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HHI.THESIS SUMMARY

La malaria sigue estando en el pédium de las enfermedades infecciosas mas mortales a
nivel global. Aunque la malaria importada presenta un panorama diferente al de las
zonas endémicas, sigue siendo una fuente considerable de morbi-mortalidad. El
diagnéstico precoz es crucial debido a la naturaleza agresiva de la enfermedad, pero el
acceso a pruebas microbiolédgicas puede ser un desafio en algunos entornos médicos.
Ademas, los criterios actuales de malaria grave, basados en los criterios de la OMS para
areas endémicas (y dirigidas principalmente a detectar gravedad en nifos), pueden
llevar a una clasificacién incorrecta en regiones no endémicas, especialmente teniendo
en cuenta que la poblacién en estas areas suele ser adulta y puede no haber estado

expuesta previamente al parasito.

La hipdtesis de esta tesis es que la evaluacién de nuevas estrategias para la
identificacion precoz y estratificacion de pacientes optimizaria el manejo de la malaria
en regiones no endémicas. Los objetivos fueron: 1) Desarrollar una herramienta basada
en machine-learning para predecir el riesgo de presentar malaria en viajeros que
regresan con fiebre;2) Describir las condiciones potencialmente mortales, incluyendo
muertes e intervenciones vitales, asi como la prevalencia de coinfecciones en una
cohorte de pacientes con malaria atendidos desde 2005 hasta 2023;3)Evaluar una
clasificacién modificada de malaria grave para regiones no endémicas, para identificar
pacientes con mayor riesgo de desarrollar condiciones potencialmente mortales;4)
Identificar los factores predictivos asociados con el fallo orgdnico y la muerte en
pacientes con malaria importada;5) Identificar biomarcadores del huésped asociados
con la gravedad vy el fallo organico en pacientes con malaria importada.6) Identificar
biomarcadores del pardsito asociados con la gravedad en pacientes con malaria
importada.7) Evaluar la capacidad de una prueba de inmunoensayo de flujo lateral

convencional HRP2/LDH para identificar pacientes con malaria importada grave.

Los objetivos se respondieron a través de 4 estudios. Para el articulo 1 se obtuvieron

datos de un estudio prospectivo multicéntrico de viajeros con fiebre, para construir un
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modelo basado en machine-learning que pudiera predecir casos de malaria entre los
mencionados viajeros. Para el modelo se utilizaron caracteristicas demograficas, clinicas
y de laboratorio como variables. Estas variables fueron evaluadas con once modelos de
clasificacién de machine-learning mediante validaciéon cruzada en un conjunto de
entrenamiento. Posteriormente, en el modelo con mejor rendimiento, definido por el
area bajo la curva(AUC), se realizé la optimizacién de parametros y evaluacion en el
conjunto de prueba. Finalmente, se elaboré un modelo reducido con aquellas
caracteristicas que mas contribuyeron al modelo inicial. El modelo reducido, MALrisk,
logré una sensibilidad del 100% y una especificidad del 72% con solo 6 variables (destino
de viaje, quimioprofilaxis, erupcidn cutdnea, sintomas respiratorios, recuento de
plaguetas y bilirrubina). Por tanto, MALrisk es una herramienta prometedora para
identificar malaria en pacientes con fiebre importada, facilitando el tratamiento

empirico y el traslado urgente.

En el articulo 2, se analizé una cohorte de pacientes (n=506) tratados por malaria en el
Hospital Clinic entre 2005 y 2023. Tras el diagnodstico, se aplico el criterio de la OMS
(excepto para la parasitemia, con umbral del 2%). Tras la primera clasificacidn, se aplicé
un criterio modificado de gravedad, que subdividié las malarias graves en malarias muy
graves y malarias menos graves. Como resultados, inicialmente, el 35% de los pacientes
presentd un episodio de malaria grave segun los criterios de la OMS. Tras la aplicar la
clasificacion modificada, ningln paciente con malaria menos grave desarrolld una
condicidn potencialmente mortal, sugiriendo que las clasificaciones de gravedad de
malaria se beneficiarian de una revisiéon para areas no endémicas, asumiendo que las

malarias menos graves no precisan de vigilancia intensiva.

En el articulo 3, se realizé un estudio de casos y controles retrospectivo en el Hospital
Clinic (2011-2021), clasificando a pacientes adultos con P.falciparum segun los criterios
de la OMS y comparandolos con controles con fiebres no maldricas. En todos los grupos
se midieron biomarcadores como Ang-1, Ang-2, sTREM-1, PCR y plaquetas. Se
incluyeron 131 participantes: 52 con malaria grave, 30 con malaria no complicada y 49

con fiebre no maldrica. Todos los biomarcadores, excepto sTREM-1, mostraron
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diferencias significativas entre los grupos. Usando la clasificacién de gravedad
modificada de la OMS, Ang-2 y PCR presentaron la mejor AUC; 0.79 (IC 95% 0.64—0.94)
y 0.80 (IC 95% 0.67—-0.93), respectivamente. Ademas, un modelo que combina PCR y
Ang-2 mostré la mejor AUC, con la mayor sensibilidad y especificidad: 84.6% (IC 95%
58.9-98.1) y 77.4% (IC 95% 65.9-87.7), respectivamente. Por tanto, la combinacion de

Ang-2 y CRP mostré el mejor rendimiento diagndstico para casos clinicamente graves.

Finalmente, en el articulo 4, se realizé un estudio de casos y controles (enero de 2011-
enero de 2021), de viajeros que regresaron con enfermedades febriles agudas al
Hospital Clinic tras un viaje internacional. Se aplicd la misma metodologia de
clasificacion de casos que en el articulo 3. Tras ello, en las muestras obtenidas se realiz
la medicidn de pLDH y HRP2, biomarcadores del parasito, utilizando un inmunoensayo
multiplex de alto rendimiento basado en la plataforma Luminex. Posteriormente, se
realizd una lectura a simple vista de una prueba de inmunoensayo de flujo lateral
convencional y finalmente se realizd la cuantificacion de las bandas de dicho test a partir
de las imdgenes de un smartphone analizados con el software Imagel. En total, 121
participantes fueron incluidos en el estudio: 75 pacientes con malaria (de los cuales 50
eran malarias graves) y 46 participantes con fiebres no malaricas. En Luminex, la
sensibilidad de pLDH como marcador prondstico fue de 84.0%(95%IC:73.8-94.2), con
una especificidad de 88.0% (95%Cl: 75.3-100). Ademads, la combinacién de pLDH con
HRP2 no aumentd significativamente la habilidad pronéstica. Por ultimo, el AUC de pLDH
determinada por el test comercial tras el analisis de smartphone fue de 0.85 (95% IC:
0.76-0.93), permitiendo estimar una sensibilidad de 73.9% (95%IC: 61.2-86.6) y una
especificidad de 88.0% (95%IC: 75.2-100). Con todo ello, la pLDH puede ser una firme
candidata como herramienta prondstica. Para finalizar, el uso de pruebas rdpidas y
analisis con smartphone podria proporcionar un método accesible y eficiente para

diagnosticar y predecir la gravedad de la malaria.
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IV.INTRODUCTION

Historical view of malaria

Malaria has afflicted humanity since almost its inception; neolithic dwellers suffered it
before they could even imagine that the life cycle of the disease involved a mosquito.
Many civilizations throughout history have documented the havoc caused by
intermittent fevers, starting in 2700 BCE with the NeiChing (the Chinese Canon of
Medicine), where malaria symptoms were discussed and the relationship between
fevers and enlarged spleens was proposed®. In the 6th century BCE, the cuneiform script
from Mesopotamia also documented it. Such was the impact of malaria that Indian
writings of the Vedic period (1500 to 800 BCE) called malaria the “king of diseases”™.
More directly, malaria antigen was detected in Egyptian excavations from 3200 and
1304 BCE?. The early Greeks and Roman Empire, since their beginnings, also suffered

from this disease that came down from the Nile.

The term malaria appears documented in Italy for the first time around the mid-18th

century. It derives from the contraction of the Italian words “mal” and “aria” meaning

“bad or unhealthy air”. In the Middle Ages, malaria was thought to be transmitted by
humid and stale air, a situation often found in swamps?3. In the same way, the word
“paludisme” comes from the French, where “palus” is the Latin word for swamp, once
again emphasizing the idea that staying close to swamps and marshes caused the
disease®. In Spain, the word is registered in 1861°. Shortly thereafter, in 1880, the
Plasmodium parasite was discovered by Charles Louis Alphonse Laveran, and thanks to
the studies of Ronald Ross in 1897 and several Italian scientists (to note Giovanni Battista
Grassi, Amico Bignami, Giuseppe Bastianelli, Angelo Celli, Camillo Golgi and Ettore
Marchiafava) between 1898 and 1900, mosquitoes were described as obligatory vectors
in malaria cycle®. Since then, it has been understood that malaria is a life-threatening
disease caused by Plasmodium spp. parasites, transmitted through the bites of

previously infected Anopheles mosquitoes. Although several zoonotic Plasmodium spp.
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infections have been documented in humans (mostly six), Plasmodium falciparum is the
most widespread and aggressive one, being responsible for the majority of deaths from

malaria’.

Global trends on malaria and impact of malaria control strategies

At the beginning of the 20™ century, the course of each continent has been influenced,
in one manner or another by malaria, coinciding this fact with the establishment of
national and international programs for the control and eventual eradication of malaria,
such as the Center for Disease Control (CDC) and Prevention in the USAZ2. In Europe,
England and Italy were pioneers in carrying out campaigns to drain swamps, vector-
control, and using quinine systematically to tackle malaria, being the first countries in
Europe to achieve disease control®. Spain eliminated malaria in 1964, being one of the
last countries in Western Europe to be declared free of malaria by the World Health
Organization (WHO)°. Many other countries achieved this status right after Second
World War®(Figure 1). Behind these achievements, there was also the involvement of

WHO that, since 1955, implemented the Global Malaria Eradication Program (GMEP).

Bl 2002
B 1994
Bl 1975
1965
[ 1946
[ 1900
[1 Malaria free

Figure 1. The global distribution of malaria since 1900 to 2002. !
After WHO's first malaria initiative in 1955, the organization shifted its approach in 2000

with the launch of the Global Malaria Program (GMP). The focus moved from global
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malaria eradication to creating country-specific roadmaps, setting control goals for all
countries and elimination targets for some. The interventions focus on vector control
with dichloro dyphenil trychloroethane (DTT), the distribution of insecticide-treated bed
nets, as well as to secure access to diagnostic tests and treatment. Briefly, from 2000 to
2015, malaria cases and mortality decreased significantly'>!3: Globally, the number of
malaria cases fell from an estimated 262 million in 2000 (range 205—316 million) to 214
million in 2015 (range 149-303 million). The same occurred with mortality, as the
number of malaria deaths fell from an estimated 839.000 in 2000 (range 653.000 to 1.1
million), to 438.000 in 2015 (range 236.000—635.000)*%. The percentage of total malaria
deaths in children aged under 5 years decreased from 87% in 2000 to 76% in 2015,
Although there was a pause in the trend from 2015 onward, the COVID-19 pandemic
definitively altered the global downward trajectory of cases; due to disruptions in GMP
implementation (among other factors), there was a global increase in cases and
deaths®®. The World Malaria Report, published annually by WHO, summarizes the global
epidemiological situation, interventions undertaken, and future challenges. By the end
of 2022, there were an estimated 249 million malaria cases (an increase of 5 million
cases compared with 2021) and 608.000 deaths (fewer cases than the previous year but
still more cases than in 2019%. On the other hand, the year 2022 left with Azerbaijan,
Belize, and Tajikistan achieving the status of malaria-free countries, being 85 the total
account for malaria-endemic countries and territories. In January of 2024 WHO certified
Cabo Verde as a malaria-free country too. Figure 2 from World Malaria Report 2023

shows global trends in malaria incidence and mortality.
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Figure 2. Global trends in a) malaria case incidence (cases per 1000 population at risk) and b)
mortality rate (deaths per 100 000 population at risk), 2000-2022.%4

On the other hand, in contrast to these historical trajectories, Africa has consistently had
the heaviest burden of malaria cases and associated impact over the centuries.
Nowadays, about 93.6% of malaria cases globally occur in Sub-Saharan Africa, and
specifically, 4 countries (Nigeria, Democratic Republic of Congo, Uganda and

Mozambique) host 50% of global malaria cases™.
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Impact of artesunate in mortality

From the arrival of quinine (found in the bark of the cinchona tree) in Europe from Peru
in the 17th century, brought by the Jesuits?, to the discovery of artemisinin by the Nobel
Prize Professor Youyou Tu in 19727, the history of malaria is also a narrative of the
quest for a cure for the so-called 'intermittent fevers'.

Until the early 2000s, quinine was the first-line, core treatment for severe malaria
(SM)*8, By that time SM mortality in endemic areas ranged between 15 to above 30%
(when presenting with cerebral malaria or with multiple vital organ dysfunction)®*°,
With this global health challenge, two large trials were conducted to prove the
superiority of artesunate as a first-line treatment against malaria. SEQUAMAT
(SouthEast Asian Quinine Artesunate Malaria Trial) was the first trial, published in
2005%, that consisted of an open-label controlled trial that randomized 1461 patients
admitted to hospital with severe P. falciparum malaria in Bangladesh, India, Indonesia,
and Myanmar. Being the primary endpoint in-hospital mortality, death in artesunate
recipients was 15% compared with 22% in quinine recipients, with an absolute reduction
of 35% (95% Cl 18.5-47.6%; p<0.001)®. These findings started the path for a paradigm
shift in SM management, that was ratified by the AQUAMAT (African Quinine Artesunate
Malaria Treatment) trial. AQUAMAT results were published in 20102%%; 5425 children
were enrolled in this open-label, randomized trial undertaken in 11 centers in nine
African countries. In this trial, mortality in the artesunate group was 8% while in the
quinine group was 11%2?' . Data from these two big trials along with smaller ones (8 in
total) were grouped in a meta-analysis?? that showed a 39% (95% Cl 25% to 50%)
reduction of the risk of death in adults, and 24% in children (95% CI 10% to 35%)%*(Figure
3). Apart from that, artesunate was shown to be safer than quinine with fewer adverse
events??. Although no trial included in the meta-analysis reported discontinuation of
medication due to severe adverse events, mild adverse events including tinnitus,
hearing impairment, nausea, and vomiting were less commonly described in the
artesunate group. Besides, artesunate was associated with a better safety profile, with
statistically significant reduction in episodes of hypoglycemia [Risk Ratio (RR) 0.55, 95%
0.41 to 0.74]%2,
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COC h rane Trusted evidence.

= . Informed decisions.
1 Libra ry Better health, Cochrane Database of Systematic Reviews

Analysis 1.1. Comparison 1 Artesunate vs quinine, Outcome 1 Death: participant age.

Study or subgroup Artesunate Quinine Risk Ratio Weight Risk Ratio
n/N n/N M-H, Fixed, 95% CI M-H, Fixed, 95% CI

1.1.1 Adults (Age > 15/16 years) \

Anh 1989 2/19 7122 —_— 1.26% 0.33[0.08,1.41]
Anh 1995 8/99 18/91 —— 3.65% 0.41[0.19,0.89]
Dondorp 2005 102/633 153/626 + 29.91% 0.66(0.53,0.83]
Hien 1992 5/31 8/30 —_——r 1.58% 0.6(0.22,1.64)
Newton 2003 7/59 12/54 —_— 2.44% 0.53[0.23,1.26)
Subtotal (95% Cl) 841 823 <& 38.83% 0.61[0.5,0.75]

Total events: 124 (Artesunate), 198 (Quinine) ‘
Heterogeneity: Tau?=0; Chi*=2.23, df=4(P=0.69); I*=0%
Test for overall effect: Z=4,7(P<0.0001)

1.1.2 Children (Age < 15 years)

Ca0 1997 437 5/35 e 1% 0.76(0.22,2.59]
Dondorp 2005 5/97 11/105 —4—}- 2.05% 0.49(0.18,1.37]
Dondorp 2010 23002712 297/2713 ] 57.73% 0.77[0.66,0.91]
Eltahir 2010 1/33 2/33 + 0.39% 0.5[0.05,5.25]
Subtotal (95% C1) 2879 2886 ¢ 61.17% 0.76[0.65,0.9]

Total events: 240 (Artesunate), 315 (Quinine)
Heterogeneity: Tau*=0; Chi*=0.87, df=3(P=0.83); I’=0%
Test for overall effect: Z=3.31(P=0)

Total (95% Cl) 3720 3709 1) 100% 0.71[0.62,0.8]
Total events; 364 (Artesunate), 513 (Quinine)

Heterogeneity: Tau?=0; Chi*=5.6, df=8(P=0.69); 1*=0%

Test for overall effect: Z=5.45(P<0.0001)

Test for subgroup differences: Chi*=2.69, df=1 (P=0.1), 1’=62.8%

Favours artesunate 005 02 1 5w Favours quinine

Figure 3. Forest plot comparing mortality of P. falciparum malaria treated with artesunate and
quinine®.

This evidence, regardless of the age of the patient, clearly supported the superiority of
parenteral artesunate over quinine, prompting revisions and changes in global
treatment guidelines. Nowadays, artesunate and artemisinin-based combination
therapies (ACT) are indisputably the first-line treatment for severe and uncomplicated

malaria worldwide. 23
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Malaria in non-endemic areas

The current situation of malaria in Europe presents a completely different scenario
compared to Africa. After centuries of shared suffering due to the morbidity and
mortality associated with malaria, the WHO European Region was at first declared
malaria-free in 1975. However, by the 1990s, local malaria transmission was re-
established in the Caucasus and the Central Asian republics. In response to this situation,
the affected countries committed through the Tashkent Declaration in 2005 to eliminate
malaria in the WHO Europe Region by 2015. This objective was successfully achieved,
and WHO certified again WHO Europe Region malaria-free in 2016%*%. Focusing on
Spain, historically, malaria epidemics occurred in the 18™ century and after the Civil
war®, During the 1950s and until the last cases were declared in 1961, Western
Andalusia with its wetlands represented the last important focus of endemic malaria in

Spain®. Finally, Spain was certified as malaria-free in 1964°.

Spain and Europe thus became non-endemic regions, and since that time the number of
imported cases reported over the years has been constant. According to 2023 European
Centre for Disease Prevention and Control (ECDC) epidemiological report, a total of
4.856 malaria cases were reported in Europe in 2021%7. Among 4.257 cases with known
importation status, 99.7% were travel-related?. Although declaration is not obligatory
in France, they reported the highest number of cases (2.322), followed by Germany
(605), Italy (443), Spain (430), and Belgium (365). However, this numbers are lower
compared to those of pre-pandemic years; Spain reported 851 cases and France 2.839

in 2018%,

Going into more detail regarding malaria cases, a recent meta-analysis highlighted a
pooled prevalence of SM of 12.5% (95% ClI 10.3%—14.6%)%° among imported malaria
cases. Besides, the ECDC annual report described a case fatality ratio of 1.1% among
1.944 malaria cases with a known outcome in Europe?, and the systematic review
highlighted a pooled prevalence of deaths attributable to severe imported malaria of
5.1% (95% Cl 4.0%—6.2%). In terms of temporary trends, the systematic review described

a pooled prevalence for death of 8 % between 2000 and 2009, descending to 4.4 %
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between 2010 and 2021%° . However, ECDC only receive data from passive surveillance
and information about clinical outcomes are missing in almost 50% of cases. In the same
way, large cohorts specifically describing imported SM cases in non-endemic regions are
scarce. A small cohort of 20 patients attended in an intensive care unit in the Hospital
Clinic of Barcelona between 1991 to 2007, described a mortality as high as 25%3° in the
pre-artesunate era. Besides, one of the most representative studies addressing SM is a
French cohort with 400 patients, that collected data from 2000-2006. In the mentioned
cohort, the reported mortality of severe cases was 10.5%3!, showing that referral

centers concentrate the most severe cases and higher mortality rates.

Fortunately, the introduction of artesunate shifted the paradigm in the management of
malaria. After WHO recommended using artesunate as a first-line treatment for SM,
non-endemic countries also started to change their guidelines, even though controlled
trials were not conducted in non-endemic settings due to the strong evidence already
collected in endemic regions. European guidelines for the management of malaria were
drafted in 20123%, and incorporated artesunate as first-line therapy. Since then, the
introduction of intravenous artesunate into treatment practice has been slow because
a formulation meeting standards of Good Manufacturing Practice (GMP) as well as
prospective clinical safety data required for regulatory approval were not available. To
address this issue, a first retrospective multicentric study was conducted, monitoring
the treatment practices and outcomes of 185 patients with SM across 12 European
countries between 2006 and 201433, The study added evidence in favor of artesunate
demonstrating that artesunate reduced the duration of Intensive Care Unit (ICU) and
hospital stay, with faster parasite clearance time (median, 36 vs 48 hours; p =0.02, n =
100). Subsequently, a propensity-score analysis obtained similar results in terms of
reduction of ICU stay**. However, the latter study, which included patients treated for
SM in France between 2011 to 2017 (n = 1544), did not find any differences in terms of
28-day mortality when comparing quinine and artesunate groups. On top of that, in

Spain, the availability of artesunate has been related with a decrease in mortality3.
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In parallel, a safety concern about the development of hemolytic anemia after
artesunate treatment came up. In this line, a review which summarized 13 studies that
included a total of 574 patients showed that post-artesunate delayed hemolysis (PADH)
occurred in 15% of patients, but no death or sequelae were reported. In PADH patients
presenting anemia, overall blood transfusion was administered in 50% of travelers3®.
Afterward, a French multicentric prospective study enrolling 1391 patients between
2011-2017, recorded clinical and epidemiological features of artesunate-treated
patients®. In this article, the incidence of PADH was 42.8% when specifically assessed in
a 98-patient subgroup (of which hematological parameters were available during the
28-day follow-up period) but was not associated with fatal outcomes or sequelae.
Interestingly, PADH was twice as frequent in patients of European origin compared with
patients of African origin. As other adverse events, cardiac events were recorded in 24
patients, being more frequently reported in patients with European origin. This data
showed that indeed Artesunate is highly efficacious, however follow-up is necessary to

detect the mentioned side effects; a sort of toll to pay for a life-saving treatment.

Severe malaria

After providing a general overview of malaria from a chronological perspective, as well
as its evolution in different regions, it is important to delve into two key aspects of the
term "severity" in this context. The first is to understand severity as the consequence
generated by the interaction of a pathogen with the host. The second is to recognize
that defining a disease as severe is a necessary classificatory label to standardize clinical
decisions and establish a common language. These two aspects coexist in the term
"severe malaria". Understanding both aspects is essential to fully appreciate the

spectrum of disease caused by malaria and the corresponding medical response.
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Pathophysiology of severe malaria

A thorough understanding of the intricate life cycle of P. falciparum, comprising multiple
developmental stages, is essential for assessing the clinical impact of malaria on
patients. It begins with the bite of an infected female Anopheles mosquito, while clinical
symptoms start when merozoites are released from the liver and invade red blood cells
(RBCs). Within the RBCs, they replicate asexually, leading to the rupture of RBCs and
release of more merozoites, which can infect other RBCs.?® Once the blood stage is
reached, P. falciparum shows a unique characteristic: cytoadherence. Thanks to the
ligands expressed by the parasite in the surface of infected RBCs, they have the ability
to produce the clumping of uninfected to infected RBC (“rossetting”), together with the
clumping between infected RBC (denominated “auto-agglutination”). More importantly,
cytoadherence permits infected RBC to stick in post-capillary distal venules’
endothelium, causing sequestration and further contributing to the impairment of
microcirculatory flow, causing tissue hypoxia and organ damage®. Therefore, peripheric
parasite count does not entirely reflect the P. falciparum pathogenic mechanisms, and
cytoadherence is a cornerstone for the most severe clinical presentations of malaria, as
directly damages the microvasculature and endothelium, having as a final result a
diffuse tissue ischemia and organ failure. On the other hand, cytoadherence triggers the
host reaction, based on a potent inflammatory and immune response. Pro-inflammatory
cytokines [e.g., interleukin (IL)-1B and tumor necrosis factor (TNF)], neutrophils and
neutrophil-produced proteins are key actors in the onset of severe malaria pathology #°
, but both immune and inflammatory response converge on the endothelium activation.
This change in the endothelium’s state makes it permeable and pro-inflammatory,
allowing it to accommodate pathogen sequestration and elimination while
simultaneously working to repair vascular damage*!. If the aggression continues,
endothelial activation results in endothelial dysfunction, leading to organ damage too.
This interaction shows that there is a fine balance between activating a response that is
strong enough to limit parasite replication and avoiding a response that damages the

host3%42, Figure 4 shows the most remarkable aspects of host responses to the parasite.
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Figure 4: Image showing host-parasite interaction during Plasmodium spp. infection.*

Identification of severe cases through WHO definitions

By shifting the focus from the pathophysiology of severe malaria to the medical
response to malaria, the initial step of adopting guidelines was taken. This was done in
an attempt to standardize the clinical approach to malaria patients and to identify
individuals at higher risk of developing severe disease. In 1985 a WHO committee set a
severity classification, based on experts’ opinion and evidence gathered in South-East
Asia®3. This event became an important accomplishment in the management of malaria
because it provided a concrete guide to define malaria’s clinical presentations and to
decide on initial antimalarial treatment. Since 1985, severity criteria have undergone

several modifications until nowadays (Table 1) *°. (Note: The severity criteria and
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classification of malaria apply to P. falciparum. If not specified otherwise in the text,

reference is always made to P. falciparum.).

The main target of these criteria was children (under the age of 5 years) from malaria-
endemic areas, the most vulnerable population for SM that needed enhanced
management. After gathering experience from studies in African children, in 1995 a new
meeting was held by WHO where a more inclusive and pragmatic definition of SM in
children included severity criterion such as prostration (defined as the inability to sit
upright in a child normally able to do so or to drink in the case of children too young to
sit) and respiratory distress (acidotic breathing) as severity criteria**. The new inclusive
definition ensured high sensitivity, but low specificity in identifying potentially fatal
infections*®. However, in the same meeting, the contrasting needs of more specific
criteria were highlighted*3. In addition, the parasite density threshold to consider
hyperparasitemia was sub-divided according to transmission intensity: 4% was
recommended for low transmission settings, and 20% in high transmission settings.
Subsequently, a meeting was held in 2013, marking the latest engagement by the WHO
on this issue. During the meeting, certain aspects of SM were reformulated, including a
change to the hyperparasitaemia criterion, which was set back to a 10% cut-off value.
Interestingly, severe Plasmodium vivax and Plasmodium knowlesi definitions were also
proposed®. For all patients fulfilling the severity criteria, admission in the highest
monitoring unit available at hospital was also advised. This 2013 meeting incorporated
substantial changes in the therapeutical aspect’s recommendations, including
parenteral artesunate as a first-line treatment for SM. The introduction of artesunate
also enabled the development of recommendations for clinical situations that while
not strictly classified as severe, could still result in worse patient outcomes.3%4° 46

Currently, clinical criteria for use of intravenous artesunate are:

e Unable to take oral medications due to repeated vomiting.

e Uncomplicated hyperparasitaemia.
Uncomplicated hyperparasitemia refers to patients exhibiting parasitemia between 4-
10%, without other severity criteria, thereby constituting a subgroup where parenteral

treatment could be prioritized without any other specific recommendations. This
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threshold was proposed to be even lower (22%) in low-transmission regions and in non-

immune travelers347,

CRITERION

ACTUAL DEFINITION

1985’s DEFINITION

Impaired

consciousness

Glasgow Coma Score <11 in adults and

Blantyre Coma scale <3 in children

*Post-critic period needed after convulsion: 30 minutes

A Glasgow Coma Score <11

*Post-critic period needed after convulsion: 6h

Radiologically confirmed or oxygen saturation <92% on room

Pulmonary
air with a respiratory rate >30 per min, often with chest Not included initially
oedema
indrawing and crepitations on auscultation
Substantial Including recurrent or prolonged bleeding from the nose,
Not included initially
bleeding gums, or venipuncture sites; hematemesis or melena
Not included initially, making part of:
Systolic blood pressure <70 mm Hg in children,
Shock Fluid, electrolyte or acid—base disturbances
<80 mm Hg in adults, with evidence of impaired perfusion
requiring intravenous therapy
A base deficit of >8 mEq/L, or Not included initially, making part of:
Acidosis plasma bicarbonate <15 mmol/L, or Fluid, electrolyte or acid—base disturbances

venous plasma lactate >5 mmol/L.

requiring intravenous therapy

Hypoglycaemia

Blood or plasma glucose 2.2 mmol/L (<40 mg/dL)

Blood or plasma glucose 2.2 mmol/L (<40

mg/dL)

Severe anaemia

Haemoglobin <5 g/dL / haematocrit <15% in children aged <12

years. Haemoglobin concentration <7 g/dL / haematocrit <20%

in individuals aged 212 years with a parasite count >10000 per

uL

Haematocrit < 20%

Severe acute

kidney injury

Plasma or serum creatinine >265 pmol/L (3 mg/dL) or
blood urea >20 mmol/L in individuals aged >12 years.

(not defined by WHO in children aged <12 years)

Urine output of less than 400mL in 24h and
serum creatinine >3mg/dl failing to improve

after rehydration

Jaundice

Plasma or serum bilirubin >50 umol/L (3 mg/dL) with a parasite

count >100000 per pL

Total bilirubin > 50 umol/L alone was a

criterion

Hyperparasitaemia

Plasmodium falciparum parasitaemia >10% of infected

erythrocytes in stable high endemicity area

> 5% parasitaemia

Prostration

The person is unable to sit, stand, or walk without assistance

Not formulated initially
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Multiple
More than two episodes within 24 h Not formulated initially
convulsions
Body temperature Removed > 39 °C (Hyperpyrexia) was a criterion
Hemoglobinuria Removed Its presence was a criterion

Table 1. Severity criteria changes according to initial definitions. Adapted. 3% 1°

Challenges of malaria management in non-endemic areas

Regardless of the perspective from which the severity of malaria is viewed, it can be an
aggressive disease, with imported cases presenting unique challenges that complicate
their definition. Early diagnosis is the first step to implementing the subsequent
measures, and the WHO recommends the prompt initiation of artesunate and
management at the highest monitoring level available at hospital for severe malaria.

Although expert ICU management is essential for the most severe cases (we must not

forget that the mortality of imported cases remains up to 5% 2°37 ), the pandemic has
evidenced that a high level of healthcare is a precious resource not universally
accessible. Additionally, it must be considered that the population attended in non-
endemic areas consists mainly of adults without previous exposure to the infection (or
with a distant past exposure), which is why the response to the infection may diverge.

With all this in mind, malaria in non-endemic regions faces some particular challenges.

First challenge for malaria in non-endemic settings: Identification of
malaria cases

Unraveling the etiology of febrile ilinesses after international travel can be complicated:
practitioners in non-endemic areas should consider cosmopolitan pathogens and
microorganisms of imported origin, which are less familiar to them %, Besides, there
is frequently a clinical overlap between life-threatening diseases such as malaria and

self-
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limited or benign conditions (such as most of viral infections), which hinders the initial
management of these patients *°. In addition, although malaria may develop
specific clinical conditions related to organ damage (e.g. cerebral malaria), in non-
endemic countries malaria usually presents as an undifferentiated febrile
illness®!. This ambiguous clinical presentation, along with human factors, can lead
to a delay in diagnosis, which could be fatal®>°3. Therefore, a high level of
clinical suspicion is paramount, and laboratory tests are crucial to confirm or

rule out the clinical impression.

The gold standard to diagnose a Plasmodium spp. infection is a microscopy examination
of thick and thin blood films®2. The test serves for multiple purposes. On the one hand,
thick blood film is a concentration technique that provides enhanced sensitivity in case
of low-level parasitemia (an estimated detection level of 50-200 parasites per pL of
blood) and thin smear facilitates the identification of Plasmodium species. On the other
hand, the thin blood film also permits the quantification of parasite density in peripheric
blood, called parasitemia, which takes part of the malaria severity criteria and has
prognostic value. The sensitivity and specificity for microscopy are 95% and 98%,
respectively, when the polymerase chain reaction (PCR) is used for comparison®>,
Moreover, treatment success can be monitored after its initiation with this technique,
and 3 negative determinations are generally required to rule out malaria in patients
returning with fever or compatible symptoms from a malaria-endemic region®®.
Notwithstanding, this technique requires the presence of an expert microbiologist,
usually located in tertiary centers, and if this test is interpreted by non-expert personnel,
reliability can be compromised. Also, ideally, the time from sample collection to result
should not exceed 4 hours according to national and international guidelines in non-
endemic countries®’°. These standards are only achievable by reference hospitals and
although blood smear is a gold-standard test, universal access is not guaranteed. Taking

into account the potentially lethal nature of this disease, non-negligible time is needed

to transfer patients where these laboratories are located®.
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To overcome the difficulties of expert laboratory capacities, rapid diagnostic tests (RDT)
are a valuable alternative for Plasmodium detection. In fact, around the globe, 75% of
diagnoses are based on this technique. One of the main reasons is because it is a point-
of-care (POC) test. This means that is manufactured to provide immediate results
(within 15 to 20 minutes) that can be used to make timely clinical decisions®®%2, POC
tests are specifically designed to be simple, rapid, and portable. Another important
aspect is that they are user-friendly, often requiring minimal training. The fact that RDT
are portable devices make them suitable to be used in various settings, without
the need of a laboratory structure, as they also need minimal sample preparation.
Nowadays available RDT for malaria diagnosis are lateral flow immuno-
tests (LFA), which rely on the capture of dye-labelled antibodies to produce a visible
band on a strip of nitro-cellulose, often encased in plastic housing, referred to as
cassettes (Figure 5). LFA have been widely used in other fields of medicine as are used
in home pregnancy tests and some COVID-19 antigen tests.

The antigens currently used in available RDTs are Plasmodium falciparum-specific
histidine-rich protein 2 (HRP2), Plasmodium pan-malarial lactate dehydrogenase (pLDH,
although specific LDH for P.vivax exists), and pan-malarial aldolase. HRP2 was the first
antigen selected to develop an RDT because of its abundance in P. falciparum: it is
produced exclusively by asexual stages and gametocytes of Plasmodium falciparum, it is
expressed on red blood cells’ (RBCs) surface and it can also be found as a soluble protein
in the blood. Instead, pLDH is expressed at high level in asexual stages of P. falciparum,
P. ovale, P. vivax, and P. malariae human malaria parasites, but it is mostly an
intracellular protein and it cannot be found as a soluble protein®. Aldolase is a pan-
specific enzyme involved in the glycolytic pathway of the malaria parasites that shares
same characteristics as pLDH as it cannot be found as a soluble protein®. Most of the
tests available on the market nowadays are tests that combine the measurement of
HRP2 together with pLDH or aldolase, with RDT detection limit of approximately 200—
2000 parasites per pL of blood for P.falciparum ®*. The diagnostic performance of this
technique in non-endemic areas varies depending on commercial tests but can achieve

mean sensitivity and specificity of 91.8% and 97% respectively for P. falciparum >>% ,
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thanks to HRP2 performance. However, false-negative results can be obtained due to
low parasite density, non-falciparum species or “prozone” effect in severe cases, and
positive results can be detected after treated infections.>>®2%667 |n addition, some
malaria-endemic areas (mainly the Amazon basin and the horn of Africa) are menaced
by the deletion of the gene HRP2, which hinders the performance of RDTs!. Ideally, in
non-endemic areas, RDTs should not replace the blood smear but rather serve as a
supportive tool or first-line test when a microscopist is not available. Finally, PCR tests
are at least 10-fold more sensitive than microscopy®®, the limit of detection for PCR being
approximately 0.2—6 parasites per pL of blood >>%. Although PCR is the most sensitive
tests, it is a time-consuming, expensive technique, only available in referral centers that

is not suitable as a valid tool for early diagnosis.

POLIMERASE CHAIN
RAPID DIAGNOSTIC TEST MICROSCOPY REACTION
Required time 15 to 30 minutes 4 hours 24 hours
Advantages Minimal training Gold standard Most sensitive and specific
Lack of sensitivity for non-
Disadvantages falciparum Expert microbiologist Referral centers
HRP2 deletion
o -
E i /
= . P =
’ :: / ’ﬂ
- : /

Figure 5. lllustration of different diagnostic tests and their principal characteristics.”¢7*

Above all, regardless of the method used, testing should be available and performed 24
hours/day, 7 days/week due to the potentially life-threatening nature of the infection.
If these standards along with the availability of an expert microbiologist are not
achieved, access to diagnosis is jeopardized and physicians attending a returned traveler
with fever must decide to wait an unacceptable time until results are available or need

to transfer a patient with a diagnostic suspicion (any febrile patient returning from a

34



malaria endemic area). These obstacles might finally lead to diagnostic delay, which is
one of the main pillars related to an increase in morbidity and mortality due to malaria

in non-endemic regions372776,

Being aware of the lack of universal access to timely and reliable diagnosis of malaria,
several studies identified the most relevant clinical and analytical characteristics
associated with malaria, to guide clinicians during the first diagnostic approach to a
patient after a stay in a malaria-endemic area. After a systematic review, Taylor S.M. et
al.”” concluded that among travelers the presence of splenomegaly, jaundice or pallor
were clinical findings that significantly increased the risk of malaria, whereas
thrombocytopenia and hyperbilirubinemia were the laboratory values demonstrating
the highest likelihood ratios. Moreover, various scoring systems have been proposed to
categorize patients in endemic areas as potentially high or low risk for malaria; however,
no predictive scores have been suggested for non-endemic settings. Given the scarcity
of tools for prioritizing malaria diagnosis in patients, new technologies could play a
significant role. In this thesis, we will explore the use of Machine Learning (ML) for this
knowledge gap.

ML is a branch of Artificial Intelligence (Al), and unlike traditional programming
methods, ML algorithms are designed to autonomously discern patterns and rules from
data 78°. ML models have gained widespread recognition and acceptance in various
domains, including healthcare, demonstrating to be valuable resources for the unmet
diagnostic needs in infectious diseases®, as well as in chronic conditions®’. Particularly
in malaria, efforts have mainly been directed at improving laboratory diagnosis
through the enhancement of microscopy reading 8%, but the potential usefulness
of ML in predicting imported malaria has not been explored.

Common ML types include supervised and unsupervised learning models (for example,
clustering algorithms)®. Apart from logistic regression, which uses a linear approach, ML
includes models enabling the interpretation of non-linear relationships (tree-based
models), along with other models that assume an underlying probabilistic model®®¢. The
broader approach of ML, which incorporates models that employ various pathways,

might improve the predictive capacity of conventional methods.
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Therefore, in the absence of fully implemented diagnostic tests, Artificial Intelligence

could help to overcome the diagnostic needs for malaria in non-endemic regions.

Second challenge for malaria in non-endemic settings: Case
management and disease severity stratification

Once the diagnosis is achieved, the initial management of a patient with malaria is likely
to determine the course of the subsequent infection. This underscores the importance
of guidelines for practitioners; however, in managing malaria, notable differences exist

between endemic and non-endemic regions.

Countries in non-endemic regions adopted in their guidelines the severity classification
for imported malaria, taking as a reference the severity criteria established by the WHO.
However, being aware of the historical evolution of the WHO classification, which
prioritized sensitivity to target vulnerable populations, a more nuanced approach was
taken by European guidelines®? . To understand this is important to note that in non-
endemic areas, population suffering from malaria differs as they are predominantly
adult patients with no prior exposure to the infection or migrants whose last contact
with the infection could be long time ago. Therefore, in European guidelines, published
in 2012, the frequency of occurrence of severity criteria was differentiated from their
prognostic value. For example, it was noted that hyperbilirubinemia was a criterion that
occurred frequently but had little prognostic value for the patient (Figure 6). However,
the European guidelines did not provide specific management recommendations based
on these nuances of frequency and prognosis. It was defined that a patient had severe
malaria if they met any severity criterion, meaning that all patients with severe malaria

should be managed in ICU, despite huge differences in prognosis among cases.
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Prognostic value Clinical manifestations and Frequency
laboratory findings
?) no data Prostration +++
+ Impaired consciousness ++
{score <11 on the Glasgow Coma Scale)
+++ Acute respiratory distress +
++ Multiple seizures +
+++ Circulatory collapse (systolic blood +
pressure <80 mm Hg with features of
peripheral circulatory failure)
+++ Pulmonary oedema (radiclogical) +
++ Abnormal bleeding (dinically defined) +
+ Jaundice (clinically defined or serum +++
bilirubin =50 mol/L
Macroscopic haemoglobinuria +
Severe anaemia (hasmoglobin +
<5 g/dL or hasmatocrit <15%)
+++ Hypoglycaemia (blood glucose ++
concentration =22 mmaols/L)
-+ Acidosis (pH <735 or plasma ++
bicarbonate <15 mmaol/L)
+++ High plasma lactate (=5 mmuol/L) ++
++ High parasitemnia (especially 2% +
in non-immune patients and 5%
in semi-immune patients)
++ Acute renal failure +++
{serum creatinineg = 265 gmol/L and
24-hour urine output <400 mL)

Figure 6. Frequency and prognostic value of severity criteria.*?

Taking a step forward in refining patient management according to the prognostic value
of severity criteria, French guidelines established the concepts of "very severe malaria"
and "less severe malaria"®’, aiming to identify those patients who are more likely to
require life-saving interventions and thus in a real close-to-death situation. In the same
way, according to this guideline, those patients defined as “less severe malaria” could

be monitored in a less intensive unit such as an infectious diseases ward (depending on

local specificities).

Less severe malaria criteria from French guidelines included®’:

e Uncomplicated confusion

e |[solated seizure
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e Minor hemorrhage

e |[solated jaundice

e |[solated parasitemia > 4%
e Moderate renal failure

e Well-tolerated isolated anemia.

However, this approach has not been adopted by other non-endemic
countries, resulting in considerable heterogeneity in malaria guidelines across these
regions. 32787 Taking a deeper look into individual criteria and particularly for
parasitemia, WHO establishes the cut-off value in 10% to consider it as a severity
criterion. However, the threshold varies from 2% to 4% among European
guidelines3?>7*98788 and some of them differentiates between immune or non-immune
patients to establish the cut-off. Also, the neurologic criteria became wider for
some guidelines where confusion or any alteration in Glasgow Coma Scale could be
included as a severity criterion °, instead of Glasgow Coma Scale <11. UK malaria
guidelines removed the prostration criterion in their 2016 guidelines®®, and Swiss

guidelines include a duration of symptoms >3 days as a severity criterion88,

Another important aspect to consider apart from the attributable prognostic value of
criteria, is the mentioned difference between populations, as it also marks the frequency
of appearance of severity criteria. As mentioned before, in non-endemic settings the
majority of patients suffering from malaria are adults, and the clinical picture of an adult
patient with severe malaria and a child is not the same. For children, coma, anemia
and metabolic acidosis are the most frequent severe clinical presentations®. In
contrast, adults usually do not present anemia, and instead kidney injury along with
respiratory involvement can gain weight as common clinical presentations for severe

malaria®®*. These differences are represented in Figure 7.
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Figure 7: The circle sizes in the Venn diagrams depict the approximate relative frequency
and degree of interaction between different severe malaria syndromes.®

As it can be seen, guidelines, as practical models for decision-making, are fundamental.
Nevertheless, in clinical practice, the concern lies not only in detecting the presentations
associated with SM but also in controlling the factors that may contribute to a worse

outcome.

Again, it is presumable that if severe clinical pictures are different for adults and
children, factors contributing to worse outcomes could differ. However, (logically) most
of the evidence gathers around children in endemic areas, and the most representative
study with this objective was published in 2012. This study was based on children who
participated in large randomized controlled trials held in Africa, with a total sample size
of 5426 participants®. In the study, authors described predictors of a poor outcome for
SM using a multivariate logistic regression model. Interestingly, among the 20 indicators
analyzed, base deficit, impaired consciousness, convulsions, elevated blood urea, and
underlying chronic illness were associated independently with death. Except for chronic
iliness, all these indicators make part of severity criteria. Also, while for the entire cohort
mortality was 9.8%, in children with acidosis and impaired consciousness, the mortality
was 23%. Very similar results can be also found in other large cohorts of children in

endemic countries. °1
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Conversely, looking for risk factors in imported malaria, age above 65 years was
described as a risk factor for mortality with an adjusted odds ratio of 10.7 (95% CI 6.4
to 17.8) in large observational cohort of 25.054 malaria patients in UK’>. In the same
study, authors showed that there was an inverse correlation in mortality between
region of presentation and number of cases seen in the region (RR=0.72, P<0.001).
Most delay in fatal cases was in seeking care. These findings are also supported by a
large national cohort study made in Sweden between 1995 to 2015, where risk factors
associated with severe malaria were age >40 years, origin in non-endemic country,
pregnancy, HIV, region of diagnosis within the country and health care delay’.
In addition, in a multivariate analysis of SM patients, 3 variables evaluated at ICU
admission showed to be independently associated to in-hospital death: older age, with
OR 1.72 (95% CI 1.28-2.32, p < 0.001) per 10-year increment, Glasgow Coma Scale
Score, with OR 1.32 (95%Cl 1.20-1.45, p < 0.001) per 1-point decrease, and higher
parasitemia, with OR 1.41 (95% ClI 1.22-1.62, p < 0.001) per 5% increment. These
findings highlight that, in addition to the classically described poor prognosis factors
(such as deterioration of consciousness and increased parasitemia), other host-
specific factors also play a significant role in determining patient outcomes, which
are not currently reflected in existing guidelines. Therefore, there is a need to
redefine severity criteria adapted to non-endemic areas and to optimize health

resources.

In the search to improve malaria management, refining the criteria for severity is
crucial. Additionally, understanding the relationship between the parasite's
unique characteristics and the host's response could lead to objective, measurable
markers. These markers might better correlate with organ damage, severity, and life-

threatening outcomes, thus enhancing the clinician’s decision-making process.
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Third challenge: Identification of severity biomarkers

Taking a deeper look at the mentioned host-parasite relationship, specific actors of
different pathways could shed light on how the infection is progressing and serve as
triage tools. On one side detecting the parasite biomass could have prognostic
implications. Besides, if severity is understood as a disease spectrum, parasite’s
sequestration and endothelium activation can be the prelude of a point of no return for

the host, being clinically beneficial to identify patients at that point.

Parasite’s biomarkers: HRP2, pLDH and aldolase.
Based on the pathophysiology of malaria, a versatile biomarker emerges, as it

has been already mentioned in the diagnostic section. HRP2 is not only an
excellent diagnostic marker but can also serve as a prognostic marker. HRP2 can
be measured in plasma due to its soluble component and is also found on the
surface of infected red blood cells (iRBCs). Considering that the onset of the
malaria virulence cascade begins with the cytoadherence of the parasite, the
ability to quantify not only the parasites in peripheral blood but also those
sequestered can have significant clinical utility (the so-called
parasite biomass)®”°2. In endemic areas, high HRP2 values have been widely
correlated with death, cerebral malaria and severity °27°°. However, there
are only two studies that measure HRP2 in imported malaria; a retrospective
study with 145 patients correlated HRP2 with disease severity®®, and a
multicentric prospective study with 295 patients, where HRP2 was
significantly higher in SM patients compared to UM patients (without cut-
offs), and between very severe malaria patients and less severe malaria
patients®’. A significant limitation of this protein is the increasing prevalence in
some geographic areas of P. falciparum strains that lack expression of HRP2 or
its paralogue, histidine-rich protein 3 (encoded by the pfhrp2 and pfhrp3
genes). This trend poses a threat to the performance of rapid diagnostic

tests and undermines the overall utility of this biomarker!#67%,
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Glycolytic enzyme Plasmodium lactate dehydrogenase (pLDH) is present in all
malaria species and have conserved amino acid sequences, which allows to
detect individual species and/or the Plasmodium genus as a whole. It
is considered less sensitive than HRP2 for diagnostic purposes® although
to detect non-falciparum infections and has not been studied for its prognostic
capabilities. Aldolase is also a glycolytic enzyme present in all Plasmodium
species, playing the same role as pLDH in RDTs (be combined with HRP2 to
increase sensitivity and specificity). Three retrospective studies have evaluated
the relationship between the reactivity pattern of RDTs (HRP2 along with pLDH
or aldolase) and parasitemia in imported malaria, which serves as a method to
assess prognosis. This approach converts a qualitative result into a semi-

quantitative one with prognostic implications. 100-102

Host biomarkers: Angiopoietins, CRP, sTREM-1 and others.

As it has been recently explained, endothelium’s activation is the final stage of
different pathways, principally including mediators of endothelial cell function,
the coagulation pathway, soluble cell surface adhesion molecules and
regulators of vascular tone and permeability’®®. Among these pathways,
Angiopoietin-1 (Ang-1) and Angiopoietin-2 (Ang-2) are two
biomarkers among the Angiopoietin/Tie-2 (Ang-Tie-2) axis (expressed
primarily in endothelial cells) that merit special attention as they have
been extensively studied in several infectious diseases. In steady situations,
Ang-1 is inherently produced, and Ang-2 is stored in Weibel-Palade bodies
for rapid release upon exposure to inflammatory stimuli'®. As Ang-1 and
Ang-2 are antagonistic ligands of the Tie-2 receptor, inflammation cascade
allows the release of Ang-2 favoring its preferential bind the Tie-2
receptor. This, in turn, promotes proinflammatory and pro-thrombotic
pathways, as well as microvascular leak. Therefore, angiopoietin dysregulation
indicates endothelium activation and a variation of the normally low Ang-2:

Ang-1 ratio, whether by decreased Ang-1, increased Ang-2, or both04105,
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Available data on Ang-Tie axis biomarkers suggest that they may predict strong
outcomes such as death or cerebral malaria in malaria-infected children in
endemic areas®'%, Moreover, a systematic review describes a
correlation between Ang-1 and Ang-2 levels and malaria severity'®’.
However, it has not been studied profoundly in imported malaria cases
and presumably its performance could be altered as population differs. There
is only one study on imported malaria measuring Ang-Tie axis biomarkers,
which described higher levels in severe cases but lacked a cut-off point that

would support clinicians in decision-making process and serve as a triage tool.

110

Apart from biomarkers reflecting endothelium’s activation, inflammatory
response has also been a classic target for infectious diseases. Probably
the flagship among acute phase proteins is the C-reactive protein (CRP).
CRP is primarily produced in the liver, triggered by cytokines, particularly
interleukin-6 (IL-6) and, while it has several applications outside the infectious
diseases field, it could be a potential tool for malaria in non-endemic settings,

where it has been shown to correlate with severity and as a disease-monitoring

tool 109-111

Soluble triggering receptor expressed on myeloid cells (STREM-1) is expressed
on neutrophils and monocytes and is detected when myeloid cell activation
occurs. It is hypothesized that in severe infection, an imbalance in TREM-1
signaling results occurs, leading to excess immune effector cells death and
immunosuppression, resulting in poor clinical outcomes!'?, Therefore, sSTREM-1
could reflect the inflammatory response triggered by Plasmodium spp.
infection, as described in other works with pediatric patients in endemic
areas'34 In imported malaria, two studies measured this molecule with
divergent results; in a retrospective study with 78 P. falciparum patients,
sTREM-1 did not show significant differences when comparing uncomplicated
and severe cases and had the worst performance regarding other measured
biomarkers!'>.In a French prospective study, SM patients showed higher
STREM-1 values compared with uncomplicated patients, in a cohort of 295

patients®’.
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Following with host biomarkers, there is a laboratory value that has classically
been associated with the presence of malaria: thrombocytopenia’’. This finding
is common due to several speculated mechanisms!®: increased
platelet destruction by the spleen, coagulation disturbances, bone marrow
alterations, antibody-mediated platelet destruction, oxidative stress and the
role of platelets as cofactors in triggering severe malaria (microvascular
thrombosis and consumption of platelets). Apart from being a diagnostic
marker, platelet count on admission in endemic areas has also been
associated with disease severity and death'’-119, Finally, procalcitonin has also
been proposed as a biomarker for disease severity. This protein serves as a
sepsis, widely implemented in high income settings. For malaria, two studies
evaluated it as a marker for severity. Although in one study bacterial co-infection

was excluded, information regarding this aspect was lacking in the other one.

115,120

As a summary, imported malaria management has room for improvement. Starting with
the diagnosis, universal access to gold-standard diagnostic tests is not guaranteed across
the healthcare system and patients at high risk of having malaria should be promptly
identified in order to achieve an early diagnosis. For this challenge, ML could be a helpful
tool and we have evaluated this approach in this thesis. Once the patient is diagnosed,
redefining severity criteria could help optimizing health care resources and prioritizing
expert ICU management in those cases where bad prognostic factors or life-threatening

clinical presentations are present.

In this thesis, we aimed to address the challenge of early diagnosis and the objective use
of measurable prognostic biomarkers for patient stratification. We explored the
innovation of using LFA RDT for both diagnostic and prognostic purposes. By employing
a qualitative test to measure parasite biomarkers with the assistance of a smartphone,
this approach has the potential to significantly enhance the management of imported

malaria by providing fast and accurate results.
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V.HYPOTHESIS

The assessment of new strategies for early identification and stratification of patients with malaria
would optimize the management of malaria patients in non-endemic regions.

VI.OBJECTIVES

1. Develop a machine-learning-based tool to predict the risk of presenting malariain
returning travelers with fever.

2. Describe the prevalence of life-threatening conditions including deaths and life-saving
interventions, as well as the prevalence of co-infections in patients with imported

malaria.

3. Evaluate a modified classification of severe malaria for non-endemic regions, to identify
patients at higher risk of developing life-threatening conditions.

4. |dentify the predictive factors associated with organ failure and death in patients with
malaria in a non-endemic region.

5. Identify host biomarkers associated with severity and organ failure in patients with
imported malaria.

6. Identify parasite biomarkers associated with severity in patients with imported malaria.

7. Evaluate the capacity of a conventional Histidin-Rich-Protein-2 and Lactate
dehydrogenase lateral flow assay to identify patients with severe imported malaria.
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VII.MATHERIAL AND METHODS, AND
RESULTS
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MALrisk: a machine-learning—based tool to predict
imported malaria in returned travellers with fever
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Abstract

Background: Early diagnosis is key to reducing the morbi-mortality associated with P falciparum malaria among
international travellers. However, access to microbiological tests can be challenging for some healthcare settings.
Artificial Intelligence could improve the management of febrile travellers.

Methods: Data from a multicentric prospective study of febrile travellers were obtained to build a machine-learning
model to predict malaria cases among travellers presenting with fever. Demographic characteristics, clinical and
laboratory variables were leveraged as features. Eleven machine-learning classification models were evaluated by
50-fold cross-validation in a Training set. Then, the model with the best performance, defined by the Area Under
the Curve (AUC), was chosen for parameter optimization and evaluation in the Test set. Finally, a reduced model
was elaborated with those features that contributed most to the model.

Results: Out of 11 machine-learning models, XGBoost presented the best performance (mean AUC of 0.98 and
a mean F1 score of 0.78). A reduced model (MALrisk) was developed using only six features: Africa as a travel
destination, platelet count, rash, respiratory symptoms, hyperbilirubinemia and chemoprophylaxis intake. MALrisk
predicted malaria cases with 100% (95%CI 96-100) sensitivity and 72% (95%Cl 68-75) specificity.

Conclusions: The MALrisk can aid in the timely identification of malaria in non-endemic settings, allowing the
initiation of empiric antimalarials and reinforcing the need for urgent transfer in healthcare facilities with no access
to malaria diagnostic tests. This resource could be easily scalable to a digital application and could reduce the
morbidity associated with late diagnosis.

Key words: Malaria, travellers, machine-learning

Background

Unravelling the aetiology of febrile illnesses after international
travel is challenging: practitioners in non-endemic areas should
consider cosmopolitan pathogens and microorganisms of
imported origin, which are less familiar to them."* Besides,
there is frequently a clinical overlap between life-threatening
diseases and self-limited or benign conditions, which hinders the
management of these patients.’?

Plasmodium falciparum malaria is one of the deadliest
infection among travellers and migrants presenting with acute

undifferentiated febrile illnesses.’* The introduction of arte-
sunate in endemic regions has led to an improved management
of severe malaria and a significant reduction in mortality rates.’
However, despite the availability and introduction of artesunate,
the mortality attributable to severe imported cases still remains
unacceptably high, up to 5%.%” Hence, early diagnosis is the
cornerstone to minimize morbidity and mortality associated
with this infection.

The gold standard to diagnose Plasmodium infection is
the thick and thin blood smear. Ideally, the time since sample

© The Author(s) 2024. Published by Oxford University Press on behalf of International Society of Travel Medicine. All rights reserved. For permissions,

please e-mail: journals.permissions@oup.com
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collection to result should not exceed 4 hours according
to national and international guidelines in non-endemic
countries.*”!’ Notwithstanding, this technique requires the
presence of an expert microbiologist, usually located in tertiary
centres. Rapid diagnostic tests based on antigen detection are
an alternative for Plasmodium detection when the laboratory
capacities are not feasible, but its availability is not generalized
in non-endemic regions. Thus, access to microbiological tests for
malaria diagnosis is demanding for some clinicians, who have to
wait an unacceptable time for laboratory results or are forced
to transfer the patient elsewhere with an undiagnosed febrile
illness.

To overcome the diagnostic difficulties, several studies iden-
tified the most relevant clinical and analytical characteristics
associated with malaria, and Taylor SM et al. systematically
reviewed them,'' concluding that among travellers, the presence
of splenomegaly, jaundice or pallor were clinical findings signifi-
cantly increasing the risk of malaria, whereas thrombocytopenia
and hyperbilirubinemia were the laboratory values demonstrat-
ing the highest likelihood ratios. Moreover, different scoring
systems were proposed for endemic areas, but no predictive score
was suggested for non-endemic settings.

Machine learning (ML) is a branch of artificial intelligence,
and unlike traditional programming methods, ML algorithms
are designed to autonomously discern patterns and rules from
data.”>”® ML models have gained widespread recognition
and acceptance in various domains, including healthcare,
demonstrating to be valuable resources for the unmet diagnostic
needs in infectious diseases,'* as well as in chronic conditions."
Particularly in malaria, efforts have mainly been directed
at improving laboratory diagnosis,'®!” but the potential
usefulness of ML in predicting imported malaria has not been
explored.

Common ML types include supervised and unsupervised
learning models (e.g. clustering algorithms)."® Apart from logistic
regression, which uses a linear approach, ML includes mod-
els enabling the interpretation of non-linear relationships (tree-
based models), along with other models that assume an under-
lying probabilistic model."”*” The broader approach of ML,
which incorporates models that employ various pathways, might
improve the predictive capacity of conventional methods.

Our goal was to develop an ML-based predictive model
designed to serve as a clinical decision support system, in order to
supply a probability assessment for suspected malaria in patients
exhibiting fever following international travel. Its purpose is to
offer guidance to healthcare professionals working in settings
where rapid malaria diagnostics are not readily available.

Methods
Study site and data

This study was conducted as an ancillary study within a
prospective multicentre cohort study of international returning
travellers or recently arrived migrants with fever, that enrolled
patients from November 2017 to November 2019.*' The
participants were recruited in three referral centres: Hospital
Clinic of Barcelona/Barcelona Institute for Global Health, Spain,
Tropical Medicine in Antwerp, Belgium and Primary Care and

Public Health, University of Lausanne, Switzerland. Patients
above 18 years presenting with axillary temperature >37.5°C
(or equivalent symptoms of fever) were eligible to participate.
After obtaining informed consent on the day of inclusion, a
predefined clinical algorithm was applied with defined diagnostic
procedures, published elsewhere.” Briefly, a blood smear was
performed in all patients returning from malaria endemic
areas. In patients with acute fever with no focal signs, once
malaria was ruled out, targeted polymerase chain reaction
(PCR) test and paired specific antibody tests against dengue,
chikungunya and Zika viruses were performed in all patients.
Serologies and targeted PCRs against Leptospira spp. and
Rickettsia spp., blood cultures, HIV tests, as well as other
microbiological test were performed according to the clinician’s
suspicion. Diagnosis of Plasmodium infection was defined by a
positive microscopy of stained thick and thin blood smear. In
febrile patients with previous antimalarial intake and a negative
blood smear, diagnosis of malaria was also assumed if rapid
diagnostic antigen test (Bioline™ Malaria Ag P.f/pan) or targeted
PCR resulted positive, in absence of alternative diagnosis. For
the non-malarial diagnoses, microbiologically confirmed cases
were collected. These consisted of arboviral diseases and other
viral diagnoses, bacterial and fungal infections. Also, specific
syndromic diagnoses were included: travellers’ diarrhoea,
respiratory infections, skin and soft tissue infections and urinary
tract infections. Finally, the group of undiagnosed non-malarial
fevers was integrated as well.

A total of 764 patients with fever were included in the study
period and used as dataset. For the design of the model, 70
features of the participants were used, including demographics,
previous medical conditions, travel history and exposures, as well
as symptoms, physical examination and laboratory data. The
complete list of features used to build the model is shown in
Supplementary Table 1.

Pearson x” test or Fisher’s exact test was used to compare
categorical variables between groups, and for quantitative vari-
ables with non-normal distribution Mann-Whitney U test or
Kruskal-Wallis tests were applied.

Model development

We employed an ML approach to develop a predictive model
for malaria in patients with imported fever. Missing data were
completed by multiple imputation without including the malaria
infection variable. In the supervised learning workflow, all mod-
els undergo validation using a portion of the data known as
the training set, typically comprising 80% of the dataset. Subse-
quently, they are evaluated on the test set, which constitutes the
remaining 20% of the data. The model exhibiting the highest per-
formance is selected and further optimized to enhance accuracy.
The Training set was used to train 11 machine-learning classi-
fication models: Support vector machines (SVM), Radial Basis
Function SVM (RBF-SVM), Gaussian Process Classifier (GPC),
Decision Tree (DT), Random Forest (RF), Multi-layer Perceptron
classifier (MLPC), AdaBoost (AB), Gaussian Naive Bayes classi-
fier (GNBC), Quadratic Discriminant Analysis (QDA), XGBoost
(XGB) and Logistic Regression (LR) whose performance was
compared by 50-fold cross-validation using the area under the
ROC curve (AUC) and F1 score (F1) as the scoring metric. In each
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validation fold, 70% of training was used to train the model and
30% of the Training set was used to evaluate it. For the cross-
validation procedure, we used all the variables and the default
parameters of each model according to the scikit-learn Python
library.”? Figure 1 shows a visual representation of model’s con-
struction. For each model, the mean and standard deviation of
AUC and F1 in the cross-validation were determined. The model
with the best AUC and F1 values was chosen for parameter
optimization.

The features were ranked according to their predictive con-
tribution to the model by SHAP values,”>*** taking into account
that some features increased the likelihood of malaria and oth-
ers decreased it. Those that contributed most to the model
were selected to generate a reduced model, called MALrisk.
As the classification model was designed to serve as a screen-
ing tool, a probability threshold that achieved high sensitivity
was prioritized. Finally, a description of misclassified cases was
done to assess its distribution between different aetiologies and
the potential clinical impact. In this subgroup of misclassified
patients, arboviral diseases were comprehensively analysed due
to their high prevalence among undifferentiated febrile illnesses.
The machine learning model was developed out with the scikit-
learn Python library.”

Ethics

The study was approved by the Institutional Review Board
and the Ethics Committee of the Hospital Clinic of Barcelona

(HCB/2017/0612), the Institutional Review Board of the Insti-
tute of Tropical Medicine and the Ethics Committee of the
University Hospital in Antwerp (ITG 1235/18) and the Ethics
Committee of the canton of Vaud of Switzerland (CER-VD2018-
00672). Written informed consent was obtained from all study
participants. The study was designed in compliance with Good
Clinical Practice and following the Declaration of Helsinki.

Results

Dataset

Regarding the 764 patients included in the cohort, the median
age was 36 years (IQR: 28-47) and 405 (53.0%) were men.
The main reason for travelling was visiting friends and fam-
ily, in 133 (17.4%) patients. A total of 96 (12.6%) patients
were diagnosed with malaria, of whom 32 (33.3%) had severe
malaria, with no fatalities. Concerning to diagnostic methods, in
all malaria cases a blood smear was performed. In 8/96 patients
the blood smear was negative at presentation. Among them, 6/8
had a positive PCR and 2/8 had a positive RDT. Both patients
were repatriated after initiating anti-malarial treatment and had
<100.000 10°/L platelet count and no alternative diagnosis. The
remaining 668 (87.4%) patients had fever with a non-malarial
diagnosis. The most common diagnoses in this last group were
traveller’s diarrhoea, respiratory infections and arboviral dis-
eases, with 160 (20.9%), 154 (20.2%) and 85 (11.1%) partici-
pants, respectively. Besides, 155 (23.2%) patients remained with
an undiagnosed condition (after excluding malaria) at the end
of the diagnosis work-up. Relevant demographic and clinical
characteristics of patients with malaria as well as non-malaria
cases are summarized in Table 1. Regarding malaria cases, 31
(32.2%) had a previous medical condition, and among them,
10 (32.6%) were immunosuppressed. With regard to the visited
continent, 94 (97.9%) came from Africa. Apart from having
fever, which was an inclusion criterion for the study, clini-
cal presentation was characterized by headache in 75 (78.1%)
cases, followed by gastrointestinal symptoms in 57 (59.4%)
and myalgia in 45 (46.9%) participants. These three nonspe-
cific symptoms were also present in patients without malaria,
accounting for 439 (65.7%), 403 (60.3%) and 361 (54.0%),
respectively.

Predictive model: MALrisk

After assessing all 11 models, the XGBoost model had the best
performance in the cross-validation, with a mean AUC of 0.98
and a mean F1 of 0.78 in the Training set (Table 2). After
parameters’ optimization, we obtained a XGBoost model with
70 features and an AUC of 0.92 in the Test set (Figure 2a). To
enable the clinical application of the model, we selected the most
contributing features to create a reduced model (MALrisk). The
model is based on six features: Africa as a travel destination,
platelet value, presence or absence of rash, presence or absence
of respiratory symptoms, bilirubin value and chemoprophylaxis
intake. Regarding its performance, MALrisk showed a high-
predictive capacity, with an AUC of 0.95 in Test set evaluation
(Figure 2a). Within the model, the contribution of each feature
in the MALrisk was calculated with the SHAP values, and were
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Table 1 Baseline characteristics of patients with malaria and non-malarial fever

Non-malarial fevers Malaria (7 = 96) P value
(1 = 668)

Age Median (IQR) 35.5(28-47) 40.5 (31-50.5) 0.006
Men, 1 (%) 334(50.0) 71 (74.0) <0.001
Previous medical condition, 7 (%) 191 (28.6) 31 (32.3) 0.450
Travel destination: <0.001

Africa, 7 (%) 241(36.1) 94 (97.9)

Asia, 7 (%) 257(38.5)

America, 7 (%) 152(22.8) 1(1.0)

Oceania, 7 (%) 6(0.9) 0

Europe, 1 (%) 12(1.8) 1(1.0)*
Travel reason

Tourism, 1 (%) 429 (64.1) 9(9.4) <0.001

Business, 7 (%) 81 (12.1) 9(9.4) 0.437

Cooperation, 7 (%) 70(10.5) 20 (20.8) 0.003

VFR and recent arrived migrants 7 (%) 86 (12.9) 57 (59.4) <0.001
Antimalarial chemoprophylaxis 7 (%) 61 (9,1) 1(1.04) 0.007
SYMPTOMS & SIGNS
Seizures, 7 (%) 15 (2.3) 2 (2.1) 0.920
Headache, 7 (%) 439 (65.7) 75 (78.1) 0.015
Retro-orbital pain, 7 (%) 147 (22.0) 9(9.4) 0.004
Myalgia, 7 (%) 361 (54.0) 45 (46.9) 0.188
Arthralgia, 7 (%) 216 (32.3) 35 (36.5) 0.421
Sore throat, 7 (%) 176 (26.3) 10 (10.4) 0.001
Rhinorrhoea, 7 (%) 140 (21.0) 5(5.2) <0.001
Ear pain, n (%) 32 (4.8) 0 0.028
Respiratory symptoms, 7 (% )** 340 (50.9) 23 (24.0) <0.001
Gastrointestinal symptoms, 7 (%)** 403 (60.3) 57 (59.4) 0.858
Hypotension, 7z (%) 28 (4.2) 12 (12.5) 0.001
Tachycardia (>100 bpm), 7 (%) 80 (12.0) 30 (31.3) <0.001
Tachypnoea (>25 bpm), 7 (%) 32 (4.8) 13 (13.5) 0.001
Glasgow coma scale alteration, 72 (%) 4 (0.60) 4(4.2) 0.001
Haemorrhagic sign, 7 (%) 6 (1.0) 0 0.351
Conjunctival suffusion/Conjunctivitis, 7 34 (5.09) 1(1.0) 0.076
Jaundice, 7 (%) 7 (1.1) 16 (16.7) <0.001
Crackles, 7 (%) 18 (2.7) 4 (4.2) 0.420
Hepatomegaly, 7 (%) 22 (3.3) 12 (12.5) <0.001
Splenomegaly, 7 (%) 7 (1.1) 6 (6.3) <0.001
Rash, n (%) 163 (24.4) 3(3.1) <0.001
Tache noire, # (%) 19 2.84 0 0.094
LABORATORY PARAMETERS
Neutrophils 10%/L*** 4.0 (2.5-5.9) 3.2 (2.5-4.3) 0.001
Lymphocytes 10°/L 1.3 (0.8-1.7) 0.9 (0.5-1.2) <0.001
Platelet count 10%/L**** 214.5 (172.0-270.0) 97.5 (58.0-163.0) <0.001
Haemoglobin, g/dL*** 141 (131-150) 132 (118-145) <0.001
Creatinine, mg/dL*** 0.84(0.71-0.99) 0.99 (0.8-1.16) <0.001
ASAT/GOT, U/L*** 26 (20-40) 37.5 (28-71) <0.001
LDH, U/L 201.5 (172-251) 308 (230-457) <0.001
Bilirubin, mg/dL 0.5 (0.4-0.7) 1.40 (0.76-2.1) <0.001
C-reactive protein, mg/dL 2.26 (0.6-6.09) 9.1 (3.5-16.1) <0.001

*Heart transplanted patient, did not travel. **Respiratory symptoms include cough, dyspnoea and pleural effusion. Gastrointestinal symptoms include nausea, vomiting, diarrhoea and
abdominal pain. ***Statistically significant, without clinical value. ****Thrombocytopenia was defined as a platelet value lower than 150x10/L.

as follows: Africa was the feature with the highest contribution
(41%), followed by the quantitative platelet value (26%), rash
(10%), respiratory symptoms (9%) and bilirubin values above
1.2 mg/dL (9%). The feature that contributed least to the model
was the correct chemoprophylaxis intake (5%). The presence of

rash and respiratory symptoms, as well as the chemoprophylaxis
intake reduced the risk of malaria. Coming from Africa and
high-bilirubin value increased the risk of having malaria. For
platelets, normal value decreased the risk whereas thrombocy-
topenia increased the risk of having malaria (Figure 3) Based on
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Table 2 Performance of machine learning models in 50-folds cross validation in the Training set

Model Mean AUC in

cross-validation

SD AUC in

cross- validation

Mean F1 in SD F1 in

cross-validation cross-validation

XGBoost (XGB) 0.98 0.01 0.78 0.06
Logistic Regression (LR) 0.98 0.01 0.77 0.05
Support vector machines (SVM) 0.97 0.01 0.74 0.08
AdaBoost (AB) 0.93 0.02 0.74 0.05
Gaussian Naive Bayes Classifier (GNBC) 0.92 0.03 0.66 0.07
Random Forest (RF) 0.91 0.03 0.09 0.16
MLPC 0.86 0.08 0.57 0.1
Decision Tree (DT) 0.84 0.04 0.63 0.07
Quadratic Discriminant Analysis (QDA) 0.66 0.06 0.04 0.05
Radial Basis Function SVM (RBF-SVM) 0.5 0.01 0.1 0
Gaussian Process Classifier (GPC) 0.5 0.01 0.14 0.08
a. Receiver Operating Characteristic (ROC) Curve b. Positive predictive value-Sensitivity Curve MALrisk confusion matrix in all data
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Figure 2 Performance of XGBoost models with 70 features and MALrisk. a. AUC in the Test set. b. Positive predictive value- Sensitivity curve. c.

Confusion matrix of MALrisk applied to the whole data set
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Figure 3 MALrisk SHAP values. Each point represents a patient. For
quantitative features, high values are represented in red and low values
in blue. For dichotomic features, affirmative answers are represented
in red and negative answers in blue. The corresponding SHAP value is
observed on the x-axis

AUC of Figure 2a, a cut-off value that showed a sensitivity of
100% (95% CI 96-100) with a specificity of 72% (95% CI 68—
75) was obtained. Consequently, MALrisk labelled as suspected
malaria cases all severe and non-complicated malaria cases, as
well as all P. falciparum and non-falciparum malaria infections.

MALrisk model showed a low range of error among the
main diagnoses for the non-malarial fevers. Overall, a total of
189 (28%) of non-malarial fevers were incorrectly classified
as malaria cases (Figure 2c). All misclassified patients had at
least one of the following conditions, regardless of their final

diagnosis: 162 of 189 (85.7%) came from African countries and
108 (57.1%) presented with thrombocytopenia at first evalua-
tion. Furthermore, 81 (42.9%) patients shared both conditions.
Table 3 details the non-malarial fever diagnoses and the incor-
rectly classified patients in each category. Regarding patients
with diarrhoea, 43 of 160 (27%) were misclassified, as well as
38 of 154 (25%) patients with respiratory infections. Regarding
arboviruses, MALrisk incorrectly classified as malaria cases, 13
of the 77 (17%) dengue cases. As for the dengue cases, it is
important to note that individuals incorrectly classified as
suspected malaria cases had a significantly lower median platelet
count compared to those correctly classified (66x10°/L wvs.
83x10°/L, P =0.045). Among bacterial infections with no
focal signs, the MALrisk incorrectly classified 20 of the 57
(35%) Rickettsia spp. infections, seven (41%) of the 17 (41%)
Coxiella spp., as well as two of the 13 (15%) Leptospirosis cases.
Moreover, 50 of the 155 (32.3%) undiagnosed non-malarial
fevers were misclassified.

Discussion

MALrisk is a clinical decision support system to promptly sus-
pect malaria in patients with imported fever. With only six
variables that are easy to obtain through medical history (travel
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Table 3 Causes of fever in non-malarial fevers and percentage of incorrectly classified cases as suspected malaria

Cause of fever

Incorrectly classified as a suspected malaria case*

BACTERIAL INFECTIONS with no focal signs
Rickettsia spp. (7 =57)
Coxiella spp. (7 =17)
Bartonella spp. (n =15)
Leptospirosis (7 =13)
Anaplasma spp. (7 =10)
Typhoid fever (7 =6)
Non-typhoid salmonella bacteraemia (7 =4)
Orientia spp. (n = 3)
Melioidosis (n =1)
Syphilis (7 =35)
Lyme (n =1)
ARBOVIRUS**
Dengue (n =77)
Chikungunya (17 =7)
Zika (n=2)
OTHER VIRAL DISEASES
New HIV diagnosis (7 =4)
CMV (n=3)
Hepatitis A (n =2)
Hantavirus (n =1)
OTHER INFECTIONS
Histoplasma (7 = 3)
Amebiasis (7 =4)
Mycobacteria (n = 3)
Aseptic meningitis (7 =2)
Katayama syndrome (n =1)
SYNDROMIC DIAGNOSIS
Traveller’s diarrhoea (17 = 160)
Respiratory tract infection (7 = 154)
Skin and soft tissue infection (7 =22)
Urinary tract infection (n =18)
UNDIAGNOSED NON-MALARIAL FEVERS (n =1535)

20 (35%)
7 (41%)
2 (13%)
2 (15%)
1(10%)
N/A
N/A
N/A
N/A
N/A
N/A

13 (17%)
N/A
N/A

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A

43 (27%)
38 (25%)
7 (32%)
6(33%)
50 (32.3%)

All diagnoses were microbiologically confirmed, except from syndromic diagnosis. Among traveller’s diarrhoea, 145(90.6%) had a positive stool test. *Diagnoses with 7 < 10 patients
were excluded from the statistical analysis. **There was one co-infection among arboviral infections.

destination, chemoprophylaxis intake, presence of rash and res-
piratory symptoms) and basic laboratory results (platelet count
and bilirubin level), MALrisk achieved 100% sensitivity and
72% specificity in the Test set. This ML tool aims to offer guid-
ance to clinicians working in healthcare settings without rapid
access to malaria diagnostic tests. In the evaluated population,
all malaria cases, regardless malaria species or severity, were
correctly classified by MALrisk.

Apart from the study of Taylor SM et al., other studies have
also described afterwards the most frequent variables associated
with imported malaria.’>'"*' Consistently with previous reports,
the MALrisk included epidemiological variables such as return-
ing from Africa and chemoprophylaxis intake, while symptoms
classically associated with malaria such as abdominal pain, vom-
iting, headache or myalgia did not show enough discriminatory
power (as they are also common symptoms in other infections).
In addition to hyperbilirubinemia, thrombocytopenia is the main
laboratory value associated with malaria in literature, and a
normal platelet count has a high-negative predictive value.>*
For MALrisk, platelet value was the second most important
feature for risk prediction. On the other hand, arboviruses and

respiratory infections were two of the main diagnoses in trav-
ellers with non-malarial fevers. Not surprisingly, features, such
as rash (classically associated with arboviral infections) and
respiratory symptoms, were negatively associated with malaria.*

Identifying characteristics that increase diagnostic probabili-
ties of malaria is a fundamental and necessary step when assess-
ing a patient with fever. One effective way to incorporate these
variables into clinical practice is through algorithms or score
systems. Although such systems have been proposed for malaria
in endemic areas or for arbovirus infections in non-endemic

11,26 there is currently a lack of scores specifically tailored

regions,
for travel-related malaria. At the same time, ML involves an
interesting step forward in terms of considering clinical variables
of predictive value. ML contributes to the development of these
scores by providing a comparable level of accuracy while offering
adaptability. This adaptability stems from the model’s capacity to
be trained with diverse populations, enabling it to handle large
sets of variables and demographics, while maintaining an easy-
to-use approach for the MALrisk application by a clinician: A
digital application that asks 5 ‘yes or no’ questions and needs a
number to be registered for the platelet value.
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On the other hand, ML has been mainly applied to optimize
the blood smear interpretation.”” Only two studies have
addressed malaria diagnosis with a ML-based tool: One of
these studies extracts information from PubMed case reports
and abstracts, but its practical approach needs to be defined.””
The other study was not developed for the prediction of
imported malaria and uses laboratory parameters (platelet
values, haemoglobin and leucocytes) to predict malaria in
endemic settings.”® To the best of our knowledge to date, this
is the first predictive model using both clinical and laboratory
features, designed for imported malaria diagnosis.

Despite the wax and wanes of malaria incidence observed in
endemic countries during the last years, most countries are geared
towards malaria control and eradication.”” Notwithstanding,
imported malaria cases barely have changed in the past, and
during pandemics, a higher risk for severe malaria was described
due to delay in diagnosis.’” Also, COVID-19’s irruption has
changed the diagnostic probabilities of acute fever, and clinicians
should be again prepared to evaluate febrile patients after inter-
national travel. In this sense, self-limited viral illnesses may be
indistinguishable from malaria, which could lead to underesti-
mate the odds of severe outcomes. At the same time, the key to
reducing morbidity and mortality from imported malaria is early
diagnosis. Since MALrisk identifies patients with high risk of
having malaria, the result should encourage clinicians to start an
urgent package of measures, which may range from transferring
patients to a referral centre where the workup can be completed
to initiating empirical treatment while awaiting results. Albeit
the use of empirical antibiotic therapy is widely implemented, the
prescription of empirical antimalarials is not widespread, despite
the safety of antimalarials have been demonstrated over time.’!
Therefore, MALrisk could support clinicians to start an urgent
treatment, if diagnostic tests are unavailable within a few hours
or if the clinical severity of the patient requires it.

On the other hand, the model misclassified 28% of non-
malarial febrile patients as suspected malaria cases. This implies
that, in less than one-third of patients, the model recommends
urgent testing and supports a decision to start an empirical
treatment. To understand this outcome, it is important to point
out that for MALrisk, platelet value and coming from an African
country were the features that contributed most to the model,
and this is the reason why in the incorrectly classified cases
these two features were often present. However, we believe that
emphasizing the need to quickly rule out malaria in febrile
travellers returning from Africa or presenting with thrombocy-
topenia, is still key in clinical practice, as the main problem for
malaria in non-endemic countries is delayed diagnosis.

However, this study presents several limitations. Further
studies allowing robust external validation in an independent
cohort with large populations would be necessary to evaluate
the performance of MALrisk, especially in different populations,
presenting not only with fever but a wider variety of symptoms
(e.g. diarrhoea or joint pain only). This fact could also alter
the contribution of the selected features to the model, making
hypothetically Africa as a travel destination and platelet value
less decisive. However, if these steps could be executed, the model
could be trained to upgrade the performance and could be easily
integrated into computers’ software or into a digital application.
Finally, studies evaluating the feasibility should be performed to

make possible a real and practical impact in different healthcare
settings.

To summarize, the MALrisk is a promising tool to promptly
identify suspected malaria cases in patients with imported
fever in all clinical settings, allowing the initiation of empiric
antimalarials and reinforcing the need for urgent transfer. This
resource could be easily scalable to a digital application and
could help clinicians in the decision-making process of the
patient. Finally, this measure could reduce the morbi-mortality
associated with this infection, pending universal access to
microbiological tests.

Supplementary data

Supplementary data are available at JTM online.
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SUPPLEMENTARY TABLES

Supplementary table 1. List of all features used to build the model.

DEMOGRAPHIC AND TRAVEL
RELATED VARIABLES

Age
Sex

Bornin anon-endemic
country

Visiting Friends and
Relatives

Previous malaria
episode

Correct
chemoprophylaxis
intake

Travel destination Asia
Travel destination Africa

Travel destination
America

Travel destination
Europe

Travel destination
Oceania

Number of countries
visited/stayed

Travel duration (days)
Contact with rural area

Contact with animals

SYMPTOMS AND SIGNS

Duration of fever before
consultation
Minimum incubation
period

Neurologic impairment

Chills

Seizures

Headache

Retro-orbital pain

Myalgia

Arthralgia

Sore throat*

Rhinorrhea*

Ear pain

Cough*
Pleuritic pain*

Dyspnea*
Nausea**
Vomiting**
Abdominal pain**

Diarrhea**

PHYSICAL EXAMINATION

Fever

Hypotension

Tachycardia

Tachypnea

Glasgow coma scale
alteration

Coma

Hemorrhagic signs

Conjunctivitis

Abscess

Jaundice

Crackles

Heart murmur

Abdominal tenderness

Painful hepatic
percussion

Hepatomegaly

Splenomegaly
Lymphadenopathies

Rash

Tache noire

LABORATORY VALUES***

Leucocyte count

Neutrophil count

Lymphocyte count

Eosinophil count

Platelet count

Hemoglobin

Creatinine

ASAT

ALAT

GGT

Alkaline phosphatase

LDH

Bilirrubin
C-reactive protein

Glucose

* Respiratory symptoms were grouped together to create a new feature** Abdominal
symptoms were were grouped together to create a new feature.*** Laboratory values were
guantitative variables, the rest of variables were categorical variables.
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Supplementary figure 1. Model building.

Dataset
n=7564

Malara cages =096

!

1

-
Training set (30%) Test set (20%)
n= 611 n=153
Malaria cases =77 Malara cases =19
% v,

l

S50-fold cross validation of 11
Machine learning models

Best machine model

l

Parameter optimization

Ewvaluafion

in Test set

w

Feature imporance with SHAP
values

L J

Reduced model

N
hl Ewaluation

| in Test set

58



ARTICLE 2

Not all severe malaria cases are severe: Is it time to
redefine severity criteria for malaria in non-endemic
regions?

59



Travel Medicine and Infectious Disease 60 (2024) 102740

Contents lists available at ScienceDirect

Travel Medicine and Infectious Disease iSenos
r s
LSEVIER journal homepage: www.elsevier.com/locate/tmaid

Check for

Not all severe malaria cases are severe: Is it time to redefine severity criteria | &

for malaria in non-endemic regions?

Leire Balerdi-Sarasola #"", Jose Munoz *#", Pedro Fleitas®, Natalia Rodriguez-Valero *¢,

Alex Almuedo-Riera ¢, Alba Antequera *#, Carme Subira ®¢, Ignacio Grafia-Perez "<,
Maria Ortiz-Fernandez“, Tessa de Alba®, Miriam J. Alvarez-Martinez >*", M Eugenia Valls ®,
Claudio Parolo ™", Pedro Castro’, Daniel Camprubi-Ferrer a,g,h

2 ISGlobal, Barcelona, Spain

Y Medical Oncology Department, Hospital Clinic, Barcelona, Spain

¢ Translational Genomics and Targeted Therapies in Solid Tumors, IDIBAPS, Barcelona, Spain
9 Internal Medicine Department, Hospital Clinic-Universitat de Barcelona, Spain

¢ Microbiology Department, Hospital Clinic-Universitat de Barcelona, Spain

f Medical Intensive Care Unit, Hospital Clinic-Universitat de Barcelona, Spain

8 International Health Department, Hospital Clinic de Barcelona, Barcelona, Spain

b Facultat de Medicina i Ciencies de la Salut, Universitat de Barcelona (UB), Barcelona, Spain

ARTICLE INFO ABSTRACT
Keywords: Background: The current definition of severe malaria in non-endemic areas follows WHO criteria, which mainly
Severe malaria target children in malaria-endemic areas, potentially misclassifying cases in non-endemic regions. We assessed

Imported malaria

N the performance of a modified severe malaria classification criteria within our patient cohort.
Travel medicine

Methods: A cohort study of patients managed for malaria in a non-endemic setting (2005-2023) was analyzed.
We classified patients into severe malaria (SM) using WHO 2013 criteria except for hyperparasitemia, where 2 %
threshold was applied. Patients with SM were distinguished as very severe malaria (VSM) when presenting at
least one of the following conditions: parasitemia >10 %, pulmonary edema, impaired consciousness, seizures,
renal failure, metabolic acidosis or hyperlactatemia, shock or hypoglycemia. In patients with SM and no criteria
for VSM, less severe malaria (LSM) was defined by: 2-10 % parasitemia, hyperbilirubinemia, prostration, anemia
or minor bleeding. The primary composite outcome was death or the need for a life-saving intervention, as
analyzed in the three comparative groups. Secondary outcome was the prevalence of co-infections.

Results: Among 506 patients with malaria, 176 (34.8 %) presented with SM. A total of 37 (7.3 %) patients
developed a life-threatening condition, namely death (n = 4) and/or the need for life-saving interventions (n =
34). All fatalities and 33 out of the 34 life-saving interventions occurred in the VSM group. Patients in LSM group
did not develop any life-threatening conditions. As to co-infections, 28 (5.5 %) patients had a community-
acquired co-infection, with no differences between groups (p = 0.763).

Conclusions: Severity criteria definitions would benefit from a review when assessing patients with malaria in
non-endemic areas. Within the spectrum of SM, patients reclassified as LSM have a low risk of developing a life-
threatening condition and present low co-infection incidence and could benefit from management out of
intensive care units and a restrictive use of empirical antibiotics.

1. Introduction (fewer cases than the previous year but still more cases than in 2019)
[1]. Apart from the enormous public health impact that represents

Despite the advances in control strategies, the global picture of ma- malaria in endemic regions, its incidence in non-endemic regions re-
laria by the end of 2022 included an estimated 249 million malaria cases mains unchanged or has increased in many European countries [2-4].

(an increase of 5 million cases compared with 2021) and 608.000 deaths Besides, the arrival of the COVID-19 pandemic raised the alarming
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concern of an increase in severe malaria cases [5,6]. Although large
cohorts of imported severe malaria cases in non-endemic regions are
scarce, some studies before the artesunate era reported mortality of se-
vere cases of 10.5 % [7]. The introduction of artesunate shifted the
paradigm in the management of malaria, but despite its widespread use,
mortality of imported cases remains unacceptably high, up to 5 % [8,9].

In an attempt to identify patients at higher risk of developing severe
disease and enhance the management, WHO defined clinical, analytical
and parasitological criteria to establish a severity classification. Since
1995 and in its last meeting in 2013, WHO aimed to prioritize sensitivity
in recognizing potentially severe malaria cases and thus, inclusiveness of
severity criteria was given precedence [10]. However, the contrasting
needs for more specific criteria were also highlighted [11].

The main target of this criteria were children from malaria endemic
areas, the most vulnerable population for severe malaria (SM). WHO
severity criteria were therefore adopted for malaria guidelines in non-
endemic regions, although some patients’ key characteristics such as
age and previous malaria immunity may differ between patients in
endemic and non-endemic areas. Being aware of these potential differ-
ences, heterogeneity between malaria guidelines can be found across
non-endemic countries [7,12,13]. The differences between guidelines
rely on the efforts made towards a selection of those criteria that could
make a difference in patient’s prognosis and management. Particularly
for parasitemia, WHO establishes the cut-off value in 10 % to consider it
as a severity criterion. However, the threshold varies from 2 % to 4 %
among European guidelines [7,12-15]. Also, WHO describes another
category, “uncomplicated hyperparasitemia”, which is not a severity
criterion but a precaution for closer management [16]. Notwith-
standing, peripheric parasite count does not entirely reflect the
P. falciparum pathogenic mechanisms [11], and markers that could
better correlate with organ damage, severity and life-threatening out-
comes are needed. Moreover, prostration criterion in adults becomes
difficult to assess and other criteria such as anemia are uncommon
presentations compared with children. Lastly, several risk factors for
mortality and worse clinical outcomes such as age and duration of fever
have been described in imported malaria [17,18], but are underrepre-
sented in current severity classifications. In clinical practice, it is not
infrequent to attend patients with high parasitemia that do not develop
organ damage and respond swiftly to treatment without complications,
and also patients with very severe malaria (including organ damage)
with an initial low parasitemia, possibly influenced by intense parasite
cytoadherence. Therefore, there is a need to reevaluate criteria for SM
adapted to non-endemic areas. In this sense, the French guidelines
created two subgroups of severe patients: less severe malaria (LSM) and
very severe malaria (VSM) groups [7]. However, this classification has
been scarcely evaluated across different cohorts of imported malaria.

The objective of this study is to apply a modified classification of
severe imported malaria cases to identify those patients at lower risk of
death and severe complications (classified as LSM) that would benefit
from a less intense clinical management.

2. Methods
2.1. Study design and workflow

We conducted a retrospective cohort study of adults over 16 years of
age consecutively admitted with malaria in the International Health
Department of the Hospital Clinic of Barcelona (Spain), from 2005 to
2023.

We diagnosed Plasmodium spp. infection by microscopy of stained
thick and thin blood smear or polymerase chain reaction (PCR). We also
considered those patients with a negative blood smear who received
antimalarial treatment after a positive rapid diagnostic antigen test
(RDT) (Bioline™ Malaria Ag P. f/pan), when clinical manifestations and
laboratory findings were compatible. Patients without microbiologic
confirmation of Plasmodium spp. infection and participants not managed
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at Hospital Clinic were not included. Patients were followed up for 28
days, or until hospital discharge if their admission exceeded 28 days.

We classified patients into severe malaria (SM) and uncomplicated
malaria (UM) according to the WHO 2013 severity definition, except for
the parasitemia criterion, in which we applied the parasite density
threshold >2 % defined by European and Spanish guidelines [12,13].

Given the potential inaccuracies of the WHO criteria for identifying
SM, we distinguished patients who met severe malaria criteria between
very severe malaria (VSM) and less severe malaria (LSM) cases, based on
the French malaria guidelines [7]. VSM was defined by the presence of
at least one of the following conditions: parasitemia >10 %, pulmonary
edema (radiologic finding or SpO2 <92 %), impaired consciousness
(Glasgow coma scale <11 points), seizures, renal failure (creatinine >3
mg/dL), metabolic acidosis (bicarbonate <15 mmol/L) or hyper-
lactatemia (>5 mmol/L), shock (Systolic Blood Pressure <80 mmHg)
and hypoglycemia (<40 mg/dL). In patients without criteria for VSM,
LSM was defined by: 2-10 % parasitemia, hyperbilirubinemia (>3
mg/dL) or jaundice, prostration, anemia (Hemoglobin <7 g/dL) or
minor bleeding. Our primary composite outcome was death and the
need for life-saving interventions (i.e., life-threatening conditions), such
as mechanical or non-mechanical ventilation, vasoactive agents, he-
modialysis, and red blood cell exchange. Secondary outcomes were
prevalence of co-infections and prevalence of complicated malaria
(defined by those additional conditions beyond the malaria infection
that could worsen the prognosis). We collected demographics, previous
medical conditions, travel history and exposures, clinical manifesta-
tions, complementary test results, life-saving interventions required
during the hospitalization, and clinical outcomes at the end of the
follow-up. We carried out analysis by comparing SM and UM groups, as
well as stratifying by VSM and LSM. All outcomes were compared be-
tween groups (SM vs. UM and VSM vs. LSM). Finally, we developed an
exploratory analysis to evaluate predictive factors for life-threatening
conditions.

2.2. Statistical analysis

Qualitative variables were expressed in percentages, while quanti-
tative variables were reported as medians and interquartile ranges.
Pearson 2 test or Fisher’s exact test was used to compare categorical
variables between groups, and Mann-Whitney U test or Kruskal-Wallis
tests were carried out for quantitative variables. For factors associated
with life-threatening conditions, all significant variables from the
bivariate analysis and those considered clinically relevant were included
in a multivariate logistic regression model, allowing estimating adjusted
odds ratio (aOR) along with its confidence interval (CI) for variables
identified through backward stepwise selection. The statistical analysis
was performed using Statal6.1 (StataCorp LLC, College Station, TX).

2.3. Ethics

The study was approved by the Institutional Review Board and the
Ethics Committee of the Hospital Clinic of Barcelona (HCB/2023/1117).
The study was designed in compliance with Good Clinical Practice and
following the Declaration of Helsinki.

3. Results
3.1. Study population and baseline characteristics

Our cohort included 506 patients with malaria. Patients’ median age
was 38 years (IQR: 30-47), 164 (32.4 %) were female, and 129 (25.5 %)
presented previous medical conditions. Most patients (429, 84.8 %)
visited the Africa WHO region, and almost half of them (239, 47.2 %)
traveled to visit friends and relatives. Only 24 (4.7 %) patients devel-
oping malaria reported having done antimalarial chemoprophylaxis
correctly. Within the cohort, solely one patient did not travel: the patient
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developed malaria as a consequence of a heart transplantation. Detailed
baseline characteristics of patients as well as their travel characteristics
can be found in Table 1.

Concerning microbiological diagnosis, 491 (97.0 %) patients had a
positive blood smear. In the remaining 16 patients with a negative blood
smear, the diagnosis was made with RDT (n = 10) and/or PCR (n = 7).
Overall, 438 (86.6 %) patients were diagnosed with P. falciparum in-
fections. Of the 12 patients with mixed Plasmodium infections, nine had
P. falciparum mixed infections and the other three had non-falciparum
mixed infections. In 30 (5.9 %) cases the first blood smear resulted
negative. Supplementary Table A shows Plasmodium spp. species dis-
tribution and each species’s parasitemia.

Clinical and laboratory presentations of malaria patients are shown
in Table 2 and Supplementary Table B, respectively.

3.2. Severe malaria

Among the 506 patients with malaria, 330 (65.2 %) presented with
UM and 176 (34.8 %) with SM, according to WHO severity criteria. Four
(50 %) of the 8 pregnant developed SM. Regarding clinical presentation,
diarrhea, jaundice and impaired consciousness were more common in
SM cases and occurred in 29.0 %, 7.3 % and 6.8 % of SM cases. In total,

Table 1
Baseline and travel characteristics of patients.
Characteristics TOTAL n UM group SM group p
=506 n =330 n=176 value
Baseline characteristics
Age, years 38 36.5 40 0.106
(30-47) (29-47) (32-49)
Sex, female 164 (32.4) 113 (34.2) 51 (29.0) 0.228
Pregnant women 8 (4.9 4 (3.5) 4 (7.8) 0.236
Previous malaria episodes 175 (34.6) 132 (40.0) 43 (24.49) 0.002
Previous medical condition 129 (25.5) 27 (23.3) 52 (29.6) 0.127
Cardiovascular risk factor' 54 (10.7) 29 (8.8) 25 (14.2) 0.060
Heart disease 8(1.6) 6(1.8) 2(1.1) 0.720
Lung disease 7 (1.4) 6(1.8) 1(0.6) 0.430
Liver disease 18 (3.6) 9 (2.7) 9 (5.1) 0.167
Renal disease 2(0.4) 1(0.3) 1(0.6) 0.575
Neurological disease 7 (1.4) 4(1.2) 3(1.7) 0.463
Non-immunosuppressive 6(1.2) 2 (0.6) 4(2.3) 0.114
haematologic disease
Immunosuppression” 33 (6.5) 19 (5.8) 14 (8.0) 0.340
Other medical conditions 32 (6.3) 23 (7.0) 9(5.1) 0.414
Travel characteristics
Travel destination: WHO regions
Africa 429 (84.8) 274 (83.0) 155(88.1) 0.133
America 16 (3.2) 14 (4.2) 2(1.1) 0.057
South-East Asia region 13 (2.6) 12 (3.6) 1(0.6) 0.038
Eastern Mediterranean 15 (3.0) 9(2.7) 6 (3.4) 0.667
region
Western Pacific 7 (1.4 7 (2.1) 0 0.052
Travel reason (n = 392)
Cooperation 42 (8.3) 26 (7.9) 16 (9.1) 0.638
Migration 38 (7.5) 31(9.4) 7 (4.0) 0.033
Business or tourism 161 (31.8) 94 (28.5) 67 (38.1) 0.027
Visiting friends-relatives 201 (39.7) 132 (40.0) 69 (39.2) 0.862
Travel duration, days® 33 42.5 30.5 0.013
(21-109) (21-144) (19-91)
Pre-travel advice 112 (22.1) 76 (23.0) 36 (20.5) 0.506
Correct chemoprophylaxis 24 (4.7) 18 (5.5) 6 (3.4) 0.303

UM = Uncomplicated malaria. SM = Severe Malaria. Categorical variables are
expressed as number (percentage) and quantitative variables are expressed as
median (interquartile range).

1 39 patients with arterial hypertension, 15 with obesity, 13 with Diabetes
Mellitus and 6 with dyslipemia.

2 1 patient had congenital immune deficiency, 1 had a B type lymphoma under
chemotherapy treatment, 4 patients had asplenia (all in SM group), 23 patients
were people living with HIV (9 with CD4 count below 450 cells/mm?®). 4 patients
had solid organ transplantation (Heart and liver), 2 patients had autoimmune
diseases treated with immunosuppressive drugs.

3 Newly arrived migrants were excluded.
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Table 2
Clinical presentation.

TOTAL n UM group SM group P
=506 n =330 n=176 value
Symptoms duration until 4 (2-7) 4 (2-7) 4 (2-6) 0.994
diagnosis (days)
>5 days of symptoms until 185 (40.9) 120 (40.8) 65 (41.1) 0.947
diagnosis
Asymptomatic’ 1(0.2) 1 (0.3) 0 0.465
General symptoms
Fever 377 (74.5) 251 (76.1) 126 (71.6) 0.272
Chills 262 (51.8) 171 (51.8) 91 (51.7) 0.981
Malaise/Asthenia 56 (11.1) 39 (11.8) 17 (9.7) 0.461
Headache 285 (56.3) 193 (58.5) 92 (52.3) 0.180
Arthromyalgia 197 (38.9) 134 (40.6) 63 (35.8) 0.291
Back pain 18 (3.6) 10 (3.0) 8 (4.6) 0.381
Gastrointestinal symptoms
Nausea and/or vomits 137 (27.1) 85 (25.8) 52 (29.6) 0.361
Diarrhea 116 (22.9) 65 (19.7) 51 (29.0) 0.018
Abdominal pain 89 (17.6) 54 (16.4) 35 (19.9) 0.322
Respiratory symptoms 35 (8.0) 23 (8.0) 12 (8.1) 0.965
Other symptoms 6 (1.2) 4(1.2) 2(1.1)
Physical examination
Hepatomegaly 28 (5.5) 15 (4.6) 13 (7.4) 0.183
Splenomegaly 26 (5.1) 16 (4.9) 10 (5.7) 0.686
Jaundice 20 (4.0) 7 (2.1) 13 (7.4) 0.004
Impaired consciousness 17 (3.4) 5(1.5) 12 (6.8) 0.002

UM = Uncomplicated malaria. SM = Severe Malaria. Categorical variables are
expressed as number (percentage) and quantitative variables are expressed as
median (interquartile range).

1 A patient that was diagnosed because of thrombocytopenia in a control
blood test.

185 (40.9 %) patients had more than 5 days of symptoms before diag-
nosis, with no differences between groups. Moreover, C-reactive protein
(CRP) > 10 mg/dL (p < 0.001), platelet count <50 x 10°/L (p < 0.001)
and LDH >500 U/L (p = 0.002) showed significant differences between
groups. Overall, 232 (56.0 %) patients within the cohort presented at
diagnosis a score> 2 in SOFA scale; 112 (43.4 %) patients from the UM
group and 120 (76.9 %) patients from the SM group (p < 0.001). The
median parasitemia at diagnosis for severe cases was 4.50 % (IQR
2.20-9).

Table 3 shows the distribution of severity criteria among patients
with SM. The most common criterion was the presence of parasitemia
>2 % (140 patients, 79.65 %), while parasitemia >10 % was detected in
almost one-fifth of patients (41, 23.3 %). Over half of patients with SM
(101, 57.4 %) presented a single severity criterion. Hyperparasitemia
was the most frequent criterion (75, 42.65), followed by jaundice (66,
37.5 %). In contrast, only 2 (1.1 %) patients presented with seizures.

After applying the modified WHO criteria, out of 176 SM patients,

Table 3
Distribution of severity criteria among patients with SM.

SEVERITY CRITERIA Patients [n = 176, n (%)]
Parasitemia >2 % 140 (79.6)
e Parasitemia 2-10 % 99 (56.3)
e Parasitemia >10 % 41 (23.3)
Jaundice or hyperbilirubinemia 66 (37.5)
Prostration 29 (16.5)
Shock 23(13.1)
Metabolic acidosis 23 (13.1)
Pulmonary edema 19 (10.8)
Acute kidney injury 19 (10.8)
Impaired consciousness 17 (9.7)
Anemia 8 (4.6)
Hypoglycemia 4(2.3)
Bleed 4(2.3)
Seizures 2(1.1)

1 criterion 101 (57.4)
Parasitemia >2 % as only criterion 63 (35.8)
>2 criteria 75 (42.6)

62



L. Balerdi-Sarasola et al.

104 (59.1 %) were classified as LSM and 72 (40.9 %) as VSM (Fig. 1).
Referring to treatments, 112 (63.6 %) patients received artesunate,
being the median number of doses 3(IQR 3-4), while quinine was used
in 51 (30.0 %) of patients, being 41/51 (80.4 %) used before 2014. After
8 h of treatment, there were no differences between treatments
regarding the negativization of blood smears, but there were significant
differences at 24 h (97 % vs. 77 %), with a difference of 16 h in time to
blood smear negativization. Among patients who received artesunate,
32/112 (28.6 %) developed port-artesunate delayed hemolysis, and of
these almost one-fifth (6/32) needed hospitalization. Although all se-
vere malaria cases should have been managed in an Intensive Care Unit
(ICU) per protocol, 54/176 (30.7 %) SM cases were managed in a con-
ventional hospitalization ward. Among them, 48/54 (88.9 %) were LSM
cases. None of the 48 patients developed a life-threatening condition.

3.3. Outcomes

In our cohort, death or need for life-saving intervention (the primary
outcome) occurred in 37 (7.3 %) patients: one (0.3 %) patient in the UM
group, 36 (50 %) patients in the VSM group, and none in the LSM group
(p < 0.001) presented it (Table 4).

The four patients who died, all in the VSM group, presented clinical
and radiological findings of cerebral malaria and died before or <24 h
after admission. In addition, 34 patients needed life-saving interventions
such as vasopressors (n = 25), mechanical ventilation (n = 14), renal
replacement therapy (n = 13) or automated red blood cell exchange (n
= 13), being 33/34 VSM cases (Table 4). The only UM case that ended
with a life-threatening condition was a pregnant woman that 48 h after
the initiation of oral treatment, developed shock and respiratory failure
that required vasoactive drugs and non-invasive ventilation, with the
subsequent diagnosis of cytomegalovirus pneumonia.

As to secondary outcomes, within the cohort, 28 (5.5 %) patients had
a community-acquired co-infection detected at admission, with no dif-
ferences between UM or SM groups (p = 0.763) nor between LSM and
VSM groups (p = 0.739). Nonetheless, 16 (4.0 %) patients developed a
nosocomial infection during the hospital stay, the majority in SM pa-
tients (n = 13, p < 0.001). In addition, VSM patients had more noso-
comial infections 11 (15.3 %), comparing to LSM patients (p = 0.002).
Details can be found in Table 5. Overall, 199 (39.4 %) patients received
empiric antibiotherapy, 77 (23.4 %) being UM patients and 122 (69.3
%) being SM patients. Equally, 178/199 (89.5 %) of patients that
received empiric antibiotherapy did not have a coinfection. Supple-
mentary Table C summarizes those scenarios typically referred as
“complicated malaria”.

After multivariate analysis, severe thrombocytopenia (<50 x 10°/L)
with an aOR 6.02 (2.32-15.68), CRP >10 mg/dL with an aOR 13.79
(1.76-108.15), LDH value > 500 U/L with an aOR of 10.11

Total patients with malaria (2005-2023)
n =506

‘ Application of WHO criteria for severe malaria and parasitemia > 2% ‘

Uncomplicated malaria Severe malaria

n=330

n=176

Less Severe malaria
n=104

Fig. 1. Flowchart for the classification of patients with malaria

Very Severe malaria
n=72
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(1.11-92.37), and P. falciparum presented as factors that increased the
risk of life-threatening conditions (Table 6).

4. Discussion

In our cohort, 35 % of patients had a SM episode based on classical
WHO criteria for non-endemic areas, however no patient belonging to
the LSM group developed a life-threatening condition. That means that
almost 60 % of cases labeled initially as severe did not present severe
organ damage. By contrary, 50 % of patients with VSM developed life-
threatening conditions. A nuanced selection of severe malaria cases
would allow accurate management of patients with imported malaria
and optimize healthcare resources, restricting ICU for those patients
with VSM.

In 1985 the first official definition of severe malaria was formulated
[19]. The creation of a classification that allowed protocolizing the
management of malaria cases supposed an enormous step forward [20].
However, it has been observed that the severity of malaria presents
differently in adults and children: children more frequently present with
anemia, acidosis, and convulsions, whereas in adults, renal failure and
pulmonary involvement are more prevalent characteristics of severe
malaria [20-23], as were in our cohort. Additionally, prostration is an
easily detectable and definable criterion in children, but it is subjective
and imprecise for adults. Despite that, what is indisputable is that the
presentation with the highest morbidity and mortality, regardless of age,
is cerebral malaria. In our cohort, all patients died from cerebral ma-
laria, which is primarily defined as a Glasgow Coma Scale score of <11
points [16]. This criterion does not allow early detection of neurological
deterioration in malaria-infected patients. Therefore, some guidelines
include any neurological impairment as a severity criterion [7,14].
Another parameter that triggers debate as a defining factor of severity is
parasitemia. It is historically described the increase in mortality with the
increase of parasite load [11,24]. However, this is only an indirect
measure of the real pathogenesis in target organs (whose failure is the
origin of morbidity and mortality). In our cohort, parasitemia between 2
and 10 %, jaundice and prostration were the most common criteria,
accounting for 56 %, 37 % and 17 % of patients, all belonging to LSM
group. Based on these differences, some guidelines in non-endemic areas
attempt to weight the prognostic value of these criteria, which con-
tributes to heterogeneity [12]. On the other hand, guidelines in
non-endemic areas do not include the assumption of “uncomplicated
hyperparasitemia” [16], a clinical scenario commonly found in this
cohort (36 % of patients with SM).

Despite the need to redefine severity criteria in non-endemic areas
[25], VSM and LSM groups are described only in French guidelines, and
they have not been adopted by other non-endemic recommendations.
This study, although is based on these concepts, does not completely
share the same criteria. In French guidelines, the severity threshold for
parasitemia in LSM is 4 %, contrarily to our range of 2-10 %. Isolated
seizure as well as moderate renal failure are included in the French LSM
group, but they have not been contemplated in this study. Prospective
studies could finally define the spectrum of these subgroups.

On the other hand, large cohorts in non-endemic areas describe risk
factors (different from those collected by the WHO) associated with
mortality [17,18,25]. Easy to obtain variables such as age and reason for
travelling could be considered when classifying patients, as well as the
duration of fever, reflected in some guidelines [15], albeit in our cohort
symptoms’ duration has not been found as a risk factor. Another special
population at risk could be pregnant women; in our cohort, 4/8 (50 %)
had severe malaria, and the only patient with UM who needed ICU
intervention was pregnant. Additionally, in our cohort, severe throm-
bocytopenia and elevated CRP were consistently a risk factor after the
multivariate analysis. The inclusion of these biomarkers, as well as
HRP2 (histidine-rich-protein 2), which has been associated with mor-
tality in both endemic and non-endemic areas may be considered to aid
in future decision-making algorithms [26,27].
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Table 4

Primary outcome: life-saving interventions and deaths among groups.
Outcome n (%) Total n = 506 Uncomplicated malaria n = 330 Less severe malaria n = 104 Very severe malarian = 72 p-value®
Life-threatening conditions’ 37 (7.3) 1 (0.3) 0 36 (50.0)° <0.001
Deaths 4(0.8) 0 0 4 (5.6) 0.017
Life-saving interventions 35(6.9) 1(0.3) 0 34 (47.2) <0.001
Vasopressors 25 (4.9) 1(0.3) 0 24 (33.3) <0.001
Mechanical ventilation 14 (2.8) 1(0.3) 0 13 (18.1) <0.001
Renal replacement therapy 13 (2.6) 0 0 13 (18.1) <0.001
Automated red blood cell exchange 13 (2.6) 0 0 13 (18.1) <0.001
! Composite outcome including deaths and life-saving interventions.
2 p-value between less-severe and very severe malaria.
3 Two patients requiring life-saving interventions died.

Table 5

Community-acquired and nosocomial infections.
Infection, n (%) Total n = 506 UM group n = 330 SM group n = 176 p-value LSM group n = 104 VSM group n = 72 p-value
Community-acquired infections 28 (5.5) 19 (5.8) 9(5.1) 0.763 6 (5.8) 3(4.2) 0.739
Nosocomial infections 16 (4.0) 3(1.3) 13(7.7) 0.001 2(1.9 11 (15.3) 0.002
Antibiotic use without confirmed infection 178 (37.3) 65 (21.0) 113 (67.7) <0.001 57 (58.2) 56 (81.2) <0.001
Community acquired infections (n = 28)
Travelers’ diarrhea’ 8 (28.6) 6 (21.4) 2(7.1) 0.558 1(3.6) 1(3.6) 0.652
Pneumonia” 7 (25.0) 3(10.7) 4 (14.3) 0.195 2(7.1) 2(7.1) 0.542
Urinary tract infection 3(10.7) 3(10.7) 0 0.277 0 0 -
Typhoid fever 2(7.1) 1(3.6) 1(3.6) 0.575 1(3.6) 0 0.591
Blood stream infection® 2(7.1) 1(3.6) 1(3.6) 0.575 1(3.6) 0 0.591
Upper respiratory infection® 3(10.7) 3(0.7) 0 0.205 0 0 -
Dengue 2(7.1) 2(7.1) 0 0.425 0 0 -
Rickettsia 1(3.6) 1(3.6) 0 0.465 0 0 -
Skin and soft tissue infection 1(3.6) 0 1(3.6) 0.170 1(3.6) 0 0.591
Nosocomial infections (n = 16)
Pneumonia™®’ 10 (62.5) 2(6.3) 8 (50.0) 0.017 1(6.3) 7 (43.8) 0.009
Catheter related blood-stream infection 5(31.3) 0 5(31.3) 0.096 1(6.3) 4 (25.0) 0.160
Urinary tract infection® 2(12.5) 0 2(12.5) 0.099 0 2(12.5) 0.166
Ventilator-associated tracheobronchitis 1(6.3) 0 1(6.3) 0.243 1(6.3) 0.409

UM: Uncomplicated malaria, SM: severe malaria, LSM: Less severe malaria, VSM: Very severe malaria.
! Isolated microorganisms: 4 E. coli spp, 1 Shigella spp, 2 Clostridioides difficile, 1 Criptosporium parvum (this patient presented also a bacteriemia due to S. aureus).

2 In one patient pneumonia due to Coxiella was suspected.
3
* Two patients were diagnosed with symptomatic COVID-19 infection.
5

Spp.

Included primary blood stream infection due to Moraxella osloensis and S. aureus bacteriemia related to intramuscular injections.

Among patients with nosocomial pneumonia the following microorganisms were isolated: Meticilin resistant S. aureus, CMV, Influenza A, Adenovirus, Aspergillus

61 patient had pneumonia due to E. coli, catheter related blood-stream infection (E.faecium), and urinary infection (Pseudomonas).
7 1 patient had catheter related blood stream infection due to E. faecalis and a pneumonia.

8 The urinary infections were due to K. oxytoca and Pseudomonas aeruginosa [7].

The most effective intervention against malaria is the early admin-
istration of artesunate, allowing for a 39 % decrease in adults mortality
in endemic areas [28,29]. This tendency can be seen in imported malaria
also: in a large cohort of SM patients in the “pre-artesunate” era mor-
tality was 10.5 % [18]. A systematic review of imported SM showed a
pooled prevalence for death of 8 % between 2000 and 2009, descending
to 4.4 % between 2010 and 2021 [8]. In Spain, the availability of
artesunate was related to a better prognosis [30], and the duration of
ICU and hospital admission was shorter according to a European mul-
ticentric retrospective study [31]. What is more, artesunate shows a
safety profile that permits its use outside of ICUs [32], and should be
initiated empirically while awaiting additional tests if the patient pre-
sents with severe clinical conditions or if the results of the malaria test is
expected to take time [20]. Interestingly, a study made in our hospital
from 1991 through 2007 reported a mortality rate of 25 % among SM
patients [33]. In this cohort, overall mortality was of 0.79 % and 2.3 %
among patients with SM. Therefore, establishing different severity
groups such as LSM and VSM would allow for the optimization of very
valuable resources such as ICU admission, provided that access to
artesunate treatment is straightforward.

Another important factor to consider in the management of patients
with malaria is the possibility of co-infection. The WHO recommends

having a low threshold to initiate antibiotic therapy and specifically
recommends administering it to children with SM in areas of high ma-
laria transmission due to the high prevalence described of Salmonella
spp. infections and the increased predisposition to bacterial trans-
location associated to malaria from capillary sequestration [16,34]. As
indicated by local protocol, broad use of antibiotics was described in our
cohort. However, the frequency of co-infections was only 5.5 %, with no
differences between groups (p = 0.763), slightly lower than other co-
horts in non-endemic areas [35,36]. Therefore, a more restrictive use of
antibiotics could optimize patient management and fit into antibiotic
stewardship strategies.

As to limitations, prognostic value of some severity criteria can be
difficult to determine due to their infrequent appearance along the
cohort. Also, prospective studies are needed including different pop-
ulations such as children, to verify if results can be extrapolatable. In the
same line, some classical risk factors (e.g. duration of travel or preg-
nancy) may not have statistical significance due to low statistical power.

To summarize, there is a need to review the severity criteria defini-
tions for patients with malaria in non-endemic areas. It may also be
beneficial to include new variables for severity, which could potentially
lead to standardization of guidelines across countries. Within the spec-
trum of severe malaria, patients with LSM have a low risk of developing
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Table 6
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Bivariate and multivariate analysis of factors significantly associated with life-threatening conditions.

Bivariate analysis

Multivariate analysis

Absence of life-threatening Life-threatening OR (95% CI) p-value aOR (95% CI) p-
condition condition value
Total n = 468 n (%) Total n = 37 n (%)
Age >50 years 86 (18.3) 12 (32.4) 2.13 (1.03-4.42) 0.037 2.68 (0.98-7.28) 0.054
Pregnancy 7 (3.8) 1(9.1) 2.56 (0.29-22.85) 0.384
Previous malaria episodes 171 (36.5) 4(10.8) 0.21 (0.07-0.61) 0.003 0.33 (0.10-1.16) 0.085
Cardiovascular risk factors 49 (10.5) 5(13.5) 1.34 (0.50-3.60) 0.561 -
Travel reason: Visiting friends-relatives or 231 (49.3) 8 (21.6) 0.28 (0.13-0.63) 0.001 0.63 (0.18-2.15) 0.456
migration
Travel reason: Work or tourism 141 (30.1) 20 (54.1) 2.74 (1.39-5.38) 0.003 1.22(0.43-3.48) 0.706
>5 days of symptoms before diagnosis 162 (39.0) 23 (63.9) 2.77 (1.36-5.63) 0.003 2.02 (0.82-4.99) 0.127
Diarrhea 107 (22.8) 9 (24.3) 1.08 (0.50-2.38) 0.833
Jaundice 15 (3.2) 5(13.5) 4.73 (1.62-13.84) 0.002 2.67 (0.56-12.75) 0.219
Impaired consciousness 12 (2.6) 5(13.5) 5.95 (1.97-17.93) <0.001 4.00 (0.85-18.81) 0.079
Severe thrombocytopenia (<50 x 10°/L) 89 (19.0) 28 (75.7) 13.28 (6.05-29.14) <0.001  6.02 (2.32-15.68) 0.000
LDH (>500 U/L) 308 (65.7) 36 (97.3) 18.82 <0.001  10.11(1.11-92.37)  0.040
(2.56-138.51)
C-reactive protein (>10 mg/dL) 249 (53.1) 35 (94.6) 15.46 (3.68-65.03)  <0.001  13.79 0.012
(1.76-108.15)
Plasmodium falciparum 405 (85.5) 37 (100) - 0.013 -
Bacterial co-infection 27 (5.8) 1270 0.45 (0.06-3.44) 0.434

*Life-threatening conditions included death and need for vasopressors, mechanical ventilation, renal replacement therapy and automated red blood cell exchange.

a life-threatening clinical outcome, and could benefit from a less
intensive monitorization unit and a restrictive use of empirical
antibiotics.
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Supplementary table B. Laboratory parameters.

TOTAL UM group SM group
p value
Parameters, median (IQR) n =506 n=330 n=176

Glucose mg/dL 102 (92-117) 102 (92-116) 103 (91.5-120.5) 0.641
Creatinine mg/dL 0.96 (0.8-1.2) 0.94 (0.8-1.1) 1.0 (0.8-1.4) 0.004
C-reactive protein mg/dL 10.4 (4.9-16.1) 7.5(3.7-12.7) 15.2 (9.85-20.9) <0.001
Bilirubin mg/dL 1.3 (0.8-2.3) 1.1 (0.7-1.6) 2.2 (1.2-3.9) <0.001
Alanine aminotransferase u/L 37 (22-73) 34 (21- 60) 49 (29- 92) <0.001
Alkaline phosphatase u/L 109 (71- 175) 112.5 (71- 173) 105 (71-182) 0.971
Gamma-glutamyltransferase u/L 47 (26 —98) 40.5 (24-79) 64 (33- 123) <0.001
LDH u/L 520 (364 - 765) 444.5 (320 - 609) 656 (429 - 1138) <0.001
Platelets 10°/L 87 (51-140) 108 (66- 155.5) 55 (30- 90) <0.001
Hemoglobin g/dL 13.2 (11.9 - 14.4) 13.6 (12.2 - 14.5) 12.6 (11- 14.2) <0.001
Leukocytes 10°%/L 5(3.7-6.3) 4.6 (3.5-5.9) 5.45 (4.12-7.6) <0.001
Neutrophils 10°/L 3.4(2.3-4.7) 3.1(2.1-4.2) 4(2.8-5.4) <0.001
Lymphocytes 10°/L 0.9(0.5-1.7) 0.98 (0.5- 1.6) 0.9(0.5-1.9) 0.6650
Prothrombin % 77 (68.4 - 85) 79 (71.3 - 88) 71 (65- 80) <0.001

UM = Uncomplicated malaria. SM = Severe Malaria.
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Supplementary Table A. Plasmodium species distribution and parasitemia.

Species TOTAL UM group SM group p-value
n =506 n =330 n=176

Plasmodium falciparum 438 (86.6) 265 (80.3) 173 (98.3) <0.001
Non-falciparum? 77 (15.2) 72 (21.8) 5(2.8) <0.001
P.vivax 48 (9.5) 45 (13.6) 3(1.7) <0.001

P. ovale 23 (4.6) 22 (6.7) 1(0.6)2 0.001

P. malariae 9(1.8) 8(2.4) 1(0.6)2 0.172
Parasitemia at diagnosis 0.075 (0.60 — 3) 0.03 (0.15-0.70) 4.50(2.20-9) <0.001
P.falciparum parasitaemia 0.1(0.7-3) 0.03(0.18-0.78) 4.96 (2.4 -10) <0.001
P.vivax parasitaemia 0.064 (0.15 -0.55) 0.067 (0.15 - 0.23) 0.55(0.01-3) 0.555

Ipatients infected with more than 1 Plasmodium species were allowed to classify in more than
one category. There were no cases due to Plasmodium knowlesi.

2 Co-infection with P.falciparum

UM = Uncomplicated malaria. SM = Severe Malaria. Categorical variables are expressed as numbers (percentage) and quantitative
variables are expressed as median (interquartile range).
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gomacfilv rIrmerlv rorxev cnal p eiDlaDcl goacnaer Il aol ficf mar tel aDclmacl o:1f ov glef r aeont] r nfil Dot gear Iefr asontlenl
gracnatlp eDlev gomacfilv rIrnar Il

1. Introduci 2

q rlrmerletlr lle cSDmar acnenx|fieter tels cenxll S2 o ba, Bo 0G%,nGpBo raDc
v ota rxxmtte cltgcfectll Betefictl aDel gm- eoPtl tacr fidl ficf nar tel enl aDel
nPv scrho:1v rIrmarlfrtctl p onffip eficH enl WWAWA v rIrnerl frtctl xlos r1ldl
enf nar tefilfiPclaolaDelxmar dev grfdo:laDelJ i b (@ SPAgrnficv e Hv rmenxlr]
teasrfil:onwv rirnerlclev enraeonlgnoxmv t19H[1

q rlrmerletltadllonclo:laDclv otamlc- rnaev gonacfilgr mteaef Ifietcr tetlenl
GProgcl 9wl [Hp eDlrlv onar leedl macl aDral - roact]l :nov 1H4 120l o- cnh14 1

* Jomatgonfienxlr PaDorlf ] 1VotcIIo1 Howi 1Dl @oni W Ws8HBr ficlonr H, grenL
vso G§Gaaphl | Ricenls rlenfig etxlos rlom!(?BrIcnfie§ rmtolr 2

Dargt3 ] fiodom ] HNHWHB] ;lav r filWWASIHWAS W 1

91-7[1@lr fifieeonHaDelv ors efieadlo:1v rIrnerlgr accnat 1Dr tlenf mar tefilfiPcl
2l rl ficlrdl enl DerlaDfrmaScci enxl enl aDcl fonacOa o:1 aDcl J1 b SPA
grnficv ef19/HAIl. Delmgmetenatlrlxner acnhnati 1:onbgr accnatlp eaDltc- cral
v rIrmarls cfrPtelrIaDoPxDlrnlc::cfae clamrav cnad cOetatl 9HW-HAHI . cGS
e,n@Bo rv rIrmarIf rnlgmoxmttlaol:rar loPaf ov ctlp Denlamrav cnaeneser S
aonlelficlrdefil9/WAIl. Deme:oneH cr nidleficnaey fraeonlo:lte- calv rirmarl
frtctletli cdlaolmfiPfclaDelev grfao:lv rIrmrlenlnonSenficv e 1f oPnamactl
95 (1

uPmDerw oneH aDel ctars IetDefil te- creadl freacrer]l p el c::cfae cldl

Vcfce cfilHHz grllwWas@Vcef ce cfilenlm- etcfil:omv 15Wq rdlwWinbsaz ff cgacfilH51Pnclwins11l
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fraracfils dIE onffilNcrIaDli mrnefraonl(E Ni daolmetgonfilaolaDelnccfitlenl
cnficv e lrmar tIINop c- cilaDetelf meecrar 1fiolnodr ff PmacIdly dev gomacfil
v rIrnar Hp Def DIf oPnatlp eeDlrlfie:cmana gogPIr aonlenlacw tlo:1rxclrnfil
ev v Pneadlaolv rIrmarlen:cfaeonl9HI 1) [1. Dotclgottes Iclfie crmenfctlrml
m@facfil enl nraconr Il rnfil GProgernl xPeficlenctH aDra gnogotcl r1v oml
nPrnf cfilr ggnor f DlaolaDelv cnasoncfilte- cneedlf neacnar He- enlf ner asnxlaDel
“-crdlte- cnalv rlrmar” rofil“Iettlte- calv rirner” fonfegal B[z v onxl
aDclv cnasoncfilf neacnar HaDcmaletIr ItolDeacnoxcnef eadls cap cenlf oPnamctlenl
amv tlo:laDclogaev rIIf PaS::1goend: onhgrmtear cv e Hp Def Dimnxctl:nov 1
w4 laolHW 197 [T

Jon- cnicIdH v rIrmar] te- coeadl mlect] onl rl Dotagr mteac]l enacm f asonH
p DemalaDeli edlclev cnal:onteDelgr mteacletlestIr s deadlaolf daor fiDenalaolaDel
cnfioaDelePv Ir nfilnefils Ioofilf cIIt19HI [11. Detllcr fitlaolaDeltcflPctamasonlo:1
gr mteacFefilnfils Ioofilf clitlenlfie : cranalomrnt” fietar II- cnPlctHfic- clogenxl
omr nl fidt: Pnf aeonl fiPcl apl aDcl os tankf aconl enl aDel v e mof enfiPIr aconl r nfil
anxxcnmx] aDel Dotal mtgontcH srtefil onl enfioaDeler Il r f ae raconl rnfil enS
@v v raondl mtgontcl 9HI [11. Del enfioaDelePv 1rfae raconl en- ol- ctlap ol
v dctaonctd (el aDel rfae raonl o:1 aDcl z nxeogoecam]. ecSal (z nxS ecSA
lexr nfiSaf cgaonhtdtacv H p Def Dl tenteadfict] aDel enfioaDeler Il mtgontcl aol
ex@v v raondlrnfilr nxeoxcnef 1f daoi enctHrnfil (e aDel fietnPgasonl o:1aDcl
- rtf PIrnific- clogv cnalrnfilr nxeoxcnctetleflPdes nePv Is dlaDelcOof daotclo:1
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rnxeogoecanSM(z nxSWHr nlr nar xonetdo: Ir nxeogoecan H(z nxFtignetcna
enltacr fidlteaPr aeont19H/ HP/{1lz IaDoPxDlaDclr f ae r aconlo:1z nxS eclr Oet1Dr t1
s cenlf ormIr acfilp eaDltc- cralv rIr ner Ir nfilficr aDlenlenficy e Ir mar t19wWWWH[H
el Dr tlnoas cenltaPfiecfilgnn: oPnfildlenlev gomacfilv rIrnarlfrtctIl

@laDcltrv cllencHtce- cnIlDotals eov rmcmltPfDirt1J Sur fae clgmacenl
(J VMA toIPs Icl anxcnenxlmf cgaonhcOgnettefilv deloefil felltl (t. VGq SEH
ranfilglraclcalrv onxloaDemrtlp clllrtlgrmteacls eov rmcmlDr- clscenl
taPfiecfilOvww-5WIL

(nleDet]taPfidip clDr - cle- rIPracfilaDclmlclo:1li cdlDotals eov rmcnlenl
aDcler nidleficnaey fr aonlo:1tc- cralv rirmerlenlnonSenficv e 1t caanxtll

e. h s3Ru2l
2.1. MBai rahl, PHGHarnbnBSGDbH

znlos tecmraonr IIfr te§ onamll taPfidl p r t1f onfiPf acfilenl aDcl aconr S
aonrlINerIaDl Tegrmav cna o:1aDcl Notgear Il J Ienef1 0:1 Brficlonr H, greni
:1ov 1 GrnPrndl wHH 201 G- nPr ndl wWaHIL z fiPIdl graccnat] p eeDl :c- cohrnfil
v € ms eoloxefr[Idlf onymv cfill .rocG®,nGBo ren:cfaonlp calfIrtteycfilrfS
fonfienxlaolE Ni 1fnecnarlenaolte- cnalv rirnerl(, @ ArnfilPnfov gleracfil
v rlrmerl(k q 2p eDlaDclcOf cgaconlo:Igrmtear cv el(grmteclficnteadl>wA 1
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rff onfienxlaolGProgcr nlrnfil, grnet DixPeficlenct A9t H[ IV aecnatIp eaDoPal
rlmv renenxlirs omaondltrv glelp calcOf IPficfill M aecnatlp eeDl:c- crir:acth
enacmmr aonr Il am- cIl rofil rl nexrae cl sloofil tv crohp el enfIPficfil rtl
fonamolItIl

z :acthaDel graecnatlr ffcgarnfcltrv gletl cOamf acfil enl aDel y mal fier xS
notetlp omPglo:lev gomcfil:c- cnhp cral Ptefilmamtgefae cldlaolv crtPml
znx3H z nxSAl rnfil t. VGq SH rtl Dotal s eov rmacmiH rofil J VM Ic- cIl rnfil
glraclcaf oPnap cmalos ar encfilr tlgr mlo:1r ImPaencle- r IPraeonll

Ue cnlaDclgoacnaer Ilenr ff Pmf ectlo:1aDelE Ni 1f neacrarl:onlte- calv S
Irmer] enl nonSnficv €1 gogPIraontH E Ni 1 tc- creadl fIrtteyfraconl p rtl
v ofiey cfilrnfilap olncp If racxorectlp cralficy nefiinr v cfil“f Ienef r [1dltc- cnal
v rIrne” rofil“flenef r IdlnonSc- cralv rIr nar “Hp Def Dlanacfilaolf r gaPmelaDel
tPtfcgass deadl a0l necfil rnl Ok 1IecSr- enxl enacmcnaconll . Del v ofiey cfil
E Ni 1fIrtteyfraconl:omhev gomcfil v rIrnarl p rtlsrtcfil onl aDcl fonfcgatl
cIsop cfilenaolaDclumnf Dlv rIrnar IxPeficlenct]9HB[IJ Ienef r[Idltc- cnalv 1S
Irner Ip rtlficyncfils dlaDclgmtenf clo:1raler talonclo:1aDel: ollop enxlf onS
fieeeontd gPIv onrmdl cficv rH Ulrtxop 1 fov r1tfricl <HH tcéPmatl menr1l
:rdPmeH rf efiotet] omhDdgenfr faracv erH tDofi H, cflPcnaer 111 mrnl ur dPnal
z ttettv cnal(, { uz Arso- cl%rnfilficr aDluexIlnitDop tlaDclnefIr ttey f r aoonl
o:1graecnatlr f f orfienxlaols oaDlv caDofitll

2.2. - GlirebSheDb H-GHarSXCbpGIbpl rmpbehaBphlr

Tcv oxmgDef tHf Ienef r Ilfir ar Ir nfillr s omnaondl- rner's Ictlp cmelf ollcf acfil
mawntgcefae cIdll

I .1G%,n(@Bo ffier xnotetlp rtlgemomv cfils dlv € mtfogdlo:Itar encfilaDef i
rnfilaDenls Ioofiltv cr nonim gefilfier xnotaef Ir naxcnlacta(Beolenc™ q rlrmerl
zxIM:]grnal

E DolclsIoofilGT. z 1trv glctlteomfilrad —/W°J1p clmamntgcefae cldl
rorIdFcfillJov v crfier Il trnfip € DlenFdv cSeni cfilev v Pnotomcnarttrdl
(G?0z2 ietl pcml gemomw cfil al flPrnaedl aDcl znxSHNPv rnl

WHO CRITERIA FOR SEVERE MALARIA*
Postration
Glasgow coma scale <11
Seizures
Acidosis or hyperlactatemia
Hypoglicemia
Severe anaemia
Renal failure
Jaundice
Pulmonary edema
Significant bleeding
Shock
>2% parasitemia

MODIFIED WHO CRITERIA :
Glasgow coma scale <11
Seizures
Pulmonary edema
Renal failure
Metabolic acidosis or
hyperlactatemia
* Shock (need for vasopressors)
SOFA >9
Death

Uncomplicated malaria
n=30

Travel Medicine and Infectious Disease 54 (2023) 102608

z nxeogoecanSH QPrnad encl G?Qz 1 Keetl z nxSMNPv rnl z nxeogoecanSal
QPrnad enclG?Qz IKesrnfilt. VGqg SHHNPv rnl. VGq SHQPrnad enclG?Qz1
Kea:mov 1BeoS cfDnclV&TI, dtacv tH, I?1k IH:ollop enxlaDclgmaof ollmef S
ov v cnficfils dlaDcl:rs mef rnall

2.3. MEDIDeGSGHA L,1r

Mermonl ywl acta orhuet Denmitl cOr fal actal p cal Ptefilaol fov grmlfracS
xorgf rI1- roarsIctls cap cenlxmPgtHrnfilq rnn-E Dencdl Cracta onhKnPtS
irI-E rlletlactalp cal fr moacfil oPal : onhfIPr naear ae cl- rrars Ictlp eeDlnond
noiv rIlfiecanss Paconll

. Delf onf cnamasonlo:Ir IMls eov rmacntlp rtlf ov grmfils cap cenlv rirnarl
raofilnonSy rIrnar IxmPgtIl. Delrs deadleoleficnae d1“f Ienef rIIdltc- cma” frtctl
p rtle- rIPracfil:onher f DIs eov rmacnbPtenxlaDelv ofiey cfilE Ni 1fIrtteyfrS
aonlluonteDet HaDelr nmar IPnficnteDelmf ce cnibogemanx!f Dr mf acret aef 1f Pmcl
(zk Vi J2rnfil% 4 1fony ficnfclenacmrl (%9 4 J A p cmel ctaev racfill. Del
fPa%::1-rPctl:omhcrfDl seov rmcnhp cral c- r[Pracfil Ptenxl aDcl XoPficnl
freacrar ] rnfil r fi;Ptaenxl a0l r1 tentese eadl 0:1 /WA 11 Gl r fifieeeonH v rf Dencl
Icrmenxlv oficltlp cmele- rIPracfilaolgmfief al“f Ienef r [Idltc- cme™ oPafov cH
p eDl seov rmcntl rtl :craPnatll uonhaDetH aDcel firarl p rtl fie eficfil enaol rl
amenenxl tca rnfilrlacta teal. Delamenenxl teal p rtlPtefil : onhamenenx! Hinl
v rfDencl Icrmenx! fIrtteyfraonl v caDofitd Rermta ReexDsoml (RR2H
, Pggomal- cfaonlv rfDenctl(, bq 2Vr fier IBrtetluPnfaonl, bq I(VBuS bq i
UrPtternlMof cttlJ Irttey coh(UMI H T cfeteonl. macl(T. 2 Vrnfiov luomta
(Vutlq PlaSr deniVenficgamonlf Ir ttey cni(q ? M 2z fir Boota(z BAHUr Ptternl
Rre clBrdctlfIrttey coh( URBJ HQPr fimaef 1T etf nev enrnaz nrldtetl(QTz A
YUBootd(YUB23r nfil? oxetaff IVexmtteonl(? VAluonher f Dlv oficTHHWAS oIfil
fmottS rlefiraonl(7W lamenH5WA lactalp rtlr gglecfilonler f Dlamenenxltca
rnfilaDelv crnlrnfil tar nfir ofil fic- eraconlo:1aDelz k Vi J1p cmal ctaev racfill
uPmDcmw omeHer fDIv oficllp rtl- rlefiracfilonlaDeltrv cl. ctatcairnfilgmS
feteontmaf r Il ontv rIrer len: cf aeontrnfilz k Vi Jlp cmaletaev racfill. Delscta

Total patients with malaria n = 82

Reclassified
n=33 %%

*The exact value /thershold for each criteria can be found in the WHO guidelines (17)
** All the reclassified patients were initially classified as severe malaria according to WHO guidleines

Tao.M. ulop fDrmal:onhaDclfIr ttey fraconlo:1gracnatlp eDlv rIrner Il

3
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v oficltlp cnelf Dotcenl:onheDelogaey éfrasonlo:1grmv cacmll

uenr IIdHaDcl - rIPctlo:1tentese eadH tgef ey feadd nexrae clrnfilgotese cl
gmafi€fae cl- rIPctlp cmlctaey racfil:onher fDls eov rmcnbrnfilaDelv rf Dencl
Icrmenxlv oficltHp eDIr1% 4 J Al

z Il aDcl rnrIdtctl p cnel rorIdFefil p eaDl VI to:ap rmal 95w H cOf cgal aDcl
v rfDenclIcrmenxlrnrIdtetlaDral p rtlfrmacfil oPa p eaDl aDel tf e el Icr ml
MiaDonlles mmnd1955[11

2.L. vD,elr

. DeltaPfidlp rtlr ggm- cfils dlaDclitaePasonr 11 Ve- ecp 1Bor rfil r nfilaDel
GaDef tlJ ov v ezacclo:laDcINot gear ILJ Ienef lo: 1Br niclonr I(NJ B] w4 W 5%
rnfilp meacnlen:omv cfilf ontenalp rtlos ar encfil:nov Ir IMtaPfidlgr naef egrnat1l
. DeltaPfidlp rtlfictexncfilenlf ov glernf clp eeDIUoofilJ Ienef r IV f aef clr nfil
:ollop enxlaDclT cf Irmasonlo:INclteni €l

,. Vi BGltaracv cnal:orhmegomenx!frtcS onamwll taPfiect]p rtl:ollop cfil
b Pgglev cnarmdl. rslclz QM

8. 4slcd

3.1. uGhSHref GGeDp1Del

z v onxlaDcl5H/ Igr aecnatIfier xnotcfilp eeDlv rIrnerl:nov 1G nPr ndlwWWHH
201G nPr ndlwWatt/ wigr maef egrnatlp cmlenf IPficfiHo:1p Def DI5SWgmtcnacfil
k q Irnfil) wip cmel, q IfrtctHr ffonfienxlaolE Ni IfIrttey fraconlr nfil Ptenxl
abclwA 1grmteacv erlaDmtDolfil 9wt/ [11z fifieseonr IdH1%: s ndlclam - cleml
p cnalenf IPficfilenlaDclnonSy rIr ner IxnoPgl(H5H gr naef egr natlenlaoar IALVE S
acna’ srtclenclf Drmnfacrat af tlr mlficar defilenl. rsIclHr Deealw cfiernlrxcl
prtl571(@QVIw/-182AdcrmHrnfil /11(811H4 Ap cnalv rlcllz lavarlo:1551
(W) & Agr raef egr nat IDr filr lgna- eoPtlv cfi€f rIif onfieaconll. Delv renl- eteactil
E Ni lmxeontlp cnalz :nefr1(rIlls Palonclv rIrmerlfrtclp Dolr f flPenfilaDcl
en: cf aonlaDmPxDIDer mlamnt g Ir natir nfil, oPaDSGrtalz ter Hr f f oPnaenxl:onh
wil (1) 9% AnonSv rirmar]l graccnatll @l avar i) W (5/Iw4 A gracnatl p el
aoPmtatHrnfil551(w) w4 2A- eteacfil: mcnfitlr nfilmir ae ctllRonclo:1aDelgr s
af egrnat]Pnficnp cnarnaev rIrmar lIf Dev ognogDdIr OetIl

. Dclv renlfierxnotet]l:omhaDclnonSy rIrner IxmoPgl (nl= 1% p ce3 H71
(51174 Armo- emllfieccr tctHH51 (WBD) 4 APnfie:cmanaer acfil:c- chHrnfil ) 1
(HWw4 AgraecnatIDr filnet gemaondlen: cf aontlb Pgglev cnarmdl. rsIcIBO.NR]
aDetlxmPgHH51(W8D) 4 AgracnaInccficfilDotgear Iefr aonts PalaDenalp cral
nceDenhficr aDtlnonkJ k Ir fiv etteontll

Vexrnfienxltgefeyflsrtclenclf Drmfacnataef tHrlaoar lo:1wl (8174 AgrS
acnatlenlaDelk q IxnoPglr nfilwl(519% denlaDel, q IxmoPgIDrx filr Ifiof Pv cnacfil
fov v PneadS f fIPemfilf 0Sn: cf aon@nonclo: laDelgr acnat Ific- clogcfiltcgtetll
zItolv cfiernlfiPmaeonlo:ltdv gaov tls c:omlv rlr nar Ifier xnotetlp r t15lfir dtl
(@V3 w-8H p el nol fie:cmnfctl scap cenl Pnfov glefracfil rnfil te- cnal
v rirmarlfrtetl(gl= W8112l, Pgglcv cnarndl. rslcl] Ifictfnss ctlaDelf Ienef r1l
gmetenar aonlo:1gracnatlp eDlv rIrmerIl. Delq renllrs omaondly nfienxtlr nal
tPv v rodficfilenl. rslclwllz v onx15Wgraecnalp eDIPnfov glefracfilv rIrnerH
W (%4 2Ap cral amr acfil p eDlomIlrmcv eenenlfov s encfil aDcrmgectl rnfil
rv onxl) w, q Ifrtctil/1(%w 2p cralamar acfilp eaDlr mact Pnr acllz Illgr aecnatl
aDrdmfce cfilenam- cnoPtlamrav cnaPnficnp cnarltPsteflPenafoPmclo:]
omIlarav cnall

3.2. 1 GORHDrk, [rikThphro GIp.Gr

z v onxlaDcl) wigr maef egr natlp Dolgmetcenacfilp eaDltc- cneedlf neecnar Hwill
(18iw# A gmatenacfil p eaDl v omal aDrnl oncl te- cneadl freacner Il . Del v otad
fov v onlf necrer Ificacfacfilp ce3181(/ /D) 4 Agrmtearcv erl>wa lrnfilFPA
(58D 4 2 Ddgcm des encv erH :ollop cfil sdl HW (HAw4 2 graecnal p eDl
tDof i INdgoxIdf cv erl(nl= witceFPmtl(nl= HAirnfilrnrcv erl(nl= Hp cmal
Icttlfov v onldl fier xnotcfill Rol gr accna gmtcnacfil p eaDl v r;onhs Iccfienxl
b Pgglev cnarmdl. rslcl TQMRonclo:laDel wll (w254 A graecnatl p Dol gmS
tenacfilgrmteacy e >wa 1r tlaDelonIdlte- cneadlf neacnar Inccficfil: PraDenbenS
acracnaontls cdonfil fIme rIlv onesordfr aonlenlaDcl @k Il z v onxlaDel) wh
gracnatlp eDltc- cralv rIrnar Hle cSPggomlact DneflPctlp cralr gglecfilenlwH
(1W14 2 graecnatd Hol (W) IM 2A nccficfil - rtorfae cl finkxtH /1 (H 114 2
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, Gzl&grfeyfHH, Gz 1& z :nf rHwz :nefr1& [q cfieecrmnern2l

* Slgracnatlp eDlv rlrnerlp eaDIPni nop nlam- cllmr tonll
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WB8511IR olgr acnatlp eaDlIPnxlfieter telonenr lfieter tell
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crdaDnogDenatetH 81 (HHD 4 2AsIoofilamnt:PteonH) 1(%484 AmnrIlmglrfcS
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flenef rllp omcnenxls c:omlamrav cndr fiv enetamasonll

3.3. yblDPQbo GERL’ a,cciphHEhrGo bHPMA gCA rGHirEb o GSp,Gr
nGDhHDr

uex[lHtDop tlz nxSHz nxSat. VGq SHglr aclcatlr nfilJ VMfonf cnamS
aontlenl, q Hk q IrnfinonSy rIrmarlgr ascnat[IBeov rmi cnif onf cnam acont Ifiefil
nodtDop Ifie:cranfctls cap cenlnonSy rIrmerIrnfilk q IgraccnatHcOf cgal:omh
z nx$H (gl= WWWb2Arnfilglraclcatl (gl < WWAHAlz nxSHr nfilglraclcatlgmS
tenacfiltexney frnaldllop crbf onf cnamaeontlenl, q Ifrtetlfov grmfilaolk q 1
frctl(z nxSHgl= Wit gIr aclcatlgl < WWAHA rnfilnonSv rIrnerl(z nxSH
rofilglraclcatlgl < WWAH z nxSalr nfil J VM gnatcnacfil DexDenbf onf cnam S
aontlenlfrtctlo:l, q If ov grmfilaolk q 1(z nxSalgl < WWAHHr nfilJ VMgl <
WWAHAr nfilnonSy rIrnerfrtctl(z nxSagl< WWAHHr nfilJ VMgl < WWAH2L
Jon- cmicIdH t. VGq $H fiefil noal gmtcna texneyfrnad fie:cmanfctl rv onxl
xmPgtll

3.L. Aba,xhar0 y 8reSdl,xeGObHGHarnpha,eDThrGQSBrbaf bl
Qbo GEplr

uex[witDop tlaDclmfIr ttey fr aconlo:Igracnatlr f f onfienxlaolaDelv ofiey cfil
E Ni IfIrtteyfraonl:onhev gomcfilv rIrner 31 Palo:l/wv rIrnerlfrtcti851
(78l/4 A p cmal mfIrtteycfil rtl flenefrldl nonSc- cmal v rlrmerl rofil FA
(woIw4 A rtl flenefr1ldl te- cral v rIrner Il Nenfc:omDH 551 gracenat] p cnal
mfIrtteycfil :nov laDel te- cal ol nonSc- el v rIrner 1 xmoPgll Rol graecnal
eneaer [Id] Irs clcfil rtl rnl Pnfov glefracfil frtcl p rtl mfIrtteycfill z Il s oS
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/Wt lenlaDel eficnaey fraconlo:1f Ienef rIIdlte- cralv rirnarHedlp rtlos temecfil
aDraJ VMiz nx3Hrnfilz nxSalp calaDelv otdtgefeyflseov ronemm3 71184 1
(%04 JQ 8518-/)IWH 8)I841 (%94 JQ ) 115-77IWA rnfil )W 1 (%94 JO
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/517-%tWd :omh znxSH rnfil %M 1 (%94 JQ@ /W/-% I8 :om z nxSA
bFng3BMOM

z fifiesonr IIdH r 1 Toxetaef Imxmet teonl v oficllp eaDlz nxSalr nfilJ VM gmsS
tenacfilaDelDexDetatgef ey f eadlmetenxlaol77114 1(% 4 J @8) 1%-/ 717 Hrnfil
RM>1% 154 1(%9 4 J @/ 7D -%/'17 Hf ov grmfilp eaDlr ndletolr acfils eov rmcnil
E eDlaDetlv oficIlrInov oxmv 1b Pgglcv cnar mdluexPralz OY r tlf mar acfilaol
rttetdenlaDeleficnagy fr aconlo:1te- clfrtetlo:lev gomacfilv rirner Il

. Dcl fierxnotagff1 gecmomw rnfcl o:l erfDl s eov rmacnhrnfil aDel v rf Dencl
Icrmenxlv oficIlp rtlrItolos ar encfilp eeDlaDclXoPficnlenficOlb Pgglcv cnS
arndl. rslclGal

5. Cdtcllaui

laDetltaPfidiDotels eov rmctlr Iop cfiler nidleficnagy f r aconlo:ltc- ca
ev gomcfilv rIrmarlfrtetlr ff onfienxlaolE Ni If reecrar Il. Delf ov s enraonlo:l
seov rmicml :nov 1 @ ol fie:cnana graDp rdtH tPfDl rtl z nxSal rnfil J VM
tDop cfilaDcls ctafierxnotagf1gecmomnw rnfcl(774 1tgefeyfeadl:onhrnlctars S
IetDefil/Wi Itentese ead2p Denlfov grmmxlflenefrIIdite- cnalfrtetll. DemS
:omHaDctcls eov rm cnltDoPIfils clf onteficnafilPte: Pllaoolt]: onhaDel eneaer 11
v rnrxcv cnao:lgracnalp eDlev gomcfilv rIrner.M

z-rdrslclfiralonlz nxS eclrOetlseov rmcml tPxxcta aDra aDedlv rdl
gmfief dtawnxloPaf ov ctltPfDlrtlficraDlomhfcras milv rIrmerlenlv rirmar 9
en:cfacfilf Dfimenlenlenficv e Irner t1I9wWnH[Ilq onco- crlirltdtacy raefflmS
- ecp lfictfres ctlr1f onmalr aonls cap cenlz nxSHrnfilz nxSalle- cltlrnfilv rS
Irmer] te- creadl 951[11 Nop c- cnll graecnat]l :nov 1 nonSenficv €1 mxeontl
mgmtcnalrlfie:cmnagogPlIr aonlrtlaDedlrmlfov v onldlr fiPlatlp eaDlnol
gnononinef cnacO0gotPmaleolv rIrnarIl. DeraletlonldloncltaPfidlenlev gomacfil
v rlrmarlaDrav crtPmtlz nxS eclr Oetls eov ronennl95) [Hfictf nas enx1DexDenh
Ic- cltlenl tc- cral frtetl s Pal noa gm- efienx] r1{PaS::1 goenal Gtar s Iet Denxl
aDnat Dolfit]: onls eov rm crblt Pggomatlf Ienef e ntlaolv ri clficf eeontlr nfiloPrh
taPfidlo::cml ogaev rIlf PaS::1goenatl aolr ffPmacldl eficnaedl te- cnal frtctl
FngBMOM

. Delv ertPmv cnal o:1z nxSH z nxSal rnfil eatl maeol r lop cfil aDel cr nbdl
dicnagy fraonlo:1te- calgracnatls rtefilonlE Ni If necnar 1(gl= WWntigl<
WWAH rnfil gl < WWAHH metgef ae cId2l Bedonfil fIrttefrI1 f neacnar H aDetcl
seov roicmlf onanPclaols clr ff Pmaclp eaDlaDclv ofiey cfilE Ni IfIrtteyfrS
aonl:onhtc- cralv rirnerlp eDl- cndltev drnhgemomw rofclrnfilRMblrso-cl
Y 1z tlz nxSHficf nar tctlenlgr aDoloxef It f cnr not Henlf onam talp eaDlz nxSa
aDclIr aacnif oPIfils clv omlenaPese cleolenacngmealr nfilaDPtlf oPIfils clr Ixoofil
frofidiraclaolv ri clgrmlo:lmgefilgnoxnotaeflactatl onhmoPaenclIr s omaomdl
p omPgll

z v onxloaDenht aPfiecfils eov rmnemit. VGq SHfierxnotaef lgcmomw rnfcl
enloPnitaPfidlp rtlp omclaDr nlz nxSallz IaDoPxDledlp rtlrs Iclaoleficnae dlaDel
v otdtc- clgracnatlr:acnv ofie denxlaDelE Ni IfIrttey fraconl(gl= W71
scap cenl flenefrIIdl te- cnal rnfil nonSc- cnal grascnat 2 edl :rdefil a0l tDop 1
texney frnafie:cmanfctlp DenlfIrttefrIIE Ni 1fneecnarlp calr gglecfil (gl=
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Texnotaflgcmom rnfclo:ls eov rmenlrnfilv rfDencllcr menxlgnefief ae clv oficllaoleficnae dltc- cnalfrtetlo:lev gomacfilv rIr narlenlam - clcmalll
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7/1%0 /TH-9%5198 ) W/1(5%7-85182 SWIBI(WBIB-1W) A //I/1(7/1% % IHA
781110 51%-95ImA 71181(8518-/) WA 17181(571H-8Wwa  %HI51(/51) -8
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$ q oficllHnfIPfictlz nxSHiz nxSait. VGq $HJ VMrnfilglraclcallq oficllwlenfIPfictlJ VMrnfilz nxSalr tl- rnars Ict1l

WWB21t. VGq SH etl ficacf acfil p Denl v delodfil fcIll r f ae raconl of f Pril rnfil
m@falaDclen@ v v raondlmtgontclanexcmafils dIf ST o ba,Bo ren:cf asontirtl
fictf s cfilenloaDenhp om t1p eaDlgcfier anf 1gr acnatlenlenficv e 1rmar t19wnH
w5[1l Al ev gomacfil v rIrnerH ap ol taPfiectl v crtPmafil aDet]l v olefPlcl p eaDl
fie crmenalmetPlat@enlr Imanot gcf ae- cltaPfidlp eaDI7 /11 .G®,nGpBo rgr acnatl
t. VGq HfiefilnoadtDop ltexney frnafie:cmnfctlp Denlf ov grmnxIPnfov S
glefracfil rnfil te- cnal frtetH rnfil Drfil aDel p oma gemomv rnf ¢l nexr nfienx]
oaDcnhv cr tPmefils eov rocntl9wl [ Gilr lumenf Digmtgcef ae cltaPfidite- cnal
v rlrmar] graecnat] tDop cfil DexDenht. VGq $H - rIPctl fov grmafil p eaDl PnS
fov glefracfilgr acnatHenlr If oDomalo:1w#9) 1gr acnat19w) [1

z noaDcnhgmoacenlaDr d dlPtamactlen@ v v raonletlJ VMirlp clIS nop nl
rfPaclgDr tclgmacenlaDr a Drtls cenltDop nlaolf ommlIr aclp eeDltc- cneadlend
ev gomcfilv rIrnarIrnfilr tirlfietcr tclv oneonmxlaooll9n8—w/ [Ili PrlnatPlat]
p cral fontetacna p eDl oaDenh taPfiectl 9n8—w/[Il @il fonamtal enl aDcl
v cnaoncfil gmtgcefae ¢l umnfDl taPfidH J VM ficacf acfil te- cral frectl sPa
:rdcfileolfitf v enracl- crdlte- cnelv rIrnerlnov llcttlte- cnalv rIrmerlfrtetll
TPclaolaDel- crdllop 1f oSn: cf aonlmaclenloPrnbgr accnatHealet1Pnld cldlaDra
Dotals eov rmicntilp crelmetcfils ef r Ptclo:1f oSn: cf aeonllz ndp r dir IaDoPxDl
taonxl en@v v raonl el rlfomcmaoncl o:1v rIrmrHJ VM rIoncl v rdlscl
entP:yfecnadenlnar Ille claolf on- enf clf Ienef er ntlaolenacngmeaedr trlv rIrmarl
te- cnaadls eov rmicnil

, & drnbidiaDmov s of daogenerletlrlfov v only nfienxlenlaDctclgr acnatl
rnfil glraclca foPna onl rfiv eteonl enl enficv €1 mxeont] formIractl p eaDl
fieter telte- cneadlr nfil ficr aDl 9w/Ab Wl Gl oPrht aPfidH gIr aclcatlp crallop coh
rv onxltec- cnal grasenatH p DeaDenheal p rtlrffonfienxlaol E Ni 1fneacnar] onh
rggldenxlaDelv ofiey cfilfIr ttey fr aonllR oap eaDtar nfienxHeatlgemomv rnfcl
rtlrltenxlcls eov rmcnhaol eficnae dlf [enef rIIdlte- cnelgraecnatlp rtlgoonenh
aDrnloaDcnis eov rmacnil(z k Vi JIWZ7Hr nfil) 71H4 Itgefey f eadlp eaDlr Igmatca
/Wt ltentese ead2li nlaDeloaDentDr nfiir £ f onfienxlaolgr mteacls eov rmhcmt
Det aefienc Sef Digmoacen] W (NVMAZ etIr 1- r IPr s Iclfier xnotaef Ir nfilgnoxnot aef1
vrmcnl rttoferacfil peDl fietertel te- cneadH soaDl enl cnficv €1 rnfil
nonSnficv e | mxeont] 9wnt) 158][.rz laDoPxDl enl oPrhtaPfidl gr mteacl s oS
v rmcmlp celnoav crtPmfilaDel;oenarttettv cnao:1grmteaclr nfil Dotal
seov rmcmlf oPIfils clrl- cndlenacnetanxlr ggnor f DI: ontr I g efil fier xnot aef 1
rnfilgnxnotad lactal

1 nlaoglo:laDr al oPrhtaPfidl t Dop tlaDra aDelfov s enraonlo:1fie:cena
graDp rdl seov rmncrbH - erl v rf Dencl Iermenx! v oficlenxH rfifitl - rIPcl aol
r Inar fidlr f Dec- cfilmtPlatHr nfilgmo- dictlrltev glclaooll(aDclnov oxmv Aaol
ctaev raclaDelenfie efiPrllmti lo:1fic- clogenxlte- cnalv rIrnarll

. Dcle- rIPraconlo:lgracnatlp eDlv rIrmarlenlnonSenficv ef lrmrtltadll
gotctlf DrilenxctlrnfilaDclv omm év onar leadlet InoancxIexes IcHe- enlr:acnieDel
enanfiPfaonl o:lrmctPnracl 91157 [l z 1 grnov gal fierxnotet]l el i cdd enl oPnh
taPfidlr :rar [If r tetlgnatenacfilIr aclenlaDel f oPmiclo: 1dIncttIl. olv rorxcl
abctcl graecnal aDel E Ni 1v rIrmarl xPeficlenctl ficy nefil r1Ieta o:1 f Ienef r IH
Ir s o aondlr nfilgr mteroloxef r IIf neacner Hr nfilaDelgnatenf clo:lonclo:1aDev 1
Irscltlgraecnatlrtlte- cmlfrtctimfov v enfienxlcOgcfieaoPtleneser asonlo:1
grmmnacmIlarav cnalr nfilaDels ency ao: laDelDexDetallc- cllo:f rmlr - rersIcl
9H/[IINop c- cnl aDcl gnoxnotaef1- rIPclo:ler DI f neacrer letl- cndl - roers Ic@
gmtamaonlenlr fiPlaletlrIv otatPs;cfae clf ov grmfil p eaDlf Ddfimnlr nfil
abclUIrtxop If ov rltfriclicr- ctlnolmov l:onkfioPs alrs oPdeat1Ptc: PIncttl
:onbf cnes mIlv rIr nr IGProgcr nlxPeficlenctlv rficlaDely maltacglenltamaesS
:denxlaDcl- r IPclo:ler f DIf neacrar 195 H[ Hr nfilunanf DixPeficlenctlp cnal: PraDenh

frar anxlrIncp 1tPs xmPglo:1gr accna 9B [l oPrlitaPfidltr v clloxef 1Drtl
s cenlr gglecfilenlonfiicnheolactalaDel- rIPclo:1s eov roncrlenlfietf nav enr aenxl
v oml te- cal grasenatH rnfil Ier- ctl s cDenfil tov cl tar nfirnfit] fIr ttef r 11d1
fonteficnefil rtl te- cal tPfDI rtl Ddgem de®s encv erH rncv erl rofil grmS
tercv e llE DdclE Ni Itc- cneadlf neacnar Ixe clrlgmfaef rIIf Ir ttey f r aonHaDel
grmteloxerIlfnecnarlo:lgrmtear cv erlfioctlnoade@faaDcl Pnficnidenxl
v rlrmarlgraDoxcnctetlr nfilfioctInodr fifimttlaDclgr mteaef 1s eov rtt195/[11
z ItoH aDcml el noal PneflPcl ogaev r1l fPa%::1 goena 9nitBISH[H rnfil aDet]
acf DneflPclmflPetlamencfilgenonncllr nfilcflPeggcfillr s omaonact Hp Def DI
rminoaPne cmrIIdlr - r dr s Iclenlr IMDer IaDf r mltcaaenxtIl. olo- cnfiov claDet]
ettPcH p eaDl aDcl r fil o:1 r 1 mgefil gnoxnotaef 1 actal aDra p oPIfil enf IPficl aDcl
v cnasoncfils eov i cnl(z nxSaHJ VIVIHS Tenef er ntlf oPIfilr ttcttltc- cneadlenlrl
tev glelrnfil:rtap rdl95% W1

Rc- cmaDelcttHoPnitaPfidlDr tltov cllev ear asontHr tledletlr ItenxIcS cnacnh
taPfidl aDra Ptcfil taonafil :moFenl trv gletll. ol o- cnfiov cl aDet] teaPrasonlrl
v Plaef cnaef 1 gmotgef ae cltaPfidl p oPIfils clnccficfill. Delmlrae cIdltv r1il
trv gleltebelf oPIfilDr - cllcfilaolrlIr fi lo:1tar ataef rIgop crilz ItoHaDenaletlr]
nccfilaolf ov glcaclaDele- rIPrasonlo:1s eov rnicmlp eDirlf otarttettv cnall

, ov cl Dota fDrmnfacnataef tH tPfDI rtl frnfieo- r tf PIrvhnati 1 :r f aonl onh
gm- eoPtlv rIrmarlegetofictHfiefilnoat Dop ltexney frnalfie:cmnfctls cap cenl
te- calrnfilk q IxmoPgtlR ogp eeDtar nfienxHedfrnnoals clf ov glcacldln®Icfil
oPdelaDcdlv rdIDr - clDr filr nlen@cnf clenlenfioaDeler Ilr f ae- r asonlr nfilDota
seov rmcm’ fonfcnamasontll

@ gomcfil v rIrmarl necfitl rff Pmacl r ggnor f Detl aol rnaef egracl omrnl
:rdPmll. olaDetlenfilaDelf ov s enr aonlo:Ifie:cenagraDp rdlv rmacniltPf DI
rtlz nxSalr nfilJ VMr mlnaler s Iclf r nfiefir act]: onheDeler nidleficnagy f r asonlo:1
te- cnalf r tetHr nfilDr - claDelgoacnaer llaolficf mar telaDelmaclo: If ov glefrasontl
rnfil Dotgear Iefr acontl enl graecnat] p eeDl ev gomacfil v rIrner Il . Detcel s eoS
v rmacnilt DoPlfils clf onteficrafilr tlgoacnaer llv olefPlctlaols clenf IPficfilenl
aDclfic- clogv cndo:Incp Imgefilfier xnotaef laooltIl

Tci 2d olM

. DclQ Ulos r Ilr PaDomlr fi nop IcfixcltPggoml:nov laDcl, grnetDlq enetS
andlo:1, fecnf clrnfil@no- rasonlrnfil, aracl Veter niDlz xenf dlaDnoPxDlaDel
“J cnamlficl GOf clenferl, ¢- croli f Dor IWAHRe-wWWAS” Moxmv 1(J GYwWH/ 9
WAW VW8S HJ BGVSJ ontonfieol) cnamlficl(r- ctaexr f ednlBeov ¢fif rlenlVefid
(JBl wWaHH QhtaesPaol ficl , rIPfil Jrobot] @M q enetacoml ficl Jecnferl cl
@no- rfednl rnfil k nednl GProger 1 rnfil tPggomal :nov 1aDel Uencmlear d ficl
JrarIPndrlaDmoPxDlaDclJ GVJ z IMoxmv I1?IBIHJ IMHAq Ornfil T IrItol
rfinop Icfixcl tPggoml :nov 1aDcl Notgear Il J Ienef1 0:1 Brnficlonr | rnfil aDcl
, grneDl q enetandl o:1 , feenfel rnfil Gno- raonl aDoPxDI abel gnoxmv 1
MT WWWEHHB7 7 WCSYW rnfil J MMWAHSWIY 8) /11 . Del rPaDomntl ficfIrnal
Dr - enxlnolf on@f atlo:lenacnatall

p4s2a&FMc 3Rud RanMui 3dage 3ui NS L si M

B. I nBd2aSndnl ulh: Monf cgaPr Iefr asonHp nesenxIlp. MnduBi:Momw 11
rorldtetHE neeenxl- me- ecp 1& cfieaenxIl) .NIB a3l : Momv 1 Ilr nrIdtetHE neaenxl
— m- ecp | & cfieanxl z .Mpde P:MVio;cf d rfiv enetamacont Trarl f Pmasonh
E meenxl - me- ecp 1 & cfieeenxl p.Mc gadn:M/io;cf d r fiv enetamasont Trar
fPmaoniE meeenx]- m- ecp 1&[cfieeenx[IN. M u2dWbc sP-AnB du: M nesenx-
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m- ep 1 & efienxllz .M IL cs2u-4asdn:M meenxl- m- ecp 1& [¢fieenxIlB.M
Bs3ui n:M reenxl- m- ecp 1& cfieenxlh .v.MT ndsP-h nd3V sP:M neeenxl—
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Csthdn3ui MWuL ns 3 oM Fds13M

Roncll

zmmsi 2ayM. ScnmBL si 3ndkMn3nM

, Pgglev cnar mdlfir ar laolaDet Ir raef Iclf r nls cl: oPnfilonlenclr alDaag t 3 ] fiodl
omx ] HHHWHB] ;[av r filWASTHWAS W I

4swdsi ts1M

OH[ E onifilv rIr nar Imgonal wWaH 9Gacrmca[HDaag t 3 1p p p Ip Dolenal gPs Iefracont | d
Jeacv 197 /%l WAL WL Y8119z f f cttefil SWCPncl w1
M q PnoFldiVo;04 rofiotlUNVrv AeFS le enferlUH, rirtS) omonr t1AH. me- exolBAMemFL
z mallrnolC?Hear INT er xnotetlr nfilamr av cnalo:lev gomcfilv rirmarlenl, grend
mfov v enfiraontl:nov laDelv rIrnarIp omenxlxmoPglo:laDel, grnetDitof ecadlo:1
angdrilv cfifenclrnfilenacmraonr IINcrlaDI(, Gq . , A9acmca[lGn:ciw cfir fict]
Gn:cffeotrtldlq ef mos eoloxerlJ Ienef r 1GItc- ecnliT odv r1wWH) 651 gllcH-HoHDasgt 3 11
gPsv cfilnfs dnlv IneDixo- Jwl8) 8%87 1% ff cttcfilHPnclwWaH[ Il
%[ Gffifll, kVbGO?zRIJGIVGM V. v rlrnerll
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Daggt3 Jrfrficv efloPglfov ];av Jrmadflc] H/151H8) 1H/1/85wl % ff cttcfilHPncl
WWAHLTD
97[ q rDesd omlz Hq rIrlE HE dremarnrIMi, e, Hq rtrnxi rdluVHKoacgPdKk HearIll
Mu- rlenfcHrnasSy rIrner IIf Dev ognogDdIr Oetlr nfilfr Ptetlo:ficr aDtl:onhte- cnal
ev gomacfilv rIrner 3rltdtacy raeflna- ecp Irnfilv car S nrldtet]l. m-1q cfilGu:cfaT et lwiml
, cglHA %l
Brtari dNHJ roacnh@iq roveonl? I rttellliVred Ull. ev clficlr dtlenlaDelfier xnotetlr nfil
aurav cndo:lv rIrnerlenlnonSnficv e1f oPnanactIrltdtacy raefIne- ecp 19Macmcall. m- 1
q cfil@r:cfdT e W/ 1G nIHGAHIWH-7HDagg t 3 1 gPs v cfilnfs dnlv IneDxo- |w/ew) Hwl ] 1
19z ffcttcfilwslz PxPta wWan{ Il
P4 , fDPscral?H. DPmDcnhMyy q Hq rfDolfilVKH. os Pfief 1M HE eni IcohM] IIM nficv €9
mlracfilficIrdlo:l:r If gr n®v 1v rIr ner lfier xnotetlenlrlam- cllcnbler fienxlaolf cas mll
v rirner19acmca[ld. m-1q cfilwWAHT cflw/éw/ (/ A1 Daggt3 1 gPs v cfilnfs dnlv IneDll
x0-1518WA /8] 119% ff cttefil81Pnclwwm 11
9HW E DeaclRQlz mactPnracl- ciPtlflPenencl:onbanar av cnao:lte- cnalir If egroRv 1v rIrnar 3rl
mnfiov ecfilanar 19acmcall?r nf cawWW 1z PxIw7688(%d /7 217H7-w) HDaagt 3 1 gPs v |
cfilnfs dnlv IndDixo- |HBHW) ) //111% ff cttefilHPnclwWaH[ Tl
9HH[ Tonfionglz q HurncllolJ GINcnfind tenl@HUov ctlGH, endz HJ DDrxrnlr IKT Hedr I
z mactPnr acl- cniPtlflPenenclenlaDelaar av cndo:lte- cmelirIf egrnfv v rlrnerlenlz :ref rnl
fDdfinanl(z Qkz q z. 23rnlogenSrs climnfiov ecfilanar 19Macmcal1?r nf cawWHWR o- 1
H678(%7) 521H817-) 7HDaggt3 | gPs v cfilnfs dnlv IneDixo- | wHWBW888] 1% ff cttcfil
H@nclwWaH[I
9HW VoPttcllJ HR fioPrhMe HKenfi;ol GH?rmmdf D¢, H. recs1z HNenmdlBHedr IlGam- cnoPtl
rmactPnracl:onteDelar av cnalo:lte- cmlev gonacfilv rIrmer 3ev glev cnaraonhe:y frfdi
rofiltr:cadlen] H5%H gr accnat1 9MacmcallJ IenlGr: cf A T et IWWAHIR o- 1H36&7 5(HWAL
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% ffcttefilwHucs nPr ndlwaw{ 1l
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nraonp diclos temraonr lltaPfidlo- cnmificfr fictlenl, p cficnl9@acmca[lAG:cfaTetl
WAHPA, cglHB6MW(/ 21HB5) -1) HDeegt3 ] gPs v cfilnfs dnlv IneDixo- ] SHHZ) 58) 11
9% ff cttefilHBlucs nPr ndlwWAH[ T
z tDlcdlGz HMir cIvDdolz HE oofinop 1J A9®acmca[llq rIr ner H5%4HI. Del?rnf cal?rnfca
MPs Iet DenxlUmPgwWH/ Ilg g IHBW —wHH Dasg t 3 | gPs v cfilnfs dnlv IneDlxo- |1
W/B5H7 /H| 119 f f cttefil H PnclwWaH[ 1L
9H) [ , c- cralv rirnar19acmcall. mglq cfil@aNcr [aDIwWHL 624, PggllH2¥-H5HI Dasgt 3 |1
onlencles mndlp dedIf ov ] fioe] : PII HWHHHH] av dHwsH51wll 9z £ f cttefil H PnclwWat[ 11
9HB[ BrnccllulVr::camlz HJ omclMi?legotlCullq oPmdlecniBHz mr Pfil?Hear I
q rorxev cndo:lte- cmlev gomcfilv rIrmerlenlr fiPlatl9Macmca[lq cfilq rirfiectlGcfd
WWWIq rohH) Ww2lwHS—w) HDaggt3 ] gPs v cfilnfs dnlv IneDlxo- | 5Wa8815w] 11
% ffcttefilwidz PxPta w1l
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NerIaDli mxrnefraonlE IIE Ni IxPeficlenctl:onv rIr nar 1951 PnclwWawnilDaag 3 | r g g tlp DI
olemal s 0oi onficnh@ Wil

MugrntdglMiq cfirnrl@lq rdR. NHTrdIRMHMDPIRNHXcol. E HedrIll

z 1f Ienef ogr aDoloxef r I1f onmaIr aeonlo:laDclcOgmtteonlo:1aDelr nxeogoecamS ecSal

mf cgeonhgr aDp rdlenlaDels menlo:1r fiPlatlp eDIMrtv ofiePv l:rIf egroRv 1v rlrmerl
9acmmca[lq rIr fAWWBEW(HALIDaagt3 ] gPs v cfilnfs dnlv IneDixo- Jws5/5/) 511

% ffettefilH, cgacv s comWw{Il

uecfilenhk HVeett]XH, fDrng:cncfi cnbiq HUnPnop IbHKodfill, H. DPmtaonl UHcar Il

z nxengoecamSal tenteadFctlenfioaDeler I1f clltlaol. Ru§ IgDr Ir nfilDr tlr 1f ief e llmoIclenl
aDclenfiPf aeonlo:len@ v v raonl9acmca[lRrdq cfilwWilq rohHI 6W(wWAlns) —%4l Deel
gt31gPsv cfilnfsdnlv InéDxo- | H318w/ Wn 19 ffcttcfilH, cgacv s comWaw{ I

Xcol. E H?rv grDITz HUer p rdVH. ;eamlGHKenr nxrIcv 1IGHMemIKHear I

z nxeogoecamnSnletlr ttof er acfil p eaDlficf mar tefilenfioaDeler Ilneanef loO€ficlr nfilgoonh
flenefrIloPafov clenlte- cral:rIf egri®v 1v rlrner19MacmcalIMof 1R rdlz frfil, fdk1, 1z1
WWWIRo- 116HW (11 21H7 W& -HWaH Deeg t 3 1 gPs v cfilnfs dnlv IneDixo- 1H/%) 7) 58111
9 ff cttefilHPnclwWaH[IL

?0- cxmo- cluGH. rnxgPi ficclRHi goi r1Vi H?r::cradlGOIVr;p rntIRHNrpi ctlq HedrIll
, civ 1rnxeogoecan3rnfilSalle- cltlfietf rav enraclf cras mIlv rlrnerl:nov 1

Pnfov gléracfilv rlrmerlr nfilgmfief df Ienef r lloPaf ov clenlz : ref r nlf Definnl9Macnmcall
Mo, li nclwW¥dq robwMBL (521 Daagt3 | gPs v cfilnfs dnlv InéDixo- | H/GEWN SW I

% ffcttefilwslz PxPtad wWw(1l

Gnfiv rnl?KHTDrsrnxdz Hq Ptoi clJHJ onmdlz ?HNrp i ctlqg HNexxentl, HealrIll

Jov senraontlo:1Dotds eov rmcnilgnafief v onar Iedlr v onxlk xrnfir nlf Dfinanlp eaDl
te- cnalv rirmer Irlmantgefae clfrteS onamnlltaPfidl9Macmca[IVPo, 1i nel wWHHB (w2
Dasgt3 ] gPsv cfilnfsdnlv IneDlxo- |wH58178w 119 ff cttefilwblz PxPta w1l

z fiPi gol, HUdrnlBz Hi :ondq uHTofiool THbclr- rnl. Miq cdenhJ UIl. naxxcnanxl

mf cgaonhcOgmettefilonlv delodilf clitIH(. VGq Srnfilf deoi enclxencl- roarnatlenl
fov glefracfilrnfilPnfov gleracfilv rIrner19Macmcall. mglq cfilGaNcr [aDIWWHBIT cf1
HoWHHWH) %v-8WHH Desgt 3 ] gPs v cfilnf's dnlv IneDixo- |w787H/5H| % ffcttefilw/l
Ro- cv s crmwWa{ 1L

. clE edVibrnlE ol:tp eni cllq GiMaa M HbrnlNcllev onfilQdKoclep enlVibrnl
Bcli Pv 1z Hedr IR cogacnmlr nfilgnof r If eonenlr mlt Pear s Icls eov 1 n cnhl: onbeOf [Pteonl
o:ltc- cmIMrtv ofiePv l:rIf gri®v Ifigtcrtelrdabelenear if Inefrllrttettv cndo:l

am- cllcnlp eDlev gomacfilv rlrnerl9@acmacallq rIr hAWWHW, cglHI 4H2-/ I Dasg 3 |1
ppp v rirmar;oPmriifov |fonacnal % Hw) ) 19 ff cttcfilHPnclwWaH[ Il

BriPnccllul. PsrfDlulq emlQViNoPFcl, HUes od, HNPettclq UHcdr G gomacfil
:rifegro®v 1v rlrnerlenlr fiPTa 3Dotar nfilgr mteacSualr acfil:r faontlr ttof er acfil p eeDl
te- cneadll. Delunanf Digmtgefae clv Pladf cnacniVE ?k VGz 1f oDoral taPfidl 9Gacmmcall
Gnacnte clJrmalq cfilwWEBl faHA w(HWALH) //-%8HDasgt 3 | leni Itgranxcnif ov | rmaefIcl
THAHAW ] tWAHS 1SWEBSL5) 8011 % f f cttefil H PnclwWaH[ I

E dremarnrIMiq rDrnnoglMi. Pttraol. HNrdccfioloDIQv ccHBoonDoi IVH

KIrnxs PfilE KHcarIIlJ Sar fae clgnoacenlr tlr nler nidls eov rmicnltonbv rIr narlen: cf aconl
rofilv oneommnxlo:1v rIrmerlte- cread3drlv car & nrldtet]9@acmcall, fdVeglWWaHIT cf 1HA
HHHBwWBSII % f fettefilw?l, cgacy s crmim{ 1l

BDrofiip r;IRHz Dv cfilq H, Drmw rl, HRrdri 1z Hz n- @ rolw HM nficlbILJ Sur fee clgmacenl
rtlrlgnoxnotaf1v rmacrbo:IMrtv ofiePv :rIf egrnv 1v rIrmarItc- cneadl 9acincall
abcfeonBomcl T et WAHACPNIHY 8(WAIHWw-8H Deagt 3 | gPs v cfilnfs dnlv IneDixo- |1
5H5%75/7]119% ff cttefilH@Pncl wWAHL T

No::v cetacniBHz xPdrmhbrIficFlz T Gle- racfilr fiv eteonlJ Surfae clgmacenlaol
rIsPv enlmaootlrmalr ttof e acfilp eeDlfieter telte- cneadlr nfilmtgemaondlf ov glef racontl
anlr fiPlatlp eDlev gomacfil:rIf egrn®v 1v rlrner19@acmcall. mntlVl, ofl. mglq cfilNdxl
wWinlq rdIHEHHB() 211%w-) W Daggt3 ] gPs v cfilnfs dnlv InéDixo- 1517///) %41

9 ffcttefilwslz PxPtawiwIl

E ratonlCz Hk doxrl, HE rn;d PIMiq ri rIcl(HRdPaPlUq Hq aPrdRHcdr G gmo- enxlaDel
fierxnotetlo:ltc- cralv rIrnerlenlz :nef r nlf DdfimnlPtenxIglr aclcaf oPnatlrnfilglrtv rl
MNVMAf onf cnamaont]l9Macmcall, fd. mntllq cfilwWwlCPI7611(8) 12lcrsn) WL VAT
9 ffettefilwHRo0- cv s eI

?rv grDITz HXcol. E Hq rllodlq HKenrnxrlev 1GHT oPxIrtlRq HVonrIfiol THedrIIl, cll
- calq rlrmerl. Diov s of daogener 3z 1Veti lur feonk onhg orar Ieadlen] M gPrH@ifioncter 8
WAHLTL

z ti IemxINNHBrPnccllul BPoiDr nfil UHJ r tacIld ullJ Deofiend MPHUnos PtfDiq Micalr Il
q rorxcv cnao:lev gomacfilv rlrnerlenlGPmogellq r Ir nh wWHWGHHIL

VlJomal. crv IV3z lIrnxPrxclrnfilen- eonv cnal:onbtar aetaef r1If ov gPamnxIlbecnnrH
z Ptanar 3VIuoPnfir aonl:only ar agtaef 1 I1J ov gPanx@wWaHIDaegt3 1p p p IV mo;cf dlomm] 1
1

Mfimxotrlurs erngcfimxotrlulq e DellbHUmtclli e ecrmmetclli HBIonficllq H
MuaacnDo: crhVHE cettlVHcar1ll, feé eldcrm3v rf Dencller menxlenlMiaDonl 9Gacmcall
dq rfDI?crmlVetlwHHEW/) 21w/ W) ~-5WiDaag 3 | ;v Inborx ] gr gem] - Hwl gefinaxot]

r HHr IDav 9% ff cttefilwl GrnPr ndl wWas [T

TclConxlUq H, IrxenkQdb cmonlz HbrnlNcllev onfil Qb rnlUcnficnanl Ml

, dtacv raef lm- ecp lo:laDclmIclo:Ir nxeogoecanSHr nfilr nxengoecanSalenlMr tv ofiePv 1
tgefectlen:cfaontds eov rmcntlonteDern gcPaef lar mcatal9acmcallq rIr thAwWHBIT ef 1
HA) (FH23H-HWII 9z f f ettefilwblRo- v s crimWn{ Il

q rfq PllenlUHq rfKenFecl VH?r PIVHKDrnx1@i DrnxINHVr;p rntlRHcadrIINotd

ev v PnclmtgontclenlmaPmenxlam- cllcmlen: cf acfilp eaDlv rIrnar19®acmcallq rirmh@d
WAHWEHH(HL / 21119z f f cttefilwblR 0- cv s comWa{Il

Kp ri ICTHXoPnx1QH, aPelz J HKoclep gnlVH- rnlNcllcv onfil QH- rnlUcenficnenlM; 1l
z1fov grmae cltaPfidlo:IMrtv ofiePv l:rIf gr v 1DetaefiencSef Dignvacenlwl (MNVMAZ
sloofille- cItlrnfilgeragDemlls loofilgrmteacv erlrtlgrmyv cacmlo:Ifieter telte- creadlenl
anfie efiPritlp eDlev gomcfil:rIf egrmfv v rlrnr19Gacmcall. m-1q cfilGr:cfaT e lwWaH
CPIIHA wHWMWY 811 Daag t 3 ] Ieni enxDPs Ieltc- ecnff ov ] meanac- ¢] gee], H177/%1
YHWAHEZ 119z ff cttcfilHZ71q r dIwWAH[ I

VoPttcllJHJ rPv ctlGH. Dellecng HR fioPnfiVE HBP:: caMez HG PnaxPes crmdl, 11z nactPnracl
alamratc- cralv rirmerlenlam- cllcm3me- ecp lo:le:yfrfdirnfiltr:cadlrnfilgmfaefril
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SUPPLEMENTARY TABLES

Supplementary table A. STROBE Statement—Checklist of items that should be included in
reports of case-control studies.

No Localization in the text
Title and abstract 1 Title
Abstract
Introduction
Background/rationale Background
Objectives Background section, last paragraph
Methods
Study design Methods, study design and population, first paragraph
Setting Methods, study design and population, first paragraph.
Data collection section.
Participants 6  Methods, study design and population, first and second
paragraphs.
Variables 7 Methods, data collection and laboratory procedures section.
Data sources/ 8 o ) )
Methods, statistical analysis section
measurement
Bias 9 Methods, statistical analysis section
Study size 10 Methods, data collection and laboratory procedures section.
Quantitative variables 11 Methods, statistical analysis section
Statistical methods 12 Methods, statistical analysis section
Results Results section
Participants 13 Results section, baseline characteristics and patients with
severe malaria sub-sections.Tables 1,2.
Descriptive data 14 Tables 1,2
Outcome data 15 Methods, statistical analysis section, and tables 3,4
Main results 16  Results, figure 1, table 3, 4, figure 2.

Other analyses 17
Discussion
Key results 18
Limitations 19

Interpretation 20
Generalisability 21

Other information

Funding 22

Results, supplementary tables, table 4.

Discussion, first paragraph.

Discussion section, limitations sub-section.

Discussion, last paragraph.

Discuss the generalisability (external validity) of the study results

Last paragraph of the text
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Supplementary table B. Diagnosis of the non-malaria group.

Total n =49

Median (%)
Arbovirus 17 (34.7)
Undifferentiated fever 13 (26.5)
Respiratory infections 5(10.2)
Doxycycline responding illnesses 4(8.2)
Enteropathogens 3(6.1)
Helminths 2(4.1)
Urinary tract infections 2(4.1)
Other viruses 1(2.0)
Skin and soft-tissue infections 1(2.0)
Non infectious diagnosis 1(2.0)
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Supplementary Table C. Clinical presentation of patients with malaria.

TOTAL MALARIA UM group
CASES n =30
n=282
Days until diagnosis, median (IQR) 3(2-6) 3(2-7)
Fever, n (%) 54(65.9) 21(70.0)
Headache, n (%) 49(59.8) 22(73.3)
Vomits, n (%) 21(25.6) 7(23.3)
Diarrhea, n (%) 18(22.0) 4(13.3)
Hepatomegaly, n (%) 5(6.1) 1(3.3)
Splenomegaly, n (%) 2(2.44) 0
Jaundice, n (%) 10(12.2) 2(6.7)
Impaired consciousness, n (%) 5(6.1) 0

SM group
n=>52

3(2-5)
33(63.5)
27(51.9)
14(26.9)
14(26.9)

4(7.7)

2(3.9)

8(15.4)

5(9.6)

p-value

0.644

0.633

0.066

0.797

0.178

0.648

0.530

0.312

0.153
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Supplementary table D. Severity criteria frequency

SEVERITY CRITERIA
1 severity criteria
> 1 severity criteria
Hyperparasitaemia
Hyperbilirrubinemia
Shock
Prostration
Acidosis
Acute kidney injury
Decreased level of consciousness
Pulmonary aedema
Hipoglycemia
Seizures
Anaemia

Major bleed

Total n =52 n (%)
28 (53.9)
24 (46.2)
46 (88.5)
19 (36.5)
10 (19.2)
9(17.3
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SUPPLEMENTARY FIGURES

Supplementary figure A. Model 2 nomogram, based con Ang-2 and CRP.
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The values of each biomarker are equivalent to points, which are added together. The total

score is equivalent to a percentage of developing severe malaria, ranging from 0.1 to 0.9.
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ARTICLE 4

LDH as a prognostic biomarker in imported malaria:
Implementing smartphone-based analysis for rapid
clinical decision-making
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ABSTRACT
BACKGROUND

Malaria is a life-threatening disease, being early diagnosis and prompt identification of potential severe
cases the cornerstone of its management. However, in non-endemic regions, microbiologic diagnosis is
challenging out of referral centers. Identification of easy to detect biomarkers to discriminate malaria
patients at risk of developing severe malaria(SM) is key to improve the initial management of imported
malaria.

METHODS

Case-control study of returning travelers with fever, attended in Hospital Clinic of Barcelona (2011-2021).
Adult patients with microbiologically confirmed P. falciparum malaria were classified according to WHO
criteria, except from parasitemia (2% threshold was used). In each group, pLDH and pfHRP2
concentrations were measured in whole blood by Luminex. Samples were also tested with a dual lateral
flow assay (LFA) allowing to detect pfHRP2 and pLDH (05FK60, Abbott, Chicago, IL, USA). Then we
performed naked eye examinations of RDTs and consequently quantification of lateral flow assays was
done using pictures of the LFA, that quantified the signal of each strip line. The images were analyzed
using Imagel.

RESULTS

121 participants were included;75 patients with malaria (50 patients among them were severe cases) and
46 participants with non-malarial fevers. Apart from reassuring the diagnostic capacities of biomarkers, in
travelers with malaria, the median concentration of pfHRP2 and pLDH were 8537.4ng/ml and 219.8ng/ml,
respectively, and resulted significantly higher in patients with SM (p<0.001). pfHRP2 showed 78%
sensitivity and 84% specificity to predict severe malaria (AUC-ROC 0.86), and pLDH showed 80% sensitivity
and 88% specificity (AUC-ROC 0.88). Quantification of pLDH signal in LFA also showed a good diagnostic
performance to identify SM cases (83% sensitivity, 68% specificity and 0.84 AUC-ROC).

CONCLUSIONS

Parasite biomarkers such as pfHRP2 and pLDH can be useful tools to identify patients at risk of developing
severe malaria, with pLDH showing slightly better sensitivity and specificity. Quantification of pLDH signal
in LFAs using a smartphone and open-source software could be a rapid and reliable tool since it reduces
user bias and could provide a cost-effective tool to identify SM in returning travelers.
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INTRODUCTION

Malaria is a life-threatening mosquito-borne disease caused by the infection of Plasmodium spp.
parasites, affecting more than 249 million people globally®. Among the six Plasmodium species that infect
humans, P. falciparum is the most prevalent and lethal®. Despite effective global control strategies,
malaria remains one of the deadliest infectious diseases, responsible for more than 610,000 deaths in
2022, predominantly among children and preghant women in Sub-Saharan Africa 1. Globally, there are
84 malaria-endemic countries, but the increasing impact of climate change is expected to expand the
geographic distribution of the disease and potentially reintroduce malaria to areas previously declared
malaria-free®. In non-endemic regions, Plasmodium spp. infections are a leading cause of fever in travelers
and migrants, maintaining an unacceptably high mortality rate of up to 5% which has remained unchanged
for decades®. Considering that in 2023 there were over 1.3 billion international travelers, and with the
United Nations World Tourism Organization (UNWTO) forecasting a rising trend in international travel in
the coming years, improving the management of severe malaria cases in travelers—which account for
over 12% of such cases—is imperative®. Economically, malaria imposes substantial costs on individuals,
who face expenses for drugs, travel, treatment, lost workdays, school absences, preventive measures, and
burial, as well as on governments, which bear costs for health facilities, drug distribution, public health
interventions, and lost economic opportunities’.

From a clinical perspective, malaria produces non-specific symptoms such as fever, chills, headache, and
myalgia®. However, it can quickly evolve into severe presentations like cerebral malaria, shock, and
multiorgan dysfunction, which have a high mortality rate if not promptly treated®. The severity of malaria
is often linked to the cytoadherence and sequestration of P. falciparum-infected red blood cells (RBCs) in
post-capillary venules®. This phenomenon attracts other erythrocytes and triggers an inflammatory
response, leading to vascular occlusion and organ failure. In this context, prior immunity and the host’s
response are crucial, explaining why populations such as children and adults who have never been
exposed to malaria—such as international travelers—are particularly susceptible to developing severe
malaria (SM) and experiencing high mortality rates. The introduction of artesunate significantly shifted
the global approach to managing SM, becoming the first-line treatment after demonstrating a 39%
reduction in mortality compared to quinine in clinical trials'!. Given that malaria is a potentially fatal
disease, parenteral antimalarial treatment should be initiated without delay when SM is suspected, as
recommended by the WHO malaria guidelines®?. Thus, early diagnosis and prompt identification of cases
at risk of developing SM are essential to initiate effective treatment and reduce mortality among malaria
patients.

Currently, in non-endemic areas, microscopy remains the gold standard for diagnosing malaria, typically
conducted in specialized hospital microbiology laboratories. Here, fully trained personnel use thick and
thin blood smears to identify red blood cells (RBCs) infected with Plasmodium spp. parasites under the
microscopel. An alternative method involves using polymerase chain reactions (PCR) to detect parasite-
specific DNA sequences. Both techniques, while precise, are time-consuming and costly, generally
confined to referral centers, which can delay diagnosis and result in suboptimal patient management®. In
settings where blood smear analysis is not readily available, rapid diagnostic tests (RDTs) are utilized.
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These RDTs primarily serve for diagnostic purposes, enabling the quick and qualitative identification of
malaria'»*®, However, they do not assess the severity of the disease, thus limiting the prognosis of
imported malaria to clinical evaluations by medical professionals. Additionally, RDTs have not been
universally adopted across all healthcare centers, partly due to their lower sensitivity for non-falciparum
malaria species and potential challenges in result interpretation?®.

Effective prognostic criteria are essential for minimizing mortality and morbidity due to malaria. In this
regard, the WHO has proposed several severity criteria aimed at identifying children from endemic areas
who are at a higher risk of developing life-threatening conditions, thereby facilitating the initiation of
prompt and effective treatment such as artesunate!’'®. However, these criteria may not adequately
reflect the conditions of non-immune international travelers with malaria'®. For instance, WHO criteria
for severe malaria, such as prostration or anemia, are uncommon or difficult to evaluate in adult patients
with malarial®®®, Others, such as coma, respiratory distress, and acute kidney injury, describe patients
already presenting with severe end-organ dysfunction, rather than those at risk of developing severe, life-
threatening conditions. Moreover, parasite density has shown limited predictive value for identifying
severe malaria (SM), as it does not accurately reflect the total parasitic biomass of sequestered
Plasmodium spp. parasites >2%2%, In this context, there is a pressing need to identify easily measurable
biomarkers that can predict which patients are at risk of developing SM, to improve the management of
malaria in both endemic and non-endemic regions.

Malaria biomarkers are categorized into two main types: host biomarkers and parasite biomarkers:

- Host biomarkers, which include those associated with inflammation and immune response, are
linked to the severity of malaria in travelers??. Notable examples are Angiopoietins, C-Reactive
Protein (CRP), and soluble Triggering Receptor Expressed on Myeloid cells 1 (STREM-1). However,
quantifying these biomarkers poses challenges due to the need to detect small variations in their
concentrations, and currently, no RDTs are available for them.

- Parasite biomarkers primarily include P. falciparum histidine-rich protein 2 (pfHRP2) and parasitic
lactate dehydrogenase (pLDH). pfHRP2 has long been the preferred biomarker for diagnosing P.
falciparum malaria, with some studies in endemic regions showing a correlation between HRP2
concentrations and severe malaria outcomes, including death 2%23%7, This is enabled by its
detection in both plasma and on the surface of infected red blood cells (RBC) allowing an accurate
approximation to the overall parasite biomass, providing critical clinical insights not only into
circulating parasites but also sequestered infected RBC, which are responsible for organ damage.
However, pfhrp2/3 gene deletions in certain areas (e.g., the Amazon basin and the corn of Africa)
have raised concerns about its future reliability, prompting urgent calls for action’. Instead, pLDH,
an intracellular enzyme also expressed by different Plasmodium species, is considered less
sensitive than HRP2 for diagnostic purposes and has not been studied for its prognostic
capabilities. Nevertheless, an increasing number of RDTs now include pLDH as a secondary line to
detect non-falciparum malaria cases and to mitigate the impact of potential HRP2 deletions. Other
pan-malaria biomarkers, such as aldolase, have been considered in combination with HRP2, yet
they exhibit similar limitations to pLDH.
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In this work, facilitated by a collaboration between clinicians and technologists, we propose an innovative
solution to significantly enhance the management of imported malaria in non-endemic areas. Initially, our
research investigated the prognostic potential of parasite biomarkers such as pfHRP2 and pLDH. We
discovered that pLDH, as opposed to the partially explored pfHRP22%27, is a robust prognostic marker for
imported malaria. This finding led us to further examine whether these biomarkers could be reliably
measured using existing RDTs. As part of our methodology, we first performed naked eye examinations
of RDTs by healthcare professionals. Building on this, we developed a novel technique using a smartphone
camera to quantify RDT signals in less than 15 minutes, providing critical prognostic results. These
advancements in measurement methods, validated by our biomarker research, are designed for rapid
deployment in travel clinics worldwide, substantially improving diagnostic and prognostic processes.

METHODS

Study design and population
We conducted an observational case-control study of travelers returning with acute febrile illnesses after

an international trip and attending the International Health Department of the Hospital Clinic of
Barcelona, Spain, from January 2011 to January 2021. Adult patients with fever and microbiologically
confirmed P. falciparum infection were classified into SM or uncomplicated malaria (UM) according to
WHO criteria with the exception of parasitaemia (threshold of 2% parasite density was used according to
European and Spanish guidelines) 222 P. falciparum diagnosis was performed by microscopy of stained
thick and thin blood smear or rapid diagnostic antigen test (Malaria Ag P.f/Pan de Standard Diagnostics®).
Patients presenting with fever after international travel and a negative blood smear were classified as
non-malarial fevers (NMF) and included as negative controls.

Patients lacking remaining laboratory samples from the initial diagnostic workup were excluded. With the
patient's consent, whole blood samples taken during the initial diagnosis of imported fever were used
retrospectively to measure parasite biomarkers such as pfHRP2 and pLDH.
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Figure 1. Summary of the current situation of imported malaria management and proposed methodology
workflow for based on RDT interpretation.

Data collection and laboratory procedures

Demographics, travel history, clinical presentation, laboratory variables, microbiological data and clinical
evolution were collected retrospectively. P. falciparum diagnosis was performed by microscopy of stained
thick and thin blood smear or rapid diagnostic antigen test (Bioline™ Malaria Ag P.f/pan). Whole blood
EDTA samples stored at — 80 °C were retrospectively analyzed.

pfHRP2 and pfLDH reference materials
Recombinant pfHRP2 protein (Abcam, Cambridge, UK) and recombinant P. falciparum LDH (ReliaTech
GmbH, Wolfenbittel, Germany) were used as reference material.

Luminex
Biotinylation of detection monoclonal antibodies (mAbs)
Monoclonal mouse IgG PfHRP2 (Immunology Consultants Laboratory, Portland, OR, USA) and monoclonal
mouse IgG a-PAN-pLDH (AccessBio, Somerset, NJ, USA) antibodies were biotinylated using the EZ-Link
Sulfo-NHS-Biotin Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions, with minor modifications. (See additional Text al)
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Coupling of mAbs to magnetic beads

Coupling of magnetic beads was performed similarly to the methods described in Fonseca et al (2017) *°.
Briefly, 250 ul of two MagPlex® microspheres (Luminex Corp., Austin, TX, USA), each with a distinct
spectral signature selected for detecting pfHRP2 and PAN-pLDH (12,500,000 beads/ml), were washed with
distilled water. The beads were then activated with 25 pl of Sulfo-NHS (N-hydroxysulfosuccinimide) and
25 ul of EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride) (Pierce, Thermo Fisher
Scientific Inc., Rockford, IL, USA), both at 50 mg/mL, in 100 mM Monobasic Sodium Phosphate buffer, pH
6.2. Following activation, the microspheres were washed with 50 mM MES potassium salt (4-
morpholineethanesulfonic acid, Sigma Aldrich, St. Louis, MO, USA) adjusted to pH 5.0, to achieve a
concentration of 10,000 beads/ul. They were then covalently coupled with capture antibodies against
PfHRP2 (Immunology Consultants Laboratory, Portland, OR, USA) and PAN-pLDH (AccessBio, Somerset,
NJ, USA), both at 30 pg/ml. The beads were incubated on a rotatory shaker for 2 hours at room
temperature, shielded from light. After incubation, the microspheres were blocked with PBS-BN (PBS with
1% BSA and 0.05% sodium azide, Sigma, Tres Cantos, Madrid, Spain) and resuspended in the same buffer
(used as assay buffer) to be quantified on a Guava Personal Cell Analysis desktop cytometer (Guava,
Hayward, CA, USA) to determine the percentage recovery post-coupling.

Luminex procedure

A calibration curve, prepared with serially diluted reference PfHRP2 and pfLDH, was assayed on the
Luminex FlexMap 3D xMAP analyzer (Luminex Corporation, Austin, Texas, USA). The starting
concentrations were 1 pug/ml for PfHRP2 (0.33, 0.11, 0.04, 0.01, 4e-3, 1le-3, 4e-4, le-4, 5e-5 pg/ml) and 5
ug/ml for pfLDH (1.6, 0.56, 0.19, 0.06, 0.02, 6.8e-3, 2.2e-3, 7.6e-4, 2.5e-4 pg/ml), with 2 blank samples
(consisting of assay buffer alone) included in each run. In total, 121 whole blood samples were assessed,
including 75 positives for malaria and 46 negatives. Each sample was diluted at 1/20, 1/200, 1/2000,
1/4000, and 1/8000 to ensure accurate quantification. 50 pl of each diluted sample was added to wells of
a 96-well flat bottom plate and incubated at room temperature for 2 hours at 600 rpm with 2,000
magnetic beads per analyte. The plate was then washed using a magnetic separator (40-285, EMD
Millipore, Burlington, MA), and the microspheres were resuspended in a wash buffer (0.05% Tween
20/PBS). Biotinylated antibodies a-pfHRP2 and a-PAN-pLDH, each at 1 ug/ml, were applied to all wells
and incubated at room temperature for 1 hour with agitation at 600 rpm, shielded from light. Following
another wash, the beads were incubated with 100 pl/well of streptavidin-PE (42250-1ML, Sigma Aldrich,
St. Louis, MO) diluted 1:1000 in assay buffer (PBS, 1% BSA, 0.05% w/v) sodium azide) for 30 minutes with
agitation in the dark. After a final wash, the beads were resuspended in 100 pl/well of assay buffer and
the plate was read on the Luminex xMAP® 100/200 analyzer (Luminex Corp., Austin, TX). A minimum of
50 microspheres per analyte were acquired per spectral signature, and results were reported as crude
median fluorescence intensity (MFI). Quantification was based on a 4-parameter logistic (4-PL) regression
curve with logarithmic variance weighting, fitted from the calibration curve. All the procedure depicted in
Figure 2.
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Figure 1: Experimental procedure for quantifying pfHRP2 and pLDH levels using the Luminex xMAP®
technology. Top Left: A schematic of a 96-well plate with calibration curves and sample dilutions. Top
Right: Step-by-step process: 1) Addition of samples and controls, 2) Addition of detection antibodies (anti-
HRP2 and anti-LDH), 3) Addition of streptavidin-PE. Bottom Right: Visualization of antibody-antigen
binding and signal enhancement via streptavidin-PE. Bottom Left: Sample analysis with detection of
fluorescence signals from bound analytes.

pLDH

Luminex results analysis

The results were analyzed using Origin 2018 (64-bit). The dynamic range of the calibration curves was
determined by assessing the signal between 10% and 90% of the difference between the 'end' and 'start'
signal intensities, providing a precise measurement of the assay's effective quantification range. The fitted
curves were modeled using the equation: y = start + (end - start) x (x*n / (k*n + x"n)), where 'y'
represents the quantified signal or peak value, 'x' is the concentration of the antigen, 'start' is the
minimum signal detected, 'end' is the maximum signal detected, 'k' is the concentration at the inflection
point, and 'n"is the slope factor at the inflection point. This model demonstrates the assay’s precision and
reliability across its dynamic range. Only dilutions that maintained sample values within this defined range
were considered, ensuring accuracy; all other dilutions were excluded as unreliable.

Lateral Flow Assay

LFA procedure
We utilized a commercial lateral flow assay (LFA) from Abbott (05FK60, Abbott, Chicago, IL, USA),
specifically designed to detect malaria antigens, including pfHRP2 and pLDH, in human blood samples
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(Schematic version in figure 3). Calibration curves were prepared using serially diluted reference samples
of pfHRP2 and pfLDH, starting at concentrations of 250 ug/ml for pfHRP2 (250, 150, 120, 90, 60, 30, 5, 1,
0.5,0.25,0.2,0.05, 0 ug/ml) and 90 pg/ml for pfLDH (90, 60, 30, 15, 5, 1, 0.5, 0.25, 0.1, 0.05, 0.02, 0 ug/ml).
Each dilution was assayed in triplicate to ensure reliability. In total, 87 of the 121 whole blood samples
were analyzed, including 71 out of 75 malaria-positive samples and a selection of 16 negative samples for
malaria. The missing 4 malaria-positive samples could not be analyzed due to insufficient volume available
for testing. To ensure consistency, all blood samples were brought to room temperature before testing.
Following the manufacturer’s operational protocol, we initiated the assay by removing a LFA test strip
from its sealed package. We then applied 5 uL of each sample to the designated round specimen well on
the strip. This was immediately followed by adding four drops of assay diluent, precisely dispensed
vertically into the diluent well to ensure proper flow. The tests were allowed to develop for 15 minutes,
after which the results were visually evaluated and recorded through photographs.

\}(1 \ /7 \1(/

Pf Pan C

ample padCc;njugate pad Reaction membrane Absorbent pad

Figure 2: Lateral flow assay for detecting malaria antigens, including pfHRP2 and pLDH. The diagram
shows the structure of the LFA strip, including the sample pad, conjugate pad, reaction membrane, and
absorbent pad. Key Steps: A blood sample is placed on the sample well, followed by the addition of assay
diluent. The test strip displays results within 15 minutes, with specific regions indicating the presence of
pfHRP2, pLDH, and control lines.

Naked eye analysis

Two independent observers, both healthcare professionals and medical doctors specializing in travel and
tropical medicine, evaluated the results obtained by the LFA and captured in digital images, assigning
positive or negative values for pfHRP2 and pLDH.

Quantification of LFA images

For quantification, a picture of each test strip was captured using a smartphone (Samsung Galaxy S22,
Samsung Electronics, Seoul, South Korea). Images were taken under controlled lighting conditions to
minimize shadows and glare. Natural light was supplemented with a standardized LED light source. A non-
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reflective, uniform white background was used for all captures. The camera was set to capture images at
a Full HD (FHD) resolution of 1920 x 1080 pixels, with a frame rate of 60 fps. Auto-focus was enabled with
a focus lock on the test strip to ensure clarity, while auto-exposure and auto-white balance were enabled
to adjust for the lighting conditions automatically. The smartphone was mounted on a standard tripod
stand to ensure stability and was positioned at a fixed height of approximately 15 cm above the test strip.
No alterations were made to the images' color balance, contrast, or sharpness to maintain the integrity
of the visual data.

The images were analyzed using Image) software following a recently published protocol. For the
guantitative analysis of the LFA, the photos of the test strips were processed by isolating the green
channel to plot the signal profile of each test line. The peak value of each test line was determined by
subtracting the background signal from the observed peak signal. These values, expressed in arbitrary
units (AU), were then used to construct a four-parameter logistic curve (sigmoidal curve) based on the
calibration curve. As with the Luminex assay, we identified the dynamic range of the calibration curve.
The signals obtained from the samples were then quantified using this dynamic range, ensuring accurate
measurement of antigen concentrations.

Statistical analysis

Qualitative variables were presented as percentages, while quantitative variables were described using
medians and interquartile ranges (IQR). The Pearson x? test or Fisher’s exact test was employed to
compare categorical variables between groups. For quantitative variables, the Mann—Whitney U test or
Kruskal-Wallis test was used. The concentrations of all biomarkers were compared between malaria and
NMF, as well as between SM and UM groups.

We evaluated the diagnostic accuracy and predictive ability of pfHRP2 and pLDH, measured by both
Luminex and LFA, by estimating the area under the ROC curve (AUC-ROC), sensitivity, specificity, positive
predictive value, and negative predictive value. The Kappa index was used to assess the agreement
between LFA results observed by two independent observers and those measured by ImageJ software.
Finally, correlation coefficients were calculated to assess the agreement between pfHRP2 and pLDH
concentrations measured by Luminex and those obtained by LFA.

Ethics

The study was approved by the Institutional Review Board and the Ethics Committee of the Hospital Clinic
of Barcelona (HCB/2019/0839), and written informed consent was obtained from all study participants.
The study was designed in compliance with Good Clinical Practice and following the Declaration of
Helsinki. Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement for
reporting case-control studies was followed (Supplementary Table a.0).
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RESULTS

Clinical assessment

Overall, 121 participants were included in the study: 75 patients with malaria and 46 participants with
NMF (Figure 4). Globally, 44 (36.4%) were female and the median age was 36 years. Supplementary tables
al.1landal.2 shows patients’ baseline characteristics. Previous malaria episodes, trips to Africa, and visits
to friends and relatives were more common in participants with malaria. No patient with malaria took
antimalarial chemoprophylaxis.

Among malaria patients, 25 were UM and 50 were classified as SM. The most common severity criteria
were hyperparasitemia >2% (n=43, 86%), jaundice (n=20, 40%), prostration (n=10, 20%), shock (n=10,
20%), acidosis (n=8, 16%), and acute kidney injury (n=8, 16%) (Supplementary Table a2). Following local
guidelines, 90% of participants with SM were admitted to an intensive care unit (ICU).
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2 (4) | Hypoglycemia

1(2) Anemia

1(2) |Bleed

1(2) | Seizures ==2

43 (84)| Hyperparasitemia »2%
31 (62) 2-10%

12 (24) >10%

F 9
-+—

Figure 3: Patient classification based on malaria status and severity. A total of 121 patients were
assessed and classified in Non-Malaria Febrile (NMF) conditions, or malaria infected. Among the malaria
patients they were categorized between Uncomplicated Malaria (UM) or Severe Malaria (SM), meeting at
least one severe malaria criteria listed on the table. The table details the specific severe malaria criteria
and the frequency of each condition among the SM patients.
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Luminex results

HRP2 Luminex results
The dynamic range obtained from the calibration curves ranges from 49.19 ng/ml to 493.76 pg/ml.
Diagnostic results for pfHRP2 (Luminex assay): Among the 121 individuals tested, median pfHRP2

concentration was 1047.1 ng/ml (IQR: 0 to 17171.5 ng/ml), showing significant differences between
malaria patients and participants with NMF (p<0.001). Patients diagnosed with malaria (n=75) exhibited
a median pfHRP2 concentration of 8537.4 ng/ml (IQR: 1621.16 - 41109.3 ng/ml), while in participants with
NMF (n=46) pfHRP2 levels were consistently undetectable (Table 1.A). In our cohort, pfHRP2 measured
by Luminex showed 100% sensitivity, 100% specificity, 100% PPV and 100% NPV for the diagnosis of
malaria (AUC-ROC 1) (Table 3.A).

Prognostic results for pfHRP2 (Luminex assay): Median pfHRP2 concentrations were significantly higher in
participants with SM compared to participants with UM (24471.2ng/ml vs. 1081.4 ng/ml, p<0.001) (Table
1.B). pfHRP2 concentration determined by Luminex showed an AUC-ROC of 0.86 for predicting SM.
pfHRP2 showed 82.0% sensitivity (95%Cl 71.4-92.6), 84.0% specificity (95%Cl: 69.6-98.4), 91.1% PPV
(95%Cl: 82.7-99.4), and 70.0% NPV (95%Cl: 53.6-86.4) to identify SM patients (Table 3.A).

LDH Luminex results

The dynamic range obtained from the calibration curves ranges from 28.82 ng/ml to 185.03 pg/ml.
Diagnostic results for pLDH (Luminex assay): Among the 121 individuals tested, median pLDH level was
reported at 61.6 ng/ml (IQR: 0 - 791.7 ng/ml). pLDH concentrations differed significantly between
participants with NMF and malaria patients (p<0.001). Particularly, pLDH resulted undetectable in
individuals with NMF (n=46), while in patients with malaria (n=75), the median pLDH concentration
resulted 505.5 ng/ml (IQR: 84.1 - 1314.6 ng/ml) (Table 1.A). pLDH concentration measured by Luminex
showed an AUC-ROC of 0.93 (95%Cl: 0.89-0.97) for diagnosing patients with imported malaria. In terms
of diagnostic performance, pLDH sensitivity was 85.3% (95%Cl: 77.3-93.3), specificity was 100% (95%Cl:
100-100), PPV was 100% (95%Cl: 100-100) and NPV was 80.7% (Cl 70.4-90.9) (Table 3.A).

Prognostic results for pLDH (Luminex assay): Regarding the prognostic evaluation of pLDH in malaria
patients, pLDH concentrations resulted significantly higher in patients with SM compared to patients with
UM (p<0.001). Patients with UM (n=25) displayed median pLDH concentrations of Ong/ml (IQR 0 - 187.7
ng/ml). In contrast, participants with SM (n=50) exhibited pLDH concentrations of 381.5 ng/ml (IQR: 200.0
- 543.4 ng/ml) (Table 1.B). Determination of pLDH by Luminex showed an AUC-ROC of 0.88 (95%Cl: 0.80-
0.96) to identify SM cases. The sensitivity of pLDH as a prognostic marker was found to be 84.0% (95%Cl:
73.8-94.2), while the specificity was 88.0% (95%Cl: 75.3-100). The PPV was estimated at 93.3% (95%Cl:
86.0-100), and the NPV stood at 73.3% (95%Cl: 57.5-89.2) (Table 3.A).

Prognostic value of the combination of HRP2 and LDH

A logistic regression model showed that the combination of pfHRP2 and pLDH measured by Luminex
showed an AUC-ROC of 0.88 (95%CI 0.80-0.96) to predict SM, which did not significantly differ from the
predictive capacity of pLDH alone. Sensitivity and specificity of the combination of pfHRP2 and pLDH
measured by Luminex to predict SM were 88.0% (95%Cl: 75.3-100%) and 86.0% (95%Cl: 76.4-95.6%),
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respectively. Predictably, the diagnostic value was 1, as no negative patients exhibited detectable levels
of these biomarkers, indicating a perfect discriminatory ability in this sample (Table 3.A).

Table 1: Parasite biomarker concentration in Luminex (ng/mL)

A. Diagnostic Total (n=121) NMF (n=46) Malaria (n=75) p-value
1047.1 (0- 0 8537.4 (1621.16- <0.001
pfHRP2 (IQR) 17171.5) (0-0) 41109.3)
61.6 0 505.5 (84.1- <0.001
pLDH (IQR) (0-791.7) (0-0) 1314.6)
B. Prognostic Malaria (n=75) UM group (n=25) [ SM group (n=50) | p-value
8537.4 (1621.2- 1081.4 (435.8- 24471.2 (7022.0- <0.001
pfHRP2 (IQR) 41109.3) 3048.1) 64682.5)
219.8 0 381.5 (200.0- <0.001
pLDH (0-441.4) (0-187.7) 543.4)
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A) Luminex boxplots
A1) HRP2 concentrations across patient groups  A.2) pLDH concentrations across patient groups
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Figure 4: Performance Metrics of Biomarkers in Diagnosing and Predicting Malaria Severity measured
by Luminex. A) Luminex boxplots. A.1) pfHRP2 Concentrations across patient groups: Distribution of
pfHRP2 concentrations (ug/ml) among different patient groups: SM, UM, NMF. The boxplot indicates
higher median pfHRP2 levels in SM compared to UM and NMF groups (p < 0.001). A.2.) pLDH
concentrations across patient groups: Distribution of pLDH concentrations (ug/ml) among different
patient groups: SM, UM, NMF. The boxplot shows elevated pLDH levels in the SM group compared to UM
and NMF (p < 0.001). B) Diagnostic performance. B.1) AUC-ROC Curve for pfHRP2: As a diagnostic marker
shows an Area Under the Curve (AUC) of 1.000 (1.000 - 1.000), indicating perfect diagnostic performance.
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B.2) AUC-ROC Curve for pLDH: As a diagnostic marker, with an AUC of 0.927 (0.860 - 0.987),
demonstrating high diagnostic accuracy. C) Prognostic performance. C.1) AUC-ROC Curve for pfHRP2: The
prognostic performance of pfHRP2, with an AUC of 0.881 (0.773 - 0.948), indicates good predictive
capability. €.2) AUC-ROC Curve for pLDH: The prognostic performance of pLDH, with an AUC of 0.878
(0.789 - 0.958), suggests a suggests a strong prognostic ability. (Calibration curves are provided in the Sl)
C.3) AUC-ROC Curve for Combined HRP2 and LDH: The prognostic performance of the combination of
pfHRP2 and pLDH, with an AUC-ROC of 0.879 (95% Cl: 0.798-0.96) suggests a suggests a strong prognostic
ability with no significantly improved performance compared to the individual biomarkers.

LFA results picture quantification
HRP2 Picture quantification

The dynamic range obtained from the calibration curves ranges from 325.02 ng/ml to 4445.77 ng/ml.
Diagnostic results for pfHRP2 (LFA assay): Regarding the diagnostic evaluation of pfHRP2 for malaria in
LFA 87 cases were evaluated: 71 malaria patients and 16 NMF. Consistently with Luminex results, NMF
cases had undetectable pfHRP2 levels, while those participants with imported malaria had a median
pfHRP2 concentration of 1577.1 ng/ml (IQR: 1092.8-2351.2 ng/ml) (p < 0.001). The diagnostic
performance of pfHRP2 detection via LFA showed an AUC-ROC of 1 (95% Cl 1.00-1.00), with 100%
sensitivity, specificity, PPV, and NPV.

Prognostic results for pfHRP2 (LFA assay): pfHRP2 concentrations in LFA were determined in 25 UM and
46 SM, showing 1577.1 ng/ml (IQR: 1165.5-2351.2 ng/ml) and 1568.3 ng/ml (IQR: 1040.9-2298.4 ng/ml)
concentrations, respectively, with no significant differences between the two groups (p=0.847). The AUC-
ROC of LFA pfHRP2 concentrations to detect SM cases was 0.51 (95%Cl: 0.37-0.66), with a sensitivity of
17.4% (95%Cl: 6.4-28.3), specificity of 96.0% (95%Cl: 88.3-100), PPV of 88.9% (95%Cl: 68.4-100), and a
NPV of 38.7% (95%Cl: 26.6-50.8).

Comparison with Luminex results for pfHRP2: The analysis examined the relationship between pfHRP2
levels quantified using the Luminex platform and the pfHRP2 lateral flow assay (LFA). The calculated
correlation coefficient between these two measurement methodologies is -0.0973, indicating a negligible
negative correlation. (lineal regression: R2 =0.0094). Although this result is somewhat surprising, it is
important to consider the different capabilities of the two techniques. The Luminex platform uses a
lengthy, multi-step protocol that maximizes sensitivity and specificity, providing precise quantification of
pfHRP2 levels. In contrast, the LFA is designed for rapid and straightforward detection, which might not

capture the full range of pfHRP2 concentrations as accurately. Moreover, the antibodies employed in the
two techniques are likely different, with varying binding affinities and kinetics that can significantly affect
the quantification of results. These differences in assay design, antibody characteristics, and detection
capabilities underscore the importance of selecting the appropriate method based on the specific
requirements for sensitivity and quantification in malaria diagnosis and monitoring.

LDH Picture quantification
The dynamic range obtained from the calibration curves ranges from 134.61 ng/ml to 1887.24 ng/ml.
Diagnostic results for pLDH (LFA assay): Regarding pLDH evaluation by LFA, participants with NMF (n=16)

had undetectable pLDH levels (0 ng/ml), whereas patients with malaria (n=71) had a median pLDH level
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of 219.8 ng/ml (IQR: 0-441.4 ng/ml) (p < 0.001). The diagnostic performance showed an AUC-ROC of 0.82
(95% Cl: 0.77-0.88), a sensitivity of 64.8% (95% Cl: 53.7-75.9), specificity of 100% (95% Cl: 100-100), a PPV
of 100% (95% Cl: 100.0-100.0), and a NPV of 39.0% (95% Cl: 24.1-53.9).

Prognostic results for pLDH (LFA assay): For the prognostic assessment of pLDH by LFA, the median pLDH
concentrations resulted significantly higher in participants with SM (n=46) compared to participants with
UM (n=25) (p<0.001). Particularly, median pLDH concentration determined by LFA were estimated in
Ong/ml (IQR: 0 - 187.7 ng/ml), whereas median pLDH concentration in the SM group was 381.5 ng/ml
(IQR: 200.0-543.4 ng/ml). The AUC-ROC of pLDH determined by LFA was 0.85 (95% Cl: 0.76-0.93), allowing
estimating a sensitivity of 73.9% (95%Cl: 61.2-86.6), specificity of 88.0% (95%Cl: 75.2-100), PPV of 91.8%
(95% ClI: 83.1-100), and NPV of 64.7% (95% Cl: 48.6-80.7) to identify imported SM cases.

Comparison with Luminex results for pLDH: The comparison between pLDH levels measured by Luminex
and the pLDH LFA yielded a correlation coefficient of 0.6175.

Prognostic value of the combination of HRP2 and LDH
A logistic regression model showed that the combination of pfHRP2 and pLDH measured by LFA and
captured by Imagel) showed an AUC-ROC of 0.87 (95%Cl 0.78-0.95) to predict SM, and did not significantly
differed from the prognostic capacity of pLDH alone. Sensitivity and specificity of the combination of
pfHRP2 and pLDH to predict SM were 88.0% (95%Cl: 75.3-100%) and 80.4% (Cl: 69.0-91.9%), respectively.
Predictably, the diagnostic value was 1, as no negative patients exhibited detectable levels of these
biomarkers, indicating a perfect discriminatory ability in this sample (Table 3.B).

Table 2: Parasite biomarker concentration in LFA (ng/ml)
A. Diagnostic Total (n=87) NMF (n=16) Malaria (n=71) p-value
1331.2 (648.6- 0 1577.1 (1092.8- <0.001
pfHRP2 (IQR) 2262.2) (0-0) 2351.2)
177.6 0 219.8 <0.001
pLDH (IQR) (0-422.5) (0-0) (0-441.4)
B. Prognostic Malaria (n=71) UM group (n=25) | SM group (n=46) | p-value
1577.1 (1092.8- 1577.1 (1165.5- 1568.3 (1040.9- 0.847
pfHRP2 (IQR) 2351.2) 2351.2) 2298.4)
219.8 0 381.5(200.0- <0.001
pLDH (IQR) (0-441.4) (0-187.7) 543.4)
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A) LFA boxplots
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Figure 5: Performance Metrics of Biomarkers in Diagnosing and Predicting Malaria Severity measured
by LFA. A) LFA boxplots. A.1) pfHRP2 Concentrations across patient groups: Distribution of pfHRP2
concentrations (ug/ml) among different patient groups: SM, UM, NMF. The boxplot indicates similar
median pfHRP2 levels in the SM and UM groups (p = 0.847) , both of which are higher compared to the
NMF group (p < 0.001). A.2.) pLDH concentrations across patient groups: Distribution of pLDH
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concentrations (ug/ml) among different patient groups: SM, UM, NMF. The boxplot shows elevated pLDH
levels in the SM group compared to the UM and NMF groups (p < 0.001), but there is no significant
difference between UM and NMF (p = 0.013). B) Diagnostic performance. B.1) AUC-ROC Curve for pfHRP2:
As a diagnostic marker shows an Area Under the Curve (AUC) of 1.000 (1.000 - 1.000), indicating perfect
diagnostic performance. B.2) AUC-ROC Curve for pLDH: As a diagnostic marker, with an AUC of 0.924
(0.746 - 0.994), demonstrating high diagnostic accuracy. C) Prognostic performance. C.1) AUC-ROC Curve
for pfHRP2: The prognostic performance of pfHRP2, with an AUC of 0.516 (0.373 - 0.655), indicating
moderate predictive capability. C.2) AUC-ROC Curve for pLDH: The prognostic performance of pLDH, with
an AUC of 0.818 (0.746 - 0.892), suggests a suggests a strong prognostic ability. (Calibration curves are
provided in the SI) C.3) AUC-ROC Curve for Combined HRP2 and LDH: The prognostic performance of the
combination of pfHRP2 and pLDH, with an AUC-ROC of 0.866 (95% Cl: 0.779-0.953) suggests a suggests a
strong prognostic ability with no significantly improved performance compared to the individual
biomarkers.
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Table 3: Performance of HRP2, pLDH and HRP2/pLDH combination for the diagnosis and prognosis*
of imported P. falciparum malaria.

Sensitivity Specificity PPV NPV Cut-off AUC-ROC
% (95%Cl) % (95%Cl) % (95%Cl) % (95%Cl) value % (95%Cl)
A. Luminex
HRP2 Diagnostic 100 (100- 100 (100- 100 (100- 100 (100- 60.868 1 (M)
100) 100) 100) 100) (1.00-1.00)
Prognostic 82.0(71.4- | 84.0(69.6- | 91.1(82.7- | 70.0(53.6- 4026.12 0.86 (SM)
92.6) 98.4) 99.4) 86.4) (0.77-0.93)
LDH Diagnostic 85.3 (77.3- 100 (100- 100 (100- 80.7 (70.4- 20.747 0.93 (M)
93.3) 100) 100) 90.9) (0.89-0.97)
Prognostic 84.0(73.8- | 88.0(75.3- | 93.3(86.0- | 73.3(57.5- 200.398 0.88 (SM)
94.2) 100) 100) 89.2) (0.80-0.96)
LDH/H | Diagnostic 100 (100- 100 (100- 100 (100- 100 (100- 0.5 1 (M) (1.00-
RP2 100) 100) 100) 100) 1.00)
Prognostic 88.0 86.0 75.9 93.5 0.572 0.88 (SM)
(75.3-100) (76.4-95.6) | (60.3-91.4) (86.3-100) (0.80-0.96)
B. LFA
HRP2 Diagnostic 100 (100- 100 (100- 100 (100- 100 (100- 245.513 1(M)
100) 100) 100) 100) (1.00-1.00)
Prognostic 17.4 (6.4- 96.0 (88.3- | 88.9(68.4- | 38.7(26.6- 815.894 0.51 (SM)
28.3) 100) 100) 50.8) (0.37-0.66)
LDH Diagnostic 64.8 (53.7- 100 (100- 100 (100- 39.0 (24.1- 68.173 0.82 (M)
75.9) 100) 100) 53.9) (0.77-0.88)
Prognostic 73.9(61.2- | 88.0(75.2- | 91.8(83.1- | 64.7 (48.6- 205.647 0.85 (SM)
86.6) 100) 100) 80.7) (0.76-0.93)
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LDH/H | Diagnostic 100 (100- | 100(100- | 100 (100- | 100 (100- 0.5 1(M)
RP2 100) 100) 100) 100) (1.00-1.00)
Prognostic 88.0 80.4 71.0 92.5 0.389 0.87 (SM)
(75.3-100) | (69.0-91.9) | (55.0-86.9) | (84.3-100) (0.78-0.95)

*Prognosis of imported malaria was defined as the identification of severe malaria (SM) cases based on
WHO criteria except for hyperparasitaemia (threshold of 2% according to European and Spanish guidelines)
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LFA results naked eye

Two independent observers evaluated the results obtained by LFA and captured in digital images,
assigning positive or negative values for pfHRP2 and pLDH. A total of 87 tests were evaluated, 71 malaria
patients and 16 NMF, with a percentage agreement of 100% for pfHRP2 between the observers and the
analysis with ImageJ software. For pLDH, the percentages of agreement were 81.6% for one observer and
85.1% for the other compared to the analysis with Image) software. All disagreements were cases
detected by the software but not by the observers.

The comparison of results obtained by the two observers and those interpreted by Imagel software
showed good agreement for pfHRP2 (kappa 1, 95%Cl: 1-1) but not for pLDH (kappa 0.62, 95%Cl: 0.46-
0.79, and 0.69, 95%Cl: 0.54-0.85, for each observer, respectively).

Naked eye
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Figure 6: Results of the LFA for detecting malaria. Top: Photographic images of the LFA test strips under
different conditions. Images 1-3 represent positive patients (with image 2 being a false negative), while
image 4 shows a negative patient. Bottom: Observer 1 accurately detected both pfHRP2 and pLDH in the
positive cases. Observer 2 also correctly identified pfHRP2 and pLDH, but showed slight discrepancies in
the detection of pLDH in test 3.
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DISCUSSION

Besides children and pregnant women in malaria-endemic areas, international travelers are recognized as
the third population most at risk of developing SM. As mentioned in the introduction, the current clinical
practice for managing imported malaria in non-endemic areas faces two general problems: firstly, it
heavily relies on WHO guidelines designed specifically for children from endemic areas, thereby not
accurately reflecting the clinical conditions of adults previously unexposed to malaria and consequently
failing to accurately identify severe cases; secondly, the diagnosis and prognosis of malaria depend on
referral hospitals and lengthy laboratory assays. In response to these challenges, this work proposes the
implementation of the parasite biomarker pLDH as a prognostic biomarker, with its applicability extending
directly to the bedside of patients in healthcare facilities of any complexity, ranging from outpatient clinics
to emergency departments and ICUs, using a smartphone to read commercially available RDTs.

Our Luminex data showed that while pfHRP2 remains the best diagnostic biomarker with a sensitivity and
specificity of 100%. pLDH also provided good diagnostic performance with a sensitivity of 85% and
specificity of 100%. As prognostic biomarkers, the two proteins had similar performance, with HRP2
showing 82% sensitivity and 84% specificity in distinguishing between SM and UM (AUC-ROC 0.86); pLDH
had slightly better values of 84% sensitivity and 88% specificity (AUC-ROC 0.88, not presenting statistical
differences). Furthermore, we also show that their combination does not significantly enhance the
prognostic ability, with a result of 88% sensitivity and 86% specificity (AUC-ROC 0.88). Although pfHRP2
has already been proposed as a valuable prognostic biomarker in endemic regions, where elevated levels
have been linked to severe outcomes such as cerebral malaria and mortality, its role in imported malaria
cases remains limited, and the absence of established cut-offs hinders its broader clinical application.
Moreover, the growing prevalence of P. falciparum strains with hrp2/3 gene deletions and the persistence
of pfHRP2 after treatment poses a significant threat to its diagnostic and prognostic effectiveness and its
implementation as a tool for treatment response monitoring?3%%2, This study represents the first effort
to evaluate pLDH as a potential severity biomarker, overcoming some of the limitations associated with
pfHRP2.

While our implementation of pLDH effectively resolves the issue of accurately identifying severe imported
malaria, thanks to the capabilities of tertiary hospitals in high-income countries to implement laboratory-
based immunoassays such as Luminex, it does not overcome the second challenge. These assays, though
precise for guiding patient management and identifying high-risk patients, require dedicated personnel
and specialized facilities to execute such complex and lengthy protocols. This poses a significant limitation,
as their extended duration—from several hours to days, depending on the availability of trained
microbiologists—is incompatible with scenarios that demand immediate clinical decisions, such as the
management of imported malaria patients. On the other hand, new technologies such as the use of
aptamers or electrochemical sensors are being evaluated to quantify pLDH. However, all of these have
been developed with diagnostic purposes in mind in endemic settings, and currently, no commercial tests

are available for their use33-.
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To further address the need for timely and practical testing methods, we explored the use of a common
RDT for malaria that tests for both pfHRP2 and pLDH. By following the kit instructions, medical doctors at
our clinic were able to visually identify malaria cases with remarkable accuracy, but failed to detect
between 15% and 18% of positive pLDH strains. This method of using RDTs not only provided rapid results
but also allowed us to bypass the lengthy assays typically associated with traditional laboratory tests.
However, this qualitative assessment still heavily relies on the reader’s experience. Although two studies
suggested a possible association of malaria RDT results with parasitemia, naked eye evaluation of malaria
LFA do not allow to discriminate between severe and UM cases®®*’. Moreover, the ability to distinguish
between strong and weak test lines significantly depends on the reader's familiarity with such tests. More
experienced readers, who have seen many tests, can better interpret these results, a skill particularly
critical in settings where malaria is not endemic.

To eliminate user bias from the LFA readings, we analyzed the signal intensities using a smartphone and
the open-source software Imagel. This approach ensured an extremely low cost, which could be close to
zero assuming each clinic, at least in high-resource settings, has access to a smartphone. Analyzing the
results, while we confirmed the diagnostic ability of HRP2 with both sensitivity and specificity of 100%,
the performance of pLDH was lower with a sensitivity of 64.8% and specificity of 96%. We also found that
in terms of prognostic ability, pLDH surpassed pfHRP2; specifically, pfHRP2 had a sensitivity of 17% and
specificity of 96% (AUC-ROC 0.51), while pLDH had a sensitivity of 73.9% and specificity of 88% (AUC-ROC
0.85). Their combination did not significantly increase the prognostic performance of the biomarkers,
providing a sensitivity of 88% and a specificity of 80.4% (AUC-ROC 0.87). This indicates that by reading the
pLDH alone and in combination with pfHRP2, we could achieve a sensitivity and specificity of 88%.
Employing an already commercially available RDT for a cost of approximately 20 dollars, a smartphone,
which is ubiquitous nowadays, and open-source software, it is possible to identify SM patients with a
sensitivity and specificity of 88% in approximately 15 minutes. This is invaluable information for clinicians
who are assessing patients with a potentially deadly disease to identify the best use of the healthcare
resources available.

CONCLUSIONS

In conclusion, pLDH presents itself as a viable prognostic biomarker for malaria, with the potential to be
widely implemented across various healthcare settings using smartphones to analyze commercially
available rapid diagnostic tests (RDTs). While pfHRP2 remains the most reliable diagnostic biomarker,
pLDH has also demonstrated strong diagnostic capabilities. When evaluated as prognostic biomarkers,
both pfHRP2 and pLDH exhibited comparable performance, with pLDH showing a slight edge in sensitivity
and specificity. The integration of smartphones and open-source software for RDT analysis offers a
promising approach to minimize user bias, delivering a cost-effective and timely method for both
diagnosing malaria and predicting its severity. This innovation could significantly enhance the accessibility
and accuracy of malaria management, particularly in resource-limited settings.
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Supplementary information

Table a.0. STROBE checklist

N2 | Localization in the text

Title and abstract 1 Title
Abstract

Introduction

Background/rationale 2 Background

Objectives 3 Background section, last paragraph

Methods

Study design 4 Methods, study design and population, first
paragraph

Setting 5 Methods, study design and population, first
paragraph.
Data collection section.

Participants 6 |Methods, study design and population, first and

second paragraphs.

Variables 7 Methods, data collection and laboratory
procedures section.

Data sources / 8 - . .
Methods, statistical analysis section

measurement

Bias 9 Methods, statistical analysis section

Study size 10 | Methods, data collection and laboratory
procedures section.

Quantitative variables 11 Methods, statistical analysis section

Statistical methods 12 | Methods, statistical analysis section

Results Results section

Participants 13 Results section, baseline characteristics and
patients with severe malaria sub-sections.Tables
1,2.

Descriptive data 14 | Tables 1,2

Outcome data 15 | Methods, statistical analysis section, and tables
3,4

Main results 16 Results, figure 1, table 3, 4, figure 2.

Other analyses 17 | Results, supplementary tables, table 4.

Discussion
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Discussion, first paragraph and conclusion section

Key results 18

Limitations 19 Discussion, third paragraph

Interpretation 20 Discussion, last paragraph

Generalisability 21 | Discuss the generalizability (external validity) of

the study results

Table al.1- Patients’ baseline All groups NMF Malaria p-
characteristics. (n=121) (n=46) (n=75) value
Female, n(%) 44 (36.4) 21(45.7) | 23(30.7) 0.096
Age, Md (IQR) 37 (28-46) 30 (26-40) | 39 (32-49) 0.011
Previous malaria episodes, n (%) 18 (14.9) 1(2.2) 17 (22.8) 0.008
Previous medical condition
HTA, n (%) 10 (8.3) 2 (4.4) 8(10.7) 0.220
Obesity, n (%) 7 (5.8) 0(0.0) 7(9.33) 0.033
Diabetes, n (%) 3(2.5) 0(0.0) 3(4.0) 0.170
Immunosuppression, n (%) 6 (5.0) 1(2.2) 5(6.7) 0.269
Travel destination: WHO regions
Africa, n (%) 89 (73.6) 15(32.6) | 74(98.7) <
0.001
Travel reason <
0.001
Tourism and work, n (%) 64 (53.8) 36 (80.0) 28 (37.3) -
VFR, n (%) 31(26.1) 3(6.7) 28 (37.3) -
Cooperation and expatriate, n (%) 18 (15.1) 5(11.1) 13 (17.3) -
Migration, n (%) 6 (5.0) 1(2.2) 5(6.67) -
Treatment
Profilaxis, n (5) 0(0.0) 0(0.0) 0(0.0) -
Treatment before malaria, n (%) 17 (14.0) 0(0.0) 17 (22.7) 0.330
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ucl

ucl, n (%) 46 (38.0) 0(0.0) 46 (61.3) <
0.001
Length stay UCI, Md (IQR) 3 (2-5) 0 (0-0) 3 (2-5) <
0.001
Table al.2- Patients’ baseline Malaria UM (n=25) SM (n=50) p-
characteristics. Malaria. (n=75) value*
Female, n(%) 23(30.7) 7 (28.0) 16 (32.0) 0.723
Age, Md (IQR) 39(32-49) |38(30-46) |41(32-49) |0.475
Previous malaria episodes, n (%) 17 (22.8) 7 (28.0) 10 (20.0) 0.624
Previous medical condition
HTA, n (%) 8(10.7) 2 (8.0) 6(12.0) 0.597
Obesity, n (%) 7(9.33) 2 (8.0) 5(10.0) 0.779
Diabetes, n (%) 3 (4.0) 0 (0.0) 3 (6.0) 0.211
Immunosuppression, n (%) 5(6.7) 2 (8.0) 3(6.0) 0.743
Travel destination: WHO regions
Africa, n (%) 74 (98.7) 25 (100) 49 (98.0) 0.477
Travel reason 0.423
Tourism and work, n (%) 28 (37.3) 6 (24.0) 22 (44.9) -
VFR, n (%) 28 (37.3) 13 (52.0) 15 (30.6) -
Cooperation and expatriate, n (%) 13 (17.3) 5(20.0) 8 (16.3) -
Migration, n (%) 5(6.67) 1(4.0) 4(8.2) -
Treatment
Profilaxis, n (5) 0(0.0) 0(0.0) 0(0.0) -
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Treatment before malaria, n (%) 17 (22.7) 4 (16.0) 13 (26.0) 0.330
uci
ucl, n (%) 46 (61.3) 1(4.0) 45 (90.0) <0.001
Length stay UCI, Md (IQR) 3(2-5) 3(3-3) 3(2-5) 0.773
Table a2.- Severity criteria
Jaundice, n (%) 20 (40.0)
Prostration, n (%) 10 820.0)
Shock, n (%) 10 (20.0)
Acidosis, n (%) 8(16.0)
Renal insufficiency, n (%) 8(16.0)
Glasgow, n (%) 5(10.0)
Pulmonary edema, n (%) 4 (8.0)
Hypoglycemia, n (%) 2 (4.0)
Anemia, n (%) 1(2.0)
Bleed, n (%) 1(2.0)
Seizure, n (%) 1(2.0)
Hyperparasitemia >2%, n (%) 43 (86.0)
Hyperparasitemia 2-10, n (%) 31 (62.0)
Hyperparasitemia >10%, n (%) 12 (24.0)

Text al. Biotinylation of detection mAbs. Biotinylation of monoclonal mouse IgG PfHRP2
(ImmunologyConsultantsLaboratory, Portland, OR, USA) and a-PAN-pLDH (AccessBio, Somerset, NJ, USA)
antibodies was performed following manufacturer instructions with minor modifications. Briefly, we
prepared the sulfo-NHS-LC-Biotin 50-fold molar excess instead of 20-fold molar excess and when mixing
the antibody and the diluted biotin, incubate the reaction for 1.5 hours on ice and 30 minutes at room
temperature instead of 2 hours on ice. After biotinylation, the antibody concentration in the collected
flow-through was measured by spectrophotometry (Epoch Microplate Spectrophotometer, BioTek). The
antibody solution was adjusted to the desired concentration, aliquoted and stored at 4 °C.
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VIII.DISCUSSION

For a large portion of the global population, malaria remains one of the deadliest
infectious diseases, partly due to the lack of healthcare resources for adequate patient
management. It is noteworthy that many of the regions that have eliminated malaria
are those with high healthcare resources. However, since it is an aggressive and
relatively uncommon disease compared to other non-imported infections, there is also
room for improving the initial management of malaria patients in non-endemic regions.
This includes early diagnosis and precise handling of the entire spectrum of severity that

this disease entails.

This thesis, composed of four articles, explores various aspects of malaria management
in non-endemic regions. Each article addresses a specific facet of the improvement
areas, referred to as challenges, collectively contributing to a broader and deeper
understanding of the approach to managing a patient with imported malaria.
Furthermore, these challenges have been addressed by attempting to step away from
the perspective of a high-resource (both human and technical) tertiary center such as
the Hospital Clinic of Barcelona and exploring solutions that can be applicable to regional

hospitals and even primary care centers.

The first challenge focuses on trying to shorten the diagnostic time for malaria in a
patient who presents with a fever (or other compatible symptoms) after staying in a
malaria-endemic area. Despite the fact that most malaria-endemic countries are geared
towards malaria control and eradication*, imported malaria cases barely have changed
in the past, and during pandemics a higher risk for severe malaria was described due to
delay in diagnosis’3. Also, COVID-19’s irruption has changed the diagnostic
probabilities of acute fever, and clinicians should be again prepared to evaluate febrile
patients after international travel. It is difficult to influence a person's behavior to

achieve early
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contact with the healthcare system, but once the patient enters the healthcare circuit,
it is essential for clinicians to understand malaria diagnosis as an emergency, and
therefore identification of patients at high risk of having malaria becomes mandatory.
However, a Spanish retrospective study of 297 patients with imported malaria showed
that malaria was misdiagnosed in 46% of patients at first medical visit(pre-print)!?%,
with those patients being at higher risk of SM. Another concerning aspect is
that microbiological tests are only available in referral centers. In this context,
algorithms or score systems are effective ways to incorporate predictive
variables into clinical practice, therefore reassuring the clinician to put malaria on
top of their differential diagnosis list. Although such systems have been proposed for
malaria in endemic areas or for arbovirus infections in non-endemic regions’’*?2, there

is currently a lack of scores specifically tailored for travel-related malaria.

The article 1 investigates the role of ML to detect patients at high risk of having malaria.
As a result of this diagnostic challenge, we created MALrisk, a clinical decision support
system to promptly suspect malaria in patients with imported fever. With only 6
variables that are easy to obtain through medical history (travel destination,
chemoprophylaxis intake, presence of rash and respiratory symptoms) and basic
laboratory results (platelet count and presence of hyperbilirubinemia), that can be
obtained even at almost any primary care centers, MALrisk achieved 100% sensitivity
and 72% specificity to identify malaria cases. In the evaluated population, all malaria

cases, regardless malaria species or severity were correctly classified by MALrisk.

ML involves an interesting step forward in terms of considering clinical variables of
predictive value. ML contributes to the development of these scores by providing a
comparable level of accuracy while offering adaptability. This adaptability stems from
the model's capacity to be trained with diverse populations, enabling it to handle large
sets of variables and demographics, while maintaining an easy-to-use approach for the
MALrisk application by a clinician: a digital application that asks 5 “yes or no" questions

and needs a number to be registered for the platelet value.
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Referring to MALrisk’s accuracy, when specific information that could define a disease
(symptoms, signs on physical examination or basic laboratory test) is lacking after
evaluating a patient, reassurance in the decision-making process is crucial to ensure an
appropriate patient triage. The mentioned reassurance is difficult to achieve if there is
a lack of precise resources, not to mention the time constraints that clinicians face in
emergency departments or primary health centers. All these factors could abruptly stop
the patient’s diagnostic process or could misinterpret the triage work up, potentially
leading to the patient being sent home with a fatal illness or forcing the clinician to
transfer the patient without a clear diagnosis (undifferentiated fever). A decision
support system could be the key to enabling a physician to make decisions they might
otherwise be unable to make. This means that since MALrisk identifies patients with
high risk of having malaria, the result should encourage clinicians to start an urgent
package of measures, which may involve transferring patients to a referral center
urgently under a strong alarm (malaria suspicion), or to initiating empirical antimalarial
treatment while waiting for confirmatory results, depending on the setting. Albeit the
use of empirical antibiotic therapy is widely implemented, the prescription of empirical
antimalarials is not widespread, despite the demonstrated safety of antimalarials over
time'?3, Therefore, MALrisk could also support clinicians into starting urgent
antimalarial treatment, if diagnostic tests are unavailable within a few hours or if the

patient’s clinical severity requires it.

On the other hand, the model misclassified 28% of non-malarial febrile patients as
suspected malaria cases. This implies that, in less than one-third of patients, the model
recommends urgent testing and assesses the need to start an empirical treatment. To
understand this outcome is important to point out that for MALrisk, platelet value and
“coming from an African country” were the features that contributed most to the model,
and this is the reason why in all the incorrectly classified cases, at least one of these two
features were present. Some might argue that misclassifying 28% of patients is an
unacceptable figure from the standpoint of diagnostic accuracy. However, from a triage

point of view, we believe that emphasizing the need to quickly rule out malaria in febrile
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travelers returning from Africa or presenting with thrombocytopenia, is still a solid and
necessary message in clinical practice. In other words, if we really want to identify all
malaria cases out of febrile patients and if we truly want to shorten diagnostic times, we
should be prepared to accept a certain rate of negative tests as a part of the initial
diagnosis work up of the patient. Additionally, based on current guidelines, all febrile
patients returning from malaria endemic areas should be tested for malaria, which

means that MALrisk could avoid 72% of these tests or referrals.

While this study serves as a proof of concept for imported malaria early diagnosis, it
opens several avenues for future research. Expanding studies to include external
validation in independent, large populations will be crucial for assessing the
performance of MALrisk across diverse groups. This additional research could refine the
model, potentially altering the importance of certain features like travel history to Africa
and platelet values. Successfully implementing these steps could enhance the model’s
performance and facilitate its integration into computer software or digital applications.
Additionally, exploring the feasibility of these advancements could lead to significant
practical impacts across various healthcare settings. The advantage of ML lies in its
adaptability, allowing it to be implemented as a smartphone application (even in the
most remote locations smartphones are present). Furthermore, ML and specifically
MALrisk can be integrated into health care system software, enabling alerts or
notifications based on the analyzed variables. Although this solution is more costly and
complex, it could even detect those patients in whom the physician has not even
thought about or considered the possibility of malaria, and therefore, could potentially
eliminate the factor of 'human error' linked to misdiagnosis, as demonstrated in

the previously mentioned studies.*?!

To summarize, the MALrisk is a promising tool to promptly identify suspected malaria
cases in patients with imported fever in all clinical settings, allowing the initiation of
empiric antimalarials and reinforcing the need for urgent transfer. This resource could
be easily scalable to a digital application and could help clinicians in the decision-making

process of the patient.
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Early diagnosis of malaria is the first essential step in managing the patient. However,
once this step has been achieved, the clinical question guiding the following objectives
and articles of this thesis has been how to identify those cases with poor prognosis to
guide the initial management of malaria patients. Initial decisions will likely determine
the rest of the patient's clinical course. Are all severe malaria cases of the same severity?
Are the actual clinical guidelines accurate at predicting patient’s prognosis? To address
these questions, in article 2 we thoroughly characterized a cohort of 506 malaria cases
attended at Hospital Clinic of Barcelona, providing detailed information about the
patients treated for malaria and their outcomes. This approach allowed identifying high-
risk subgroups for life-threatening conditions, leading to the use of VSM and LSM
classification systems to assess the risk for developing these conditions. Therefore, a
patient was classified as having VSM in the presence of at least one of the following
criteria: parasitemia >10 %, pulmonary edema, impaired consciousness, seizures, renal
failure, metabolic acidosis or hyperlactatemia, shock or hypoglycemia. In patients with
SM and no criteria for VSM, LSM was defined by: 2-10 % parasitemia,
hyperbilirubinemia, prostration, anemia or minor bleeding. In our cohort, 35 % of
patients had a SM episode based on classical WHO criteria for non-endemic areas,
however no patient belonging to the LSM group developed a life-threatening condition.
That means that almost 60 % of cases labeled initially as severe did not present severe
organ damage. By contrary, 50 % of patients with VSM developed life-threatening
conditions. Therefore, these results suggest that a nuanced selection of SM cases would
enable the accurate management of patients with imported malaria and optimize

healthcare resources by restricting ICU care to those patients with VSM.

The spectrum of malaria severity exhibits different distinguishing features in children
and adults, and our cohort is a good reflect of that: children more frequently present
with anemia, acidosis, and convulsions, whereas in adults, renal failure and pulmonary
involvement are more prevalent characteristics of SM3%124-126 ' 35 were in our cohort.
On the other hand, while evaluating individual criteria, some criteria merit

comments. Starting with the prostration criteria, prostration is an easily detectable and
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definable criterion in children, but it is subjective and imprecise for adults. Even if it was
a criterion described in our cohort, it obviously does not resemble the definition used
for children at all, and it leaves the interpretation of prostration in the hands of the
treating physician. Is the patient's self-perceived prostration? Or perhaps it is the
subjective perception of severity that the physician has when evaluating the patient?
Could it be that symptoms similar to those of encephalopathy, a prelude to cerebral
malaria, are being categorized as prostration? What is clear is that current guidelines do
not provide an exact definition of what prostration means in adults, making it a criterion
that is neither reproducible nor assessable. Despite that, what is indisputable is that the
presentation with the highest morbidity and mortality, regardless of age, is cerebral
malaria. In our cohort, all patients died from cerebral malaria, which is primarily defined
as a Glasgow Coma Scale score of <11 points'?’ . This punctuation defines a patient that
has already a stablished coma and will probably need intubation. Therefore, this
criterion does not allow early detection of neurological deterioration in malaria-infected
patients. To try to solve this, some guidelines include any neurological impairment as a
severity criterion®>®”. Another parameter that triggers debate as a defining factor of
severity is parasitemia. It is historically described the increase in mortality with the
increase of parasite load**'?%, However, this is only an indirect measure of the real
pathogenesis in target organs (whose failure is the origin of morbidity and mortality). In
our cohort, parasitemia between 2 and 10 %, jaundice and prostration were the most
common criteria, accounting for 56 %, 37 % and 17 % of patients, all belonging to LSM
group. On the other hand, guidelines in non-endemic areas do not include the
assumption of “uncomplicated hyperparasitemia” %7, a clinical scenario
which represented the 36% of patients with SM in our cohort but did not

threatening conditions.

Thereupon, to summarize the specific proposed recommendations for individual
severity criteria redefinition, we would suggest, first, eliminating prostration, and
second, widening the neurologic criterion. Our third recommendation focuses on the

fact that patients with uncomplicated hyperparasitemia could be safely treated with
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artesunate outside the ICU without expecting complications; therefore, nuanced
definitions and recommendations on parasitemia should be added into guidelines.
Finally, we would suggest dividing SM patients into VSM and LSM groups to guide the
need for admission to ICU. Currently, VSM and LSM classifications are only described in
French guidelines, and they have not been adopted by other non-endemic
recommendations. Although this study is based on these concepts, it does not
completely share the same criteria. French guidelines set the parasitemia threshold for
LSM at 4% (in contrast to our range of 2-10%) and included isolated seizures and
moderate renal failure as criteria for LSM. Despite the slight differences in the specific
criteria defining VSM and LSM among the studies or guidelines, our study fully supports

the idea of dividing the severity group into two sub-groups of severity.

On the other hand, large cohorts in non-endemic areas describe risk factors (different
from those collected by the WHO) associated with mortality 3%7>76, Easy to obtain
variables such as age and reason for travelling could be considered when classifying
patients, as well as the duration of fever, reflected in some guidelines® , albeit in our
cohort symptoms’ duration has not been found as a risk factor. Another special
population at risk are pregnant women; in our cohort 50 % had severe malaria, and the
only patient with UM who needed ICU intervention was pregnant. Additionally, in our
cohort, high LDH, severe thrombocytopenia and elevated CRP were consistently risk
factors for developing life-threatening conditions. Based on what was previously
mentioned, special populations and laboratory values should be also considered in

future guidelines.

Looking ahead, it is crucial to enhance the prognostic value of certain severity criteria by
studying larger and more diverse cohorts to capture their infrequent occurrences more
accurately. Additionally, prospective studies involving various populations, including
children, are crucial to determine if the results can be extrapolated across different
demographics. Moreover, increasing the statistical power of studies by including larger
sample sizes could help establish the significance of classical risk factors, such as the

duration of travel or pregnancy, which currently lack statistical significance. All these
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steps could finally define the spectrum of severity subgroups and could help deciding
the variables and thresholds needed to include in future classifications, although our

approach has been stated throughout the text.

As stated at the beginning, guidelines are necessary to have a common language among
health care providers and to standardize processes. The article 2 has paved the way for
reflecting on the revision of the content of the guidelines we currently have, but it is in
the article 3 and 4 where the key to definitively tipping the balance between severe and
non-severe groups might be found. Being able to rely on objective values that directly
reflect the pathophysiological cascade occurring in the patient is undoubtedly the
precision medicine we seek today, given that the language of numbers is more

compelling and exhaustive than the compendium of signs and symptoms.

It is in this search for objective markers of severity that we carried out article 3 and 4.
In article 3, all evaluated host biomarkers except sTREM-1 (i.e Ang-1, Ang-2, CRP and
platelets), allowed early identification of SM cases according to WHO criteria for non-
endemic regions. The combination of biomarkers from two different pathways, such as
Ang-2 and CRP, showed the best diagnostic performance when comparing clinically
severe cases, with 84.6% (95%Cl 58.9-98.1) sensitivity and 77.4% (95%Cl| 65.9-87.7)

specificity.

Available data on Ang-Tie axis biomarkers suggest that they may predict strong
outcomes such as death or cerebral malaria in malaria infected children in
endemic areas®% . Moreover, a systematic review describes a correlation between
Ang-1 and Ang-2 levels and malaria severity!?’”. However, patients from non-
endemic regions represent a different population as they are commonly adults with
no prior or recent exposure to malaria. There is only one study in imported malaria
that measures Ang-Tie axis biomarkers'®®, describing higher levels of Ang-2 in severe
cases but not providing a cut-off point. As Ang-1 levels decrease in pathological
scenarios, in contrast to Ang-2, the latter might be easier to interpret and therefore a
strong candidate for inclusion in rapid prognostic tests or routine laboratory workups.

Among other studied biomarkers,
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SsTREM-1 diagnostic performance in our study was worse than Ang-2. Although it was
able to identify the most severe patients after modifying the WHO classification, it failed
to show significant differences when classical WHO criteria were applied. Due
to divergent results with other works commented previously 34 prospective
cohorts could be essential to cast light on discrepancies®”'?>. Another protein that
illustrates inflammation is CRP, a well-known acute phase protein that has been shown
to correlate with disease severity in imported malaria and as a monitoring tool®®-
11 QOur results were consistent with other studies %11 |n contrast, in the
mentioned prospective French study, CRP detected severe cases but failed to
discriminate VSM from LSM cases. Due to the very low co-infection rate in our
patients (5.5%), it is unlikely that host biomarkers were raised because of co-
infection. Similarly, as previously mentioned, thrombocytopenia is a common
finding in these patients and platelet count on admission in endemic regions
correlates with disease severity and death''”18 |n our study, platelets were lower
among severe patients, whether it was according to WHO criteria or applying the
modified classification. Notwithstanding, its performance as a single biomarker to
identify clinically severe patients was poorer than other biomarkers. On top of that,
our study shows that the combination of different pathway biomarkers, via ML
modeling, adds value to already achieved results, and provides a simple tool (the

nomogram) to estimate the individual risk of developing SM.

During the initial management of a patient, physicians should always ask themselves
whether they are adequately controlling all factors that could impact the patient's
progression. In the case of malaria, the suspicion of a bacterial co-infection always
looms over the case. This is a transversal aspect of all the previous articles. The
WHO recommends having a low threshold to initiate antibiotic therapy and
specifically recommends administering it to children with SM in areas of high malaria
transmission due to the high prevalence described of Salmonella spp. infections and
the increased predisposition to bacterial translocation associated to malaria
from capillary sequestration.’?”12°, As indicated by local protocol, broad use of
antibiotics was prescribed in our cohort. However, the frequency of co-infections was

only 5.5 % in our
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cohort (article 2), with no differences between groups. This number is slightly lower
than other cohorts in non-endemic areas®!*, where 8% of community
acquired co-infections were described in a literature review of SM patients
managed in ICUs, and 24% of same type of infections were observed in a French
the other hand, as stated previously, CRP was proposed as a severity biomarker.
Therefore, although there is enough evidence to support a more restrictive use of
antibiotics, unfortunately for “dynamic changes” policies in real life, high CRP has
classically been a marker for bacterial infections3!and although not an highly specific
marker, it is widely used in Emergency Departments to decide on empiric antibiotic
therapy initiation. Therefore, stating that CRP is a malaria severity biomarker could be
insufficient to prevent clinicians from starting empiric antibiotic therapy. This same logic
can also be applied to procalcitonin, which is classically elevated in patients with
SM. 115120 gyerall, despite not having the medical imagery in our favor, we believe
that Malaria could also fit into antibiotic stewardship programs. This means that
empiric antibiotic therapy could be only started in case of a clinical suspicion of a

concomitant infection or in VSM cases.

In this thesis, we have emphasized the measurement of biomarkers as a classification
tool, and host biomarker proteins proved to be reliable tools. Hence, for the host-
parasite interaction, we wanted to prove whether parasite biomarkers could also serve
as prognostic tools. However, for this evaluation we also considered it crucial that this
measurement capability could be rapid and accessible3?, allowing clinicians to make
timely decisions (i.e artesunate’s initiation and evaluate the need of an ICU) regardless
of the healthcare facility complexity. As it has been explained, HRP2 and pLDH are the
main targets in RDTs, but their detection it is only expressed in a qualitative way in LFA.
By upgrading the lecture of the RDT we aimed to evaluate the quantitative performance

of parasite biomarkers.

The idea of correlating qualitative variables (such as the HRP2 or pLDH band) with a
guantitative one (parasitemia) and, consequently, with prognostic implications
(severity) based on an RDT, has been previously described'°®1%2, The most recent one

is
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a retrospective study of 273 cases of imported malaria in Spain, where the presence of
only the HRP2 reactivity with the absence of pLDH co-reactivity showed a 100% negative
predictive value for high parasitemia®2. This study, along with the other mentioned two
studies based on the same concept, confirmed a semi-quantitative way to exclude
potential SM cases®®10l This approach to RDT is of great interest and lays

the conceptual foundation for taking the next step, the article 4, where the
prognostic capabilities of HRP2 and pLDH were evaluated.

Article 4 showed that HRP2 and pLDH had good performances as prognostic biomarkers,
HRP2 showed 82% sensitivity and 84% specificity in distinguishing between SM and UM
(AUC-ROC 0.86). While pLDH had slightly better values of 84% sensitivity and 88%
specificity (AUC-ROC 0.88), these values did not reach a significant difference with HRP2.
Furthermore, their combination does not significantly enhance the prognostic ability.
Although HRP2 has already been proposed as a valuable prognostic biomarker in
endemic regions, where elevated levels have been linked to severe outcomes such as
cerebral malaria and mortality®?, its role in imported malaria cases remains limited%,
and the absence of established cut-offs hinders its broader clinical application.
Moreover, the growing prevalence of P. falciparum strains with hrp2/3 gene deletions
and the persistence of HRP2 after treatment poses a significant threat to its diagnostic
and prognostic effectiveness and its implementation as a tool for treatment response
monitoring®”:133134 This study represents the first effort to evaluate pLDH as a potential

severity biomarker, overcoming some of the limitations associated with HRP2.

Although pLDH can be a reliable candidate, the need for Luminex as a laboratory
immunoassay fails to achieve the goal of serving a rapid and accessible tool. The need
for dedicated personnel and specialized facilities to execute such complex and lengthy
protocols are a clear limitation to the biomarkers’ implementation. The pursued rapid
solution should at least reduce the hours of work required by an expert microbiologist
to read a blood smear. On the other hand, being time such an important feature, one of
the questions in this work could be why not attempt to establish the quantification of

biomarkers through technologies that would allow a POC to directly provide numeric
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values. The most well-known POC in the medical field is the glucometer, which is based
on electrochemical sensors. In addition, there are more novel technologies, such as
those based on aptamers, but their commercial use is not yet approved, and their
development would be more costly and complex, though interesting for the future!3>,
Therefore, to stick in the line of upgrading the use of a common RDT, and to eliminate
user bias from the LFA readings, we analyzed the signal intensities using a smartphone
and the open-source software Imagel. This approach ensured an extremely low cost,
which could be close to zero assuming each clinic, at least in high-resource settings, has
access to a smartphone. In terms of prognostic ability, pLDH surpassed HRP2;
specifically, HRP2 had a sensitivity of 17% and specificity of 96% (AUC-ROC 0.51), while
LDH had a sensitivity of 73.9% and specificity of 88% (AUC-ROC 0.85). It is worth taking
a moment to assess the difference in performance between Luminex and RDT. The
Luminex technology is a lengthy (several hours), multi-step laboratory-based technique
that requires several washing and incubation steps, and the use of an expensive reading
machine for the quantification of results. This ensures maximum sensitivity and
specificity when analyzing complex samples, such as those employed in this study. In
contrast, RDTs require a two-step protocol (application of the sample and washing
buffer) and only 15 minutes. Furthermore, the quantification is achieved using a
common smartphone, not equipment costing over a hundred thousand euros. This
inevitably leads to poorer analytical results compared to Luminex technology, which are
commonly used by trained personnel in fully equipped clinical laboratories. In addition
to the technical specifications of the two techniques, we should also consider that they
most likely employ different biorecognition elements (i.e., antibodies) for the detection
of the target. The use of different antibodies is a crucial aspect since, while they detect
the same target, their affinity and specificity may differ.

All in all, employing an already commercially available RDT for a cost of approximately
20 dollars, a smartphone, which is ubiquitous nowadays, and open-source software, it
is possible to identify SM patients with a sensitivity and specificity of 88% in

approximately 15 minutes. This is invaluable information for clinicians who are assessing

130



patients with a potentially deadly disease to identify the best use of the healthcare

resources available.

To conclude, throughout my thesis journey, | have gained valuable insights into the
process of addressing clinical questions through research. Recognizing that significant
changes often stem from policy interventions—such as primary prevention and
education for both patients and physicians—I| have deliberately chosen to focus on
providing accessible tools and leveraging technology to advance and improve the

management of imported malaria.

Given the extensive characterization of the disease over centuries of coexisting with the
parasite, further knowledge enhancement must now come from integrating
technological advancements into medical practice. This integration aims to refine our
clinical practices while optimizing healthcare resources. The future lies in harnessing
new technologies to improve our workflows, including the application of machine
learning and fostering closer collaborations between laboratory research and clinical
medicine. The synergy between these distinct yet essential perspectives is crucial for
making a tangible impact on patient outcomes. Moving forward, the prospective
validation of these proof-of-concept studies and the subsequent review of guidelines

should be the next steps in enhancing the management of imported malaria.
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IX.CONCLUSIONS

1. MALrisk is a promising tool to promptly identify suspected malaria cases in patients
with imported fever in all clinical settings, allowing the initiation of empiric
antimalarials and reinforcing the need for urgent transfer.

2. Although one third of our cohort met the criteria for severe malaria, only a small
proportion of cases (7.3%) developed life-threatening conditions or death.

3. Current severity criteria definitions for non-endemic areas would benefit from a
review, and a subdivision of the severity groups into very severe malaria and less
severe malaria cases could help to optimize health care resources.

4. Patients with malaria exhibiting any of the following conditions—parasitemia >10%,
pulmonary edema, altered consciousness, seizures, renal failure, metabolic acidosis
or hyperlactatemia, shock, or hypoglycemia—should be classified as very severe
malaria and managed in the Intensive Care Unit, as half of these cases may progress
to life-threatening conditions

5. Patients reclassified as less severe malaria accounting for 60% of severe malaria
cases, have a negligible risk of developing a life-threatening condition and thus could
be managed out of an Intensive Care Unit.

6. Inpatients with imported malaria, the prevalence of co-infections was low. Empirical
antibiotic therapy should be restricted to very severe malaria cases and cases with a
suspicion of a concomitant infection.

7. Laboratory parameters such as platelets < 50 10x9/L, Lactate dehydrogenase >
500 U/L and C-Reactive Protein >10mg/dL and individual factors such as
pregnancy are associated with the development of life-threatening conditions
and should be considered in the management of patients with imported
malaria.

8. The combination of Angiopoietin-2 and C-Reactive Protein may be a reliable tool for
the early identification of severe imported malaria.

9. Histidin-Rich-Protein-2 and plasmodium-Lactate dehydrogenase evaluated by
Luminex have a reliable performance as prognostic biomarkers for severity in

imported malaria.
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10. Plasmodium-lactate dehydrogenase could be used as a prognostic tool for
malaria, which can be applied in any healthcare settings using smartphones to

read commercially available Rapid Diagnostic Tests.

11. Using a smartphone and open-source software to analyze Rapid Diagnostic Tests can
help reduce user bias and could provide a cost-effective, timely method for

diagnosing and predicting malaria severity.
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