues dans notre revue systématique. Le risque de biais
de chaque publications incluse a été analysé a travers I'outil RoB (Risk of Bias) décrit dans les
recommandations Cochrane (Cochrane Handbook for Systematic Reviews of Interventions)
pour les essais randomisés ; et le Newcastle-Ottawa Quality Assessment Form pour les autres

types d’étude [32,33].

La plupart des références (rapports et publications) ont été publiées apres 2010 et
concernaient essentiellement le continent africain. Parmi les 38 références rapportant des
résultats sur des traitements, 32% (n = 12) étaient des études rétrospectives, 26% (n = 10)
étaient des essais contrélés randomisés, 16% (n = 6) étaient des essais non-randomisés et les
26% restants (n=10) correspondaient a d’autres types d’études (études cas-controle, rapports

descriptifs...). La plupart des références portaient sur un nombre limité de FHVs, dont la

33



maladie a virus Ebola, la fievre hémorragique de Crimée-Congo ou encore le syndrome
pulmonaire a hantavirus. Nous avons identifié des références rapportant au moins une
épidémie de FHV dans 55 pays. La plupart de ces pays, essentiellement en Afrique,
rapportaient des épidémies de deux FHVs différentes. Les nombres de cas et taux de mortalité

varient grandement pour une méme FHV selon I'épidémie et le pays.

Nous avons donc identifié seulement 38 publications évaluant ['efficacité de
traitements sur la mortalité liée aux FHVs et cela ne concernait que 6 FHVs: la fievre
hémorragique argentine, la fievre hémorragique de Crimée-Congo, la maladie a virus Ebola, le
syndrome pulmonaire a hantavirus, la fievre hémorragique avec syndrome rénal et la fievre
de Lassa. De plus, une grande partie de ces publications ont été classées comme ayant un
risque important de biais. Peu d’essais controlés randomisés ont été identifiés impliquant un
manque de preuve robuste d’efficacité des traitements évalués. Cela souligne le besoin de

conduire des essais cliniques méthodologiquement robustes dans le contexte des FHVs.

Les résultats de cette revue systématique sur les nombres de cas, la mortalité et les
traitements de chaque FHV ont fait I'objet d’une publication dans PLOS Neglected Tropical
Diseases en octobre 2022. Les données sur les séquelles associées aux FHVs (non publiées)

sont présentées dans la section 2.3 de ce mémoire de these.

2.2. Article 1 publié dans PLOS Neglected Tropical Diseases
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Abstract

Background

Viral hemorrhagic fevers (VHFs) are a group of diseases, which can be endemo-epidemic in
some areas of the world. Most of them are characterized by outbreaks, which occur irregu-
larly and are hard to predict. Innovative medical countermeasures are to be evaluated but
due to the field specificities of emerging VHF, challenges arise when implementing clinical
studies. To assess the state of the art around VHFs, we conducted a systematic review for
all reports and clinical studies that included specific results on number of cases, mortality
and treatment of VHFs.

Methods

The search was conducted in January 2020 based on PRISMA guidelines (PROSPERO
CRD42020167306). We searched reports on the WHO and CDC websites, and publications
in three international databases (MEDLINE, Embase and CENTRAL). Following the study
selection process, qualitative and quantitative data were extracted from each included
study. A narrative synthesis approach by each VHF was used. Descriptive statistics were
conducted including world maps of cases number and case fatality rates (CFR); summary
tables by VHF, country, time period and treatment studies.

Results

We identified 141 WHO/CDC reports and 126 articles meeting the inclusion criteria. Most of
the studies were published after 2010 (n = 97 for WHO/CDC reports and n = 93 for publica-
tions) and reported number of cases and/or CFRs (n = 141 WHO/CDC reports and n = 88
publications). Results varied greatly depending on the outbreak or cluster and across coun-
tries within each VHF. A total of 90 studies focused on Ebola virus disease (EVD). EVD out-
breaks were reported in Africa, where Sierra Leone (14,124 cases; CFR = 28%) and Liberia
(10,678 cases; CFR = 45%) reported the highest cases numbers, mainly due to the 2014—
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2016 western Africa outbreak. Crimean-Congo hemorrhagic fever (CCHF) outbreaks were
reported from 31 studies in Africa, Asia and Europe, where Turkey reported the highest
cases number (6,538 cases; CFR = 5%) and Afghanistan the last outbreak in 2016/18 (293
cases; CFR =43%).

Regarding the 38 studies reporting results on treatments, most of them were non-ran-
domized studies (mainly retrospective or non-randomized comparative studies), and only
10 studies were randomized controlled trials. For several VHFs, no specific investigational
therapeutic option with strong proof of effectiveness on mortality was identified.

Conclusion

We observed that number of cases and CFR varied greatly across VHFs as well as across
countries within each VHF. The number of studies on VHF treatments was very limited with
very few randomized trials and no strong proof of effectiveness of treatment against most of
the VHFs. Therefore, there is a high need of methodologically strong clinical trials conducted
in the context of VHF.

Author summary

Viral hemorrhagic fevers are a group of febrile illnesses that constitutes a challenge to pub-
lic health. Viral hemorrhagic fevers are endemic in some areas of the world and are often
associated with high morbidity and mortality. Due to high mortality rates and outbreaks
that are irregular and hard to predict, difficulties arise when undertaking clinical studies
to assess new treatments against viral hemorrhagic fevers. To provide an extensive over-
view of viral hemorrhagic fevers, we conducted a systematic review to retrieve available
information on number of cases, mortality and treatments of viral hemorrhagic fevers.
We found that cases number and mortality varied greatly across outbreaks and across
countries within each viral hemorrhagic fever. The number of studies on viral hemor-
rhagic fever treatments was very limited with very few methodologically strong studies.
Moreover, for several viral hemorrhagic fevers we did not identify specific investigational
therapeutic option with strong proof of effectiveness on mortality. Therefore, there is a
high need to conduct methodologically strong studies to investigate treatments against
viral hemorrhagic fevers.

Introduction

Viral hemorrhagic fevers (VHFs) are a group of febrile illnesses caused by four families of
RNA viruses: arenaviridae, filoviridae, bunyaviridae and flaviviridae. [1] These highly infec-
tious viruses are mainly zoonotic; meaning they naturally exist in animal or insect populations.
[2] When a person encounter an infected animal or insect, the virus can spread through spill-
over into the human population, and subsequently is transmitted from person-to-person
through contact with blood or other body fluids. Whatever their capacity to drive paramount
hemorrhagic manifestations, many VHFs can cause severe, life-threatening disease. The agents
that are causative of VHF are often classified as Biosafety Level 4 (BSL-4) pathogens that
require special laboratory facilities with the highest level of safety measures. [2,3] VHFs are dis-
tributed worldwide and are often associated with high morbidity and mortality. Most of them
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are characterized by clusters or even outbreaks occurring irregularly and almost resulting from
spillover or more recently from human reservoirs constituted by immunologically preserved
sanctuaries where the virus may persist after recovery of conversant survivors.

Patient outcomes are highly associated with the timing of curative treatment with improved
outcomes when the specific or supportive therapy is started early. [4,5] Hence, VHF care
remains essentially supportive and some VHFs are treated only with basic medical care that is
not always reaching the optimized level of standards aimed to prevent or control the multi-sys-
temic disorders that account for bad outcome. [2,5,6] Available VHF drugs are limited and
clinical data on the efficacy of VHFs drugs is restricted. [4,5] New investigational treatments
need to be evaluated but due to the field specificities of emerging VHF, difficulties arise when
conducting clinical studies. Indeed, hard to predict outbreak duration leads to limited number
of recruited patients. Moreover high case fatality rate (CFR) leads to reluctance to use method-
ologically strong trial design such as randomized controlled trials as part of the patients will
not receive the potentially beneficial treatment. [7]

VHFs have recently caused various outbreaks around the world. To assess the state of the
art around VHFs, we systematically reviewed the World Health Organization (WHO) and
Centers for Disease Control (CDC) websites and published literature for all reports and clinical
studies that included specific results on number of cases, mortality and treatments of VHFs.
We decided to focus mostly on VHFs caused by a selection of arenaviridae, filoviridae, bunya-
viridae and flaviviridae and did not look at some other important VHF conditions such as the
severe dengue and yellow fever.

Methods

The systematic review was registered on the International prospective register of systematic
reviews (PROSPERO 2020 CRD 42020167306). The objective of the systematic review was to
review the case fatality rates, number of cases and treatment options of VHFs. The initial pro-
tocol also included the review of sequelaes, which will not be presented here.

Eligibility criteria
The PICOS (Participants, Intervention, Comparison, Outcomes and Study types) framework
was used to identify relevant data.

Participants. Humans infected with a pathogen causative of a VHF from the following
list: [8]

« Alkhurma hemorrhagic fever (AHF)

« Argentine hemorrhagic fever (ArHF)

« Bolivian hemorrhagic fever (BHF)

o Chapare hemorrhagic fever (CHF)

« Crimean-Congo hemorrhagic fever (CCHF)

« Ebola virus disease (EVD)

« Hantavirus pulmonary syndrome (HPS)

« Hemorrhagic fever with renal syndrome (HFRS)
« Kyasanur Forest disease (KFD)

« Lassa fever (LF)
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« Lujo hemorrhagic fever (LHF)

« Lymphocytic choriomeningitis (LCM)

« Marburg virus disease (MVD)

o Omsk hemorrhagic fever (OHF)

« Rift Valley fever (RVF)

« Sabia-associated hemorrhagic fever (SHF)

« Tick-borne encephalitis (from a hemorrhagic variant)
« Venezuelan hemorrhagic fever (VeHF)

Interventions/Comparisons. This review did not focus on any specific intervention.

Outcomes. Any studies reporting number of cases and/or CFR and/or mortality rates
associated with treatments of a VHF were included.

Study types. Official information from WHO/CDC and national health websites, cross-
sectional, cohort/case-control studies, descriptive reports and clinical trials were included.

Study language. Included studies were limited to studies published in English or French.
The following types of study were deemed ineligible; case reports, case series, systematic
reviews and meta-analyses.

Search strategy

The systematic review consisted in two parts. The first search was conducted in December
2019 on the WHO and CDC websites to identify the number of cases and deaths associated
with each disease by year and by country. The second search consisted in a systematic litera-
ture search of bibliographic databases based on the PRISMA guideline. Relevant studies were
identified by searching MEDLINE, Embase and the Cochrane Central Register of Controlled
Trials (CENTRAL) in the Cochrane Library. We searched the electronic databases until Janu-
ary 21%, 2020. Search terms were developed using a combination of MeSH/EMTREE terms
and free-text terms to capture the relevant populations, outcomes and study types (cf. S1 Fig in
Supplementary Material). Reference lists of included studies were not reviewed. Additional
hand searches were performed on national health websites.

Study selection

For the systematic literature search, after removing duplicates, two researchers (DB and GM)
independently evaluated all identified citations based on titles and/or abstracts. In case of dis-
agreement, a third researcher (CL) served as tiebreaker. Full-text publications of studies
included based on title and abstract were retrieved and reviewed by two researchers (DB and
ME) to assess eligibility based on the inclusion/exclusion criteria. A third researcher (CL)
served as a tiebreaker for any discordant decisions. Justification for study exclusion was
documented.

Data extraction

Information identified from the WHO and CDC websites were extracted for each disease by
period and by country. For the systematic literature search, following the study selection pro-
cess, qualitative and quantitative data were extracted from each of the included articles. Num-
bers were extracted as reported in each study. If the CFR was not reported in a study, the
number of cases and the number of deaths were used, if available, to estimate the missing CFR.
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Identification

Screening

Eligibility

Inclusion

Risk of bias assessment

Quality assessment was performed using the Newcastle-Ottawa Quality Assessment Form [9]
to evaluate cohort studies, and the Risk of Bias (RoB) tool described in the Cochrane Hand-
book for Systematic Reviews of Interventions [10] to evaluate randomized clinical trials.

Strategy for data synthesis

A narrative synthesis approach by disease was used for each outcome. Descriptive statistics
were conducted to describe the published articles and WHO/CDC reports. World map of the
total number of cases and CFR were produced and summary tables of the number of cases and
CFR by VHF, country and time period were also produced. Summary tables reporting the
characteristics and results of each study on VHF treatments were produced.

World maps were produced using R software version 3.6.0.

Results

A total of 57 reports were identified from the WHO website, and 96 reports from the CDC
website. After removing duplicates, 141 reports were extracted. After removing duplicates, 4
461 publications were identified from Medline, Embase, CENTRAL and through hand
searches. We excluded 4 153 publications based on the screening of titles and abstracts. A total
of 308 publications were included for full text review. Finally, 126 publications met the inclu-
sion criteria and were extracted. The selection process and the numbers at each stage are
shown in Fig 1. The exhaustive lists of included publications and WHO and CDC reports are
reported in S1 and S2 Tables in Supplementary Material.

Characteristics of included studies

The characteristics of the included studies are summarized in Table 1. Most of the studies were
published after 2010 (69%, n = 97 for WHO and CDC reports and 74%, n = 93 for publica-
tions) and were conducted mainly in Africa (57%, n = 81 for WHO and CDC reports and

WHO cases CDC cases B. Publications Publications Publications ~ Publications
reporting reporting identified identified from identified from identified through
n=57 n =96 from Medline Embase CENTRAL hand searches
n=3118 n=3,090 n=90 n=8

* Duplicate studies n = 1,845

X
Titles/Abstracts reviewed
after duplicates removed

n=4461

"+ Excluded studies n = 4,153

Full-text publications
reviewed

n =308 « Not population of interest n = 24

+ Non-humans n =1

» Not outcome of interest n = 55

* Not study type of interest n = 45

* Notlanguage of interestn = 3

* Duplicate study n = 1

Reports extracted Il » Not available n = 15

after duplicates +_Focus on sequelaes n = 38

removed
n=141

+ « Duplicate studies n = 12
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Fig 1. Study selection flow diagram: A. For the WHO and CDC websites search; B. For the systematic literature search.

https://doi.org/10.1371/journal.pntd.0010889.g001
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48%, n = 60 for publications). The majority of studies reporting number of cases and/or CFR
were descriptive reports (100%, n = 141 for WHO and CDC reports and 90%, n = 79 for publi-
cations) followed by retrospective studies (10%, n = 9 for publications). Regarding studies
reporting results on treatments, 32% (n = 12) of them were retrospective studies, followed by
26% (n = 10) of randomized controlled trial and 16% (n = 6) of non-randomized comparative
studies. Most of WHO and CDC reports focused on EVD (33%, n = 47), followed by HPS
(18%, n = 26), LF (17%, n = 24) and RVF (16%, n = 23). In terms of publications, most of them
focused also on EVD (33%, n = 43), followed by CCHF (21%, n = 27), HFRS (14%, n = 18) and
HPS (10%, n = 13). No relevant data were identified for KFD, LCM and tick-borne encephali-
tis (from a hemorrhagic variant).

Risk of bias of included studies

On the 38 studies reporting results on treatments, 10 were randomized trials and 28 were non-
randomized. Regarding the randomized comparative studies, only two were classified as hav-
ing a “low risk of bias”, both published after 2010, and the other eight studies were classified as
having “some concerns” (cf. S3 Table). Regarding the non-randomized studies, 13 were classi-
fied as “poor quality”, 5 as “fair quality” and 10 as “good quality” (cf. S4 Table). On those 28
non-randomized studies, 6 were published before 2010 and 67% of them (n = 4/6) were classi-
fied as “poor quality”, compared with 41% (n = 9/22) for those published after 2010.

The 88 studies reporting number of cases and CFR were evaluated using the Newcastle-
Ottawa Quality Assessment Form: 59 were classified as “poor quality” and 29 as “fair quality”
(cf. S5 Table). On these 88 studies, 31 were published before 2010 and a similar proportion
than those published after 2010 were classified as “poor quality” (65%, n = 20/31, for studies
before 2010, compared with 68%, n = 45/66, for studies published after 2010).

Number of cases and CFR

The worldwide distribution of VHFs by country is reported in Fig 2. We identified studies
reporting outbreaks of at least one VHF across 55 countries. We found studies on 4 different
VHFs in South Africa: CCHF, RVF, MVD and LHF. Based on identified studies, a total of 16
countries were associated with 2 VHFs, mainly in Africa with 9 countries, followed by America
with 3 countries and Asia and Europe with 2 countries each. More detailed results are reported
below for the VHFs with at least 5 studies. They are presented by alphabetical order.

Crimean-Congo hemorrhagic fever (CCHF)

The distribution of CCHF cases and CRFs are reported in Fig 3. Cases were reported in Africa,
Asia and Europe in the following countries: Afghanistan, Bulgaria, Georgia, Iran, Iraq,
Kazakhstan, Kosovo, Mauritania, Oman, Pakistan, South Africa, Tajikistan, Turkey and
Uzbekistan. The first documented cases were reported in 1948-1969 in Kazakhstan (89 cases,
CFR = 25%). At the date of the review, the country with the highest reported number of cases
was Turkey with a total of 6,538 cases (CFR = 5%) and the last documented cases reported in
2016-2018 in Afghanistan (293 cases, CFR = 43%). More details by country and period are
reported in S6 Table.

Ebola virus disease (EVD)

The distribution of EVD cases and CRFs are reported in Fig 4. Outbreaks were reported in
sub-saharan Africa in the following countries: Democratic Republic of the Congo, Gabon,
Republic of Guinea, Liberia, Mali, Nigeria, Sierra Leone, Sudan and Uganda. The first reported
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Table 1. Characteristics of included studies.

WHO/CDC reports Publications
(N =141) (N =126)
Year of publication
Before 2000 23 (16%) 13 (10%)
Between 2000 and 2010 21 (15%) 20 (16%)
After 2010 97 (69%) 93 (74%)
Region of interest
Africa 81 (57%) 60 (48%)
America 33(23%) 18 (14%)
Asia 11 (8%) 40 (32%)
Asia and Europe - 1(1%)
Europe 16 (11%) 6 (5%)
Worldwide - 1(1%)
Study type
Studies reporting number of cases and/or CFR N =141 N =88
Descriptive report 141 (100%) 79 (90%)
Retrospective study - 9 (10%)
Studies reporting results on treatments N =38
Case-Control Study - 2 (5%)
Descriptive report - 3 (8%)
Non-randomized comparative study - 6 (16%)
Prospective and retrospective study E 1 (3%)
Randomized Controlled trial - 10 (26%)
Retrospective study - 12 (32%)
Single-arm trial - 4(10%)
Disease of interest (alphabetical order)
Alkhurma hemorrhagic fever (AHF) 1(1%) 2 (2%)
Argentine hemorrhagic fever (ArHF) 0 (0%) 3(2%)
Bolivian hemorrhagic fever (BHF) 0(0%) 1(1%)
Chapare hemorrhagic fever (CHF) 2 (1%) 0(0%)
Crimean-Congo hemorrhagic fever (CCHF) 4 (3%) 27 (21%)
Ebola Virus Disease (EVD) 47 (33%) 43 (33%)
Hantavirus Pulmonary Syndrome (HPS) 26 (18%) 13 (10%)
Hemorrhagic fever with renal syndrome (HFRS) 0(0%) 18 (14%)
Kyasanur Forest Disease (KFD) 0(0%) 0 (0%)
Lassa fever (LF) 24 (17%) 7 (5%)
Lujo hemorrhagic fever (LHF) 1(1%) 1(1%)
Lymphocytic choriomeningitis (LCM) 0(0%) 0 (0%)
Marburg virus disease (MVD) 13 (9%) 1(1%)
Omsk hemorrhagic fever (OHF) 0 (0%) 1(1%)
Rift Valley fever (RVF) 23 (16%) 9 (7%)
Sabia-associated hemorrhagic fever/Sabia hemorrhagic fever 0(0%) 1(1%)
(SHF)
Tick-borne Encephalitis (from a hemorrhagic variant) (TBE) 0(0%) 0(0%)
Venezuelan hemorrhagic fever (VeHF) 0 (0%) 2 (2%)
https://doi.org/10.1371/journal.pntd.0010889.t001
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No.ofVHF.0.1.2.4

Fig 2. Worldwide distribution of VHF. The color denotes the number of VHF with at least one outbreak reported by country and the acronyms denote the
names of the VHFs. Note: AHF, Alkhurma hemorrhagic fever; ArHF, Argentine hemorrhagic fever; BHF, Bolivian hemorrhagic fever; CHF, Chapare
hemorrhagic fever; CCHF, Crimean-Congo hemorrhagic fever; EVD, Ebola Virus Disease; HPS, Hantavirus Pulmonary Syndrome; HFRS, Hemorrhagic fever
with renal syndrome; LF, Lassa fever; LHF, Lujo hemorrhagic fever; MVD, Marburg virus disease; OHF, Omsk hemorrhagic fever; RVF, Rift Valley fever; SHF,
Sabia hemorrhagic fever; VeHF, Venezuelan hemorrhagic fever. Maps were generated with the ‘maps’ R package using data from the Natural Earth Project (the
1:50m resolution version).

https://doi.org/10.1371/journal.pntd.0010889.g002

outbreak took place in 1976 in the Democratic Republic of the Congo (318 cases, CFR = 88%)
and Sudan (284 cases, CFR = 53%). At the date of the review, the countries with the highest
reported number of cases were Sierra Leone with a total of 14,124 cases (CFR = 28%) and Libe-
ria with 10,678 cases (CFR = 45%), due to the 2014-2016 western Africa outbreak.

The reported CFRs since 2010 varied greatly across countries (cf. S7 Table). In total, 28% in
Sierra Leone in 2014-2016 (14,124 cases), 40% in Nigeria in 2014 (20 cases), 41% in Uganda in
2012 (17 cases), 45% in Liberia (10,678 cases), 66% in the Democratic Republic of the Congo in
2018 (3,470 cases), 67% in Guinea in 2014-2016 (3,811 cases) and 75% in Mali in 2014 (8 cases).

Hantavirus pulmonary syndrome (HPS)

The distribution of HPS cases and CRFs are reported in Fig 5. Cases were reported in America
in the following countries: Argentina, Brazil, Chile, Panama, Paraguay and USA. The first doc-
umented cases were reported in 1993 in the USA (48 cases, CFR = 56%) and Brazil (884 cases
from 1993 to 2006, CFR = 39%). At the date of the review, the countries with the highest docu-
mented number of cases were Brazil with 2,370 cases (CFR = 39%) and the last documented
cases were reported in 2018 in USA (3 cases, CFR = 67%). More details by country and period
are reported in S8 Table.
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Fig 3. Distribution of number of cases and CFR of Crimean-Congo hemorrhagic fever. The size of the bubble is proportional with the number of cases

reported and the color denotes the level of CFR by country. Note: Maps were generated with the ‘maps’ R package using data from the Natural Earth Project
(the 1:50m resolution version).

https://doi.org/10.1371/journal.pntd.0010889.9003
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Fig 4. Distribution of number of cases and CFR of Ebola Virus Disease. The size of the bubble is proportional with the number of cases reported and the

color denotes the level of CFR by country. Note: Maps were generated with the ‘maps’ R package using data from the Natural Earth Project (the 1:50m
resolution version).

https://doi.org/10.1371/journal.pntd.0010889.9004
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Fig 5. Distribution of number of cases and CFR of Hantavirus Pulmonary Syndrome. The size of the bubble is proportional with the number of cases
reported and the color denotes the level of CFR by country. Note: Maps were generated with the ‘maps’ R package using data from the Natural Earth Project (the
1:50m resolution version).

https://doi.org/10.1371/journal.pntd.0010889.g005

Hemorrhagic fever with renal syndrome (HFRS)

HERS cases were reported in Asia and Europe in the following countries: China, Croatia, Finland,
Belgium, France, Germany, Netherlands, Luxembourg, South Korea, Montenegro and Russia.
The first documented cases were reported in 1931-1941 in China (10,000 cases, CFR = 30%). At
the date of the review, the country with the highest reported number of cases was China with
1,306,812 cases (CFR = 3%) and the last documented cases reported in 2000-2017 in Russia
(131,590 cases, CFR = 0.4%). More details by country and period are reported in S9 Table.

Lassa fever (LF)

The distribution of LF cases and CRFs are reported in Fig 6. Cases were reported in western
Africa in the following countries: Benin, Liberia, Nigeria, Sierra Leone and Guinea. We identi-
fied a study which reported the first outbreak in 1996-1999 in Guinea (22 cases, CFR = 18%).
At the date of the review, the country with the highest reported number of cases was Nigeria
with 2,287 cases (CFR = 23%) and the last documented cases reported in 2019 in South-West
Nigeria (554 cases, CFR = 22%). More details by country and period are reported in S10 Table.

Marburg virus disease (MVD)

MVD cases were reported in Africa and Europe in the following countries: Angola, Demo-
cratic Republic of the Congo, Germany, ex-Yugoslavia, South Africa, Kenya and Uganda. The
first documented cases were reported in 1967 in Germany (29 cases, CFR = 24%) and ex-
Yugoslavia (2 cases, CFR = 0%) and relied to lab.-accidental transmission in settings that were
used to import monkeys from Central Africa. At the date of the review, the country with the
highest reported number of cases was Angola with 374 cases (CFR = 88%) and the last
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Fig 6. Distribution of number of cases and CFR of Lassa fever. The size of the bubble is proportional with the number of cases reported and the color
denotes the level of CFR by country. Note: Maps were generated with the ‘maps’ R package using data from the Natural Earth Project (the 1:50m resolution
version).

https://doi.org/10.1371/journal.pntd.0010889.9g006

documented cases reported in 2017 in Uganda (2 cases, CFR = 100%). More details by country
and period are reported in S11 Table.

Rift Valley fever (RVF)

The distribution of RVF cases and CRFs are reported in Fig 7. Cases were reported in Africa
and Asia in the following countries: Egypt, Kenya, Madagascar, Mauritania, Mayotte
(France), Mozambique, Niger, Saudi Arabia, Somalia, South Africa, Sudan, Tanzania and
Yemen. The first documented cases were reported in 1977-1978 in Egypt (18,000 cases,

CFR = 3%). At the date of the review, the country with the highest documented number of
cases was Egypt with 18,148 cases (CFR = 3%) and the last documented cases reported in
2018-2019 in Mayotte (129 cases, CFR not reported). More details by country and period are
reported in S12 Table.

Other VHFs

The remaining VHFs reported cases in one country each: Saudi Arabia for AHF (335 cases,
CFR = 2%), Argentina for ArHF (981 cases, CFR not reported), Bolivia for BHF (690 cases,
CFR = 23%), South Africa for LHF (5 cases, CFR = 80%), Russia for OHF (1144 cases,

CFR = 14%), Brazil for SHF (4 cases, CFR = 2%) and Venezuela for VeHF (728 cases,

CEFR = 23%). More details by VHF and period are reported in S13 Table.

VHFs treatments

Publications evaluating the efficacy of specific treatments on mortality were identified for
Argentine hemorrhagic fever, Crimean-Congo hemorrhagic fever, Ebola Virus Disease, Han-
tavirus Pulmonary Syndrome, Hemorrhagic fever with renal syndrome and Lassa fever (cf.
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Fig 7. Distribution of number of cases and CFR of Rift Valley Fever. The size of the bubble is proportional with the number of cases reported and the color
denotes the level of CFR by country. Note: Maps were generated with the ‘maps’ R package using data from the Natural Earth Project (the 1:50m resolution
version).
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Tables 2 and 3). More details on each investigational treatment are reported in S14 Table.
Detailed results are reported below for the VHFs with at least one study. They are presented by
alphabetical order.

Argentine hemorrhagic fever (ArHF)

One study on treatment was identified for ArHF: a randomized controlled trial published in
1979 assessing intravenous immune plasma obtained from convalescent donors.[11] This trial
showed a significantly decrease in mortality when immune plasma is given before the ninth
day of the disease (CFR = 1.1%) compared with normal plasma obtained from donors without
a history of ArHF (CFR = 16.5%).

Crimean-Congo hemorrhagic fever (CCHF)

Nine studies on treatments were identified for CCHF: two randomized controlled trials, two
non-randomized comparative studies, two case-control studies, two retrospective and/or pro-
spective studies and one descriptive report. Most of the trials assessed oral or intravenous riba-
virin, one trial assessed ribavirin +/- corticosteroids and one trial assessed immune globulins
+ ribavirin. Ribavirin was associated with inconsistent results across studies.

Two studies reported significant results of ribavirin and ribavirin +/- corticosteroids on
mortality. However, those two studies had a relatively weak design (a non-randomized com-
parative study [19] and a prospective and retrospective study [13]). In the randomized trial
comparing ribavirin versus standard therapy alone [18], ribavirin was associated with no positive
effect on mortality (CFR = 6.3% versus 5.6%). The other randomized trial was a small study (40
patients, [20]) assessing polyvalent immune globulins + ribavirin which showed with no positive
effect of the treatment on mortality compared with ribavirin alone (CFR = 25% versus 11%).
Therefore, no strong proof of effectiveness of specific treatment against CCHF was identified.
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Table 2. Characteristics of included studies reporting results on treatments by VHF.

Study Study design Randomisation | Blinding | Country Treatment Comparator
Argentine hemorrhagic fever
Maiztegui 1979 | Randomized Yes Double- | Argentina Immune plasma Normal plasma obtained from donors without
[11] Controlled trial blind a history of AHF who were residents of
Buenos Aires, a city located outside the
endemic area of the disease.
Crimean-Congo hemorrhagic fever
Elaldi 2009 [12] | Non-randomized | No NA Turkey Ribavirin + Supportive Supportive therapy (patients who were
comparative therapy diagnosed in 2003)
study
Dokuzoguz Prospectiveand | No NA Turkey Ribavirin +/- Corticosteroid | No ribavirin +/- corticosteroid
2013 [13] retrospective
study
Cevik 2008 [14] | Descriptive No NA Turkey Ribavirin + Supportive Supportive therapy
report therapy
Yilmaz 2016 Retrospective No NA Turkey and Iran | Ribavirin + Supportive Supportive therapy
[15] study therapy
Izadi 2009 [16] | Case-Control No NA Iran Ribavirin + Supportive NR
Study therapy
Tulek 2012 [17] | Case-Control No NA Turkey Ribavirin + Supportive Supportive therapy (patients with CCHF of
Study therapy the other infectious diseases department in
the same hospital)
Koksal 2010 Randomized Yes NR Turkey Ribavirin + Supportive Supportive therapy
[18] Controlled trial therapy
Mardani 2003 Non-randomized  No NA Iran Ribavirin No ribavirin (historical controls)
[19] comparative
study
Salehi 2013 [20] | Randomized Yes Single- Iran Immune globulins (IGIV) Ribavirin + Supportive therapy
Controlled trial blind + ribavirin + Supportive
therapy
Ebola Virus Disease
Aluisio 2019 Retrospective No NA Liberia and Intravenous fluid (IVF) NR
[21] study Sierra Leone + Supportive therapy
Aluisio 2019 Retrospective No NA Liberia and Vitamin A supplementation | Supportive therapy
[22]; Aluisio study Sierra Leone + Supportive therapy
2019 [23)
Aluisio 2020 Retrospective No NA Liberia and Cephalosporin + Supportive | Supportive therapy
[24] study Sierra Leone therapy
Bai 2016 [25] Retrospective No NA Sierra Leone Favipiravir + Supportive Supportive therapy
study therapy
Sissoko 2016 Single-arm trial | No NA Guinea Favipiravir + Supportive Historical data (540 patients hospitalized
[26] therapy between 15 September and 15 December
2014, the 3 months preceding the start of the
JIKI study)
Yam 2020 [27] | Retrospective No NA Sierra Leone and | Multivitamin Supportive therapy
study Liberia supplementation
+ Supportive therapy
Dunning 2016 | Single-arm trial | No NA Liberia Brincidofovir + Supportive NR
[28] therapy
Gignoux 2015 Retrospective No NA Liberia « Artemether-Lumefantrine | Supportive therapy
[29] study + Supportive therapy
« Artesunate-Amodiaquine
+ Supportive therapy
Garbern 2019 Retrospective No NA Liberia and Artesunate-amodiaquine Supportive therapy
[30] study Sierra Leone (ASAQ) + Supportive therapy

(Continued)
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Table 2. (Continued)

Study Study design Randomisation |Blinding |Country Treatment Comparator
Dunning 2016 | Single-arm trial No NA Sierra Leone TKM-130803 + Supportive NR
[31] therapy
Sahr 2017 [32] | Non-randomized | No NA Sierra Leone Convalescent whole blood Supportive therapy
comparative (CWB) + Supportive therapy
study
Konde 2017 [33] | Single-arm trial | NA NA Guinea IFN-beta 1a + Supportive Supportive therapy (Historical cohort). The
therapy historical control patients were admitted to
the Coyah ETU during the same time period
as the IFN beta-1a patients with RT-PCR
confirmed blood EBOV. Also included 17
patients who matched the IFN treated patients
for eligibility criteria based on <6 days from
symptom onset, age, under care in a Guinean
treatment centre, who were better matched
for baseline CT values.
Sadek 1999 [34] | Descriptive NA NA Democratic ‘Whole blood transfusion NA
report Republic of the | from convalescent patients
Congo + Supportive therapy
Van Griensven | Non-randomized | No NA Guinea Transfusion of convalescent | Supportive therapy: Patients who had been
2016 [35] comparative plasma + Supportive therapy | admitted to the ETU during the preparatory
study period of the study while the system for
apheresis and pathogen reduction was being
set up and those for whom ABO compatible
convalescent plasma was not available during
the study. At the start of recruitment, there
was a sufficient amount of convalescent
plasma available to treat all the patients, so a
protocol amendment was approved for the
control group to consist of patients who were
treated at the same ETU before the initiation
of the trial.
Davey 2016 [36] | Randomized Yes No Liberia, Sierra ZMapp + Supportive therapy | Supportive therapy
Controlled trial Leone, Guinea
and USA
Mulangu 2019 | Randomized Yes NA Democratic «Remdesivir + Supportive ZMapp (intravenous 50mg per kilogram of
[37] Controlled trial Republic of the | therapy body weight every third day beginning on day
Congo «Mab114 + Supportive 1 for a total of 3 doses) + Supportive therapy
therapy
«REGN-EB3 + Supportive
therapy
Kerber 2019 Retrospective NA NA Guinea Favipiravir + Supportive Supportive therapy
[38] study therapy
Hantavirus Pulmonary Syndrome
Chapman 1999 | Non-randomized | No Open- United States Ribavirin No ribavirin (contemporaneous patients)
[39] comparative label
study
Mertz 2004 [40] | Randomized Yes Double- | USA and Ribavirin Placebo
Controlled trial blind Canada
Vial 2013 [41] Randomized Yes Double- | Chile Methylprednisolone Placebo
Controlled trial blind
Wernly 2011 Retrospective NA NA USA Extracorporeal membrane Patients intubated when they became hypoxic
[42] study oxygenation (ECMO) and placed on ECMO when they became
support hemodynamically unstable
Vial 2015 [43] Non-randomized @ No NA Chile Immune plasma infusion No immune plasma infusion
comparative
study
Hemorrhagic fever with renal syndrome
(Continued)
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Table 2. (Continued)

Study Study design Randomisation | Blinding | Country | Treatment Comparator
Gui 1987 [44] Randomized Single- China Recombinant interferon a-2 | Placebo + Supportive therapy
Controlled trial blind + Supportive therapy
Du 2013 [45] Retrospective NA China Renal Replacement Therapy | No RRT
study (RRT)
Huggins 1991 Randomized Double- | China Ribavirin Placebo
[46] Controlled trial blind
Lassa fever
Ilori 2019 [47] | Descriptive NA Nigeria Ribavirin + Supportive Supportive therapy
report therapy
McCormick Randomized No Sierra Leone PHASE 1: No therapy VS No therapy
1986 [48] Controlled trial Oral Ribavirin VS Lassa
convalescent plasma
PHASE 2: intravenous
ribavirin +/- lassa plasma

NA, Not applicable; NR, Not reported

https://doi.org/10.1371/journal.pntd.0010889.t002

Ebola virus disease (EVD)

Seventeen studies on treatments were identified for EVD: two randomized controlled trials,
two non-randomized comparative studies, four single-arm trials, eight retrospective studies
and one descriptive report. Among these studies, four reported positive results on mortality.
The two first studies showed that early vitamin A supplementation or IFN-beta 1a therapy
may be associated with reduced mortality compared with no vitamin A supplementation or
historical control (Relative risk reduction of mortality with vitamin A supplementation within
48h = 0.77 [0.59 to 0.99]; 21-day survival based on Kaplan Meier for IFN-beta 1a therapy ver-
sus historical control: 67% versus 19%). However, those results are to be taken with caution
based on the weak design of the studies (retrospective study [22,23] and single-arm trial [33]).

The third study was a retrospective study assessing favipiravir [25] and reported that the
treatment was associated with prolonged survival compared with standard therapy alone
(CFR = 44% versus 65%). However, this result was challenged by another retrospective study
(adjusted odds ratio = 0.48 [0.20 to 1.01]) [38] and a single-arm trial (CFR = 54% versus 55%),
[26] which reported no significant results of favipiravir on mortality.

The last positive study was a randomized controlled trial assessing three treatments, the
antiviral remdesivir, and the antibody-based therapies Mab114 and REGN-EB3 against
ZMapp. [37] The study showed that both MAb114 and REGN-EB3 were superior to ZMapp
(difference between MAb114 and ZMapp = -14.6% [-27.2 to -1.7]; difference between
REGN-EB3 and ZMapp = -17.8% [-28.9 to -2.9]; in reducing mortality from EVD (with strin-
gent findings among patients presenting with high levels of viral load).

Hantavirus pulmonary syndrome (HPS)

Five studies on treatments were identified for HPS: two randomized controlled trials, two
non-randomized comparative studies, and one retrospective study. Only two studies reported
weakly significant results. The first study was a retrospective study evaluating the impact on
survival of extracorporeal membrane oxygenation (ECMO) support in patients with HPS
refractory to medical treatment and the associated complications. [42] This study reported a
lower mortality in patients who had elective insertion of vascular sheaths and were almost con-
currently intubated and placed on ECMO when they decompensated (CFR = 20%) compared
with patients intubated when they became hypoxic and placed on ECMO when they became
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Table 3. Mortality results associated with VHFs treatments reported in the included studies.

Study Comparison Treatment Comparator | Time Treatment |Comparator |p-value |OQutcome Outcome | P-value
group-No. group-No. group— group— measure result
Mortality | Mortality
rate (%) rate (%)
Argentine hemorrhagic fever
Maiztegui Immune plasma VS 91 97 |NR 1.1 16.5| <0,01 | NR NR NR
1979 [11] normal plasma
Crimean-Congo hemorrhagic fever
Elaldi 2009 | Ribavirin VS no 126 92 | First 8 days 7.1 11.9| 0.283 | Hazard ratio | 10.33 NR
[12] ribavirin (1.65-
64.71)
After 8 days - - - Hazard ratio | 0.1 (0.01- | NR
(to 30 days) 8.80)
Dokuzoguz | Ribavirin +/- Ribavirin +/- 46 NR 7.7 10.9 | NR Adjusted 0.04 0.01
2013 [13] corticosteroids VS no | corticosteroids: odds ratio (0.004-
treatment 235 0.48)
Corticosteroids Corticosteroids 217 |NR 20.5 4.1 | NR Adjusted 0.22 0.092
+ Ribavirin VS no + Ribavirin: 44 odds ratio (0.039-
treatment 1.27)
Cevik 2008 | Ribavirin VS no 9 16 NR 55.5 43.7 0.571 | NR NR NR
[14] ribavirin
Yilmaz 2016 | Ribavirin VS no 198 345 | NR 7.6 84| 0733 NR NR NR
[15] ribavirin
Izadi 2009 | Patients receiving 39 24 | NR 359 83| NR Oddsratio | 6.2(1.3- 0.018
[16] ribavirin after onset of 30.3)
bleeding VS before
onset of bleeding or
had no bleeding at all
Patients receiving 25 38 NR 40.0 15.8 | NR Odds ratio 3.6(1.1- 0.031
ribavirin after the 4th 11.6)
day of disease onset VS
within the first 4 days
of disease onset
Tulek 2012 | Ribavirin VS no 91 152  NR 1.1 53 0.096 | NR NR NR
[17] ribavirin
Koksal 2010 | Ribavirin V§ 64 72 | NR 6.3 5.6 0.86 | NR NR NR
[18] supportive therapy
Mardani Ribavirin VS historical 69 12 NR 11.6 58.3 | NR Relative risk | 0.20 <0.001
2003 [19] control in confirmed | (0.09-
patients 0.45)
Salehi 2013 | Immune globulins 12 28 | Until one 25 11 0.24 | NR NR NR
[20] + ribavirin VS week after
ribavirin hospitalisation
Ebola Virus Disease
Aluisio 2019 | Intravenous fluid 70 354 | 28 days 58.7 55.1| 0.583 | NR NR NR
[21] (IVF)
Aluisio 2019 | Vitamin A 330 94 | During Ebola 55 719 | NR Relative risk | 0.77 0.041
[22]; Aluisio | supplementation VS Treatment reduction of | (0.59-
2019 [23] no vitamin A Unit care mortality 0.99)
supplementation with vitamin
A treatment
within 48 h
Aluisio 2020 | Cephalosporin VS no 360 64 | 48h 58.7 55.1 0.583 | NR NR NR
[24] treatment
Bai 2016 Favipiravir VS 39 85 | 60 days 43.6 64.7 0.027 | NR NR NR
[25] supportive care
(Continued)
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Table 3. (Continued)

Study Comparison Treatment Comparator | Time Treatment |Comparator | p-value Outcome Outcome | P-value
group-No. group-No. group— group— measure result
Mortality | Mortality
rate (%) rate (%)
Sissoko 2016 | Favipiravir VS 111  NA On-trial 54,05 55 | NR NR NR NR
[26] historical control
Yam 2020 Multivitamin 261 163 | 48h 53.6 63.8 | NR NR NR NR
[27] supplementation VS
no multivitamin
supplementation
Dunning Brincidofovir 4| NA 14 days 100 | NA NR NR NR NR
2016 (28]
Gignoux No Antimalarial Drug 194 63 | NR 64.4 65.1 | NR Unadjusted | 1.01 0.92
2015 [29] Prescription VS risk ratio (0.82-
Artemether- 1.25)
Lumefantrine
Artesunate- 71 194 | NR 50.7 64.4 | NR Unadjusted | 0.79 0.06
Amodiaquine V§ risk ratio (0.61-
Artemether- 1.01)
Lumefantrine
Garbern Artesunate- 22 402 | NR 45,5 72.7 | NR Risk of death | 0.63 0.086
2019 [30] amodiaquine VS no in the (0.37-
treatment matched 1.07)
cohort
Dunning TKM-130803 14 | 1820 14 days 79 55| NR NR NR NR
2016 [31] (individual-
level data
from patients
with PCR-
confirmed
Ebola
infection
from the
2014-2015
outbreak)
Sahr 2017 Convalescent whole 44 25| NR 27.9 44 | NR Odds ratio 2.3(0.8-
[32] blood VS routine care for survival | 6.5)
Konde 2017 | IFN-beta 1a VS 9 38 | 21 days 333 81 | NR 21-day 67% in 0.026
[33] historical control survival treated
based on patients
Kaplan VS 19%
Meier for the
control
Sadek 1999 | Whole blood 8 | NA NR 125 NR NR NR NR NR
[34] transfusion from
convalescent patients
Van Convalescent plasma 84 418 | 16 days 31 38 |NR Risk -7% (-18 | NR
Griensven VS no treatment difference to 4)
2016 [35]
Davey 2016 | ZMapp VS standard of 35 36 | 28 days 22 37 | NR Absolute -15% (-37 | NR
[36] care difference to7)
Mulangu «Remdesivir VS 175 169 | 28 days 53.1 49.7 | NR Difference | 3.4% (-7.2 | NR
2019 (37] ZMapp between to 14)
groups
«Mab114 VS ZMapp 174 169 | 28 days 35.1 49.7 | NR Difference -14.6% 0.007
between (-27.2to
groups -1.7)
(Continued)
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Table 3. (Continued)

Study Comparison Treatment Comparator | Time Treatment |Comparator |p-value |Qutcome Outcome | P-value
group-No. group-No, group— group— measure result
Mortality | Mortality
rate (%) rate (%)
«REGN-EB3 V§ 155 169 | 28 days 33.5 49.7 | NR Difference -17.8% 0.002
ZMapp between (-289to
groups -2.9)
Kerber 2019 | Favipiravir VS no 72 90 NR 42,5 57.8 | 0.053 | Adjusted 0.48 0.11
[38] treatment odds ratio (0.20-
1.01)
Hantavirus Pulmonary Syndrome
Chapman Ribavirin VS no 30 34 | 1 year 46.7 50 | NR NR NR NR
1999 [39] treatment
Mertz 2004 | Ribavirin VS placebo 10 13 | 28 days 20 15 1| NR NR NR
[40]
Vial 2013 Methylprednisolone 30 30 | 28 days 27 40 0.41 | Relative risk | 0.67 NR
[41] VS placebo (0.32-
1.39)
Wernly 2011 | Patients who had 25 26 | NR 20 46| 0.048 | NR NR NR
[42] elective insertion of
vascular sheaths and
were almost
concurrently intubated
and placed on ECMO
when they
decompensated VS
patients intubated
when they became
hypoxic and placed on
ECMO when they
became
hemodynamically
unstable.
Vial 2015 Immune plasma 29 199 | 30 days 14 32| 0.049 | Oddsratio |0.35 NR
[43] infusion VS no (0.12-
treatment 0.99)
Hemorrhagic fever with renal
syndrome
Gui 1987 Recombinant 25 25 | On-trial 16 16 | NS NR NR NR
[44] interferon ¢-2 VS§
placebo
Du 2013 RRT VS no RRT Total (both NA NR 34.3 70 0.031 | NR NR NR
[45] groups): 77
Huggins Ribavirin VS placebo 126 117 | On-trial 2.4 8.55 0.01 | NR NR NR
1991 [46]
Lassa fever
Ilori 2019 Ribavirin VS no 334 21 | During the 20.7 71.4 | <0.001 | NR NR NR
[47] treatment outbreak
McCormick | Group of AST 63 60 | NR 19 55 0.00003 | NR NR NR
1986 [48] level >150: 1V ribavirin
VS no therapy
Group of AST 14 60  NR 14 55 0.006 | NR NR NR
level >150: Oral
ribavirin VS no
therapy
Group of AST 28 60 NR 50 55 0.3 | NR NR NR
level >150: Plasma V$
no therapy

(Continued)
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Table 3. (Continued)

Study

Comparison

Treatment Comparator | Time
group-No.

Treatment | Comparator |p-value Outcome Outcome | P-value
group-No. group— group— measure result
Mortality | Mortality
rate (%) rate (%)

Group of patients with
virus level superior
10/3.6 TCID50/mL:
IV ribavirin VS no
therapy

31 46 | NR 32 76 1 0.00015 | NR NR NR

Group of patients with
virus level superior
10/3.6 TCID50/mL:
Oral ribavirin VS no
therapy

10 46 | NR 30 76| 0.008  NR NR NR

Group of patients with
virus level superior
10A3.6 TCID50/mL:
Plasma VS no therapy

21 46 | NR 57 76 0.12 | NR NR NR

Group of patients with
virus level inferior
1043.6 TCID50/mL:
IV ribavirin VS no
therapy

32 111 | NR 9 28 0.02 | NR NR NR

Group of patients with
virus level inferior
1073.6 TCID50/mL:
Oral ribavirin VS no
therapy

29 111 | NR 7 28 0.01 | NR NR NR

Group of patients with
virus level inferior
10A3.6 TCID50/mL:
Plasma VS no therapy

32 111 | NR 16 28 0.12 | NR NR NR

NA, Not applicable; NR, Not reported

https://doi.org/10.1371/journal.pntd.0010889.t003

hemodynamically unstable (CFR = 46%). The second study was a non-randomized compara-
tive study, which compared immune plasma infusion versus no treatment. [43] The study
reported a weakly significant decrease in mortality associated with immune plasma infusion
(Odds ratio = 0.35 [0.12 to 0.99]).

Therefore, no strong proof of effectiveness of treatment against HPS was identified.

Hemorrhagic fever with renal syndrome (HFRS)

Three studies on treatments were identified for HFRS: two randomized controlled trials and
one retrospective study. Only two studies reported positive results. The first study was a retro-
spective study comparing Renal Replacement Therapy (RRT) versus no RRT [45] and showed
that RRT is associated with a decrease in mortality (CFR = 34% versus 70%). However, those
results are to be taken with caution based on the weak design of the study. The second study
was a randomized controlled trial assessing ribavirin [46] and showed a significant reduction
in mortality among patients treated with ribavirin (CFR = 2% versus 9%).

Lassa fever (LF)

Two studies on treatments were identified for LF: a randomized controlled trial and a descrip-
tive report. The first study published in 1986 was a randomized controlled trial and evaluated
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ribavirin and convalescent plasma compared with no therapy in several subgroups [48]. The
study showed that ribavirin was associated with a significantly lower mortality than no therapy
(CFR = 21% versus 71%). Moreover, the second study which was a descriptive report pub-
lished in 2019, [47] also reported that ribavirin was associated with a decrease in mortality.

Discussion

To our knowledge, this is the first comprehensive systematic review to summarize all pub-
lished information available on worldwide cases numbers, mortality and treatments of a range
of VHFs, excluding severe dengue and yellow fever.

Only a few number VHF systematic reviews were previously published and focused on single
VHF, mainly EVD, CCHF and LF. Some meta-analyses were also conducted but often associ-
ated with heterogeneity issues. A previous meta-analysis on EVD found a pooled CFR of 60% in
Africa [49]. However, this result was associated with a very high level of heterogeneity. This is
consistent with our findings, which showed that CFR varied greatly across countries in out-
breaks since 2010 ranging from 28% (2014-2016 outbreak in Sierra Leone) to 75% (2014 in
Mali). In terms of specific treatments, a recent systematic review [50] focused mainly on the
randomized controlled trial assessing remdesivir, Mab114 and REGN-EB3 against ZMapp. [37]
The authors concluded as well that both MAb114 and REGN-EB3 were superior to ZMapp in
reducing mortality from EVD with differences depending on the viral load at baseline.

Regarding CCHF, we identified in our review no strong proof of effectiveness of treatment.
A previous meta-analysis on the efficacy of ribavirin in CCHF patients showed that ribavirin
decreased the mortality rate compared with patients not treated with ribavirin.[51] However,
this meta-analysis included an important number of low-quality studies such as case series.
Therefore, the results should be considered with caution. Regarding Lassa fever, a previous
meta-analysis on the efficacy of ribavirin showed that ribavirin was associated with lower risk
of death than patients not treated with ribavirin.[52] However, heterogeneity was identified
across studies and the results are mainly based on retrospective studies.

Our systematic reviews also has some limitations. One limitation of our review on the num-
ber of cases and CFR identified is that our findings are based on numbers registered on the
WHO and CDC websites or published numbers, which can underestimate the reality. We also
decided, when available, to prioritize laboratory confirmed cases numbers. Moreover, we
restricted our review of the grey literature to national health websites and references reported
on the WHO and CDC websites; data on clinical trials registries (e.g. ClinicalTrials.gov) were
not included here. It is also important to mention that we did not stratify our results according
to species or the strain of the virus. For example, in the case of Ebola disease investigational
therapeutic options, the trials of importance were conducted during the 2014-2016 western
Africa outbreak and the 2018-2020 North-Kivu (Democratic Republic of the Congo) outbreak
that were related to Ebola virus (species Zaire Ebolavirus) and Makona and Kikwit specific
strain respectively.[36,37] With respect to treatment of other ebolavirus diseases (e.g. Soudan
and Bundibugyo virus diseases), options are even more limited. Notably, the three monoclonal
antibody treatments tested in the PALM trial [37], ZMapp, REGN-EB3, and MAb114, have a
narrow spectrum and are ineffective against other filovirus infections. In the case of other
VHFs such as HPS or LF, the sparse comparative trials assessed mainly a nucleoside inhibitor
(i.e., ribavirin). No strong proof of effectiveness of ribavirin was identified for HPS. Regarding
LF, the efficacy of ribavirin was not considered as specific to Lassa virus lineage. Besides, con-
siderable uncertainty was recently even more raised about its activity as an anti-infectious
agent in the management of the condition.[52-54] Another limitation of our review is that we
focused our results on the mortality of the VHE. However, the mortality does not account for
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transmissibility of the virus, contagiousness and immune escape. Mortality rates varied also
greatly across countries, especially in Africa, which can be explained by the fact that treatment
facilities in some places in Africa may be limited. The study context also has an impact on the
results of our review. Some authors report the challenge they can face of studying a relatively
rare disease that affect widely dispersed rural areas.[41] Regarding VHFs such as EVD, authors
reported difficulties during the course of their study, with for example interruption of partici-
pating centers due to violence from local community or paramilitary groups who can be suspi-
cious of the activities in those facilities.[37] Moreover, a large number of included studies on
treatment evaluation in our review were associated with a high risk of bias. This highlights the
need to conduct clinical trials with a methodologically strong design.

This is of most importance to adapt the methodology of clinical trials in the specific context
of VHFs. A recent study explored the application of Bayesian Decision Analysis (BDA) in
order to incorporate the burden of disease and disease context into clinical trials, especially for
the deadliest diseases in the US, such as cancers or liver cirrhosis. [55,56] This framework
allows taking into account the disease context when determining the sample size and critical
value of a fixed-sample test. Therefore, an interesting next step of our review would be to use
these results to conduct a BDA to evaluate the optimal sample sizes and type I errors for future
VHE clinical trials.

Conclusion

We observed that number of cases and mortality varied greatly across VHFs as well as across
countries within each VHF. The number of studies on VHFs treatments was very limited with
very few randomized trials and no strong proof of effectiveness of treatment against most of
the VHFs. Therefore, there is a high need of methodologically strong clinical trials conducted
in the context of VHF.
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2.3. Séquelles des fievres hémorragiques virales
Une partie des données recueillies dans notre revue systématique n’ont pas été intégrées
dans notre publication. Il s’agit des données concernant les séquelles des différentes FHVs.
Un total de 39 références a été identifié a ce sujet, dont une référence traitant de plusieurs
FHVs. La grande majorité étudiait les séquelles de la maladie a virus Ebola (n=29), suivi de la
fievre hémorragique avec syndrome rénal (n=5), du syndrome pulmonaire a hantavirus (n=2),
de la fievre de Lassa (n=2), de la fievre hémorragique de Crimée-Congo (n=1) et de la
chorioméningite lymphocytaire (n=1). Le Tableau 4 détaille les séquelles rapportées dans les
références identifiées pour chacune de ces FHVs. Comme nous pouvons le voir, il y a un

manque important de données disponibles pour la majorité des FHVs.
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Tableau 4 Résultats sur les séquelles rapportées par FHV

FHV Nombre de Références Résumé des résultats
références

Maladie a virus Ebola 29 De St. Maurice 2018 e 29 références, incluant des publications mais également des abstracts de
[34] ; Tiffany 2016 conférences, ont évalué la présence de séquelles chez des survivants de la
[35]; Toure 2017 maladie a virus Ebola. Parmi ces références plusieurs concernent 2 cohortes
[36] ; Mwanza 2016 principales : Postebogui et PREVAIL IlI.
[37]; Billioux 2017 e |'étude observationnelle Postebogui évaluait les séquelles a long-terme de
[38]; Clark 2015 [39] ; | 802 survivants ayant été infectés durant I'épidémie de 2013-2016 en Guinée. La
Pearson 2016 [40] ; médiane entre la sortie du centre de traitement de la maladie a virus Ebola et
Etard 2017 [6] ; I'inclusion dans la cohorte est de 350 jours. 76% (606 patients) des patients
Godwin 2019 [41] ; présentaient au moins un symptome :
Sneller 2019 [42] ; 2> 40% (324 patients) avaient des symptémes généraux (fatigue, fievre,
Wilson 2018 [43] ; anorexie)
Kelly 2019 [44] ; Etard 2> 38% (303 patients) avaient des symptémes musculo-squelettiques
2016 [45] ; Mattia (arthralgie, myalgie)
2016 [46] ; Keita 2019 2> 37% (298 patients) avaient des troubles neurosensoriels (céphalées)
[47] ; Hereth-Hebert > 18% (142 patients) avaient un trouble oculaire (conjonctivite, déficience
2017 [48] ; Shantha visuelle, douleurs oculaires)
2018 [49] ; Fallah = 2% (19 patients) souffraient de surdité.
2016 [50] ; Pers 2017 Cependant une limite de cette étude observationnelle est I'labsence de
[51] ; Tozay 2019 [7] ; groupe controle.
Vandy 2018 [52] ; e |'étude observationnelle PREVAIL Ill étudiait les séquelles sur 12 mois de 966
Howlett 2017 [53] ; survivants comparé a 2350 contacts proches n’ayant pas été infectés (groupe
Pers 2018 [54] ; controle).
Jagadesh 2018 [55] ; = 6 symptoémes ont été rapportés comme significativement plus présents
Steptoe 2017 [56] ; chez les survivants :
Pers 2016 [51] ; Scott o Pollakiurie (15% vs. 3%)
2016 [57] ; Guetiya o Céphalées (48% vs. 36%)

o Myalgie (23% vs. 10%)
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FHV Nombre de
références

Références

Résumé des résultats

Fievre hémorragique avec 5
syndrome rénal

Syndrome pulmonaire a 2
hantavirus

Wadoum 2017 [58] ;
Mohammed 2017 [59]

Stojanovic 2008 [60] ;
Makeld 2010 [61] ;
Miettinen 2006 [62] ;
Miettinen 2009 [63] ;
Mathes 2005 [64]

Gracia 2010 [65];
Pergam 2009 [66]

o Pertes de mémoire (29% vs. 5%)
o Arthralgie (48% vs. 18%)
= L’incidence de cas d’uvéite était significativement plus élevée chez les
survivants que chez le groupe contréle (p<0.001)
* 6 publications évaluant les séquelles chez les survivants de fieévre
hémorragique avec syndrome rénal.
e Les séquelles suivantes ont notamment été identifiées dans ces études :
= Prévalence relativement élevée de troubles hormonaux
(hypopituitarisme), par exemple 18% (11 survivants sur 60) ayant un
trouble endocrinien [60]. Des troubles hormonaux ont également été
retrouvés chez les patients ayant eu une néphropathie épidémique (une
forme particuliére de fievre hémorragique avec syndrome rénal) [61].
= 6 ans apres la phase aigué, prévalence plus élevées chez 37 survivants
de néphropathie épidémique comparés a 38 patients contréles, de
protéinurie (p=0.006), débit de filtration glomérulaire plus élevé
(p=0.016) et tension systolique moyenne plus élevée (p=0.012) [62,63].
e 2 publications évaluant les symptomes pulmonaires persistants, les anomalies
dans la fonction pulmonaire et les complications rénales chez les survivants du
syndrome pulmonaire a hantavirus.
¢ 14 survivants du syndrome pulmonaire a hantavirus causé par le virus Choclo
au Panama et 9 survivants du syndrome pulmonaire a hantavirus causé par le
virus Sin Nombre au Nouveau Mexique (Etats-Unis) ont été suivis jusqu’a 8 ans
apres l'infection [65]. Il a été trouvé que la dyspnée a I'effort persistait 1-2 ans
apres la phase aigué (43% chez les patients au Panama et 77% chez les patients
au Nouveau Mexique). Le débit expiratoire moyen était également réduit chez
les survivants. Cependant tous ces symptomes se corrigent avec le temps pour
la plupart des survivants.
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FHV

Nombre de
références

Références

Résumé des résultats

Fievre de Lassa

Fievre hémorragique de
Crimée-Congo

Chorioméningite
lymphocytaire

Wilson 2014 [67] ;
Rapport de I'OMS de
2019 [68]

Gul 2012 [69]

Wilson 2014 [67]

¢ 30 survivants ont été suivis jusqu’a 5 ans apres l'infection pour évaluer les
potentielles séquelles rénales [66]. La moitié des patients ont eu une
protéinurie durant le suivi. La prévalence de protéinurie semble augmenter au
fur et a mesure des visites. 16 patients sur les 30 ont des résultats répondant a
la définition d’une insuffisance rénale chronique.

¢ 1 publication décrivant les caractéristiques de plusieurs FHVs, dont la fievre de
Lassa et 1 rapport de I'OMS sur la fievre de Lassa.

e Les 2 références rapportent la surdité (a différents degrés) comme séquelle
potentielle chez les survivants. L'OMS rapporte notamment que cela touche
environ 25% des survivants avec un retour a la normale de |'audition aprés 1-3
mois chez 50% de ces survivants [68].

e |'ataxie cérébrale est également rapportée comme séquelle potentielle sans
plus de détails [67].

e 1 publication turque évaluant la qualité de vie liée a la santé et la présence de
trouble de stress post-traumatique chez des survivants 12 mois apreés la
récupération.

e Sur les 54 patients inclus, 48% avaient des symptomes de trouble de stress
post-traumatique et 19% avaient un diagnostic de trouble de stress post-
traumatique. Ces résultats étaient plus marqués chez les patients ayant eu un
séjour en réanimation, ayant eu une hémorragie et ceux ayant eu une
transfusion sanguine.

¢ 1 publication décrivant les caractéristiques de plusieurs FHVs, dont Ia
chorioméningite lymphocytaire.

* Des séquelles neurologiques ont été rapportées chez des survivants de
chorioméningite lymphocytaire. Chez des femmes enceintes infectées,
I'infection peut se propager chez le feetus résultant en un avortement précoce
ou a des malformations selon le moment ou I'infection a eu lieu pendant Ia
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FHV

Nombre de
références

Références

Résumé des résultats

grossesse. Les enfants nés par la suite peuvent souffrir de déficience mentale,
d’épilepsie, de cécité ou de troubles moteurs.
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3. Adaptation de la Bayesian Decision Analysis pour la mise en place

d’essai clinique avec un critere de jugement binaire

3.1. Résumé

a. Adaptation a un critére de jugement binaire
Dans cette seconde partie de thése, nous avons tout d’abord adapté la méthodologie de la
BDA pour la mise en place d’un essai clinique fréquentiste avec un critere de jugement binaire.
En effet, le critére de jugement le plus souvent utilisé dans un contexte de FHV est le déceés a
un temps donné. Nous avons considéré un essai fixe randomisé a deux bras. L'effet du

traitement, &, est défini par :

6= Parug — Pcontrol

avec pgrug la proportion de déces observée dans le bras expérimental et pconiror celle
observée dans le bras contrdle. Puis, nous avons défini la magnitude de I'effet attendu du

traitement par:
|80] = Dcontror X Ratio

avec Ratio la valeur utilisée pour définir la réduction attendue de la mortalité telle que :

Pdarug = Pcontrol X (1 — Ratio)

L’objectif ici est de développer une méthode permettant de calculer les erreurs de type
| et tailles d’échantillon optimales pour un cas donné qui minimisent le co(t lié au fait de
conduire cet essai. Ainsi, nous avons défini notre matrice de colt en prenant en compte deux

types de co(t lié a cet essai :

- Un colt post-essai correspondant a deux situations: ne pas approuver un
traitement efficace ou approuver un traitement inefficace

- Un co(t pendant I'essai correspondant a deux situations : celle ol les patients
recoivent un traitement inefficace pendant I'essai et celle ou des patients sont dans

le bras contréle alors que le traitement expérimental est efficace

A partir de cela nous avons défini la fonction de co(it suivante :
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C(fxd(n,1,)) = po X Loss(H = Hy) + p; X Loss(H = Hy)

- nestlataille d’échantillon par bras ;

- A, estlavaleur critique de la statistique de test ;

- fxd(n,A,) correspond a la comparaison de la statistique de test observée dans
I'essai Z,, a la valeur critique A,, pour un n donné

- po est la probabilité a priori que le traitement ne soit pas efficace ;

- Loss(H = H,) est le colt associé au fait d’évaluer et d’approuver un traitement
inefficace ;

- p, estla probabilité a priori que le traitement soit efficace ;

- Loss(H = H,) est le co(t associé au fait de ne pas approuver un traitement

efficace.

Les valeurs optimales de la taille d’échantillon, de la valeur critique et de I'erreur de
type | sont ainsi calculées en résolvant le probléme d’optimisation non-linéaire multivarié sous

contrainte suivant (la puissance maximale étant fixée a 90%) :

(n*, A;,) = argmin C(fxd(n,A,)) soumisal — f < Puissance,y
neN,A,eR

- n” est la taille d’échantillon optimale
- Ay estlavaleur critique optimale du test a échantillon fixe fxd(n, 4,,)
- [ estl'erreur de type ll

- Puissance,,q, est la borne supérieure de la puissance (ici fixée a 90%).

Ce travail a ensuite été codé sous R (R software v.4.2.2) et une fonction R a été

développée avec :

- enentrée : lataille de la population cible, la mortalité de la maladie, I'effet attendu du
traitement évalué, la probabilité que le traitement ne soit pas efficace, les effets
indésirables du traitement, le pourcentage de séquelles et leur fardeau.

- en sortie : les valeurs optimales de la taille d’échantillon, de la valeur critique et de

I'erreur de type I.

b. Illustration pour un essai clinique évaluant un traitement contre la
maladie a virus Ebola

Nous avons illustré notre méthodologie dans le cadre de la conception d’un potentiel essai

clinique évaluant un traitement contre la maladie a virus Ebola.
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Les différents parametres a pré-spécifier dans notre fonction de co(t ont été

essentiellement obtenus via deux sources :

- Des données générales venant des études du Global Burden of Disease [70] ;

- Des données recueillies lors de la revue systématique présentée en section 2 [71].

Nous avons également fait varier les parametres correspondants a la taille de la
population cible, a la mortalité et au ratio utilisé pour définir I'effet attendu du traitement a
I’étude. Cela nous permet d’envisager les différentes valeurs optimales possibles selon les

différents cas d’épidémies qui peuvent survenir.

Pour des tailles de population cible faibles, I'erreur de type | calculée par BDA est plus
élevée que l'erreur usuelle de 2.5% (pour un test unilatéral). En effet, dans notre modele, la
fonction de co(t prend en compte en parallele les effets indésirables du traitement et le
fardeau de la maladie. Ici nous avons considéré la maladie a virus Ebola qui est caractérisée
par des taux de mortalité élevés. Ainsi, le colt lié aux effets indésirables du traitement peut
étre trés faible en comparaison du fardeau de la maladie, ce qui est encore plus prononcé
pour des tailles de population cible faibles étant donné que les colts sont dépendants de la

taille de cette population.

Dans les cas ou I'on suppose un effet fort du traitement évalué et une taille de
population cible élevée, I'erreur de type | calculée par BDA est proche voire parfois plus petite
qgue l'erreur usuelle de 2.5% (test unilatéral), en particulier pour des taux de mortalité élevés.
Dans ces cas-13, la taille d’échantillon calculée par BDA est proche voire plus élevée que celle
calculée avec un test standard. Ce résultat refléte le fait que lorsque les nombres de cas et la
mortalité sont élevés, si le traitement est supposé étre tres efficace alors on veut réduire

I’erreur de type I.

Ce travail a pour objectif de proposer un nouvel outil aux chercheurs voulant mettre
en place un essai clinique évaluant un traitement sur un critére de jugement binaire,
notamment pour des maladies avec des taux de mortalité élevés et peu de traitements

disponibles.

Cette méthodologie ainsi que son illustration dans le contexte de la maladie a virus

Ebola a été soumis dans Journal of Biopharmaceutical Statistics.
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Abstract

When designing trials for diseases with high mortality and limited therapeutic options available—such
as Ebola virus disease (EVD)— using the conventional 5% type | error threshold () to determine the
trial size may not be ideal from the patients’ perspective. A higher « may be more desirable for
seriously ill patients that have no other therapeutic alternatives. Bayesian decision analysis (BDA) is a
well-known technique that captures this phenomenon by incorporating the burden of disease and
patient preferences in determining the optimal @ and sample size of the trial. In this study, we extend
the BDA framework to trials with binary outcomes, specifically those targeting EVD therapeutics. We
consider frequentist two-arm randomized trials with a binary outcome. Target population size (N),
mortality rate (Dcontrot), €Xpected treatment effect (Ratio) and parameters for treatment side effects
and disease severity need to be specified in the loss model. We set parameters to fit an EVD outbreak
context using mortality as outcome. BDA-optimal type | errors (a*) and sample sizes per arm (n*) are
compared to a standard one-sided test with a,..; = 0.025 and sample size n,..¢. In most cases, a* are
higher than a,.r and n* are lower than n,.¢. In other word, EVD patients benefit the most when the
trial is designed with lower n* and higher a*. This study provides a new tool for designing trials with a
binary outcome. A standard a may not be always appropriate, especially for diseases with high

mortality and few therapies available.

Keywords

Bayesian decision analysis; clinical trial; binary outcome; mortality; Ebola virus disease; viral

hemorrhagic fevers; burden of disease; type | error; sample size.
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Introduction

Designing a clinical trial during an outbreak of an emerging infectious disease is a major challenge. Viral
hemorrhagic fevers (VHFs), including Ebola virus disease, are a group of febrile diseases that recently
caused several outbreaks [1,2]. As very few therapeutic options are available against VHFs, new
experimental drugs need to be assessed. The unpredictability of the outbreaks and high mortality rates
lead regularly to restricted clinical capacity for care and research and reluctance to use
methodologically strong clinical trial design, such as a randomized controlled trial [3,4]. When
conducting clinical trials to assess VHF therapeutic options, researchers face a reduced number of
included patients and non-significant results due to the very conservative threshold of statistical

significance [5].

Previous Ebola virus disease clinical trials used different methods to adjust their design in order to take
into account high mortality rates, unpredictable outbreaks, and the importance of rapidly finding
effective treatments. In a trial comparing four therapeutic options (an antiviral agent remdesivir, a
single monoclonal antibody MAb114, a triple monoclonal antibody REGN-EB3 and a triple monoclonal
antibody ZMapp) for Ebola virus disease [6], they decided to use two Boschloo’s exact one-tailed tests
at a type | error of 0.05 for each pairwise comparison without adjusting for multiple comparisons. In
another trial comparing the triple monoclonal antibody ZMapp to the standard of care, they faced
statistical considerations when designing the trial [7,8]. They decided to use a “less strict than usual”
type | error and a “barely Bayesian” adaptive trial design [9]. However, this method has previously
been questioned due to its properties leading to type | error levels higher than the conventional ones

and low power [10].

The use of an adaptive design in this context, such as a group-sequential design allowing for early trial’s
termination for futility or efficacy, has been extensively discussed [11]. Simulation studies were

conducted to evaluate the use of an adaptive approach to assess experimental treatments for Ebola



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

virus disease [12]. However, running out of patients to include, especially after the outbreak peak,

leading to non-significant results, remains an issue even with an adaptive trial design [11].

We previously performed a simulation study comparing several clinical trial designs implemented at
different times during a VHF outbreak [13]. Four types of designs were compared: fixed/group-
sequential single-/two-arm trials. The conclusions of this study varied depending on the outbreak
timing. At the beginning of an outbreak, group-sequential two-arm trials should be preferred. Indeed,
at the beginning of an outbreak, the infected number of cases increases allowing to have more
potential patients to conduct a randomized controlled trial and the group-sequential design allows to
decide an early termination of the trial in case of futile or harmful experimental treatment. After the
epidemic peak, fixed single-arm design should be preferred, as the number of cases decreases.

However, this assumes a high level of confidence in the pre-trial historical outcome rate.

We can also argue that with high mortality rates and few effective therapies available, a 5% type | error
may not be appropriate and may raise ethical questions. Indeed, in that case, rejecting a new
treatment due to a lack of statistical power to show a significant result with a 5% threshold may be
complicated to accept for patients and healthcare workers. Moreover, when patients do not have any
other therapeutic options for a disease with a high mortality rate, they might also be willing to accept
a treatment with a certain efficacy even though this efficacy was not shown with a 5% significant
threshold. Recent studies have explored the application of Bayesian decision analysis (BDA) in order to
incorporate the burden of disease and patient preferences into clinical trial designs, especially for the
deadliest diseases in the US, such as cancers [14-17]. The BDA is a methodology that borrows the idea
from the Bayesian principle of incorporating prior information when designing the trial, while keeping
a frequentist design for the clinical trial itself. Therefore, we are considering here frequentist
randomized controlled trials. This method aims to minimize the overall expected harm to patients
participating in clinical trials as well as future patients, where “harm” consists of not receiving an

effective therapy and receiving an ineffective one. Burden of disease, mortality, sequelae, and
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treatment side effects are incorporated in a loss matrix that is used to determine the optimal sample
size and critical value for a fixed-sample test. In previous works, continuous and survival outcomes,
such as survival duration, were considered as primary outcomes of the trials [14—17]. In the context of
VHFs, especially Ebola virus disease, the most common primary outcome considered in clinical trials is
the mortality rate. Therefore, our objectives are to adapt the BDA model to a binary outcome, then to
illustrate the method to evaluate the optimal sample sizes and type | errors obtained in an Ebola virus
disease context. This work will be based on the Ebola virus disease data from the systematic review

we conducted to retrieve the number of cases, mortality, and treatments of VHFs [1].

Material and Methods

The BDA model defined by Isakov et al. [14] focused on clinical trials with a continuous outcome. We
decided to extend this model to clinical trials with a binary outcome. Therefore, we reviewed the loss

model and the loss formulas from Isakov et al. to fit a binary outcome.
Loss model and BDA-optimal fixed-sample test

We consider a fixed two-arm trial with 1:1 randomization. The first step of designing a clinical trial is
to define the test that will be used to assess the effectiveness of the experimental treatment. Assuming
a certain magnitude of treatment effect of the experimental drug, we will then be able to calculate the

required sample size needed to show the expected effect of the experimental drug. Here we consider

a binary outcome assessing the effectiveness of a drug with a fixed-sample test such as a y? test. The

outcome considered here is the mortality rate at a given time. The treatment effect, §, is defined
as 8 = Parug — Pcontrot, With Pgryg the outcome rate in the experimental arm and pcontror the

outcome rate in the control arm. The null hypothesis, Hy, of the fixed-sample test corresponds to § =
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0 (the drug is ineffective) and the alternative hypothesis, H;, corresponds to § < 0 (the drug is

effective). We define the magnitude of the treatment effect for an effective drug as:
|60] = Pcontror X Ratio, (1)
where Ratio is the reduction ratio of the mortality rate associated with an effective drug.

We consider two types of loss associated with a clinical trial: post-trial loss and in-trial loss. All losses
or costs considered here are in terms of health consequences and not financial costs. While we focus
on the binary outcome for the clinical trial, our definition of “loss” in the loss function encompasses a
broad spectrum of health outcomes, including both mortality and patients’ quality of life. Two post-
trial losses are considered: the loss associated with not approving an effective treatment (type Il error
cost) and the loss associated with approving an ineffective treatment (type | error cost). The in-trial
loss is defined as the loss of evaluating an ineffective treatment in a clinical trial or the loss for patients

in the control arm of not receiving the effective treatment. The loss matrix is reported in Table 1.
[Table 1 near here]

The expected value of the total loss associated with the given fixed-sample test fxd(n, 4,,) is defined

with:
C(fxd(n,24,)) = pp X Loss(H = Hy) + p; X Loss(H = Hy), (2)

where n is the sample size per arm; 4,, is the critical value of the fixed-sample test; p is the probability
that the treatment is not effective, py = p(Hy); and p; is the probability that the treatment is

effective, p; = p(H;) = 1 — py.

Compared to the BDA model from Isakov et al. [14] for continuous outcomes, we had to review the
formulas of the losses associated with H = Hy and H = H; to take into account the binary nature of
our outcome. Based on our loss matrix, the loss associated with evaluating and approving an

ineffective treatment is defined as:
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Loss(H = Hy) = py yoNcy + ncy, (3)

where pg o is the probability that the drug is approved under Hy. As under H,, the treatment effect is
supposed to be null (§ = 0), using the cumulative distribution function of a standard normal random

variable ¢, we defined p, 4 as:

Po_ro = ¢(—1n), (4)
We defined the loss associated with not approving an effective treatment as:
Loss(H = Hy) = py y1Ncz + ney,  (5)

where ¢, is the burden of disease per patient (overall severity of the disease) and p; y, is the
probability that the drug is not approved under H,. We needed to define p, y, considering a binary
outcome. Under H; the treatment effect is not null, therefore we considered the expected treatment
effect &, used to design the clinical trial. We defined the variance of §, as
pdrug(l - pdrug) + Peontrot(1 = Peontror) /M With n the sample size in each arm. Therefore, using

the cumulative distribution function of a standard normal random variable ¢, we defined p; y, as:

1— + 1~
prr = An— Iaol/\/pdrug( pdrug) zcontrol( Pcontrol) 6)

We determine the optimal sample size per arm, n*, and critical value, 4;,, by solving the following

constrained nonlinear multivariate optimization problem:

(n*,2;) = arg nerlw'nm C(fxd(n,A,)) subjectto 1 — < PoweTyqay, (7)

where Powery,,, is the upper bound for the power level, which is set to 90%.
General parameters specification

The value of the parameter ¢; can be calculated based on global costs of adverse effects of medical

treatment per patient from the Global Burden of Disease 2017 study [18].
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The ¢, parameter is defined as:

D+ YLD

2= AN

(8)

where D is the number of deaths caused by the disease per year defined as:

D = N X pcontrots (9)
and YLD is the years lived with disability defined as:
YLD = w X pgeq X N, (10)

where w is the disability weight associated with the disease sequelae, which can be calculated from
measured values of the Global Burden of Disease 2010 study [19] and ps., is the percentage of

sequelae associated with the disease.
Development of an R function

This binary-BDA model is programmed using R software version 4.2.2 (see Additional file 1). To obtain
the optimal sample size, n*, critical value, 4;,, and the associated type | error, a*, the following set of

parameters need to be specified in the function: (po, ¢1, W, Dseq, N, Peontrot, Ratio).

To solve the optimization problem, a constrained optimization by linear approximations (COBYLA)
method is conducted using the ‘nloptr’ package. The COBYLA algorithm implemented by Powell [20,21]
is a derivative-free optimization with nonlinear inequality and equality constraints. At each iteration
of the algorithm, linear approximations of the objective and constraints function are constructed using

a simplex, and the approximations are optimized in a trust region at each step.
lllustration for trials on Ebola virus disease treatment

In this illustration, the parameters of the binary-BDA model are specified for the context of therapeutic
options evaluation for Ebola virus disease. Table 2 reports the full parameter specifications used in this

illustration.
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[Table 2 near here]

The probability that the drug candidate is not effective, py, is set to 0.5 to assume a non-informative

prior on the efficacy of the drug [14,17].

To calculate the overall severity of the disease, c,, the disability weight, w, associated with post-acute
consequences of infectious disease measured from the Global Burden of Disease 2010 study is used
[19]. The percentage of sequelae is psoq = 0.76 as reported for Ebola virus disease [22,23]. This
percentage of sequelae is based on all possible sequelae reported by Ebola survivors. To assess the

impact of this percentage on the results, a sensitivity analysis with pg., = 0.20 is conducted.

Regarding the parameters (N, Pcontroi, RR), several scenarios are performed in order to obtain the
optimal sample size per arm, n*, and type | error, a*, over a range of specified parameter values. Based
on a previous systematic review [1], over the last five years, the number of cases per year (when Ebola
virus disease cases were reported) varied from around 50 to 3500 and case fatality rates varied from
0.39 to 0.65. Therefore, for the various scenarios, N varies in {50; 100; 250; 500; 1000; 2500; 5000};
Pcontror Variesin {0.30; 0.35; 0.40; 0.45; 0.50; 0.55; 0.60; 0.65; 0.70}; and for the reduction ratio Ratio,

we considered three values of expected treatment efficacy used to design the trial: {0.20; 0.35; 0.50}.

The optimal type | error, a*, and sample size per arm, n*, obtained in each scenario are compared to
the associated reference scenario of a standard sample-size calculation for one-sided test for

proportions with a type | error a,.¢ = 0.025, a power of 0.90 and the associated sample size, ny¢f.

Results
Development of the binary-BDA model

The BDA model is adapted to be used for randomized clinical trials with a binary primary outcome. The
associated R function uses the following parameters as input: (pg, €1, W , Dseq, N, Deontror, Ratio) and
gives the BDA-optimal sample size, critical value and associated type | error and power. The input

parameters can be fixed values or included in a set of given values.
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lllustration for Ebola virus disease treatment trial design

Figure 1, Figure 2 and Figure 3 illustrate the optimal sample sizes and type | error rates for the three
values of Ratio {0.20; 0.35; 0.50} across the different values of population sizes (N) and mortality rates
(Pcontror)- Full tables with the results in all scenarios are reported in Additional file 1 (Tables S1, S2 and

S3).
[Figure 1 near here]

When the population size is low, the optimal type | error, a*, is higher than the reference type | error,
arer = 0.025, for all three scenarios of treatment efficacy. Therefore, the optimal number of patients,
n*, to be included per arm in the clinical trial is lower than the sample size, Nyer, calculated in the
reference scenario. For example, with N =500 reported cases per year and a mortality
rate Peontror = 0.45, the optimal sample sizes obtained for the three scenarios of Ratio =
{0.20;0.35; 0.50} are n* = {43;40; 40}, respectively, compared to the sample size calculated in the

reference scenario: n,..; = {620;193; 88}.
[Figure 2 near here]

For large population sizes, when Ratio = 0.35 (see Figure 2), the optimal type | error, a”, is close to
the reference type | error, Aref and the optimal number of patients, n*, is lower or close to the
reference sample size, n,.¢. For example with N = 5000 reported cases per year and a mortality
rate Pcontror = 0.60, the optimal sample size obtained for Ratio = 0.35 is n* = 116 compared

to n..r = 114
[Figure 3 near here]

When the reduction ratio is expected to be higher, i.e., Ratio = 0.50 (see Figure 3), and the
population size is large (more than 2500 reported cases per year), the optimal type | error, a*, is close
or lower than the reference type | error, a,¢, especially for very high mortality rates. Therefore, the

optimal number of patients per arm in the trial, n* is close or higher than the sample size,
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Nyef, calculated in the reference scenario. This result translates the fact that when the number of cases
and mortality rates are very high, with a treatment which is expected to be very effective, we want to

reduce the type | error.

Figures for the power obtained in each scenario are provided in the Additional file 2 (see Figures S1,
S2 and S3). In most cases, the power is capped at 90%, except for lower Ratios and low population

sizes.

The results of the sensitivity analysis on the percentage of sequelae (from 0.76 before to 0.2 here) are
summarized in the Additional file 2 (see Figures S4 to S9). Results are very close to the results of the

base case scenarios with similar conclusions.

Discussion

This study reports a new adaptation of a BDA model for designing clinical trial when the outcomes are
binary. Through this adaptation, we developed a transparent, objective, and reproducible framework
for determining the optimal type | error threshold, which is particularly important when designing
clinical trials in the context of diseases with high mortality rates and few therapies available. This
methodology incorporates the post-trial loss associated with not approving an effective treatment or
approving an ineffective treatment; and the in-trial loss associated with the administration of a
potentially ineffective treatment to patients during the trial. Given a fixed two-arm trial, we showed
that the optimal type | error and sample sizes to be used to design a clinical trial vary across population

sizes and case fatality rates.

In the context of therapeutic options evaluations for diseases such as VHFs, our study aims at helping
future researchers in their process of designing a clinical trial in order to find an effective treatment as
quickly as possible. Our results are illustrated using the Ebola virus disease as a case study. We specified

the model parameters and explored different scenarios to reflect the Ebola virus disease context based
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on worldwide disease numbers over the last few years [1]. When the target population size is low,
which was the case in the last few years for Ebola virus disease, the optimal type | error is found to be
higher than the usual one-sided type | error of 0.025. Indeed, in the model, losses are a trade-off
between treatment side effects and burden of disease. We are considering Ebola virus disease which
is characterized by high mortality rates. Thus, the health consequences of treatment side effects is low
in comparison to the burden of disease. This is even more pronounced for low population size, as the
losses are dependent on the population sizes. Therefore, the number of patients to be included in the
clinical trial in order to identify a new therapeutic option will be lower than the sample size calculated
with a standard test. Reducing the number of subjects to be included in a clinical trial is a key point in
the context of deadly diseases with hard-to-predict outbreaks where the number of infected cases

decreases after the outbreak peak.

In contrast for large target population sizes and very high case fatality rates, the optimal type | error
was found to be lower than the usual type | error of 0.025, especially when we assess a drug candidate
that is expected to have a strong positive effect. Therefore, with more infected cases and higher
mortality rates, more patients than the sample size calculated with a standard test should be included
in the clinical trial in order to increase the evidence around the potentially very effective treatment.
Our methodology allows the clinical trial design to adapt to the fluctuations in the number of cases as
the epidemic progresses, with high numbers before the epidemic peak and low numbers after.
Previously, it has been recommended that a fixed single-arm design should be preferred after the
epidemic peak as the number of cases decreases [13]. By calculating optimal type | errors associated
with a low number of cases, our binary-BDA methodology could allow use of a fixed two-arm design
even after the peak, instead of a fixed single-arm design. This could improve the quality of therapeutic

options evaluation in this context and contribute to improved efficiency.

A limitation of our study is that the findings are based on previously reported population sizes and case

fatality rates. However, in a context of diseases characterized by disparate outbreaks, these numbers
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vary greatly across years and the number of infected cases in the future years is difficult to predict.
That is why we focused our illustration on a wide range of Ebola virus disease numbers from the last
few years. The different scenarios give an overview of optimal type | errors and sample sizes across
several situations and show the influence of each key parameter on the optimal type | error and sample

size.

One discussion point of our methodology is that we decided to set the probability that the treatment
is not effective py at 0.50. Indeed, based on the publication by Isakov et al., by setting a 50% chance
of having an ineffective treatment we assume a non-informative prior and therefore we follow the
“equipoise” principle of two-arm trials. [14] Therefore, this would reflect the uncertainty of the
medical community on the preferred treatment. [24] However, it would be interesting to assign prior
distributions on these parameters instead of fixed values. In that case we would therefore use a
Bayesian design as we would run the model for a certain number of iterations with at each iteration a

new value of the probability drawn from the prior distribution assigned to the parameter.

Regarding the use of our BDA framework, a potential idea would be to use it for future pandemic of
emergent diseases. In the last few years, the world experienced an important pandemic of an
infectious disease, the Covid-19. However, in that particular case, the use of the BDA would have been
limited especially at the beginning of the pandemic. Indeed, it was the emergence of a new disease for
which we had limited information regarding prevalence, mortality or sequalae. Therefore, it would
have been complicated to use our BDA framework to design a clinical trial. In that case, a real Bayesian

design might have been more appropriate.

This work can be extended to the evaluation of therapeutic options for other diseases when designing
clinical trials with a binary primary outcome by adapting the different parameters to fit the context of
each disease, especially for diseases with high mortality rates and few therapies available. Following
this study, we wish to develop an R package that would be available from the Comprehensive R Archive

Network (CRAN) for users to calculate optimal type | errors and sample sizes based on our method.
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Conclusions

With this new adaptation of the BDA model for designing clinical trials with binary outcomes, we
explored alternatives to the use of the common type | error threshold. We illustrated this methodology
in the context of evaluating an experimental treatment for Ebola virus disease. We explored various
values of target population size, mortality rate, and expected treatment effect sizes to assess their
impact on the BDA-optimal type | error and sample size. The result shows that optimal type | error
threshold to minimize patient loss is higher than baseline value, 5%, when total number of outbreaks
is below 2500. Through this BDA adaptation, we provide a new tool to researchers for designing clinical
trials with a binary primary outcome to assess therapeutic options, which can be particularly useful for

diseases with high mortality rates and few therapies available.
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411 Tables

412 Table 1. Loss matrix

Post-trial loss In-trial loss
H = HO H = Hl
(do not approve (approve the treatment)
the treatment)
H = HO 0 NC1 nCl
(ineffective treatment)
H = Hl NC2 0 TlC2

(effective treatment)

413  Notations: Hy, null hypothesis of the fixed-sample test corresponding to an ineffective drug; H,,
414  alternative hypothesis of the fixed-sample test corresponding to an effective drug; N, size of the target
415  population; n, sample size per arm; c;, health consequences of treatment side effects per patient; c,,

416  burden of disease per patient.

417
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418  Table 2. Parameter specifications used in the illustration

Parameter Value Definition Source
Po 0.5 Probability that the treatment is Assumption (non-
ineffective informative prior)
[14]
c1 0.17 Health consequences of side effects  Global value based
per patient on the Global
Burden of Disease
2017 study [18]
w 0.254 Disability weight associated with Global Burden of
post-acute consequences of Disease 2010 study
infectious disease [19]
Pseq 0.76 Percentage of sequelae associated Reported
with the disease percentage of
sequelae for Ebola
virus disease [22,23]
N {50; 100; 250; 500; Size of the target population Assumption
1000; 2500; 5000}
Pcontrol {0.30; 0.35; 0.40; Control outcome rate (mortality Assumption
0.45; 0.50; 0.55; rate)
0.60; 0.65; 0.70}
Ratio {0.20; 0.35; 0.50} Reduction ratio of the mortality rate  Assumption
associated with an effective drug
419
420
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Figures

Figure 1. Reduction ratio of 0.20 — Optimal sample sizes (panel A) and type | error rates (panel B)
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Figure 2. Reduction ratio of 0.35 — Optimal sample sizes (panel A) and type | error rates (panel B)
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Figure 3. Reduction ratio of 0.50 — Optimal sample sizes (panel A) and type | error rates (panel B)
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Figure captions
Figure 1. Reduction ratio of 0.20 — Optimal sample sizes (panel A) and type | error rates (panel B)

Note: the dashed line corresponds to the reference for a one-sided test with a type | error=0.025 and a
power=0.9

Figure 2. Reduction ratio of 0.35 — Optimal sample sizes (panel A) and type | error rates (panel B)

Note: the dashed line corresponds to the reference for a one-sided test with a type | error=0.025 and a
power=0.9

Figure 3. Reduction ratio of 0.50 — Optimal sample sizes (panel A) and type | error rates (panel B)

Note: the dashed line corresponds to the reference for a one-sided test with a type | error=0.025 and a
power=0.9
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4. Discussion et perspectives

L'objectif de cette these était de fournir un nouvel outil d’aide au design d’un essai clinique
dans un contexte particulier tel que celui des FHVs. La premiére étape a été d’identifier toutes
les données scientifiques disponibles sur ces maladies via une revue systématique de la
littérature. La deuxiéme étape a été d’adapter la méthodologie de la BDA afin de pouvoir
I"utiliser avec un critére de jugement binaire puis de l'illustrer en utilisant les données issues

de la revue systématique.

4.1. Premiere revue systématique publiée sur le nombre de cas, la mortalité et les
traitements des FHVs

A notre connaissance, nous avons conduit la premiere revue systématique publiée
synthétisant les connaissances sur le nombre de cas, la mortalité et les traitements d’'un
nombre aussi important de FHVs. Notre revue systématique a montré que les nombres de cas
et la mortalité varient grandement pour une méme FHV entre les épidémies et entre les pays.
De plus, le nombre de références évaluant des traitements est tres limité avec peu d’essais
contrélés randomisés. Pour plusieurs FHVs, nous n’avons pas identifié de traitement

spécifique associé a une preuve robuste d’efficacité sur la mortalité.

Ce travail présente certaines limites, notamment une sous-estimation potentielle des
données réelles. En effet, nous avons recueilli les informations disponibles sur les sites de
I'OMS et du CDC, sur les sites nationaux de santé et celles publiées dans la littérature
scientifique. Les informations non rapportées par 'un de ces moyens n’ont donc pas été
captées. De plus, il s’agit ici de maladies relativement rares affectant des zones rurales tres
dispersées, ce qui implique potentiellement une sous-notification des cas. Au-dela des
données sous-notifiées, nous avons également décidé de nous concentrer sur la mortalité des
FHVs sans prendre en compte la transmissibilité du virus, la contagiosité et I'’échappement
immunitaire. Bien qu’importants, ces éléments n’ont donc pas été considérés dans notre

syntheése sur les FHVs.

Une autre limite de ce travail est que nous présentons les résultats par maladie, et
n’avons pas stratifié nos résultats par espéce ou souche de virus. Cela est particulierement
notable pour le cas de la maladie a virus Ebola ou les principaux essais cliniques conduits I'ont
été pour le Zaire ebolavirus et plus spécifiqguement les souches Makona et Kikwit [16,22]. En

ce qui concerne les autres souches d’ebolavirus (par exemple Soudan ou Bundibugyo), les
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connaissances et traitements disponibles sont encore plus limités. Par exemple, dans I'essai
mené en République Démocratique du Congo pendant une épidémie de Zaire ebolavirus
évaluant un traitement antiviral (remdesivir), un anticorps monoclonal (Mab114) et un
cocktail d’anticorps monoclonaux (REGN-EB3) en comparaison avec le ZMapp, ces trois
derniers (Mab114, REGN-EB3 et ZMapp) ont un spectre d’action restreint et sont

potentiellement inefficaces contre d’autres souches d’ebolavirus [22].

La principale conclusion de cette premiére partie de these est qu’une grande partie
des publications identifiées via notre revue systématique ont un risque important de biais et
que peu d’essais controlés randomisés ont été publiés entrainant un manque de preuve

robuste sur les traitements évalués.

4.2. Comment prendre en compte le contexte des FHVs lors du design d’un essai
clinique ?

La BDA est une méthode qui permet de prendre en compte le fardeau de la maladie et les

préférences patients au niveau du bénéfice-risque de recevoir un nouveau traitement

expérimental, en tant qu’information a priori lors du design d’un essai clinique fréquentiste

[26—28]. Fardeau de la maladie, mortalité, séquelles et effets indésirables du traitement sont

incorporés dans une matrice de colts qui est ensuite utilisée via une fonction de colt pour

calculer une erreur de type | et un nombre de sujets a inclure optimaux.

Nous avons voulu appliquer le modele BDA dans un contexte de FHV pour le design
d’un essai clinique évaluant un traitement sur la mortalité a un temps donné. Etant donné que
la BDA a précédemment été développée pour des critéres de jugement continus et censurés
[26—28], nous avons adapté ce modele aux critéres de jugement binaires. Pour cela, il nous
fallait proposer des formules de co(it adéquates pour prendre en compte la nature binaire de
notre critére de jugement. Nous avons également étudié, avec I'aide de I'équipe du professeur
Andrew Lo, les types de colts (post-essai et pendant I'essai) qu’il nous fallait considérer dans
ce contexte. Nous avons ensuite réfléchi a la spécification des différents parameétres du
modele (taille de la population cible, mortalité de la maladie, taille d’effet attendu du
traitement évalué, probabilité que le traitement ne soit pas efficace, effets indésirables du
traitement, pourcentage de séquelles et leur fardeau). Pour finir, nous avons développé une
fonction R prenant en entrée ces différents parameétres et donnant en sortie les valeurs
optimales de la taille d’échantillon, de la valeur critique et de I'erreur de type I. Nous avons

ensuite appliqué notre nouveau modeéle au cas de la maladie a virus Ebola.
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Une partie des paramétres (le colt des effets indésirables du traitement et le poids du
handicap lié aux séquelles de la maladie) a pu étre spécifiée grace aux différentes études du
Global Burden of Disease [70,71]. Via ces études, nous avons pu utiliser des valeurs assez
générales de ces parametres qui peuvent étre considérées pour d’autres maladies au-dela de
notre illustration sur la maladie a virus Ebola. En effet, nous avons utilisé un co(t global pour
les effets indésirables du traitement (toujours en termes d’impact sur la santé des personnes),
qui n’est pas spécifique a un traitement ou a un pays en particulier [70]. En ce qui concerne le
poids du handicap lié aux séquelles de la maladie, nous avons utilisé celui calculé par le Global
Burden of Disease pour les conséquences post-phase aigué des maladies infectieuses [71].
Pour les autres parameétres du modele, ils sont dépendants du contexte de la maladie dans
lequel nous nous trouvons. Pour notre illustration, nous avons utilisé les données recueillies

sur la maladie a virus Ebola de notre revue systématique.

Nous proposons ainsi un outil permettant de calculer une erreur de type | et un nombre
de sujets a inclure en prenant en compte les informations connues de la pathologie. Cela peut
permettre dans certaines conditions de réduire le nombre de sujets a inclure pour évaluer un
traitement potentiellement bénéfique. Cette méthode a I'avantage de calculer de fagcon
objective et reproductible une erreur de type | qui sera utilisée pour le design d’un essai
clinique adapté au contexte de la maladie. A travers notre illustration, nous avons montré
I'influence de la taille de la population cible, de la mortalité et de I'effet attendu du traitement

sur I'erreur de type | et le nombre de sujets a inclure dans le cadre d’une FHV.

Cependant, une limite de cette méthode est qu’elle se base sur des données
précédemment publiées de taille de population cible et de mortalité. Or, dans un contexte de
maladies infectieuses, ces nombres peuvent varier grandement au fil des années et le nombre
de cas dans les futures épidémies est difficilement prédictible. Nous avons essayé de prendre
en compte cette limite dans notre illustration en considérant un large éventail de scénarios
possibles pour le cas de la maladie a virus Ebola d’aprés les derniéres épidémies rapportées
de la maladie. Ainsi, les divers scénarios nous donnent une vue d’ensemble des cas auxquels

nous pourrions faire face lors de futures épidémies.

Lors du design d’un essai clinique, ici nous nous intéressons au cas des FHVs, notre
méthode permettrait de prendre en compte les dernieres informations rapportées selon le
moment ol |'on se trouve dans I'épidémie, avec un nombre de cas potentiel plus élevé avant

le pic épidémique et plus faible aprés ce pic. Dans notre précédente étude de simulation, nous
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avions montré qu’avant le pic épidémique un essai séquentiel double-bras devrait étre
privilégié, alors qu’apres le pic épidémique un essai fixe simple-bras serait potentiellement
préférable [23]. Avec cette nouvelle adaptation de la BDA que nous avons développée, nous
pouvons maintenant considérer le fait de conduire un essai fixe double-bras optimisé par BDA
quel que soit le moment de I'épidémie (Figure 4). Notamment, si I'on se trouve apres le pic
épidémique, en calculant une erreur de type | optimale, I'approche par BDA peut nous
permettre d’éviter de conduire un essai fixe simple-bras mais plutét un essai fixe double-bras
optimisé par BDA. Ainsi, la qualité de I’évaluation du traitement expérimental en serait

améliorée et la faisabilité de I’essai clinique serait augmentée.

Figure 4 Chronologie d'une épidémie de FHV avec les recommandations de Manchon et al. [23] et de notre étude BDA

Epidemic peak

Generation of hypotheses and
choice of the study designs

Implementation of standard care —s
Confirmation of epidemic ——*

Cases number

Timeline of an outbreak

| Based on our simulation study Manchon etal. | » Group-sequential two-arm trial Fixed single-arm trial

| Based on our binary-BDA study » BDA-designed fixed two-arm trial

Une perspective a ce travail serait de considérer les différents cas étudiés dans notre
étude de simulation décrits en section 1.4 pour comparer un essai fixe double-bras optimisé
par BDA aux autres types d’essais considérés (essai simple-bras versus essai double-bras ;
essai fixe versus essai séquentiel par groupes). Il serait notamment intéressant de voir I'impact
du cas « évoluant au cours du temps », ol la mortalité diminue au cours de I'épidémie, sur un
essai optimisé par BDA. Nous avons déja discuté le probléme que cela pose dans le cas d’un
essai fixe simple-bras ou I’hypothése initiale faite sur la proportion historique utilisée comme
comparateur est par conséquent incorrecte. Etant donné que nous utilisons les derniéeres
informations disponibles avant le début de I'essai pour la mortalité dans le calcul de la BDA,
on peut se demander quel sera I'impact d’'une mortalité qui diminue au cours de I'épidémie

sur un essai fixe double-bras optimisé par BDA.
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Un autre point de discussion est que dans notre méthode BDA nous avons décidé de
fixer la probabilité que le traitement soit efficace a 0.50. Nous nous sommes appuyés sur
I’étude d’Isakov et al. qui considérait qu’en fixant a 50% le pourcentage de chance d’avoir un
traitement efficace, on suppose un a priori non-informatif sur I'efficacité du traitement de
telle sorte a suivre le principe d’« equipoise » pour des essais double-bras [26]. Cela reflete
I'incertitude de la communauté médicale sur le traitement a préférer et donc confirme le
besoin méme de conduire un essai clinique pour évaluer ce traitement [72]. Dans notre cas,
nous nous sommes concentrés sur un essai fixe double-bras fréquentiste. Une perspective
intéressante serait de considérer un design bayésien afin d’attribuer une distribution a priori

sur cette probabilité que le traitement soit efficace.

Une autre perspective a ce travail serait de considérer des designs adaptatifs, ou I'on
peut arréter précocement |'essai si le traitement évalué est jugé futile, délétere ou efficace
lors d’une analyse intermédiaire (par exemple un essai séquentiel par groupes). De plus, la
littérature récente montre un intérét grandissant pour les essais plateforme multi-bras multi-
étapes ol I'on peut arréter un traitement ou ajouter de nouveaux traitements expérimentaux
en cours d’essai. Il serait donc intéressant de combiner la méthodologie de la BDA avec ce

type de designs.

A la suite de cette thése, nous souhaitons développer un package R qui serait
disponible sur le CRAN (Comprehensive R Archive Network) pour permettre aux futurs
chercheurs de calculer des erreurs de type | et tailles d’échantillons optimales selon la BDA.
Nous envisageons de faire cela en collaboration avec I'équipe du professeur Andrew Lo du
MIT et ainsi proposer un package qui contiendrait la BDA pour des critéres de jugement

binaires mais également continus.

En conclusion, a travers notre revue systématique et notre approche de la BDA pour
des criteres de jugement binaires, nous avons développé une nouvelle méthodologie qui
pourra permettre a des chercheurs de prendre en compte le contexte des FHVs lors de la
conception d’essais cliniques pour évaluer des traitements. Cela permettra ainsi de produire
des résultats robustes pour des traitements contre des FHVs potentiellement trés mortelles

avec peu de traitements disponibles.
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Abstract

Background: Viral haemorrhagic fevers are characterized by irregular outbreaks with high mortality rate. Difficulties
arise when implementing therapeutic trials in this context. The outbreak duration is hard to predict and can be
short compared to delays of trial launch and number of subject needed (NSN) recruitment. Our objectives were to
compare, using clinical trial simulation, different trial designs for experimental treatment evaluation in various
outbreak scenarios.

Methods: Four type of designs were compared: fixed or group-sequential, each being single- or two-arm. The
primary cutcome was 14-day survival rate. For single-arm designs, results were compared to a pre-trial historical
survival rate py. Treatments efficacy was evaluated by one-sided tests of proportion (fixed designs) and Whitehead
triangular tests (group-sequential designs) with type-l-error = 0.025. Both survival rates in the control arm pe and
survival rate differences A (including 0) varied. Three specific cases were considered: “standard” (fixed pc, reaching
NSN for fixed designs and maximum sample size Nyax for group-sequential designs); “changing with time”
(increased pc over time); “stopping of recruitment” (epidemic ends). We calculated the proportion of simulated trials
showing treatment efficacy, with K=93,639 simulated trials to get a type-l-error Plgss, of [0.024,0.026].

Results: Under Hy (A= 0), for the “standard” case, the type-l-error was maintained regardless of trial designs, For
‘changing with time" case, when pc > py, type-l-error was inflated, and when pc < py, it decreased. Wrong conclusions
were more often observed for single-arm designs due to an increase of A over time. Under Hy (A =+ 0.2), for the
“standard” case, the power was similar between single- and two-arm designs when pc = py. For “stopping of
recruitment” case, single-arm performed better than two-arm designs, and fixed designs reported higher power than
group-sequential designs. A web R-Shiny application was developed.
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historical survival rate.

Conclusions: At an outbreak beginning, group-sequential two-arm trials should be preferred, as the infected cases
number increases allowing to conduct a strong randomized control trial. Group-sequential designs allow early
termination of trials in cases of harmful experimental treatment. After the epidemic peak, fixed single-arm design
should be preferred, as the cases number decreases but this assumes a high level of confidence on the pre-trial

Keywords: Viral haemorrhagic fever outbreak, Clinical trial design, Simulation study

Background

Emerging infectious diseases such as influenza, cholera,
coronavirus, varicella, meningitis and viral haemorrhagic
fevers recently caused numerous outbreaks [1]. Since
2003, the coronavirus caused various outbreaks around
the world. SARS-CoV-1 was first observed in Southeast
Asia. In 2012, MERS-CoV caused a case-fatality rate of
37% in the Middle East [2]. Today SARS-CoV-2 is pan-
demic. Viral haemorrhagic fevers are among the most
severe, including Crimean—Congo haemorrhagic fever,
Ebola virus disease, Lassa fever and Marburg haemor-
rhagic fever, which are endemic in some areas of Africa,
South America and Asia [3]. They are characterized by
outbreaks with high mortality rate which occur irregu-
larly and are hard to anticipate. The second largest
outbreak of Ebola virus disease since the 2014-2016 one
in West Africa, began in 2018 and ended in June 2020 in
the Democratic Republic of the Congo [4].

Recently, a scoping review evaluated political, eco-
nomic, administrative, regulatory, logistical, ethical and
social (PEARLES) challenges associated with clinical
research in the context of emergency epidemics [5]. The
authors highlighted the challenges associated with the
planning, conduct and dissemination of clinical research
responses during an epidemic. They stressed the need
for developing solutions to improve rapid clinical research
deployment, delivery, and dissemination for future
epidemics.

Difficulties often occur when implementing thera-
peutic trials in the context of viral haemorrhagic fever
outbreak. Indeed, the duration of the outbreak is hard to
predict and can be very short compared to the necessary
delay to launch a trial and recruit the required number
of patients. A reduced number of included patients im-
pact the statistical power of the trial and can lead to
study which cannot demonstrate a significant effect of
their experimental treatment [6-8]. Evolution of the
number of cases and case fatality rate during an out-
break period is also a dimension to be considered when
designing a clinical trial in this context.

Moreover, the design of the study must be acceptable
on the field by patients, healthcare workers and the
global population. In the situation of an epidemic peak,
local authorities and non-governmental organizations

managing treatment centres may argue that
randomization is hard to implement due to the high
case-fatality rate and the reluctance to give a less benefi-
cial treatment to part of the patients [7, 9, 10]. A single-
arm design may seem to be best suited for those ethical
aspects, its feasibility on the field and its acceptability by
the population affected directly or indirectly by the dis-
ease. Nevertheless, non-comparative trials can lead to
substantially biased results if the pre-trial survival rate is
incorrect, indeed its evolution over time is not taken
into account.

Another aspect to consider is the choice of the design:
fixed or group-sequential. Indeed, group-sequential de-
signs sometimes lead to reducing the duration of the
trial especially in case of early stop for futility or efficacy
of the experimental treatment [11]. At each interim ana-
lysis, the efficacy of the treatment is tested to decide if
the recruitment has to continue or if the experimental
treatment is already shown to be effective or not.
Group-sequential designs are interesting in an epidemic
peak of infectious disease, under emergency conditions
and with different treatment candidates.

During the Ebola outbreak in West Africa, between
December 2013 and May 2016, three antivirals (favipiravir,
brincidofovir, TKM-13083), one cocktail of antibodies, and
convalescent plasma were evaluated in five therapeutic tri-
als in Guinea, Liberia and Sierra Leone [6-8, 12, 13]. These
trials were implemented during the second phase of the
outbreak, when the number of cases decreased, and none
of them achieved the number of patients required. For four
trials, the primary outcome was the mortality at 14 days
after the inclusion. This outcome was chosen because it re-
quires no invasive procedures or special equipment, and
most of the time deaths from Ebola occur within 14 days.
Only one used the mortality at 28 days and it was the only
randomized trial with an adaptive scheme [6]. The four
other trials were non-randomized and the comparison was
established with the pre-trial mortality based on historical
data, and three trials used a group-sequential design [7, 12,
13]. More recently, a multi-arm multi-stage clinical trial
was conducted with four investigational therapies for Ebola
virus disease in the Democratic Republic of Congo, where,
two of the four treatments compared were stopped based
on interim analysis [14].
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A simulation study by Cooper et al. [15] was con-
ducted to investigate the choice of the study design in
the context of the Ebola Virus disease. In particular,
they worked on a multi-stage approach (MSA) compris-
ing a single-arm phase II study followed by one or two
phase III studies. They concluded that the MSA and
group-sequential double-arm randomised trial led to
substantially fewer deaths than a conventional two-arm
randomised trial if the tested interventions were either
highly effective or harmful. MSA was applied to design
two clinical trials during the 2014-2015 West African
Ebola outbreak [16].

The objectives of the present clinical trial simulation
study was to compare different designs, during various
outbreak scenarios to develop recommendations when
designing a clinical trial for viral haemorrhagic fever. We
considered several specific cases associated with the
timeline of an outbreak. Indeed, at the beginning of an
outbreak, standard cares are developed, which lead to
increased survival rates. After the epidemic peak, it is
more difficult to include patients in a trial due to a de-
creased number of cases. This crisis situation requires
an accelerated research process and the study feasibility
depends on the choice of the trial design. For this simu-
lation study, we choose to compare four clinical trial
designs: fixed single-arm, group-sequential single-arm,
fixed two-arm and group-sequential two-arm designs.
An online tool based on the results from this simulation
study was also developed.
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Methods

We performed clinical trial simulations to compare four
designs (see Additional file 1): fixed single-arm trial (F1);
group-sequential single-arm trial (S1); fixed two-arm
trial (F2); and group-sequential two-arm trial (S2). A
randomization 1:1 was considered for two-arm designs.
The primary outcome of each simulated trial was the
number of patients who survived at day 14 after inclu-
sion. For single-arm designs, results were compared to a
pre-trial historical survival rate.

Several outbreak scenarios were explored based on
three scenario for the timeline of the outbreak and
various values of control survival rate (pc) and efficacy
of the treatment (A). A scenario was defined as the
combination of one specific case of outbreak timeline,
one control survival rate and one survival rate difference.

Three specific cases of outbreak timeline (Fig. 1)

The “standard” case corresponded to a trial launch at
the beginning of the outbreak, i.e. a fixed pc and a num-
ber of subjects equal to the number of subjects needed
(NSN) for fixed designs and the possibility to reach the
maximum sample size (Np,), if needed for group-
sequential trials.

The “changing with time” case was defined to mimic
increased proportion of patients who survived in the
control group over time during the outbreak (pc). An
increase of +0.03 every 20 patients included was simu-
lated, with a maximal total increase of 0.10. This scenario

| Epidemic peak

Generate hypothesis and

choice of the study designs }_\-‘

[Implcmcmalion of standard care ].

[Conﬂmlation of epidemic }/.

Cases number

*

Timeline of an outbreak

Standard

Specific cases: | Nsrop = 100 Nsrop =50 Nsrop =20

Changing with time =
Fig. 1 Outbreak timeline and specific cases simulated. Three specific cases of outbreak timeline were simulated: “standard” specific case with a
fixed control survival rate; “Changing with time” specific case with an increase of the control survival rate over time; and “stopping of recruitment”
specific case with a fixed control survival rate and an early stop of the trial due to an outbreak end. Several sample sizes were simulated for the
“stopping of recruitment” case: Netop = 100, Nsrop = 50, and Nsrop = 20
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was extrapolated from the real weekly evolution of the
survival rate during the 2014’s Ebola epidemic in West
Africa [17].

The “stopping of recruitment” case was performed to
mimic the effect of starting recruitment at different
times during the time course of the outbreak after the
epidemic peak. Several sample sizes were simulated:
Ngrop = 20, Ngrop =50, and Ngpop =100, and we as-
sumed a fixed pc not changing with time. If required,
the p-values in group-sequential designs were adjusted
for underrunning (group-sequential trial which ended
before that the stopping rule has been fulfilled) [18].

Statistical tests

For fixed designs (F1 and F2), the treatment efficacy was
evaluated by a one-sided comparison test of proportions.
A Yate’s continuity correction was applied if needed.
The experimental treatment was considered significantly
superior if the p-value was inferior to 0.025 with the
power 1-=0.90. For group-sequential designs (S1 and
S2), Whitehead triangular one-sided tests were con-
ducted [19]. Stopping boundaries to conclude to the
treatment efficacy were calculated using a type-I-error
a=0.025 and a power 1-f =0.90. Group-sequential ana-
lyses were conducted every 20 patients included for both
single and two-arm trials; and at each interim analysis
the statistics Z (cumulative benefit of experimental treat-
ment) and V (global information) from the Whitehead
triangular test were calculated. The stopping rules for an
interim analysis j were then defined as follows:

*If Zj>a+ cV)-0.583,/Vj-V|_y, the trial was stopped
as the experimental treatment was shown to be
significantly better than the control;

»If Zj<-a+3cVj+ O.SSSW, the trial was
stopped due to futility/inefficacy of the experimental
treatment;

= Otherwise, the trial continued.

The stopping rules for the final analysis ] were defined by:

= If Zy2a+cV;-0.583,/V-V)_1, the experimental
treatment was considered as significantly better than
the control;

= Otherwise, efficacy was not shown.

In case of premature termination of the group-
sequential trial:

= If premature stopping of the trial occurred due to
external reasons, i.e. independently of the cumulative
information and the observed difference in efficacy
between treatments, the final p-values were adjusted
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by the method proposed by Whitehead for
underrunning [18],
= Otherwise, efficacy was not shown.

Sample sizes
The basic scenario was used to calculate the sample
sizes. It assumed a “standard” case for the outbreak, a
proportion of patient who survived at day 14 pc=0.5
(control survival rate) for two-arm trials, and py=0.5
(pre-trial historical survival rate) for single-arm trials,
and an expected survival rate difference A= +0.2. The
number of subjects needed (NSN) for each fixed design
and the maximum sample size for each group-sequential
design (Na.y), with a power 1-f=0.9 and a one-sided
type-I-error o =0.025, were calculated and were:
NSNg; = 60, NSNg, = 248, Nypax, s1 =91, Npmax, s2 = 378.

For group-sequential trials, when the final analysis was
performed with a cumulated number of subjects in-
cluded equal to Ny, the final analysis ] was conducted
with the remaining patients, necessarily inferior to 20
patients (number of patients included at each intermedi-
ate analysis).

Those sample sizes were used for all simulated sce-
nario under “standard” or “changing with time” cases.

Simulated values of parameters
All specific cases of outbreak timeline and all designs
were simulated with different values of the survival rate
in the control arm p¢ = (0.35; 0.50; 0.75) and survival rate
difference A =(-0.10;0;0.10;0.20). Of note A =0 corre-
sponds to simulation under the null hypothesis. The
experimental survival rate in the treatment arm was de-
fined as pg = pc + A. When pc + A <0 then pg was set at
0.01 in order to be able to calculate the log-odds ratio
for triangular tests. Likewise, pg was set at 1 when p¢ +
AS;

For single-arm trials the fixed pre-trial historical sur-
vival rate py was assumed to be 0.50 regardless of the
scenario and control survival rate.

Design evaluation

For each design and each scenario, defined by the spe-
cific case of outbreak timeline and parameters pc and A,
K =93,639 simulated trials were simulated in order to
ensure a 95% prediction interval width of 0.001 around
a=0.025. The seed was chosen randomly and was the
same for all the scenarios. We set the seed once at the
beginning of the entire set of simulated studies.

To evaluate the performance of each design, for each
scenario, we calculated the proportion of simulated trials
showing the efficacy of the experimental treatment i.e.
the proportion of significant tests (denoted p), which
corresponds to the type-I-error when A =0, and the me-
dian [with 5th and 95th percentiles] number of subjects
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included in group-sequential trials (to be compared with
the NSN of the fixed trials).
Simulations were performed with R software version 3.2.1.

Results
Scenarios under Hy (A=0)
For the basic scenario (pc =0.50 and A =0), the type-I-
error was maintained regardless of the trial design
(Table 1). For the “changing with time” case, the type-I-
error was calculated for one-arm designs exclusively: for
two-arm designs, control and experimental survival rates
increased together. Moreover, the type-I-error for single-
arm designs F1 and S1 increased respectively to p=
0.069 and p=0.062. This was due to the incorrect as-
sumption on the pre-trial historical survival rate set at
pu = 0.50 whereas the survival rate increased during the
trial conduct, leading to a py inferior to the control sur-
vival rate pc. The assumption on the pre-trial historical
survival rate is very important. Indeed, a wrong assump-
tion on the value of the pre-trial historical survival rate
(pu) has considerable impact on the results. For the
“standard” and “changing with time” cases, when pc=
0.75, whereas we assumed py=0.50, ie, py<pc and
A =0, single-arm trials (either fixed or group-sequential)
still had higher proportions of simulated trials showing a
significant efficacy than two-arm trials. On the contrary,
when py > pc, with pc=0.35 and A =0, proportions of
simulated trials showing a significant efficacy was very
close to zero. Of note, for the “changing with time” case,
when pc=0.75 and A =0, the type-I-error was lower for
group-sequential two-arm design (p =0.015) than fixed
two-arm design (p = 0.025). This was due to the presence
of 11% of inconclusive trials for the group-sequential de-
sign (data not shown).

Regarding the “stopping of recruitment” case, the only
scenario where the type-I-error was maintained was
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observed under H, for the group-sequential single-arm
design with pc=0.50, A =0 and Ngrop =100, a sample
size very close to the N, s1 (Table 2). When inclusions
were poor and pc =0.50, A =0, the type-I-error was al-
ways lower. For this specific case with pc=0.75, A=0
and Ngsrop = 50, wrong assumption on py had a stronger
impact on the type-I-error estimated at 0.95 to 0.97 for
single-arm designs.

Scenarios under H, (A=0.2)

For the “standard” case, proportions of simulated trials
with a significant efficacy were similar (p = 0.90) between
single- and two-arm designs under H; when the control
survival rate was equal to the pre-trial historical survival
rate (pc=pu=0.50) and A=0.2 (Table 1). However,
when the pre-trial historical survival rate was incorrect,
i.e. the control survival rate was lower (pc=0.35) than
the pre-trial historical survival rate, power of single-arm
designs was poor. Indeed, only 11-12% of simulated
single-arm trials were significant when pc=0.35 and
pe =055 (A=0.20), versus 88—-89% of the simulated
two-arm trials. For “changing with time” cases, propor-
tions were overall similar between fixed and group-
sequential designs (Table 1). Regarding “stopping of
recruitment” cases, single-arm trials performed better
than two-arm trials (Table 2). When pc =0.50, the pro-
portions of simulated trials showing a significant efficacy
were higher for single-arm trials, ranging from 41%
(Nstop=20) to 99% (Nstop =100), compared to two-
arm trials (from 5% for Ngrop = 20 to 54% for Ngrop =
100). Moreover, fixed designs reported higher significant
efficacy than group-sequential designs when A =0.20.

Scenarios with A=-0.1
When the treatment was harmful (A =-0.1), the pro-
portion of simulated trials showing the efficacy of the

Table 1 Proportion of trials showing significant improvement with the experimental treatment (“standard” and “changing with time”

cases)
Design pc=0.50 pc=0.35 pc=0.75
A=0.20 A=0.10 A=0 A=-010 A=020 A=0 A=0 A=-0.10
Standard ~ F1 089 0351 0.025 00002 0120 0000 0.985 0662
S1 0893 0339 0.024 00003 0115 00001 0.982 0657
F2 0897 0347 0.024 0.0001 0887 0.025 0.025 0.0001
) 0.904 0339 0.025 0.0004 0883 0.025 0.024 0.0002
Changing ~ F1 0.964 0536 0069 00011 0241 00001 0.997 0823
WIDBNE g 0944 (0) 0520 (0) 0062 (0 00008 (0)  0229(0)  0(0) 0991 (0) 079 (0)
F2 0926 0370 0.025 00002 0875 0023 0.025 00001
$20) 0958 (00007) 0390 (00001)  0.024(0) 00004 ()  0880(0) 0.025(0) 0015(0.11)  0(0)

In bold, type-l-errors maintained in [0.024;0.026]

Abbreviations: pc indicates control survival rate; A: simulated survival rate difference; F1: fixed single-arm design; S1: group-sequential single-arm design; F2: fixed
two-arm design; S2: group-sequential two-arm design; Standard: specific case with a fixed control survival rate; Changing with time: specific case with an increase

of the control survival rate over time

(*): Proportion of significant tests with proportion of inconclusive group-sequential trials for “changing with time” case
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Table 2 Proportion of trials showing significant improvement for “stopping of recruitment” cases
Stopping Design pc=0.50 pc=0.75
lc',:cruitment A=0.20 A=0 A=-0.10 A=0.20 A=0 A=-0.10
Nstop = 20 F1 0416 0.021 0.002 1 0618 0.244
S1 * 0414 (0.75) 0.021 (0.587) 0.002 (0.245) 1 (0.003) 0615 (0.585) 0.242 (0.830)
) 0234 +0.180 0.006 +0.015 0.0004 +0.0012 0997 +0.002 0411 +0.204 0.116+0.126
F2 0.054 0.006 0.002 0.048 0.005 0.001
52 ) 0.118 (1) 0.042 (1) 0.060 (1) 0.054 (1) 0019 (1) 0.044 (1)
® 0+0118 0+0.042 0+ 0.060 0+0.054 0+0.019 0+ 0.044
Nstop =50 F1 0.858 0.032 0.0005 1 0972 0619
S1 ) 0.793 (0.136) 0.023 (0.020) 0.0004 (0.0002) 1(0) 0.948 (0.054) 0.526 (0.181)
) 0.720+0.073 0.016 +0.007 0.0003 + 0.0001 1+0 0916+ 0.032 0438 +0.088
F2 0333 0.032 0.005 0320 0.021 0.003
S2 9! 0.234 (0.987) 0.016 (0.950) 0.003 (0.837) 0.420 (0.998) 0.020 (0.989) 0.017 (0.903)
@] 0.013+0221 0.0001 +0.016 0+ 0.003 0002 +0418 0+ 0.020 040,017
Nsrop =100 Fi 0.988 0.028 0 1 1 0875
S1 0.894 (0) 0.025 (0) 0.0005 (0) 10 0.981 (0) 0661 (0)
F2 0.542 0.029 0.002 0834 0.024 0.0008
S2 ) 0425 (0.732) 0.012 (0.529) 0.0004 (0.190) 0.747 (0.765) 0.012 (0.766) 0.0004 (0.287)
) 0.255+0.170 0.005 +0.007 0.0001 + 0.0003 0.236+0511 0.001 +0.011 0+0.0004

In bold, type-l-errors maintained in [0.024;0.026]

Abbreviations: p¢ indicates control survival rate; A: simulated survival rate difference; F1: fixed single-arm design; S1: group-sequential single-arm design; F2: fixed
two-arm design; 52: group-sequential two-arm design; Stopping of recruitment: specific case with a fixed control survival rate and an early stop of the trial due to
an outbreak end; For group-sequential trials, the total of trials demonstrating an efficacy of the experimental treatment was defined by the sum of trials with a
significant test and trials with an adjusted p-value inferior to 0.025. The p-value was adjusted for underrunning using the method proposed by Whitehead [18]

(*): Proportion of significant tests with proportion of inconclusive group-sequential trials for “changing with time” cases

(°): Proportion of significant tests + proportion of trials with adjusted p-values inferior to 0.025 for group-sequential trials and “stopping of recruitment” cases

experimental treatment was close to 0 regardless of the
specific case, except when pc=10.75 for single-arm de-
signs, which was due to the wrong assumption on py
(Tables 1 and 2).

Number of subjects included

The median number [P5"-P95"] of subject included in
group-sequential trials for both “standard” and “changing
with time” cases are reported in Fig. 2 with pc = 0.50. The
median number of included subjects was always lower in
the group-sequential trials compared with the fixed trials,
especially when the experimental treatment effect was
harmful (A = - 0.10). Indeed, scenarios with A= —0.10 or
A =0 always presented a median number of included
subjects lower than scenarios with A > 0. Moreover, less
than 10% of the group-sequential single- or two-arm
trials reported a higher number of included subjects
than single- or two-arm fixed trials respectively
(Table 3). On the other hand, the NSN and Ny;., deter-
mined for two-arm designs were greater to 200 patients
whereas the NSN and Ny, for single-arm designs were
lower to 100 patients. The rapidity to perform a single-
arm trial compared with two-arm designs, which require
more than the double of inclusions, is considerable.

Online tool to visualize results of simulated scenarios
Simulation results were reported online on the following
dashboard: https://pmn-bch.shinyapps.io/simu-vhf/. This
tool reports all scenarios for all designs (F1, F2, S1, S2),
according to the choice of parameters: the control sur-
vival rate pc and the survival rate difference A. Available
values are, for pe: 0.35, 0.40, 0.45, 0.50, 0.65, 0.75, and
for A:-0.40, -0.20, -0.10, 0, 0.10, 0.20, 0.30, 0.40.
Several specific cases of an outbreak can be selected: the
“standard” one (with fixed pc, the NSN for fixed designs
and Ny if required for group-sequential trials), the
“changing with time” one which simulated the evolution
of the survival rate and the “stopping of recruitment”
which simulated an early stop of the trial (with Ngpop =
20; NSTOP = 50; NSTOP = 10’0). This tool will allow to
evaluate all the elements before designing a clinical trial
in the context of an outbreak of a viral haemorrhagic
fever.

Discussion

We presented results from our simulation to help future
investigators choosing the best clinical trial design (sin-
gle- versus two-arm, fixed versus group-sequential trial)
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Fig. 2 Number of subjects included in sequential trials “standard” and “changing with time" specific cases, (pc = 0.50). Red diamonds denoted
median of subject included and lines denoted 5th and 95th percentiles. Dashed lines corresponded to NSNg; =60 and NSNg, = 248,
Abbreviations: p¢ indicates control survival rate; A: simulated survival rate difference; F1: fixed single-arm design; S1: group-sequential single-arm
design; F2: fixed two-arm design; S2: group-sequential two-arm design; “Standard": specific case with a fixed control survival rate; “Changing with

time": specific case with an increase of the control survival rate over time

based on the outbreak timeline of an emerging infectious
disease.

At the beginning of an outbreak group-sequential two-
arm trials should be preferred. A group-sequential de-
sign will often allow an early termination of the trial
when the treatment does not perform better than the
control or when treatment efficacy is large. Moreover,
the number of infected cases increases until the epi-
demic peak. Thus, the required number of patients to
perform a two-arm trial can be reached and the

Table 3 Proportion of group-sequential trials with subjects
numbers superior to fixed designs NSN (p¢ = 0.50)

A=02 A=01 A=0  A=-0.1
Standard s1 007 0.13 002 0.0004
2 009 015 002 0.0003
Changing ST 002 013 004 0001
LU R 0.23 003 0.0005

Abbreviations: pc indicates control survival rate; A: simulated survival rate
difference; F1: fixed single-arm design; S1: group-sequential single-arm design;
F2: fixed two-arm design; S2: group-sequential two-arm design; “Standard”:
specific case with a fixed control survival rate; “Changing with time": specific
case with an increase of the control survival rate over time

potential evolution of the survival rate will be considered
with the presence of the control arm.

For trials beginning after the epidemic peak fixed
single-arm design should be performed. As the number
of cases decreases after the peak of the epidemic, single-
arm designs would be preferred as they required a lower
number of patients than two-arm designs. However, this
assumes that the pre-trial historical survival rate was
correctly estimated. We showed that with an incorrect
assumption on this survival rate, the type-I-error is not
maintained. Single-arm trials should only be conducted
if a high level of confidence can be put on the pre-trial
historical survival rate used.

From a methodological standpoint, concern must be
taken when conducting a group-sequential trial. Indeed,
for “stopping of recruitment” case presenting a prema-
ture termination due to an epidemic end, the adjustment
for underrunning had an important impact on the re-
sults. The number of simulated trials showing a signifi-
cant efficacy increased after adjusting for underrunning:
the adjusted p-value led to conclude more often to effi-
cacy of treatment (Fig. 3). Therefore, in the case of an
epidemic end, where the cumulative information for
group-sequential trials is too low due to the impossibility
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of including patients, it is necessary to consider the
adjusted p-value to limit the loss of information and to
increase the probability to conclude (for futility or
efficacy).

One limitation of our study is that our recommenda-
tion on using single-arm trial if it starts after the epi-
demic peak is based on the assumption made on the
pre-trial historical survival rate used to design the trial.
Indeed, we noted that results are substantially biased
when this value is incorrect and the treatment is harm-
ful. Double-blind randomised controlled trial is the best
method to use to avoid those erroneous conclusions.
However, conducting a randomised controlled trial is
not always feasible. In those cases, single-arm trials
should be used when there is relatively strong evidence
behind the pre-trial historical survival rate used. Another
limitation is that our analyses are based on the widely
used 2.5% threshold for the type-I-error, for a one-sided
test. However, in the context of viral haemorrhagic fever,
where mortality rates are high and few effective therap-
ies are available, a 2.5% threshold may not be appropri-
ate and may even raise ethical questions. This threshold
has previously been challenged, and recent studies,
especially in oncology, explored new methods (Bayesian
Decision Analysis) to choose suitable thresholds that
minimize the overall expected harm to patients within
clinical trials and future patients especially for the

deadliest diseases [20]. In this clinical trial simulation
study, we decided to set the type-I-error at 2.5% for a
one-sided test. By increasing the type-I-error, it is
expected that the number of subjects included will de-
crease. However, the choice of this threshold is ques-
tionable. In particular, it could depend on the disease
being studied, the potential outbreak context, the mor-
tality rate, as well as the prevalence (e.g. rare disease).
An extension of this work would be to consider the
case of multi-arm clinical trials. In the context of an out-
break, several treatments could be candidates. This was
observed for Ebola virus, where various treatments were
tested during the same outbreak period [6-8, 12, 13].
Each treatment was evaluated by one clinical trial and
associated with a specific research institute and country.
Multi-arm trial has the advantage of reducing the num-
ber of subjects to be included: indeed, a single control
arm is needed against different experimental arms with-
out loss of power. Launching several two-arm trials in-
creases the number of control arms and the global
sample size to find the right treatment [21, 22]. It also
raises difficulties about acceptability for the participants
and lead to a large loss of time due to competing clinical
trials. The gain in the number of subjects is an import-
ant point in the context of an outbreak where the num-
ber of cases decreases following its peak and the choice
of treatment to be tested is uncertain. Moreover, group-
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sequential trials allow to minimise the expected number
of subjects included regardless of the number of arms in
the trial design. The same considerations explored in
this simulation study for two-arm trials would apply to
multi-arm trials; except for the case of group-sequential
multi-arm design, where after premature termination of
treatment arms for futility, more patients would have
the possibility to receive the remaining treatment. Com-
paring the performance of a multi-arm group-sequential
trial to a fixed trial at the end of an outbreak would be
interesting, but would require to explore a multitude
of scenarios, such as the efficacy or futility of each
treatment.

In this simulation study, we decided to evaluate a
randomization 1:1 for two-arm trial designs. An unequal
allocation ratio in favour of the experimental treatment
arm would have increased the probability of treatment
exposure of the included patient. At first sight, this strat-
egy is beneficial, especially at the end of an outbreak
when the number of cases and the number of inclusions
is decreasing substantially. However, the loss of power
due to this mode of randomization is not negligible: des-
pite an increase in the proportion of patients receiving
treatment, this design would therefore require larger
sample sizes to achieve the same level of statistical
power [23].

Furthermore, this point questions the choice of
designs for group-sequential rather than adaptive trials.
This type of trial is based on the same principles as
group-sequential trials: to adapt the trial based on data
accumulated during the study. For example, in a group-
sequential trial, a treatment arm will be stopped for
futility. With an adaptive trial, it will be possible to re-
evaluate during the study the number of subjects needed
and change the probability of assigning a treatment (as
in the case of unequal allocation ratios).

In practice, adaptive trials are mainly used for the
evaluation of treatment doses. They allow, like multi-stage
multi-arm trials (MAMS), the combination of phase II
and phase III trials. Our simulation study focuses on the
performance of phase III clinical trials. Further work could
be conducted on adaptive methodologies and MAMS.
New questions arise concerning the efficiency of these
methods compared with phase II and III clinical trials,
with the aim of accelerating the therapeutic evaluation
process, using both Bayesian and frequentist approaches
[15, 24]. In the case of a VHF outbreak, such as Ebola
virus, one MAMS phase II — phase III trial was conducted
with a multicentre, multi-outbreak, randomized controlled
trial design [25]. In addition, by focusing on adaptive
phase III clinical trials, the reasoning would no longer be
short-term (a single outbreak wave) but medium and even
long-term with withdrawal and/or addition of treatment
arms according to the evolution of knowledge about the
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disease studied, eligible treatments, and marketing author-
isations specific to each country. Indeed, an adaptive trial,
a MAMS trial, or a classic multi-arm trial seem to be pos-
sible over several outbreak waves (multi-outbreak).
Following this work, we wish to create a more
complete Shiny App were users could enter other values
than that presently available in the drop-down menus.

Conclusion

In conclusion, the choice of the clinical trial design to be
conducted depends on the timeline of the outbreak of a
viral haemorrhagic fever. At the beginning of the out-
break, group-sequential two-arm trials should be pre-
ferred, as the number of infected cases will increase until
the epidemic peak allowing to conduct a strong rando-
mised controlled trial. Moreover, a group-sequential de-
sign will allow an early termination of the trial in cases
of harmful experimental treatment. The stopping for
futility would be faster than the stopping for efficacy,
which is an important aspect during first period of an
outbreak, usually corresponding to a treatment screening
phase.

Regarding trials beginning after the epidemic peak,
fixed single-arm design should be performed, as the
number of cases decreases after the peak of the
outbreak, reducing the number of patients that could be
included. However, this assumes that a high level of con-
fidence can be put on the pre-trial historical survival rate
used in the single-arm trial.

Abbreviations

F1: Fixed single-arm design; F2: Fixed two-arm design; MSA: Multi-stage
approach; NSN: Numbers of subject needed; pc: Control survival rate, the
proportion of patient who survived in the control arm; pe: Experimental
survival rate, the proportion of patient who survived in the experimental
arm; py: Pre-trial historical survival rate; S1: Group-sequential single-arm de-
sign; S2: Group-sequential two-arm design
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changes to the PICOS criteria, data extraction, quality assessment, or data synthesis methods. Previous versions of the
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Review question

Which data are available in terms of case fatality rates, prevalence, sequelaes and treatments of viral haemorrhagic fevers
(VHE)?

Searches

We will conduct a search on the WHO and CDC websites to identify the number of cases and deaths associated with
each disease by year and by country. Additional hand searches will be performed on websites from Ministries of Health.

We will also conduct a systematic literature search of bibliographic databases based on the PRISMA guideline. Relevant
studies will be identified by searching MEDLINE, Embase and the Cochrane Central Register of Controlled Trials
(CENTRAL) in the Cochrane Library. Additional hand searches will be performed on databases not indexed in Embase,
on ClinicalTrials.gov and other potentially relevant internet sources. Search terms will be developed using a combination
of MeSH/EMTREE terms and free-text terms to capture the relevant populations, outcomes and study types.

Types of study to be included [1 change]

Any information source and study type providing prevalence, incidence, case-fatality rates and sequelaes for specified
VHF and survival rates associated with treatments are considered. These include official information from WHO/CDC
and Ministries, cross-sectional and cohort/case-control studies (including incidence/prevalence surveys) and clinical
trials.

Studies are ineligible if any of the following apply:

* the study design is case-control, case reports, case series and incidence/prevalence estimates from the defined
population cannot be calculated,

* the methodology is not described,

* reviews and meta-analyses are excluded.

Condition or domain being studied
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Any VHF from the following list:

« Alkhurma hemorrhagic fever

* Argentine hemorrhagic fever

* Bolivian hemorrhagic fever

 Chapare hemorrhagic fever

* Crimean-Congo hemorrhagic fever

¢ Ebola (Ebola Virus Disease)

 Hantavirus Pulmonary Syndrome (HPS)

* Hemorrhagic fever with renal syndrome (HFRS)

 Kyasanur Forest Disease (KFD)

* Lassa fever

* Lujo hemorrhagic fever

* Lymphocytic choriomeningitis (LCM)

* Marburg hemorrhagic fever

* Omsk hemorrhagic fever

« Rift Valley fever

« Sabia-associated hemorrhagic fever

* Tick-borne Encephalitis (TBE)

* Venezuelan hemorrhagic fever

Participants/population

Humans infected with a VHF reported above.

Intervention(s), exposure(s)

This review will not focus on any specific intervention. Any studies reporting prevalence and/or case fatality rates and/or
sequelaes and/or treatments of a VHF will be included.

Comparator(s)/control

No comparator.

Main outcome(s)
Case fatality rates associated with each disease.
Measures of effect

Until the time of the search and at each outbreak.

Additional outcome(s)

Prevalence, sequelaes, sequelaes prevalence associated with each disease.
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Survival rates associated with available treatments.

Measures of effect

Until the time of the search and at each outbreak.

Data extraction (selection and coding)

Information identified from the WHO and CDC websites will be extracted for each disease by outbreak and by country.

For the literature search, after removing duplicates, two researchers will independently evaluate all identified citations on
the basis of titles and/or abstracts. In case of disagreement, consensus meeting will take place to discuss the study
selection. Full-text publications of studies included based on title and abstract will be retrieved and reviewed by two
researchers (o assess eligibility based on the inclusion/exclusion criteria. Justification for study exclusion will be
documented. Data extraction will then be conducted on the included studies.

If different data sources overlapped for a country over one period, only one data source will be used, and the following
order will be used in the selection of the data source: WHO data, CDC data, national data and other data source.

Risk of bias (quality) assessment

Quality assessment will be independently performed by two researchers using the Newcastle-Ottawa Quality Assessment
Form to evaluate cohort studies, and the Risk of Bias (RoB) tool described in the Cochrane Handbook for Systematic
Reviews of Interventions to evaluate clinical trials.

Strategy for data synthesis

A narrative synthesis approach by disease will be used for the analyses. Descriptive tables and graphs will be used to
report the findings.

Analysis of subgroups or subsets

None planned.

Contact details for further information

Drifa Belhadi
drifa.belhadi@aphp.fr

Organisational affiliation of the review

INSERM, University Paris Diderot

Review team members and their organisational affiliations

Ms Drifa Belhadi. APHP, Department of Epidemiology, Biostatistic and Clinical Research, Bichat Hospital, Paris
France. INSERM, University Paris Diderot, IAME, UMR1137, France

Dr Cédric Laouénan. APHP, Department of Epidemiology, Biostatistic and Clinical Research, Bichat Hospital, Paris,
France. INSERM, University Paris Diderot, IAME UMR1137, France

Professor France Mentré. APHP, Department of Epidemiology, Biostatistic and Clinical Research, Bichat Hospital,
Paris, France. INSERM, University Paris Diderot, IAME UMR1137, France
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Type and method of review

Epidemiologic, Narrative synthesis, Systematic review

Anticipated or actual start date

01 December 2019

Anticipated completion date [I change]

31 October 2022

Funding sources/sponsors

None
Conflicts of interest

Language

English

Country

France

Stage of review [1 change]

Review Completed published

Details of final report/publication(s) or preprints if available [l change]

Belhadi D, El Baied M, Mulier G, Malvy D, Mentré F, Laouénan C. The number of cases, mortality and treatments of
viral hemorrhagic fevers: A systematic review. PLOS Neglected Tropical Diseases. 2022 Oct 31;16(10):¢0010889.

https://doi.org/10.1371/journal.pntd.0010889

Subject index terms status

Subject indexing assigned by CRD

Subject index terms

Disease Outbreaks; Hemorrhagic Fevers, Viral; Humans; Prevalence

Date of registration in PROSPERO
28 April 2020
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Date of first submission

30 January 2020

Stage of review at time of this submission [2 changes]

Stage

Preliminary searches

Piloting of the study selection process

Formal screening of search results against eligibility criteria
Data extraction

Risk of bias (quality) assessment

Data analysis

Revision note

I corrected the stages as "started" and "completed”.

Started
Yes
Yes
Yes
Yes
Yes
Yes

Completed
Yes
Yes
Yes
Yes
Yes
Yes

The record owner confirms that the information they have supplied for this submission is accurate and complete and they

understand that deliberate provision of inaccurate information or omission of data may be construed as scientific

misconduct.

The record owner confirms that they will update the status of the review when it is completed and will add publication

details in due course.

Versions

28 April 2020
04 August 2022
13 October 2023
13 October 2023
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L’Analyse Bayésienne Décisionnelle pour le design d’essais cliniques dans le contexte
de fievres hémorragiques virales

Les fiévres hémorragiques virales (FHVs) sont souvent associées a une forte mortalité et des
épidémies imprévisibles, entrainant des difficultés a conduire des essais cliniques. Du fait d'un
seuil de significativité statistique conservateur de 5%, les investigateurs font face a des
nombres réduits de patients inclus impactant la puissance statistique de I'essai. Ainsi, dans ce
contexte, une erreur de type | de 5% peut ne pas étre appropriée. La "Bayesian Decision
Analysis" (BDA) permet de prendre en compte le contexte de la maladie pour calculer la taille
d'échantillon et erreur de type | optimales lors du design d'un essai. Nous avons adapté la BDA
pour pouvoir l'utiliser pour des FHVs. Etant donné que la mortalité est le critere de jugement
le plus utilisé dans ce contexte, nous avons adapté la méthodologie a des essais cliniques avec
un critere binaire. Ce travail permet d'obtenir les tailles d'échantillon et erreurs de type |
optimales pour un essai randomisé a 2 bras selon plusieurs parametres a pré-spécifier dont la
sévérité de maladie, la taille de la population cible et I'effet attendu du traitement. Nous avons
illustré cette méthodologie dans le contexte des FHVs, notamment la maladie a virus Ebola.
Nous avons conduit une revue systématique pour récolter les nombres de cas, mortalité,
traitements et séquelles pour chaque FHV. Nous avons ensuite appliqué notre BDA au cas de
la maladie a virus Ebola. Ce travail permet d'apporter un nouvel outil aux chercheurs
souhaitant évaluer un traitement, notamment pour des maladies tres mortelles avec peu de
traitements disponibles.

Mots-clés: Bayesian decision analysis, essai clinique, maladie a virus Ebola, fiévre
hémorragiques virales, erreur de type |, taille d'échantillon

Bayesian decision analysis to design clinical trials in the context of viral hemorrhagic
fevers

Viral hemorrhagic fevers (VHFs) are often associated with high mortality rates and
unpredictable outbreaks, leading to difficulties to conduct clinical trials. Due to a conservative
statistical significance threshold (5% threshold), investigators face reduced numbers of
included patients with an impact to the statistical power of the trial. Therefore, in this context,
a 5% type | error may be inappropriate. The Bayesian Decision Analysis (BDA) allows taking
into account the context of the disease to calculate optimal sample size and type | error when
designing a clinical trial. We adapted the BDA to be able to use it in the context of VHFs. As
the mortality rate is the most commonly used outcome in our context, we adapted the
methodology to clinical trials with a binary outcome. Finally, this work allows obtaining
optimal values of sample size and type | error for a two-arm randomized trial given several
parameters to pre-specify including the severity of the disease, the size of the target
population and the expected treatment effect. We illustrated this methodology in the context
of VHFs, more particularly Ebola virus disease. We conducted a systematic review to retrieve
the number of cases, mortality, treatments and sequelaes for each VHF. Then we applied our
BDA framework in the context of Ebola virus disease. This work provides a new tool to
researchers wishing to assess a new experimental treatment, especially for diseases with high
mortality rates and few therapies available.

Keywords: Bayesian decision analysis, clinical trial, Ebola virus disease, viral hemorrhagic
fevers, type | error, sample size



