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Abstract

Dengue infection can present with a broad spectrum of clinical phenotypes. The hallmark of
severe disease is increased vascular permeability, sometimes leading to hypovolaemic shock.
Microvascular/ endothelial dysfunction may underlie this, but have not been assessed
clinically.

| performed a prospective observational study in two hospitals in Vietnam recruiting 300
children (> 3 years) and adults presenting to a) outpatient department with fever for <72
hours and suspected dengue, b) patients hospitalized with warning signs or severe disease.
Clinical and laboratory assessments were performed daily for 5 days, and 2 weeks later.
Microvascular imaging using Sidestream dark field Imaging (SDF), and endothelial function
testing using peripheral artery tonometry (EndoPAT) were performed at enrolment,
defervescence/hospital discharge and follow-up. Plasma endothelial biomarkers were
performed at the same time-points. Echocardiogram derived parameter of intravascular
volume and cardiac function were also assessed at the same time-points and daily in patients
admitted to ICU.

We demonstrated firstly, that moderate microcirculatory alterations occur in dengue and are
most prominent in the critical phase and worst in patients with plasma leakage. In the
outpatient arm, these microcirculatory alterations were similar in other febrile illnesses. The
flow alterations correlated with VCAM-1 and Angiopoietin-2 in dengue patients. Significantly
elevated levels of syndecan-1 were shown in dengue patients during the critical phase,
associated with the degree of plasma leakage, suggesting there is widespread endothelial
glycocalyx degradation. In addition, we have shown patients with dengue have endothelial
dysfunction with impaired endothelium-dependent vasodilation, worst in patients with
severe plasma leakage, which is apparent early in the febrile phase. Endothelial dysfunction
correlated with high levels of arginase-1 and low L-arginine levels.

In severe dengue, myocardial impairment was associated with respiratory distress but not
recurrent shock. High lactate levels at admission to intensive care and lower stroke volumes
were associated with recurrent shock.

Overall, this work has shown microvascular and endothelial dysfunction are associated with
disease progression and severe outcomes in dengue, and may provide useful future

biomarkers and therapeutic targets.
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1 CHAPTER 1 - Introduction

Dengue has emerged in the last two decades as the most abundant vector-borne viral
infection globally. It has been estimated that 96 million clinically apparent dengue infections
occur worldwide each year, as well as a further 300 million asymptomatic infections [1]. The
dengue virus belongs to the Flavivirus family and has 4 serotypes (DENV-1—DENV-4). Dengue
is typically characterized by fever, headache, muscle and joint pains, and skin rash. While most
clinical cases of dengue recover after 4-8 days, approximately 1-5% of patients will develop
severe manifestations where the defining feature is increased capillary permeability with
vascular leak, which can lead to reduced intravascular volume and progress to shock and
death [2]. Other potential complications include a coagulopathy which can be accompanied
by different bleeding manifestations, and organ impairment [3]. There are distinct phases to
the course of dengue illness with the severe manifestations occurring in the critical phase
which usually occurs around day 4-6 of illness, when the fever is resolving. This allows a
window of opportunity to identify patients at risk of developing severe disease during the first
~3 days of illness, a goal that has been the focus of intensive research in recent years [4].
However it is still not possible to identify which of the thousands of patients with dengue seen
in health facilities in endemic areas will progress to severe disease, and which will defervesce
without complications.

The timing of the severe manifestations, which occur as the virus is being cleared from the
peripheral blood, has led to the theory of an immune mediated mechanism driving the
pathogenesis. Evidence in support of this theory of immunopathogenesis comes from
numerous studies identifying secondary infection with a different dengue serotype as a major
risk factor for severe disease, through antibody dependent enhancement leading to higher
viral loads [5, 6]. Although there have been major advances in the last decade in our
understanding of dengue pathogenesis, the exact pathways linking the immunopathology
with the increased capillary permeability remain to be defined. The mechanisms underlying
the capillary leak in dengue are likely to be multifactorial and to involve microvascular
dysfunction and endothelial glycocalyx disruption [7].

The overriding aim of this thesis is to improve our understanding of the pathophysiology of

the capillary leakage associated with dengue by studying microvascular and endothelial
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function and macrovascular disturbances, and therefore to identify better monitoring tools
and potential biomarkers to improve outcome prediction and individual case management.
Such tools and/or biomarkers could also prove very useful as surrogate endpoints for clinical

trials of potential dengue therapeutics.

1.1 The virus

The dengue virus, a member of the genus Flavivirus in the family Flaviviridae, is a single-
stranded positive-sense enveloped RNA virus, 30 nm in diameter. It has three structural
proteins; Capsid (C) protein, precursor membrane (prM) protein and envelope (E) protein, as
well as seven non-structural proteins termed NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5.
There are four distinct but closely related serotypes (DENV-1 — DENV-4). The mature virion
consists of a nucleocapsid core comprising the capsid protein and the RNA genome enclosed
within a lipid bilayer made up of the envelope (E) and membrane structural proteins. E protein
and pre-membrane (prM) protein form the glycoprotein shell of the virus, and E protein is
responsible for host cell binding and entry [8]. Dengue E protein is further divided into three
domains termed EDI, EDII and EDIII [9].

Intra-cellular viral processing has been characterized using cryo-electron microscopy [10].
Conformational changes occur during maturation of the virus and are pH [11] and
temperature dependent [12]. The prM protein is cleaved during the maturation process;
however this cleavage is not complete in all of the dengue virions, leaving a proportion of
partially mature dengue virions that contain a varying amount of cleaved and uncleaved prMm
protein [13-15]. Fully immature dengue viruses contain regular trimeric E—prM protein spikes
and are non-infectious [16, 17], whereas partially mature forms, some of which are infectious,
have a less regular structure, with areas that are spiky and contain prM protein—E trimers.
These immature forms of the virus can be driven to be infectious to cells through ADE and so
further understanding of this process is an extremely important field of research.

The seven non-structural proteins are expressed in infected cells, but do not form part of the
mature virion; the contribution of these proteins, in particular non-structural protein 1 (NS1),

to dengue pathogenesis is an area of current research.
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1.2 Epidemiology

Dengue transmission occurs throughout the tropics and subtropics between 30°N and 40°S,
where environmental conditions are favorable for the Aedes mosquito vector. The continued
expansion of the geographic distribution of Aedes mosquitos has allowed dengue to emerge
as a significant problem in the Pacific region and the Americas as well as in Asia [18]. The
African continent has also seen increasing numbers of outbreaks [19], with recent reports
from central Africa being observed along with Chikungunya cases, possibly due to the
expansion of Aedes albopictus in this area [20]. Seroprevalence studies suggest all four
dengue serotypes are present in many areas in Africa, although large outbreaks are rare, as
are reports of severe dengue [21-23]. This is likely to be due to a combination of factors
including under-reporting, protective genetic host factors, and low vector competence and
transmission efficiency [24]. The eastern Mediterranean area has also seen an increase in
dengue in the last three decades, with recent outbreaks in Yemen, Saudi Arabia and Pakistan.
Reports of autochthonous transmission in non-endemic areas where the mosquito vectors
have become newly established are also increasing, including the south of France and Croatia
[25], and the first European dengue outbreak since the 1920’s occurred in Madeira in 2012,
with over 2000 cases being documented with 120 hospitalizations [26, 27].

One of the first possible descriptions of an outbreak of a dengue-like iliness occurred along
the Delaware riverfront in Philadelphia in the USA in 1780’s. Around the same time in Spain,
an outbreak of a disease locally called ‘break bone fever’ was also being described [28]. Similar
cases of dengue like illness were being reported in the 1800’s from the Atlantic coast of
America, the Caribbean and tropical Australasia. But it wasn’t until after the Second World
War, as the primary vector, Aedes aegypti, began expanding across Asia and later the
Americas due a combination of rapid urbanization and increasing trade and international
travel that the incidence of dengue infections increased dramatically. This coincided with the
emergence of the newly described “Thai Haemorrhagic Fever” in the 1950s, initially in
Thailand, later followed by the Philippines and many other tropical Asian countries. This
syndrome, characterized by bleeding and vascular leakage was initially thought to be a new
disease; however in the 1960’s it was identified to be a severe form of dengue and was given
the name dengue haemorrhagic fever (DHF) [29]. Over the next 20 years the incidence of DHF

increased rapidly in Southeast Asia, eventually becoming hyperendemic in most Asian cities.
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The first outbreak of DHF to occur outside the South-east Asian and Western Pacific regions
was in Cuba in 1981, caused by the circulation of Asian genotype DENV-2 [30, 31]. Following
this, several outbreaks of DHF were reported from the Caribbean and across Latin America.
In the last decade, DHF has emerged to become a major public health problem in 28 countries
in the Americas with all four serotypes now endemic and large outbreaks being reported in
Brazil in 1991, 2007 and 2010 [32-34].

Dengue transmission occurs throughout the year in endemic tropical areas; however, in most
countries there is a distinct seasonal pattern, with increased transmission usually occurring
shortly after the start of the rainy season. Outbreaks occur most frequently in areas where
multiple DENV serotypes are circulating, and infections with heterologous serotypes are
frequent. In areas of high dengue transmission the greatest disease burden occurs mainly in
children aged between 2 and 15 years. However in environments with lower endemnicity,
adults may be the predominant group affected during an outbreak, depending on previous
exposure and immunity. Severe dengue is usually associated with secondary dengue
infections, but is also seen during primary infections in infants less than 1 year who are born
to dengue immune mothers. The reasons for this will be discussed in the pathogenesis

section.

1.3 Clinical features

Dengue can cause a wide spectrum of clinical presentations, from a mild febrile illness
through to life threatening manifestations of organ impairment, bleeding tendencies and
capillary leakage leading to hypovolaemic shock. Dengue was previously classified into
dengue fever and dengue haemorrhagic fever (DHF), of which there were 4 grades, with
dengue shock syndrome (DSS) incorporating DHF grades Il and IV. In 2009 the WHO
reclassified dengue due to difficulties in applying the old classification system in clinical
situations and increasing reports of severe cases not fitting the criteria for DHF [35]. The new
classification emphasizes clinical severity and now groups dengue into dengue (with and
without warning signs) (see P43, chapter 2) and severe dengue, for which there must be one
of the signs or symptoms of severe plasma leakage, severe bleeding or organ impairment (see

P44, Chapter 2).
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Figure 1-1. The clinical course in dengue can be divided into 3 phases; febrile, critical and recovery.
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Reprinted from WHO Dengue guidelines, 2009.
http://www.who.int/rpc/guidelines/9789241547871/en/

1.3.1 Febrile phase

The febrile phase is characterized by a sudden onset high fever, headache, retro-orbital pain
and myalgias, usually lasting for 4-6 days. Adults are often more symptomatic than children,
complaining of headache, retro-orbital pain, and severe myalgia and arthralgia. Other non-
specific symptoms may include respiratory symptoms and gastrointestinal symptoms.
Lymphadenopathy and conjunctival suffusion may occur, and a macular rash may be noted.
Hepatomegaly may also be present, but palpable splenomegaly is unusual. The high fever
persists for about 5-7 days and usually terminates abruptly. A maculopapular rash may appear
at around this time particularly in older children and adults. Sometimes this convalescent rash
may be extremely florid, with an intensely erythematous appearance interspersed with
islands of pale skin (Figure 1-2A). The rash fades after a few days, although desquamation and
pruritus may follow. Adults often complain of extreme tiredness for weeks after recovery and

convalescence may be complicated by depression.
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Figure 1-2 Examples of rash occurring in dengue. A) Recovery rash on the leg of a patient. B) Linear
petechiae on the upper arm following blood pressure cuff inflation

A B

1.3.2 Critical phase

The critical phase, which lasts for roughly 48 hours around defervescence, is the period where
the increase in capillary permeability resulting in plasma leakage becomes apparent. This may
present clinically as pleural effusions and/or ascites depending on the degree of plasma
leakage. In addition hypoalbuminaemia and a rise in the haematocrit become apparent, and
once a certain plasma volume is lost, shock follows. Compensated shock occurs when the
pulse pressure narrows to <20mmHg, with the diastolic blood pressure rising towards the
systolic pressure as a compensatory mechanism for low intravascular volume. A rapid weak
pulse, impaired peripheral perfusion and lethargy or restlessness are usually apparent by this
stage. The platelet count falls over the course of the infection reaching a nadir around
defervescence. A sharp fall in platelets along with a rise in haematocrit has been included as
one of the WHO dengue warning signs, with the recommendation that these patients
requiring more intensive monitoring.

Although the critical period is when the plasma leakage becomes clinically apparent, the
timing of onset of the increase in capillary permeability, and whether it occurs in mild cases
but to a lesser degree, remain unclear [36]. An estimated 1-5% of hospitalized patients go on

to develop severe disease, with clinically significant capillary leakage occurring more
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frequently in children, whereas bleeding, marked thrombocytopenia, and organ impairment,
seem to occur more often in adults [37].

Haemorrhagic manifestations are relatively common during this period but are usually limited
to skin petechiae and bruising at sites of minor trauma (Figure 1-2B). Mucosal bleeding, e.g.
epistaxis, gum or gastrointestinal bleeding, is not common but is associated with progression
to severe disease and is included as one of the WHO warning signs. Menorrhagia is noted
sometimes in post-pubertal girls, and life threatening uterine haemorrhage has been
reported in pregnant women [38, 39]. Intracranial haemorrhage is a very rare complication.
In children, severe mucosal bleeding tends to occur in those with profound or prolonged
shock, and is often accompanied by metabolic acidosis and laboratory evidence of
disseminated intravascular coagulation. Rarely, massive gastrointestinal bleeding causing
haemorrhagic shock (as distinct from shock due to plasma leakage) has been reported in

adults, and may occasionally be fatal.
1.3.3 Other organ involvement

Specific organ impairment can occur without shock or any other features of severe disease,
including hepatitis, encephalitis and myocarditis. Rarely renal failure can occur, but this is

infrequent and usually associated with prolonged shock.
1.3.3.1 Cardiac involvement:

Different cardiac manifestations have been reported including acute myocarditis, conduction
disturbances and myocardial depression [40, 41]. Myocardial impairment has been reported
in a number of different studies using different techniques, and appears to be more
pronounced in severe infections. The underlying mechanism for the myocardial depression
remains unclear but may include myocardial oedema from capillary leak, circulating
myocardial depressant factors and/or disturbance of calcium homeostasis [7]. This
myocardial dysfunction may contribute to haemodynamic instability during the critical phase
of capillary leakage.

In addition to the relatively frequent feature of myocardial dysfunction, rarely fulminant
myocarditis can occur. Such patients usually present with cardiac-specific symptoms and
evidence of widespread myocyte damage, with substantial increases in levels of cardiac
biomarkers, ST-segment changes on ECG, and imaging abnormalities indicating significant

functional impairment [42].
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Definitive evidence of direct viral invasion of myocytes, or of an immune-mediated injury that
might explain the cardiac involvement in dengue, is lacking. Further pathogenesis studies are
needed to address the underlying mechanisms of both these entities. In addition, cardiac
specific complications are thought to be under-reported, and the true incidence of cardiac
involvement in dengue is not known, particularly in dengue shock patients and high-risk
groups such as the elderly (age >65 years) and patients with comorbidities. Ideally such

patients should be identified early in order to tailor their fluid management.
1.3.3.2 Hepatic and CNS involvement:

Hepatic involvement is common in dengue, and liver enzymes are frequently elevated in
infections of all severity grades. A mild rise in hepatic transaminases is often seen, but is rarely
associated with liver dysfunction [43]. More marked derangements are usually associated
with more severe disease profiles [44, 45], but discrimination has proved to be poor between
severe and non-severe dengue [46]. In addition liver enzyme levels tend to peak late in the
disease course, typically during the second week, limiting their usefulness as prognostic
markers.

Dengue presenting as an acute encephalitis syndrome without other manifestations of the
disease is increasingly recognized in endemic areas [47]. It is more common in children and

although rarely fatal a significant proportion are left with neurological sequlae.
1.3.4 Recovery phase

The critical period lasts for 24-48 hours after which the capillary leakage resolves and the
extravascular fluid begins to be resorbed over the next 48-72 hours. This period is known as
the recovery period. If intravenous fluids are continued into this period there is significant risk
of fluid overload, manifesting as respiratory distress from pleural effusions and/or ascites. In
experienced hands and with meticulous attention to detail, mortality rates of <1% are
achievable even for patients with established DSS managed in endemic areas. However, fluid
management in infants, the elderly, and those with underlying diseases is not straightforward,
and death rates are correspondingly higher in these groups. In many cases volume overload
is a significant contributor to the adverse outcome. Rapid improvement in the platelet count
is usually apparent during the second week of illness, along with other normalization of other

laboratory parameters and general clinical improvement.
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1.4 Diagnosis and management

In the first week of the illness laboratory confirmation relies on identification of viral RNA
using RT-PCR, or detection of dengue non-structural protein 1 (NS1) using ELISA, [48, 49]. The
viraemia is short, however, so serodiagnostic tests (typically IgM Capture ELISA) are used from
the end of the first week onwards, ideally with demonstration of seroconversion on paired
samples. Rapid tests, often combining NS1 detection with an antibody test, are also available
and have a reasonable window of detection [50, 51].

No antiviral agents are licensed for dengue. Two recent antiviral trials studying balapiravir in
Vietnam and celgosivir in Singapore failed to demonstrate any beneficial effect on viraemia
or clinical outcome [52, 53]. The current treatment for severe disease is supportive, primarily
focused on cautious fluid resuscitation, aiming to give just sufficient intravenous fluid therapy
to maintain adequate tissue perfusion during the critical period of capillary leakage. If too
much fluid is given, or the infusion is continued into the recovery period, the risk of iatrogenic
fluid overload and associated morbidity is substantial. Rarely, inotropic support is required.
In a large series of patients with DSS, managed over 10 years in a single institution in Vietnam,
only 4% of patients required extra haemodynamic support, with the majority recovering with
standard crystalloid resuscitation or following a single colloid infusion [54]. To date, no
adjunctive therapies have demonstrated benefit in preventing the development of
complications in dengue, (therapeutics tested have included steroids, chloroquine and
lovastatin, amongst others) [55-57]. This may be in part due to timing, as initiating treatment
within the first 72 hours of fever might be too late to impact on virally induced
immunopathogenesis, because viral replication is likely to have peaked by this time point and
subsequent viral clearance is typically rapid [58].

Patients with any of the warning signs or patients deemed to be at higher risk are usually
monitored as inpatients, and during seasonal epidemics, health care facilities can quickly
become overwhelmed, so improved risk prediction is urgently needed not only for better

individual case management but also improved utilization of resources

1.5 Risk factors for severe disease

There are a number of risk factors that have been linked to more severe clinical phenotypes,

including viral factors (certain serotypes and genotypes of the infecting virus) and host
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determinants. The strongest risk factor that has been repeatedly demonstrated in both
epidemiological and pathogenesis studies is secondary infection with a different serotype to
the initial infection. The mechanism behind this observation is the theory of antibody
dependent enhancement (ADE), whereby heterotypic non-neutralizing antibodies from a
previous dengue infection facilitate viral binding to Fc receptors of monocytes and
macrophages, leading to higher viral loads and more marked inflammatory responses [59].
ADE will be covered in more detail in the pathogenesis section below. ADE also provides an
explanation for the bimodal age distribution of severe disease observed in paediatric dengue
cases. The first peak of severe disease occurs at around 7 months of age in infants born to
dengue immune mothers, when waning maternal antibodies fall below the level required for
virus neutralization but instead enhance viral uptake [60, 61]. In hyperendemic areas a second
peak of severe disease occurs among older children between 8-12 years old and is almost
always associated with secondary antibody responses.

Higher viraemias, that likely reflect a greater dengue-infected cell mass, have also been linked
to severe disease, with early peak viral loads appearing to correlate with subsequent disease
severity [62, 63]. However, the duration of the viraemia does not appear to influence disease
severity; in fact rapid viral clearance, illustrated by a sharp decline in viraemia, has been
demonstrated more commonly in DHF cases and in secondary infections, possibly as a result
of a primed adaptive immune response [63]. Soluble non-structural protein-1 (NS1) levels
generally correlate with viraemia levels, and are usually higher in patients with severe dengue
compared to those with uncomplicated dengue. Higher levels of NS1 within 72 hours of fever
onset predicted patients who developed DHF at defervescence in one study, and it has been
suggested that NS1 may play a key role in the capillary leak pathogenesis [54].

Other factors that have been associated with more severe disease include nutritional status,
with obese children having a higher risk for severe disease than undernourished children [64].
Elderly patients and those with co-morbidities including diabetes and hypertension have also
been found to be at an increased risk of severe dengue [65]. Plasma leakage is more likely to
occur, and to be severe in children, possibly because developing capillaries are more
permeable in younger children [66]. Female sex has also been associated with increased risk
of severe vascular leak; in a large hospital based study in Vietham, females were over
represented in patients with DSS and among fatal cases, despite infection rates between the

sexes being similar [37].
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Genetic studies have identified a number of candidate genes associated with disease
susceptibility. These include several genes encoding HLA molecules; cell receptors (type 1
interferons, vitamin D receptor (VDR), ICAM3 (DCSIGN or CD209)); and blood antigens,
including platelet antigens and ABO [67-72].

Various studies, particularly from Southeast Asia, have demonstrated certain HLA
polymorphisms to be associated with either protection or susceptibility to severe dengue [73,
74]. However very few of these have been replicated in different populations except HLA-
A*24, which was found to be a risk factor for developing severe dengue in Vietnamese [75]
and Malaysian [74] populations. Recently, the HLA-A*01 allele has been identified as a risk
factor for DHF in Brazil [76]. In addition, HLA binding strength is thought to be important, with
immunogenic peptides found to bind significantly more strongly than non-immunogenic
peptides [77]. The association between HLA polymorphisms and dengue severity is likely to
be due to differential T cell responses that are generated in response to specific HLA restricted
DENV epitopes, with the resulting T cell induced immunopathology causing the severe
manifestations [78].

Various other host genetic factors might influence susceptibility to infection, such as
variations in the vitamin D receptor, and Fc gamma receptor Il genes, which conferred some
protection from severe dengue [70]. In addition, ICAM-3 grabbing non-integrin (DC-SIGN1,
encoded by CD209), a major dengue dendritic cell receptor, showed a strong association
between the promoter variant of CD209 (G allele variant of DCSIGN1-336) and protection
against severe disease [67]. A genome-wide association study in Vietnam identified two
distinct loci, MICB and PLCE1, which were associated with severe disease [79]. A further study
confirmed these loci were also associated with less severe forms of dengue, and dengue in
infants [80]. MICB encodes for MHC class | polypeptide-related sequence B; it is hypothesized
that its association with severe dengue reflects altered or dysfunctional NK and/or CD8 T cell
activation early in the disease, allowing for higher viral loads to develop. Mutations in PLCE1

may play a role in the vascular endothelial dysfunction seen in dengue shock syndrome.

1.6 Immunopathogenesis of severe disease

The immune system likely plays a key role due to the following observations. Firstly, severe
dengue usually, but not exclusively, occurs with secondary infection, implying that a primed,

adaptive immune system responsive to one DENV serotype leads to disease enhancement
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during a secondary infection with a different serotype [3, 81, 82]. Secondly, the peak in severe
symptoms occurs at a time when the viral loads are rapidly decreasing, suggesting that
immunopathology may be driven as a consequence of viral control mechanisms [62, 83].
Finally higher peak viral loads and/or soluble NS1 levels in the febrile phase may predispose
to increased disease severity, which manifests later as the virus clears from the blood [62, 83,
84]. Although there have been several recent advances in understanding dengue
pathogenesis, with both adaptive and cell mediated immunopathology likely playing key

roles, the exact mechanisms are yet to be fully defined.
1.6.1 Humoral immune system

Antibody dependent enhancement (ADE) of disease, is the theory whereby preexisting
heterologous antibodies fail to neutralize the current infecting serotype, instead enhancing
viral uptake into Fc-y receptor-bearing cells, particularly monocytes and macrophages. The
resulting increase in viral replication and dengue-infected cell mass has been linked to severe
disease, with viraemias 10-100 times higher in DHF compared to DF cases [63].

The dengue virus Envelope (E) protein has 3 distinct domains, (DI-lll) and is required for cell
fusion and entry [85]. The E protein is a major target for neutralizing antibodies, with the most
potent neutralizing mouse monoclonal antibodies (MAb) binding to epitopes on the DIl
region [86, 87]. These epitopes have therefore been a target for vaccine development [88].
However, human DENV immune sera depleted of EDIII retains its neutralizing activity [89],
and recombinant DENV-2 with altered EDIII epitopes also remain sensitive to neutralization
by immune sera [90]. Further work has demonstrated that neutralizing antibodies only bind
to this complex epitope when expressed on an intact virion and not on the soluble E protein
[91]. In addition, the crystal structure of a mouse MAb that binds to a highly conserved loop
on ED111, was shown to be largely buried in the mature virion, suggesting conformational
changes occur during antibody binding [92]. A recent development is the discovery of a new
class of antibodies directed at a novel epitope, the envelope dimer epitope (EDE), which is
capable of potently neutralizing all four dengue serotypes [93]. Characterization of the
structure of these broadly neutralizing antibodies was performed using X-ray crystallography
and cryo-electron microscopy, and revealed that the antibodies recognized a serotype-

invariant site located at the E-dimer interface [94].

| Page 21



Most neutralizing monoclonal antibodies have the potential to be enhancing at sub-
neutralizing concentrations; however some MAbs have been shown to mediate ADE without
significant neutralizing activity [95]. Antibodies to prM are produced at high levels following
dengue infection, but they are very poor at neutralizing infection, reaching a threshold of
activity below that needed to fully neutralize infection [96]. As discussed previously, during
the process of viral maturation prM is cleaved, so anti-prM antibodies may fail to neutralize
many viral particles because the antibody binding threshold required for neutralization will
not be met. The cleavage of prM during viral maturation is however frequently incomplete,
meaning that while many virions contain enough prM to drive ADE, it is insufficient to
promote neutralization. Moreover, immature viruses which are usually non-infectious have a

high density of uncleaved prM and therefore can become infectious to cells via ADE [17, 96].
1.6.2 Cell mediated immune responses

In addition to ADE, cross-reactive memory T cells also appear to play an important role in
triggering the inflammatory cascade in secondary infections [97]. Predominant expansion of
T cells with low avidity for the current infecting viral serotype and high avidity for a presumed
previous serotype, may be less effective at clearing the infection, resulting in a higher viremia.
The phenomena is known as ‘original antigenic sin’ [98]. The T cell response was
demonstrated to be most marked to NS3 protein, with high cytokine and low CD107a (a
marker of cell degranulation) predominating [99]. This suggests that in severe secondary
dengue infections the low cytotoxic potential of the T cells fails to obtain early viral control.
Instead high cytokine producing cells dominate, with excessive pro-inflammatory cytokines
(particularly TNF &) causing the severe clinical phenotype of tissue damage and plasma
leakage [100-102].

More recently a study investigating human CD8 T cells, showed substantial cross-reactivity
after naturally acquired infection, with the particular sequence of infecting serotypes
affecting the outcome of the secondary immune response [103]. Research on the exact role
of CD8 T cells in the pathogenesis of severe disease is an evolving field, with some studies
suggesting a pathogenic role with higher frequencies of cross-reactive CD8+ T cells being
found in severe disease during secondary infections, with other studies suggesting an HLA-

linked protective role of CD8 cells [104].
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The mechanisms linking these immunopathogenesis theories directly to vascular injury are
still lacking, but possible mechanisms of the dengue-associated vasculopathy will be discussed
below. Other immunological parameters that may play a role in the immunopathogenesis of
severe dengue include increased plasmablast frequency, with high levels correlating with the
critical phase [105], mast cell activation and release of mast cell-derived mediators [106], and
antibody-immune complexes [107]. Mast cells release chemokines that recruit T cells, natural
killer (NK) cells and NKT cells to control the infection. The release of mast cell mediators such
as chymases and proteases may also contribute to vascular leakage. The level of chymases

correlates positively with disease severity [106].
1.6.3 Complement activation and NS1

NS1 has been implicated in the pathogenesis of vascular leak. High levels of the soluble NS1
have been identified in patients’ plasma, from early in the disease and for up to 2 weeks later.
Like the viral load, NS1 antigenaemia appears to correlate with disease severity. This may
occur by NS1-mediated complement activation through the generation of the anaphylatoxins
C3a and C5a and the terminal complement complex C5b—C9. High C5b—C9 levels in plasma
and pleural fluid have been demonstrated in patients with dengue shock, and patients who
were high producers of C5b—C9 had more signs of plasma leakage [83]. In addition, NS1 bound
to endothelial cells can be targeted by cross-reactive NS1 antibodies leading to complement-
mediated cytolysis and endothelial cell damage [108]. Recent in vitro studies have
demonstrated that NS1 can alter endothelial monolayer integrity through the activation of
Toll-like receptor 4 on peripheral blood mononuclear cells [109]. Furthermore, altered
endothelial permeability was prevented in mice by blocking NS1 through vaccination and
monoclonal antibodies to NS1 [110]. NS1 may also play an immunomodulating role, by
binding to and reducing the functional capacity of C4, thereby altering the classical and lectin

complement pathways with dengue virus [111].

1.7 Vascular leakage associated with dengue

The critical determinant of disease severity in the majority of patients with dengue is
hypovolaemia secondary to increased systemic vascular permeability and plasma leakage.
Significant leakage predominantly affects children and young adults, although all ages can be

affected. The critical phase is the time when major plasma leakage can occur and result in
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hypovolaemia and shock, however lesser degrees of plasma leakage are hard to identify
clinically, and general evidence regarding the onset, evolution, and duration of the leakage
process is incomplete. Direct evidence for increased vascular permeability has been obtained
using strain gauge plethysmography, a noninvasive technique to assess filtration capacity (Kf),
a general measure of microvascular permeability. A study in Vietnamese children with and
without shock, showed increased Kf in both groups compared with healthy control individuals
[112]. No significant difference was found between the groups with and without shock, but
the number of patients studied was small, and the DSS patients were studied after initial
volume resuscitation, rather than at the start of shock. These results also suggest there may
be variation in an individual’s ability to compensate for the intravascular volume loss through
up-regulation of homeostatic mechanisms, which would influence whether they will develop
shock. Strain gauge plethysmography has also shown that healthy children have higher Kf
than healthy adults, possibly owing to the higher number of developing capillaries in children,
which are more vulnerable to plasma leakage than mature capillaries [66]. This could provide
a plausible explanation to why children are more susceptible to DSS than adults.

Evidence from studies that performed serial ultrasounds starting early in the disease course
suggests the increase in capillary permeability commences in the febrile phase, with fluid
accumulation, in the form of small pleural effusions detectable as early as day 2—-3 of fever
[113]. Dengue patients experiencing significant capillary leakage leading to shock usually have
secondary infections; however there are reports of primary cases with dengue shock. In fact
in one study of volunteers with artificially induced primary dengue infection, more than half
of the volunteers had ultrasonographic evidence of subclinical fluid accumulation. Ultrasound
assessment of travelers with dengue showed further evidence of capillary leakage in a similar
proportion of patients with primary infections and those with secondary infections (32% and
40%, respectively). Various other ultrasound studies have confirmed that fluid accumulation,
evidenced by pleural effusions, ascites, and gallbladder wall oedema, are commonly present
during the critical phase of dengue and correlate with disease severity [114].

Thus the spectrum of dengue associated plasma leakage appears to be broad, present both
in mild and severe disease, in primary as well as secondary infections, and may commence
earlier than previously thought. Slow and persistent leakage occurring over several days
allows time for up-regulation of compensatory mechanisms to take place [115, 116], unlike

the leak associated with bacterial septic shock (particularly meningococcal disease), which is
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rapid and can lead to cardiovascular collapse within hours. This could explain one of the
clinical features that is often observed in patients with DSS; narrowing of the pulse pressure.
This occurs when the systolic blood pressure is maintained at a normal level while the diastolic
pressure rises to meet it. Once the pulse pressure narrows to <20mmHg, along with signs of
altered peripheral perfusion, the patient is considered to have compensated shock. This
phenomenon is a characteristic feature of DSS and tends not to be seen in other conditions
where hypovolaemic shock develops over a short period of time. Increased diastolic pressure
is likely to occur secondary to a high systemic vascular resistance, and shutting down of
peripheral vascular networks, to preserve perfusion to critical organs in the face of gradually
worsening hypovolaemia [117].

Currently, clinical identification of vascular leakage is challenging until or unless shock
develops. Apart from haemodynamic assessment with a focus on the pulse pressure, the most
common method of monitoring leakage relies on identification of relative
haemoconcentration, by tracking changes in serial haematocrit measurements. A rise of more
than 20% from baseline is considered evidence of significant leakage [118]. Unfortunately,
this method is insensitive, particularly if the patient is receiving parenteral fluid therapy and
if the baseline haematocrit value for an individual is not known. In addition, both pulse
pressure changes and haemoconcentration are late features of plasma leak. Other more

sensitive methods to assess intravascular volume depletion are urgently needed.

1.8 Mechanisms underlying the vascular leakage

The mechanisms underlying the characteristic dengue-associated vasculopathy are likely to
be multifactorial, including a variety of host and viral determinants [5]. Endothelial derived
molecules regulate vasomotor tone, cell adhesion, coagulation, inflammation, and
permeability. Endothelial cell activation and dysfunction are likely to be involved through
various mechanisms that will be discussed below [119]. In addition, the endothelial glycocalyx
layer, which lines the luminal surface of microvessels and provides vital barrier functions to
capillaries, is thought to be involved through viral binding to this layer. The exact mechanisms
associated with the increased capillary permeability however, are not fully understood. Lack
of an appropriate animal model, and the difficulty in studying human endothelial cells in vivo,

has hampered research efforts in this area.
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1.8.1 Endothelial cell activation

Histological studies have demonstrated only minor non-specific changes of the
microvasculature, with no evidence of major disruption of the endothelial cell layer.
Morphologically, endothelial cells appear grossly normal, with electron microscopy (EM) of
capillaries from skin biopsies showing preservation of intercellular junctions and some
evidence of single endothelial cell swelling [120]. Endothelial cells can be infected with DENV
in vitro, but infection and viral replication have not been demonstrated in vivo [121].
Endothelial activation has been demonstrated in vitro, through increased expression of
endothelial cell surface adhesion molecules. In vivo studies have further shown increased
plasma levels of a number of endothelial activation markers, including intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1), and E-selectin, which
correlated with disease severity [122, 123]. Sera from patients with dengue has been shown
to induce endothelial cell activation in vitro, and this effect can be inhibited by anti-TNF
monoclonal antibodies [122]. However, the timing of peak TNF levels does not coincide with
the peak of the microvascular leakage, plus TNF @ is increased in many other infections
without leakage, so this alone cannot explain this phenomenon.

The vasoactive cytokine vascular endothelial growth factor (VEGF) and its soluble receptors
might also have a role in increasing vascular permeability. High levels of VEGF were found to
correlate with disease severity in one study [124], while elevated levels of free, but not total,
VEGF-A correlated with plasma leakage in another study [125]. These results are not
consistent however, with other studies not supporting these findings [126].

A further study found sVCAM-1, sICAM-1 and E-selectin levels were elevated in dengue
patients compared to those with other febrile illness (OFI) one day prior to defervescence,
but no difference between the dengue severity grades was detected [127]. In the same study,
soluble thrombomodulin (an endothelial transmembrane glycoprotein, a marker of
endothelial cell injury in its soluble form) was increased 2-3 days before defervescence and
correlated well with disease severity.

Another endothelial biomarker that may be involved in the pathogenesis of leak is
angiopoietin-2 (Ang-2). Ang-2 is secreted from endothelial cells upon stimulation by
inflammatory stimuli and directly antagonizes angiopoietin-1 (Ang-1), which promotes

microvascular barrier function. Ang-2 is raised in patients with septic shock and acute lung
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injury, and correlates with disease severity [128, 129]. Although septic and dengue shock
syndromes are distinct clinical entities, they may share some of the same underlying
mechanisms of microvascular endothelial disruption leading to the transient vascular leakage
that occurs in both conditions [130]. One study in dengue has shown an imbalance in Ang-1
and 2 levels in DHF patients, with reduced levels of Ang-1 and increased levels of Ang-2 at
hospital admission when compared to discharge and healthy controls, which correlated with
plasma leakage and disease severity [131]. Further studies are needed to validate these
findings in a larger cohort of dengue patients.

Von Willebrandfactor (VWF) is a haemostatic cofactor that is largely produced in endothelial
cells and is responsible for platelet adhesion at sites of endothelial injury. vWF forms large
circulating multimers, which are regulated by the specific plasma metalloprotease,
ADAMTS13 through proteolysis. Endothelial cell injury or activation leads to rapid rises in both
stored and secreted forms of vVWF. Studies in dengue patients have shown elevated levels of
vWE, with reduction in ADAMTS13 [132]. In addition, high free circulating levels of vVWF were
found in severe dengue, with a good correlation between VWF propeptide and
thrombocytopaenia plus other markers of clinical severity [132, 133]. The high levels of vVWF
propeptide early in the febrile phase in this study may represent early vascular endothelial
activation, which provides important information regarding the onset of the endothelial
damage.

Disturbances of these endothelial derived markers provide evidence not only that the
endothelial cell layer is activated in dengue, but that it may also play a key role in the
pathogenesis of the plasma leak. Endothelial derived markers warrant further investigation

as potential biomarkers.
1.8.2 Endothelial glycocalyx alterations

In addition to the potential effects of dengue on endothelial cells, the importance of the
endothelial surface glycocalyx layer in the pathogenesis of the vascular leakage is becoming
increasingly apparent. The glycocalyx layer consists of a negatively charged network of
glycoproteins, proteoglycans, and glycosaminoglycans (GAGs) which lines the luminal surface
of the microvascular endothelium. Recent research has highlighted the importance of this
layer in governing the movement of water and other molecules through the capillary walls,

according to the size, charge, and shape of these molecules [134]. In addition to acting as the
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primary barrier in the microcirculation, the glycocalyx layer has many other functions
including acting as a transducer of sheer stress, regulating leucocyte and platelet adhesion,
and modulating complement and clotting activation [135]. The major GAG in the vascular
endothelial glycocalyx is heparan sulfate (HS), which comprises >50% of the total. The
proteoglycan core proteins that bind HS include transmembrane syndecans (SDC), which in
the vascular endothelium include SDC 1, 2 and 4, and also the membrane bound glypican-1,
(GPC1). SDC1, in addition to extracellular HS binding sites which are remote to the
transmembrane attachment point, contains chondroitin sulfate (CS) linkage sites more
proximal to the membrane [136]. The intracellular portion of SDC1 is associated with the
endothelial cytoskeleton and has been found to be critical in flow induced endothelial
elongation, alignment and cytoskeleton reorganization [137]. One of the key functions of the
glycocalyx layer, in particular HS, is mechano-sensing and transduction of sheer stress induced
nitric oxide (NO) release [138].

The endothelial glycocalyx is not a static layer, with constant repopulation and degradation
occurring, in equilibrium with flowing macromolecules. This layer is very fragile with many
factors causing excess degradation, including certain inflammatory mediators such as TNF,
MMPs, and LPS. Other factors, such as hyperglycaemia and low flow states have been shown
to cause significant loss of glycocalyx depth [139]. The functional implications of microvessels
with a degraded glycocalyx are numerous, including impaired mechanotransduction of fluid
sheer stress and loss of NO vascular tone, adhesion of platelets and leukocytes to the capillary
endothelial surface, and leakage of plasma proteins along with fluid from the intravascular
compartment [140-143]. Taken together, loss of the vascular glycocalyx results in impaired
regulation of blood flow to tissues (through loss of NO signaling), activation of the coagulation
and inflammatory pathways, plasma and protein extravasation into tissues and altered organ
perfusion. The events that trigger the initial loss of the endothelial glycocalyx in some of the
chronic conditions studied, like cardiovascular disease, are still being investigated. In dengue
infection however, it is known that both NS1 antigen and DENV E protein can bind to HS in
the glycocalyx layer [144, 145]. The consequences of this binding is thought to trigger
widespread release of HS into the circulation, which is hypothesized to be a key mechanism
underlying the coagulopathy and the increased vascular permeability, characteristic of severe
dengue. Preliminary evidence suggests that circulating plasma HS levels are raised during the

early febrile phase of dengue, and urinary excretion of HS was also found to be increased in
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children with DSS [57]. Direct evidence of glycocalyx damage however remains challenging as
visualization of the glycocalyx layer is currently not possible using conventional microscopy
techniques. Further studies assessing the extent and potential consequences of the glycocalyx

degradation and disease severity in dengue are needed.

1.9 Clinical assessment of endothelial and microvascular function
1.9.1 Miicrocirculatory function

The microcirculation is fundamental for tissue gas and nutrient exchange. It is comprised of
vessels smaller than 100 microns, consisting of arterioles, capillaries and venules, and is
responsible for the fine tuning of tissue perfusion and adapting to metabolic and oxygen
demand. The majority of the microvascular functions are mediated by endothelial cells lining
the luminal surface of all vessels.

Until recently, in vivo microcirculatory studies have been difficult. However with the
development of non-invasive devices, particularly orthogonal polarization spectral (OPS)
followed by side-stream dark field imaging (SDF), direct visualization of the microcirculation
at the bedside is now possible [146]. SDF imaging is a form of videomicroscopy that uses green
light-emitting diode (LED) illumination, at a wavelength (550nm) that is absorbed by
haemaglobin in red blood cells (RBCs). This leads to a moving image where RBCs are seen as
dark cells against a white/grey background. The capillaries themselves are not visualized but
through the flow of RBCs, the vessel density, blood flow and perfusion of the microcirculation
can be calculated.

Microcirculatory vascular dysfunction is thought to play a major role in the pathophysiology
of multi-organ failure and mortality in severe infections [147]. Several recent studies have
demonstrated that alterations in microcirculation are strong predictors of outcome in severe
sepsis independent of global haemodynamics and arterial pressure [148]. It has been
hypothesized that during the earliest phase of incipient septic shock, markers of impaired
microcirculatory flow can detect tissue hypoperfusion prior to the onset of overt
cardiovascular collapse [149]. These alterations occur early in the course of the disease, and
their persistence is associated with worse outcomes [149, 150]. Sepsis-associated multi-organ
failure occurring during the early phase is thought to be mediated by lack of adequate tissue

perfusion, whereas in later-phases it is more related to mitochondrial failure and cell death
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[151]. This is supported by studies that have shown haemodynamic optimization with IV fluids
to be beneficial in the early stages of septic shock but not in later phases [152].

Clinical microvascular assessment could therefore provide an early marker of plasma leak and
disease progression in dengue. Visualization of the microcirculation using SDF imaging in
dengue has only been described for 2 patients, both with dengue shock syndrome (DSS), and
showed severe microcirculatory abnormalities with reduced flow and perfusion [153].
However the evolution of microcirculatory alterations over the disease course and
associations with clinical outcome and endothelial activation markers has not been evaluated.
We have previously shown that both macro-vascular and myocardial dysfunction occur in
different dengue severity grades [154], but how these changes correlate with alterations to

the microcirculation remains unknown.
1.9.2 Clinical endothelial function assessment

In recent years, improved understanding of endothelial function and vascular biology has led
to clinical application of endothelial function tests in various fields of cardiovascular medicine
and diabetes, as well as in infectious diseases. Available techniques include venous
plethysmography, assessment of flow-mediated dilatation of the brachial artery, and
peripheral artery tonometry (PAT). The latter two techniques evaluate endothelial function
through monitoring the reactive hyperaemic response following occlusion of a proximal
artery [155]. In PAT, changes in amplitude of the digital pulse volume are postulated to reflect
NO bioavailability; the increase in blood flow following an occlusion test is thought to
stimulate production and release of endothelial-derived NO causing vasodilation. The test is
easy to apply, requires less staff training and has better inter-user variability than ultrasound
techniques to assess brachial artery dilatation, and has shown good reproducibility [156, 157].
The peripheral endothelial dysfunction demonstrated in this way appears to represent
generalized systemic endothelial dysfunction, as it correlates well with coronary endothelial
tests [158].

The endothelial cell layer occupies a strategic position lining the luminal surface of blood
vessels; by virtue of their location these cells are able to respond promptly to haemodynamic
pressure changes and blood-borne signals by releasing vasoconstricting and relaxing
substances [159]. NO, the key endothelial-derived relaxing factor, plays a pivotal role in

maintaining vascular homeostasis. When this balance is disrupted the vasculature is
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predisposed to vasoconstriction, platelet activation, leukocyte adherence, impaired
coagulation and vascular inflammation. NO maintains the vascular homeostasis by opposing
potent vasoconstricting substances like endothelin 1 and Ang-2, and inhibits platelet and
leukocyte activation and adhesion. NO is synthesized from L-arginine, by the enzyme nitric
oxide synthase (eNOS) in the presence of certain co-factors, namely tetrahydrobiopterin
[160]. Sheer stress is a key activator of eNOS as well as other signaling molecules including
bradykinin, vascular endothelial growth factor (VEGF) in response to hypoxia, and serotonin
in response to platelet aggregation [161]. This control of vasomotion acts to respond to organ
perfusion and adaptation to cardiac output. Endothelial dysfunction and reduced NO
bioavailability results in loss of microvascular tone and inability to respond tissue metabolic
demand and perfusion deficits.

Using clinical endothelial function tests, longitudinal studies have demonstrated that altered
endothelial responses can be identified several years prior to the occurrence of adverse
cardiovascular events [162, 163]. In addition to chronic diseases, endothelium-dependent
microvascular reactivity was shown to be impaired in acute sepsis in proportion to overall
disease severity, and the degree of impairment at baseline predicted subsequent
deterioration in organ function [164].

Studies in falciparum malaria have demonstrated endothelial dysfunction and decreased
nitric oxide bioavailability with more marked changes in severe compared to mild malaria,
with this work having led to therapeutic intervention trials with L-arginine [165, 166]. In
addition to severe infection associated endothelial dysfunction, a study involving 600 children
(median age 10 years) showed that even mild viral childhood infections can alter flow
mediated dilation and endothelial NO bioavailability [167]. The potential mechanisms for this
endothelial dysfunction that occurs across many infections may be a direct consequence of
the infecting agent on the endothelium, or from an indirect effect of the associated
inflammatory response (for example TNF &, has been shown to suppress eNOS and NO
production) [168].

To date, only one study has been conducted assessing clinical endothelial function in dengue,
in Singaporean adults. Contrary to what the authors hypothesized, a high reactive hyperaemic
index was associated with disease severity [169]. This study was performed in adults and
recruited patients late in the disease course, so the effect of DENV on early endothelial

function, and in children with severe dengue, remains unknown.
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1.10 Knowledge gaps and areas of interest

Severe dengue is characterized by a transient capillary leakage that can lead to intravascular
volume depletion and shock. Several epidemiological and pathogenesis studies have
identified certain risk factors for progression to severe disease, and suggest endothelial
dysfunction may underlie the capillary permeability, however many gaps in our knowledge
remain.

Firstly, regarding the microcirculation in dengue patients, microcirculatory assessment has
only been reported in 2 cases of dengue shock, which demonstrated marked flow and
perfusion abnormalities [153]. However, microcirculatory alterations in other dengue severity
grades, their evolution over time and association with clinical outcomes are unknown. There
are also many questions remaining regarding the underlying mechanisms of the vascular leak
in dengue, including, what pathways of endothelial activation are involved, and is damage to
the endothelial glycocalyx layer involved in the increased capillary permeability seen in
dengue. Specifically, is the glycocalyx depth reduced in dengue patients and is shedding of
the glycocalyx associated with clinical plasma leak outcomes?

There are also gaps in our knowledge in clinical endothelial function in dengue patients, as
apart from a small study in Singapore assessing adult dengue late in the disease course [169],
clinical endothelial function, which is a surrogate for nitric oxide availability, in early and
severe dengue remains to be explored. There is also a lack of evidence regarding the nitric
oxide-L-arginine pathway in dengue, and what role other methylarginines and the enzyme
arginase play in the endothelial dysfunction that is suggested to occur.

Finally, we and other groups have shown that myocardial depression occurs in dengue, worse
in severe disease [154, 170]. However these studies included severe dengue patients late in
the disease course, once they were stabilized and safe to be transferred to an ultrasound
department. Cardiac assessment of severe dengue patients at admission to ICU using portable
echocardiograms to define the role of myocardial impairment in dengue shock syndrome and

the association cardiac dysfunction with clinical outcomes has not been evaluated.

1.11 Hypotheses and outline of proposed work

We set out to investigate microcirculatory changes, endothelial function and cardiac

assessment over the disease course in dengue patients in Vietham. We conducted a
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prospective observational study of ~350 patients; which is described in chapter 2. This
chapter includes the study protocol, including the schedule of vascular and laboratory tests
used at each site. Further detail on the methodology is included in the relevant chapter.

In chapter 3 we test our first hypothesis; which is, microcirculatory function including
perfusion and flow as assessed by videomicroscopy is associated with disease severity in
dengue and precedes clinical manifestations of severity. We also hypothesized that
endothelial biomarkers including angiopoietin 1 and 2, VCAM-1 and VEGF are associated with
the microcirculatory disturbances. Our third hypothesis in chapter 3 is that glycocalyx depth
as assessed by videomicroscopy is reduced in dengue patients compared to other febrile
illness, decreases with plasma leakage severity and correlates to markers of glycocalyx
shedding including syndecan-1 and endocan.

In chapter 4, we test the hypothesis that endothelial dysfunction occurs early in dengue
patients and is associated with clinical outcomes of disease severity. We hypothesize that
nitric oxide bioavailability will be low due to low plasma arginine and high arginase and a high
asymmetric dimethylarginine (ADMA). Chapter 4 outlines this work by describing clinical
endothelial function using peripheral artery tonometry, which is a surrogate marker of nitric
oxide bioavailability. Plus the association of plasma levels of L-arginine, ADMA and arginase
in different dengue severity grades.

Next, in chapter 5 we tested the hypothesis that dengue patients admitted to ICU with
evidence of cardiac dysfunction are more likely to develop recurrent shock and also to
experience iatrogenic fluid overload and respiratory distress. Chapter 5 reports the
association of echocardiogram derived haemodynamic parameters and cardiac function with
clinical outcomes of recurrent shock and respiratory distress in severe dengue patients. In
addition we assess the prognostic potential of admission venous lactate levels.

In the final chapter, we discuss the results of the investigations taken together and provide a
possible unifying mechanism for the pathophysiology of progression to severe dengue,
concluding with a discussion of potential therapeutic targets based on the proposed pathways

and suggestions for future work.
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2 CHAPTER 2 — Methods

In this chapter | describe the overall structure of the clinical study protocols, including study
design, patient recruitment and data collection, and give an overview of the vascular tests
and laboratory parameters assessed. Further detailed methodology on the particular vascular

tests will be included in the relevant data chapter.

2.1 Clinical study protocols

| designed and supervised a series of prospective observational studies, aiming to recruit 350
patients with suspected dengue between July 2013 and July 2015 at the National Hospital for
Tropical diseases (NHTD) in Hanoi, and the Hospital for Tropical Diseases (HTD) in Ho Chi Minh
City.

2.1.1 Main Study design

Adults and children above 3 years of age with a clinical diagnosis of possible dengue were
eligible for enrolment into either of two study arms. In the outpatient arm, potential
participants presenting with 72 hours of fever onset could be enrolled if no specific alternative
cause for the fever could be identified. For the inpatient arm, any patient admitted to the
inpatient wards at NHTD or Intensive Care Unit (ICU) at HTD with either dengue with warning
signs or severe dengue was eligible. For the outpatient arm, we wanted to recruit patients
early and follow their progression, and enrolling patients with a clinical diagnosis of dengue-
like illness, allowed us to have a comparison group of ‘other febrile illnesses’ (OFI). As only a
small proportion of patients recruited to the outpatient arm were expected to progress to
severe disease, the inpatient arm was included to recruit more severe dengue patients, which
allowed us to comprehensively define vascular changes in the full spectrum of dengue disease

grades.
2.1.2 Study Sites

e National Hospital for Tropical Diseases (NHTD), Hanoi, Vietnam

e Hospital for Tropical Diseases (HTD), Ho Chi Minh City, Vietnam
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2.1.3 Ethical consideration

Ethical Committee approval was obtained from the Oxford Tropical Research Ethics
Committee in the UK, and Ethics review committee at the National Hospital for Tropical

Diseases, Hanoi, Vietnam and the Hospital for Tropical Diseases, Ho Chi Minh City, Vietnam.

2.2 Outpatient based Study

Patients were co-enrolled in a multi-centre study on clinical evaluation of dengue and

identification of risk factors for severe disease (IDAMS study, NCT01550016).
2.2.1 Inclusion criteria

Any patient presenting to the outpatient clinics at HTD or NHTD was eligible for enrolment if

they met the following criteria:

e Fever or history of fever for < 72 hours

e Clinical symptoms consistent with possible dengue — i.e. suspected dengue and/or
undifferentiated fever.

e Age >5years

e Written informed consent

e Equipment for the vascular studies were available at the time of enrolment
2.2.2 Exclusion criteria

e Localizing features suggesting an alternative diagnosis, eg pneumonia, otitis etc.

e Nosigns of severe disease - i.e. considered suitable for outpatient management at the time
of enrolment

e The physician judged that the patient was unlikely to attend daily follow up - eg due to

travelling distance from the clinic.
2.2.3 Subject recruitment and Informed Consent

A triage system was put in place to direct eligible subjects to a selected outpatient room for
consideration for enrolment by the study staff. The study nurse was available in the room
during normal working hours to assist the regular clinic staff in patient enrolment and
collection of data. Study staff described the details of the clinical evaluation study, including
the purpose of the study, the study procedures, possible risks/benefits, the rights and

responsibilities of participants, and alternatives to enrolment. Patients, who were eligible for
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enrolment to the study had the protocol explained to them. If the patient agreed to
participate, they were asked to sign the informed consent form, of which a copy was given to
them to keep. If patients were too young and therefore unable to make decisions, the parent
or guardian was asked for their consent. After explanation of the study, the patient/guardian
was invited to ask questions which were answered by study staff, and they were provided
with appropriate telephone numbers to contact if they had any questions subsequently. If
the patient was indecisive about enrolment, they were given as much time as necessary to
consider the study up until they became ineligible for the study, namely being 72 hours of
iliness having passed at which point the patient would be no longer eligible for the study.

Children aged 12-17 years were also asked to give verbal assent to this study after discussing
the study with study staff and having their questions answered. In addition to the procedures
above, illiterate signatories had the Informed Consent Form read to them in the presence of
a witness who signed to confirm this. Adults without the mental competency to understand
the ICF could have been consented by a parent/guardian following the procedures described
above for children. All patient information sheets and Consent forms were written in

Vietnamese and used terms that were easily understandable to the local population.
2.2.4 Data collection instrument

A structured clinical questionnaire was completed daily for all patients enrolled in the study. This
case report form (CRF) included detailed clinical signs and symptoms and haemodynamic
parameters, as well as all standard laboratory results. An additional CRF for the vascular tests
were filled out by the study staff member performing these tests. The CRF was supported by a
series of standard operating procedures for the study staff, describing in detail all study

procedures including the vascular assessments and methods for documentation.
2.2.5 Clinical evaluation

Patients were reviewed daily in the OPD until fully recovered and afebrile for at least 48 hours,
or for up to 6 days from enrolment. Standardized clinical information was recorded. Any patient
that required hospital admission continued to be followed daily, with the indication(s) for
admission clearly documented, and all management interventions recorded together with the
physician’s rationale for these interventions. Patients were followed up 10-14 days after the

acute illness.
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The vascular tests used will be explained in more detail later. Microcirculatory assessment
(Sidestream dark field imaging (SDF)) was performed at enrolment, 24 hours later, at final acute
visit/hospital discharge and 14 days follow-up. Due to availability of the device, SDF was only
performed at the NHTD site. EndoPAT was performed at both sites at enrolment, final acute
visit/ hospital discharge and 14 days follow-up (see schedule in Table 3). Cardiac imaging was
carried out with a portable echocardiogram performed at the same time points as the EndoPAT
test.

A full blood count was performed daily for up to 6 days, and a biochemistry screen was also
performed at enrolment and according to clinical need. Additional volumes of blood depending

on age were taken for research investigations as detailed below (table 2-1).

2.3 Inpatient based study
2.3.1 Inclusion Criteria

Any patient admitted to either the inpatient wards at the National Hospital for Tropical
diseases (NHTD) in Hanoi or the paediatric / adult ICU at HTD in Ho Chi Minh City were eligible
for this arm of the study if they met the following criteria:

e Clinically suspected dengue with any warning signs or of severe dengue (P43-44)

e Age >3 years

e Written informed consent

e Staff and equipment available for the vascular studies
2.3.2 Exclusion criteria

e Localizing features suggesting an alternative diagnosis, eg pneumonia

e Patient lived too far to return for follow-up
2.3.3 Subject recruitment and informed consent

Patients admitted to either the inpatient ward at NHTD or the ICUs at HTD with suspected
severe dengue or dengue with warning signs were identified by the medical staff in that
department, who notified a member of the study staff. Study staff on the ward described the
purpose of the study, including the procedures, possible risks/benefits, the rights and
responsibilities of participants, and alternatives to enrolment. If the patient was not able to

make decisions and sign the informed consent form, the study was discussed with their
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guardian/parent who was asked to consent on their behalf. If the patient or parent/guardian
was indecisive about enrolment, they were given 12 hours after admission to decide - as
dengue is such a rapidly evolving disease, we aimed to recruit patients as early as possible
after admission to hospital. If an adult patient was in a condition that prevented them from
making informed decisions and therefore was unable to complete the consent form, a proxy
decision maker such as a relative or legal representative was asked to complete it. If the
consent form was completed by a proxy decision maker, we asked them to decide in the
patient’s best interests about this study according to their knowledge of the patient’s
previously stated beliefs and wishes. When the patient’s condition improved, the study staff
explained the study to the patient and if they agreed to continue participation in the study,

they were asked to counter-sign the consent form.
2.3.4 Data collection instrument

A structured clinical questionnaire was completed daily for all patients enrolled in this arm of
the study, adapted from the outpatient CRF, to include some extra haemodynamic and
vascular parameters. In addition, detailed information on fluid administration was

documented, including type of fluid, volume given and timing of the infusion.
2.3.5 Clinical evaluation

Patients were reviewed daily on the ward until discharge or for up to 5 days. Standardized clinical
information was recorded daily in the CRF, with the clinical examination carried out by the same
member of the study staff daily. As the patients were discharged from hospital, they were asked
to attend follow-up, 14 days from the start of their iliness

Cardiac imaging was carried out at the bedside, with an echocardiogram performed daily for the
ICU patients at HTD, or, for the inpatients at NHTD, at enrolment, hospital discharge and follow-
up visit. Microcirculatory assessment (SDF) was performed at admission, 24 hours later, at
hospital discharge and at the 14 days follow-up at NHTD. EndoPAT was performed at both sites
at hospital admission, discharge and at the 14 days follow-up (see schedule in Table 2-3). All
management interventions were recorded, including the amount and type of IV fluids
administered. In the ICU at HTD, more detailed information regarding timing of IV fluids were
collected using a specially designed 24 hour nursing observation chart.

Afull blood count was performed daily for up to 5 days, plus at any other time deemed necessary

by the attending physician. A biochemistry screen was also performed at enrolment and
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according to clinical need. Additional volumes of blood depending on age were taken for
research investigations as detailed below (table 2-2). At the follow-up visit, patients had a final

blood test for full blood count, convalescent serology and a final research blood sample.

2.4 Laboratory evaluation

Haematology and biochemistry were performed by the routine hospital laboratories. Research
blood samples were processed at the OUCRU laboratories at the relevant hospital, and stored

at -20 degrees within 2 hours of collection.
2.4.1 Dengue diagnostics

An NS1 test (Platelia ELISA, Bio-Rad) and commercial IgM and IgG serology assays (capture
ELISA, Panbio Australia) were used to confirm the diagnosis on batched acute and
convalescent plasma. In addition RT-PCR was performed on the enrolment sample to identify

the viral serotype and measure the viraemia level [171].
2.4.2 Case definition

Patients were defined as having laboratory confirmed dengue if the RT-PCR, NS1 or IgM assays
were positive at enrolment, or if there was IgM seroconversion between paired specimens. A
diagnosis of OFI was assigned to participants with no laboratory evidence of acute or recent
dengue —i.e. if they were negative for RT-PCR, NS1, and IgM/IgG on paired serology. Patients
in whom dengue NS1, RT-PCR and IgM/IgG were negative at enrolment, but for whom the

convalescent plasma was not available were considered unclassifiable.

Primary infections were defined as patients with either IgM assay positive at enrolment or
IgM seroconversion with negative IgG on paired samples. Secondary infection was defined as

IgM and IgG positive at enrolment or IgM and IgG seroconversion on paired specimens.
2.4.3 Research assays

Due to the rapidly changing nature of the biochemical manifestations in dengue, research blood
samples for inpatients were collected on alternate days until discharge, or for a maximum of 5
days. For the outpatient arm, a research blood was collected at enrolment, final acute visit and
follow-up. Blood volumes for clinical and research samples varied depending on the age of the

subject and if they were enrolled in the outpatient or inpatient arms (see Table 2-1 and 2-2).
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We assessed soluble markers of endothelial function, glycocalyx shedding and other

inflammatory mediators, which will be discussed further in their respective chapters. The assays

were performed at the OUCRU laboratories in Ho Chi Minh City.

1

Endothelial activation markers: The plasma concentrations of ICAM-1, VCAM-1, E selectin,
Angiopoietin-1 and -2 were measured using a magnetic bead-based assay on a Luminex
200 analyzer performed according to the manufacturer’s specifications (R&D Systems,
Abingdon, UK).

Inflammatory cytokines: IL6, TNFa, IFNg, IL10 and were measured using the same assay
as 1).

Glycocalyx components: Plasma levels of syndecan-1 and endocan were measured.
Specific sandwich ELISAs were used to measure syndecan-1 (Diaclone, Besancon, France)
and Endocan (Lunginnov, Lille, France) according to the manufacturer’s instructions.
Arginase-1: was measured using a sandwich ELISA (Hycult Biotech, Uden, Netherlands).
L-arginine and ADMA: were measured using a competitive ELISA (DLD Diagnostika, Hamburg,

Germany)

Table 2-1: Blood sampling schedule for patients enrolled in the outpatient arm

Purpose of Assays Enrolment Daily forup to  Final acute visit Follow-up,

sample performed (day 1) 6 days Day 10-14
NS1, Dengue
IgM/G, 3mls EDTA for

Research DENV PCR children,
Serological 5mls EDTA for 2 mis EDTA 2 mis EDTA
studies adults

Haematology Full blood 1ml EDTA 1 ml EDTA 1 ml EDTA 1 mlEDTA
count
AST, ALT, 2mls Lithium

. . Albumin, 2mls Lithium Heparin

Biochemistry . .

creatinine, Heparin

Creatine kinase

| Page 40



Table 2-2: Blood sampling schedule for patients enrolled in the inpatient arm

Dail til
Purpose of Enrolment .al y unti Alternate days  Follow-up, Day
Assays performed discharge or -
sample (day 1) until discharge  10-14
max 5 days
Research* Dengue IgM/G, 6 mls (adults) 5mls 5mls
DENV PCR, 4mls (5-14 yrs). 3mls (5-14yrs) 3mls (5-14yrs)
Serology studies 3 mls (3-5 yrs) 2mls (3-5yrs) 2ml (3-5 yrs)
Haematology Full blood count 2 ml sEDTA 2 mis EDTA 2 ml EDTA
1.5 mls (3-14 1.5mls (3-14 1.5 mls (3-14
years) years) years)

Biochemistry AST,ALT, albumin,  2mls Lithium
creatinine, Heparin
creatine kinase,
venous lactate **

*EDTA research sample was collected at NHTD and EDTA plus lithium heparin at HTD
**For ICU patients

2.5 Vascular imaging

All microvascular imaging was performed by staff specifically trained in these techniques. The
particular vascular tests varied at each site according to local expertise and equipment
availability.

Microvascular function was assessed using the following non-invasive techniques:

1. Side stream dark field Imaging (SDF) using is a handheld video microscope (MicroScan,
Microvision Medical, Amsterdam, Netherlands) and was used to assess the microcirculation on
the sublingual mucosa. Three sublingual sites were recorded with 60 second videos and stored
for later analysis. Disposable caps were used and changed between patients. Further details on
the microcirculation analysis will be discussed in Chapter 3.

2. Peripheral artery tonometry (EndoPAT, Itamar Medical, Israel) was used to measure
vasodilator function in the microcirculation of the finger. Digital pulse volume changes during
reactive hyperaemia were made in response to a 5 minute arterial occlusion, using a blood
pressure cuff, as per standardized methods. The resulting reactive hyperaemic index is a
surrogate marker for endothelial function and endothelial nitric oxide bioavailability. Further

details on this will be discussed in Chapter 4.
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2.6 Cardiac and haemodynamic assessment

Cardiac functional and haemodynamic assessment and intravascular volume assessment were
performed at the same time points as the microvascular studies, using portable
echocardiography (Sonoheart Hand-carried echocardiography system). For ICU patients
however cardiac function and volume assessment were performed daily.

All the medical devices used in this study were non-invasive, with minimal potential to cause
harm to patients. The test results from the study devices were not provided to the ward staff

in real time so patient treatment was not influenced by knowledge of the results.

Table 2-3: Schedule of vascular tests for inpatient and outpatient arms at both sites

Day of Follow up, Day 10-
Patient group Enrolment 24 hours defervescence/ 14 !
hospital discharge
NHTD
Outpatients SDF imaging SDF imaging SDF imaging SDF imaging
EndoPAT EndoPAT EndoPAT
Echocardiogram Echocardiogram Echocardiogram
Inpatients SDF imaging SDF imaging SDF imaging SDF imaging
EndoPAT EndoPAT EndoPAT
Echocardiogram Echocardiogram Echocardiogram
HTD
Outpatients EndoPAT* EndoPAT* EndoPAT*
Inpatients Echocardiogram Echocardiogram Echocardiogram Echocardiogram
(Icu) (daily) (daily) (daily) (daily)
EndoPAT* EndoPAT* EndoPAT*

*Note, at HTD these tests were only performed in children above 10 years old. For ICU patients if the
study doctor felt the patients were clinically too unstable or if the platelet count is <20 K/uL, EndoPAT
was not performed.

2.7 Clinical endpoint definitions

For chapters 3 & 4 (microcirculatory and endothelial function assessment), the primary
clinical endpoint was presence/absence of plasma leakage. A minimum dataset was required
to fulfill this definition, encompassing all the following in addition to daily clinical
examination; at least 3 haematocrit recordings during the acute illness with one or more
value obtained during the critical period (illness day 4-6); a baseline haematocrit, being the
lowest value of (in the following order), the follow-up sample, a sample obtained within 72

hours of fever onset, or, for hospitalized patients only, the discharge sample, provided no
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parenteral fluid therapy was administered within the preceding 12 hours; and a radiological

assessment for vascular leakage within the critical period.

Participants were classified as having no evidence of leakage if the percentage
haemoconcentration ((peak minus baseline haematocrit/baseline hematocrit) X 100) was less
than 15% and there were no clinical or radiological signs of leakage. Conversely, if the
percentage haemoconcentration was 15% or more, or any radiological or clinical signs of fluid
accumulation were identified, the individual was defined as having significant vascular
leakage.
Presence of plasma leakage was further classified as moderate or severe, with moderate
leakage defined as percentage haemoconcentration of 15-20% and/or any radiological or
clinical signs of fluid accumulation and severe leakage was defined as haemoconcentration of
>20% and /or fluid accumulation resulting in respiratory distress or shock.
We also carried out a sensitivity analysis omitting the requirement for a radiological
examination, assuming that where such a test was not deemed necessary by the treating
clinician it would be likely to be negative.
Other outcomes assessed included presence/absence of mucosal bleeding (including gum,
nose, gastro-intestinal or abnormal vaginal bleeding) and overall dengue severity using the
WHO 2009 classification (see below for these criteria).
Patients with confirmed dengue were classified as having dengue, dengue with warning signs,
or severe dengue. If one or more of the following symptoms or signs were present at any
time, the patient was classified as having dengue with warning signs:

e Abdominal pain or tenderness on clinical examination, scoring at least 2 out of 3 on

pain scale.
e Persistent vomiting- Defined as >2 episodes of vomiting in 24 hours.
e Clinical fluid accumulation- Pleural effusion or ascites detected on clinical
examination.

e Mucosal bleed- (including nose, gum, haematuria, abnormal menstrual bleeding).

e Lethargy/ restlessness

e Liver enlargement >2 cm- detected on clinical examination.

e Increase in Haematocrit (HCT) concurrent with rapid decrease in platelet count-

Defined as 50% drop in platelet count in 24 hours with any increase in HCT.
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If one or more of the following signs were present at any time, the patient was classified as
having severe dengue:
e Severe plasma leakage leading to;
1) Shock (Hypotension for age, or pulse pressure of < 20 mmHg with signs of
circulatory compromise)
and/or
2) Fluid accumulation with respiratory distress.
e Severe bleeding (bleeding requiring an intervention, e.g. blood transfusion)
e Severe organ involvement
Liver: AST or ALT >=1000
CNS: Impaired consciousness
Heart and other organs (as per clinical assessment)

If none of the above were present at any time the patients was classified as having dengue.

Clinical endpoints for Chapter 5 (cardiac function and haemodynamics) consisted of recurrent
shock, and respiratory distress with evidence of fluid accumulation; these will be discussed

further in chapter 5.

2.8 Statistical analysis
2.8.1 Sample size calculation

We estimated that dengue would be confirmed in ~ 60% of the outpatients enrolled. Among
hospitalised patients enrolled in previous descriptive studies in Vietnam, an estimated 5% of
cases progressed to severe disease. In this study, among patients with confirmed dengue we
wished to identify simple vascular and haemodynamic parameters associated with the
primary endpoint of plasma leakage and secondary endpoints of severe dengue (as defined in
the WHO 2009 classification) or mucosal bleeding. A formal sample size could not be calculated
for the prognostic potential of microvascular changes as there is no previous data in dengue.
Therefore we estimated a sample size of 350 patients was feasible over 2 dengue seasons and

was a sufficient number to allow for stratification by disease severity and outcome.
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2.8.2 Statistical analyses

Specific statistical analysis will be described in each chapter. Overall, descriptive analyses of
the endpoints/covariates consisted of frequencies (percentages) for categorical data and
medians (interquartile ranges) for continuous data. Comparative analyses were performed in
chapters 3 and 4 between confirmed dengue and other febrile iliness (OFl) (amongst patients
in the outpatient arm) and between those that progressed to plasma leakage/bleeding and
those that did not (amongst patients with confirmed-dengue in both arms). In chapter 5, the
association between cardiac functional parameters and the clinical outcome of recurrent
shock and respiratory distress were assessed.

All comparisons were based on logistic regression models. For each covariate of interest,
there was an overall comparison between outcomes using measurements from all time-
points, except for follow-up values, and separate comparisons between outcomes for each
disease phase (early: Day 1-3, critical: Day 4-6, recovery: Day 7-13 and follow-up >13) were
made. As each patient had multiple vascular measurements during the study period, and
potentially had multiple measurements taken during each phase, generalized estimating
equations with independence covariance structure were used as an estimation method.
These comparisons were adjusted for day of illness (for overall comparisons), in addition to
age and sex (for all analyses). Correlations were based on Pearson correlation of residuals
obtained from linear regression models with variables of interest as outcomes and
confounding variables (age, sex, day of illness of measurement) as covariates.

All analyses were performed with the statistical software R version 3.2.2 and the companion

package geepack version 1.2-0.
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3 CHAPTER 3 — Microvascular function in dengue

3.1 The microcirculation

The microcirculation consists of arterioles, capillaries and venules, with arterioles and venules
measuring between 10-100 microns in diameter and capillaries generally measuring 8-10
microns. The distribution of blood flow in microvascular networks varies according to
metabolic demand and hemodynamic feedback. Arterioles (resistance vessels) have smooth
muscle cells in their walls and so through altering their diameter are able to adjust blood flow
and organ perfusion according to demand [172]. Vasomotion is controlled through
sympathetic constriction of proximal arterioles and modulated by endothelial derived
vasodilators like nitric oxide and prostacyclin. The endothelial cells lining the arterioles act as
sensors with cell to cell communication, allowing the arterioles to respond to downstream
vasodilatory signals such as sheer stress or tissue lactate levels, resulting in local stimuli being
translated into a uniform vasodilation and increase in organ perfusion [173]. The loss of this
endothelial cell to cell communication may cause heterogeneous blood flow through the
capillary network, where normal flow capillaries can be adjacent to stopped flow vessels, with
the resulting functional shunting of blood causing localized tissue oxygen deficits [174].
Capillary networks vary in architecture and density and are the main site for nutrient and
oxygen exchange. Oxygen transport occurs by passive diffusion from red blood cells where it
is bound to haemoglobin to the surrounding tissues, where it is consumed by mitochondria.
Under normal physiological condition, red blood cells deform to fit into capillaries, and flow
in single file down the vessels separated by plasma gaps. Red cells can lose this deformability
and become rigid in many inflammatory conditions including different infectious diseases
[175].

Venules provide feedback to nearby arterioles regarding the metabolic state of the tissue
through the convection, production and diffusion of vasodilator stimuli. Post capillary venules
are also the predominant site for leukocyte trafficking, including rolling, adhesion and
transmigration to tissues, but in inflammatory states this can occur at other sites in the

microvascular bed [176].
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Overall, the microcirculation is vital for delivery of oxygen and nutrient exchange to all tissues
and organs. In recent years dysfunction of the microcirculation has been implicated in the
pathophysiology of organ failure in various different infectious diseases [177, 178]. These
microcirculatory abnormalities and their proposed mechanisms will be further discussed

below.

3.2 Microcirculatory dysfunction in infectious diseases

The dysfunction of the microcirculation is considered to play an integral part in the
pathogenesis of multi-organ failure in sepsis and septic shock. Although septic and dengue
shock syndromes are distinct clinical entities, they may share some of the same underlying
mechanisms of microvascular and endothelial dysfunction, leading to the transient vascular
leakage that occurs in both conditions.

Numerous studies using animal models of shock have demonstrated widespread alterations
in the microcirculation occur shortly after endotoxaemia [179]. A study investigating the
microcirculation in a mouse model of septic and hemorrhagic shock showed for the same
global haemodynamics including MAP and heart rate, the microcirculatory flow in the septic
animals was significantly worse than hemorrhagic shock [179]. In addition, an injection of
endotoxin demonstrated a reduced functional capillary density (FCD), occurred within 2 hours
of the endotoxaemia, reaching a nadir by 6 hours [180]. This reduction in FCD has been shown
to be heterogenous, with some capillaries having no flow, alongside those with normal
perfusion [181]. The exact underlying mechanisms for this heterogeneity of the
microcirculation remain to be defined. Microcirculatory alterations appear to occur early in
the course of sepsis and are independent of macrovascular function, with a reduction in the
mean flow index (MFI) demonstrated in septic rats regardless of the degree of stroke volume
(SV) or cardiac output (CO) decrease [182].

More recently, human studies, using videomicroscopy including sidestream dark field imaging
(SDF) or orthogonal polarized spectroscopy (OPS) have demonstrated altered
microcirculatory parameters and these changes are associated with disease severity and
worse clinical outcomes [177, 183]. The microcirculatory alterations include more sluggish
flow, reduced percentage of perfused capillaries and a very heterogenous flow pattern with
stopped flow capillaries alongside normal flow capillaries, resulting in local tissue hypoxia.

Early perfusion derangements of the microcirculation were also demonstrated in patients
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presenting within 6 hours of severe sepsis diagnosis to either an emergency department or
intensive care unit (ICU), with indices of flow and perfusion significantly worse in non-
survivors than survivors [149]. Early microcirculatory alterations however were not
detectable in low acuity sepsis compared to non-infected controls in a study of patients
presenting to an emergency department [184].

Similar to the findings in animal models, the human microcirculation appears to be
dissociated from the macrocirculation; although a minimal cardiac output is required to
sustain the microcirculation, this cut-off is not well defined and may well have a high
individual variability. Microcirculatory abnormalities can be observed even with systemic
haemodynamic indices that are well within normal limits [185].

This influence of the systemic circulation on the microcirculation may also be different at
certain times during sepsis, as demonstrated in a fluid resuscitation study where a bolus of
crystalloid resulted in an increase in small vessel perfusion in the early phase of sepsis but not
the late phase, and these changes were independent of cardiac index and mean arterial
pressure (MAP) [152]. The mechanisms underlying these microcirculatory changes in sepsis
are likely to be multi-factorial including, altered red blood cell deformability, endothelial
dysfunction, compromised inter-endothelial cell communication, disturbed glycocalyx layer,
adhesion and rolling of white blood cells and platelets to the capillary walls [186]. Increased
viscosity of the blood may also contribute to the observed altered microcirculatory flow in
sepsis. Some of these mechanisms will be discussed further in the next section.

Another infection where disturbance of the microcirculation plays a key role in the
pathophysiology of organ impairment and disease outcome is malaria. A study using OPS
imaging demonstrated a clear correlation between blocked rectal mucosa capillaries and base
deficit and clinical outcomes in falciparum malaria [178]. Unlike in sepsis where mechanisms
of altered microcirculatory are yet to be completely defined, in malaria the sequestration of
parasitized red cells and reduced red cell deformity causing blocked capillary flow provides a
clear mechanism for the tissue hypoperfusion and organ failure. In adult patients with
falciparum malaria, the amount of microvascular sequestration correlated with plasma
lactate and disease severity and no association was found with volume status or oxygen
delivery [187]. Following sequestration of parasitized red cells in microvessels, in addition to

the resulting mechanical obstruction, endothelial activation causing reduced nitric oxide
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bioavailability and release of angiopoietin-2 has been suggested to contribute to the
pathogenesis of severe malaria [188].

Although less studied than bacterial or protozoal infections, viral infections may also cause
microcirculatory dysfunction. A study investigating severe H1N1 influenza in patients
admitted to ICU demonstrated impaired microcirculation that correlated with organ failure
scores and was associated with worse clinical outcomes [189]. The microcirculation in dengue
has only been assessed in 2 dengue shock cases, where marked reduction in flow, perfusion
and vessel density was demonstrated at the time of shock [153]. However, the evolution of
microcirculatory alterations over the disease course, and potential associations with clinical

outcomes or underlying mechanisms have not been evaluated.

3.3 Microvascular homeostatic mechanisms

3.3.1 Endothelial Glycocalyx

The glycocalyx layer, which is a negatively charged gel like mesh that lines the luminal surface
of vessels, is a critical player in governing many aspects of the microcirculation, from its
barrier function maintaining plasma proteins and fluid intravascularly, through to the
adhesion of platelets and leukocytes to the underlying endothelial layer [140-143]. The
components of this layer include cell bound core proteins which include proteoglycans such
as syndecans and glypicans, which are considered the ‘backbone’ molecules of the glycocalyx.
These proteoglycans have many linked glycosaminoglycan (GAG) side chains which consist of
heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate, keratan sulfate, and
hyaluronan (or hyaluronic acid). In the microvasculature HS is the most abundant GAG
representing roughly 50-90% of the total amount, followed by chondroitin sulfate/dermatan
sulfate. The typical ratio of HS to CS is reported to be 4:1 in the vascular endothelium [190].
As GAG chains contain numerous binding sites for plasma-derived proteins, minor chain
modifications can have major functional consequences.

There are four members of the syndecan family (syndecan 1-4). Syndecan-1 (SDC1) is found
on various cells, is particularly abundant on epithelial and endothelial cells, and is considered
one of the main heparan sulfate proteoglycans (HSPG). SDC1 interacts with a variety of
different ligands through its HS side chains, importantly serving as an attachment receptor

for a number of different viruses, including HSV, HCV and HIV-1 [191, 192]. HS has also been
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shown to be a receptor for dengue virus (DENV) [144], but how this binding affects its
proteoglycan structure is not known. High plasma and urinary levels of HS have been
demonstrated in DENV infections previously [193], but whether this was due to specific
cleavage of HS from its core proteoglycan or whether there is more widespread glycocalyx
damage with HSPGs being shed as well, remains to be determined.

SDC1, in addition to extracellular HS binding sites which are remote to the transmembrane
attachment point, contains CS linkage sites more proximal to the membrane, although the
role of CS remains unclear [136]. The intracellular portion of SDC1 is associated with the
endothelial cytoskeleton and has been found to be critical in flow induced endothelial
elongation, alignment and cytoskeleton reorganization [137]. This is how HSPGs are thought
to perform one of the key functions of the glycocalyx layer, which is mechanosensing and
transduction of sheer stress induced nitric oxide (NO) release [138]. The NO pathway will be
discussed further in chapter 4.

Endocan, which was initially called endothelial cell specific molecule 1 (ESM-1) as it was
thought to be restricted to the endothelial microvasculature, was later re-named endocan,
after it was discovered to be part of the proteoglycan family [194]. Like other proteoglycans,
endocan has a protein core and GAG side chains. However endocan differs from other
proteoglycans like syndecan, firstly being much smaller and also as it only has one GAG side
chain, dermatan sulfate. Endocan has a molecular weight of 20kDa, whereas syndecans have
a weight of around 65kDa. In addition, endocan is predominantly a secretory molecule rather
than one of the core fixed glycocalyx molecules. It is secreted from endothelial cells following
stimulation by inflammatory cytokines, particularly TNFa and ll-1, and can be detected in high
amounts in the circulation in various inflammatory conditions including sepsis [195], and
cardiovascular diseases [196]. Endocan has also been implicated in the pathogenesis of
different malignancies [197], through its pro-angiogenic properties, with several studies
demonstrating its mitogenic potentiating effects with VEGF in various malignancies [198].

In addition to proteoglycans and their associated GAG side-chains, other specific
glycoproteins are also considered glycocalyx backbone molecules, including endothelial cell
adhesion molecules and certain components of the coagulation system. The level of
glycoprotein expression, unlike other glycocalyx molecules, varies substantially with
endothelial cell activation. Endothelial cell adhesion molecules play a major role in blood

stream cell recruitment and signaling; important members within the glycocalyx consist of the

| Page 50



selectin family, immunoglobulin superfamily and integrin family. The selectins that are found
on the vascular endothelium are E-selectin and P selectins, both involved in the leukocyte—
endothelial cell interactions [199]. Within the immunoglobulin superfamily of glycoproteins,
the most important in the glycocalyx are intercellular adhesion molecule 1 and 2 (ICAM-1 and
2), vascular cell adhesion molecule 1 (VCAM-1), and platelet/endothelial cell adhesion
molecule 1 (PECAM-1). There is a baseline expression of ICAM-1 and PECAM-1, whereas
VCAM-1 is only present after endothelial cell stimulation by pro-inflammatory cytokines,
which also up-regulates ICAM-1 expression [200]. Other functionally important glycoproteins
in the glycocalyx are those involved in coagulation, fibrinolysis and haemostasis.

In addition to these fixed components there are also soluble constituents to the glycocalyx
luminal compartment including albumin, unbound hyaluronic acid, and other serum proteins

like antithrombin 111
3.3.1.1 Physiological properties of the glycocalyx

The glycocalyx layer plays a major role in the physiology of the microvasculature, specifically
by regulating permeability and capillary barrier functions, maintaining vascular tone,
controlling leukocyte adhesion and migration through the underlying endothelium and also
regulating intravascular coagulation [135, 201, 202].

The barrier properties of the glycocalyx have been demonstrated in different capillary
networks in different animal models using intraluminal distribution of fluorescently labeled
molecules. The negative charge of the glycocalyx layer is a major factor in keeping plasma
proteins like albumin, which also carries a negative charge, from leaking out of capillaries.
Animal studies have shown permeation into the glycocalyx layer depended on the molecules’
charge and size, with large dextrans (>70kDa) taking longer than neutral molecules and
smaller molecules [140]. Interestingly, the same study showed that the negatively charged
macromolecules albumin and fibrinogen, although having very different sizes (67kDa vs.
340kDa) took the same time to pass through the glycocalyx layer, suggesting interaction with
this layer is more complex than simply charge and size selectivity. Other studies have
demonstrated through the use of experimental enzymatic degradation of the glycocalyx layer,
an increase in protein permeability including anionic dextrans and also glomerular excretion
of albumin, shortly after components of this layer have been shed [203]. A study using a rat

model for investigating the trans-capillary escape of labeled albumin and charge modified
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labeled albumin pre and post endotaxaemia demonstrated that the negative charge
contributes to the low permeability of albumin, and that the protective effect is lost in
experimental sepsis as the glycocalyx is shed [204].

Damage to the endothelial glycocalyx appears to be a systemic phenomenon, with multiple
capillary networks demonstrating altered permeability simultaneously; in the glomerulus this
manifests as albuminuria. There are many examples of disease states where both albuminuria
and evidence of increased systemic microvascular permeability are present, for example in
diabetes, and there is accumulating evidence in various infectious diseases [205]. In
cardiovascular disease, disruption of the glycocalyx is thought to be the first step in the
pathway to endothelial dysfunction and arthrosclerosis; the detection of albuminuria has
implications for generalized microcirculation dysfunction and, as in diabetes, may carry
prognostic value.

Other functional implications of glycocalyx shedding are the loss of sheer stress sensing and
mechano-transduction, which results in impaired nitric oxide release and vascular tone.
Components of the glycocalyx interact with, and sense changes in, haemodynamic forces
from the blood flow through fluid shear stress, translating them into signaling and biological
responses. The glycocalyx layer senses fluid shear stress through its GAG components, which
then transmit the mechanical force through the core proteins down to the endothelial cells
where mechanotransduction takes place [206]. HS has been shown to be a key mediator of
mechanotransduction, as studies where HS has been degraded using heparinases on cultured
aortic endothelial cells completely blocked shear induced NO production [138], and also
blocked 24-hour shear-induced endothelial cell elongation and remodeling [207]. Depletion
of other GAGs has also been found to block shear-induced NO production including hyaluronic
acid (HA) and chondroitin sulfate, again using in-vitro techniques with endothelial monolayers
[208]. In-vivo studies assessing NO vasodilation in microvessels are more limited; however
one study that used vessels with HS selectively inhibited by heparinase Ill under low and high
flow conditions and with an endothelial nitric oxide synthase (eNOS) inhibitor, showed
heparinase treated vessels completely inhibited flow mediated NO production via eNOS
[142].

How the GAGs in the glycocalyx, in particular HS translate flow and sheer stress into cellular
release of NO remains to be defined, but it is thought to involve the HS transmembrane core

proteins including SDC1 and glypican-1 [137]. Studies of SDC1 knock-out endothelial cells

| Page 52



abolished several sheer stress induced signaling events [209]. Glypican-1 has an intracellular
component linked to caveolae where eNOS is stored, which provides a plausible mechanism
for the mechanical stimuli to increase release of eNOs and NO production, and there is some
evidence emerging that this may be a key pathway [137].

The other important but less studied physiological properties of the glycocalyx are its anti-
inflammatory and anti-coagulation effects. HS molecules are able to link antithrombin Il
thereby preventing intravascular thrombosis. In addition the negative charge of the layer
helps maintain microvascular patency by inhibiting adhesion of red cells and platelets to the
underlying endothelium [210]. HS also binds to endothelial superoxide dismutase, therefore
protecting endothelial cells from oxidative stress. And lastly, as it forms a barrier between the
circulating blood cells and the underlying endothelium, it physically prevents leukocyte
adhesion and transmigration into the tissues.

Taken together, the endothelial glycocalyx has many essential vascular protective properties.
In various disease states the loss of this layer results in impaired regulation of blood flow to
tissues (through loss of NO signaling), activation of the coagulatory and inflammatory

pathways, plasma and protein extravasation into tissues and altered organ perfusion.
3.3.1.2 Glycocalyx visualization methods

Characterizing and visualizing the structure of the glycocalyx has been difficult due to the
delicate nature of this layer, which largely depends on the presence of flowing plasma.
Techniques used include transmission electron microscopy (TEM), but there have been many
technical difficulties with pre-fixation of the dyes and vessel handling causing damage to the
layer. Newer dye techniques using alcian blue has been found to preserve the layer better
than original techniques using ruthenium. Rapidly freezing the tissue sections can preserve
this easily shed layer. Other more recent methods include fluorescent-labeled lectins, which
are proteins that bind to specific GAG chains in the glycocalyx or fluorescent-labeled
antibodies to HS, SDCs and hyaluronan. Confocal laser scanning microscopy (CLSM) can then
be used to visualize the glycocalyx in small vessels and two-photon laser scanning microscopy
in larger vessels with very good optical resolution and 3D reconstruction [211]. However
major limitations of TEM and CLSM are that they cannot be used in vivo.

In vivo techniques have also been developed using intravital microscopy using indirect

methods first described in hamster muscle capillaries [212]. In this study it was observed that
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there was an exclusion zone between the flowing red blood cells (RBCs) and plasma, when
labeled with florescent dextran, and the endothelium. This exclusion zone was then measured
by subtracting the diameter of the plasma column from the known internal diameter of the
vessel, which revealed a glycocalyx depth of 0.4-0.5um. This methodology has been used in
many animal studies since then and also provided the basis for later indirect measurement of
in-vivo glycocalyx analysis in human studies using side stream dark field imaging [213]. Using
SDF imaging of the sublingual microcirculation in humans, a group in the Netherlands has
demonstrated the same phenomenon, whereby RBCs maintain a certain distance from
microvessel endothelial cells, again thought to represent the glycocalyx layer [214]. A
disturbed glycocalyx would therefore allow RBCs to flow closer to the endothelium - resulting
in a detectable increase in the measured perfused boundary region (PBR) [215-217]. This
method of assessing the glycocalyx has been tested in various different ‘at risk’ patient
groups, such as cardiovascular disease, stroke, and critical illness including sepsis.

Another SDF method of human glycocalyx assessment utilizes the rigid nature of leukocytes
as noted in previous animal work; unlike RBCs, which cannot penetrate the glycocalyx layer,
leukocytes compress the glycocalyx as they pass through capillaries, which leads to a transient
widening of the red blood cell column. Therefore, by measuring the diameter of the RBC
column before and after passage of leukocytes, an estimate of glycocalyx depth can be
derived [218]. This technique has been validated in patients at risk of microvascular disease,
such as individuals with type 1 diabetes [219].

As the importance of the glycocalyx layer becomes more apparent, these new in-vivo
visualization techniques will allow further studies to investigate the role of glycocalyx in the

pathogenesis not only of chronic diseases but also of acute infections like dengue.
3.3.2 Angiopoietin 1 and 2 & VEGF

Angiopoietins and VEGF are families of vascular-specific growth factors that regulate blood
vessel growth, maturation and function. Angiopoietin 1 and 2 (Ang-1 and -2) are antagonistic
ligands of the Tie-2 receptor, part of the family of vascular tyrosine kinase receptors that is
primarily expressed on the surface of endothelial cells. Under normal circumstances, the
concentration of Ang-1 exceeds that of Ang-2, allowing Ang-1 to preferentially bind to the Tie-
2 receptor and promote microvascular barrier function and anti-inflammatory pathways.

However, when endothelial cells are stimulated, Ang-2 inhibits Ang-l1-induced Tie2
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phosphorylation and attenuates Ang-1's anti-apoptotic effect in a dose-dependent manner
[220]. Ang-1is largely made and secreted by peri-endothelial cells and also platelets, whereas
Ang-2 is synthesized in endothelial cells, where the pre-formed protein is stored in Weibel—
Palade bodies ready for rapid release. Ang-2 is also synthesized, although to a lesser extent,
in macrophages. Ang-2 secretion from endothelial cells is stimulated by various molecules
including pro-inflammatory cytokines.

Ang-1 is known to be vital in the angiogenesis phase of vascular development, but recent
evidence suggests it also plays a critical role in maintaining mature vascular homeostasis. It
prevents vascular permeability by stabilizing endothelial cell junctions, inhibiting the
permeability inducing effects of VEGF and also inhibits TNF-alpha stimulated leukocyte
transmigration across endothelial cells [221]. Ang-1 may also have anti-inflammatory actions
by signaling the down-regulation of surface-adhesion molecules such as VCAM-1 and E-
selectin [222]. In one study, mice transgenic for Ang-1 were found to have leakage resistant
blood vessels particularly when Ang-1 was over expressed [223]. Ang-1 has also been shown
to counteract the permeability properties of VEGF from studies where VEGF or Ang-1 was
systemically delivered using an adenoviral approach [224]. VEGF resulted in widespread tissue
oedema within 1-2 days after administration, whereas injection of Adeno-Ang-1 resulted in
the skin vessels becoming less leaky in response to inflammatory stimuli or local injection of
VEGF. VEGF expression promoted the development of new vessels; however this was
accompanied by plasma leakage, whereas over expressing Ang-1 promoted enlargement of
existing vessels, although these vessels were resistant to leakage [225].

By contrast, Ang-2 has the opposite effect to Ang-1, through its primarily antagonistic TIE-2
ligand vessel destabilizing properties. Ang-2 has been implicated in the pathogenesis of many
vascular diseases [226].

An imbalance of circulating plasma levels of Ang-1 and 2 have been associated with organ
failure and survival in patients with septic shock. A low level of Ang-1 was an independent
predictor of mortality in a study of septic shock in ICU [227], and many other studies have
found high Ang-2 levels not only correlated with clinical outcomes in septic shock [228], but
also specifically sepsis induced acute lung injury (ALI) [229, 230]. Ang-2, rather than being a
biomarker of disease severity in sepsis and ALI, may also play a role in the in the pathogenesis
of the pulmonary vascular leak syndrome - serum from septic patients were found to disrupt

endothelial architecture which correlated with Ang-2 levels and was reversed by Ang-1. The
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same study demonstrated that Ang-2 administered to healthy mice induced severe
pulmonary vascular leak [231].

The role of Ang-1 and 2 in the vascular leak syndrome in dengue remains to be properly
explored, but some preliminary evidence from small clinical studies have shown an imbalance
in Ang-1 and 2 levels in dengue haemorrhagic fever (DHF) patients, with reduced levels of
Ang-1 and increased levels of angiopoietin-2 at hospital admission when compared to
discharge and healthy controls [131]. Levels of Ang-2 also correlated with plasma leakage and
disease severity in a small study in Brazil [232].

Other endothelial activation markers like adhesions molecules were discussed in the
glycocalyx section. Endothelial dysfunction may underlie the microcirculatory abnormalities
that are observed in many infections, and further work is needed to identify which pathways
and potential endothelial biomarkers are targeted in dengue and if they correlate with

observed microcirculatory abnormalities.

3.4 Objectives

1. To investigate microcirculatory function, in particular perfusion and flow as assessed
by videomicroscopy, in patients with dengue compared to other febrile illness, and
explore associations with dengue disease severity.

2. To assess glycocalyx depth by videomicroscopy in dengue patients compared to other
febrile illness, and explore associations with plasma leakage severity and with markers
of glycocalyx shedding including SDC1 and endocan.

3. Toinvestigate the endothelial biomarkers Ang-1 and 2, VCAM-1, and VEGF in patients

with dengue, and explore associations with microcirculatory disturbances.

3.5 Hypotheses

- Our first hypothesis was that there would be more marker microcirculatory changes
in dengue than OFIl, and within the dengue patients these alterations would be more
severe in patients with plasma leakage.

- We also hypothesized that the glycocalyx depth would be reduced in dengue patients,
and also in those patients with more severe plasma leakage.

- Lastly, we hypothesized that the levels of VCAM-1, VEGF and ratio of Ang-2/1 would

be raised in dengue patients and would correlate with plasma leakage severity.
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3.6 Methods

For full study protocol see Chapter 2.

Briefly, | conducted a prospective observational study at the National Hospital for Tropical
Diseases (NHTD) in Hanoi between June 2013 and May 2014, and the Hospital for Tropical
Diseases (HTD) in Ho Chi Minh City between June 2014 and Feb 2016. We evaluated the
sublingual microcirculation using SDF imaging in patients presenting early (<72 hours fever)
with clinically suspected dengue, and also in patients hospitalized with warning signs or
severe dengue. In addition to daily clinical examination, assessments of microvascular
function, global haemodynamics (by echocardiography) and serological markers of
endothelial activation were performed at 4 time points. Due to restricted availability of the
SDF videomicroscopy, the microcirculatory study was only carried out at NHTD, while the

endothelial biomarker study was carried out at both the HTD and NHTD sites (Chapter 2).
3.6.1 Sublingual videomicroscopy

SDF imaging was performed using a handheld videomicroscope with a X5 objective lens that
uses green light-emitting diode (LED) illumination, at a wavelength (550nm) that is absorbed
by haemaglobin in RBCs (Microvision Medical, Amsterdam, Netherlands). The resulting video
provides real time assessment of blood flow through the microcirculation (see example of still
image in figure 2 in results below). SDF imaging was performed in both the outpatient and
inpatient arms of the study at enrolment, 24 hours later, on the day of defervescence or
hospital discharge, and at the follow-up visit. Image acquisition and subsequent analysis of
the videos was performed using AVA 3.2 software following consensus guidelines described
previously [233]. Briefly, video clips were obtained from 3 different sublingual sites for 60
seconds, with attention to minimize pressure artefacts and reduce secretions. Disposable lens
caps were used for each patient. Videos were stored and analyzed later by myself and 2 other

members of the study team who were blind to the time-point and the disease category.

The software separates the vessels according to their size, with small vessels defined as those
< 20um in diameter. The total vessel density (TVD) is calculated as the number of vessels
identified in the area analyzed. One of the investigators then graded the average flow per
guadrant using standardized techniques; (0=no flow, 1=intermittent flow, 2=sluggish flow and

3=normal flow), allowing for calculation of the microvascular flow index (MFI). The flow in all
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vessels was then categorized as normal, intermittent, or absent and the proportion of
perfused vessels (PPV) was calculated. The heterogeneity of flow was determined using the
heterogeneity index (HI), (highest minus lowest MFI/mean MFI across all the sublingual sites.)
Extravasated red cells (eRBC) were graded according to an internally agreed classification, as
these have not been described using SDF imaging before; the presence of eRBCs was first
noted in each quadrant, and then scored from 0-4 with 0 indicating no eRBC seen, and 4 being
eRBC noted in all quadrants. Intra and inter-user variability of the video analysis was checked

at regular intervals, and was consistently <10%.
3.6.2 Assessment of the glycocalyx dimensions

The glycocalyx depth was analyzed by technicians at the Cardiovascular Research Institute of
Maastricht University (CARIM), Netherlands using their software application: glycocheck

(http://microvascular.com/glycocheck/).

A subgroup of 45 patients with good quality SDF video clips from at least 2 time-points were
selected to represent an equal number of patients with OFIl, confirmed-dengue with and
without plasma leakage. The videos were de-identified so the analyzers were blind to the
time-point and the diagnosis. The method used by the CARIM group for the depth estimation
of the glycocalyx is explained briefly below (Figure 3-1).

The glycocheck technique detects the dynamic lateral RBC movement into the glycocalyx in
real time, which is expressed as the perfused boundary region (PBR, in um). Therefore, a
degraded glycocalyx would allow red cells to penetrate deeper towards the endothelial cell
surface, which is reflected by an increase in PBR. This method of calculating the glycocalyx
depth has been validated in various studies of chronic disease [213, 215, 217]. In addition to
the PBRin estimating glycocalyx depth, a microvascular health score (MVHS) has been derived
using the PBR, plus parameters representing RBC filling and the ratio of the perfused over

total vessel density. The MVHS is inversely proportional to the PBR.
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Figure 3-1: Glycocheck method:
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A. Shows still SDF image, showing the red blood cells within microvessels. B) The software
automatically defines the vascular segments every 10um along the vessel (green lines). C) The
analysis undergoes several quality checks in the first frame of each video recording to select
segments with sufficient quality for further analysis. Invalid segments are highlighted in yellow. Forty
frames are analyzed, the percentage time the particular vascular segment has RBCs present is used
to calculate the RBC filling percentage. D) Drawing of the concept of the glycocalyx thickness by
lateral movement of the RBCs. E) The intensity profile of each vascular segment is calculated to
derive the median RBC column width. F) The distribution of the RBC column width is then used to
calculate the perfused diameter, median RBC column width and then the PBR using the formula
PBR= PBR=([Perfused diameter — median RBC column width]/2. The calculated PBR values are
averaged to provide a single PBR value for each participant. (Reproduced from Lee DH, et al PLos
one 2014 [213])

3.6.3 Portable echocardiography

| performed the echocardiograms at the bedside on patients enrolled after September 2013
(due to the availability of the device), using an M-turbo Sonosite with cardiac settings. The

echocardiograms were performed at the same time-points as the SDF, and included two-
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dimensional, M-mode and Doppler studies. The following measurements were made as per
standardized techniques: ejection fraction (EF), stroke volume index (SVI) and cardiac index
(Cl). The measurements were made using the 2D parasternal long axis view: aortic valve
diameter at mid systole; left ventricular end diastolic (LVEDD) and end systolic (LVESD)
dimensions below the tip of the mitral valve. Ejection fraction was calculated as EF=(LVEDD?
— LVESD?3)/LVEDD3%. The aortic velocity from the apical five-chamber view with the sample
volume positioned just below the aortic valve cusps, and the Velocity time Integrals (VTIs)
were measured at the left ventricular outflow tract (LVOT). Stroke volume was calculated
using the equation; VTI x cross sectional area of the aortic valve (CSA), with (CSA= 0.785 x
aortic diameter?). And cardiac output (CO) =SV x Heart Rate. Cardiac Index (Cl) and Stroke
Volume Index (SVI) were then calculated by dividing the CO and SV by the body surface area
(BSA).

3.6.4 Clinical endpoint definitions

The primary clinical endpoint was presence/absence of plasma leakage. A minimum dataset
was required to fulfill this definition, encompassing all the following in addition to daily clinical
examination; at least 3 haematocrit recordings during the acute illness with one or more
value obtained during the critical period (illness day 4-6); a baseline haematocrit, being the
lowest value (in the following order) of the follow-up sample, a sample obtained within 72
hours of fever onset, or, for hospitalized patients only, the discharge sample, provided no
parenteral fluid therapy was administered within the preceding 12 hours; a radiological

assessment for vascular leakage within the critical period.
3.6.5 Plasma leakage grading

0: no clinically significant leakage (AHCT <15% and no signs of clinical or xray/ ultrasound fluid
accumulation)
1: moderate leakage (15-20% AHCT and/or any sign of clinical or x-ray/ultrasound fluid
accumulation

2: severe leakage (AHCT>20% and/or Shock, or pleural effusion with respiratory compromise)

For the purposes of the microcirculatory analysis, leakage grade 1 and 2 were combined due
to the limited number of grade 2 enrolled in Hanoi and participants were classified as having

either no evidence of leakage if the percentage haemoconcentration ((peak minus baseline
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haematocrit/baseline hematocrit) X 100) was less than 15% and there were no clinical or
radiological signs of leakage. Conversely, if the percentage haemoconcentration was 15% or
more, or any radiological or clinical signs of fluid accumulation were identified, the individual
was defined as having significant vascular leakage. We also carried out a sensitivity analysis
omitting the requirement for a radiological examination, assuming that where such a test was
not deemed necessary by the treating clinician it would be likely to be negative.

For the glycocalyx depth analysis and endothelial biomarker analysis, the 3 plasma leakage
grades were used. Other outcomes assessed included presence/absence of mucosal bleeding
and overall dengue severity using the WHO 2009 classification; detailed information on the

criteria for these entities is included in chapter 2.
3.6.6 Laboratory investigations
3.6.6.1 Endothelial biomarkers

Plasma concentrations of ICAM-1, VCAM-1, VEGF, E selectin, and Ang- 1 and 2 were measured
at the same four time-points as the SDF imaging. These tests were performed using a
magnetic bead-based assay on a Luminex 200 analyzer, according to the manufacturer’s

specifications (R&D Systems, Abingdon, UK).

Briefly, analyte-specific antibodies are pre-coated onto colour-coded beads. Beads,
standards, and samples were pipetted into wells where the immobilized antibodies bind the
analytes of interest. After washing away any unbound substances, a biotinylated antibody
cocktail specific to the analytes of interest was added to each well. A final wash removed
unbound Streptavidin-PE and the beads were re-suspended in buffer added to each well. Any
unbound biotinylated antibody was washed away, then Streptavidin-Phycoerythrin conjugate
(Streptavidin-PE), which binds to the biotinylated detection antibodies, was added and read
using the Luminex 200 analyzer. One laser is bead-specific and determines which analyte is
being detected. The other laser determines the magnitude of the PE-derived signal, which is

in direct proportion to the amount of analyte bound.
3.6.6.2 Endothelial glycocalyx components

Plasma levels of SDC1 and endocan were measured at the same 4 time-points, using specific
sandwich ELISAs for SDC1 (Diaclone, Besancon, France) and endocan (Lunginnov, Lille, France)

according to the manufacturers’ instructions.
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3.6.7 Statistical analysis

Data are presented as frequency (percentage) for categorical variables and median
(interquartile range) for continuous parameters. All analyses were defined a prioriin a written
analysis plan. First, comparisons of microcirculatory parameters were performed between
confirmed-dengue and OFI patients in the outpatient arm. Among confirmed-dengue patients
in both study arms, associations with plasma leakage and bleeding were then explored. All
analyses were based on logistic regression models with dengue diagnosis, plasma leakage, or
bleeding as the outcome of interest, and the microcirculatory/vascular parameters as
covariates. For each covariate, an initial comparison with the outcome of interest used all
measurements from the various time-points assessed apart from the follow-up values;
subsequently separate analyses were performed for each disease phase: early, day of illness
1-3; critical, day of illness, 4-6; recovery, day of illness 7-13; and follow-up, after 14 days or
more.

As most patients had multiple microcirculatory measurements during the study, potentially
with more than one measurement within each disease phase, robust sandwich standard
errors based on working independence covariance structure were used throughout.
Comparisons were adjusted for day of illness, age, sex, and hospitalization, as appropriate.
Associations between microcirculation parameters, serological endothelial biomarkers and
haemodynamics measurements in patients with dengue were assessed by partial correlations
controlling for the following potential confounding variables: age, sex and day of illness of
measurement. Significance of partial correlations was assessed based on their Fisher
transformation and corresponding bootstrap standard errors. The cluster bootstrap which
resamples patients rather than individual parameter values accounted for multiple
measurements per patient.

To informally adjust for multiplicity, a significance level of 0.01 was used for all comparisons.
All analyses were performed with the statistical software R version 3.2.2 and the companion

package geepack version 1.2-0.
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3.7 Results

At the NHTD site, a total of 165 patients were enrolled; 91 in the outpatient arm and 74 in the
inpatient arm. After excluding 16 patients who withdrew or had an inconclusive diagnosis,
149 patients (79 and 70 in the outpatients and the inpatient arm, respectively) were included
in the analysis (see Figure 3-2). Among the outpatients, 63 participants had laboratory
confirmed dengue while 16 were assigned a diagnosis of OFI; in the inpatient arm there were
69 confirmed dengue cases, and 1 OFI. Twenty-six outpatients were subsequently
hospitalized (24 with confirmed-dengue and 2 OFI), but all participants recovered fully in the
end. Of the 63 confirmed dengue, 4 were unclassifiable as primary or secondary infections,
35/59 (59%) were probable secondary infections and 24/59 (41%) were primary infections. In
the inpatient arm, 3 were not classifiable, 57/66 (86%) were probable secondary infections,

and 9/66 (14%) were primary infections.

Considering both study arms, 50% were female and the median age was 26 years (IQR 21-35
years). Inpatients were generally recruited slightly later in the illness course than outpatients,
which likely explains the greater derangements observed in the laboratory parameters
measured at enrolment. Using the 2009 WHO classification, there were 57 (43%) with dengue,
68 (52%) dengue with warning signs and 7 (5%) severe cases (Table 3-1). Of the 109 patients
that were PCR positive, the serotypes identified were as follows; 24 DENV-1 (22%), 19 DENV-
2 (17%), 35 DENV-3 (32%) and 32 DENV-4 (29%).

For the HTD site, 103 patients were enrolled in the ICU arm, 84 from PICU and 19 from adult
ICU. A full description of these patients can be found in chapter 4. Twenty of these ICU
patients were randomly selected (every 5™ patient enrolled) for inclusion the plasma
endothelial biomarker study, in order to have a more representative sample of severe dengue
patients. The median age of these 20 patients was 9 years, illness day at enrollment was 4

days, 7 patients were male, 19 had shock and all had clinical fluid accumulation.
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Figure 3-2: Study flow chart for NHTD
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Figure 3-3: Examples of Still SDF images. A. SDF image from a patient at follow-up with normal
vessel density, flow rate and perfusion indices; and B. SDF image from a dengue patient in the late
febrile phase, with warning signs, showing reduced total vessel density and perfused vessel density,
plus extravasated red cells in the left upper and lower quadrants and a patient with confirmed
dengue with warning signs.

A B

| Page 64



Table 3-1. Baseline characteristics and clinical outcomes of NHTD participants

All patients Inpatient Outpatient
(n=149) (n=70) (n=79)

Baseline characteristics n n n
Age (years) 149 26 (21-35) 70 28.5(21-36) 79 26(21-33)
Male sex 149 75 (50) 70 36 (51) 79 39 (49)
Iliness day at enrolment 149 3(3-5) 70 5(4-6) 79 3(2-3)
Confirmed-dengue 149 132 (89) 70 69 (99) 79 63 (80)
Other febrile illness 149 17 (11) 70 1(1) 79 16 (20)
Platelet count (10%/L) 144 121 (61-161) 67 58(31-108) 77 151 (126-183)
White blood cells(10%/L) 144 3.9(2.7-5.7) 67 3.4(2.5-4.6) 77 4.5(3.0-6.5)
Albumin (g/L) 96 44 (40-48) 24 39 (36-45) 72 45 (42-48)
AST (U/L) 116 34 (25-57) 40 62 (33-117) 76 32 (23-41)
Clinical outcomes
Primary endpoint plasma

y enapoint p 74 38(51) 47 27(57) 27 11(41)
leakage-yes?!
Clinical definition plasma

5 125 30 (24) 63 21(33) 62 9(15)

leakage-yes
Mucosal bleeding 132 59 (45) 69 39 (56) 63 20(32)
Dengue severity3 132 69 63
- Dengue 57 (43) 19 (28) 38 (60)
- With warning signs 68 (52) 45 (65) 23 (37)
- Severe 7 (5) 5(7) 2(3)

Data are presented as absolute count (%) for categorical variables and median (IQR) for continuous
data, AST: aspartate transaminase. n refers to number of subjects with complete data for the
respective characteristic.'Plasma leakage, primary endpoint definition based on full clinical and
radiological information, 2 Plasma leakage based on clinical and routine haematology data only. 3

Dengue severity according to the WHO 2009 classification
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3.7.1 Association between microcirculatory variables and dengue diagnosis.

This analysis was limited to participants enrolled in the outpatient arm. Examples of still SDF
images are shown in Figure 3-3 above. No differences were identified between the
microcirculatory variables (small vessel TVD, PPV, MFl and HI) between the confirmed-dengue
(59 participants) and OFI (15 participants) patient groups when considered overall, or during
any of the time periods assessed (Table 3-2). There was a trend towards lower MFI in OFI
compared to dengue patients during the critical phase (P=0.045). Time trends for perfusion,
and mean flow are shown in Figure 3-4 below. Considering all the time-points, a higher
proportion (33/141, 23%) of dengue patients had eRBC seen in one or more of the video
quadrants, but this was not significantly different to the findings in the OFI group (3/20, 15%).
Collectively, these data indicate similar patterns of microcirculatory disturbance in the

dengue and OFI patient groups.
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Table 3-2: Small-vessel microvascular variables in confirmed-dengue versus other febrile iliness by

disease phase

Other Febrile
lliness Dengue OR (95% CI) p value
n N n N

Total ~vessel density o 55 14(12.6,15.5) 59 143  14.1(12.6-15.4) 0.92 (0.74-1.16)  0.498
(mm/mm?3)

Day 1-3 9 10 14.0(13.1,153) 43 58 13.4(12.2-15.3) 092 (0.69-1.22)  0.554
Day 4-6 9 10 14.3(12.6,15.6) 48 65 14.1 (12.0-15.3) 096 (0.68-1.36)  0.817
Day 7-13 o o0 - 20 20  15.3(14.3-16.0) - - -

Day >13 7 7 14.6(13.0,16.4) 20 20  15.8(14.5-17.4) 122 (0.70-2.12)  0.485
5:::;?2;3 of perfused 1. 0 90.3(83.2,95.5) 59 143  92.4(87.9-95.5) 1.08 (0.99-1.17)  0.085
Day 1-3 9 10 91.3(85.5,94.6) 43 58  93.7(90.2-96.1) 107  (0.94-1.22)  0.301
Day 4-6 9 10 89.0(82.0,94.2) 48 65  92.2(88.5-95.5) 111 (0.98-1.27)  0.105
Day 7-13 o o0 - 20 20  85.3(82.5-88.9) - - -

Day >13 7 7 983(93.5,98.7) 20 20  96.9(96.0-97.5) 112 (0.74-1.70)  0.601
Mean flow Index 15 20 2.6(2.1,27) 59 142 2.6(2.3-2.8) 127 (0.98-1.64)  0.071
Day 1-3 9 10 26(2227) 42 57 26(2328) 116 (0.70-1.92)  0.574
Day 4-6 9 10 24(2.0,27) 48 65  2.6(2.4-2.8) 169  (1.01-2.84)  0.045
Day 7-13 o o - 20 20  23(2.1-2.7) - - -

Day >13 7 7 27(2628) 20 20  2.8(2.83.0) 245  (0.54-11.07)  0.246
Heterogeneity Index 14 19 0.1(0.1,0.2) 59 138 0.2 (0.1-0.3) 1.04  (0.80- 1.36) 0.775
Day 1-3 8 9  02(0.1,03) 41 56  0.2(0.1-0.3) 1.00  (0.68-1.46)  0.981
Day 4-6 9 10 0.1(0.1,02) 48 65  0.2(0.1-0.3) 1.01  (0.65-1.58)  0.962
Day 7-13 o o - 17 17 02(0.1-0.4) ; ; ;

Day >13 6 6 0.1(0.0,0.2) 19 19  0.1(0.0-0.1) 035 (0.10,1.22)  0.104
eRBC score >0 14 20 3(15%) 59 141 33 (23%) 1.60 (0.31,8.28) 0.576
Day 1-3 9 10 2(20%) 42 56 13(23%) 124 (0.22,7.18)  0.807
Day 4-6 8 9 1(11%) 48 65 13 (20%) 195 (0.24,16.06) 0.536
Day 7-13 11 0(0%) 20 20 7(35%) - - -

Day >13 6 6  1(17%) 20 20  0(0%) - - -

Data are presented as absolute count (%) for categorical variables and median (IQR) for continuous data. n
corresponds to number of participants, N corresponds to number of measurements. eRBC: extravasated red

blood cells, OR: odds ratio, Cl: confidence interval.

For each variable, the highlighted rows corresponds to the overall comparison which included all values except
for values on day of illness > 13, and were adjusted for age, sex and illness day. Other rows correspond to
comparisons for each day of illness category, and were adjusted for age, sex. All comparisons were based on
generalized estimating equations with independence covariance structure to take into account multiple
measurements per patient. The OR describes the predicted change in the odds of a dengue diagnosis
corresponding to an increase of Imm/mm? in TVD, 1% in PPV, 0.25 unit in MFI (or increase by 1 unit in the total
flow index from all 4 quadrants), 0.1 unit in Hl, having positive eRBC score.
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Figure 3-4: Plot of proportion of perfused small vessels (PPV, top panel) and mean flow index of
small vessels (MFI, bottom panel) by day of illness in patients with dengue and other febrile
illness.
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The short grey line represents the median value of the parameter during each illness phase. The
numbers at the bottom of the figures represent the number of individuals that contributed to that
group (each individual could have more than 1 measurement during the illness phase). There was no
significant difference between dengue and OFlI for either PPV or MFI.
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3.7.2 Association between microcirculatory parameters and clinical endpoints in
confirmed-dengue patients.

With respect to plasma leakage, the primary analysis included all confirmed-dengue patients
in both arms who had full clinical and radiological assessments for leakage (Table 3-3). There
were no differences identified in total small vessel density (TVD) between the patients with
and without plasma leakage at any of the time-points. The proportion of perfused small
vessels (PPV) over all time-points was lower in patients with plasma leakage (median PPV:
88.1% vs. 90.6%, P=0.010), and was most marked during the critical phase (Table 3-3, Figure
3-5). Mean flow index (MFI) was also lower in the patients with plasma leakage compared to
those without, when considered overall (2.1 vs. 2.4, P=0.007) (Table 3-3, Figure 3-5). The
heterogeneity index (HI) was greater for patients with plasma leakage compared to those
without leakage. The associations between plasma leakage and PPV and MFI, but not
between plasma leakage and HI, were confirmed in the sensitivity analysis using the larger
cohort classified for plasma leakage using clinical and haematocrit information only (data not
shown). In terms of prediction, the MFI on day 3 of illness was associated with subsequent
plasma leakage (OR = 0.39, 95% Cl 0.08-0.94 per unit increase in the flow index), although the
association did not reach significance at the predefined 1% significance level (P=0.034) (Table
3-4). The other microcirculatory parameters of TVD, PPV, HI and eRBC on days 1-3 were not

predictive.

With respect to bleeding, we found no associations between any of the microcirculatory
variables and mucosal bleeding, except a trend for more patients with mucosal bleeding to
have eRBC seen during the early phase (9/24, 38% vs. 8/42, 19% among patients with and
without mucosal bleeding respectively) (data not shown). Collectively, these results indicate
that although microcirculatory indices of perfusion and flow were worse in patients with
plasma leakage than in those without evidence of leakage, the differences observed were

relatively minor.
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Table 3-3: Small-vessel microvascular variables in dengue patients with and without primary

endpoint of plasma leakage

No leakage Plasma leakage OR (95% Cl) \F:alue

"N e "N e
Total vessel
density 33 78 14.5(13.3-53) 37 91  13.3(11.8-15.0) 0.82 (0.68-0.98)  0.029
(mm/mm?)
Day 1-3 9 11 147(133-162) 10 15  13.4(11.6-147) 074 (0.51-1.07) 0.108
Day 4-6 24 35 147(135-154) 27 39  13.1(11.6-149) 084 (0.65-1.10)  0.207
Day 7-13 25 32 14.4(13.4-152) 27 37  13.6(12251) 085 (0.67-1.08) 0.193
Day >13 9 9 172(157-175) 13 13  149(14.2-158) 046 (0.18-1.19) 0.11
Proportion of
perfused vessels 33 78 90.6(85.8-94.0) 37 91  88.1(81.6-92.2) 0.94 (0.89-0.98) 0.010
(%)
Day 1-3 9 11 943(92.0953) 10 15  90.9(86.7-940) 093 (0.77-1.13)  0.489
Day 4-6 24 35 90.8(88.3-93.5) 27 39  87.4(81.6-91.7) 0.89 (0.81-0.98) 0.018
Day 7-13 25 32 88.8(84.5-929) 27 37  88.1(80.2-90.5) 096 (0.91-1.02)  0.162
Day >13 9 9 971(957-97.3) 13 13  96.0(95.3-98.1) 153 (0.90-2.62)  0.119
:\:::;‘ Flow 33 78 2.4(2.1-2.7) 37 90  2.1(1.9-2.4) 0.75 (0.61-0.92)  <0.007
Day 1-3 9 11 28(27-2.9) 9 14 23(2.028) 024 (0.051.25) 0.090
Day 4-6 24 35  2.5(2.1-2.6) 27 39 2.0(1.825) 072 (0.51-1.02) 0.063
Day 7-13 25 32 22(2.025) 27 37 2.1(1.9-2.3) 081 (0.581.11) 0.189
Day >13 9 9  29(2830) 13 13 28(2.7-2.8) 012 (0.01-1.33) 0.084
:‘Zt:;%e"eity 33 69 0.2(0.10.2) 37 81  0.2(0.1-0.3) 133 (1.07-1.66) 0.010
Day 1-3 8 10 0.2(0.1:0.2) 9 14  03(0.204) 202 (0.954.31) 0.069
Day 4-6 22 31 02(0.1:0.3) 27 35  0.2(0.1-0.3) 1.02  (0.74-139)  0.910
Day 7-13 21 28 0.2(0.1:0.2) 25 32 03(0.1-04) 139 (0.97-1.99)  0.073
Day >13 7 7 0.1(0.00.1) 10 10  0.1(0.0-0.1) 0.18 (0.0-11.65) 0.446

Summary statistic is absolute count (%) for categorical variables and median (IQR) for continuous data. n
corresponds to number of participants, N corresponds to number of measurements. Day: day of illness. For each
variable, the highlighted rows (bolded) correspond to the overall comparison which included all values except for
values on day of illness > 14, and was adjusted for age, sex, hospitalization and day of illness. Other rows
correspond to comparisons for each day of illness group, which included all values obtained during that time-
period. All comparisons were based on generalized estimating equations with independence covariance structure
to take into account multiple measurements per patient. The OR describes the predicted change in the odds of
plasma leakage corresponding to an increase of 1Imm/mm? in TVD, 1% in PPV, 0.25 unit in MFI (or increase by 1
unit in the total flow index from all 4 quadrants), 0.1 unit in HI
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Table 3-4: Prediction model of microvascular variables on illness day 3 for developing the primary

outcome of plasma leakage

No plasma leakage Plasma leakage

. OR (95% Cl) p value

Covariate (n=36) (n=37)
n n Summary statistics

TVD 9 14.3(13.3,15.8) 8 12.6(11.4,13.9) 0.70 (0.30-1.19) 0.209
[mm/mm?3]
PPV [%] 9 94.4(92.4,95.4) 8 89.8(83.0,93.1) 0.93 (0.74-1.12) 0.467
MFI 9 2.8(2.7,2.9) 8 2.2(1.9,2.4) 039  (0.08-0.94) 0.034
HI 8 0.2(0.1,0.2) 8 0.3(0.2,0.6) 1.51 (0.85-4.18) 0.179
eRBCscore>0 8 3(38%) 8 4(50%) 1.98 (0.22-29.48) 0.552

Summary statistic is absolute count (%) for categorical variables and median (IQR) for continuous data.
n corresponds to number of participants. TVD: total small vessel density, PPV: proportion of perfused
small vessels, MFI: small vessel mean flow index, HI: heterogeneity index, eRBC: extravasated red
blood cells, OR: odds ratio, Cl: confidence interval.

All comparisons were based on logistic regression with Firth’s correction for separation, and were
adjusted for age, sex and hospitalization. The OR corresponds to change in OR for plasma leakage of
an increase of Tmm/mm?® in TVD, 1% in PPV, 0.25 unit in MFI (or increase by 1 unit in the total flow
index from all 4 quadrants), 0.1 unit in HI, having positive eRBC score. This analysis included only
dengue patients who had microcirculatory measurements on day 3 of illness and the investigations
necessary for the primary plasma leakage outcome.
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Figure 3-5: Scatter plot of proportion of perfused small vessels (top panel) and mean flow index of
small vessels (bottom panel) by day of illness in patients with and without plasma leakage
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The short grey lines represent the median value of the parameter of interest on each day of illness
group. Black dots represent values from patients who developed dengue shock syndrome. The numbers
at the bottom of the figures represent the numbers of individual contributed to each plasma leakage
group.

There was a significant difference between patients with and without plasma leakage during the acute
illness (day 1-13) for both PPV (P=0.010) and MFI (P=0.007).
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3.7.3 Association between the microcirculation, serological endothelial biomarkers and
global haemodynamics in dengue patients

An overall description of the endothelial biomarkers will be presented in the next section.
Among patients with dengue, there was a negative correlation of PPV and MFI with molecules
associated with endothelial activation; VCAM-1 (partial correlations: -0.45, P<0.001 and -0.46
P<0.001 respectively) and Ang-2 (partial correlations: -0.33, P<0.001 and -0.29 P=0.001). No
associations were identified between the microcirculatory parameters assessed and the other
endothelial biomarkers including ICAM-1, E-selectin, VEGF, and Ang-1 (Table 3- 5).

We found no correlations between the microcirculatory variables and global haemodynamics
assessed contemporaneously, such as pulse, mean arterial blood pressure, stroke volume or
cardiac index. Collectively, these results indicate microcirculatory parameters of flow and
perfusion correlate negatively with endothelial activation markers, but not with global

haemodynamics.

Table 3-5: Partial correlation between small-vessel microcirculatory variables, endothelial
biomarkers and global haemodynamics

TVD PPV MFI

rho p value rho p value rho p value
Serological endothelial biomarkers
Log2 VEGF -0.254  0.061 -0.156  0.248 -0.030 0.838
Log2 ICAM-1 -0.093  0.297 -0.136  0.178 -0.083  0.455
Log2 VCAM-1 -0.097 0.275 -0.448  <0.001 -0.464  <0.001
Log2 E-selectin 0.165 0.149 0.069 0.565 -0.002  0.985
Log2 Angiopoietin 1 0.160 0.119 0.114 0.248 0.123 0.208
Log2 Angiopoietin 2 0.042 0.611 -0.332  <0.001 -0.290 0.001
Global haemodynamics parameters
Pulse rate -0.019 0.797 -0.005 0.935 0.093 0.145
Mean arterial blood pressure -0.036 0.620 0.074 0.354 -0.015 0.848
Stroke volume index -0.161  0.163 0.096 0.443 0.122 0.444
Cardiac Index -0.009 0.939 0.167 0.146 0.256 0.024

VEGF: vascular endothelial growth factor, ICAM-1: Intercellular adhesion molecule 1, VCAM-1:
Vascular cell adhesion molecule 1. Rho is the partial correlation coefficient between the respective two
parameters of interest controlling for age, sex and day of illness of measurement.
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3.7.4 Glycocalyx measurements
3.7.4.1 Glycocalyx depth assessment for dengue patients versus OFI

Glycocalyx depth, as assessed using the glycocheck software, showed no significant difference
in the perfused boundary region (PBR) or the microvascular health score (MVHS) between

dengue patients and OFl in any of the disease phases (Figue3-6).

Figure 3-6: Graph of the Perfused boundary region (top) and microvascular health score (bottom)
between confirmed-dengue and other febrile illness
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The short grey lines represent the median value of the parameter for each day of illness group. The
numbers at the bottom of the figures represent the number of individuals who contributed to each

plasma leakage group. There was no significant difference between either PBR or MVHS in dengue
versus OFI.
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3.7.5 Soluble glycocalyx components and endothelial biomarkers in confirmed-dengue
and OFI

Plasma levels of the glycocalyx components syndecan (SDC1) and endocan demonstrated
different patterns in the dengue and OFI patient groups. SDC1 levels were generally higher in
dengue compared to OFI during the acute disease phase, with a significant difference in the
febrile phase (day 1-3, P=0.003) (Table 3-6). Peak SDC1 levels were found in the convalescent
phase (day 7-13) in the dengue patients, but with only 2 measurements available in the OFI
group during this time period a statistical comparison was not possible. In contrast, endocan
levels overall were higher in the OFI group compared to dengue, with a significant difference
shown during the critical period (day 4-6). There was no difference in ICAM-1 levels between
the dengue and OFI patient groups. However, VCAM-1 was higher in dengue patients versus
OFI during the acute illness (days 1-13), and most apparent during the critical phase (day 4-
6), (median: 3872 vs. 2260ng/ml, P= 0.007).
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Table 3-6: Soluble endothelial glycocalyx components for patients with dengue versus other

febrile illness

OFI (n=16) Dengue (n=63)
n N Summary statistic n N Summary statistic OR 95% ClI p

Syndecanng/ml 11 31  25.7(8.1,46.3) 40 113  80.9(34.7,206.9) 1.24 (1.04, 1.48) 0.018
Day 1-3 10 14 26.4(6.6,53.7) 32 44 45.9 (33.2,127.1) 1.77 (1.22, 2.57) 0.003
Day 4-6 10 15 25.7(8.6,36.1) 34 54 119.2 (45.0, 208.6) 1.16 (1.01, 1.33) 0.039
Day 7-13 2 2 45.1 (33.6, 56.7) 14 15 1021.8 (91.5,1434.0)  5.39 (0.48,61.02) NA

Day >13 6 6  12.7(9.5,28.0) 200 20 22.2(14.2, 46.9) 0.97  (0.79,1.20)  0.802
Endocan ng/ml 12 34 1.0(0.2,2.4) 37 107 0.2(0.2,1.3) 0.71 (0.55, 0.92) 0.009
Day 1-3 11 16 0.3(0.0,2.4) 29 40 0.2 (0.2,0.8) 0.81 (0.58, 1.11) 0.189
DOI 4-6 11 16 1.5(0.2, 2.6) 31 50 0.2 (0.2, 0.6) 0.66 (0.49, 0.89) 0.006
DOI 7-13 2 2 2.2(1.7,2.8) 16 17 2.3(0.6,3.2) 0.83 (0.48, 1.45) 0.520
DOl >13 7 7 0.2 (0.0, 0.4) 18 18 0.2 (0.2,1.0) 1.10 (0.63,1.91) 0.732
ICAM-1 ng/ml 11 31 556.3(340.6,1042.0) 35 102 647.3(339.2,1205.2) 1.19 (0.77,1.82) 0.443
DOI 1-3 10 14 372.8(261.2,578.3) 24 36 502.9 (270.7, 1105.4) 1.47 (0.82, 2.62) 0.191
DOI 4-6 10 15 886.2(456.6,1096.7) 29 49 653.1(338.0,1223.0) 1.01 (0.59, 1.73) 0.964
DOl 7-13 2 2 808.5 (682.4, 934.6) 17 17 1011.5 (636.9, 1.76 (0.41, 7.55) 0.447

1434.3)

DOI >13 6 6  470.5(319.0,964.0) 17 17 7435 (447.1,1017.8) 171  (0.53,5.49)  0.365
VCAM-1 ng/ml 11 31 2223 (1067-3505) 35 102 3099 (2046-6318) 2.08 (1.20, 3.60) 0.009
Day 1-3 10 14 1858 (775-2490) 25 36 2203 (1434-2901) 1.54 (0.67, 3.52) 0.307
Day 4-6 10 15  2260(1597-3505) 29 49 3872 (2239-6369) 3.21 (1.38, 7.45) 0.007
Day 7-13 2 2 7229 (6378-8081) 17 17 9985.8 (7834-13230) 0.95 (0.24, 3.82) 0.943
Day >13 6 6 695 (602- 863) 17 17 725 (639-822) 1.45 (0.11,19.83) 0.781

Data are presented as absolute count (%) for categorical variables and median (IQR) for continuous data. n
corresponds to number of participants, N corresponds to number of measurements. For each variable,
highlighted row (bold) corresponds to the overall comparison which included all values except for values on day
of illness > 13, and was adjusted for age, sex and day of illness. Other rows correspond to comparison for each
day of illness group and were adjusted for age and sex. All comparisons were based on generalized estimating
equations with independence covariance structure to take into account multiple measurements per patient.
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3.7.6 Endothelial activation markers in dengue versus other febrile illness

There was no overall difference between levels of Ang-1 and Ang-2 between dengue and OFI, except

during illness day 7-13 where Ang-1 was lower in dengue patients (median: 3.2 vs. 7.4 ng/ml, P<0.001)

(see table 3-7 below). There was no difference between levels of E selectin between dengue and OFI.

VEGF levels were lower in dengue patients compared to OFI during the acute illness (days 1-13).

Table 3-7: Endothelial biomarkers in patients with other febrile iliness compared to dengue by

iliness phase
OFI (n=16) Dengue (n=63)
n N n N OR 95% Cl p
Angl (ng/ml) 11 28 6.2(4.6,10.2) 35 96 4.5(2.6,9.0) 0.64 (0.42,0.99) 0.044
Day 1-3 9 13 6.2(4.7,84) 25 37  5.2(3.7,10.0) 0.76 (0.47,1.23)  0.264
Day 4-6 10 13 6.4(4.3,11.0) 27 43  5.0(2.5,8.9) 0.63 (0.34,1.17)  0.144
Day 7-13 2 2 7.4(6.1,87) 16 16 3.2(2.0,4.9) 0.01 (0.00,0.11)  <0.001
Day >13 6 6 13.4(9.2,149) 16 16 9.0(4.1,16.0) 0.69 (0.33,1.44) 0317
Ang2 (ng/ml) 11 31 3.5(2.3,4.5) 35 103 3.3(2.4,4.6) 0.97 (0.52,1.80) 0.918
Day 1-3 10 14 3.4(2.2,4.6) 25 37  3.0(2.3,43) 0.82 (0.38,1.76)  0.602
Day 4-6 10 15 3.4(2.3,4.5) 29 49  2.9(2.2,3.9) 0.92 (0.45,1.87) 0.810
Day 7-13 2 2 3.8(3.7,38) 17 17 4.8(3.7,6.9) 3.29 (0.59,18.32) 0.175
Day >13 6 6 4.0(3.4,45) 17 17 29(2.0,3.7) 0.34 (0.12,0.96)  0.042
Ang2/1(ng/ml) 11 28 0.7(0.4,0.9) 35 96 0.8(0.5,1.4) 1.39 (0.90,2.16) 0.136
Day 1-3 9 13 0.8(0.7,0.9) 25 37 0.6(0.3,1.2) 1.09 (0.70,1.70)  0.691
Day 4-6 10 13 0.4(0.4,0.8) 27 43 0.7(0.5,1.3) 1.40 (0.75,2.63)  0.290
Day 7-13 2 2 06(050.7) 16 16 1.5(0.8,2.5) 10.47 (1.53,71.47) 0.017
Day >13 6 6 0.3(0.20.5) 16 16 0.3(0.2,0.6) 0.88 (0.45,1.70)  0.698
VEGF (ng/ml) 7 17 15.6(13.6,19.2) 19 44 10.2(5.2,15.4) 0.49 (0.29,0.82)  0.007
Day 1-3 6 7 15.6(14.7,162) 11 16 14.0(9.8,18.3) 0.42 (0.10,1.81)  0.245
Day 4-6 5 8 13.9(11.0,182) 14 19 8.4(5.3,12.6) 0.43 (0.19,0.98)  0.043
Day 7-13 2 2 51.8(355682) 9 9 4.9 (3.4,9.0) 0.44 (0.17,1.14)  0.092
Day >13 4 4 235(189,34.1) 17.0(13.2, 20.9) 0.19 (0.01,3.06) 0.241

Data are presented as absolute count (%) for categorical variables and median (IQR) for continuous data. n
corresponds to number of participants, N corresponds to number of measurements. For each variable,
highlighted row corresponds to all the acute illness days, except day > 13, and was adjusted for age, sex and day
of illness. Other rows correspond to comparison for each day of illness group and were adjusted for age, sex. All
comparisons were based on generalized estimating equations with independence covariance structure to take
into account multiple measurements per patient.
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3.7.7 Glycocalyx depth assessment for dengue patients by plasma leakage grade

Over all the acute time-points there was no difference in the perfused boundary region (PBR),
between patients with plasma leakage grade 2 versus no leakage. There was a trend for lower
microvascular health scores (MVHS) in patients with grade 2 leakage over the acute illness
but this did not reach significance at the predefined 1% level (Table 3-8, Figure 3-7). These
results suggest we cannot detect a difference between the glycocalyx depth between patients

with different plasma leakage severities using this technique.

| Page 78



Figure 3-7: Graph of the Perfused boundary region (top) and microvascular health score (bottom)
between confirmed dengue patients with different plasma leakage grades
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The short grey lines represent the median value of the parameter on each day of illness group. The numbers at
the bottom of the figures represent the number of individuals that contributed to each plasma leakage group.
Black dots represent patients who developed DSS.
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Table 3-8: Glycocalyx depth measurements between dengue patients with different plasma leakage grades

No leakage Plasma leakage Plasma leakage

Grade 0 Grade 1 Grade 2 Grade1lvs0 Grade2vs0
Characteristic n N Summary n N Summary n N Summary Effect 95% CI p Effect 95% Cl p

statistic statistic statistic
PBR 7 18 2.0(1.8,2.2) 9 23 1.9(1.8,2.0) 7 15 2.0(1.9,2.3) 0.01 (-0.16, 0.17) 0.947 0.11 (-0.12, 0.34) 0.333
DOI 1-3 3 5  21(2.0,24) 4 6 1.8(1.7,2.0) 2 2.1(2.0,2.2) -0.61 (-0.89, -0.32) <0.001 -0.34 (-0.60,-0.09)  0.090
DOl 4-6 5 8 1.9(1.7,2.1) 7 10 2.0(1.9,2.0) 3 4 2.2(2.0,2.6) 0.09 (-0.15, 0.32) 0461 0.28 (-0.23, 0.80) 0.274
DOI 7-13 5 5  2.0(192.2) 6 7  1.9(1.9,2.1) 6 2.0(1.9,2.2) 0.00 (-0.24, 0.25) 0.973 -0.00 (-0.19,0.18) 0.963
DOI >13 1 1 22(22,22) 3 3  16(151.7) 4 4 21(2.0,2.2) - - - - - -
MVHS 7 18 0.7(0.5,1.0) 9 23 0.6(0.4,0.8) 7 15 0.3(0.2,0.5) -0.21 (-0.47, 0.06) 0.125 -0.35 (-0.65,-0.06)  0.020
DOI 1-3 3 5 0.7(0.21.0) 4 6 0.7(0.5,0.9) 2 3  0.3(03,04) 0.28 (-0.25,0.82) 0.294 -0.10 (-0.55,0.34) 0.645
DOl 4-6 5 8 0.8 (0.6,1.1) 7 10 0.5(0.3,0.6) 3 4 0.4 (0.2, 0.6) -0.35 (-0.68, -0.01) 0.042  -0.28 (-0.78,0.23) 0.280
DOl 7-13 5 5 0.8(0.7,1.1) 6 7 0.6 (0.6, 0.7) 6 8 0.3(0.2,0.5) -0.16 (-0.58, 0.26) 0.455 -0.45  (-0.81,-0.09) 0.015
DOI >13 1 1 0.8(0.8,0.8) 3 3 1.3(1.2,1.3) 4 4 05(0.5,0.6) 0.46 - - - - -

Data is presented as medians (IQR). n corresponds to number of participants, N corresponds to number of measurements.

For each variable, the first row corresponds to the overall comparison which included all values except values on day of illness > 13, and were adjusted for age, sex and day of
illness of measurement; whereas, other rows correspond to comparison for each day of illness group which included all values during that day of illness group and were
adjusted for age and sex. Analysis is based on linear regression with generalized estimating equations (variable of interest as outcome and plasma leakage as covariate).
Effect (and 95%Cl, p) for grade 1 corresponds to mean difference in variable of interest between grade 1 and grade 0. Effect (and 95%Cl, P) for grade 2 corresponds to mean
difference in variable of interest between grade 2 and grade 0.
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3.7.8 Soluble glycocalyx markers in dengue patients with different plasma leak grades

Plasma levels of all the endothelial biomarkers were assessed with the additional cohort of
20 severe cases from ICU at HTD.

Plasma SDC1 levels were raised in patients with the most severe leakage (grade 2) compared
to patients with no plasma leakage, particularly during the critical phase (median: 112.7
versus 2613 ng/ml, P<0.001), (Table 3-9, Figure 3-8). SDC1 levels were not significantly
different between leakage grade 1 and no leakage.

Although there was a trend for endocan levels to be higher in patients with plasma leakage
grade 1 and 2 versus no leakage no leakage, this did not reach significance. VCAM-1 was
significantly higher in patients with severe plasma leakage overall, and particularly during the

early febrile phase day 1-3 (median: 2206 versus 4132 ng/ml, P=0.006).
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Table 3-9: Soluble glycocalyx markers in dengue patients with different plasma leakage grades and illness phase

Grade 0 Grade 1 Grade 2 Grade 1 Grade 2
n N n N n N Effect 95% ClI p Effect 95% Cl p
Syndecan 12 35 156.1(60.0,901.6) 14 43  214.3(36.6,688.1) 24 73 1220.1(268.5, 3149.9) -0.46 (-2.14, 1.22) 0.592 231 (0.40, 4.22) 0.018
DOI 1-3 6 8 113.7 (52.7, 289.3) 7 11 26.4(23.6,41.2) 3 4 117.0 (66.5, 484.2) -1.54 (-3.25,0.18) 0.079 0.41 (-2.19, 3.01) 0.757
DOl 4-6 10 16 112.7 (55.9, 185.5) 11 18  255.0(147.0, 682.6) 20 34 2613.8 (1182.7,3911.0) 0.81 (-1.70, 3.32) 0.528 4.41 (1.84, 6.98) <0.001
DOI 7-13 8 11 1120.1(678.3, 1206.4) 9 14 492.7 (157.5, 1009.7) 23 35  668.5(181.3,1803.3) -1.00 (-2.65, 0.65) 0.233 0.33 (-1.60, 2.27) 0.735
DOI>13 5 5 14.4 (3.4,129.9) 8 8 33.9(17.3,70.4) 19 19  35.4(14.6,90.2) 2.32 (-2.64,7.27) 0.359 5.81 (-0.53, 12.14) 0.072
Endocan 11 33 0.6(0.0,2.4) 13 41 0.8(0.0,7.1) 16 47 4.0(0.8,7.8) 0.61 (0.64, 1.87) 0.335 1.13 (-0.19, 2.45) 0.093
DOl 1-3 5 7 1.0(0.0, 2.1) 7 11 0.2(0.2,0.2) 3 4 0.5(0.2, 1.6) -1.88 (-4.03-0.26) 0.085 0.27 (-2.84,3.37) 0.867
DOl 4-6 9 15  0.2(0.2,1.0) 10 16 3.1(0.2,7.4) 13 21 3.2(08,7.8) 1.88 (0.11, 3.64) 0.037 2.01 (0.08, 3.95) 0.042
DOI 7-13 8 11 0.8(0.7,4.8) 9 14 3.2(0.9,12.2) 15 22 5.4(25,8.2) 1.18 (-0.63, 2.98) 0.200 1.19 (-0.27, 2.66) 0.110
DOI >13 5 5 1.1(0.2,1.1) 7 7  0.2(0.2,0.8) 12 12 0.9(0.6,1.6) -0.86 (-2.97, 1.26) 0.428 0.01  (-2.04,2.06) 0.992
ICAM-1 13 39  658.3(437.0,1157.8) 17 49 572.5(397.0, 1284.6) 27 72 840.7 (452.3, 1420.5) 0.14 (-0.38, 0.67) 0.599 0.28 (-0.33, 0.90) 0.365
DOI 1-3 5 7 513.5(394.6, 1158.2) 8 12 478.0(358.0,906.0) 3 4 574.7 (489.1, 605.6) 0.05 (-0.97, 1.06) 0.930 0.19 (-0.86, 1.25) 0.721
DOI 4-6 10 18  497.3(366.9,1049.0) 15 24  548.3(395.6,1521.7) 21 31  986.4(451.7,1273.4) 0.17 (-0.44,0.78) 0.581 0.20 (-0.48, 0.89) 0.557
DOl 7-13 10 14  805.8(647.9,1133.8) 12 13 1062.4(481.0,1598.4) 25 37  883.0(456.4,2132.2) 0.36 (-0.43,1.15) 0.375 0.61 (-0.26, 1.48) 0.169
DOI >13 5 5 800.7 (500.3, 870.2) 9 9 532.4 (519.7, 1017.8) 20 20 363.3 (313.0, 591.0) 0.18 (-0.59, 0.95) 0.639 -0.13 (-1.13, 0.86) 0.796
VCAM-1 13 39  4499.2(2439.4, 9506.7) 19 55 5930.7 (2683.9, 11190.6) 27 74  12275.2(7668.8,17883.8)  0.23 (-0.34, 0.81) 0.431 0.74 (0.03, 1.45) 0.041
DOI 1-3 5 7 2206.4 (1243.7, 2459.4) 8 12 2259.0(1695.7,2999.1) 3 4 4132.7 (3117.4, 6379.2) 0.15 (-0.63, 0.93) 0.706 1.39 (0.39, 2.38) 0.006
DOI 4-6 10 18  3919.3(2428.1, 6072.8) 17 27  6452.5(4791.8,10186.6) 22 32 10638.4(6692.2,17761.2) 0.52 (-0.24,1.28) 0.177 1.17 (0.13,2.21) 0.027
DOl 7-13 10 14  9506.7 (7366.2, 12884.2) 14 16  10950.2 (6365.7, 17331.4) 25 38  12806.2(9345.5, 18362.1) 0.23 (-0.32,0.78) 0.418 0.27 (-0.28, 0.83) 0.332
DOI >13 5 5 568.3 (531.2, 766.6) 10 10  696.3(580.1,927.7) 21 21 1289.1(899.2, 1649.7) 0.13 (-0.26, 0.52) 0.505 0.83 (0.39, 1.28) <0.001

Data is presented as median (IQR). n corresponds to number of participants, N to number of measurements. For each variable, the first row corresponds to overall comparison
including all values except day >13, and were adjusted for age, sex and day of illness. Other rows correspond to comparison for each illness phase, and were adjusted for age
and sex. Analysis is based on linear regression with generalized estimating equations (variable of interest as outcome and plasma leakage as covariate). Effect (95%Cl) for
grade 1 corresponds to mean difference in variable of interest between grade 1 and 0.Effect (9%% Cl) for grade 2 corresponds to mean differnece in variable of interest
between grade 2 and 0.
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Figure 3-8: Scatter plot showing syndecan-1 levels in dengue patients by plasma leakage grade and
iliness phase.
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The short grey lines represent the medians. The numbers at the bottom of the graph represent the number of
individuals that contributed to that plasma leak group. The black dots represent patients who developed DSS.

3.7.9 Endothelial activation markers in dengue patients by plasma leakage grade

Patients with grade 2 plasma leakage had lower Ang-1 levels between illness days 4-6 and
also 7-13, but not earlier in the febrile phase (table 3-10). Overall the acute illness days there
was higher Ang-2 in patients with plasma leakage grade 2 versus no leakage (median: 6.5
versus 4.1 ng/ml, P=0.005) particularly during the critical phase (median: 6.6 vs. 3.4 ng/ml,
P=0.007) (table 3-10). When considering the Ang2/1 ratio, this was significantly higher in
patients with severe (grade 2) plasma leakage versus no leakage overall and during the critical
phase (2.3 vs. 0.8, P<0.001). There was no difference in the E-selectin levels between the
leakage grades (data not shown), or VEGF overall but VEGF levels were lower in patients with
grade 1 leakage versus no leakage (3.4 vs. 11.5 P<0.001). Ang-1 levels had a positive

correlation with platelet counts (rho: 0.46, P<0.001) (Figure 3-9).
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Table 3-10: Endothelial biomarkers in confirmed dengue patients by plasma leakage grade over disease phase.

Grade 0 (n=37) Grade 1 (n=32) Grade 2 (n=94) Grade 1 Grade 2
n N Summary statistic n N Summary statistic n N Summary statistic Effect 95% ClI p Effect 95% Cl p

Angl 13 34 52(2.4,78) 17 44 4.3(2.1,5.5) 27 69 4.0(2.2,7.2) -0.37 (-1.15, 0.41) 0.349 -0.54  (-1.49,0.41)  0.267
DOI 1-3 5 7 6.6 (6.2, 11.3) 8 12 4.4(3.9,5.7) 3 4 6.4 (2.8,10.1) -0.53 (-1.34, 0.28) 0.196 -0.91  (-2.85,1.04) 0.361
DOI 4-6 10 16 6.3(2.4,8.9) 14 21 3.6(1.7,5.0) 21 30 29(1.8,4.1) -1.09 (-2.16, -0.02) 0.045 -1.56  (-2.77,-0.35)  0.011
DOI7-13 9 11 2.9(1.7,4.5) 10 11 53(2.7,6.4) 23 35  6.3(3.3,12.3) 0.93 (0.17, 1.70) 0.017 127 (0.41,2.13) 0.004
DOI >13 5 5 9.4 (8.6, 14.0) 9 9 15.3 (4.4,19.2) 21 21 22.9(16.3,48.8) -0.02 (-1.02, 0.99) 0.976 1.20 (-0.15, 2.54) 0.082
Ang2 13 39 4.1(2.6,6.4) 19 54 4.1(2.9,5.6) 27 73 6.5(4.5,9.8) -0.03 (-0.42, 0.37) 0.891 0.72 (0.22,1.22) 0.005
DOI 1-3 5 7 4.1(3.2,7.5) 8 12 3.0(2.7,3.6) 3 4 5.1(4.5,9.5) -0.43 (-1.44, 0.59) 0.411 0.75 (-0.88, 2.38) 0.369
DOI 4-6 10 18 3.4(26,5.1) 17 26 4.3(24,5.5) 22 32 6.6(4.3,95) 0.06 (-0.49, 0.61) 0.839 0.85 (0.24,1.47) 0.007
DOI7-13 10 14 4.8(3.4,6.9) 14 16 5.1(3.9,6.5) 25 37 6.5(5.5,9.9) 0.22 (-0.31, 0.75) 0.423 0.67 (-0.02, 1.36) 0.056
DOI >13 5 5 2.2(2.0,2.4) 10 10 3.9(23,4.2) 21 21 3.5(29,5.6) 0.43 (-0.13, 0.98) 0.132 0.63 (0.10,1.16) 0.019
Ang2/1 13 34 1.2(04,1.5) 16 43  0.9(0.6,1.6) 27 68 1.7(0.9,3.8) 0.54 (-0.36, 1.44) 0.242 1.40  (0.42,2.39) 0.005
DOI 1-3 5 7 0.9(0.3,1.3) 8 12 0.7(0.5,1.0) 3 4 3.2(0.5,9.8) 0.11 (-1.48, 1.70) 0.895 1.65 (-1.25, 4.56) 0.264
DOl 4-6 10 16 0.8(0.4,1.4) 13 20 1.0(0.7,5.5) 21 30 2.3(1.6,4.3) 1.47 (0.18, 2.76) 0.026 2.42 (1.18, 3.67) <0.001
DOI7-13 9 11 1.4(1.4,25) 10 11  1.3(0.6,1.9) 23 34 1.1(0.5,3.0) -0.52 (-1.37,0.33) 0.229 -0.23  (-1.15,0.68) 0.617
DOI>13 5 0.2(0.2,0.2) 9 9 0.3(0.2,0.5) 21 21 0.1(0.1,0.2) 0.59 (-0.17, 1.35) 0.130 -0.53  (-1.74,0.68) 0.391
VEGF 8 18  11.5(8.1,17.1) 3 7  3.4(3.2,5.9) 12 22 16.4(9.1,35.3) -1.29 (-1.92,-0.67)  <0.001 0.41  (-0.64,1.47)  0.442
DOI 1-3 2 3 14.4 (12.5, 22.4) 1 1 15.8 (15.8, 15.8) 1 2 11.2 (10.5, 12.0) NA NA NA NA NA NA
DOI 4-6 6 7 12.3(8.2,17.3) 2 4 3.4(3.1,3.9) 6 7 8.9(5.9,52.1) -1.88 (-2.67, -1.08) <0.001 0.14 (-1.70, 1.98) 0.885
DOI7-13 6 8 10.2 (4.8, 16.2) 2 2 4.6(3.9,5.4) 9 13 18.3(13.2,38.9) -1.15 (-2.94, 0.64) 0.208 1.10 (-0.14, 2.33) 0.082
DOI >13 5 5 15.4 (11.5, 25.9) 2 2 20.6 (16.9, 24.3) 5 5 45.3 (37.2,120.6) -0.59 (-1.47,0.29) 0.186 1.08 (0.32,1.83) 0.005

Data are presented as medians (IQR). n corresponds to number of participants, N corresponds to number of measurements. For each variable, the first row corresponds to
the overall comparison which included all values except values on day >13, and were adjusted for age, sex and illness day. Other rows correspond to comparison for each
iliness phase, which included all values during that iliness phase and were adjusted for age and sex. Analysis is based on linear regression with generalized estimating equations
(variable of interest as outcome and plasma leakage as covariate). Effect (and 95%Cl, P) for grade 1 corresponds to mean difference in variable between grade 1 and 0. Effect
(95%Cl, P) for grade 2 corresponds to mean difference in the variable between grade 2 and 0.
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Figure 3-9: Scatter plot showing log levels of Angiopoitin-1 and platelet counts

1Ang1

log(PLT)

Pearson correlation: rho= 0.46, P<0.001
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3.8 Discussion
3.8.1 Microcirculation
3.8.1.1 Microcirculatory alterations between dengue compared to OFI

We have shown that modest microcirculatory disturbances occur in dengue, with a general
reduction in blood flow and perfusion indices that was most marked during the critical phase
of the disease. These microcirculatory changes do not appear to be exclusive to dengue, as
similar disturbances were seen in the OFI group. Specific diagnoses were not established for
the entire OFI group, but it included a mixture of other viral illnesses such as influenza,
measles and acute hepatitis, as well as some bacterial infections including scrub typhus.
Microcirculatory dysfunction has been demonstrated in numerous studies of severe
infections including sepsis [147], and severe influenza [189], but this study demonstrates that
some degree of microcirculatory change likely also occurs in less severe infections. The PPV
represents the proportion of vessels that have greater than intermittent flow (either normal
or sluggish flow) and has also been shown to be strongly associated with outcome including
organ function in sepsis studies [183]. The theory in sepsis is that perfusion deficits are likely
to be more important than sluggish flow for tissue oxygen delivery and therefore is strongly
associated with outcome in severe sepsis. This is also supported by the association of higher
heterogeneity indices in patients with severe infections [149]. High heterogeneity of flow in
the microcirculation indicates that normally perfused capillaries run next to non-perfused
capillaries which can lead to alterations in tissue oxygen extraction and areas of hypoxia. This
heterogeneous perfusion in animal models has been found to be more detrimental for tissue
oxygenation than sluggish but homogenously reduced capillary flow [234]. This was
supported by other animal studies showing tissue hypoxia in early sepsis was caused by
altered distribution of capillary perfusion resulting in reduced oxygen delivery rather than
reduced consumption due to mitochondrial injury [235, 236]. Human studies have also
demonstrated a reduced overall perfusion with a higher heterogeneity of flow may cause
tissue hypoxia, with improvement of capillary perfusion closely correlating with reducing
lactate levels [237]. This is in addition to the numerous studies demonstrating a strong
association of microcirculatory dysfunction with organ failure and mortality [183, 238, 239].
The evolution of these microcirculatory disturbances has also found to be important with

studies in both adult and paediatric septic shock demonstrating rapid improvements in
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microcirculation was associated with survival but persistence of these perfusion

derangements was strongly associated with mortality [240, 241].
3.8.1.2 Microcirculatory alterations in dengue

The microcirculatory changes that occur in dengue are most marked in patients with plasma
leakage during the critical phase of the disease. MFI and PPV were lower in patients with
plasma leakage than those without when assessed overall during the acute illness, and the
reduction in PPV was borderline significant during the critical phase (illness day 4-6), but not
earlier in the febrile phase. Heterogeneity of flow was also increased in patients with plasma
leakage compared to those without. These findings are in agreement with the only other
published report assessing the microcirculation in dengue, which showed altered perfusion
and flow during the critical phase in 2 severe dengue cases [153]. In addition to flow
disturbances, we have shown that extravasated RBCs were visible in a quarter of the dengue
patients assessed, a finding not previously reported in SDF studies. However, unlike flow
disturbances the presence of eRBC was not associated with the clinical outcomes of interest.
Of the other microcirculatory parameters evaluated the total vessel density was generally
preserved over the dengue illness course, with no significant difference between patients
with and without plasma leakage.

Our results suggest that microcirculatory parameters assessed in the early febrile phase of
dengue have limited prognostic potential, as the flow abnormalities generally occurred later
in the disease course and lower MFls on day 3 were only weakly associated with subsequently
developing plasma leakage in the critical phase. This is also in agreement with one study
performed in early sepsis, where microcirculatory abnormalities were not observed in the
early phase of low acuity sepsis [184].

The mechanisms underlying the microcirculatory abnormalities observed in dengue may
relate to increased blood viscosity, causing capillary flow to become more sluggish as plasma
leakage progresses and haemoconcentration occurs. Other mechanisms may include
endothelial dysfunction with impaired cell-cell communication, low nitric oxide release with
loss of vascular tone, glycocalyx shedding [242], increased expression of endothelial adhesion
molecules causing leukocyte and platelets adhesion with resulting perfusion deficits [243] —

these mechanisms will be discussed in more detail below.
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The other influencing factor is systemic perfusion pressure and cardiac output; a minimum
MAP is generally presumed to be required for normal microcirculatory perfusion. However,
evidence from human studies and animal models of sepsis also suggests that the
microcirculation can function independently of systemic haemodynamics, with
derangements demonstrated despite normal mean arterial pressures (MAP) and cardiac
index [182, 244]. Our data confirms this independence, as apart from a weak correlation
between MFI and Cardiac Index that did not reach the significance at the P=0.01 level, the
microcirculatory parameters were not associated with macrocirculatory parameters.

This uncoupling of micro and macro-circulations, together with the observation that
microcirculatory parameters correlate more closely with markers of tissue perfusion like
lactate, has encouraged critical illness researchers to consider using the microcirculation as a
target for goal directed therapy [245]. Fluid resuscitation has been shown to increase the
proportion of perfused vessels and flow in early (<24 hours) but not late septic shock (>48hrs),
which was independent of MAP, Cl and type of fluid used [152]. A randomized controlled trial
of the newer inotropic agent levosimendan was found to increase microcirculatory flow in
resuscitated patients with septic shock when compared to low dose dobutamine [246]. This
may be in part due to its vasodilatory properties via ATP-dependent potassium channels
and/or through its anti-inflammatory properties on endothelial cells by reducing the
expression of adhesion molecules with associated reduction in leukocyte-endothelial
interaction [247]. Other vasodilators however have not shown the same results; a clinical trial
of inhaled nitric oxide failed to demonstrate improvement in the microcirculation or lactate
clearance in resuscitated adult septic shock [248]. Other attempts to improve the
microcirculation in sepsis have included use of therapeutics such as activated protein C [249],
and corticosteroids [250]. However larger randomized controlled trials are needed to link
these microcirculatory improvements with better organ function and improved patient
outcomes. Utilizing videomicroscopy to assist in the management of dengue is likely only to
be feasible in ICU settings for clinical trials, particularly trials evaluating fluid therapies, where
real-time assessment of microcirculatory flow and perfusion could be used with other

haemodynamic endpoints.
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3.8.2 Glycocalyx alterations

The glycocalyx depth calculations using videomicroscopy derived perfused boundary region
did not show any difference between dengue and OFI or between plasma leakage grades.
However, there was a trend for the microvascular health score, which represents a combined
score of glycocalyx health, to be lower in patients with plasma leakage. The MVHS may be a
more sensitive marker of overall glycocalyx health or may simply represent the perfusion
changes that occur in dengue patients with plasma leakage. Visualization of the glycocalyx in-
vivo remains technically challenging and further video analysis including more patients with
severe plasma leakage is required before any conclusions can be made.

We have shown that soluble components of the glycocalyx layer particularly SDC1 is increased
in patients with dengue compared to OFI, and higher in dengue patients with more severe
plasma leakage, which is in agreement with our hypothesis. However contrary to our
hypothesis, endocan was higher in OFI than dengue and although tended to be higher in
patients with plasma leakage, there was no significant difference in endocan between plasma
leakage grades.

The possible reasons why different components of the glycocalyx are higher in DENV
infections, with SDC1 shedding appearing to be targeted over endocan, could be related to
viral binding to syndecan’s GAG side chain, HS. Previous work has shown HS is a key receptor
for DENV, but little is known about the consequence of this binding on the HSPGs. Our results
suggest, DENV does not cause isolated HS release into the circulation after viral binding, but
more widespread damage to the glycocalyx occurs with HSPG release in addition to their GAG
chains.

Although the mechanisms regulating SDC1 shedding remain unclear, studies have shown HS
chains present on SDC suppress the shedding of its core protein. Enzymatic degradation of HS
resulted in a large increase in SDC1 shedding, by enhancing SDC'’s susceptibility to proteolytic
cleavage by matrix metalloproteinases (MMPs) [251]. In DENV infections, viral or NS1 binding
of HS may therefore cause widespread release of HS with the knock on effect of the HSPG
Syndecan also being shed. This widespread damage to the glycocalyx layer could then explain
the associated physiological consequences of plasma leakage and deranged vascular
homeostasis in severe dengue. Other potential mechanisms of increased SDC1 shedding in

dengue may be related to inflammatory mediators, altered microvascular blood flow and/or
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other mediators yet to be identified. Pro-inflammatory cytokines, particularly TNFa has been
shown to cause glycocalyx disruption [252].

Increased SDC1 shedding has been demonstrated in other forms of shock, including
haemorrhagic shock, where patients admitted with major trauma had significantly raised
SDC1 levels compared to healthy controls (median: 545 vs 37ng/ml), and SDC1 levels
correlated with various pro-inflammatory cytokines [253]. SDC1 levels in sepsis have also
found to be raised in proportion to disease severity, with a recent study showing raised SDC1
levels were able to predict mortality using a cut-off of 898 ng/ml with a specificity and
negative predictive value 86% and 91% [254].

The levels of SDC1 in patients with severe dengue plasma leakage in our study were several
fold higher than other published studies of shock, with a median of 2618 ng/ml in the critical
phase of severe dengue and with some patients having levels >4000 ng/ml. This may provide
a plausible explanation for why dengue shock patients appear to experience more marked
plasma leakage than hemorrhagic or septic shock, with evidence that more
severe/widespread damage to the glycocalyx layer occurs in dengue which could allow more
plasma to be extravasated.

If SDC1 is shed following DENV binding to its HS side chain, the amount of shedding may be
influenced by the viral load and NS1 antigenaemia. Previous studies have shown higher peak
viral load and NS1 are associated with disease severity [84]. Although we were unable to test
the association of viral load and glycocalyx shedding, in theory higher viral loads and NS1
levels may result in more HS binding, which could cause more HS and SDC to be released with
more severe glycocalyx loss and severe leakage.

Endocan levels, unlike SDC1 were found to be higher in OFI compared to dengue and were
not associated with dengue plasma leakage severity. Endocan secretion may therefore be
more of a target in bacterial infections, rather than dengue. Increased endocan levels have
been found to correlate with sepsis severity in several studies. One study showed endocan
levels in septic shock patient were significantly higher (mean: 6.11+12.99 ng/mL, n=22) than
in patients with severe sepsis (mean: 1.97 + 7.8 ng/mL, n = 12) or sepsis (mean: 1.95 + 1.63
ng/mL, n = 29). A study of ICU patients with severe sepsis showed that admission endocan
levels were higher in those who developed organ failure and in non-survivors than in survivors
[255]. Levels in septic shock appear to be higher when compared to patients in our study with

dengue shock, where there was a median of 4ng/ml. The mechanisms for endocan expression

| Page 90



and secretion have been shown to involve VEGF in some malignancies, but remains unknown
if the same mechanism occurs in other infectious pathologies [256]. VEGF levels were lower
in dengue patients compared to OFI in our study which may explain the lower endocan levels.
Taken together these results suggest there is targeted glycocalyx damage in dengue, with
evidence of very high plasma levels of SDC1, which was associated with worse plasma leakage.
Although we were unable to demonstrate reduction in glycocalyx depth using the PBR
diameter in patients with dengue, the combination of lower MVHS and higher SDC1 suggest
there is significant glycocalyx damage during dengue infections. Preservation of this layer, by

preventing SDC shedding may be a potential therapeutic target [257].
3.8.3 Endothelial adhesion molecules

The endothelial activation markers soluble VCAM-1 and ICAM-1 were both raised during the
acute dengue illness. However only VCAM-1 was significantly higher in dengue patients versus
OFl, and in patients with plasma leak than those without, particularly in the early disease
phase. This confirms previous smaller studies which showed VCAM-1 is raised in association
with disease severity in dengue [123, 258, 259]. These markers tend to peak during the critical
phase or in early convalescence, however VCAM-1 was already significantly higher in the
febrile phase (day 1-3) in patients who subsequently developed severe plasma leakage than
those who did not. VCAM-1 expression may be important in the blood flow disturbances seen
in dengue, as VCAM-1 was negatively associated with microcirculatory parameters of flow
and perfusion including small vessel MFl and PPV. The correlation of VCAM-1 to perfusion and
flow parameters has been described in paediatric meningococcal sepsis in ICU previously
[243], but has not been described in other less severe infections. The causality of the
association of VCAM-1 to flow disturbances could be bidirectional; as the expression of
VCAM-1 is known to be greatly up-regulated in low blood flow and sheer stress states [260],
but also VCAM-1 mediated increases in endothelial cell-leukocyte adhesion may itself
interfere with capillary flow.

In-vitro studies investigating the association of VCAM-1 and capillary permeability
demonstrated that IL-8 and TNF-a, when produced in sufficient amounts from infected
monocytes, act synergistically to increase the expression of adhesion molecules on human
microvascular endothelial cells (HMVEC) [261]. This expression of ICAM-1 and VCAM-1 was

also temporally associated with permeability changes in the model. Although the mechanism
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of increased capillary permeability was suggested to be related to expression of adhesion
molecules leading to leukocyte adhesion, adherens junction disruption and endothelial cell
morphological changes, this mechanism has not been confirmed in human infection. TNFa
has been shown in numerous studies to increase the permeability of capillaries, and it is also
one of the major inflammatory stimuli for increased expression of endothelial adhesion
molecules mediated leukocyte- endothelial interaction. A study using intravital microscopy in
hamster microvessels demonstrated ICAM-1 may be the link between leukocyte-endothelial
cell interactions and vascular permeability, through two independent pathways, a
constitutive (protein kinase C (PKC) dependent) pathway and a TNF-a-mediated, inducible
(Src Kinase dependent) pathway, both of which lead to changes in vessel wall permeability in
an ICAM-1-dependent manner [262]. VCAM-1 also acts by adhering leukocytes particularly
lymphocytes to the endothelial cell allowing trans-endothelial migration of these cells
mediated by NADPH and also PKC [263]. How up-regulation of these adhesion molecules may
be involved in the mechanisms underlying the dengue specific capillary leak needs further
work. Due to the association of VCAM-1 and disease severity in dengue, VCAM-1 has been
used as a surrogate endpoint in a clinical trial evaluating fluid resuscitation in dengue [264].
Our results confirm this clinical utility with further evidence that VCAM-1 is associated with

plasma leakage and correlates with microcirculatory flow abnormalities in dengue.
3.8.4 Angiopoietin 1/2 and VEGF

We found VEGF was lower in dengue patients versus OFl and lower in patients with grade 1
plasma leak versus no leakage particularly during the critical phase but did not correlate to
perfusion or flow parameters.

Results from other studies in dengue have been conflicting, with some studies showing low
levels in dengue and other showing high VEGF levels which correlate with clinical evidence of
capillary leakage and disease severity [124]. One study found an increase in free VEGF was
associated with a progressive decline of the soluble receptor VEGFR-2, and this decline
inversely correlated with viraemia and degree of plasma leakage [125]. This suggests total
VEGF remains the same but complexed VEGF with its soluble receptors may be altered during
dengue, allowing the proportion of circulating biologically active free VEGF to increase.
However these findings have not been replicated in other studies which have shown either

no change in the levels between disease severities or a decline in levels, as seen in our study
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[265, 266]. These variations may be related to a difference in the measurement with different
assays measuring either total or free VEGF, and also whether serum or plasma was used.
Serum levels of VEGF are substantially higher than plasma levels, with these differences being
ascribed to the release of VEGF from platelets and other blood cells during clotting [267].
Platelets are one of the main stores for plasma VEGF, which release it on activation in vivo or
in vitro. The other storage site is plasma proteins, namely a;-macroglobulin and sFlt-1, which
bind VEGF and alter free plasma VEGF measurements. Although it is thought that a»-
macroglobulin and sFlt-1 target VEGF for inactivation, the balance between these plasma
proteins and the total plasma pool of VEGF is not totally understood. Therefore these factors
should be taken into account when interpreting VEGF results in dengue, in addition to the day
of illness and amount of plasma leak. The low levels during the critical period may reflect
leakage out of the intravascular compartment, or may be mirroring the platelet decrease.
Overall, evidence from this study and some others does not suggest increased levels of VEGF
plays a critical role in the pathogenesis of vascular permeability in dengue.

Soluble levels of Ang-2 and the ratio of Ang2/1 were found to be raised in dengue and to be
highest in the patients with severe leakage and also to correlate with flow and perfusion
parameters. These results add to other clinical studies suggesting a role for Ang-1 and 2 in the
vascular leak syndrome in dengue which have shown higher Ang-2 and lower Ang-1 levels in
DHF patients, at hospital admission when compared to discharge and healthy controls [131].
Levels of Ang-2 have also been shown to correlate with plasma leakage and disease severity
in a small study in Brazil [232].

Like the adhesion molecules, Ang-2 is also up-regulated in vessels with low flow states [268],
and has been implicated in the haemodynamic and microvascular alterations in animal
models of sepsis [226] and pulmonary capillary leak in human sepsis [231]. A recent study in
septic shock in ICU demonstrated that Ang-2 levels were elevated at ICU admission and
predicted mortality [108]. In addition, this group demonstrated in an experimental model that
Ang-2 monoclonal antibodies prevented septic microvascular endothelial injury [269]. The
mechanism of Ang-2 induced vascular leak is thought to involve the downstream inhibition of
Tie-2 signaling [220], as these effects were abolished by Ang-1 and other synthetic peptides
[224, 270]. Tie-2 stimulation protects endothelial barrier function by stabilizing the
transmembrane protein VE-cadherin at the junctions between endothelial cells. Ang-2 has

been shown to affect endothelial cell structure through myosin light chain (MLCp)
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phosphorylation mediated contraction [231]. The levels of Ang-2 in severe dengue are
comparable to those of severe septic shock, suggesting Ang-2 may be an important common
pathway of vascular injury, leading to perfusion abnormalities, tissue hypoxia and worse
clinical outcomes in different infections. Ang-2 in dengue therefore may be not only to be a
potential biomarker, but like ALl and septic shock be a mediator of vascular leak, and
therefore could be a potential therapeutic target.

Ang-1 levels are decreased in dengue, lowest in patients with severe plasma leak and
correlated closely with platelet counts. Ang-1 is released from platelets so dengue induced
thrombocytopaenia may explain this reduction in severe disease, which is often accompanied
by lower platelet counts. Thrombocytopenia is more strongly associated with plasma leak
than bleeding in dengue, and this may be explained by the loss of Ang-1 stabilizing properties
on the endothelium. Platelets interact closely with the endothelial layer and perform many
endothelial stabilizing functions through the release Ang-1 and other vasoactive mediators or
trophogens [271]. In addition to vascular permeability alterations, rapid falls in platelet counts
are associated with disassembly of the vascular endothelial cadherin complex and the
resulting disruption of the intercellular barrier allows red cell extravasation into the tissues.
This occurs predominantly in the post capillary venules and manifests clinically as petechiae
and mucosal hemorrhage, which are both common clinical signs in dengue. This study was
able to demonstrate microscopic extravasated red cells in almost a quarter of all dengue
patients during their acute illness; however they did not correlate to bleeding or leakage.
Overall, our results support the current evidence that high levels of Ang-2 released from the
activated endothelium together with low levels of Ang-1, may impact on Tie2 signaling

resulting in an increase in capillary permeability in dengue.
3.8.5 Strengths and limitations of the study

A major strength of this study is that the microcirculation was evaluated early in the disease
course, which allowed the evolution of the microcirculatory changes to be studied. The
majority of studies investigating the microcirculation in sepsis have been performed in an ICU
setting or Emergency department, thus only allowing assessment in the late phase of sepsis
in patients at the severe end of the spectrum. The prognostic potential of such results is
therefore limited, as most of the patients in these studies have already achieved the outcome

of shock at the time of enrolment. Another strength of this study was the number of patients
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investigated; to the best of our knowledge this is the largest study to date of the
microcirculation, with video analysis performed at 3 sublingual sites and at 4 time points, and
more than 1500 microcirculation video clips analyzed and reported. Lastly, unlike sepsis
which is a heterogeneous mix of infections from different sources, dengue provides a uniform
disease for which the microvascular pathophysiology may be assessed.

There were also several limitations of this study. First, in the inpatient arm the patients were
often enrolled several hours after fluid therapy had been commenced, which could have
resulted in underestimation of the microcirculatory changes. Second, prediction models were
limited by the small number of patients experiencing a severe outcome in the outpatient arm.
In addition as patients were admitted to hospital later in the disease course we do not have
data from the febrile phase (day 1-3) in most inpatients, making comparisons with the
outpatient arm more difficult. In addition, due to a certain level of cooperation required from
patients undergoing sublingual videomicroscopy we were unable to study younger children,
who may have more marked microcirculatory abnormalities as they are more likely to
experience severe plasma leakage and shock. A limitation of the glycocalyx assessment was
not being able to measure plasma HS levels, as there are currently no assays available for
reliable measurement. Thus we were unable to investigate possible associations between

shed SDC1 and HS.
3.8.6 Summary

In summary, we have shown moderate abnormalities in microcirculatory flow and perfusion
in dengue patients, with the most severe disturbances seen in patients with plasma leakage
during the critical phase of the disease. These disturbances were poorly specific, however,
since similar changes occurred in patients with OFI. Perfusion indices correlated negatively
with VCAM-1 and Ang 2, suggesting endothelial activation may underlie the flow disturbances
observed in dengue. Although microcirculatory assessment in early dengue is unlikely to be
useful for risk prediction, future studies should be considered in established severe dengue
to evaluate the utility of including microcirculatory perfusion outcomes alongside other
haemodynamic endpoints in clinical trials assessing novel therapeutic strategies. We also
found the endothelial biomarkers Ang2/1 ratio, VCAM-1 and syndecan-1 were associated
with worse plasma leakage, suggesting glycocalyx shedding and subsequent endothelial

activation may play a role in the pathogenesis of dengue associated capillary leak.
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4 CHAPTER 4 - Endothelial function and Nitric oxide- L-arginine pathway

4.1 Introduction

Nitric oxide (NO), synthesized by the vascular endothelium is involved in a variety of
cardiovascular regulatory functions, most importantly it is responsible for vascular tone and
regulation of blood pressure [272]. NO also plays other vital functions including controlling
platelet aggregation and regulating cardiac contractility, as well as acting as a
neurotransmitter in the central and peripheral nervous system. In addition, NO is produced
by activated macrophages during the immune response to various pathogens.

Endothelial dysfunction and low NO bioavailability underlie many diseases where the vascular
system is affected including both chronic diseases like diabetes and atherosclerosis and also
acute infectious diseases including sepsis and malaria.

The words endothelial dysfunction and activation are often used interchangeably in the
literature. However, although often overlapping, the definitions are distinct, and in this
chapter the following definitions will be used: endothelial dysfunction - reduced nitric oxide
release or impaired endothelial-dependent vascular relaxation, decreased expression or
activity of eNOS; endothelial activation - increased expression or release of endothelial
adhesion molecules [273].

NO, in addition to being the major mediator of endothelium-dependent vasodilation, also
regulates vascular structure by inhibiting smooth muscle cell proliferation and inhibits
endothelial cell interactions with leukocytes and platelets. Dysregulation of the endothelial L-
arginine- NO pathway underlies several disease states where endothelial dysfunction
mediates the vascular pathogenesis.

Dengue has been shown to cause endothelial activation through increased release of
adhesion molecules, however how the endothelial NO-arginine pathway is affected in dengue

and the association with disease severity remains unknown.

4.2 Nitric Oxide- L-arginine pathway

In the early 1980’s it was discovered that endothelial cells were responsible for vascular

smooth muscle relaxation and vasodilation [274]. Subsequently NO was identified as the
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endothelium-derived relaxing factor (EDRF) that had been found to cause this vasodilation
[275], and L-arginine was found to be the precursor of NO [276].

NO is generated from L-arginine in the vascular endothelium by the action of endothelial NO
synthase (eNOS) in the presence of enzymatic cofactors, particularly tetrahydrobiopterin
(which is a limiting factor for NO production). The activity of eNOS varies depending on its
intracellular location, with the highest activity observed at the plasma membrane followed
by the outer layers of the Golgi and very low activity in the nucleus and mitochondria [277].
NO, which is a gas, diffuses to the vascular smooth muscle cells and activates guanylate
cyclase, which leads to cGMP-mediated vasodilatation. Shear stress is a key activator of eNOS
in normal vascular physiology, which has the ability to alter organ perfusion in response to
changes in cardiac output [278].

L-arginine is an amino acid, derived from dietary intake, protein breakdown or endogenous
de novo production, and has a plasma range of 80-120 um in healthy individuals. De novo
arginine production contributes to an estimated 10-15% of the total body arginine production
under normal physiological conditions and involves the conversion of citrulline to arginine by
the enzymes argininosuccinate synthase (ASS) and argininosuccinate lyase (ASL) [279]. L-
citrulline is the by-product when NO is synthesized from L-arginine by NOS. Studies suggest
that supplementation of L-citrulline can up-regulate eNOS expression, increasing L-arginine
and NO production and reversing endothelial dysfunction (Figure 4-1) [280].

L-arginine is metabolized by the enzyme arginase, for which there are 2 isoenzymes, arginase
I and Il. The arginases, although both convert L-arginine into urea and ornithine are encoded
by 2 different genes on different chromosomes and are found in different tissues and
intracellular compartments. Arginase-l is located in the cytosol and arginase-ll in the
mitochondria. Both arginases are considered to be endogenous regulators of eNOS activity
and therefore NO synthesis, by competing for their common substrate, L-arginine [281].
Increased arginase expression and activity have been shown to contribute to endothelial
dysfunction and have been implicated to a number of vascular diseases. Experimental
inhibition of arginase has been found to improve NO production and reverse vascular cell
dysfunction. L-arginine metabolism is highly compartmentalized within the body, with
different organs expressing different enzymes and pathways. Due to this
compartmentalization, arginine turnover is only partly in balance with plasma arginine levels.

Which may partly explain the so called ‘arginine paradox’ whereby exogenous arginine
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donation can still increase NO production even though intracellular arginine far exceeds the
Km of eNOS. One theory suggests that extracellular, not intracellular arginine is the major
determinant of NO production in endothelial cells, as once arginine has been transported into
cells it can no longer gain access or bind to the membrane bound eNOS [282]. Another
mechanism may involve the co-localization of intracellular arginase with eNOS, which could
compete locally for I-arginine. As L-arginine pools are not interchangeable within cells, local
depletion to below the threshold required for NO synthesis could occur without altering the
total cellular arginine [283]. So even in healthy individuals the supplementation of
intravenous L-arginine results in an increase in NO bioavailability and vasodilation [284].
Correction of endothelial dysfunction with supplemental L-arginine has been shown in many
different disease states, including atherosclerosis [285], hypercholesterolemia [286] and
critical limb ischaemia [287]. Studies of L-arginine therapy to reverse the endothelial

dysfunction in malaria are on-going [288].

Figure 4-1: Schematic of the vascular L-arginine NO pathway
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Reproduced from Madigan et al. Front Immunol. 2013 [289]
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4.2.1 Methylarginines

Methylarginines, including asymmetric dimethylarginine (ADMA) and N®-methyl-L-arginine (L-
NMMA) are the most important endogenous and competitive inhibitors of NOS unlike
symmetric dimethylarginine (SDMA) they compete with L-arginine for the active site of NOS
[290]. Methylarginines are derived from the catabolism of certain proteins containing
methylated arginine residues, and metabolized by a combination of renal excretion and
enzymatic degradation by dimethylaminohydrolase (DDAH) to citrulline and methylamines
[291]. Increased protein catabolism, renal and liver impairment both can contribute to
increased levels of ADMA with clinically relevant consequence in the acute and chronic setting
[292]. High hepatic expression of DDAH and uptake of ADMA make the liver important in the
metabolism of ADMA, and hepatic dysfunction is likely to alter ADMA levels. Normally, the L-
arginine/ADMA ratio is in the range of 50:1 to 100:1, and ADMA concentrations lie between
0.4 and 0.7 umol/L. In renal failure the elevated levels of ADMA may be responsible in part
for the high prevalence of hypertension and atherosclerosis associated with chronic renal
failure.

Experimental studies on human arteries have shown that elevated ADMA levels can directly
induce endothelial dysfunction by down-regulation of eNOS expression and an increase in
production of superoxide anions [293].

ADMA has been demonstrated to be an independent risk factor for cardiovascular disease
and prognosis, in numerous studies [294]. This has been shown in other diseases where
endothelial dysfunction underlies the pathogenesis including diabetes, hypertension, and
chronic renal failure amongst others. ADMA has been shown to correlate with flow mediated
dilatation and NO bioavailability and there is evidence that ADMA has direct cardiovascular
effects; a study where systemic ADMA was infused into healthy subjects demonstrated a
decrease in cardiac output and renal blood flow while increasing systemic vascular resistance
and blood pressure in a dose dependent manner [295].

Even small changes in the levels of circulating ADMA levels can significantly alter vascular NO
production with downstream effects of altered vascular tone and systemic vascular

resistance.
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4.3 Clinical endothelial function testing

In the last decade improved understanding of vascular physiology has led to the development
of clinical tests that evaluate several of the functional properties of the activated endothelium
[155]. Endothelial-dependent vasodilation has been the most widely used clinical end point
for assessment of endothelial function. Testing involves pharmacological and/or physiological
stimulation of endothelial release of NO, which reflects local bioavailability of NO and its
effect on vascular tone. Initial clinical tests of endothelial function involved invasive
assessment of coronary artery vasomotion in response to intracoronary infusion of
acetylcholine [296]. Using the NO antagonist L-NNMA helped define the specific contribution
of NO in these vasodilatory responses [297]. Importantly these studies also demonstrated
that endothelial dysfunction could be reversed through the use of targeted therapeutics

including statins and angiotensin-converting enzyme inhibitors [298].

However due to the invasive nature of these tests, other techniques assessing the peripheral
circulation were developed. These included ultrasound assessment of brachial artery
endothelium-dependent vasodilation in response to reactive hyperaemia. This showed that
flow mediated dilation (FMD) of the brachial artery correlated to the coronary artery
endothelium-dependent vasomotor responses [158]. Due to the non-invasive nature of the
technique, FMD has been used in the majority of the large cardiovascular longitudinal studies;
however it requires a certain level of training, is user-dependent and requires high resolution
ultrasound equipment. A more recent technique using peripheral artery tonometry has been
developed, using a device called EndoPAT. The device records endothelium-dependent
changes in the pulse wave amplitude of the finger, using a pair of modified plethysmographic
finger probes on each hand. Endothelium mediated responses are assessed by creating a
hyperaemic response through occlusion of the brachial artery for 5 minutes. The response to
the reactive hyperaemia is calculated by the device using the post and pre occlusion values
normalized to measurements from the contra-lateral arm, which serves as control for non-
endothelial dependent systemic effects (predominantly sympathetic changes in peripheral
arterial tone). This results in the reactive hyperaemic index (RHI). A study in healthy
volunteers demonstrated by inhibiting nitric oxide synthase using N(G)-nitro-L-arginine
methyl ester (L-NAME), that the RHI response is at least 50% NO dependent [299]. Abnormal

EndoPAT endothelial function tests have been found to correlate with coronary endothelial
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function, and are likely to be representative of systemic endothelial dysfunction. Although
the RHI cut off <1.67 was found to be associated with patients with abnormal vasodilator
response function, a further study found a cut off of <1.35 more accurately identified patients
with coronary microvascular endothelial dysfunction and atherosclerosis [300]. It is likely that
the lower the index the worse the endothelial dysfunction and associated risks. As with other
regional circulation beds the increase in digital blood flow following an occlusion test is
thought to stimulate the production and the release of endothelial-derived NO, and cause the
vasodilation.

The advantage of this method is that it is totally user-independent, noninvasive, and has been
shown to be reproducible and correlates well with invasive coronary endothelial function
tests. For these reasons, for the purposes of this study we chose peripheral artery tonometry

to evaluate endothelial function in dengue patients.
4.3.1 Clinical endothelial dysfunction in disease states

The development of these non-invasive measures to study endothelial function has been a
major advance in the evaluation of large cohorts to provide prognostic information for risk
stratification in various disease states. The most common disease state investigated is
atherosclerotic cardiovascular disease. Endothelial dysfunction during the long preclinical
stage of atherosclerosis has been shown to predate cardiovascular events by several decades
[162, 163]. In a large population cohort of young adults, a strong inverse relationship was
demonstrated between endothelial-dependent FMD and structural arterial disease (by
carotid intima media thickness) after adjustment for traditional risk factors [301]. Recent
evidence has also shown this endothelial dysfunction may develop as early as the first decade
of life in response to genetic and environmental risk factors. Endothelial function tests have
become important surrogate endpoints to assess therapeutic interventions in many of these

vascular diseases.

One study investigating the endothelium-dependent vasodilation during dengue infection
found higher responses were associated with more severe dengue, although they studied
relatively mild patients, only adults and late in the disease course (day 6) [169]. Studies in
other infections have shown impaired endothelium-dependent microvascular reactivity in
acute sepsis in proportion to overall disease severity, and the degree of impairment at

baseline predicted subsequent deterioration in organ function [164]. Similarly, studies in
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falciparum malaria have demonstrated endothelial dysfunction and decreased nitric oxide
bioavailability, with more marked changes in severe compared to mild malaria, and this work

has lead onto therapeutic intervention trials with L-arginine [165, 166].

In addition to endothelial dysfunction occurring in severe infections, a study involving 600
children age 10- years showed that even mild viral childhood infections can alter flow
mediated dilation and endothelial NO bioavailability, which persisted for 3 months after the
initial infection [167]. The implications of early childhood infections and later cardiovascular
risk are starting to be examined. A study investigating the relationship between early
childhood infection of sufficient severity to warrant hospitalization and subclinical
atherosclerosis in adulthood, showed the childhood infection group was associated with

decreased carotid distensibility and brachial FMD three decades later [302].

The potential mechanisms for this broad endothelial dysfunction that occurs across many
infections may be a direct consequence of the infecting agent on the endothelium, or from
an indirect effect of the associated inflammatory response for example TNFa, has been shown
to suppress eNOS and NO production [168]. Other mechanisms include up-regulation of
arginase enzymes causing decreased L-arginine substrate and NO bioavailability or possibility

increase competitive inhibition through high ADMA levels.

In addition an intact and functioning glycocalyx layer is required for mechanosensing and
transduction of sheer stress induced nitric oxide (NO) release [138]. As discussed in chapter
2, some of the components of the glycocalyx interact with, and sense changes in, luminal
haemodynamic forces through fluid shear stress, translating them into signaling and
biological responses. The GAG components, particularly HS, transmit the mechanical force
through the core proteins down to the endothelial cells where mechanotransduction takes
place [206]. Depletion of other GAGs has also been found to block shear-induced NO
production including hyaluronic acid (HA) and chondroitin sulfate, again using in-vitro
techniques with endothelial monolayers [208]. In vivo studies assessing NO vasodilation in
microvessels are more limited; however one study that used vessels with HS selectively
inhibited by heparinase Il under low and high flow conditions and with an endothelial nitric
oxide synthase (eNQOS) inhibitor, showed heparinase treated vessels completely inhibited flow

mediated NO production via eNOS [142].
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Clinical endothelial function in early dengue and across the spectrum of the disease needs

further evaluation, as well as the potential underlying mechanisms.

4.4 Specific aims

1.

2.

3.

4,

To assess endothelial function using the reactive hyperaemic index (RHI) from the
EndoPAT device, in addition to plasma levels of L-arginine, ADMA, and arginase-1 in
dengue versus OFI.

To assess the association of endothelial function, L-arginine, ADMA, and arginase-1
with the primary outcome of plasma leak severity and secondary outcome of mucosal
bleeding.

To assess the value of endothelial function markers on days1-3 to predict plasma leak
in the critical phase.

To assess the correlation of endothelial function with L-arginine, ADMA and arginase-
1 and syndecan plasma levels (and L-arginine with arginase-1).

4.5 Hypotheses

We hypothesized that firstly, patients with dengue will have worse endothelial
dysfunction compared to OFI.

Secondly, endothelial dysfunction will be associated with worse plasma leakage in the
dengue patients.

And thirdly, dengue patients would have low L-arginine levels, high serum arginase
and ADMA and these would correlate with the clinical endothelial dysfunction and

worse outcomes.
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4.6 Methods

The investigations into clinical endothelial function were performed at both sites, at NHTD in
Hanoi and HTD in Ho Chi Minh City. As per the methodology chapter 2, patients were either
enrolled early (<72 hours fever) as outpatients, or to the inpatient arm at NHTD or ICU in HTD.
The endothelial function tests were performed at enrolment, day of defervescence /hospital

discharge and day 14 follow-up.
4.6.1 Clinical endothelial function test

Peripheral artery tonometry (EndoPAT, Itamar Medical, Israel) was used to measure the
digital vasodilator function. Digital pulse volume changes during reactive hyperaemia were
recorded in response to a 5 minute arterial occlusion, using a blood pressure cuff as per
standardized methods [303]. Patients were asked to lie in a quiet room for 5 minutes prior to
the start of the test. A blood pressure cuff was placed on the non-dominant arm of the
subject, and finger probes on both index fingers of the patient. Patients were asked to lie still
for the duration of the study. A timer was used to record the time intervals accurately. A 5
minute baseline recording was performed, after which the blood pressure cuff was rapidly
inflated to the pre-determined level (50 mmHg above systolic BP, minimum of 200mmHg in
adults and 50mmHg above systolic, no minimum for children). A further 5 minutes was then
timed, during this phase, total occlusion of the blood flow was checked by ensuring no rhythm
was evident on the tracing (see example of tracing below, Figure 4-2, A). If any rhythm was
detected, pressure was increased in 10 mmHg increments until complete occlusion occurred.
At the end of the 5 minute occlusion phase the blood pressure cuff was rapidly released, and

a post occlusion phase was timed for another 5 minutes.
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Figure 4-2: Example of the tracing from EndoPAT. A. Top panel: the control arm; bottom panel:
the occluded arm. B: Photo showing a patient having the EndoPAT test.

A.

At the end of the study the EndoPAT software calculates the reactive hyperemic Index (RHI),
which is the post to pre occlusion amplitude ratio, normalized to the control arm. This takes
into account systemic changes in vascular resistance during the study. An abnormal ratio is
defined by the manufacturer as RHI <1.67 [304].

An amendment was made to the protocol after the first year of the study, due to difficulty in
performing the EndoPAT test in younger children as a certain amount of cooperation is
required during the test. Therefore at the HTD site, EndoPAT was only performed in children
>10 years old and adults (see photo of a patient having the test in NHTD, Figure 4-2, B). The
ethics committee at HTD requested that EndoPAT should not be performed on patients in ICU
who had less than 20 (10%/1) platelets or were deemed too unwell by the attending physician,

due to concerns of bruising.
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4.6.2 Laboratory parameters

A full blood count was performed daily and a biochemistry sample was performed at enrolment
and subsequently depending on clinical need. In addition a research blood sample was obtained
at study enrolment and stored as per previous description in chapter 2.

Patients from both study sites who also had EndoPAT tests performed, also had the following
parameters measured using commercial kits on EDTA plasma, in each case following the
manufacturer’s guidelines:

-Arginase-1: was measured using a sandwich ELISA (Hycult Biotech, Uden, Netherlands).
-L-arginine and ADMA: were measured using a competitive ELISA (DLD Diagnostika, Hamburg,
Germany)

-Syndecan ELISA — as per chapter 3.
4.6.3 Clinical endpoint definitions

The endpoints were the same as in chapter 3, including plasma leakage severity and bleeding.
The clinical definition of plasma leakage was only used for this analysis, as radiological

examinations were not routinely performed at the HTD site.
As per chapter 3, the plasma leakage grades included the following:
Plasma leakage grading

0: no clinically significant leakage (AHCT <15% and no signs of clinical fluid accumulation)
1: moderate leakage (15-20% AHCT and/or any sign of clinical fluid accumulation)

2: severe leakage (AHCT>20% and/or Shock, or pleural effusion with respiratory compromise)

Other outcomes assessed included presence/absence of mucosal bleeding and overall dengue
severity using the WHO 2009 classification. Detailed information on the criteria for these

entities is included in chapter 2.
4.6.4 Statistical analysis

Data are presented as frequency (percentage) for categorical variables and median
(interquartile range) for continuous parameters. Comparisons of endothelial parameters
were performed between confirmed-dengue and OFI patients in the outpatient arm. Among
confirmed-dengue patients in both study arms, associations with plasma leakage and

bleeding were then explored. All analyses were based on logistic regression models with
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dengue diagnosis, plasma leakage, or bleeding as the outcome of interest, and the endothelial
parameters as covariates. Overall comparison (excluding measurements at follow-up >13
days) was adjusted for age, sex, illness day at enrolment, hospitalization, and day of
measurement. Comparison for each illness phase group was adjusted for age, sex, illness day
at enrolment and hospitalization. Pair-wise comparisons based on linear regression with
generalized estimating equations (GEE) were used in addition trend analysis was used based
on linear regression with GEE.

The significance of partial correlations was assessed based on their Fisher transformation and
corresponding bootstrap standard errors. The cluster bootstrap which resamples patients

rather than samples accounted for multiple measurements per patient.

4.7 Results

In total, including both sites (HTD and NHTD) 314 patients were enrolled (see flow chart
below), of which 16 were excluded due to withdrawal or inconclusive diagnosis, leaving 296
for the final analysis (Figure 4-3, below). The proportion of patients enrolled that were
children (age <15 years) overall was 103/296 (35%); a higher proportion of children than
adults were recruited in ICU 86/102 (84%), which represents the higher number overall of
pediatric dengue admissions to ICU in southern Vietnam. Overall, the median age of the
participants was 21 years (IQR 13-20 years). There was an equal male to female ratio.
Considering all the patients there were 3 patients with type 2 diabetes, and 2 patients with
controlled hypertension and 6 patients who smoked, so the potential confounding effects of
these conditions endothelial function were low.

Of the 287 patients that had DENV PCR performed, 201 were positive (70%) with the following
serotypes; 94 (47%) DENV-1, 28(14%) DENV-2, 37 (18%) DENV-3, 41 (20%) DENV-4 and 1(1%)
mixed infection with DENV-1 and 4 (table 4-1).

Of the patients with confirmed dengue, 126/245 (51%) developed the primary clinical
outcome of plasma leakage (either grade 1 or 2) and 71/263 (27%) developed mucosal
bleeding (Table 2). 199/263 (71%) were hospitalized at some point during their illness.
Considering the WHO classification, there was roughly equal proportion of patients with and

without warning signs and severe dengue (Table 4-2).
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Figure 4-3: Study flow chart

HTD site (HCMC)

NHTD site (Hanoi)

e

Intensive care unit Qutpatients: Outpatients Inpatients
103 enrolled 46 enrolled 91 enrolled 74 enrolled
Excluded=1 Excluded=4 Excluded=12 Excluded=4
(diagnosis 3 withdrew 10 withdrew iy {diagnosis
inconclusive) ldiagnosis 2 diagnosis inconclusive)
inconclusive inconclusive v
N=102 N=121 N=70
All confirmed 92 confirmed dengue 69 confirmed dengue
Equipment I dengue 29 OFI 10F
not Equipment not
available: 24 Equipment not avaiiab_le: 13
Test failed: 2 | — 5 available: 11 _-* Test_fall_ed.'.z
Contraindica Test failed- 1 Contraindication:
tion:58 h 4 A 4 2

Patients who had:
EndoPAT test: 18

Patients who had:
EndoPAT test: 109

Arginine/ADMA/Arginase: 17

Arginine/ADMA/Arginase: 42

Patients who had:
EndoPAT: 52

Arginine/ADMA/Arginase: 8

Contraindications included age< 10 years at the HTD site, Platelets<20 (10°/l), or clinically
unstable as decided by attending clinician. A random selection of patients who had EndoPAT
test were chosen to have plasma L-arginine, ADMA and arginase tests.
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Table 4-1: Enrolment characteristics for all patients at both sites

All patients Outpatients Inpatients ICU
(N=293) (N=121) (N=70) (N=102)
Characteristic n n n n
Age /years 293 21(13,30) 121 26(20,32) 70 28(21,36) 102 11(8,14)
Children 293 103 (35%) 121 12 (10%) 70 5(7%) 102 86 (84%)
(<15yrs)
Male sex 293 155 (53%) 65 (54%) 36 (51%) 54 (53 %)
Iliness Day 293 4 (3,6) 121 3(2,3) 70 5(4,6) 102 6(5,6)
Dengue 293 263 (90%) 121 92 (76%) 70 69 (99%) 102 102 (100%)
OFI 30 (10%) 29 (24%) 1(1%) 0 (0%)
PCR Positive 287 201 (70%) 121 85 (70%) 68 49 (72%) 98 67 (68.4%)
Platelets 284 86(30,153) 118 158(129, 67 58(31,108) 99 29(19,42)
(10%/1) 198)
WBC (10%/1) 284 4.4 (3.0, 118 5.0(3.3,7.2) 67 3.4(2.5, 99 4.6 (3.0,
6.1) 4.7) 5.8)
ALB (g/L) 235 40.8(34.2, 113 46.0 (42.0, 24 39.0(36.0, 98 33.5(29.2,
46.0) 48.1) 45.0) 37.3)
AST (U/L) 249 60(32,138) 117 32(23,45) 40 62(33,117) 92 164 (105,
344)

Summary statistic is absolute count (%) for categorical variables and median (IQR) for continuous data.

Table 4-2: Outcome variables for dengue patients at both sites

All patients n Inpatient n Outpatient p ICU

n (N=263) (N=69) (N=92) (N=102)
Plasma Leakage- 245 126 (51%) 63 21(33%) 90 17 (19%) 92 88 (96%)
Yes
Mucosal bleed -Yes 263 71 (27%) 69 39(57%) 92 26(28%) 102 6 (6%)
Hospitalized 263 199(76%) 69 69(100%) 92 28 (30%) 102 102 (100%)
WHO severity 263 69 92 102
- Dengue 79 (30.0%) 19 (27.5%) 60 (65.2%) 0 (0.0%)
- WS 96 (36.5%) 45 (65.2%) 30 (32.6%) 21 (20.6%)
- Severe 88 (33.5%) 5(7.2%) 2 (2.2%) 81 (79.4%)

Summary statistic is absolute count (%) for categorical variables and median (IQR) for continuous data.
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4.7.1 Association of endothelial function, L-arginine, ADMA and arginasel between
dengue and OFI

There was no difference between the levels of plasma levels of L-arginine, ADMA and arginase
between patients with dengue and OFI at any of the time points (Table 4-3). Nor was there
any difference between the endothelial function tests — the reactive hyperaemic index (RHI)
overall or at any of the time points. There was also no difference in the L-arginine:ADMA ratio
between dengue and OFI (median: 107.8 vs. 113.6, P=0.28).

Considering early illness versus follow-up, dengue patients had lower L-arginine levels
(P<0.001) (Figure 4-4) and L-arginine:ADMA ratio (P<0.001) during days 1-3 compared to
follow-up (day> 13) and higher arginase levels (P=0.004) (Figure 4-5). But there was no
difference between ADMA levels or RHI between these time-points. By contrast for the OFI
group, only L-arginine (P<0.001) was significantly lower during days 1-3 compared to follow-

up (day>13).
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Table 4-3: Endothelial function and plasma L-arginine, arginase and ADMA levels between dengue

and OFlI.
OFI Dengue
(n=29) (n=92) OR  95%Cl p
n N n N

Arginase 13 25 101.8(63.4,203.1) 29 58 117.1(70.8, 213.8) 1.00 (1.00,1.01) 0.344
ng/ml
Day 1-3 12 12 122.6(85.4,214.7) 24 25 183.3(112.0,221.2) 1.00 (1.00,1.01) 0.318
Day 4-6 10 10 102.4(55.4,196.5) 24 24 98.0 (48.6, 170.8) 1.00 (1.00,1.01) 0.527
Day 7-13 3 3 36.4 (35.4, 69.1) 9 9 107.7 (92.4,122.1) 1.04 (0.99,1.08) 0.105
Day >13 8 8 78.0 (46.1, 99.0) 16 16 91.6 (67.5, 130.4) 1.00 (0.99,1.02) 0.706
L-arginine 13 25 56.2(43.9, 64.0) 29 58 50.9(38.0,67.0) 1.00 (0.97,1.02) 0.825
ng/ml
Day 1-3 12 12 49.1(42.8,58.9) 24 25 43.7(36.9,62.0) 0.99 (0.95,1.04) 0.698
Day 4-6 10 10  60.1(55.7, 63.2) 24 24 51.9(40.3,66.8) 0.99 (0.97,1.02) 0.549
Day 7-13 3 3 64.7 (53.5, 67.1) 9 9 62.0 (55.2, 69.0) 1.01 (0.98,1.05) 0.456
Day >13 8 8 85.2 (75.8, 89.6) 16 16 77.0 (64.1,91.9) 1.01 (0.97,1.04) 0.754
ADMA 13 24 0.5(0.5,0.6) 29 58 0.5 (0.4, 0.6) 4.45 (0.21, 0.337
ng/ml 93.21)
Day 1-3 11 11  0.5(0.4, 0.6) 24 25 0.5(0.4,0.6) - - -
Day 4-6 10 10  0.5(0.5, 0.6) 24 24 0.5(0.4,0.6) - - -
Day 7-13 3 3 0.5 (0.5, 0.6) 9 9 0.5 (0.5, 0.6) - - -
Day >13 8 8 0.5(0.5,0.5) 15 15 0.6 (0.5, 0.6) - - -
RHI 24 46 1.8(1.5,2.4) 85 180 1.8(1.5,2.3) 0.72 (0.30,1.72) 0.461
Day 1-3 21 21 1.6(1.4,2.5) 67 69 1.6(1.4,2.0) 0.33 (0.11,1.04) 0.058
Day4-6 20 21 1.7(1.5,2.3) 65 70 1.9(1.6,2.4) 1.15 (0.40,3.33) 0.794
Day7-13 4 4 2.2(19,23) 41 41 2.1(1.8,2.6) 1.91 (0.37,9.74) 0.436
Day>13 17 17 2.0(1.8,2.6) 45 45  1.9(1.5,2.2) 0.35 (0.11,1.14) 0.082

All analyses were based on logistic regression with generalized estimation equation. n corresponds to
number of participants, N corresponds to number of measurements. Top row (in bold) represents the
overall comparison including measurements from days 1-13. The analysis was adjusted for age, sex,
illness day at enrolment, and illness day of measurement. RHI- Reactive hyperaemic Index

| Page 112



Scatterplot of L-arginine levels in patients with dengue versus OFI by illness phase

Figure 4-4:
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Short grey line represents the median value of L-Arginine on each illness phase. The number at the
bottom of the graph represents the number of patients that contributed to each group. This graph is

based on 42 patients from the outpatient arm with at least 1 measurement of L-Arginine.
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Figure 4-5: Scatterplot of arginasel levels in patients with Dengue and OFI by illness phase

Diagnosis [] Dengue () oF1

0
600+ 0
O
400 0] O
R Q H
E u] C 0
£}
; g
H 0
® g O a
O
< Onoqg 0 4 0 =
200 aill . 0 C c
——=— 0 o
0 o -
u] 0 o o] _ ~n
g ® mO & ~pgo A,
u] 0O o © oo oo o}
—%—Q—
ﬁ 0 g ~ O
ol O
24 12 24 10 9 3 16 8

Day of illness

Short grey line represents the median value of arginase at each illness phase. The number at the
bottom of the graph represents the number of patients that contributed to each group. This graph is
based on 42 patients with at least 1 measurement of arginase.
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4.7.2 Association of endothelial function, L-arginine, ADMA and arginase with plasma
leakage severity in dengue patients

There was no difference in plasma L-arginine and arginase levels between the plasma leakage
severity grades (Table 4-4, Figure 4-6). There were higher levels of ADMA between the
patients with grade 1 plasma leakage and patients with no leakage on illness days 1-3 and
also at follow-up day. However there was no association between the more severe leakage
grades 2 when compared to no leakage. There was a lower L-arginine:ADMA ratio for both
leakage grades 1 and 2 versus no leakage during days 7-13, but not at the other time-points
(Figure 4-7). The RHI was significantly lower for patients with both grade 1 and grade 2 leakage
when compared to no leakage, over the acute illness days 1-13 (Table 4-4, Figure 4-8). The
RHI during the critical phase (day 4-6) and convalescent phase (day 7-13) was also significantly
lower in those with plasma leakage grade 2 compared to no leakage, and during days 1-3 and
7-13 for leakage grade 1 compared to no leakage. Using a linear regression trend test, there
was a significant trend in the RHI between the plasma leakage grades overall (P<0.001) and
for days 1-3 (P=0.001), days 4-6 (p=0.002) and 7-13 (P<0.001).

During the early febrile phase (day 1-3) there were 100% of patents with abnormal
endothelial function (RHI<1.67) with grade 2 leakage compared to 71% for grade 1 leakage
and 46% for those with no leakage (Table 4-5).
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Table 4-4: Association between endothelial function, L-Arginine, ADMA, arginase and plasma leakage by illness phase

No Plasma leakage

Plasma leakage

Plasma leakage

(Grade 0) Grade 1 Grade 2 Grade1vsO Grade 2vs 0
n N n N n N Effect  95% Cl P Effect  95% Cl P

Arginase 23 45 109.7 (66.9, 184.4) 8 15 117.5(82.1, 248.7) 19 37 116.3(80.8,166.9) 50.87 (-62.63, 164.37) 0.380 24.26 (-56.38, 104.90) 0.556

ng/ml
Day 1-3 17 17 136.3(103.4,221.2) 4 4 158.6 (104.4,224.2) 4 5 183.4 (156.6, 195.2) -16.75 (-116.98, 83.49) 0.743 -16.78  (-135.68,102.13) 0.782
Day 4-6 20 20 92.0(54.8,121.2) 7 7 116.8 (52.9, 237.8) 11 12 109.4 (84.9,154.7) 102.1 (-67.05, 271.10) 0.237 105.67 (-26.61, 237.95) 0.117
Day 7-13 8 8 113.0(85.0, 149.7) 3 4 121.2 (107.3,213.8) 15 20 105.9(62.4,152.2) 90.48 (6.05, 174.90) 0.036 33.05 (-28.08, 94.19) 0.289
Day >13 11 11  90.6(57.3,115.4) 5 5  19.5(18.0,75.2) 16 17 46.7(36.0,79.3) 1142  (-76.83,99.67) 0.800 1836  (-27.83, 64.55) 0.436
L-arginine 23 45  60.0 (43.3, 69.0) 8 15 47.6(33.7,76.9) 19 37 42.8(33.5,54.9) -2.95  (-21.06, 15.16) 0.750 -15.94 (-32.39,0.51) 0.058

ng/ml
Day 1-3 17 17 47.2 (39.9, 62.3) 4 4 51.7 (46.2, 61.4) 4 5 33.5(29.3, 35.2) 11.65 (-2.28, 25.59) 0.101 -3.87 (-23.64, 15.90) 0.701
Day 4-6 20 20 61.4 (42.3, 66.7) 7 7 34.3 (28.2, 84.0) 11 12 42.1(32.7,48.5) -4.57 (-31.00, 21.86) 0.735 -15.22  (-37.92,7.48) 0.189
Day 7-13 8 8 68.3 (60.2, 92.5) 3 4 56.0(31.7, 83.2) 15 20 51.7(36.2,66.2) -9.74 (-37.58, 18.09) 0.493 -21.07 (-46.55, 4.42) 0.105
Day >13 11 11 83.3 (68.3,93.2) 5 5 70.5 (68.1, 138.2) 16 17 95.9(74.1,142.1) 3.58 (-26.63, 33.79) 0.816 -4.23 (-33.23, 24.78) 0.775
ADMA 23 45 0.5 (0.4, 0.6) 8 15 0.6 (0.5,0.7) 19 37 0.6(0.5,0.7) 0.08 (-0.01,0.17) 0.093 0.00 (-0.08, 0.09) 0.933

ng/ml

Day 1-3 17 17  0.5(0.4,0.6) 4 4 06(050.6) 4 5 04(040.6) 0.17 (0.04, 0.30) 0.010  0.08 (-0.04, 0.19) 0.188
Day 4-6 200 20 0.5(0.4,0.6) 7 7 06(050.6) 11 12 0.5(0.5,0.7) 0.05  (-0.04,0.15) 0.269  0.03 (-0.10, 0.15) 0.676
Day 7-13 8 8 0.5(0.4,0.6) 3 4 0.6 (0.6, 0.8) 15 20 0.6(0.6,0.7) 0.19 (-0.03, 0.42) 0.091 0.05 (-0.11, 0.21) 0.529
Day >13 11 11 0.6 (0.5, 0.6) 5 5 0.7 (0.6, 0.8) 15 16 0.6(0.5,0.7) 0.18 (0.05, 0.32) 0.008 0.09 (-0.03,0.21) 0.136
RHI 101 194 2.0(1.6,2.4) 25 54 1.7(1.4,2.2) 22 44 15(1.2,1.8) -0.35  (-0.50,-0.19) <0.001 -0.53  (-0.73,-0.33) <0.001
Day 1-3 57 57  1.8(15,2.1) 14 15 1.5(1.4,1.7) 4 5 13(13,1.4) -0.24  (-0.40,-0.08) 0.003 -0.34  (-0.60,-0.07) 0.012
Day 4-6 77 82 2.0(1.6,2.3) 16 16 1.6(1.3,2.2) 14 15 1.4(1.2,1.5) -0.31 (-0.59, -0.03) 0.032 -0.49 (-0.84, -0.13) 0.007
Day7-13 51 55  2.3(1.8,2.8) 21 23 1.9(1.6,2.3) 19 24 1.6(1.3,2.0) -0.46  (-0.70,-0.21) <0.001 -0.54  (-0.77,-0.30) <0.001
Day>13 43 43  2.0(15,2.2) 12 12 1.8(1.6,2.1) 17 18 1.5(1.3,1.8) -0.10  (-0.30,0.11) 0371 -0.25  (-0.52,0.02) 0.066

Data are presented as medians (IQR). n corresponds to number of participants, N corresponds to number of measurements. For each variable, the first row corresponds to the
overall comparison which included all values except values on day >13, and were adjusted for age, sex and illness day. Other rows correspond to comparison for each illness
phase, which included all values during that illness phase and were adjusted for age and sex. Analysis is based on linear regression with generalized estimating equations

(variable of interest as outcome and plasma leakage as covariate). Effect (and 95%Cl, P) for grade 1 corresponds to mean difference in variable between grade 1 and 0. Effect

(95%Cl, P) for grade 2 corresponds to mean difference in the variable between grade 2 and 0.
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Figure 4-6: Scatterplot of L-arginine levels in dengue patients by plasma leakage severity and
iliness phase
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Short grey line represents the median value of L-arginine ratio for each illness phase. The

number represents the number of patients that contributed to each group. These graphs are
based on 54 patients with at least 1 measurement
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Figure 4-7: Scatterplot of L-arginine:ADMA ratios for dengue patients by plasma leakage severity
and illness phase
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Short grey line represents the median value of L-arginine:ADMA ratio for each illness phase.
The number represents the number of patients that contributed to each group. These graphs
are based on 54 patients with at least 1 measurement
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Figure 4-8: Scatterplot of endothelial function in dengue patients by plasma leakage severity and
iliness phase
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Short grey line represents the median value of RHI during each illness phase. The number
represents the number of patients that contributed to each group. Redline represents the 1.67
cut-off, below which is defined as endothelial dysfunction. This graph is based on 109 patients
with at least 1 measurement.
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Table 4-5: Frequency of endothelial dysfunction in dengue patients by plasma leakage severity

Grade 0 Grade 1 Grade 2

n Freq n Freq n Freq
RHI <1.67
- Day 1-3 57 26 (46%) 14 10 (71%) 4 4 (100%)
- Day 4-6 77 20 (26%) 16 8 (50%)) 14 12 (86%)
- Day 7-13 51 7 (14%) 21 8 (38%) 19 11 (58%)
- Day>13 43 15 (35%) 12 5(42%) 17 12 (71%)
RHI <1.35
- Day 1-3 57 7 (12%) 14 3(21%) 4 2 (50%)
- Day 4-6 77 4 (5%) 16 5 (31%)) 14 7 (50%)
- Day 7-13 51 1(2%) 21 2 (9%) 19 7 (37%)
- Day >13 43 3(7%) 12 1(8%) 17 7 (41%)

Endothelial dysfunction was defined using the predefined cut-off RHI<1.67 and also severe endothelial

dysfunction was defined as RHI <1.35

4.7.3 Association of endothelial function, L-arginine, ADMA and arginase with mucosal

bleeding in dengue patients

There was no association between endothelial function, ADMA or arginase levels between

patients with and without mucosal bleeding at any of the time points (data not shown). There

were significantly lower levels of L-arginine at follow-up in patients with bleeding than those

without (median 53.3 (45-65.9) vs. 88.7 (74.8-42.6) ng/ml, effect -30.7, 95% Cl -47.8, - 13.45,

P<0.001.
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4.7.4 Prognostic potential of endothelial function on days 1-3 for developing plasma
leakage in the critical phase

Although on illness days 1-3, the levels of arginase tended to be higher and the L-
arginine:ADMA ratio and RHI tended to be lower in patients who subsequently developed
plasma leakage in the critical phase (days 4-6), these parameters were not found to prognostic

using logistic regression and the predefined cut-off of P<0.01 (Table 4-6).

Table 4-6: Potential predictors on days 1-3 for developing plasma leakage during the critical phase

No plasma leakage Plasma leakage o
n (N=68) n (N=18) OR (95% Cl) p value
Arginase 17 136.3(103.4,2212) 7 ;Z:g)(lSOA, 1.00 (0.98,1.01) 0.614
L-Arginine 17 47.2(39.9, 62.3) 7 47.6(37.9,53.1) 1.05 (0.97,1.18) 0.245
L-Arginine:ADMA 17 108.9 (79.8,118.2) 7 89.6 (85.1,91.9) 0.98 (0.89,1.03) 0.524
RHI 57 1.8(1.5,2.1) 15 1.5(1.3,1.6) 0.12 (0.01,0.80) 0.028

Data are presented as median (IQR). n corresponds to number of participants. All comparisons were based on
logistic regression, and were adjusted for age, sex and hospitalization.

4.7.5 Correlation of endothelial function and plasma L-arginine, ADMA and arginase.

There was a negative correlation between endothelial function (RHI) and plasma arginase,
rho: -0.21, (P=0.001) and a positive correlation with L-arginine levels, rho: 0.27, (P=0.001).
Levels of arginase had a strong negative correlation with I-arginine, rho: -0.48, (P<0.001) and
borderline correlation with ADMA, rho: -0.19 (P=0.010). L-arginine was positively correlated
with ADMA rho: 0.40, (P<0.001). There was no correlation between endothelial function and
the serum levels of syndecan. There was no correlation between levels of arginase and
absolute neutrophil count or monocyte count, nor was there any correlation between
enrollment arginase and liver enzymes AST and ALT levels. Taken together these results
suggest there is a strong correlation between endothelial function/NO bioavailability and low

levels of serum I-arginine and high levels of arginase.
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4.8 Discussion

We have shown that endothelium-dependent vasodilation is impaired in both dengue and
also OFI during the acute illness. Disproving our first hypothesis, there was no difference
between endothelial function or I-arginine, arginase and ADMA between dengue and OFI.
However in agreement with our second hypothesis, when considering dengue patients -
impaired endothelial function was associated with more severe plasma leakage. Although
there was no association with the levels of I-arginine, arginase and ADMA between the plasma
leakage grades, lower L-arginine and higher arginase levels correlated with RHI suggesting
they may play a role in the endothelial dysfunction and low NO bioavailability observed in

dengue infections.
4.8.1 Endothelial function in dengue versus OFI

Contrary to our hypothesis, endothelial dysfunction occurred and was similar in both patients
with dengue and OFI. Both groups had impaired endothelial function in the early febrile phase
compared to follow-up with lower RHI on days 1-3, suggesting endothelial function and NO
bioavailability is reduced in many infectious diseases. There was no difference in the plasma
levels of arginase, I-arginine and ADMA. The diagnoses for the OFI group was not known for
all the patients, but as discussed in chapter 3, predominantly consisted of other viral illnesses
with the majority recovering without antibiotics. There was 1 confirmed falciparum malaria
among the outpatients at the HTD site in Ho Chi Minh City.

These findings are in agreement with other studies demonstrating impaired endothelial
function in a variety of different infections including relatively mild viral illnesses. One study
on endothelial function that investigated the effect of mild childhood infections that did not
require a visit to the doctor on endothelial function, showed impaired FMD during the acute
illness which had resolved by 1 year follow-up [167]. Diagnostic confirmation was not possible
in this study, but the majority had a syndrome of upper respiratory tract infection which did
not require antibiotics. Although endothelial dysfunction appears to be a common
phenomenon in many mild infections, the degree of impairment also appears to be related
to disease severity. A study in adult sepsis, demonstrated impaired endothelium-dependent
vasodilation, worst in patients with severe sepsis compared to moderate sepsis without organ

failure and controls [164].
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Endothelial NO bioavailability has been found to be reduced in many other infectious
diseases, of which malaria has been the best studied. In both paediatric and adult severe
malaria the NO bioavailability was reduced in different populations in Asia and Africa [165,
305]. The underlying mechanism of the impaired NO associated with severe malaria has been
found to be different in paediatric and adult disease— a study in Tanzanian children with
cerebral malaria demonstrated hypoargininaemia and decreased mononuclear NOS
expression compared with moderately severe malaria and controls [306].

The pathophysiology of the low NO bioavailability in adult severe malaria has been shown to
be predominantly driven by high ADMA levels and ADMA was found to be an independent
predictor of mortality in adults [307]. In addition, high levels of plasma arginase were found
in adult malaria, but this was not demonstrated in a study of African children [308]. Another
mechanism may involve NO quenching through increased cell-free haemoglobin; a study in
adult malaria, demonstrated haemolysis and cell free haemoglobin were raised in severe
disease and were associated with worse endothelial function [309]. In vitro studies have
shown arginase mediated consumption of L-arginine is enhanced by free heme which could
add to the hypoargininaemia and reduced NO bioavailability associated with severe malarial
haemolysis.

Similar mechanisms of reduced NO bioavailability has been demonstrate in sepsis, with
hyopoargininaemia likely playing a key role. High levels of arginase activity have been found
to correlate with the low L-arginine levels in sepsis and also to neutrophil count, suggesting
neutrophil-derived arginase may contribute to the increased arginase activity and low NO
bioavailability in sepsis [310].

Neutrophil-derived arginase may play a role in the hyopoargininaemia associated with
dengue. Although we did not demonstrate a correlation between arginase-1 and absolute
neutrophil count, a study investigating the early whole blood transcriptional signature of
dengue, identified arginase-1 and several neutrophil associated transcripts as being more
abundant in dengue patients who progressed to shock [311]. Another possible mechanism
for hypoarginaemia in dengue infections is that the L-arginine leaks out of the capillaries with
other proteins, as L-arginine is a small amino acid with a molecular mass of 174 g/mol.
However the levels of I-arginine were lowest in the febrile phase and not the critical phase
when the protein leakage is most marked. More likely is that high levels of arginase-1 from

early activation and up-regulation of arginase-1 gene along with release from neutrophil
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degranulation, consumes L-arginine causing depletion of this key eNOs substrate within
endothelial cells resulting in impaired NO bioavailability.

NO bioavailability may also be reduced by shedding of the glycocalyx layer in various
infections. Heparan sulfate (HS) and HS proteoglycans including syndecan (SDC) and glypican
are required for the mechano-transduction of luminal sheer stress to activate eNOS and
therefore loss of this layer would impact on endothelium-dependent vasodilation [137].
Increased shedding of the glycocalyx components of HS and SDC occur in sepsis, but there are
no human studies linking this to impaired NO bioavailability [312]. In this study we were
unable to show any correlation between endothelial-dependent vasodilation and syndecan
levels. Further studies are required to assess other glycocalyx components particularly HS

levels and their association with endothelial function in dengue.
4.8.2 Endothelial function and dengue disease severity

Dengue patients with more severe plasma leakage were found to have worse endothelial
dysfunction. Importantly this endothelial dysfunction was already apparent in the early febrile
phase (first 72 hours of fever). Although L-arginine and arginase levels were not significantly
different between the plasma leakage groups, like RHI, the levels of L-arginine were lowest
and arginase were highest at this early time-point in the severe leakage group. This is different
from other endothelial biomarkers including the adhesion molecules, Angiopoietin 2 and also
syndecan-1 levels that we have demonstrated to peak during the critical phase. This suggests
that endothelial dysfunction, hyopoargininaemia, high arginase and reduced NO
bioavailability are some of the earliest abnormalities in the pathogenesis of dengue. This
would fit with early up-regulation of Arginase-1 gene and also early neutrophil degradation
markers that may also be source for Arginase-1 [311]. This early endothelial dysfunction may
also fit with viral kinetics studies which have shown that the dengue viraemia peaks early in
the febrile phase and viral replication starts before fever onset and symptomatic disease.
Although we were unable to study the relationship of viraemia and endothelial function, the
timing of the endothelial dysfunction may relate more to viraemia rather than the
inflammatory peak, which occurs later [62].

The timing of the endothelial dysfunction has potential important implications for therapeutic
interventions, particularly those targeting the endothelium. Statins have been found to have

a beneficial effect on the balance of inducible and endothelial nitric oxide in sepsis with the
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overall effect of increasing NO bioavailability and restoring endothelial dysfunction [313]. The
majority of trials assessing statins in sepsis have been retrospective or observational; one
randomized controlled trial (RCT) however demonstrated lower rates of progression to severe
sepsis, although there was no difference in hospital stay or 28 day mortality [314]. A RCT of
lovastatin conducted by our group in adult dengue in Vietnam, given within 72 hours of fever
did not impact on any clinical outcomes [56]. This may be in part due to the timing, with the
endothelial dysfunction occurring prior to the drug being administered, which could limit the
efficacy of the drug. Future trials investigating endothelial modulating therapies should
consider either administering the drug earlier (day 1) or targeting patients with evidence of
early endothelial dysfunction.

The dynamics and evolution of the endothelium-dependent vasodilation in dengue appears
to be worst in the early and critical phases, then increasing during the convalescent phase
falling again during the follow-up phase around day 14. The plasma levels of arginine did not
follow this pattern, as both L-arginine and arginase levels returned to normal by follow-up,
suggesting this late endothelial dysfunction is mediated through other, as yet unclear
pathways. This evolution of NO bioavailability would fit with the changing clinical phenotype,
with cool peripheries, prolonged capillary refill time and vasoconstriction predominant in the
early and critical phase, followed by warm peripheries and skin flushing in the recovery phase,
returning to normal in the follow-up phase. The proportion of dengue patients that had
abnormal endothelial function at follow-up was 32/72 (44%). ldeally these patients would
have had follow-up at 6 months or one year to assess if the endothelial function had
normalized.

We know from longitudinal studies of childhood infections that firstly, endothelial
dysfunction can take several weeks to recover after an acute infection and secondly, children
with infections severe enough to be hospitalized have worse endothelial function as adults
[167]. There are some suggestions that repeated childhood infections and therefore repeated
endothelial insults could result in progressively worse endothelial function and therefore
impact on cardiovascular risk later in adult life [315]. Genetic predisposition has also been
suggested to play a role in the endothelial response to childhood infections. A study
demonstrated children with homozygosity for mannose-binding lectin (MBL) variant alleles
was associated with greater impairment in endothelium-dependent vasodilation during mild

childhood infections, but no association was found on endothelial function in healthy controls
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[316]. Several theories exist for how MBL may affect endothelial function, and include either
directly, by influencing microbial-endothelial interactions or indirectly by increasing the
susceptibility of the infection or by modulating the inflammatory response [316, 317]. MBL
genetic polymorphisms may play a role in the clinical phenotype of dengue infections,
through MBL-mediated complement activation and viral clearance [318], but how this

impacts on dengue associated endothelial dysfunction remains to be investigated.

4.8.3 Implications of endothelial dysfunction and low NO bioavailability in the
pathogenesis of plasma leakage in dengue

The consequences of impaired NO release from the vascular endothelium could have several
important effects not only on impaired vasomotion, altered microcirculatory flow and altered
tissue perfusion, but also could impact on the vascular permeability in dengue. Both increased
NO production as well as reduced NO release from endothelial cells can influence
microvascular permeability. eNOS activation and NO production has been found in an animal
model to play a role in VEGF induced angiogenesis and increased vascular permeability [319].
However, as described in chapter 3, the low levels of VEGF associated with the plasma leakage

in dengue makes VEGF dependent capillary leakage less likely to be a key pathway.

However the influence of endothelial derived NO can also protect the vascular barrier
function by inhibiting cellular adhesion and associated protein and fluid leakage. Low NO
bioavailability can cause increased platelet and leukocyte adhesion to the vascular endothelial
surface, particularly in post capillary venules [320]. A study using an animal model
demonstrated the inhibition of eNOS using NG-nitro-L-arginine methyl ester (L-NAME) caused
a rapid increase in microvascular permeability with marked increases in fluid filtration and
protein clearance in a leukocyte dependent and also initial leukocyte independent manner
[321]. Further studies demonstrated the increased albumin leakage observed in post capillary
venules after NO inhibition involved other mechanisms including alterations in platelet
activating factor, cGMP and endothelial cytoskeleton in addition to the leukocyte-endothelial
celladhesion [322]. NO may also protect the microvasculature against mast cell degranulation
products and associated permeability alterations [323, 324].

Taken together these studies provide biological plausible pathways for the association of low
NO bioavailability and plasma leakage in dengue, and this pathway may be potential

therapeutic target in the future.
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4.8.4 Strengths and limitations

This is the first study to assess the endothelium-dependent vasodilation and associated
plasma levels of |-arginine, ADMA and arginase in early dengue infection, and their evolution
over time in a well characterized cohort of children and adults.

The limitations include firstly, not having a longer follow-up time-point, so we were not able
to see if the patients that had endothelial dysfunction at 2 week follow-up had resolved.
Secondly, a small number of severe dengue patients were studied using EndoPAT in ICU as a
large proportion of patients were excluded due to having a platelet count<20 10°/I or being
clinically unstable. Thirdly, plasma levels of arginase may not reflect the activity of the
enzyme, and specific arginase activity assays should be used to confirm high arginase levels
equate to increase enzymatic activity. Although ELISA based assays measuring L-arginine and
ADMA have been validated and are reliable, the majority of other studies have used HPLC

method of measuring these amino acids, so our results may not be directly comparable.
4.8.5 Summary

This study has shown impaired endothelial function is associated with dengue plasma leakage
severity. Importantly, we found the endothelial dysfunction occurred early in the course of
the disease, with worse function already apparent in the first 72 hours of fever in patients
who developed severe plasma leakage. Similar to microcirculatory changes, the endothelial
dysfunction was not specific to dengue, with comparable dysfunction occurring in other
febrile illnesses. Endothelial function as a surrogate for NO bioavailability correlated with
lower L-arginine and higher arginase-1 levels, but not ADMA, suggesting hyopoargininaemia
from high arginase levels play a role in the endothelial dysfunction in dengue. These findings
provide important new information regarding the pathophysiology of plasma leakage in

dengue infections.
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5 CHAPTER 5 — Cardiac function and haemodynamics in severe dengue

5.1 Introduction

The most common severe manifestation of dengue is a plasma leak syndrome leading to
intravascular volume depletion and shock. Dengue shock is more frequent in children than
adults, which may be due to developing capillaries having a higher filtration capacity than
mature vessels [66, 112]. The majority of patients with dengue shock recover after a single
crystalloid bolus and in experienced centers the mortality rate is less than 1% [325]. However
in approximately 30% of severe cases recurrent shock occurs, which requires more intensive
treatment with larger volumes of intravenous fluid therapy including colloid boluses and
these patients have a higher risk of fluid overload, respiratory distress and poor outcomes
[326]. Identifying patients with recurrent shock earlier and investigating potential underlying
mechanisms could impact on the clinical outcome of these patients.

Although the main mechanism of dengue shock is intravascular hypovolaemia leading to a
reduced cardiac output, it is becoming increasingly recognized that myocardial impairment
may play an additional role in the haemodynamic instability and possibly recurrent shock.
Cardiac manifestations of dengue are diverse and include functional myocardial impairment,
arrhythmias and myocarditis [7]. An element of myocardial impairment in acute dengue
appears to be relatively common, particularly in more severe cases. Bradyarrythmias are also
frequently seen, most commonly at the end of the critical phase and during the recovery
phase, whereas fulminant myocarditis remains an infrequent dengue associated
complication. Although why this occurs remains unknown, like in septic shock, myocardial
impairment in dengue may be due to circulating myocardial depressant factors, or possibly
the capillary leak causes myocardial oedema - as the evolution appears to coincide with the
timing and the amount of systemic plasma leak. A number of case reports and small case
series from different endemic areas have described dengue myocarditis, using variable
diagnostic criteria. However, very few dengue patients have a formal cardiac assessment, so
the frequency of sub-clinical dengue myocarditis and its relative contribution to the
haemodynamic instability in severe dengue remains to be answered [327-329]. Defining the
role of myocardial dysfunction in the haemodynamic instability and respiratory distress in

severe dengue is needed not only for prognostic purposes but also for optimization of
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supportive therapies in these patients. Portable echocardiograms are non-invasive, can give
a rapid assessment of cardiac function as well as provide information on volume status. Echo-
derived parameters of cardiac-haemodynamic status and markers of tissue perfusion
including lactate have not been evaluated in severe dengue patients admitted to ICU, and

may provide useful prognostic information.

5.2 Cardiac involvement
5.2.1 Myocardial impairment

Myocardial dysfunction in acute dengue has been documented in several studies using a
variety of techniques. The dysfunction is transient, except in a minority of fulminant cases of
fatal myocarditis, with most patients having normal cardiac function by the end of their acute
illness. A study of 81 adult dengue cases in Brazil showed 12 (15%) had cardiac biomarker
elevation (troponin | and pro-B-type natriuretic peptide); 10 of these patients underwent
echocardiograms and 4 were abnormal, including myocardial impairment, regional wall
abnormalities and effusions. Myocardial involvement was confirmed using cardiac MRI in
these patients. The findings were consistent with classical viral myocarditis, including hyper-
intense signal in T2, early and late gadolinium enhancement [330].

An echocardiography study of 91 Thai children showed 9 out of 25 (36%) cases with DSS had
reduced left ventricular systolic function with ejection fractions (EF)<50% [331]. These
patients required more fluid resuscitation and had more complications of fluid overload. As
EF is preload dependent, it is unclear whether this was true myocardial depression or
reflective of their intravascular hypovolaemia. In 2009 we investigated 79 young adults and
older children with dengue using relatively preload independent parameters with tissue
Doppler imaging, and demonstrated 45% had systolic myocardial impairment and 42%
diastolic impairment, predominantly affecting the septal and right ventricular walls. These
changes were more frequent and more pronounced in severe dengue [154]. In contrast to the
Brazilian study, there was no evidence of a troponin rise in the Vietnamese or Thai patients.
This observation is supported by a study using 99m Tc-pyrophosphate imaging, which did not
show any myocardial necrosis [327]. Cardiac dysfunction likely also plays a role in less severe

dengue disease; in one paediatric study, reduced cardiac output during the febrile phase was
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identified as being related both to reduced preload and to left ventricular impairment, with

no apparent change in blood pressure [332].

The pericardium can also be affected, but less frequently, with very few reports of dengue
pericarditis [333]. However pericardial effusions are observed particularly in severe dengue
and are likely to be related to the severity of systemic capillary leakage. Large clinically
significant pericardial effusions are extremely rare, but have been documented [330].

The pathogenic mechanisms underlying the functional myocardial impairment remain to be
elucidated, but as the majority of the cases do not have evidence of myocardial damage,
direct viral invasion of cardiomyocytes is unlikely. Other possible mechanisms include
myocardial oedema from local capillary leakage, presence of a circulating myocardial
depressant factor (e.g. one or more pro-inflammatory mediators), coronary hypoperfusion,
altered calcium homeostasis, or a combination of these factors (Figure 5-1). This is in contrast
to fulminant dengue myocarditis where there is evidence of widespread myocyte damage
with significant cardiac biomarker increases, ST segment changes on ECG, and clear signs of
functional impairment [334]. Like fulminant myocarditis of other aetiologies, it carries a
significant mortality [335]. Sub-clinical dengue induced myocarditis however is harder to
guantify and define. Myocarditis is an inflammatory condition of the myocardium, frequently
attributed to viral aetiologies, most commonly enteroviruses, parvovirus B19, adeno and
herpes viruses [336]. The wide clinical presentation and diagnostic difficulties with
myocarditis make the incidence difficult to quantify. It can vary from a subclinical rise in
cardiac biomarkers or detection of asymptomatic electrocardiogram (ECG) abnormalities,
through to the more severe clinical manifestations of dyspnoea, chest pain and sudden death
[337]. Endomyocardial biopsy and cardiac magnetic resonance imaging (CMR) can increase
the diagnostic accuracy for myocarditis, but are either invasive or not widely available in
dengue endemic areas.

From the available literature it is not possible to say whether the minor degrees of myocardial
impairment observed in many dengue patients are due to a subclinical myocarditis, with
fulminant cases representing the severe end of this spectrum, or whether separate disease
entities exist. Varying degrees of myocardial depression could occur in response to a number

of the factors noted above, while the fulminant cases may represent a separate phenomenon,
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where host genetics or increased cardiotropism of the virus allows widespread myocyte

infection and damage.

Figure 5-1: Proposed viral and immune mechanisms involved in the cardiac and vascular
manifestations of dengue.
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5.2.2 Arrhythmias

ECG alterations reported in dengue are non-specific, including sinus bradycardia, AV block, T
wave and ST segment abnormalities. Classically such rhythm disturbances were thought to
occur primarily in the convalescent phase, and a 24 hour-holter monitor study investigating
35 children in this phase identified ECG abnormalities in 29% [338]. They were mainly
bradyarrhythmias such as first and second degree heart block, but also included atrial and
ventricular ectopics. However it is now apparent that ECG abnormalities can occur during any
phase of the disease and are relatively common, being observed in 30-44% of hospitalized
cases [154, 327]. These arrhythmias tend to be self-limiting and benign, and the ECG changes
may be the only sign of cardiac involvement with normal biomarker levels and
echocardiograms often documented [339]. However, rhythm disturbances have also been
noted in association with more severe disease. For example, in one paediatric case report a
junctional bradycardia noted one day after recovery was associated with hypotension [328].

Cases of fulminant myocarditis have presented with ST elevation mimicking acute myocardial

| Page 131



infarcts, and these patients had associated myocardial biomarker elevation and cardiac
specific symptoms [335]. The underlying mechanisms for these electrical abnormalities have
not been adequately explored. Possibilities include altered autonomic tone, electrolyte and

calcium derangements, or a sub-clinical myocarditis.
5.2.3 Pathological studies

There is a lack of histopathological studies of the heart in dengue, with only a limited number
of autopsy studies, and no reports of endomyocardial biopsies from patients with suspected
dengue myocarditis. Autopsies of 5 fatal cases in Sri Lanka, showed predominantly interstitial
oedema, inflammation, some scattered haemorrhages and myocardial fibre necrosis [340].
These patients had clinical syndromes that would be consistent with fulminant myocarditis,
with ECG, ECHO and cardiac biomarker abnormalities. Similar findings were demonstrated on
necroscopy specimens from 2 Brazilian patients who died of cardiogenic shock, with
widespread oedema and inflammation and predominantly mononuclear cell infiltrate [330].
Viral antigens, including dengue capsid protein, non-structural protein 1 (NS1)and viral RNA,
have been demonstrated using RT-PCR on cardiac specimens from a small number of fatal
cases, as well as in other tissue specimens such as liver, lung, spleen and lymph nodes[341,
342]. In one fatal case in Colombia, dengue capsid protein was demonstrated to be present
in several cardiac cell types using immunohistochemistry; these cells included
cardiomyocytes, myocardial interstitial cells, and myoblasts, often in a perinuclear location
[343]. In addition, expression of the inflammatory markers MCP-1and MHC-II was observed
in the endothelium of small myocardial vessels and interstitial cells and myoblasts. However,
although DENV RNA has been found occasionally in myocytes, evidence of active viral
replication has yet to be demonstrated in cardiac specific cells, but very few dengue studies
have used in situ hybridization [344]. Even in studies from Europe and North America
however, viral genomes have only been identified in cardiac specimens in 10-20% of patients
with active viral myocarditis. Thus failure to demonstrate the presence of dengue virus in
cardiac specimens does not rule out viral induced pathogenesis [345].

In summary, definitive evidence of direct viral invasion of myocytes or of an immune-
mediated injury that might explain the cardiac involvement in dengue is lacking. Ongoing
research to elucidate the relative contribution of these two etiologies is crucial to further our

understanding of the disease.
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5.3 Assessing intravascular volume

As outlined in earlier chapters, the defining feature of severe dengue is disruption of vascular
barrier function resulting in plasma leakage, intravascular volume depletion, and eventually
for assessing volume status in dengue are urgently needed.

Portable bedside echocardiograms have the benefit of being able to assess volume status,
and perform a cardiac functional assessment simultaneously [346]. Portable echos are
routinely used in the haemodynamic assessment of critically ill patients in many different
settings and are increasingly being used in the fluid management of patients with septic shock
[347]. Techniques have included using the respiratory variation of the IVC diameter, which
occurs due to the increase in intra-abdominal pressure during inspiration. This variability has
been shown to be greater in patients with hypovolaemia and less or ‘fixed’ in patients with
fluid overload or right heart failure. The Inferior vena cava collapsibility Index (IVCCI) has been
shown to be useful in many other different clinical settings, from predicting fluid
responsiveness to guiding fluid removal during ultrafiltration [348]. During the study of
ultrafiltration, the IVCCl increased in proportion with the amount of fluid removed, while the
other haemodynamic parameters of MAP, and heart rate remained stable and 2 patients with
an IVCCI >30% became haemodynamically unstable with hypotension. Although IVCCI has
been used mainly in predicting fluid responsiveness in ventilated patients [349], evidence is
emerging that it may also be useful in spontaneously breathing patients as well [350]. In
addition to IVC variations, other markers of preload can help in the overall volume
assessment, including left ventricular end diastolic diameter, stroke volume and cardiac
output.

Several echo-derived variables of intravascular volume status have been found to be useful
in other forms of shock and their potential for predicting outcome in dengue should be

evaluated.

5.4 Lactate levels

Serum lactate levels can be representative of tissue perfusion and elevated levels have been
demonstrated in numerous studies to be associated with organ failure and predict mortality
in septic shock [351, 352]. Early lactate clearance has been found to correlate with resolution

of organ impairment, decreased inflammatory markers and is considered a surrogate for
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reversal of global tissue hypoxia and as a guide to therapy response [353]. Targeted lactate
reduction has been used as a clinical endpoint in randomized controlled trials of early sepsis
resuscitation, whereby lactate-guided fluid resuscitation reduced hospital mortality after
adjusting for predefined risk factors [354], and had comparable outcomes when compared to
goal directed central venous oxygen saturation targets [355]. Lactate levels have been shown
to predict 28-day in-hospital mortality independent of blood pressure, highlighting the
prognostic significance of this biomarker over global haemodynamics [356].

Elevated lactate levels are encompassed in the updated definitions of sepsis and septic shock
published this year, with septic shock now defined as patients with a vasopressor requirement
to maintain a mean arterial pressure of > 65 mm Hg and serum lactate level >2 mmol/L in the
absence of hypovolaemia [357]. And the surviving sepsis guidelines use hyperlactatemia
(>4mmol/I) as one of the prompts for resuscitation [358].

Lactate levels represent a balance between production and elimination; under normal
physiologic conditions lactate is cleared rapidly by the liver with a small minority cleared by
the kidneys. Liver dysfunction may contribute to both increased production and decreased
clearance, which becomes even more important in states of hypoperfusion. Hyperlactatemia
without hypotension in severe infections is also a well-recognized phenomenon and the
underlying pathophysiology may be associated with an altered microcirculation and/or other
mechanisms including mitochondrial dysfunction (including potential lack of key enzymatic
co-factors), the presence of a hypermetabolic state, or myocardial dysfunction [359, 360].
Myocardial impairment has been found to be associated with higher lactate levels in sepsis,
although a reduced preload may be the same underlying aetiology that is driving both.

The other infection where hyperlactatemia is strongly associated with outcome is malaria.
Numerous studies have found elevated lactate to be one of the most robust predictors of
mortality [361]. The mechanism of hyperlactatemia in malaria is most likely to be due to
microcirculatory dysfunction from sequestered red cells, rather than hypovolaemia [362].
Serum lactate levels and their prognostic significance in dengue shock syndrome have only
been evaluated in small studies. A study in Thailand demonstrated lactate levels >2 were
associated with severe dengue, but included only 12 severe patients [363]. A study in
paediatric dengue also found mild lactate elevation in dengue shock around the time of

defervescence [364]. Further studies are needed to assess the prognostic potential of lactates
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in dengue particularly in patients admitted to ICU for risk stratification and potentially as a

surrogate endpoint in fluid resuscitation trials in dengue.

5.5 Cardiovascular therapeutics

As discussed in chapter 1, the current treatment for severe disease is supportive, primarily
focused on cautious fluid resuscitation, aiming to give just sufficient intravenous fluid therapy
to maintain adequate tissue perfusion during the critical period of capillary leakage. If too
much fluid is given, or the infusion is continued into the recovery period, the risk of iatrogenic
fluid overload and associated morbidity is substantial. Occasionally, inotropic support is
required; in a large series of patients with DSS, managed over 10 years in a single institution
in Vietnam, 4% of patients required extra haemodynamic support, with the majority
recovering with standard crystalloid resuscitation or following a single colloid infusion [54].
No cardiac-specific treatments for dengue myocarditis exist, but standard treatment for
cardiac failure (B-blockers, angiotensin-converting-enzyme inhibitors, and diuretics) has been
used successfully in these patients [329]. Antiviral and immunomodulatory treatments,
interferon beta, corticosteroids, and intravenous immunoglobulins, have been used in
patients with myocarditis of other viral aetiologies [365, 366]. However, the evidence comes
from small case series and non-randomized trials, with benefit only shown in specific
subgroups, and cannot, therefore be extrapolated to dengue myocarditis.

The arrhythmias associated with dengue rarely need treating and usually resolve
spontaneously by the time of hospital discharge. However there are some case reports of
atrial fibrillation with a fast ventricular response in patients with acute dengue, that required
amiodarone treatment [367].

Myocardial impairment and/or myocardial damage in dengue patients should be identified

early in order to tailor specific therapies, with particular focus on fluid balance.

5.6 Summary and specific aims

The most frequent severe complication of dengue is plasma leakage which can lead to shock
and death if left untreated. Although dengue shock is predominantly caused by intravascular
volume depletion, there is emerging evidence that myocardial dysfunction may act in concert
with the hypovolaemia to worsen the haemodynamic instability and possibly result in

recurrent episodes of shock. As there are no specific therapeutics for dengue and no
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adjunctive therapies have proved to be beneficial, the treatment remains supportive, with
crystalloid fluids for those patients identified as having significant plasma leakage leading to
shock and colloids for patients with recurrent shock. However due to the risk of iatrogenic
fluid overload, identifying patients who would benefit from fluids and those that wouldn’t, as
well as identifying early those who may need other interventions like inotropes would be a
real advantage.

In this part of the study we set out to investigate the association of echocardiogram derived
cardiac function and intravascular volume as well as lactate levels with the clinical outcomes

of recurrent shock and respiratory distress in ICU patients with dengue.

5.6.1 Hypotheses

- We hypothesized that firstly severe dengue patients with worse cardiac dysfunction
would be more likely to develop recurrent shock and also to experience fluid overload
with respiratory distress.

- We also hypothesized that elevated admission plasma lactate levels would predict

patients developing recurrent shock.
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5.7 Methods

This study was performed in the paediatric and adult Intensive Care Units (ICU) at the Hospital
for Tropical Diseases, Ho Chi Minh City, Vietnam. For full study protocol see chapter 2.

Briefly, patients were enrolled from September 2014 to March 2015. Children above 3 years
and adults were eligible for enrolment into the study if they were admitted to either
paediatric or adult ICU at HTD, with a clinical diagnosis of dengue with warning signs or with
severe dengue. Patients were eligible for enrollment up to 12 hours from ICU admission, in
order to recruit patients as early as possible after admission. Patients were reviewed daily until
hospital discharge or for up to 5 days from enrolment. Standardized clinical information was
recorded daily including clinical symptoms and signs, vital signs and all interventions. The
amount and type of all intravenous fluids were documented in specially designed observation
charts, in addition to other infusions including platelet and blood transfusions. Portable
echocardiograms were performed daily at the bedside. The patients were followed up at day 14

from illness onset, when a final echocardiogram was performed.
5.7.1 Laboratory parameters:

A full blood count was performed daily and a biochemistry sample was performed at enrolment
and subsequently depending on clinical need. An un-cuffed venous blood sample was also taken
at enrolment for measurement of lactate, with the assay processed within 30 minutes of
collection. In addition a research blood sample was obtained at study enrolment and stored as

per previous description in chapter 2.
5.7.2 Portable Echocardiograms

Echocardiograms were performed at the bedside by three of the investigators, using an M-
turbo Sonosite system with cardiac settings. The Echocardiograms were performed daily and
at follow-up 14 days later. The exam included two-dimensional, M-mode and Doppler studies.
The following measurements were made using the 2D parasternal long axis view: aortic valve
diameter at mid systole; left ventricular end diastolic (LVEDD) and end systolic (LVESD)
dimensions below the tip of the mitral valve. Ejection fraction was calculated as EF=(LVEDD?
— LVESD?)/LVEDD?*%. The aortic velocity from the apical five-chamber view with the sample
volume positioned just below the aortic valve cusps, and the Velocity time Integrals (VTIs)

were measured at the left ventricular outflow tract (LVOT). Stroke volume was calculated
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using the equation; VTI x cross sectional area of the aortic valve (CSA), with (CSA= 0.785 x
aortic diameter?). And cardiac output (CO) =SV x Heart Rate. Cardiac Index (Cl) and Stroke

Volume Index (SVI) were then calculated by dividing the CO and SV by the body surface area

(BSA) (using the formula: (\/W/3600.) Trans-mitral pulsed-wave Doppler velocities were
obtained from the apical four chamber view with the sample volume positioned at the tips of
the mitral valve leaflets, and the aortic velocity from the apical five-chamber view with the
sample volume positioned just below the aortic valve cusps, and the velocity time integral
was measured. Left myocardial performance index was calculated from transaortic and
transmitral pulsed Doppler velocities, and right myocardial performance index from tricuspid
and pulmonary Doppler using a previously defined method ([isovolumic contraction time -
isovolumic relaxation] time/ejection time).

The inferior vena cava (IVC) was measured using the subcostal view, below the level of the
hepatic veins, 5 cm from the inferior vena cava—-right atrial junction. The maximal diameter
during expiration and minimal diameter in inspiration were measured from M-mode
recordings and the collapsibility index (IVCCI) calculated using the formula IVCCI =(IVCmax -
IVCmin/IVCmax) 100. Pericardial effusions were reported using conventional criteria. A left
pleural effusion was reported if an echo-free space was seen around the heart and descending
aorta in the subcostal view. A right pleural effusion was reported if an echo-free space was
seen posterior to the liver. The pleural effusions were quantified visually as minimal, small,
moderate, or large. All images were stored digitally and a selection reviewed by a cardiologist

in the United Kingdom. The inter- and intra-user variability was <10%.
5.7.3 Statistical analysis
5.7.3.1 Endpoint definitions

The primary endpoint was recurrent shock, which was defined as more than 1 episode of
shock during the ICU admission. Shock episodes were recorded by the study doctors each day
using the following definition; hypotension for age (age 3-5 years: sBP< 80, age 5-13 years:
sBP<85mmHg, and 14 years and above: sBP<90mmHg) or pulse pressure of 20mmHg or less
with signs of circulatory compromise.

Secondary endpoints included respiratory distress, as identified by the study doctor, which

was predefined as respiratory rate above the normal range for age (age 3-5 years: > 30

| Page 138



breaths/min, age 6-11yrs: >25 breaths per min and >12years: >20 breaths per minute) plus
oxygen therapy or the need for respiratory support.
Cardiac dysfunction was defined as an EF less than 55% and/or LMPI >0.5 at any time-point.

Other secondary endpoints included total IV fluid received, colloid and inotrope use.
5.7.4 Statistical Analysis

All comparisons were based on linear regression models with recurrent shock and respiratory
distress as the outcome, and each cardio-haemodynamic parameter as covariate. The analysis
was adjusted for age, gender, and day of illness at ICU admission.

For the prognostic models, data of candidate predictors at enrolment were used to predict
recurrent shock/respiratory distress. The analysis was based on logistic regression, with same
outcomes and adjustments.

Associations between the parameters were assessed by partial correlations controlling for the
following potential confounding variables: age, sex and day of iliness at enrolment, study day
of measurement. Significance of partial correlations was assessed based on their Fisher
transformation and corresponding bootstrap standard errors. The cluster bootstrap which
resamples patients rather than samples accounted for multiple measurements per patient.
To informally adjust for multiplicity, a significance level of 0.01 was used for all comparisons.
All analyses were performed with the statistical software R version 3.2.2 and the companion

package geepack version 1.2-0.

5.8 Results

103 patients were enrolled in the study between September 2014 and March 2015 (19 from
adult ICU and 84 from paediatric ICU) (see figure 5-2). One patient was excluded from the
analysis due to an inconclusive diagnosis and 88 had serial echocardiograms. The median age
was 11 years (IQR 8-14 years). The median time from ICU admission to enrollment was 0.1
(IQR: 0.0-1.0 hour). Median time from enrollment to first echo was 2.5 hours (IQR 1.0-9.3
hours), with no difference between shock groups.

Twenty-two patients did not develop shock, 80 patients had dengue shock, of which 48 had
1 episode and 32 had recurrent episodes of shock during their ICU admission. Of the patients

with 1 episode of shock 34/48 had shock at ICU admission and 14/48 developed shock;
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median time of 1.75 hours (IQR: 0.75-4.08 hours) after admission. The patients with recurrent
shock, 27/32 had shock at admission and 4/32 developed their first episode of shock; median
of 1.92 hours, (0.06-6.88hrs) after admission. 19 patients had the secondary endpoint of
respiratory distress. Seven patients had major bleeding, (3 in PICU and 4 in AICU). Six of these
patients with major bleeding also had recurrent shock (3 had bleeding complications
following central line insertion and 3 had major gastrointestinal/vaginal bleeds) and one
patient had a Gl bleed following 1 episode of shock.

Of the 97 patients who had PCR performed, 65 were positive with the following serotypes; 52
DENV-1 (80%), 10 DENV-2 (15%) and 3 DENV-4 (5%). There was 1 death in the study
population from adult ICU.

There was no difference between the age, sex or day of illness between patients with and
without shock and recurrent shock (Table 5-1). At enrollment there were significantly lower
platelet counts and albumin and higher AST levels in patients with recurrent shock than those
without. There was a trend for higher haematocrit levels (HCT) and ALT in the patients with
recurrent shock, but this was not significant. Enrollment lactate levels were significantly
higher for patients who went on to have recurrent episodes of shock than those who had 1
episode of shock and no shock (Table 5-1). Hyperlactataemia (using the cut off of >4 mmol/I)
was present in 17/32 (53.1%) of the recurrent shocks, 8/48 (16.7%) of the shocks and 0/22
(0%) of the no shock group. 25/32 (78.1%) of the patients with recurrent shock received a
colloid fluid bolus, compared to 5/47 (10.6%) of patient with 1 episode of shock. Over the ICU
admission, patients with recurrent shock received significantly more fluid than those with 1
episode of shock (median: 5876 vs. 3020mls, P<0.001) and were more likely to have fluid
accumulation and respiratory distress. Four patients required inotropic support, all in the
recurrent shock group. The percentage of patients with cardiac dysfunction at admission was
similar between the shock groups; 3/22 (13.6%) for no shock, 5/48(10.4%) for shock and 5/32
(15.6%) for recurrent shock. There was a higher proportion of adults (>15 years) with cardiac
dysfunction during their ICU stay 11/16 (69%) compared to children 13/72 (18%). Considering
all patients, 6/88 (7%) had evidence of right ventricular dysfunction (RMPI>0.4), during the

ICU admission, however this was predominantly seen in adult dengue 4/16 (25%).
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Figure 5-2: Study flowchart for ICU patients enrolled at HTD
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Table 5-1: Enrollment characteristics for dengue patients in ICU

All patients No shock Shock Recurrent shock p
(n=102) (n=22) (n=48) (n=32)
Characteristic n n n n
Age (yrs) 102 11 (8, 14) 22 12 (10, 20) 48 11 (8, 14) 32 10 (8, 13) 0.583
Female 102 48 (47.1%) 22 11 (50.0%) 48 22 (45.8%) 32 15 (46.9%) 0.966
liness day 102 6 (5, 6) 22 6 (5, 6) 48 6 (5, 6) 32 6 (5, 6) 0.237
Platelets (10°/L) 99 29(18, 41) 22 37 (30, 62) 46 28 (19, 40) 31 27 (15, 33) 0.011
White cells (10°/L) 99 4.6 (3.0, 5.8) 22 4.9 (3.4,5.8) 46 4.6 (3.0, 6.3) 31 3.4 (3.0, 5.6) 0.695
HCT (%) 98 44.6 (41.6,48.6) 22 42.0 (40.7, 45.6) 44.7 (42.5, 48.8) 46.6 (41.5, 50.0) 0.076
Albumin(g/L) 98 33.5(29.2, 37.3) 22 38.0(33.3, 41.0) 46 33.5(29.4, 37.0) 30 30.1(23.6,34.8)) <0.001
AST(U/L) 92 164 (104, 343) 20 102 (80, 162) 45 217 (106, 384) 27 219 (129, 540) 0.001
ALT(U/L) 92 86 (41-161) 20 63 ( 32-96) 45 98 (46-160) 27 112 (45-266) 0.041
Lactate (mmol/1) 98 2.9(2.2,3.9) 22 2.2(2.0,2.7) 46 2.9 (2.2,3.6) 30 4.2 (2.6,4.7) <0.001
Fluid accumulation 102 64 (62.7%) 22 5(22.7%) 48 31 (64.6%) 32 28 (87.5%) <0.001
Outcomes
Total IV Fluid 84 3155 (1845, 5211) 5 0(0,0) 47 3020 (2198, 4337) 32 5876 (4257, 7300) <0.001
Colloid bolus 102 30 (35.7%) 22 0 (0.0%) 47 5(10.6%) 32 25 (78.1%) <0.001
>1 Colloid bolus 19 (18.6%) 0 (0.0%) 0 (0.0%) 19 (59.4%)
Respiratory Distress 102 19 (18.6%) 22 0 (0.0%) 48 4 (8.3%) 32 15 (46.9%) <0.001
Inotropes 102 4 (3.9%) 22 0 (0.0%) 48 0 (0.0%) 32 4(12.5%) 0.010

Data is presented as absolute count (%) for categorical variables and median (IQR) for continuous data. P-values are based on Kruskal-Wallis/Mann-Whitney
U-test (continuous data) and Fisher's exact test (categorical data).
Fluid accumulation: Clinical pleural effusion and/or ascites
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5.8.1 Enroliment cardio-haemodynamics for patients with and without shock and
recurrent shock

Patients with recurrent shock had a higher enrollment pulse than those with 1 episode of
shock or no shock (median: 114 vs. 100 vs. 100 b/min, P=0.003), and reduced pulse pressure
(PP) (median: 30 vs 20 vs 20 mmHg, P=0.001). But there was no difference in the mean arterial
pressure (MAP) between the 3 groups (Table 5-2). There was a significantly lower Stroke
Volume Index (SVI) in the patients with recurrent shock, but due to the tachycardia in the
recurrent shock group there was no difference in the cardiac index (Cl) between the patients
with and without shock. There was no difference between the groups for the other
echocardiogram derived parameters of intravascular volume including the inferior vena cava
diameter and collapsibility index and the left ventricular diastolic diameter. Nor was there a
difference between the cardiac function parameters of ejection fraction, and left and right
myocardial performance indices (Table 5-2). Collectively these results suggest the heart rate
and the stroke volume on the first day of ICU admission are the strongest parameters

associated with recurrent dengue shock.

Table 5-2: Enrollment cardiac function and Haemodynamics in dengue patients on admission to
the Intensive Care Unit

All patients No shock Shock Recurrent shock
n (N=102) n  (N=22) n  (N=48) n  (N=32) P
Pulse (b/min) 102 102 (85, 109) 22 100 (80, 106) 48 100 (92, 114) 32 114(100,130) 0.002
MAP (mmHg) 102  80(73, 87) 22 73(72,80) 48 80 (73, 88) 32 80(70, 86) 0.267
PP (mmHg) 102 27(24,39) 22 30(30, 40) 48 20 (20, 30) z; 20 (15, 20) 0.001
26.8(23.2 21.6 (19.4
2 ’ ’
SVI (ml/m?) 68 22.6(20.1,25.3) 14 28.4) 32 22.8(20.6, 25.3) 22 23.0) 0.002
Cl(L/min/m?) 68  2.2(1.9,2.5) 14 2.3(2.2,2.7) 32 2.0(18,2.3) 22 2.2(2.0,25)  0.028
0.37 (0.31, 0.40 (0.35,
IVCCI 64 0.39(0.34,0.48) 13 0.40) 32 0.40(0.35,0.49) 19 0.47) 0.420
LVDd (cm) 68 3.7(3.3,4.0) 14 3.6(3.3,4.2) 32 3.7(3.3,4.0) 22 3.5(3.3,3.9) 0.914
66.8 (61.7, 65.8 (60.7,
0,
EF (%) 68 66.3 (61.9,69.0) 14 69.0) 32  66.7(62.9,69.6) 22 68.1) 0.681
0.36 (0.27, 0.34 (0.28,
LMPI 67 0.36(0.27,0.48) 14 0.50) 32 0.41(0.26,0.48) 21 0.41) 0.944
0.14 (0.12, 0.18 (0.12,
RMPI 64 0.18(0.12,0.26) 14 0.21) 31 0.18(0.12,027) 19 0.26) 0.424

Data is presented as absolute count (%) for categorical variables and median (IQR) for continuous data. P-values
are based on Kruskal-Wallis/Mann-Whitney U-test (continuous data) and Fisher's exact test (categorical data).
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5.8.2 Changes in cardio-haemodynamics variables over ICU admission

SVI was significantly lower at enrolment (study day 1) for patients with recurrent shock
compared with no shock (median: 21.6 vs. 26.8mls/m?, P<0.001) and also between patients
with shock compared with no shock (median: 22.8 vs. 26.8mls/m?, P=0.001) (table 5-3, figure
5-3). There was a significantly lower Cl between patients with shock compared to no shock
on the first day of admission (median 2.3 vs. 2.0l/min/m?, P=0.003). The SVI remained
significantly lower for patients with recurrent shock versus no shock on study day 2 (median:
22.8 vs. 27.2 mls/m?, P<0.001). Later in the admission this effect reversed, with a trend for
higher Cl on day 3 of admission in the recurrent shock group, but this was not statistically
significant (for time trend see figure 5-4). In addition higher Cl and SVIs were observed on
study day 4 and 5 in the recurrent shock patients compared to no shock, but this was not
significant. This may reflect the larger volume of intravenous fluids patients with recurrent
shock received (table 5-1) and reabsorption of the extravasated plasma during the recovery
phase.

There was no difference in the cardiac parameters of LMPI, RMPI, LVEDD or IVCCI between

the shock groups during any of time points during the ICU admission.
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Table 5-3: Cardio-haemodynamic variables in patients with and without shock and recurrent shock, over ICU admission

No Shock Shock Recurrent shock Shock vs. no Recurrent
shock shock vs. no
n n n Effect 95%Cl p Effect  95%CI p
SVI ml/m?
Day 1 14 26.8 (23.2,28.4) 32 22.8 (20.6, 25.3) 22 21.6 (19.4, 23.0) -3.38 (-5.49, -1.27) 0.002 -4.63 (-6.89, -2.36) <0.001
Day 2 16 27.2(24.1, 29.3) 34 27.1(21.0, 29.4) 22 22.8(20.6, 24.3) -1.34 (-4.09, 1.10) 0.235 -4.34 (-7.30, -1.38) 0.004
Day 3 15 28.9 (24.2,30.7) 34 29.5(26.1, 32.8) 17 27.0(23.0,31.7) 2.20 (0.37,4.76) 0.093 0.06 (-2.89, 3.02) 0.967
Day 4 4 29.4 (29.0, 29.7) 17 30.3(27.7, 34.8) 17 32.1(29.2, 35.4) 1.32 (-5.05, 7.70) 0.684 3.17 (-3.10, 9.43) 0.322
Day 5 2 31.2 (29.7, 32.8) 4 29.4 (28.0, 31.5) 8 34.8 (31.9, 37.6) -5.84 (-19.80, 8.15) 0.413 -1.64 (-16.68, 13.4) 0.831
>Day 13 14 32.2(31.2,33.0) 32 31.4(29.5, 33.5) 22 31.1(29.3,32.2) NA
Cl I/min/m?
Day 1 14 2.3(2.2,2.7) 32 2.0(1.8,2.3) 22 2.2 (2.0, 2.5) -0.39 (-0.63, -0.15) 0.002 -0.18 (-0.44, 0.08) 0.172
Day 2 16 2.4 (2.2,2.5) 34 2.2 (1.9, 2.5) 22 2.2 (2.0, 2.3) -0.16 (-0.41, 0.10) 0.235 -0.17 (-0.44,0.11) 0.236
Day 3 15 2.4(2.1,2.5) 34 2.5(2.2,2.7) 17 2.7 (2.3,3.0) 0.17 (0.07,0.42) 0.171 0.34 (-0.06, 0.62) 0.019
Day 4 4 2.4(2.3,2.4) 17 2.6(2.2,2.9) 17 3.0(2.7,3.1) 0.22 (-0.63, 1.06) 0.604 0.64 (-0.19, 1.46) 0.130
Day 5 2 2.4(2.3,2.5) 4 2.5(2.2,2.8) 8 3.0(2.5,3.2) -1.31 (-2.56, -0.06) 0.041 -1.22 (-2.56, 0.12) 0.075
>Day13 14 2.8(2.6,2.9) 32 2.8 (2.6, 2.8) 22 2.7 (2.6, 2.9) NA
LMPI
Day 1 14 0.36 (0.27, 0.50) 32 0.41 (0.26, 0.48) 22 0.34 (0.28, 0.41) 0.01 (-0.07,0.10) 0.746 0.02 (-0.08, 0.15) 0.721
Day 2 10 0.42 (0.30, 0.49) 21 0.33(0.30,0.47) 16 0.46 (0.32,0.52) -0.03 (-0.13, 0.08) 0.597 0.04 (-0.07,0.14) 0.433
Day 3 11 0.34 (0.27,0.43) 26 0.35(0.27, 0.40) 16 0.45 (0.33, 0.52) 0.10 (0.00, 0.19) 0.056 0.19 (0.00, 0.29) 0.028
Day 4 4 0.30(0.26, 0.33) 15 0.35(0.29, 0.38) 17 0.43(0.32,0.51) 0.04 (-0.11,0.17) 0.634 0.11 (-0.16, 0.14) 0.185
Day 5 2 0.37 (0.36,0.37) 3 0.22(0.21, 0.23) 8 0.37 (0.34, 0.39) -0.15 (-1.04, 0.25) 0.063 0.921 (-0.17,0.34) 0.921
>Day13 14 0.17 (0.11, 0.23) 31 0.20(0.18, 0.23) 22 0.21 (019, 0.24) NA
IVCCl
Day 1 13 0.37(0.31, 0.40) 32 0.40 (0.35, 0.49) 19 0.40 (0.35, 0.47) 0.05 (-0.01,0.12) 0.112 0.05 (-0.03,0.12) 0.222
Day 2 14 0.31(0.25, 0.36) 33 0.33(0.28, 0.36) 19 0.31(0.30,0.37) 0.03 (-0.03, 0.08) 0.355 0.03 (-0.03, 0.09) 0.285
Day 3 15 0.29 (0.23, 0.33) 33 0.24 (0.20, 0.30) 16 0.28 (0.25, 0.32) -0.03 (-0.07,0.02) 0.226 0.01 (-0.04, 0.07) 0.601
Day 4 4 0.28 (0.25, 0.31) 18 0.23(0.21,0.27) 17 0.24 (0.21, 0.26) -0.04 (-0.13, 0.05) 0.374 -0.04 (-0.12, 0.05) 0.397
Day 5 2 0.22(0.22,0.22) 4 0.20(0.17,0.23) 8 0.22(0.21, 0.25) -0.07 (-0.22, 0.07) 0.325 -0.05 (-0.21, 0.10) 0.508
>Day13 14 0.22(0.15, 0.23) 32 0.21(0.18, 0.23) 22 0.20(0.18, 0.24) NA

Data is presented as median (IQR). Each row corresponds to comparison of each variable by admission day based on linear regression, with adjustment for age, sex, Day of
illness at enrolment. Effect (and 95%Cl, p) corresponds to mean difference in variable of interest between shock and no shock and also recurrent shock and no shock. Day
=study day, SVI=Stroke Volume Index, Cl=Cardiac Index, LMPI=Left Myocardial Performance Index, IVCCl=Inferior Vena Cava collapsibility Index.

Using linear regression there was a significant trend test for SVI between the shock groups on day 1 (P<0.001) and day2 (P=0.003).
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Figure 5-3: Stroke volume Index over ICU admission in patients with no shock, shock and recurrent shock

Outcome No shock == Shock === Recurrent shock

No shock Shock Recurrent shock All

40-

Stroke volume index (SVI) [mL/m2]
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Graph showing the dynamics of SVI by study day for 87 patients. Grey lines are changes of SVI for each patient. Colored lines connect medians of SVI
on each study day for each patient group.
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Figure 5-4: Cardiac Index over ICU admission in patients with no shock, shock and recurrent shock

Outcome No shock == Shock Recurrent shock

No shock Shack Recurrent shock Al

Cardiac index (CI) [L/min/m2]

v , ' ' ' . ' v ! ' . ' ' , , . ' . v . ! ' ' . ' , ) , . ' ! ' . . ' v
1 2 3 4 5 6 7 >8 1 2 3 4 5 6 7 8 8 1 2 3 4 5 6 7 8 >8 1 2 3 4 5 6 7 8 8
Study day

This graph shows the dynamics of Cl by study day for 87 patients. Grey lines are changes of Cl for each patient. Colored lines connect medians of Cl on
each study day for each patient group.
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5.8.3 Association of cardio-haemodynamic parameters and respiratory distress over
time

Higher SVI on ICU study day 4 (median: 34.3 vs. 30.0 mls/m?, P=0.005) was associated with
the secondary endpoint of respiratory distress, as well as a trend for higher Cl and respiratory
distress (2.6 vs 3.0 |/min/m?, P=0.023) (Table 5-4).

On study days 3 and 4, worse left ventricular function was associated with respiratory distress,
with higher LMPI in patients with respiratory distress compared to those without (Table 5-4).
Also on day 3, there was an association between higher IVCCI and respiratory distress.

Using partial correlation, there was an association between the total IV fluid administered
during the ICU admission and respiratory distress (OR: 1.03, 95% CI 1.01-1.06, P=0.001)
(adjusted for age, sex, and illness day at enrolment).

Collectively these results suggest a combination of hypervolaemia and left ventricular

myocardial impairment is associated with respiratory distress after 3 days of ICU admission.
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Table 5-4: Cardio-haemodynamic variables in patients with and without respiratory distress over

ICU admission

No Respiratory

Respiratory

distress distress

n (n=61) n (n=19) Effect 95%Cl p
SVI ml/m?
Day 1 56 22.9(20.6,25.6) 12 22.3(18.6, 24.4) -0.87 (-3.22,1.48)  0.470
Day 2 58 25.8(22.9,29.1) 14 22.2(20.5, 25.7) -2.52 (-5.3,-0.25) 0.075
Day 3 54 29.4(25.2,31.0) 12 27.2(25.0,32.1) -0.34 (-2.98,2.31)  0.802
Day 4 25 30.0(27.7,31.2) 11 34.3(32.1, 36.5) 4.06 (1.25, 6.87) 0.005
Day 5 8 31.3(281,342) 6 36.0(32.3, 38.1) 3.84 (-0.69,8.36)  0.096
>Day 13 57 31.4(29.8,329) 11 31.4 (30.5,32.8)
Cl I/min/m?
Day 1 56 2.1(1.8,2.4) 12 2.4(2.2,2.5) 0.27 (0.02, 0.52) 0.036
Day 2 58 2.2(1.9,2.5) 14 23(2.1,2.4) 0.16 (-0.08,0.41)  0.194
Day 3 54 2.5(2.2,2.7) 12 2.7(2.3,3.0) 0.18 (-0.06,0.43)  0.170
Day 4 25 2.6(2.2,2.9) 11 3.0(2.9,3.1) 0.47 (0.07,0.88) 0.023
Day 5 8 2.4(2.3,2.8) 6 3.0(2.7,3.2) 0.15 (-0.31, 0.62) 0.516
>Day13 57 2.8(2.5,2.9) 11 2.7(2.7,2.9)
LMPI
Day 1 56 0.36(0.26, 0.49) 12 0.34 (0.30, 039) -0.02 (-0.11, 0.06) 0.585
Day 2 46 0.38(0.30,0.47) 11 0.46 (0.33, 0.54) 0.05 (-0.05, 0.14) 0.316
Day 3 44  0.34(0.24,039) 12 0.49 (0.44, 0.56) 0.16 (0.07,0.23) 0.002
Day 4 23 0.32(0.28,0.35 11 0.51 (0.47,0.59) 0.20 (0.15, 0.25) <0.001
Day 5 7  029(0.23,036) 6 0.38 (0.30, 0.40) 0.11 (0.00, 0.18) 0.013
>Day13 56 0.20(0.16,0.23) 11 0.24 (0.21, 0.34)
IVCCI
Day 1 53 0.39(0.34,0.44) 11 0.38(0.33, 0.50) 0.01 (-0.06, 0.08) 0.793
Day 2 55 0.32(0.28,0.36) 11 0.33(0.28, 0.40) 0.03 (-0.02, 0.09) 0.256
Day 3 52  0.26(0.21,0.29) 12 0.32 (0.26, 0.40) 0.07 (0.03,0.12) 0.003
Day 4 26 0.24(0.21,027) 11 0.23 (0.20, 0.26) 0.01 (-0.03,0.04)  0.735
Day 5 8 0.22(0.18,0.23) 6 0.22 (0.21, 0.24) 0.02 (-0.03, 0.07) 0.427
>Day13 57 0.22(0.18,0.24) 11 0.20 (0.18, 0.22)

Data is presented as median (IQR). Each row corresponds to comparison of each variable by admission day based
on linear regression, with adjustment for age, sex, illness day at enrolment. Effect (and 95%Cl, p) corresponds to
mean difference in variable between no respiratory distress and respiratory distress.
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5.8.4 Prognostic value of cardio-haemodynamics and laboratory variables for recurrent

shock and respiratory distress

Univariate logistic regression model was used to evaluate the prognostic value of cardio-

haemodynamic and laboratory parameters for developing recurrent shock. Admission lactate

levels were found to predict patients who subsequently developed recurrent shock compared

to those who did not develop recurrent shock during the ICU stay (4.2 versus 2.7 mmol/I, OR

1.67, 95% Cl 1.25-2.4, P<0.001). SVI was borderline significant (P=0.015), but the rest of the

parameters assessed were not found to be prognostic (Table 5-5).

Higher admission lactate levels were also found to predict respiratory distress (Table 5-6) with

an OR of 1.58 (95% ClI 1.19-2.24, P<.001). In addition, lower platelet counts at admission were

also found to be prognostic of respiratory distress. The other admission cardiac and

haemodynamic variables were not found to be predictive of developing respiratory distress.

Table 5-5: Enrollment cardio-haemodynamic and laboratory variables for predicting recurrent

shock
One episode
Shock Recurrent Shock
n (n=48) n (n=32) OR (95% CI) p value

SVI ml/m? 32 22.8 (20.6, 25.3) 22 21.6(19.4,23.0) 0.88 (0.73, 1.05) 0.173
Cl I/min/m? 32 2.0(1.8,23) 22 2.2(2.0,2.5) 6.31  (1.21,40.97) 0.028
LMPI 32 0.41 (0.26, 0.48) 22 0.34(0.28,0.41) 1.07 (0.01, 77.27) 0.974
RMPI 32 0.2(0.1,0.3) 19 0.2(0.1,0.3) 1.25  (0.00,310.35) 0.938
IVCCI 32 0.40 (0.35, 0.49) 19 0.40(0.35,0.47) 1.97 (0.00, 1014.93) 0.828
HCT (%) 45 44.7 (42.5, 48.8) 31 46.6(41.5,50.0) 1.04 (0.95, 1.15) 0.405
PLT (10°/L) 46 28 (19, 41) 31 27(15,33) 0.99 (0.97,1.01) 0.534
Lactate (mmol/l) 46 2.9(2.2,3.6) 30 4.2(2.6,4.7) 1.46 (1.112, 2.07) 0.004
Log2Lactate 46 1.6(1.1,1.9) 30 2.1(1.4,2.2) 2.71 (1.29, 6.41) 0.008

Data are presented as absolute count (%) for categorical variables and median (IQR) for continuous
data. All analyses were based on univariate logistic regression model, adjusted for age, sex, illness day

at enrolment.
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Table 5-6: Enroliment cardio-haemodynamic and laboratory variables for predicting respiratory
distress in patients with shock

No respiratory distress Respiratory

n (n=61) n distress (n=19) OR (95% Cl) p value
SVI (ml/m?) 56 22.9 (20.6, 25.6) 12 22.3(18.6,24.4) 0.93 (0.77,1.12) 0.452
Cl (I/min/m?) 56 2.1(1.8,2.4) 12 2.4(2.2,2.5) 5.23 (1.01, 33.68) 0.048
LMPI 56 0.36 (0.26, 0.49) 11  0.34(0.30, 0.38) 1.08 (0.01, 121.54) 0.976
RMPI 55 0.2 (0.1,0.3) 9 0.1(0.1,0.2) 0.01 (0.00, 8.81) 0.192
Ivccl 53 0.39 (0.34, 0.44) 11  0.38(0.33,0.50) 2.01 (0.00,1683.61) 0.838
HCT (%) 79 44.7 (42.1, 48.8) 19 47.8(41.4,50.1) 1.09 (0.99,1.22) 0.093
PLT (10%/L) 80 29.0 (18.0, 41.0) 19 26 (14, 30) 0.95 (0.91,0.99) 0.005
Lactate 80 3.0(2.3,4.1) 18 3.9(2.6,7.0) 1.58 (1.19, 2.24) <0.001
logLactate 80 1.6(1.2,2.1) 18 1.9(1.4,2.38) 3.48 (1.58,8.74) 0.002

Data are presented as count (%) for categorical variables and median (IQR) for continuous data. All
analyses were based on univariate logistic regression model, adjusted for age, sex, illness day at
enrolment.

5.8.5 Correlation of cardio-haemodynamic variables and lactate levels

The SVI correlated with other parameters of intravascular volume including IVCCI with a
negative correlation (rho -0.430, P<0.001) and left ventricular end diastolic diameter with a
positive correlation (rho 0.329, P<0.001). SVI also correlated with the left MPI (rho -0.360,
P<0.001) but not the right MPI (rho -0.112, P=0.089). The cardiac parameters of LMPI, RMPI,
LVEDD and IVCCI did not correlate with the amount of IV fluids in the preceding 24 hours.

Admission lactate levels did not correlate with any of the cardiac (including LMPI and RMPI)
or haemodynamic (including MAP, SVI, Cl and IVCCI) variables assessed. Lactate levels did
however correlate with the total IV fluid received with a positive correlation (rho: 0.323,

P=0.001) and also to admission ALT (rho: 0.764, P<0.001) and AST (rho: 0.773, P<0.001).
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5.9 Discussion

We have shown that although myocardial impairment was not associated with the primary
endpoint of recurrent dengue shock, however, it was associated with the secondary endpoint
of respiratory distress on days 3 and 4 of the ICU admission.

Lower stroke volume index during the first 2 days of ICU admission and tachycardia were
associated with recurrent shock and respiratory distress. Reversal of this effect occurred later
in the ICU admission (day 4 and 5) with higher SVI occurring in the recurrent shock group. In
addition we found higher lactate levels at admission to ICU were predictive for developing
recurrent episodes of shock and respiratory distress.

These results suggest patients with evidence of severe volume depletion at ICU admission
including lower SVI, higher pulse and venous lactates were more likely to develop recurrent
shock and require more intravenous fluids — later resulting in respiratory distress from volume

overload and myocardial impairment during the recovery phase.
5.9.1 Myocardial dysfunction in dengue

Myocardial dysfunction, as defined by a myocardial performance index (MPI) of >0.5 and/or
an EF< 55% occurred in 69% of adults admitted to ICU with dengue and 18% of children.
Cardiac functional assessment in patients with hypovolaemia is more challenging and hence
our use of Doppler derived parameters. The MPI, which is derived from the isovolumic
contraction and relaxation divided by the ejection time, is a global indicator of cardiac
function (both systolic and diastolic function). The MPI is likely to reflect myocardial
dysfunction better than EF as it has been shown to be less preload dependent [368]. The
cardiac dysfunction during the acute dengue illness appeared to be transient, with normal
cardiac function demonstrated at follow-up.

These findings are comparable to other echo studies, including one study of Thai children
which demonstrated 36% of patients with dengue shock had reduced systolic function with
an ejection fraction <50% [331]. In that study, patients with cardiac impairment were more
likely to have evidence of fluid overload in the form of pleural effusions.

We have shown that a quarter of adult dengue patients admitted to ICU have evidence of
impaired right heart function during their hospital stay. Right heart dysfunction, leading to
higher right atrial pressures may cause hepatic congestion and potentially worsen the liver

dysfunction that is characteristic of severe dengue [45]. In our previous echo study using
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tissue Doppler imaging, we demonstrated that myocardial velocities of the septal and right
ventricular wall were predominantly affected [154]. The exact cause for these regional wall
differences requires further investigation. One possible mechanism could be differential

regional myocardium vulnerability to coronary hypoperfusion.
5.9.2 Cardiac dysfunction and respiratory distress

Myocardial dysfunction was associated with respiratory distress but not with recurrent shock.
This suggests the myocardial impairment that occurs in severe dengue is sufficient to play a
role in fluid overload and the associated respiratory compromise but not severe enough to
play a major role in the shock syndrome, which appears to be driven predominantly by
intravascular volume depletion. The association of myocardial dysfunction and respiratory
distress occurred after 3 days of the ICU admission and at a time when the SVI was highest,
suggesting the cardiac dysfunction was unmasked by the fluid resuscitation the patient
received. Diastolic dysfunction may be the predominant factor behind the respiratory distress
in severe dengue. Firstly in our previous study using the more sensitive method of tissue
Doppler imaging, diastolic dysfunction was common (45%) in dengue patients admitted with
all severities. In this current study diastolic dysfunction was present in 5/16 (31%) patients (all
adult) with severe dengue (using the E/A ratio >1), suggesting impaired ventricular relaxation
occurs in dengue infections. Myocardial relaxation becomes less active with aging, which may
explain why diastolic function was preserved in the paediatric group. Heart failure with
preserved ejection fraction (HFpEF) is a well-documented phenomenon whereby respiratory
symptoms are driven by predominantly diastolic dysfunction from higher left ventricular
stiffness and prolonged relaxation causing increased left atrial pressures and pulmonary
venous congestion [369]. A study investigating the haemodynamic responses of volume
loading in healthy subjects compared with patients with HFpEF; showed the greatest increase
in pulmonary capillary wedge pressure (a surrogate for left atrial pressure) relative to volume
infused was observed in HFpEF patients, consistent with the most severely impaired diastolic
reserve [370]. This study also demonstrated older women had the greater increase in PCWP
suggesting aging, particularly in females hearts affects the diastolic reserve. Another clinical
implication of delayed myocardial relaxation is a reduced diastolic reserve with less filling,

which can impact on the cardiac output [371].
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5.9.3 Potential mechanisms of myocardial impairment

The mechanisms underlying this transient myocardial dysfunction in dengue patients remain
to be defined, but potential mechanisms may involve some or a combination of the following;
myocardial depressant factors, myocardial interstitial oedema, abnormal coronary
microcirculation and endothelial dysfunction and abnormal calcium homeostasis.

A circulating myocardial depressant factor has been suggested to play a role in the sepsis
associated cardiac dysfunction [372]. Various pro-inflammatory cytokines have been
implicated, in particular IL-6 which has been shown to cause myocardial depression in
meningococcal septic shock [373]. However when a panel of pro-inflammatory cytokines
were assessed in a clinical real life setting of septic shock, there was no correlation with
cardiac function, but there was an association with organ failure scores and mortality [374].
Our results, which showed very low levels of II-6 and TNFa in a subgroup of patients tested
(data not shown), suggest these cytokines are unlikely to play a significant role in the
myocardial depression in dengue.

Other potential mechanisms of myocardial dysfunction in dengue may include altered
coronary microvascular perfusion. As we have shown in chapter 3, the microcirculation is
altered in dengue, worst in patients with severe disease. Although we only studied the
sublingual microcirculation, it is likely that the observed changes are not isolated to that
capillary network, but represent a systemic microvascular dysfunction, which, in myocardial
microvessels could manifest as myocardial dysfunction.

Endothelial activation/ dysfunction which we have shown to correlate to flow parameters in
the microcirculation, may also influence myocardial function. A study investigating coronary
flow and plasma levels of adhesion molecules found levels of VCAM-1 and ICAM-1 correlated
with low coronary flow [375]. Other viral infections, particularly parvovirus B19 have been
found to be associated with patients with diastolic dysfunction and coronary endothelial
dysfunction [376]. PVB19 was the most frequent genome isolated from endomyocardial
biopsies from patients with no other identified cause of their diastolic dysfunction including
normal histology of the myocardium. PVB19-induced impairment of endothelial function and
the coronary microcirculation has been postulated to be the cause of the diastolic failure.

As endothelial dysfunction results in reduced nitric oxide (NO) bioavailability, this may add to

the regional perfusion deficits in the myocardium, with low NO causing vasoconstriction and
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increased platelet and white cell adhesion to the endothelium potentially resulting in
worsening flow disturbances. This theory is supported by animal data showing that
supplementation of the NO precursor L-arginine preserved systolic and diastolic regional
function following ischaemic-reperfusion injury [377]. This cardio-protective effect of L-
arginine was found to be dose dependent in a further study where low dose L-arginine
showed benefit, but high dose paradoxically caused myocardial dysfunction following
cardioplegic arrest [378]. Nitric oxide has many different, often contradictory functions on
the myocardium, but in general is thought to optimize cardiac function [379]. Endothelial
derived NO augments myocyte relaxation and therefore diastolic function, in many
experimental studies. This is thought to occur by a reduction in myofilament responsiveness
to calcium through cGMP induction [380]. These results have been repeated in human
subjects, with intracoronary infusion the NO donor, sodium nitroprusside and substance P,
an endothelial NO agonist, improving diastolic function [381].

The final and least likely cause for the myocardial impairment is the possibility of direct viral
invasion of the myocytes, but in our previous study and there was no evidence of myocardial
injury with no elevation of serum troponins [154].

There are however, albeit rarely, increasing evidence of dengue myocarditis, these patients
usually experience cardiac specific symptoms including chest pain and dyspnea with
associated ECG changes and cardiac biomarker elevation. Myocarditis associated cardiac
dysfunction is likely to be distinct from the more common manifestation of cardiac
dysfunction associated with severe dengue, with separate mechanisms underlying the

myocardial depression.
5.9.4 Intravascular volume assessment

The majority of patients admitted to ICU with severe dengue showed signs of intravascular
volume depletion, as evidenced by low SVI, Cl, and smaller end diastolic dimension of the left
ventricle (LVEDD) and high inferior vena cava collapsibility index (IVVCI).

SVI was the most robust parameter associated with the severe outcomes of recurrent shock
and respiratory distress. The Cl was not as strongly associated with the outcomes as the
tachycardia the patients with marked hypovolaemia experienced would have increased the
Cl in this group. Heart rate was significantly higher at admission between patients with

recurrent shock versus no shock, but was similar in patients with 1 episode of shock and no
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shock at ICU admission. This confirms a previous study where higher heart rate was found to
be useful in predicting children developing profound shock [382].

However in adult non-severe dengue the heart rate has been found to be lower compared to
other febrile ilinesses, in a study from Singapore where heart-rate/temperature relationships
were investigated among adults with different febrile ilinesses, the heart rate response was
consistently lower for dengue cases versus other febrile illnesses [383]. Possible causes for
this inappropriate heart rate response in dengue may include bradyarrhythmias and/or
autonomic dysfunction and as our results suggest only the most severely volume depleted
patients experience a tachycardia, heart rate monitoring should always be combined with
other markers of volume assessment.

The inferior vena cava collapsibility index (IVCCI), although being higher in patients at ICU
admission compared to discharge, did not discriminate between shock and no shock and was
not associated with clinical outcomes. In our previous study including uncomplicated dengue,
the IVCCl increased with dengue disease severity, but was not significantly different between
the severity groups, possibly due to the echocardiograms being performed after the patients
were resuscitated.

IVCCI has also been shown to correlate with central venous pressure (CVP) and right atrial
pressure (RAP) in children and adults [384, 385]. An IVCCI of >45% was the best cut-off point
in predicting a mean RAP or <8mmHg. IVCCI has also been shown to be useful in predicting
fluid responsiveness, initially in studies performed in mechanically ventilated patients and
more recently in spontaneously breathing patients [349, 386]. Fluid responsiveness which is
usually defined as a 10-15% increase in CO, following a fluid bolus (usually 500-1000mls of
crystalloid) or other mechanism like passive leg raising [387].

The traditional method of guiding fluid resuscitation using the central venous pressure (CVP)
measurements is increasingly being challenged with growing evidence suggesting poor
correlation between CVP readings and fluid responsiveness and also as a marker of
intravascular volume [388]. Following these results, there have been suggestions that CVP
should no longer be used for clinical decisions regarding fluid management in critical illness.
Regarding fluid management in dengue, in Vietnam, CVP is still used in patients with recurrent
shock or fluid refractory shock. However due to the coagulopathy and thrombocytopenia in

the majority of severe dengue patients, CVP carries a significant risk of bleeding and other
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non-invasive methods of assessing intravascular volume and guiding fluid therapy is urgently
needed.

We have shown that portable bedside echocardiographic assessment of haemodynamics,
particularly the SVI are useful in identifying patients with recurrent shock and could be

considered as an alternative to invasive CVP monitoring.
5.9.5 Lactate in severe dengue

We have shown venous lactates measured in dengue patients on admission to ICU is
associated with severe outcomes of recurrent shock and respiratory distress. Lactate levels
correlated with the total amount of IV fluids received, but did not correlate with other
haemodynamic parameters.

The higher lactates likely represent severe volume depletion from plasma leakage causing
tissue hypoperfusion, hypoxia and anaerobic glycolysis. In addition to hypoperfusion and
excess production of lactate, another mechanism for hyperlactatemia in severe dengue may
involve reduced hepatic clearance as moderate hepatic dysfunction occurs in severe dengue.
The liver may play a role in the hyperlactatemia in critical illness with circulatory failure; by
not only reduced metabolism but also the liver itself can produce lactate due to hepatic
ischaemia. This is supported by our study which showed lactate levels correlated positively
with both ALT and AST levels.

A retrospective study investigating patients with shock admitted to ICU, found higher lactate
levels in patients with early hepatic dysfunction compared to those with no evidence of
hepatic dysfunction, which was independent of haemodynamic severity parameters [389].
Mild to moderate liver enzyme rises occur almost universally in dengue infections and higher
levels are associated with severe disease [40]. Assessment of synthetic liver function is
difficult in dengue due to the plasma leakage causing the hypoalbuminaemia and prolonged
prothrombin time (PT) in severe patients, but generally jaundice and liver failure are rare. The
mechanism for the hepatic involvement in dengue is unclear but both direct viral invasion of
hepatocytes and host inflammatory responses are implicated. In addition, in the cases of
dengue shock, hypoperfusion and hepatic ischaemia may cause additional hepatic
dysfunction. This is supported by our study, where higher AST levels were higher at ICU

admission in the shock cases versus no shock.
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Lactate levels did not correlate with cardiac functional parameters, and unlike septic shock, it
is unlikely that the moderate left ventricular impairment associated with dengue is sufficient
to impact cardiac output and tissue perfusion.

Altered microcirculation, which we have shown is worse in dengue patients with more severe
plasma leakage, may play a role in the increased lactate levels, although further studies are
required to link the microcirculatory perfusion abnormalities with higher lactate levels.
Taken together, our results suggest the aetiology of the hyperlactatemia in dengue is likely to
be primarily driven by hypoperfusion causing tissue hypoxia and excess production; in
addition, decreased hepatic clearance may play a role.

Further studies are required to investigate serial lactate levels to assess the lactate clearance
times in patients with and without hepatic dysfunction, and also to assess the association of
lactate clearance times and clinical outcome. In addition further more detailed studies should
include acid-base status and pyruvate levels for further assessment of the aetiology of the

hyperlactatemia in dengue.
5.9.6 Clinical implications

The current WHO guidelines for managing dengue shock syndrome recommend the following;
for compensated shock (maintained systolic BP, with signs of altered perfusion including
narrow pulse pressure, tachycardia, and prolonged capillary refill time) initial resuscitation
with crystalloid fluid at a rate of 5-10mlis/kg/hr. Following this initial bolus, patients are
reassessed, which includes further HCT levels and vital sign assessment. If there is an
improvement from baseline values, the rate of the crystalloid fluid is reduced to 5-7mls/kg/hr
for the next 1-2 hours and then again if the patient continues to improve. In decompensated
shock the recommendation is to use either crystalloid or colloid at a rate of 20mls/kg/hr for
15 minutes and then reassess. Colloid resuscitation is recommended for recurrent episodes
of shock.

Reassessing patients in shock and achieving predefined physiological targets has been a major
focus of research in severe sepsis in the last 2 decades. The initial landmark trial showing
improved outcomes in patients assigned to early goal directed therapies (EGDT) in 2001 [358],
has been followed with other large randomized trials showing no benefit of EGDT compared
to usual care [390, 391]. A study published last year showed EGDT was not cost-effective with

similar 90 day mortality compared with usual care, but with more days spent on ICU, more
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interventions including central catheters, IV fluids and vasoactive drugs [392]. The overall
mortality of the patients in these subsequent trials has come down from 40-46% in the first
trials to 18-29% in subsequent trials, suggesting the ‘usual care’ has changed significantly in
the last 15 years. Taken together these results suggest the ‘goals’ of resuscitation may now
need to be readdressed with emerging evidence that a conservative approach to fluid
management has better outcomes in certain settings [393].

Dengue shock syndrome is distinct from septic shock, and requires specific resuscitation
protocols; dengue causes a slower more persistent vascular leakage with shock usually only
occurring when compensatory mechanisms are overwhelmed during the critical phase of the
disease. The vascular leakage usually resolves after 24-48hours following defervesce, and the
extravasated fluid then gets reabsorbed, when fluid overload in the form of massive pleural
effusions or pulmonary oedema can occur. Fluid overload and respiratory compromise has
been associated with an increased risk of death in adult [394] and paediatric severe dengue
[395]. The balance of administering just sufficient intravenous fluid therapy to maintain
haemodynamic stability while avoiding fluid overload and respiratory compromise is
extremely difficult and additional cardiovascular monitoring would be beneficial.

Identifying which patients at ICU admission are at high risk of recurrent shock and therefore
respiratory distress can provide the chance for earlier intervention and alternative therapies.
In addition, continued closer monitoring of these high-risk individuals can provide tailored
support with the aim of preventing later complications of fluid overload and respiratory
failure.

While serial HCT and vital sign monitoring are useful and widely applicable for resource
constrained settings, intensive care facilities and associated technologies are improving in
many dengue endemic areas, so additional non-invasive cardiovascular assessment is now

possible and should be considered where available.
5.9.7 Strengths and Limitations

This is the only study to date using portable echocardiography in dengue patients around the
time of admission to ICU and assessing serial measurements of cardiac function and volume
status over the ICU admission. Even so some patients, not to interfere in the emergency
management of the patients, had their first echo study after initial fluid resuscitation had

been commenced. This may therefore underestimate some of the cardiovascular parameters.
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Due to the restriction on blood volumes taken for research purposes, particularly in paediatric
patients, we were not able to take daily lactates so we were not able to study lactate
clearance times and their relation to outcome. In addition due to the coagulopathy of many
of severe dengue patients, we were not able to take arterial blood gases for assessment of

metabolic acidosis and its relationship with the high lactate levels.
5.9.8 Summary

This study has identified several simple non-invasive parameters that could assist prognosis
and help tailor management of dengue patients admitted to ICU. We have shown moderate
cardiac dysfunction is common in ICU patients with dengue, particularly in adults. This cardiac
dysfunction does not appear to play major part in the haemodynamic instability of dengue
shock but may contribute to the likelihood of fluid overload and respiratory compromise.
Echo-derived volume assessment using stroke volume index combined with heart rate
monitoring can help identify patients at high risk of recurrent shock. In addition, stroke
volume monitoring may provide improved targeted volume resuscitation, importantly when
to discontinue intravenous fluids to avoid iatrogenic fluid overload, and when to consider
alternative therapies like inotropes.

Admission lactate levels are useful to identify patients at high risk of severe outcomes
including recurrent shock and respiratory distress.

The clinical and therapeutic implications of these findings are potentially important, because
the current treatment of severe dengue remains supportive- guided fluid resuscitation with

haemodynamic targets has the potential to impact on clinical outcomes in severe dengue.
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6 CHAPTER 6 — Summary, therapeutic potential and future directions

6.1 Summary

In this series of investigations into the pathophysiology of disease progression in dengue we
have demonstrated firstly that moderate microcirculatory alterations occur, and that they are
most prominent in the critical phase and worst in patients with plasma leakage. The
underlying mechanism of these flow alterations may involve VCAM-1 and Angiopoietin-2.
During the critical phase there is evidence of widespread endothelial glycocalyx damage with
very high plasma levels of syndecan-1 in patients with severe plasma leakage, although we
were not able to demonstrate a reduced glycocalyx depth using SDF imaging. In addition, we
have shown that patients with dengue have endothelial dysfunction with impaired
endothelium-dependent vasodilation, which is worst in patients with severe plasma leakage
in whom it is apparent early in the febrile phase. The endothelial dysfunction may in part be
mediated by high levels of arginase-1 causing hyopoargininaemia rather than by competitive
inhibition from ADMA.

In severe dengue in ICU, we have shown that myocardial impairment is common, particularly
in adults, and is associated with respiratory distress but not recurrent shock. High admission
lactate levels and lower stroke volumes were associated with recurrent shock.

From these results, a suggested possible unifying mechanism in dengue pathophysiology may
be proposed as follows. After dengue viral binding to HS in the glycocalyx, this causes HS,
along with its HSPG, SDC-1, to be shed, causing widespread disruption to the glycocalyx layer.
Loss of this negatively charged layer causes an increase in capillary permeability to plasma
proteins and exposes the adhesion molecules on the underlying endothelium, causing
leukocyte and platelet adhesion, which attracts more inflammatory mediators. In addition,
shedding of HS and SDC1 impairs mechano-sensing to the underlying endothelium, which
causes suppression of eNOS and results in less NO production. L-arginine, the substrate for
NO, is also low due to metabolism by high arginase levels (due to up-regulation of the
arginase-1 gene) and hyopoargininaemia is potentially compounded later by leakage out the
capillaries along with other plasma constituents. The resulting effect of low NO bioavailability
causes loss of vasomotor tone, vasoconstriction, and altered perfusion. The altered perfusion

and low flow state can then lead to further glycocalyx degradation and release of VCAM-1
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and Angiopoietin-2 in the critical phase, causing further disruption of microcirculatory flow,
and endothelial barrier disruption from inhibition of Tie-2 signaling. In addition, the stabilizing
properties of Ang-1 are lost as levels fall along with the platelet count, further inhibiting Tie-
2 signaling. The abnormal microcirculatory perfusion to tissues and organs causes an increase
in lactate, and as hypovolaemia worsens this leads to shock. Loss of glycocalyx from the
endothelial surface of the myocardium can also cause myocardial dysfunction through loss of
NO vasomotion and regional myocardial ischemia, likely compounded by local plasma leakage
causing myocardial oedema. Unmasking of the myocardial dysfunction following fluid
resuscitation may then plays a role in development of respiratory distress with accumulation
of large pleural effusions and onset of pulmonary oedema.

But how do these suggested mechanisms link with what is already known about dengue
pathogenesis, particularly the association with secondary infections? The theory of antibody
dependent enhancement causing a higher viral infected cell mass would fit with our results;
a greater viral burden would likely result in more secreted NS1 binding to HS in the glycocalyx
layer, causing more damage to the glycocalyx, resulting in worse endothelial dysfunction and
disruption of the associated pathways outlined above. In addition, high early viral
antigenaemia could activate higher numbers of neutrophils causing degranulation and
release of more arginase-1, and thus more severe hyopoargininaemia and low NO
bioavailability. In addition, neutrophil adhesion to the endothelium could cause more
widespread endothelial dysfunction and release of inflammatory mediators. This may
synergize with other adaptive host responses in severe secondary infection.

Interventions that target one or more of these pathways may have the potential to impact on

the evolution of the dengue pathogenesis and thus influence clinical outcomes.

6.2 Novel therapeutic targets

Potential dengue therapeutics likely have a narrow window for administration, as the
viraemia likely peaks early in the course of the disease. Therefore intervening early is
necessary to maximize impact on the viral load and the associated cascade of
pathophysiological events leading to severe outcomes.

To date, no successful antiviral therapeutics for dengue have been identified nor any effective
adjunctive therapies. It may be that giving drugs for dengue even in the first 72 hours is too

late to modulate the course of the disease. Our results indicating that endothelial dysfunction
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is already present within the first 3 days of illness may suggest that, like antiviral agents,
therapeutics targeting endothelial dysfunction need to be given as early as possible.

Considering our results, a number of potential novel therapeutics are discussed below.
6.2.1 Glycocalyx preservation

As glycocalyx degradation may be one of the initial insults, and the first step in the cascade of
vascular dysfunction, preservation of this layer may be one key target. In addition, without a
functioning glycocalyx, other therapeutics like L-arginine may fail as eNOS stimulation will still
be suppressed so limiting NO production even in the face of abundant substrate.

Preservation of the glycocalyx layer is an active area of interest for other diseases like
diabetes, sepsis and reperfusion injury, where glycocalyx degradation is considered to play a
key pathological role. Animal models have shown that hydrocortisone and antithrombin
treatment prevented TNFa induced glycocalyx degradation and the associated vascular leak
and mast-cell degranulation [396]. A further study by the same group demonstrated
hydrocortisone also prevented ischemic-reperfusion mediated glycocalyx shedding [397].
However, even though these therapeutics have shown improved glycocalyx and endothelial
cell function, this has not translated into improved clinical outcomes when steroids were
assessed both in early dengue infection and in established dengue shock syndrome [57, 398].
Other studies investigating different resuscitation fluids on the integrity of the glycocalyx and
endothelial function have shown a beneficial effect of fresh frozen plasma (FFP) on glycocalyx
restoration and improved vascular permeability [253, 399]. The exact components of FFP and
the potential mechanisms responsible for this glycocalyx repair remain to be defined, but
preformed SDC1 in the FFP is thought to restore the layer resulting in improved barrier and
endothelial cell functions [400]. In addition, synthetic colloids are thought to transiently
restore the capillary permeability barrier properties by the incorporation of small dextran
molecules into the glycocalyx layer. In an animal model of ischemic-reperfusion injury,
infusion with hetastarch reduced the net coronary fluid filtration [401]. It may therefore be
beneficial to give low dose continuous colloid infusion rather than repeated larger colloid
boluses in dengue shock syndrome, which could not only reduce the plasma leakage but also
allow for lower total intravenous fluid volumes to be infused, potentially avoiding

complications associated with fluid overload.
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The heparanse-Syndecanl axis has been a potential target for novel cancer therapeutics. In
many different malignancies heparanase expression is up-regulated, resulting in increased
SDC-1 shedding and both are thought to work together to promote a pro-angiogenic and pro-
metastatic environment [402]. Several approaches have been used for heparanase inhibition,
including use of modified heparins or heparin mimics (without the anticoagulant properties
of heparin), small molecule inhibitors, function-blocking monoclonal antibodies and miRNA
which blocks heparanase expression [403]. Although heparanase activity in dengue infections
has not been studied, as this is the main enzyme for heparan sulfate cleavage from their
proteoglycan, we can speculate that heparanase inhibitors might impact of HS and SDC1
shedding in dengue as well. HS mimetics have only been tested in-vitro and in animal models
in dengue, but with some promising results [404].

Several of these drugs have been tested in pre-clinical models and have now moved into
clinical trials in humans.

Targeting the syndecan proteoglycan has been more difficult, but some approaches show
promise, including a drug called synstatin, which is a synthetic peptide composed of a portion
of syndecan-1 amino acids, which has been found to inhibit angiogenesis through inhibition
of integrin signaling [405].

The therapeutic potential of inhibiting heparanase-SDC1 in dengue may not only prevent the
HS and SDC1 release, and therefore protect the vasculature from extensive glycocalyx
damage and the associated plasma leakage, but may also impact on viral egress. Dengue,
along with many other viruses including herpes viruses, use HS as a cell receptor for initial
attachment and cell entry; and a recent study in HSV-1 infection found increased heparanase
levels prevented newly produced virions from re-attaching to HS on the parent cell after
release, thereby facilitating viral spread to other susceptible cells [406].

Other therapies that have demonstrated reduced heparanase expression and restoration of
glycocalyx thickness are endothelin receptor antagonists. Atrasentan, which is a selective
endothelin A receptor antagonist has been shown to reduce albuminuria, but not blood
pressure, in both in animal models in patients with type 2 diabetes through increased renal
NO levels and glycocalyx preservation [407, 408].

Following these safety and tolerability trials, it will be interesting to see which, if any, of these

strategies result in development of clinically relevant drugs. The potential for use in other
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inflammatory conditions is diverse, not only for dengue but also for sepsis, diabetes and

atherosclerosis.
6.2.2 Therapeutics targeting endothelial dysfunction

Lessons can be learnt from other fields of medicine including cardiovascular medicine and
diabetes, where development of compounds for the reversal of endothelial dysfunction is
currently a major focus of research. Various compounds targeting different aspects of the L-
arginine-NO pathway have been tried

Pharmacological manipulation of arginasel is being considered in diabetes to reverse the
endothelial dysfunction, although generalized suppression of arginasel must be avoided due
to liver toxicity from disruption of the urea cycle, in which basal expression of arginasel is
essential. However, targeted manipulation of expression in immune cells, particularly
macrophages or neutrophils where pathological increases in arginasel have been linked to
multiple diseases, may now be a possibility [409]. Acute treatment of coronary arteries in
diabetic rats with arginase inhibitors has been shown to reverse the impaired vasodilation to
acetylcholine [410]. And preliminary clinical trials of arginase inhibition in patients with
cardiovascular disease and diabetes have shown improved endothelial function [411];
positive effects have also been demonstrated in ischemic reperfusion injury [412]. Arginase
inhibition therefore may be a promising therapeutic option for vascular diseases associated
with endothelial dysfunction.

Another way to reverse endothelial dysfunction and increase NO production is to give L-
arginine by infusion. In one study, a trial of L-arginine in moderately severe malaria was found
to be safe and to improve the associated endothelial dysfunction [165]. However, in a
subsequent pilot study in severe malaria, use of 12g of L-arginine over 8 hours did not
improve NO bioavailability or lactate clearance [288]. PKPD studies suggest that continuous
infusions and higher doses may be required [413], however a balance between increasing L-
arginine levels and reducing the blood pressure need to be considered, and may limit this as
a viable option for conditions like septic shock or dengue shock syndrome.

L-citrulline supplementation may also be a therapeutic option for reversing endothelial
dysfunction, as it is in the natural precursor to L-arginine and unlike L-arginine is not
metabolized in the intestine or liver and does not induce tissue arginase, but rather inhibits

its activity [414]. Animal studies suggest I-citrulline may be superior to L-arginine for
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increasing NO production and improving the microcirculation in sepsis [415]. A study of
enteral supplementation of L-citrulline in human sepsis in ICU patients is ongoing with the
primary endpoint of normalization of the arginine-NO metabolic pathway, and secondary
endpoints of microcirculation, vascular permeability and organ function scores.
Tetrahydrobiopterin, which is an essential eNOS co-factor, is thought to play a role in the
endothelial dysfunction associated with sepsis and malaria, and a study in an ovine model of
sepsis showed improved microcirculatory parameters and permeability as well as other
clinical outcomes, with no change in mean arterial pressure [416].

Another potential therapeutic is ascorbic acid, which has been found to be useful in reversing
endothelial dysfunction by restoring tetrahydrobiopterin levels and eNOS derived NO
bioavailability as well as scavenging reactive oxygen species [417]. A phase 1 study of high
dose intravenous ascorbic acid in severe sepsis in ICU demonstrated improved organ failure
scores and less endothelial injury in patients who received ascorbic acid compared to controls
[418].

The angiopoietin (Ang)-1/2 axis is also an area for development of novel therapeutics with
both administration of recombinant Ang-1 and also anti-Ang2 antibodies, which act by
activating TIE2 receptor, being considered; vascular protection and improved outcomes have
been demonstrated in animal models of sepsis [419, 420]. Although these results are mainly
limited to animal studies, the first human phase 1 trial of a fully human anti-Ang2 monoclonal,
nesvacumab, has been reported for late stage cancer therapy, showing an acceptable safety
profile [421].

Overall there are many novel therapeutics targeting different pathways that we have shown
are important in dengue, and as further safety studies and clinical trials in other diseases are

reported, these compounds could be considered as potential dengue therapeutics.

6.3 Future directions

This work has demonstrated that moderate microcirculatory alterations do occur in dengue,
but are most marked during the critical phase and so SDF imaging is unlikely to be useful for
early risk prediction. However future studies could focus on severe dengue in ICU/HDU
settings, particularly in children, who generally experience more severe vascular leakage than
adults and may have more marker microcirculatory abnormalities. SDF imaging could be

considered in established severe dengue to evaluate the utility of including microcirculatory
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perfusion outcomes alongside other haemodynamic endpoints in clinical trials assessing novel
therapeutic strategies.

This research has also demonstrated that endothelial dysfunction occurs in dengue, and is
more severe in children and in patients in plasma leakage. However, given the epidemiology
of dengue in Vietnam, very few elderly participants were included in our studies. We know
that children are more at risk of shock and poor outcomes, but in countries such as Singapore
where the age range of the population affected by dengue is different, the elderly also appear
to be at increased risk of severe dengue. Future studies of endothelial function are needed to
confirm our findings in other populations, focusing on elderly patients particularly those with
co-morbidities like hypertension and diabetes, which may themselves have effects on
endothelial dysfunction. Future studies should also have a longer follow-up time-interval as a
significant proportion of patients had persisting abnormalities at 2 weeks, in order to allow
more detailed assessment of the evolution of the endothelial dysfunction. Possible
mechanisms for this late endothelial dysfunction also needs to be evaluated. In particular,
levels of tetrahydrobiopterin in dengue need to be evaluated to see if low levels play a role in
dengue associated endothelial dysfunction.

Although we have shown increased plasma levels of arginase, future studies are needed to
confirm whether this reflects increased arginase enzyme activity. In-vitro studies are needed
to determine which cells arginase is being released from in dengue. Possibilities include
release from neutrophil degranulation, or increased macrophage arginase expression, or
release from hepatocytes. In addition, future studies should measure the various amino acids
with HPLC methodology, not only to confirm our findings but also to allow comparisons with
other studies that have used this technique. As there are no useful animal models for dengue,
therapeutics that have been shown to modulate endothelial and/or microvascular function
and have a good safety profile in other phase 1 studies, particularly in sepsis, should be
considered for evaluation in dengue patients.

Considering cardiovascular manifestations of dengue, this study provides further evidence for
the utility of portable echocardiography to help assess patients with severe dengue. Future
studies should focus on adult dengue, particularly in high-risk groups such as elderly patients
(age 265 years) and those with cardiovascular risk factors. Future fluid resuscitation studies
in dengue should now consider echo-derived haemodynamic endpoints, along with other

traditional outcomes.
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6.4 Conclusions

In this series of studies we have shown that microvascular function, glycocalyx damage and
endothelial impairment are associated in the pathophysiology of disease progression in
dengue. The endothelial biomarkers of VCAM-1, Ang-2 and syndecan-1, which all peak in the
critical phase can be considered as surrogate markers for disease severity in dengue and merit
further evaluation for use in disease progression monitoring in clinical trials. Endothelium-
dependent vasodilation using EndoPAT could be used as a surrogate endpoint for intervention
trials of endothelium modulating therapeutics, as well as for screening patients at high risk
for plasma leakage in the early febrile phase to facilitate recruitment for such trials. However,
these techniques and biomarkers are unlikely to have great utility in clinical practice in
endemic settings, either due to the timing of the abnormalities, (with the microvascular
alterations mainly identified in the critical phase) or due to the expense and complexity of the
equipment needed (EndoPAT).

However the results of the cardiovascular and haemodynamic work could be applied directly
to the clinical management of dengue in ICU/HDU settings in many endemic countries. This
study has confirmed that patients with severe dengue are likely to have a degree of cardiac
impairment in addition to the effects of intravascular volume loss, which combine together
to worsen cardiovascular instability and increase the risk of iatrogenic fluid overload.
Specifically, we recommend that echocardiograms should be performed in patients with
severe dengue, especially adults, to tailor their management. Access to echocardiography,
particularly using portable machines, is becoming more widely available worldwide along with
staff trained in these techniques, and so these results could be relatively easily applied in
many endemic areas. Finally, patients admitted to ICUs should have lactate levels performed
to improve risk prediction of severe outcomes.

In conclusion, these results have provided further important information regarding the
pathophysiology of dengue, which can be used to improve the design and conduct of future
therapeutic intervention trials, and should also assist in the clinical management of severe

disease.
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