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ABSTRACT
Introduction
Malaria retinopathy is a set of visible changes in the retina which are specific to falciparum
malaria. Studies to date have been mostly limited to comatose African children. Retinal
changes in adults with severe malaria and severely unwell patients without malaria have
been less well studied and the specificity, pathogenesis, diagnostic and prognostic value of

malarial retinopathy in adults are not known.

Methods

A series of observational studies of retinopathy in Bangladesh, India and Malaysia were
done from 2008-2012. The aims were to describe the spectrum of retinal changes in
falciparum and knowlesi malaria in adults, determine their specificity for severe falciparum
malaria, quantify the impact of malaria retinopathy on visual function, understand its
pathogenesis and assess the potential contribution of retinopathy to confirming diagnosis of
malarial coma, predicting prognosis and understanding pathogenesis of cerebral malaria.

Results

495 patients were enrolled and underwent retinal photography (305 with P. falciparum
malaria (112 cerebral, 68 noncerebral severe, 125 uncomplicated), 44 P. knowlesi, 43 sepsis,
41 encephalopathy and 62 healthy). Retinal whitening and white-centred haemorrhages were
common and specific to severe falciparum malaria. Retinopathy was most common and
severe in cerebral (88%) and fatal (91%) falciparum malaria. Moderate-severe retinopathy
was 95% specific for cerebral malaria in comatose patients, and its severity correlated with
depth of coma. Vessel whitening was not seen and papilloedema was rare. In noncerebral
severe falciparum malaria, retinopathy predicted increased likelihood of later development of
coma and death. Retinal findings in Bangladeshi children were similar to those in adults.
Optic nerve sheath diameter was mildly increased and brain swelling minimal on MRI.
Severity of retinopathy correlated with plasma lactate, serum bicarbonate, sequestered
parasite load and red cell stiffness suggesting a central role for microvascular obstruction in
the pathogenesis. Severity of retinal whitening correlated with decreased visual acuity.
Conclusions

Retinal changes seen in severe P. falciparum malaria in Asian adults is similar, but not
identical, to that seen in African children. They have potential to help with diagnosis and
prognosis of Asian adults with severe falciparum malaria. Microvascular obstruction is
prominent in the pathogenesis of retinopathy and coma in adults whereas raised intracranial

pressure is not.
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OUTLINE

Summary of Chapters

Chapter 1 is the Introduction. It gives a background to the thesis introducing malaria, severe

malaria pathogenesis and malaria retinopathy.

Chapter 2 presents a series of studies on retinopathy in P. falciparum malaria in Bangladesh
and India as compared to sepsis, nonmalarial encephalopathy and healthy individuals. These
studies describe the spectrum of retinal findings in adult falciparum malaria, investigate the

potential role of malarial retinopathy as a diagnostic and prognostic marker, assess its effect
on visual function, and examine its pathogenesis in relation to known contributors to, and

markers of, systemic microcirculatory blood flow obstruction.

Chapter 3 presents two studies using optic nerve sheath diameter as a marker of intracranial
pressure. The first study determines the normal range in Bangladesh and the second

investigates intracranial pressure in severe and uncomplicated falciparum malaria and sepsis.

Chapter 4 describes use of fluorescein angiography in severe falciparum malaria to study
microvascular changes. It presents a novel, low cost method for doing bedside fluorescein

angiography and shows some preliminary findings.

Chapter 5 describes a study using magnetic resonance imaging of the brain in combination
with retinal photography and optic nerve sheath diameter in adults with severe falciparum
malaria. It investigates which MRI findings are specific to coma and to death in severe

falciparum malaria, and explores how well retinopathy reflects changes in the brain.

Chapter 6 describes a study of retinal findings in severe and uncomplicated P. knowlesi

malaria in Sabah, Malaysia

Chapter 7 is a summary of the Results.

Chapter 8 is the general Discussion and Critique.
Chapter 9 is the Conclusions.

Chapter 10 is the Appendix.
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Introduction

1.1 Background
1.1.1 Clinical malaria

Epidemiology

Malaria is a parasitic infection of red blood cells caused by protozoa of the genus
Plasmodium which occurs across much of the tropics. Five species of Plasmodia infect
humans. These are P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. By far the
commonest are P. vivax and P. falciparum with the latter being the main cause of severe and
fatal malaria. Estimates vary but it is thought that P. falciparum causes around half a million
deaths and 200 million cases annually worldwide, and 90% of these deaths are in African
children.! P. vivax causes a similar number of clinical cases to P. falciparum worldwide but
the incidence of severe disease and death are much lower.? In Africa, most infections are due
to P. falciparum, with P. vivax being rare, particularly in West Africa. This is thought to be
largely due to the predominance of an inherited red cell phenotype, the Duffy negative trait,
which prevents invasion of human red blood cells by the P. vivax parasite. Elsewhere in the
tropics, including in South and Southeast Asia, P. vivax causes around half of the clinical
cases of malaria. P. knowlesi is found principally in Malaysia where it is thought to cause
over 50%? of cases and is the commonest cause of severe malaria in Sabah.* It has also been
found in Indonesia® and occasionally in Myanmar,® Vietnam,” Thailand® and the Philippines.®
Due partly to difficulties distinguishing P. knowlesi from other Plasmodium species on light
microscopy its incidence is probably grossly under-reported.i? It is also likely that the

geographical extent of P. knowlesi endemicity is much greater than currently appreciated.*

Clinical features

In those who become symptomatic with malaria, infection most commonly causes
uncomplicated disease. This is typically a non-specific illness similar to a systemic viral
infection. Symptoms include fever, chills, perspiration, myalgia, fatigue, headache, anorexia,
nausea and vomiting. Well-defined malaria paroxysms of periodic high fever, chills and

rigors can occur, particularly in infections due to P. vivax or P. ovale.

In P. falciparum malaria, with early effective treatment and no evidence of vital organ

dysfunction, recovery is rapid and mortality very low. In a minority, especially those who
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receive late or no antimalarial treatment, the parasite burden increases further and results in
severe malaria, the features of which can include coma (cerebral malaria), severe anaemia,
metabolic acidosis, hypoglycaemia, renal failure, jaundice, pulmonary oedema and shock.
The incidences of anaemia and convulsions decrease with age and the incidences of
hyperparasitaemia, jaundice and renal failure increase with age. Multi-organ failure is
commoner in adults than in children.*? The World Health Organization (WHO) have a broad

definition for severe falciparum malaria summarised in Table 1.1-1.13

Table 1.1-1. World Health Organization criteria for severe P. falciparum malaria.'®

P. falciparum asexual parasitaemia plus no other obvious cause of
symptoms plus one or more of:

A. Clinical features:

1) impaired consciousness or unrousable coma

2) prostration, i.e. generalized weakness so that the patient is unable walk, or sit up
without assistance

3) failure to feed

4) multiple convulsions (more than two episodes in 24 h)

6) deep breathing, respiratory distress (acidotic breathing)

7) circulatory collapse or shock (systolic blood pressure < 70 mm Hg in adults and < 50
mm Hg in children)

8) clinical jaundice plus evidence of other vital organ dysfunction

9) haemoglobinuria

10) abnormal spontaneous bleeding

11) pulmonary oedema (radiological)

B. Laboratory findings:

1) hypoglycaemia (blood glucose < 2.2 mmol/l or < 40 mg/dl)

2) metabolic acidosis (plasma bicarbonate < 15 mmol/I)

3) severe normocytic anaemia (Hb < 5 g/dl, packed cell volume < 15%)

4) haemoglobinuria

5) hyperparasitaemia (> 2%/100,000/ul in areas of low transmission intensity or > 5% or
250,000/ul in areas of high stable transmission intensity)

6) hyperlactataemia (lactate > 5 mmol/l)

7) renal impairment (serum creatinine > 265 umol/l)
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As will be described later in this introduction, few of these criteria independently
predict mortality and in clinical observational studies and treatment trials a stricter definition
is usually used. One such commonly accepted definition is used throughout this thesis and is

described in detail in Section 2.3.1.

Severe P. knowlesi and P. vivax malaria are less well defined than severe P. falciparum
malaria. One reason for this is that they have only been described relatively recently, P.
vivax having been thought to be benign and P. knowlesi only having been first reported to be
commonly found in humans in 2004.** The WHO criteria for severe P. falciparum are often
used to define severe vivax and knowlesi in the literature however there are differences in
clinical presentation with, for example, coma being much less common than P. falciparum.
Severe P. vivax malaria may present with severe anaemia, respiratory distress, acute renal
failure, jaundice and/or shock and may result in splenic rupture.® Estimated mortality in
patients hospitalised with P. vivax varies from 0.2 to 4%.° Severe P. knowlesi malaria
commonly presents with acute respiratory distress, acute renal failure, shock,
hyperbilirubinaemia and/or acidosis and mortality from severe disease was 27% in one
series.'® These differences in presentation and disease severity between the different
Plasmodium species in humans are thought to be at least in part due to differences in

virulence, red cell tropism, cytoadherence and dormant liver stages.

Immunity

Although poorly understood, protective immunity to falciparum malaria is known to be
related to the intensity of transmission and results in lower parasite densities (antiparasite
immunity), fewer or no symptoms, protection from severe disease and lower mortality
(antidisease immunity). In areas of high transmission intensity, such as sub-Saharan Africa,
most symptomatic infections and most deaths occur in children, particularly less than 5 years
of age. This is because frequent infections with P. falciparum induce gradual accumulation
of protective immunity through childhood (premonition). By adulthood, most people
infected with malaria in areas of high transmission intensity are asymptomatic, severe
malaria is rare and there are few deaths. In areas of low transmission intensity, such as most
endemic parts of Asia and Latin America, exposure to infection is less frequent and
protective immunity does not accumulate. Thus symptomatic infection, severe and fatal

malaria occur with similar frequency in all age groups and most adults infected with malaria
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become symptomatic. In many low transmission settings, including Bangladesh,” India®®
and Malaysia,*® infection is commonest in young adult males, at least partly because of age-

specific occupational and risk behaviours such as forest exposure.

Immunity to falciparum malaria has been studied intensively with a particular focus on
naturally acquired immunity as a model for development of potential vaccines and potential
for loss of immunity during malaria control and elimination efforts. Of the two main types of
naturally acquired immunity to P. falciparum, antidisease immunity appears to be acquired
more quickly than antiparasite immunity. Sterilising immunity is not achieved and an
asymptomatic carrier status occurs in many untreated individuals, particularly with ongoing
exposure in high transmission areas. In the absence of ongoing exposure, immunity wanes
and individuals previously protected from symptoms can become symptomatic with an

increase in parasitaemia or upon reinfection.

Although the features of immunity to P. falciparum have been well described, the
mechanism of immunity is not well understood. Children in the first 6 months of life
experience antidisease immunity. This is thought to be either from maternal immunoglobulin
G (lIgG) antibodies acquired in utero or parasite growth inhibitors or IgA in breast milk.
After these first 6 months, antimalarial immunity is thought to occur through a combination
of humoral and cellular immunity. There is thought to be some immunity across different
strains of P. falciparum from cross reacting antibodies and some immunity that is strain
specific. In addition, there is antigenic variation within a particular strain. The relative
importance of these different types has not been elucidated. Of note is that the risk of severe
malaria increases in pregnancy and this is thought to be due to this being a state of relative
immunosuppression through impaired cellular immunity through increased cytokine

production and increase in certain hormones including cortisol.?

There has been much less research on immunity to the other Plasmodium species in
humans. Non-sterilising immunity occurs to P. vivax and, similar to P. falciparum, this
reduces parasite numbers and morbidity. Protection against P. vivax has been found to be
associated with IgG responses to a range of antigens with considerable heterogeneity

between studies.?

Certain haemoglobinopathies confer innate protection against malaria. Haemoglobin
AS, CC and AC, as well as alpha thalassaemia protect against severe falciparum malaria, but

less so against uncomplicated malaria and asymptomatic parasitaemia but not against.??
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Life Cycle

Figure 1.1-1 shows the life cycle of the Plasmodium falciparum malaria parasite. On
biting a human host, a female anopheline mosquito injects saliva containing Plasmodium
sporozoites. These sporozoites then migrate to the liver of the human where they enter
hepatocytes and multiply asexually to form hepatic schizonts. These schizonts rupture
releasing thousands of merozoites into the blood. Following this, the merozoites invade
erythrocytes and mature into ring forms and then trophozoites. Further asexual multiplication
inside the erythrocyte occurs forming circulating schizonts. These intraerythrocytic schizonts
rupture releasing more merozoites which invade new erythrocytes. Upon invasion, the
merozoites either mature into ring forms, then trophozoites, and subsequently multiply
asexually to form schizonts and merozoites; or switch to sexual reproduction forming either
a male or female gametocyte. Upon taking a blood meal, a mosquito ingests these
gametocytes in the peripheral blood following which male and female gametocytes combine
in the mosquito stomach to form a zygote. These invade the wall of the mosquito midgut and
form an oocyst which multiply asexually to produce sporozoites. These sporozoites migrate
to the mosquito salivary gland to be injected when the mosquito next bites a human, thus
completing the cycle.

Ring forms, trophozoites, schizonts and gametocytes are all present in the blood of the
human host and are thus termed ‘blood stage’ parasites. All of these stages have a tendency
to bind to the microvascular endothelium, and become sequestered in small vessels,
particularly capillaries and postcapillary venules. Together with rosetting, agglutination and
increased stiffness of infected and uninfected erythrocytes, this can cause obstruction of the
microcirculation, a process thought to be central to the pathogenesis of severe disease. This
process is thought to be much less prominent, or absent, in non-falciparum malaria and will

be discussed in more detail in the next Section.

Other than sequestration, the life cycles of the other malaria species are similar to that
of P. falciparum, with the following exceptions. In P. vivax and P. ovale infections, there is
an additional quiescent stage in the human liver (hypnozoites) following injection of
sporozoites. This results in recurrences of infection following the initial acute episode.
Unlike the other human malarias, P. knowlesi is a zoonotic infection, the primary host being
macaques in which it can cause symptomatic infection. Infection of humans is thought to

occur mostly through human-macaque contact via anopheline mosquitoes, although there is
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potential for it to be transmitted solely among humans. The life cycle is shown in Figure 1.1-
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Figure 1.1-1. The Plasmodium falciparum malaria parasite life cycle.
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Diagnosis

As outlined above, malaria cannot be reliably diagnosed from clinical features alone due

to its non-specific presentation. Confirmation of a diagnosis of malaria requires detection of

Plasmodium parasites in the peripheral blood. This is done either by direct detection of

parasites in a blood smear by light microscopy or by detection of a malaria antigen in the

blood by rapid diagnostic test. Both methods are widely used across the tropics, have high

specificity for falciparum malaria infection but sensitivity and specificity for the other

Plasmodium species is lower. A limitation of microscopy is that it requires sufficient

parasites in the peripheral blood to be detected. In severe falciparum malaria where a high

proportion of the parasites are sequestered, the peripheral parasitaemia can be very low

although the total parasite burden is high. Occasionally, this can lead to a missed diagnosis,

particularly where the microscopist is inexperienced. Another consequence is that the

peripheral parasite count does not reliably predict the severity of malaria.? Although high

parasitaemia (>2% or >100,000 parasites per microliter in low transmission areas and >5%

or >250,000 parasites per microliter in high transmission areas) is one of the World Health
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Organization criteria for severe malaria® peripheral parasite count is not an independent

predictor of mortality.?*

Diagnosis of P. knowlesi by microscopy can be challenging as its appearance is nearly
identical to P. malariae. The distinction is important as P. knowlesi is a common cause of
severe and fatal human malaria in Malaysian Borneo whereas P. malariae is relatively
benign. This has led to underreporting of knowlesi malaria and delayed treatment of with
intravenous artesunate.?® The more sensitive and specific method of polymerase chain

reaction (PCR) is now being increasingly used for diagnosis where resources permit.2

The cut-off for detection of parasites in the peripheral blood by microscopy is around 50
parasites per microliter. The most commonly used antigen for malaria rapid diagnostic tests
(RDT) detect P. falciparum histidine rich protein 1l (PfHRP2). This is a protein produced by
the parasite and released into the blood on rupture of a schizont to release merozoites
(schizogony).?’ 1t is highly sensitive and specific for P. falciparum and as it is released by
both sequestered and non-sequestered parasites it is a better marker of total parasite burden
than peripheral parasitaemia. The PFHRP2 concentration in the peripheral blood has also
been shown to be a better predictor of mortality than peripheral parasitaemia.?® For
diagnosis, RDTs using PfHRP2 have a similar sensitivity to microscopy but have the
limitation that PfHRP2 has a half-life of up to 4 weeks following release in the peripheral
blood. Thus the test can remain positive following parasite clearance.?® Some RDTs detect
Plasmodium lactate dehydrogenase (LDH) and/or aldolase which have a much shorter half-
life. Unlike PFHRP2 these can detect non-falciparum malaria but their sensitivity is lower,
they are more expensive and are less stable in storage.*® Currently available rapid tests are
particularly poor at detection P. knowlesi and there is a need for more sensitive and specific

RDTSs for settings where this infection predominates.!

In low transmission areas, detection of parasites in the peripheral blood plus symptoms
consistent with severe malaria are sufficient for a diagnosis. However, in high transmission
areas, frequent infections can lead to build up of antidisease immunity which prevents the
development of symptoms in most of those over 5 years of age. Thus a patient presenting
with a febrile illness due to another cause may have detectable malaria parasites but another
cause of their illness. In uncomplicated malaria, it is presumed that the patient has malaria
and antimalarials are administered, often with antibiotics if another infection is suspected. In
most cases, erroneously assuming the diagnosis is malaria and omitting these antibiotics does

not have adverse consequences. In severe malaria, however, missing another serious
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diagnosis, for example bacterial sepsis, meningitis, encephalitis or poisoning and treating
only malaria can be fatal. Measuring the level of HRP2 by ELISA in the blood can help to
identify those with a low parasite burden and thus high likelihood of an alternative diagnosis
but it is currently only available as a research tool and there is no clear cut-off for severe
disease.?® There is an urgent need for a new tool to identify which severely unwell patients
with malaria parasites in the peripheral blood are severely unwell because of malaria. As will
be outlined later in this introduction, studies in Malawi suggest malaria retinopathy has
potential to assist with this diagnostic challenge in comatose children with P. falciparum
malaria. The specificity of malarial retinopathy for severe falciparum malaria compared to
other severely unwell individuals with, for example sepsis and nonmalarial encephalopathy
is not known. Determining the specificity for severe P. falciparum is one of the aims of this
thesis and the study which includes this is presented in Chapter 2. There have been no
studies of retinopathy in other types of malaria, including the other major causes of severe
malaria, P. knowlesi and P. vivax, although the pathogenesis is thought to be somewhat
different. Its role in diagnosis is thus not known. An additional aim of this thesis is to look
for retinal changes in P. knowlesi malaria and compare them with those in P. falciparum. A

study to examine retinal changes in P. knowlesi is presented in Chapter 6.

Treatment

The primary aim of treatment of malaria is to rapidly eliminate malaria parasites from
the body to abort symptoms and prevent the progression to severe disease and death. First-
line antimalarial treatment worldwide for uncomplicated P. falciparum malaria is oral
artemisinin combination therapy (ACT).® This consists of two antimalarials, an artemisinin
derivative and a non-artemisinin partner drug, for example lumefantrine, mefloguine or
piperaquine. Artemisinins are the most effective antimalarials known with rapid antiparasite
action and minimal side effects. They are in the chemical class sesquiterpene lactones and
these compounds contain a peroxide bridge thought to be responsible for the drug’s rapid
antiparasite action. Compounds in this class include artemisinin itself, originally derived
from the plant Artemisia annua, and it’s semi synthetic derivatives artemether, artesunate
and dihydroartemisinin.®? In many areas, other antimalarials such as oral quinine or
sulfadoxine-pyrimethamine (SP) are used although these are less effective than the ACTs,
quinine commonly causes unpleasant side effects and resistance to SP is common through

acquisition of point mutations in genes for target proteins in the folate pathway.
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For uncomplicated P. vivax and P. ovale malaria, ACTs are also effective, although
chloroquine is usually used. In addition, a 14 day course of primaquine is also given to clear
hypnozoites from the liver. P. malariae malaria may also be treated with chloroquine or an
ACT. Plasmodium knowlesi can be treated with chloroquine or quinine and has recently been
shown to be sensitive to artesunate and ACT.*® A randomized clinical trial of artesunte-

mefloguine for P. knowlesi malaria is now underway.*

For those who develop severe disease, first-line antimalarial treatment for falciparum
malaria is intravenous artesunate.*® This has replaced the previous first choice treatment of
intravenous quinine following two large trials, one in Asian adults® and one in African
children,® showing patients treated with parenteral artesunate had lower (35% and 22%
respectively) mortality than those treated with parenteral quinine. Artesunate is a water-
soluble artemisinin antimalarial. Its rapid action and efficacy against all parasite stages in the
blood, including early ring stage parasites, is thought to be contributory to its potency in
treating severe malaria.®® Intravenous artesunate also has the advantage of being
administered as a bolus injection, unlike intravenous quinine which has to be given by
infusion over several hours. The optimal treatment for severe malaria due to other
Plasmodium species is not known but intravenous quinine and artesunate have each been

used successfully.®

In addition to antimalarial treatment, there has been a series of trials of adjunctive
therapies directly targeting disease pathogenesis in severe falciparum malaria. None of these
have been effective in improving outcome in humans, including adrenaline,® anti-tumour
necrosis factor antibody,3’ aspirin,*® dexamethasone,* heparin,® human albumin,*
intravenous immunoglobulin,* iron chelators,*>*® low molecular weight dextran,*
mannitol,*® N-acetylcysteine,*” phenobarbitone*?, ursodeoxycholic acid*® and levamisole.>°
One important limitation to these trials is that there is no satisfactory surrogate outcome
marker for mortality in severe falciparum malaria. Mortality end-point trials in malaria
require thousands of patients in the treatment and control groups. This is expensive and
requires a multi-centre study to complete in a reasonable time frame and therefore very few
such trials have been done. In order to identify promising candidates for further study trials
have used surrogate endpoints, for example, blood lactate, measurement of blood flow in the
systemic circulation or quantifying changes in parasite stages visible in the peripheral
blood®® but none of these markers are good predictors of death. These preliminary trials have

only been done in small numbers of patients (usually <100) and are thus not powered to
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detect small differences between the groups. Another limitation is that the pathogenesis of
severe and cerebral malaria is incompletely understood. This will be discuss in more detail in
the next Section of this introduction. Study of malarial retinopathy has potential to elucidate
the microvascular pathogenesis of cerebral falciparum malaria and this is one of the aims of
this thesis. This is discussed in detail in Section 1.1.3 and Chapter 2

It may be that promising candidate adjunctive therapies with efficacy against mortality
have been overlooked because of the limitations outlined above. Additionally there are
several compounds with potential as adjunctive therapies for malaria now under
development, and some that are currently being trialled, for example I-arginine, heparinoids
and paracetamol, for which a more discriminative surrogate endpoint is needed. There is thus
an urgent need for a simple bedside outcome measure that can be used as a surrogate marker
for mortality in severe falciparum malaria in early stage trials of adjunctive therapies. By
directly examining disease pathogenesis in the central nervous system, serial examination of

the retina for malarial retinopathy has great potential to meet this need.

Discussion of the treatment of severe malaria must include mention of supportive care
which is an essential contributor to reduction in mortality. Simple strategies include care of
the unconscious patient with intubation and ventilation where necessary, haemodialysis for
severe renal impairment and cautious administration of intravenous fluids with careful
monitoring of fluid balance.>°2 The latter is necessary as liberal fluid resuscitation confers
an increased risk of pulmonary oedema but does not improve acid-base status or renal
function.>® For all patients with severe malaria, this is best done in an intensive care unit and
such patients are often among the most unwell in the hospital. In most parts of the tropics
facilities for intensive care, ventilation and haemodialysis are limited and much of the care of
patients with severe malaria occurs on the general wards. An important part of management
is early identification of those patients who are most in need of, and likely to benefit from,

supportive care so the limited available resources can be used appropriately.

Prognosis

Around 1 in 1000 patients with falciparum malaria go on to develop severe disease.
This is commoner in those who receive late or no treatment. Of those who develop severe

disease around 10-20% die despite antimalarial treatment and close to 100% die if
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untreated.™® Of those who recover, few have any significant long-term sequelae. Coma, in
particular, is often rapidly reversible *° and long-term neurological sequelae are uncommon
in survivors.%®57 In those who die with P. falciparum infection, around half of deaths in
adults in low transmission settings occur in the first 48 hours after hospital admission ¢ and
around two thirds of deaths in children in high transmission settings occur in the first 24

hours.*® Thus the time window for interventions aimed at reducing mortality is short.

The prognosis of treated severe falciparum malaria is challenging to predict. Comatose
patients can rapidly recover and be conscious within a day of admission. Patients who appear
relatively well on admission can deteriorate rapidly and develop multi-organ failure. The
criteria for severe malaria are broad™® and not all of the features are associated with increased
mortality.*? In large clinical trials and cohort studies, certain features have been identified
which predict death better than others. Most consistent among these are age, coma and
metabolic acidosis.!? Mortality increases with age, being around 6% on those under 10 years
and 37% in those over 50 years.'? Scores have been developed which combine these features
to give a probability of death in a particular patient but all have important limitations which
mitigate against their application in routine clinical care. The simplest is the Coma Acidosis
Malaria (CAM) score?* which combines measurement of base deficit and Glasgow Coma
Scale (GCS). When used correctly this reliably predicts survival for those who die early in
their admission. However, it performs less well for those who die late with renal impairment,
testing of base deficit is not available in many resource-limited settings and assessment of
GCS is unreliable.®®

The level of plasma PfHRP2 in venous blood has also been studied as a possible marker
to predict prognosis in severe malaria in African children?®. It was found to be higher in fatal
than non-fatal cases of severe malaria with a U-shaped relationship between HRP2
concentration and mortality suggesting those with lower concentrations of HRP2 and higher
mortality have another cause of death. There was no clear cut-off for fatal disease in this
study and quantitative measurement of HRP2 is currently available only as a research tool.

Thus the clinical usefulness of this as a prognostic tool is limited.

There is a need for an additional discriminative marker which better predicts mortality
in severe falciparum malaria. Being much commoner in severe malaria, and particularly
cerebral malaria,®%® assessment of malaria retinopathy has potential as a bedside tool to help
predict prognosis. This tool could be relatively low cost as ophthalmoscopes are widely

available and most doctors have been trained to use them. In reality, however, the ability of
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many general physicians to use an ophthalmoscope is poor and may be inadequate to derive
useful information on severity of malaria retinopathy. Assessment of all patients with severe
malaria by an ophthalmologist is another possible solution, although they may not be
available to contribute to an admission assessment and awareness of malaria retinopathy
among ophthalmologists is generally low. An alternative is automated quantification of
malarial retinopathy. A range of low cost retinal cameras are currently under development
and by the addition of software for automated image analysis it may be possible for a
relatively unskilled operator to grade malaria retinopathy and derive prognostic information.
A large multinational collaborative project, is currently underway to develop a low cost
camera and software for this purpose (Richard Maude, co-investigator). The major limitation
to the use of malaria retinopathy as a prognostic tool is that the sensitivity and specificity of
malaria retinopathy for death in severe malaria are not known. Assessing this in adults is one

of the aims of this thesis and is discussed in Chapter 2.
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1.1.2 Pathogenesis of cerebral falciparum malaria

The direct cause of coma in malaria is not known, although there is an extensive literature
describing multiple hypotheses for what is a complex pathophysiology. One area of
particular controversy is whether the apparent differences between cerebral malaria in
children and adults indicate two diverse pathological processes or whether they are one and
the same. A second area of much discussion is to what degree animal models of cerebral
malaria are useful to inform the study of human disease. This Section will review the current
understanding of the pathophysiology of cerebral malaria paying particular attention to these
areas of controversy and the limitations of currently available research techniques.

The most commonly held view is that the clinical disease of cerebral malaria is the
culmination of a number of interrelated pathological processes. These can be summarised as
several hypotheses, although the extent to which each contributes towards the final clinical

picture is the subject of much debate. These processes are:

1) impaired microvascular function
2) inflammation

3) cerebral oedema

4) blood brain barrier dysfunction

5) axonal injury.

How these processes may combine to cause coma in severe malaria is illustrated in Figure

1.1-3.
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Impaired microvascular function

A long-recognised pathological feature in post mortem studies of fatal cerebral malaria is
sequestration of parasitized and non-parasitized erythrocytes in cerebral blood vessels, in
particular capillaries and postcapillary venules.4® This was originally proposed as a cause
of coma by Laveran in 1884% and subsequently expanded as the sequestration hypothesis by
Marchiafava and Bignami in 1894.%7 This sequestration is found preferentially in the white
matter ®8 with more in the cerebellum than the cortex®® and more in the cortex than in the
brainstem. " In adults the degree of microvascular congestion and sequestration in the brain
correlates with coma depth and shorter time to death.®® Sequestration also occurs in other
organs in severe malaria, including heart, lungs, kidneys, liver, and small intestines, but
significantly more of it occurs in the brain in cerebral malaria patients.”"2 There is also
much more intracerebral sequestration in cerebral malaria than in fatal non-cerebral malaria
where it is also probably a universal finding.”®"-"® This lesser degree of sequestration in
those with non-cerebral severe malaria can suggest that sequestration alone is insufficient to
cause coma, although it may simply be a matter of quantity.”®’® Other than this quantitative
difference in sequestration, there has been no difference found in other pathologic features
such as endothelial cell changes between the brains of patients with fatal cerebral versus

noncerebral severe malaria.®* 37>

Sequestration is thought to contribute to coma through the local reduction of microvascular
blood flow. Cerebral blood vessels are differentially obstructed by sequestered erythrocytes,
some being relatively free of obstruction whilst other adjacent vessels are totally occluded.™
This may cause small areas of reduced supply of metabolic substrate to the brain for example
oxygen and glucose, which would be especially problematic in the context of seizures,
hypoglycaemia, hypoxia, fever or anaemia.’®” Because this obstructed flow occurs only in
small patches, tissue necrosis is avoided thus explaining the rapid, and usually complete,
reversibility of clinical symptoms in those who recover. Also, overall cerebral blood flow does
not decrease in cerebral malaria,® although anaerobic glycolysis is increased 8 and net lactate
in the cerebrospinal fluid (CSF), likely produced by the brain, is elevated and higher in those
who died suggesting hypoxia contributes to the pathogenesis.??8

Sequestration occurs through cytoadherence of parasitized and nonparasitized erythrocytes to
vascular enodothelium. Specifically, P. falciparum erythrocyte membrane protein 1
(PfEMP1),84 and to a lesser extent rifin® and selectin,® on the surface of these erythrocytes
binds to ICAMZ1,%” and other less well characterized host receptors including VCAM1," E-
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selectin,’? chondroitin sulphate and human leukocyte antigen (HLA) Class II on the
endothelial cell membrane.%488 PfEMP1 is encoded by var genes of which there are 60
variants in 3 major groups, A, B and C. Antigenic variation by transcriptional switching
between expressed var genes allows immune evasion by the parasite. Expression of
particular var gene subgroups has been associated with severe disease, although a consistent
pattern between studies has not been demonstrated.®*! This variation may account for the
differences in degrees of sequestration between individuals and between different sites in the
body. The binding of PFEMPL1 to endothelium may be relatively non-specific due to
attraction between opposite electrical charges® but ICAML1 is thought to be the most
important of these receptors.’? The expression of ICAML1 is enhanced by TNFa in humans®
and is upregulated in cerebral vessels in cerebral malaria.®*° PFEMP1 expression is
enhanced by fever and its adherence to endothelial receptors is especially strong in late stage
parasites.® Thus in patients with extensive sequestration and thus late severe disease, few
mature parasites are found in the peripheral blood.®® PfEMP1 also binds to endothelial CD36
but this molecule is absent from brain microvasculature. It is possible that PFEMPL in fact
binds to platelet CD36 thus using platelets as a bridge between erythrocytes and
endothelium,®” although there is evidence that this alone is not sufficient.® Indeed,
intravascular accumulation of platelets in African children with cerebral malaria has been
found in autopsy studies®% but is not prominent in adults.®® Von Willebrand factor (VWF)
mediates platelet adhesion and is a marker of endothelial activation. VWF is raised in
cerebral malaria in children®®® and severe malaria in adults with decreased activity of VWF
cleaving protease,'% although it is equally raised in children without retinopathy of whom

most are thought to have a disease other than malaria.'%

Angiopoietin 1 and 2 (Ang 1 and 2) are major regulators of endothelial activation and integrity
and it has been proposed that they may contribute to sequestration and coma in cerebral
malaria. In falciparum cerebral malaria, levels of ANG-1 are decreased and ANG-2 levels
increased in the peripheral blood of both children’® and adults’®!% compared to
uncomplicated malaria, and they predict fatal outcome.%31%4 In children Ang-2 and Tie-2 (the
tyrosine kinase Ang receptor) levels are found in those with malaria retinopathy suggesting an
association ~with  cerebral microvascular  obstruction.’®® In adults, however,
immunohistochemistry of post-mortem brain tissue found no difference in expression of Ang-
1, Ang-2 or Tie-2, on brain endothelium in cerebral compared to non-cerebral cases.’®” This

suggests it is not specific to cerebral malaria and does not have a direct role in causing coma.
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Sequestration in P. falciparum malaria may be enhanced by the binding of infected
erythrocytes containing mature parasites to noninfected erythrocytes (rosetting)'% and
adherent infected erythrocytes binding other infected erythrocytes (autoagglutination).
Rosetting has been demonstrated only in vitro and not all parasites display it.1%1% |t is,
however, most commonly present in infected erythrocytes taken from children and adults
with severe malaria,'''! although one study did not showing this association.'? Rosetting
has been associated with microcirculatory flow obstruction in vitro in an animal model**® and
rosettes are resistant to disruption by physiological shear forces suggesting they could persist
long enough to contribute to microvascular obstruction.*4!> Rosetting is mediated by
binding of the P. falciparum variant iRBC surface antigens, the NTS-DBL 1a-domain of
PFEMP18, rifins 17 and stevor,'!® to uninfected red cells. Autoagglutination of infected
erythrocytes is thought to occur via CD36 on platelets and is associated with disease

severity. 119120

In addition to sequestration through cytoadherence, microcirculatory flow is also thought to
be compromised by decreased red cell deformability which prevents erythrocytes with a
mean diameter of 8um deforming to squeeze through capillaries of as little as 5pm.*?* The
deformability of parasitized and nonparasitized erythrocytes is reduced in severe malaria and
this correlates strongly with poor outcome,*?212® presumably by increasing the resistance to
microvascular blood flow.?* This is thought to be due to a combination of remodelling of the
cell cytoskeleton by parasite proteins,'?® stiffness of the intracellular parasite itself and

oxidative damage to the red cell membrane possibly by heme products.??

Nitric oxide (NO) produced by vascular endothelial cells causes vasodilation and is a major
determinant of vascular function and regulation of vascular tone. Sequestration in falciparum
malaria is associated with impaired endothelial NO bioavailability, endothelial activation and
dysfunction which exacerbate impaired perfusion, hypoxia and tissue damage.?” Low NO
bioavailability is also associated with upregulation of ICAM-1.12 This reduced
bioavailability is due to multiple mechanisms, including reduced systemic and pulmonary
NO production,*?”12 reduced L-arginine concentrations (a substrate for NO
production),?"12° reduced type 2 NO synthase (NOS2) expression,?”1?° and increased NO
quenching.3%13 In a trial of adjunctive L-arginine in severe falciparum malaria endothelial
dysfunction was reversed and lactate levels reduced in the intervention group.*?” Inhaled
nitric oxide in has also been shown to be of benefit in malaria in mice.*3 Further trials of L-

arginine and inhaled nitric oxide in human severe falciparum malaria are underway.
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Macrovascular haemodynamic failure is in general not a prominent contributor to
microcirculatory failure in severe malaria. Low blood pressure is not a common feature of
severe malaria and cerebral blood flow is not decreased in cerebral malaria.® In a
prospective haemodynamic study of severe malaria in adults, hypovolaemia was common
but not associated with increased severity of malaria or worse outcome, whereas

microvascular obstruction was associated with both.133

In summary, reduced microcirculatory blood flow is thought to be a central process in the
pathogenesis of coma in cerebral malaria.*** As it directly visualises the microcirculation in
the retina, which is a part of the central nervous system, malarial retinopathy is being used to
study microvascular changes in cerebral malaria and has potential to give new insights. Study
of cerebral falciparum malaria pathogenesis in adults using malaria retinopathy is an aim of

this thesis and is discussed in more detail in Section 1.1.3 and Chapter 2.

Inflammation

Some investigators believe that malaria infection causes generalized vital organ dysfunction
as a result of the release of systemic cytokines such as TNFa, or local release of mediators
such as NO.”®* In Clark and Rockett’s cytokine hypothesis it was proposed that in the brain
this leads to an encephalopathy and coma.** A number of inflammatory mediators have been
implicated but their role in the pathogenesis of cerebral malaria is unclear. This results partly
from much of the information in this area coming from animal models which differ
significantly from disease in humans.**” Another complicating factor is the varying immune
responses between hosts with different receptor polymorphisms and to different strains of
parasite. Thirdly, overproduction of these cytokines may only be local thus their peripheral

blood levels are not adequately representative of levels in the tissues.

The most consistently identified inflammatory mediators in cerebral malaria are TNFa and
NO. In African children, concentrations of TNFa and its receptor were higher in those with
cerebral malaria, particularly fatal disease, than in those with mild or uncomplicated
malaria.*®142 |n addition, several polymorphisms in the TNFa promoter region have been
associated with increased risk of cerebral malaria, death'*® and neurological sequelae.’* In
Vietnamese adults, the concentration of TNFa was higher in patients with severe multiorgan

disease but lower in patients with cerebral malaria alone, suggesting its involvement in the
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process leading to severe malaria but not specifically coma.*® A study in India has suggested
TNFa levels may be useful as a prognostic marker in falciparum malaria as they predicted
length of hospital stay and were higher in those who later developed anaemia,
hypoglycaemia or altered hepatic function. This study also found higher TNFa levels in
those with cognitive dysfunction or coma.'*® However, levels of TNFa in peripheral blood in
uncomplicated Plasmodium vivax malaria are just as high as in cerebral malaria'*’ but this

organism rarely causes severe disease.

These apparent contradictions may be because TNFa has multiple effects in malaria
including induction of fever, upregulation of ICAM-1% and induction of NO production.
TNFa also has beneficial effects in malaria. In animal models, TNFa has an antiparasitic
effect at low levels but induces cerebral malaria when levels are high.*® In Gabonese
patients with severe malaria and high TNFa production capacities there was a more rapid
clinical and parasitologic recovery.* Different strains of P. falciparum also vary in their
abilities to stimulate TNFo production®®® and post mortem studies in Malawian children have
shown production of TNFa increased locally in the brain.*! The latter finding suggests
plasma concentrations of TNFa may be imprecise indicators of TNFa effects in cerebral
malaria with cerebral pathology maybe only occurring at the local tissue level where
proinflammatory parasite products are released during schizogony. The varying effects of
TNFa in malaria may also be because the differential effects of TNFa are modified by
different levels of receptor expression in the host. In cerebral malaria circulating TNF
receptors have been found to be in proportionately higher concentrations than TNFa
itself.2521%° Alternatively, there may be a contribution from different TNFa allelic types
being expressed in different hosts, TNFa*2 being the most strongly associated with severe
disease.®® The lack of clear role in the pathogenisis of malarial coma is highlighted by the
finding that anti-TNF monoclonal antibody reduces fever but not severe disease'® whereas

pentoxifylline has contradictory effects on coma duration in different studies. 81>

TNFa stimulates the release of nitric oxide by inducible nitric oxide synthase (iNOS) in
brain endothelial cells.’%-162 This NO is thought to diffuse into the brain parenchyma and
may disrupt the regulation of formation of neural NO, altering neurotransmission and
causing coma.'®1163 As NO is very short-lived this could explain the rapid reversibility of
coma in recovering patients.! Increased iNOS expression in vessel walls has also been
found to be associated with sequestration of parasites in cerebral malaria in post mortem

brain specimens.
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However, the role of NO in cerebral malaria is probably more complex, due to its multiple
physiological functions which as well as neurotransmission® include the killing of
intracellular organisms and regulation of vascular tone, as discussed in the previous Section.
The associations found between disease and nitric oxide activity, iNOS, or genetic
polymorphisms in the iNOS promoter gene have not been consistent and results have varied
with age, endemicity, and geographical location. Individuals also produce NO at different
rates and a slow increase in some individuals may be insufficient to provide negative
feedback against iNOS, thus allowing NO to build up locally to harmful levels.® Increased
NO production is associated with protection from cerebral malaria in some studies in
children?*%7 hut no NO was found in CSF in another study with no difference in plasma
levels between fatal and nonfatal disease.®® As for TNFa it is likely that these contradictory
studies reflect the fact that the relevant excess of nitric oxide production occurs locally in the
brain and is not reflected in the peripheral blood. Detecting tissue expression of NO synthase

immunohistochemically, or via in situ hybridization, may be more appropriate.

Other cytokines found to be increased in patients with cerebral malaria include interleukin
(IL) 1,5 IL 6,9 and IL 10. Peripheral blood concentrations have, like TNF, also been
shown to be higher in noncerebral severe malaria than in those with only cerebral disease.'*®
The exact role of these cytokines in the pathogenesis is even less clear than that of TNFa or
NO. A variety of other associations, for example specific HLA types, upregulation of
CXCL4 and 10,'7° increased levels of immune regulatory Chitinase 3-like-1,1"* and toll-like
receptor polymorphismst’21” have also recently been found to be associated with increased

or decreased risk of coma in falciparum malaria.

In summary, the role of the immune system in the pathogenesis of human cerebral
falciparum malaria remains unclear although an imbalanced inflammatory and cytokine

response appears to be contributory.

Cerebral oedema and blood brain barrier dysfunction

Cerebral oedema, increased intracranial pressure (ICP), and disruption of the blood brain
barrier (BBB) have been implicated in the pathogenesis of malarial coma but their significance

differs between children and adults.
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In African children with cerebral malaria, cerebral oedema is more frequent and severe than
in Asian adults, although not a universal finding.”* Of 120 Malawian children with cerebral
malaria who underwent brain magnetic resonance imaging (MRI), 77% had moderate to severe
cerebral oedema which was diffuse in 79%.1"° A subsequent study of 168 Malawian children
with cerebral malaria found severe brain swelling in 84% of those who died and 27% of those
who survived suggesting brain swelling and raised ICP may contribute to a fatal outcome in
children. Many of those who died had decreased CSF in the prepontine space suggesting brain
stem herniation to be a likely cause of death.’® Studies in African children with cerebral
malaria show a subtle increase in BBB permeability with a disruption of endothelial
intercellular tight junctions on autopsy’"1’® and opening pressures on lumbar puncture are

elevated in over 80%.79.18

In contrast, opening pressures on lumbar puncture are usually normal in adult patients with
cerebral malaria®® and the BBB is functionally grossly intact.'®2183 Imaging studies reveal that
most adults with cerebral malaria have no evidence of gross cerebral oedema.®1%¢ A recent
trial in India found 29% of adults with cerebral falciparum malaria to have moderate or severe
cerebral swelling on Computed Tomography (CT) with 36% having mildly elevated CSF
pressures on lumbar puncture. There was no association of cerebral oedema with mortality, or
coma depth in this study and administration of mannitol to reduce the swelling had no effect
on mortality and prolonged coma duration.*® This may be due to a different mechanism of

oedema from young African children although evidence for this is lacking.

There have been no published controlled trials evaluating the use of mannitol in cerebral
malaria in children.'®” A small series in Kenyan children with cerebral malaria showed that
mannitol lowered ICP, but there was no control group with which to compare the benefit of
mannitol on case fatality or neurological outcome.*® As discussed above, blood brain barrier
leakage appears to play a part in the pathogenesis of malarial coma but its significance remains
unclear and is greater in children than in adults. Rather than a primary cause for coma it is

more likely a feature developing in the later stages of the disease.

There have been no systematic studies using MRI of the brain in adult cerebral malaria.
Additionally, the specificity of cerebral oedema for coma is not known in adults or children as
studies to date have included only patients with cerebral disease. Determination of the
specificity of changes on brain MRI, including oedema, for cerebral malaria in adults and their

specificity for a fatal outcome is one of the aims of this thesis and is presented in Chapter 5.
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By examination of the optic nerve head for swelling, which occurs as a result of raised ICP,
study of the retina by colour photography and ultrasound has been used to look for cerebral
swelling in cerebral malaria in children. The timing of the onset of papilloedema in relation to
stage of disease progression and death has not been studied due to difficulties performing serial
examinations in very unwell chilrden. Study of papilloedema in adult cerebral malaria forms
a part of this thesis and is discussed extensively elsewhere. The colour photography findings

are presented in Chapter 2 and the ultrasound findings in Chapter 3.

Axonal Injury

One major puzzle in cerebral malaria is since parasitized red blood cells do not leave the
vascular space how do they cause coma? Possible mechanisms alluded to above are
heterogeneous microcirculatory flow dysfunction causes deficiency of metabolic substrates
to a degree insufficient to cause infarction but sufficient to cause transient neurological
dysfunction. Another hypothesis is that of local intracerebral release of cytokines and nitric
oxide which diffuse through a locally permeable blood brain barrier and interfere with
neurotransmission. The third possible pathway, that of cerebral oedema compromising
cerebral blood flow or leading to transtentorial herniation appears to be irrelevant in the
majority of adults.

An additional postulated mechanism that could represent a final common pathway in
cerebral malaria is axonal injury (Al). This is damage to axons which results in impaired
axonal transport and consequently disrupted neurotransmission. It is also thought to be a
common pathway of cerebral injury that occurs in other diseases such as multiple
sclerosis?®®1% 191 and stroke.'%? Axonal damage is a key predictor of outcome in a range of
human CNS diseases, including malaria.’®® It may occur gradually, leaving a window for
therapeutic intervention during the early stages'®*!% and if arrested early on is completely
reversible. With large amounts of Al, disease becomes irreversible. The extent of Al
distinguishes between groups of patients infected with P. falciparum with and without
neurological complications during life.2*¢°” Amyloid precursor protein (APP) is a protein
that is normally transported along the axon, and accumulates at the sites of Al. APP staining
has thus been used as a marker of axonal injury and has been found in post-mortem brain
specimens of adults with cerebral malaria and more extensively than in those with no

cerebral involvement, either diffusely or localized to the internal capsule or pons.*® The
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amount of APP correlated with plasma lactate, CSF protein, and GCS. It is thought to
identify axons with reversible structural and biochemical changes.®® Examining other
proteins specific to axons (tau), neural cell bodies and astrocytes in CSF of patients with
cerebral malaria has shown most of the brain parenchymal damage is in axons.'*® In addition,
haemorrhage, myelin disruption,™ glial reaction, and the presence of intravascular
leukocytes were not associated with cerebral malaria in other studies.!%

Hypoxia,?® raised ICP,2%-2%% and hypoglycaemia®* can all contribute to Al. The
heterogeneous microcirculatory dysfunction found in P. falciparum malaria sequestration
could cause axons to suffer energy deprivation that is independent of neuron cell bodies. A
recent neuropathological study of the brain in Malawian children with fatal cerebral malaria
found axonal, myelin damage, disruption of the BBB, ring haemorrhages and vascular
thrombosis in areas of prominent iRBC sequestration.?® These findings were postulated to
be supportive of a link between sequestration and intravascular and perivascular pathology in
fatal paediatric cerebral malaria resulting in myelin damage, axonal injury and breakdown of
the BBB. Similarly in adults, sequestration and consequent microvascular obstruction have
been postulated to be central pathogenic processes in cerebral falciparum malaria although,

as summarised above there are key differences which warrant further investigation.%

Pathogenesis of severe knowlesi malaria

There have been few studies on the pathogenesis of severe knowlesi malaria and current
understanding is derived mostly from small case series and case reports. It has long been
known from studies in primates, the primary host, that P. knowlesi can obstruct cerebral
capillaries and venules?® and cause microcirculatory disturbance analogous to P.
falciparum.?%” Also in primates, P. knowlesi has been shown to become trapped in the brain2%®
and to cause reduced erythrocyte deformability.?®® A post mortem of one fatal case of severe
human knowlesi malaria revealed similarities to P. falciparum including sequestration of
parasitized erythrocytes in the brain but without evidence of associated inflammation.?*® There
were also numerous petechial haemorrhages in the cerebrum and cerebellum. Despite this
cerebral sequestration, the patient was not comatose and unlike in falciparum malaria there
was no platelet clumping, no thrombi, no upregulation of ICAM-1 expression in endothelial
cells and no cerebral oedema. There is ex vivo evidence that erythrocytes infected with mature
forms of P. knowlesi bind to ICAM-1 and VCAM but not to CD36.%* Levels of cytokines are
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raised in knowlesi malaria, including TNFa, IL-6, IL-8, IL-1ra and IL-10, more so in severe
disease but with a different profile than in P. falciparum. In severe knowlesi, TNFa , IL-8,
MIP-1 and MCP-1 levels are increased compared to uncomplicated disease but are decreased

in severe falciparum.?2

It is not known if cytoadherence, reduced red cell deformability and parasite sequestration
contribute to the pathogenesis of severe knowlesi malaria in humans. There is insufficient
evidence to know how common sequestration is in severe P. knowlesi and whether it is only
restricted to a subset of patients with marked inflammation. It is also not known what the
pathological consequences are for the host. Further studies are clearly needed and direct study
of microvascular changes in humans in vivo would be particularly informative. As for P.
falciparum malaria, by direct visualization of the CNS microvasculature, study of the retina in
severe knowlesi would help to clarify the frequency and contribution of microvascular
obstruction to its pathogenesis and how this differs from P. falciparum. There have been no
studies of malarial retinopathy in P. knowlesi malaria. The first such study in severe and

uncomplicated human P. knowlesi infection is presented in Chapter 6.

Limitations of Current Research Techniques

The primary strategies used to study pathogenesis in cerebral malaria have been in vivo
clinical case series and case-control studies, post-mortem brain histopathology, in vitro
studies and animal models. Because of the protected anatomical location of the brain, there
has been very little in vivo work studying it directly. In particular, the lack of techniques to
examine the brain microvasculature in living human patients has proven a major barrier to
the advancement of our understanding. An alternative is the use of animal models, with both
P. coatneyi and P. fragile in non-human primates and ANKA strains of P. Berghei in CBA
or CB57BL/6 mice having been employed.?*® Unfortunately, P. falciparum malaria infection
in humans behaves quite differently to both of these and the results have limited
applicability.®” In monkeys, severe malaria only commonly occurs in splenectomised
animals and cerebral disease is not typical, although adherence of infected erythrocytes to
cerebral endothelial cells similar to that seen in humans has been found.?42!® This has
contributed to our understanding of sequestration in malaria but monkeys do not typically
develop coma. In mice, cerebral malaria does occur but sequestration appears not to be a

feature. This is a significant and important difference from human disease where
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sequestration is almost universally seen. Monocytes in cerebral vessels and cytokines appear
to be essential in the pathogenesis in mice and much of the work so far has focussed on this
area. Similar inflammatory processes only occasionally appear to be involved in

humans.137:213

Post-mortem studies have provided a wealth of detailed information but they reflect, at best,
pathology at a single point after death in the most severely ill patients. Specimens from these
cases thus reflect only a subset of the most severely affected patients and do not demonstrate
the evolution of disease over time. Information on the effects of P. falciparum on neuronal
tissue outside of the brain is far more limited. A recent post mortem study in 18 African
children with fatal falciparum malaria found sequestered parasites in retinal capillaries and
venules and a positive correlation with the degree of sequestration in the brain and the
severity of malarial retinopathy.?® There have been no studies examining histopathology in

the eye in adults with malaria.

Other in vivo human studies have looked at extracranial indicators of disease, usually in
peripheral blood, including serum lactate and cytokine levels. A major concern here is that
findings in the peripheral circulation may be quite different to what is occurring locally in
the CNS as discussed earlier. Blood lactate has been found to increase with the severity of
malaria,” indicating anaerobic glycolysis resulting from impairment of systemic tissue
perfusion. Raised CSF lactate predicted death in cerebral malaria® and has been shown to
vary independently of blood lactate.?!” Non-invasive bedside tools have been used to directly
study impaired microvascular function and obstruction in severe falciparum malaria.
Microvascular function using near infrared resonance spectroscopy (NIRS) have been
measured in Indonesian adults with severe (n=36), and uncomplicated falciparum malaria
(n=36), and healthy controls (n=36). This study found impaired microvascular function was
significantly associated with worsening disease severity and increased venous lactate, a
marker of impaired tissue perfusion. These were similar to findings in sepsis where
microvascular reactivity was associated with both clinical severity and mortality.®
Orthogonal polarising spectroscopy (OPS) directly visualises erythrocyte movement in the
capillaries of the sublingual and rectal mucosa, and studies in Bangladeshi adults with

falciparum malaria have shown obstructed capillaries proportional to disease severity.®

The two main techniques for examining changes in the central nervous system in living
patients with malaria are imaging of the brain by CT and MRI, and imaging of the retina by

photography, angiography and ultrasound. Technology in both fields is rapidly developing
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and the potential of these techniques to contribute new understanding of the pathogenesis of

cerebral malaria is huge.

Imaging of the retina in severe malaria is the main focus of this thesis and its contribution to

date and potential for the future will be discussed in detail in the next Section.
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1.1.3 Retinal changes in malaria

The eye in cerebral malaria: what can it teach us?

Abstract

The pathophysiology of coma in cerebral malaria is not well understood. Obstruction of
microcirculatory flow is thought to play a central role, but other hypotheses include roles for
parasite- and host-derived factors such as immune mediators, and for increased blood—brain
barrier permeability leading to raised ICP. The retinal vasculature is a direct extension of the
cerebral vasculature. It is the only vascular bed easily accessible for visualisation and
provides a unique opportunity to observe vascular pathology and its effect on neurological
tissue. A specific retinopathy has been well described in African children with cerebral
malaria and its severity correlates with outcome. This retinopathy has been less well
described in adults. The central mechanism causing malarial retinopathy appears to be
microvascular obstruction, which has been demonstrated in affected retinas by fluorescein
angiography. The presence in a central nervous system tissue of microvascular obstruction
strongly supports the hypothesis that the sequestration of erythrocytes in small blood vessels
and consequent obstruction of microcirculatory flow is an important mechanism causing
coma and death in cerebral malaria. Retinopathy has potential as a diagnostic and prognostic
marker in severe malaria but further work to examine its sensitivity and specificity for
cerebral and fatal malaria is required. Despite advances in the antimalarial treatment of
severe malaria, its mortality remains approximately 15-20%. Adjunctive treatment targeting
sequestration is a promising strategy to further lower mortality and assessment of retinopathy

may be a candidate surrogate outcome measure for clinical trials.

Introduction

The retinopathy of severe malaria has been well described in African children, and its
prognostic and diagnostic value is established in these patients.® Its full assessment requires
specialist techniques (e.g. indirect ophthalmoscopy, fundus photography) and training that
will not be generally available in most tropical countries in the foreseeable future. It is also
an important tool to further our understanding of how malaria causes morbidity and death.

This role as a ‘window into the brain’ in severe malaria is one that is just beginning to be
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realised, but already many pathophysiological insights have been gained. With the further
application of established ocular imaging techniques to children and adults with severe

malaria as well as the development of new methods of imaging this role is likely to expand.

Clinical utility

The severity of malarial retinopathy correlates with mortality and duration of coma in
African children with cerebral malaria, suggesting that the retinopathy is related to the
pathophysiology of the disease and is not an epiphenomenon.®® Approximately two-thirds of
such patients have retinopathy that can be seen using an indirect ophthalmoscope, and the
mortality in this group is more than double that of comatose children with no retinopathy.?'
Approximately half of patients with severe malarial anaemia have retinopathy, with the full
spectrum of changes being seen, but it is usually much milder than that seen in cerebral

malaria.®® Retinopathy is rarely seen in patients with uncomplicated malaria.?'®

The retinopathy of severe malaria has four main components: retinal whitening; vessel
discolouration; haemorrhages; and papilloedema.??° Cotton wool spots are also seen and are
distinct from retinal whitening. Examples of these changes are shown in Figure 1.1-4. The
vessel changes and pattern of retinal whitening appear to be unique to this disease.?19220
Features of malaria retinopathy are normally classified according to the area of the retina in
which they are seen. The areas of the retina used for this purpose are shown in Figure 1.1-5.
They were defined as follows: fovea = area of retina in the centre of the macula 2.5 optic
disc diameters from the temporal edge of the optic disc with diameter equal to that of the
optic disc; macula = area of retina centred on the fovea and enclosed by the temporal arcade
vessels, temporal border of the optic disc and extending to an arc 2.5 disc diameters
temporally from the foveal centre; and peripheral retina = all of the retina outside of the

macula.??

The first detailed descriptions of retinal whitening (opacification) in falciparum malaria were
from studies using indirect ophthalmoscopy in African children.?%220.222 Dye to its
appearance, topographic association with retinal capillary non-perfusion of fluorescein
angiography?2 and paucity of histopathological changes in the choroid?'® malaria retinal
whitening is thought to involve the inner retina. It does not obscure retinal vessels, is

associated with a slight increase in retinal thickening, typically has a well demarcated,
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slightly elevated margin and occurs in several patterns that may coexist in the same patient.
Individual lesions may be widely dispersed or clustered. When clustered they are usually
separated from nearby vessels by a thin line of normal-appearing retina suggesting
occurrence in the inner retina. Their colour varies from subtle cloudiness to intense white. 21°
The typical size for lesions of malaria retinal whitening is estimated to be 200-500 pm in
diameter although they may merge together into larger confluent patches. Retinal whitening
can be seen in the peripheral retina, the macula and the fovea. The lesions often cluster round
the fovea but spare the central fovea and foveola and frequently extend temporally between
the vessel arcades. In the peripheral retina, the lesions may be scattered or clustered in a
mosaic pattern. Lesions are less well demarcated, less brightly white and more widely
distributed than cotton wool spots.

Vessel discolouration in severe falciparum malaria is seen predominantly in capillaries and
postcapillary venules. Affected vessels appear white, yellow or orange in discrete sections or
peripheral capillary trees.??® Fluorescein angiography has demonstrated some of these vessels

to be devoid of blood flow suggesting obstruction.???

Retinal haemorrhages in severe falciparum malaria occur in all areas of the retina. They are
typically round, oval (intraretinal) or flame-shaped (pre-retinal) with a white centre. Small
dot haemorrhages (deep retina) are also seen but are less common, larger deep round

haemorrhages occurring occasionally.?20222

Whilst papilloedema and retinal haemorrhages can be visualised with an ordinary direct
ophthalmoscope by a non-expert, the distinctive retinal whitening and vessel abnormalities
are often found in the peripheral retina and thus require indirect ophthalmoscopy.?® With
training in indirect ophthalmoscopy, however, 95% of malaria-related retinal changes that
are detected by an ophthalmologist may be observed by a non-ophthalmologist (T.E. Taylor,
unpublished data). The interobserver concordance between ophthalmologists for grading the

severity of malarial retinopathy has also proved satisfactory.?*
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Figure 1.1-4. Examples of retinal changes seen in severe falciparum malaria.

A. retinal whitening, B. retinal haemorrhages, C. retinal vessel discolouration and D.
papilloedema. Images A, B and D are of Bangladeshi adults and were acquired with a
portable retinal camera. Image C is of a Malawian child acquired by the author using a

tabletop retinal camera. All photographs were taken by the author.
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Figure 1.1-5. Areas of the retina used for classification of malaria retinopathy.

The image shown is a photograph of the author’s right eye taken using a tabletop retinal
camera.

Detection of retinopathy in severe falciparum malaria has been proposed as a bedside test to
distinguish African children with cerebral malaria from those with coma due to other
causes.??%2%5 |n particular, patchy retinal whitening and focal changes of vessel colour are
highly specific for encephalopathy due to malaria in children and are therefore most
important to identify.??® This was supported by a large, prospective autopsy study of children
with fatal cerebral malaria in Malawi where it was found that malarial retinopathy was better
than any other clinical or laboratory feature in distinguishing malarial from non-malarial
coma.'® The clinical presentation of paediatric severe malaria with reduced consciousness is
not specific. Up to one-third of comatose malaria film-positive patients in high transmission
areas of the tropics have a non-malarial cause for their coma.??® In high transmission areas,
the high background prevalence of peripheral blood parasitaemia makes the diagnosis of
cerebral malaria more difficult, whereas in low transmission settings the combination of
coma and positive malaria blood film is more specific. There is a more marked seasonality in
retinopathy positive than retinopathy negative cases of cerebral malaria in Malawi further

supporting the hypothesis that the two groups have different aetiologies.??” A review of
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retinopathy negative children with cerebral malaria concluded that P. falciparum may still
contribute to the coma but with variation in the phenotype due to different genetic
susceptibility, partial immunity, coinfection with another infectious agent or a noninfectious
comorbidity.??® As a result, the presence or absence of malaria retinopathy is now being used in

Malawi to confirm a clinical diagnosis of cerebral malaria in research studies.?2%2%

A potential limitation of the use of malaria retinopathy to distinguish patients with coma due
to malaria from those with parasites but coma due to another cause is the lack of data on
retinal findings in unconscious and severely ill febrile individuals in the tropics without
malaria. There have been very few studies examining the retina in patients with, for example,
sepsis, meningitis or encephalitis. Papilloedema is found in some patients with febrile
encephalopathy and raised ICP and white centred haemorrhages are a recognized feature of
bacteraemic sepsis. Both of these signs are part of the spectrum of changes comprising
malaria retinopathy. It is not known whether retinal whitening or retinal vessel changes
similar to those seen in malaria occur in these conditions, although it is plausible that the
systemic ischaemia and prothrombotic state seen in sepsis could also involve the eye. In a
study in Spain, 12% of bacteraemic patients and 5% with sepsis had retinal lesions
comprising cotton wool spots, haemorrhages including white centred haemorrhages (Roth’s
spots), choroiditis and branch retinal artery occlusion. It was not recorded whether any of
these patients were comatose.?! Dengue virus infection is another common cause of severe
febrile illness in the tropics, and an occasional cause of coma. It has long been known to
cause a retinopathy which includes prominent BRB leakage,?*? haemorrhages, cotton wool
spots, retinal artery occlusion, uveitis and/or maculopathy in around 10% of severe cases.?*
There are numerous other causes of severe febrile illness in which retinal changes have not
been studied. There is a clear need for further studies of retinal signs in nonmalarial severe

febrile illness in the tropics. One such study is presented in Chapter 2.

Pathophysiological mechanisms

There is good evidence that the pathological mechanisms which produce the retinopathy
seen in severe malaria are the same as those which cause coma in cerebral malaria. As well
as correlating with disease severity, the retinal changes have histological correlates that
match histological findings in the brain. Sequestration of infected erythrocytes occurs in
retinal microvasculature in the same fashion as the cerebral microvasculature and is thought

to cause the retinal vessel discolouration.?** The number of retinal haemorrhages correlates
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with the density of brain haemorrhages and, like cerebral haemorrhages, they have fibrin at
their centre.?® This is not surprising as the retina is embryologically derived from the same
neuroectoderm as the brain and has the same type of vasculature within a structure of
neurons and glial cells. There are marked similarities in anatomy and physiology of the
microvasculature in parts of these two organs that are relevant to cerebral malaria. In
particular in both organs there are similarities in vessel network architecture, abnormalities
are seen in venous watersheds and there is high metabolic demand. These suggest both
organs are similarly vulnerable to sequestration, venous congestion and a consequent deficit
of delivery of metabolic substrate and ischaemia. The greatest similarity in vascular
architecture is between cerebral white matter and the temporal peripheral retina where
indeed the extent of retinal findings in African children correlates best with changes seen in

the brain post-mortem. 63

Reduced blood flow is the pathological sequel of microcirculatory obstruction. This is
suggested by the histological appearance of cytoadherent erythrocytes containing mature
forms of the parasite sequestered in the microvasculature, narrowing vessel lumens. The
physical obstruction by these rigid cytoadherent parasitised erythrocytes is compounded by
reduced red cell deformability and adhesive forces between infected erythrocytes
(autoagglutination) and between infected and uninfected erythrocytes (rosetting).'?! Impaired
perfusion has been demonstrated in vivo by fluorescein angiography of the retina in 28 of 34
children with cerebral malaria in a study in Malawi.??® The majority of these had vessel
obstruction at the capillary level and associated small zones of non-perfusion. The areas of
non-perfusion matched areas of retinal whitening seen in malarial retinopathy, strongly
supporting the hypothesis that microcirculatory obstruction and resulting hypoxia lead to
retinal whitening. Approximately one-quarter of these patients also had larger occluded

vessels (arterioles and venules) with larger associated zones of retinal non-perfusion.

If these patterns of non-perfusion, with extensive heterogeneity of microvascular obstruction,
are mirrored in the brain then a model is suggested whereby there are multiple small zones of
reduced perfusion resulting in gradients of tissue hypoxia. These may be partially or fully
compensated by adjacent vasodilation and hyperperfusion. These multiple lacunae of
hypoxia or ischaemia would be compatible with the absence of gross neurological deficits in
most patients on recovery and also in keeping with the subtle neurocognitive deficits that are

evident in African children years after an episode of cerebral malaria.?"-2%
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In a later study of 18 Malawian children with cerebral malaria, 5 had little sequestration, no
retinopathy and another cause of death post-mortem. The other 13 all had retinopathy, the
severity of which correlated with the degree of sequestration in the retina and the brain. In
this study, there was evidence of heterogeneous microvascular obstruction with blocked
capillaries and venules being shown adjacent to patent ones. However, although the
percentage of blocked capillaries was discussed in detail, the extent to which heterogeneity
occurred and the scale at which was present were not reported.?*° As with all such studies, a
major limitation is that only the most severe cases can be studied at a single time point.

The retina provides a unique opportunity to observe the central nervous system vasculature
directly and over time during life and therefore to study cerebral vascular pathology and
observe pathological changes as they evolve. A study using indirect ophthalmoscopy in
Malawian children with cerebral malaria found retinopathy to be mostly present at the time
of hospital admission, rarely appearing later. In around half of affected individuals,
retinopathy worsened during the admission but other than an increase in the number of
haemorrhages this was not associated with increased mortality. In 22 patients who were
followed up, retinal whitening subsequently faded in one to two weeks and vascular changes
disappeared over three weeks with some haemorrhages still present at 4 weeks.% There is a
need for more detailed studies of the timecourse of retinopathy and its relation to outcome.
The only other technique that currently allows detailed, direct, relatively non-invasive, serial
observations of microcirculatory blood flow is OPS. OPS has been used to demonstrate
reduced microcirculatory flow in the rectal mucosa in adult patients with cerebral malaria,*?*
although this technique has yet to be employed in children. The severity of flow obstruction
in this study correlated with the severity of disease. The proportion of adults with capillary
obstruction demonstrated by OPS was similar (67%) to that demonstrated in children by
fluorescein angiography (76%).22

The other major hypothesis to explain the pathophysiology of cerebral malaria is the local or
systemic release of inflammatory mediators such as cytokines and nitric oxide.?** The
evidence from the eye goes against this. Retinal whitening is seen more in watershed zones
and not along vessels, as would be expected if a causal substance was ‘leaking’ from the
blood into the surrounding tissues, whereas the former points more towards a perfusion
deficit.

Studies of the integrity of the blood—brain barrier (BBB) in cerebral malaria have relied on

global measures of cerebral spinal fluid composition or on autopsy specimens in those that
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have died. These have been equivocal, showing minor increases in BBB permeability, and
have not demonstrated a breakdown in the BBB to a degree that would account for the
degree of brain swelling. Magnetic resonance imaging in adults suggests the brain is
congested with blood, and not full of water.'®® The retina has a blood-retinal barrier (BRB)
that is structurally and functionally the same as the brain, and its integrity is tested by
fluorescein angiography. Although BRB breakdown occurred in 44% of children with
cerebral malaria, it only affected limited portions of a few vessels and to a minor degree. It
was seen adjacent to ischaemic zones or in areas that had not been perfused but later
recovered. It did not occur in discoloured vessels or vessels narrowed by sequestration.??® A
post mortem study in Vietnamese adults found evidence of blood brain barrier leakage,
particularly in the brainstem, but there was no correlation with the degree of coma.?*? This
suggests that breakdown of the blood-tissue barrier is a non-specific response to severe

disease, possibly as a result of local hypoxia compounded by endothelial dysfunction.

Studies of malarial retinopathy show papilloedema, an indicator of raised ICP, to be
commoner in children than in adults.®:63243-245 Thijs js confirmed by an ongoing series of
studies using MRI of the brain in Malawian children with cerebral malaria where moderate
or severe cerebral oedema was found in 77%?%", severe swelling was associated with death
and confirmed on post mortem.2’® The few studies using brain imaging in adults have shown
cerebral swelling to be much less marked and less frequent.181:246 Post mortem studies in
Vietnam found coma in fatal malaria in adults not to be associated with the degree of
oedema.?*? To date there has been no formal study using brain imaging to examine the
association of cerebral oedema with coma or death in adults. The first such study is

presented in Chapter 5.

Raised ICP can also be detected through its effects on the optic nerve. Transmitted pressure
from the cranial vault to the optic nerve causes oedema, swelling and protrusion of the optic
disc and, when advanced, this is visible to clinicians as papilloedema. Milder forms of
papilloedema are difficult to detect by clinical assessment. A highly sensitive method for
identifying and quantifying swelling in the optic nerve is B scan ultrasound.?*"2%¢ In
Malawian children with cerebral malaria, 49% had evidence of raised ICP using this method
and increased optic nerve sheath diameter (ONSD) was associated with neurological
sequelae. Of the 24% who had papilloedema on fundocopy, 93% were detected on
ultrasound.?*® Studies to date in adult malaria have not used this objective method, instead

relying on subjective ophthalmoscopy which can have considerable inter-observer variability
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for this sign and is frequently unable to detect it at all.>® The first study examining ONSD in

adult severe malaria is presented in Section 3.3.

Sequelae

Although patients with cerebral malaria can have prolonged deep coma, neurological
sequelae in adults are surprisingly rare, at approximately 1%.3* This may be because of the
redundancy of the cerebral microvasculature or redundancy in the cerebral cortex, which can
accommodate small ‘silent’ infarcts. There is substantial heterogeneity of vascular
obstruction, with patent capillaries adjacent to obstructed ones as shown by OPS.?* In
children, neurological sequelae are more frequent; approximately 12% at the time of
discharge in one study® and 3% at 28 days in another,® although the majority resolve. In
Malawian children, the presence of retinopathy on admission in patients with cerebral
malaria does not appear to be a risk factor for epilepsy, developmental disabilities or
behavioural abnormalities.?! There have been no such studies in adults and there have been
no follow up studies of retinal changes in cerebral malaria in any age group.

With frequent and often severe retinal changes in cerebral malaria, it would seem plausible
that vision be in some way be affected. In a study of 162 children with severe malaria, 143 of
whom had cerebral disease, visual acuity at 1 month in the half who attended follow-up
showed no correlation with the severity of retinopathy seen during admission.??2
Methodological difficulties, including the use of a variety of visual assessment tools to
accommodate this heterogeneous group of children in terms of age and patient co-operation,
language and culture, may well have reduced the robustness of their findings. In addition,
acuity was not tested acutely; the first measurement was at 30 days, allowing any temporary
effects on acuity to resolve before testing. It remains unanswered whether retinal whitening
and non-perfusion in the macula affect vision acutely, and whether peripheral non-perfusion

has an effect on visual fields.

Malarial retinopathy in adults

In contrast to African children where there have been extensive systematic studies of malaria
retinopathy for two decades, prior to the studies presented in this thesis there had been only

three studies of retinopathy in severe malaria in adults!®>243-245 and no studies of malarial
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retinopathy in Asian children. An Indian study included 214 adult patients with cerebral
malaria of whom only 34.1% had retinopathy, with only disk pallor being significantly
associated with increased mortality (P < 0.05).24324 The relative frequencies of retinal
changes reported in this study differed significantly from those reported elsewhere. The
second study was done in a mixed group of adults and children in Thailand, of which 144
patients had cerebral malaria.?* It focused on retinal haemorrhages, which were found in
14.6% of patients, there being very few other retinal abnormalities found. Both studies used
predominantly direct ophthalmoscopy and did not state the degree of expertise of the
examiner. A large proportion of retinal changes in malaria are in the peripheral retina??® and
the use of direct ophthalmoscopy by non-experts may account for the low incidences found.
Neither study reported changes in retinopathy over time other than to say ‘recovery was
complete’ in survivors. A more recent study of retinopathy in Bangladeshi adults with severe
falciparum malaria was conducted in parallel to the studies presented in this thesis. This used
nonexpert indirect and direct ophthalmoscopy and found retinopathy in 86% of fatal, 41% of
cerebral and 25% of noncerebral severe malaria. Moderate-severe retinopathy was found to
be an independent predictor of mortality. A small subset of patients underwent retinal
photography which was found to be of similar sensitivity to nonexpert fundoscopy for
detecting retinal haemorrhages but was much more sensitive in detecting retinal whitening.52
A study using film-based retinal angiography in adults to investigate capillary permeability
showed some areas of capillary non-perfusion in the retina, similar to the recent findings in
children.!® It is likely that the technology in this older study would not have been sufficient
to demonstrate all the pathology demonstrated in children with digital angiography and a

modern fundus camera.

Approximately one-third of patients with cerebral malaria die during the acute phase of the
disease. In Subsaharan Africa the majority of these deaths occur in children under 5 years. In
low transmission settings, including most of Asia, the majority of deaths are in adults. If
current efforts across the tropics to eliminate malaria are even partially successful there will
be decreasing transmission intensity and consequent loss of antidisease immunity. In these

areas it is highly likely that the burden of adult severe and fatal malaria will greatly increase.

There is ongoing debate whether the pathophysiological mechanisms leading to cerebral and
severe malaria differ between adults and children although it appears likely to be the case.
Pathology studies in adults show a clear correlation between the extent of sequestration in

the brain vasculature and coma.?®® In adult cerebral malaria, platelets and white cells are
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usually not seen in sequestered segments, whereas in children, in addition to sequestration
there is some intravascular accumulation of mononuclear leukocytes and platelets as well as
the presence of fibrin strands.® Finally, cerebral oedema appears to be much less marked
and frequent in Asian adults than in African children. It has not been established whether
retinal pathology differs between Asian adults and African children, and there have been no
studies of malarial retinopathy in Asian children. The results of the first large study of
falciparum malarial retinopathy using retinal photography in Asian adults and children is

presented in Chapter 2.

Future research

The ability to visualise sequestration and its effects on neurological tissue in vivo raises the
possibility that malaria retinopathy could be used as a disease measure for investigative and
interventional trials. Until now the only reliable indicators of efficacy of new agents have
been an effect on death rates or neurological sequelae. These remain the ultimate measures,
but it may be possible to study more upstream events and earlier effects. Malarial retinopathy
may be a sensitive pharmacodynamic endpoint for the evaluation of such novel therapies.
One such group of therapies may be novel anticoagulants such as heparin analogues, some of
which have been shown to disrupt rosette formation and cytoadherence in ex-vivo human

studies.?*

Conclusion

It is likely that the retinopathy seen in severe malaria and malarial coma are manifestations
of the same pathophysiological mechanisms acting at related anatomical sites. To date, no
technique has allowed direct examination of the small blood vessels of the brain, although
examination of a number of surrogate markers has led to the conclusion that obstruction of
microcirculatory flow is an important contributor to cerebral malaria. Retinal blood vessels
are identical to those in the cerebrum and can be examined relatively easily. They provide a
unique opportunity to increase our understanding of this still enigmatic disease. Recent
clinical and pathological investigations suggest that multiple foci of capillary obstruction are
important in the pathophysiology of severe malaria, and that breakdown of the BBB is a

limited and secondary phenomenon. There is evidence of important differences in the
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pathogenesis of cerebral malaria between children and adults and further study of this is
urgently needed. Study of retinal changes in falciparum malaria could provide a platform for
evaluation of better treatment strategies for cerebral malaria, as well as a potential tool for

improving diagnosis and prognostication in cerebral malaria.
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1.2 Summary

This thesis presents a series of studies on severe malaria in Asian adults using malarial
retinopathy as a tool to study the pathogenesis of cerebral malaria and whether it differs from
that seen in African children, to explore its potential role as a diagnostic and prognostic
marker, to examine its effect on visual function and to explore its potential role as a
diagnostic and prognostic marker and, it is hoped, as a possible surrogate endpoint for
clinical trials of adjunctive therapy. They include simultaneous assessment by a range of
other complementary tools such as MRI of the brain, ultrasound of the optic nerve head,
automated image analysis of retinal vessel tortuosity, and known correlates and markers of
systemic microvascular function in the peripheral blood: parasite biomass, lactate and red
cell deformability. In this way it is hoped a more comprehensive picture of the complex
pathogenesis of coma in malaria can be derived and greater understanding of the role of

microvascular obstruction obtained.

Unlike previous studies on malaria retinopathy these studies also directly compare findings
across the full spectrum of clinical P. falciparum malaria: cerebral versus noncerebral severe
versus uncomplicated and fatal versus nonfatal disease; and with uncomplicated and severe
P. knowlesi malaria, healthy individuals, sepsis and nonmalarial febrile encephalopathy.
Additionally for the first time, direct comparison of retinal changes in falciparum malaria is
made between adults and children in the same population. This range of subjects enrolled
allows exploration of the potential role of malaria retinopathy in assisting diagnosis and
predicting prognosis, as well as being able to assess its potential role as a surrogate marker

for clinical trials of adjunctive therapies.

Alongside these studies, a series of fluorescein angiograms has been collected using a novel,
low-cost method. This method is described in detail and preliminary results are presented.
These angiograms are currently being graded and a new classification scheme for
angiographic features in cerebral malaria is being developed. Once completed, this will
allow further detailed study of the microvascular changes in adult cerebral falciparum
malaria and comparison of the underlying pathogenic mechanisms with those seen in African

children.
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1.3 Aims of this thesis

Research question:

What is the potential contribution of malarial retinopathy to understanding the pathogenesis

and improving the management of cerebral malaria in adults?

Specific aims:

1.

Describe the spectrum of retinal changes in P. falciparum malaria in adults and its
specificity compared to sepsis, non-malarial febrile encephalopathy and healthy
individuals. Thus explore the utility of malarial retinopathy as a diagnostic marker for

falciparum malaria.

Determine the relationship between retinal findings and disease severity and outcome in
P. falciparum malaria. Thus explore the utility of malarial retinopathy as a prognostic

marker for falciparum malaria.

Investigate the microvascular pathogenesis of malarial retinopathy and how this relates

to cerebral P. falciparum malaria in adults.

Compare retinal findings in severe malaria in adults and children in the same

population.

Investigate the role of raised intracranial pressure in the pathogenesis of cerebral

malaria in adults.

Describe the spectrum of retinal changes in P. knowlesi malaria as compared to P.

falciparum malaria.
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Retinopathy in P. falciparum malaria

Malarial retinopathy as a diagnostic, prognostic and pathogenic marker in P. falciparum

malaria in Asian adults and children

2.1 Abstract

Studies of malaria retinopathy in falciparum malaria have mainly focussed on comatose
African children. Retinal changes in adults with severe malaria and severely unwell patients
without malaria have been less well studied and the specificity, pathogenesis, diagnostic and
prognostic value of malarial retinopathy in adults are not known. 451 patients of all ages
with severe severe (112 cerebral, 68 noncerebral severe) and uncomplicated (125)
falciparum malaria, sepsis (43), nonmalarial encephalopathy (41) and healthy individuals
(62) were enrolled between 2008 and 2012 in Bangladesh and India. Patients underwent
detailed clinical assessment including retinal photography using a portable camera. Malarial
retinopathy was present in 91% and 88% respectively of patients with cerebral and fatal
malaria, was highly specific for malarial coma, predicted development of coma in
noncomatose patients with malaria and predicted mortality in severe malaria. The severity of
macular whitening correlated with a decrease in visual acuity but it was not clear if this was
a specific effect to malaria. The prevalence of retinal whitening and haemorrhages were
similar to that described previously in African children but retinal vessel discolouration was
absent and papilloedema rare. Contributors to, and markers of, microcirculatory obstruction
were highly correlated with macular whitening suggesting microcirculatory obstruction by
sequestered parasites has a central role in the pathogenesis of retinal whitening and coma.
Malarial retinopathy can be used to study the CNS microvascular pathogenesis of cerebral
malaria and has potential as a diagnostic and prognostic bedside marker in severe falciparum

malaria.

2.2 Introduction

Retinopathy of severe P. falciparum malaria has been well described in African children and
its severity correlates with mortality and duration of coma in patients with cerebral malaria?.
Around two thirds of such patients have retinopathy that can be seen using an indirect

ophthalmoscope,?* whereas patients with non-severe falciparum malaria have mild or no
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retinopathy.?'® The retinopathy of severe falciparum malaria has some features that are unique
to this disease.?!%22° The pathological mechanism that produces the retinopathy seen in severe
malaria is thought to be the same as that which causes coma in cerebral malaria. The retina
has the same type of vasculature as the brain and microcirculatory flow dysfunction is thought
to be important to severe malaria at both sites. This flow dysfunction is mainly caused by the
phenomenon of cytoadherence of erythrocytes containing mature forms of the parasite leading
to sequestration in the microvasculature. In addition, a reduction in red cell deformability and
adhesive forces between infected erythrocytes (autoagglutination) and between infected and

uninfected erythrocytes (rosetting) play a role.3****

The retina provides a unique opportunity to directly observe CNS vasculature, thus allowing
the possibility to study CNS vascular pathology directly. Post-mortem studies looking at the
eye in African children who died of cerebral malaria found large numbers of sequestered
parasites blocking small retinal blood vessels,** mirroring changes seen in post mortem

studies in the brain in Asian adults.?®

Despite these similarities, there are also differences in clinical features and pathological
changes seen in cerebral malaria between African children and Asian adults. These include
less prominent cerebral oedema, fewer neurological sequelae and higher mortality in adults. It
is not clear how similar falciparum malarial retinopathy is to that seen in children. There have
been no studies of retinopathy in Asian children.

There have been several previous studies of retinopathy in severe falciparum malaria in
adults 61223243244 An Indian study included 214 patients with cerebral malaria of whom only
34.1% had retinopathy; with only disc pallor being significantly associated with increased
mortality (p<0.05).223243 The relative frequencies of retinal changes reported in this study
differed significantly from those reported elsewhere. Another study was done in a mixed
group of adults and children in Thailand, of which 150 patients had cerebral malaria.?** It
found retinal haemorrhages in 14.6% of patients, there being very few other retinal
abnormalities described. Both studies used predominantly direct ophthalmoscopy and did not
state the degree of expertise of the examiner. More recently malarial retinopathy has been
shown to be of prognostic value in Bangladeshi adults, even when assessed by non-expert

examiners.%®

Retinal examination by ophthalmoscopy is subjective thus a digital retinal camera was used in
place of ophthalmoscopy in another study in Bangladeshi adults. This found much a higher

prevalence of retinal findings (70% in cerebral malaria) and correlations between severity of
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retinopathy and severity of malaria and blood lactate.?!® Acquisition and storage of images
with digital photography enables result verification by a second masked observer and objective
analysis to minimise bias. This is more objective than examination by indirect and direct

ophthalmoscopy.

The first large study of P. falciparum malaria retinopathy using retinal photography in adults
is presented. The aims were to establish the specificity of retinal changes for cerebral P.
falciparum malaria in adults, compare findings in adults with those in children, quantify their
prognostic value, investigate the microvascular pathogenesis of malaria retinopathy, and

determine the effect of retinopathy on visual function.
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2.3 Methods

2.3.1 Study site and patients

The studies presented in this Chapter were conducted in Chittagong Medical College
Hospital, Chittagong, Chittagong Division, Bangladesh and Ispat General Hospital,
Rourkela, Orissa, India. These are large tertiary referral hospitals with limited facilities for
oxygen therapy, blood transfusion, intensive care and renal dialysis. Malaria transmission is
seasonal and low intensity in these locations. Recruitment of subjects was from June 2008 to
August 2012 in Bangladesh, October 2010 to December 2012 in India.

Ethical approval

Ethical approval for the studies was obtained from the University of Oxford Tropical
Research Ethical Committee, the Bangladesh Medical Research Council Ethical Committee

and the Ispat General Hospital Ethical Committee.

Enrolment

Consecutive patients of all ages admitted to the medical wards were screened for eligibility
against the inclusion and exclusion criteria listed below. Eligible individuals were enrolled as

soon as possible after admission.
Inclusion and exclusion criteria
Inclusion Criteria
1. The patient or attending relative is able and willing to give written, informed consent

in the local language

Plus one of:

Severe falciparum malaria as defined below
Uncomplicated malaria as defined below

Sepsis as defined in the below

o b~ w DN

Healthy volunteers. These were members of the research team or local hospital staff

assisting with the study

Exclusion Criteria

1. Patient is unable or unwilling to cooperate with eye examination
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2. Contraindications to tropicamide and/or phenylephrine eye drops, such as angle
closure glaucoma or documented allergy

3. Patients having severe corneal scarring or cataracts in both eyes therefore precluding
ophthalmoscopy and retinal photography

4. Known allergy to fluorescein (contraindication to angiography only)
5. Known allergy to anaesthetic eye drops (contraindication to orbital ultrasound only)

Note: if patients were excluded from the study they were immediately referred to the

ward doctor along with the results of the initial investigations.

Note: pupillary dilatation in severely unwell individuals may cause concern for treating
physicians who will then temporarily be unable to monitor pupil size and reactivity for
around 2 to 4 hours. Although treating physicians should be notified when drops have
been inserted and the time recorded, pupillary size and reactivity are likely to be of
limited value in cerebral malaria as lateralised, expanding lesions causing uncal
hernation and compression of the third cranial nerve have not been seen. Rather, as for
other causes of medical coma, pupillary dilatation is likely to be a late event

accompanied by other signs of brainstem dysfunction.??°

Criteria for cerebral malaria®®
1. Positive peripheral blood film with asexual forms of Plasmodium falciparum
plus

2. GCS <11 (adults) or BCS<3 (preverbal children)

Criteria for noncerebral severe malaria®*®

1. Positive peripheral blood film with asexual forms of Plasmodium falciparum
plus

2. GCS >11 (adults) or BCS>3 (preverbal children)

plus

3. Any of the following (modified World Health Organisation criteria):
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e Haematocrit < 20 % with parasite count > 100,000/ mm?

e Jaundice with bilirubin > 2.5 mg/dl with parasite count > 100,000/ mm?

e Serum creatinine > 3 mg/dl with urine < 400 ml/24 hours

¢ Hypoglycaemia with venous glucose < 40 mg/dl

e Systolic blood pressure < 80 (adults) <70 (children) mmHg with cool
extremities

e Peripheral asexual stage parasitaemia > 10 %

e Peripheral venous lactate > 4 mmol/Il

e Peripheral venous bicarbonate < 15 mmol/I

¢ Respiratory insufficiency
Criteria for uncomplicated malaria®®

Positive peripheral blood film with asexual forms of Plasmodium falciparum but not

meeting criteria for cerebral or noncerebral severe malaria

Criteria for non-malaria encephalopathy
Negative peripheral blood film for Plasmodium species* plus the following criteria:

e GCS of <11 or Blantyre Coma Scale of <3 (preverbal children)

Criteria for bacterial sepsis®”

The presence of an infection other than malaria (negative peripheral blood film for
Plasmodium species*) or non-malaria encephalopathy (GCS >10) in combination
with systemic inflammatory-response syndrome, as indicated by at least 3 of the

following criteria:

e acore temperature of >38°C or <36°C

e a heartbeat of 90 beats/min
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o either a respiratory rate of 20 breaths/min, a PaCO2 of _32 mmHg, or the
use of mechanical ventilation for an acute respiratory process
e either a white-cell count of 12*10°%L or 4 10%L or a differential count
showing 10% immature neutrophils
As bacterial culture was not routinely available at the study sites, positivity of cultures

was not required.

Criteria for healthy individuals

¢ No known acute illness.**

e Reside within catchment area of study hospital.

*Note a negative peripheral blood film is the standard clinical method for ruling out malaria.
Although there is a possibility of a blood film appearing negative in patients with falciparum

malaria and a high degree of parasite sequestration, this is extremely rare. |

**Note it is possible for an asymptomatic individual with a very low parasitaemia to appear
negative on a peripheral blood film but be positive on ultrasensitive PCR thus possibly being
classed as a healthy control. The epidemiological and clinical significance of such cases is
not clear, the infection possibly being transient, In the absence of any other clinical sequelae

it would seem unlikely that such infections would incur significant retinal changes.
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2.3.2 Clinical assessment

History and Examination

On enrolment a full history and physical examination were carried out. The history included
recent symptoms, past medical history and medication history. In addition, specific questions
were included on recent visual symptoms and history of conditions and medications that could
affect the eye examination and retinal appearances. These are listed in the data collection form

in Section 10.2.2.

Examination included a full physical examination and recording of vital signs. The recording
form for visual function examination is provided in Section 10.2.3. Pupillary size and reaction
to light were recorded. Visual acuity was assessed by Snellen chart (converted to logMARZ®
for analysis) where possible or the best of detection of light, hand or finger counting where
not. Visual fields were assessed by confrontation. Colour vision was assessed using the
Ishihara test and macular function using an Amsler grid. Many individuals with decreased

consciousness were unable to complete a visual function exam on enrolment.

2.3.3 Investigations

Haematology and Biochemistry

Venous blood was obtained on enrolment for haemoglobin, haematocrit, platelet count,
white cell count and biochemistry including urea and electrolytes, liver function tests,,

plasma glucose, plasma lactate and serum bicarbonate.

Parasite counts and PfHRP2-derived parasite biomass

In patients with P. falciparum malaria, a peripheral blood smear was taken to quantify the
number of parasites per microliter, calculated from the number of parasites per red blood cell
in thin smear or, where thin smears were negative, the number of parasites per white blood

cell in thick smears using the following formulae:

Thin smear:

Parasites/pl = parasites per 1000 RBC * haematocrit(%) * 125.6
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Thick smear:
Parasites/pl = parasites / number of white cells counted * WBC(cells/mm?3) * 1000

In addition, PFTHRP2 was quantified on enrolment in venous blood using a quantitative
antigen-capture enzyme-linked immunosorbent assay (ELISA). In brief, samples were tested
with the malaria Ag Celisa kits (Cellabs, Sydney, Australia) using a sandwich ELISA. These
kits detect PfTHRP2 protein produced by the parasite by a monoclonal antibody-based assay.
This protein is specific to P. falciparum. Samples were added to microwells pre-coated with
monoclonal capture antibody alongside serial dilutions of an HRP2 standard solution. These
plates were incubated for 1 hour and read spectrophotometrically in a Bio-Tek ELX 808 TM
plate reader (Bio-Tek Instruments, Winooski, Vermont, USA). The reading from the
standard solution were used to construct a titration curve to convert titres to actual
concentrations of PFHRP2. Parasite biomass per microliter was calculated using a method
described previously.?® The sequestered parasite biomass per microliter was calculated by
subtracting the peripheral parasite count-derived biomass per microliter from the HRP2-

derived biomass.

Red blood cell deformability

Red blood cell deformability was measured on enrolment using a laser-assisted optical
rotational cell analyser (LORCA; Mechatronics, Hoorn, The Netherlands).*?? This method
applies a defined shear stress to a suspension of red blood cells in a highly viscous medium
(5% polyvinylpyrrolidone in phosphate-buffered saline) at 37°C in a small space between
two concentric rotating cylinders. Due to this shear stress, the cells deform into an elliptical
shape to varying degrees depending on how stiff they are. A laser beam passed through these
cells forms a diffraction pattern from which can be derived an Elongation Index (EI) which
indicates the mean ellipticity of the red cells i.e. the mean amount that the red blood cells are
deformed by the shear stress. El is defined as the length of the long axis of the diffraction
pattern minus the short axis divided by the length of the long axis plus the short axis. The El
is determined by computer analysis of the diffraction pattern using iso-intensity lines for
curve fitting. In this study, red blood cell deformability was assessed at shear stresses of
0.30, 0.53, 0.95, 1.69, 3.00, 5.33, 9.49, 26.87 and 30.0 Pa. Shear stresses in vivo in
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capillaries correspond approximately to 30.0 Pa, in arterioles to 9.49 Pa and in venules to 1.7
Pa.

2.3.4 Fundoscopy and retinal photography

Fundoscopy

As soon as possible after enrolment, all patients underwent dilated fundoscopy and retinal
photography. First, external orbital and pupillary examination were performed. Patients were
then were given mydriatic eye drops consisting of phenylephrine plus tropicamide. Once
mydriasis was achieved, indirect ophthalmoscopy was performed in both eyes to check for

fundal visibility and for gross retinal changes.

Retinal photography

Next, digital photographs were taken of both retinas using a retinal camera. In Chittagong and
in most patients in Rourkela, this was using a portable retinal camera (Kowa Genesis D, Kowa,
Japan) following a 9 field protocol (Figure 2.3-1). This camera has a 50° field of view and
resolution of 2 megapixels per image. The 9 field protocol captures a large part of the
peripheral retina where many of the changes of malarial retinopathy are found. In Rourkela, a
small number of patients underwent retinal photography with a tabletop retinal camera where
portable retinal photography was unavailable due to operator absence. This used a 50° field of

view and covered the same overall area as in Figure 2.3-1.
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Figure 2.3-1. The 9 field retinal photography protocol.

Where possible, retinal photography was repeated daily until discharge and patients were
invited to return for further retinal photography at weekly intervals until resolution of any
visible retinopathy. Note analysis of these follow-up photographs is not included in this
thesis as the very large number of retinal photographs is still being analysed.

In 2010-2011, a subset of patients in Bangladesh underwent fluorescein angiography using
the method described in Section 4.2. A small number of patients in India underwent
fluorescein angiography using a tabletop retinal camera. The selection of individuals for
fluorescein angiography was determined by whether they tolerated colour photography
sufficiently well and the availability of equipment. Note analysis of these angiograms is not
included in this thesis as the images are currently being analysed. Example images are

shown in Section 4.3.

Retinal images were stored digitally and anonymised. They were then examined at a later date
by a single expert masked observer for grading of the severity of any retinal abnormalities
present. All images were graded on 2 separate occasions by the same observer and the results
compared to assess intra-observer agreement. In addition, a subset of images were re-graded
by a second independent expert observer to assess inter-observer agreement. Retinal images
were graded as mild, moderate or severe retinopathy according to a previously published
classification of malarial retinopathy.?®® This classification includes retinal haemorrhages,
retinal whitening, vessel discolouration and papilloedema as features of malarial retinopathy

and is presented in full in Appendix 10.1.The form used is shown in Section 10.2.4. In addition
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to this classification, numbers of retinal haemorrhages were recorded for each patient as a

continuous measure.

Retinal vessel tortuosity

Blood vessel width and tortuosity were measured from the retinal images as described
previously??, Briefly, the Vessel Assessment and Measurement Platform for Images of the
REtina (VAMPIRE; version 2.0, Universities of Edinburgh and Dundee, UK) applied a
multi-scale, 2-D Gabor wavelet which transformed the fundus images to emphasize the
appearance of vessels. Additionally a supervised pixel classification was guided to measure
vessels by a Bayesian classifier. This is where the software builds a probabilistic model of
the features consistent with a vessel and uses this model to predict the classification of a new
area of the image as vessel or non-vessel. A trained user then manually identified regions of
vessels for tortuosity or width measurements. For tortuosity, the algorithm integrated axis
curvature and vessel width of chosen segments.?®2 To measure vessel width the algorithm
measured pixel widths perpendicular to an estimated vessel axis. Where images allowed the
major saccadic vessels were sampled at one disc diameter from the disc, two disc diameters
and three disc diameters from the disc edge. As normal ranges for the VAMPIRE parameters
had not yet been established, data from 30 healthy individuals recruited in a separate study

were used for comparison.

2.3.5 Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.01 (GraphPad Software,
Inc, La Jolla, USA). Intergroup differences were compared using unpaired t test with
Welch’s correction for normally distributed data or Mann-Whitney test for nonnormally
distributed data. For non-normally distributed where possible it was log transformed and
parametric tests applied. Distributions were compared using the Kolmogorov-Smirnov test.
For comparison between multiple groups, one-way analysis of variance with Bonferroni’s
correction was used for nonpaired normally distributed data. For nonparametric data, the
Kruskal Wallis test was used for multiple comparisons with Dunn’s test to correct for
multiple comparisons. Comparison of categorical variables was by Chi Square or Fisher’s

exact test. P for trend was used to assess correlation of variables with severity of malaria.
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2.4 Results

2.4.1 Patients recruited

Subjects were recruited in Chittagong and Rourkela. Overall, 451 patients met eligibility
criteria, were enrolled and successfully underwent retinal photography, as listed in Error!

Reference source not found.. Most patients were adults (402/451 (89%)) and a small number

of children were also recruited in each group.

Table 2.4-1. Summary of subjects recruited in Chittagong and Rourkela.

Bangladesh India  Age <16 years Total

Malaria P. falciparum 256 49 38 305
Cerebral malaria 99 13 11 112
Noncerebral severe malaria 51 17 5 68
Uncomplicated malaria 106 19 22 125
Controls Sepsis 43 0 5 43
Encephalopathy 41 0 5 41
Healthy 62 0 1 62
Total 402 49 49 451

Three subjects were excluded on screening due to having severe cataracts which precluded
retinal photography. Cataracts were found in 121 patients but most were very mild and had
no effect on retinal examination. Unilateral corneal scarring was found in 9 patients
restricting fundal examination to one eye only. One patient had had unilateral enucleation of
the eye. No patients gave a history of glaucoma and none were allergic to mydriatic eye
drops.

The baseline characteristics of recruited patients with severe malaria, uncomplicated malaria,
sepsis, encephalopathy and healthy subjects are summarised in Error! Reference source not
found.. For reference, normal ranges for laboratory tests are provided in Appendix 10.3.
Median age was similar between groups except those with uncomplicated malaria were
younger than healthy individuals and those with encephalopathy. There were more males

than females in those with malaria and healthy individuals but not the other groups. The
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markers of severe malaria present on enrolment in the 180 patients with severe malaria are
shown in Table 2.4.3.
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Table 2.4-2. Baseline characteristics of recruited patients in each group in Chittagong and

Rourkela.
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In those with severe malaria, coma, hyperlactataemia and acidosis were commoner and
PfHRP2 higher in those with retinopathy than those without. There were no differences in

other severity markers or baseline blood results.

Table 2.4-3. Mortality, severity indicators and selected blood results present on
enrolment in patients with severe malaria with and without retinopathy.

* = geometric mean (95% Cl)

Retinopathy No retinopathy
n= 146 n= 34
Died 49 (34%) 5 (15%) 0.04
Cerebral malaria (GCS < 11) 98 (67%) 14 (41%) 0.005
Venous lactate >4 mmol/I 72 (49%) 9 (26%) 0.02
. . oy
Generalized convulsions (22 in 24 40 (27%) 9 (26%) 0.9
hours)
Acidosis (venous bicarbonate <15 40 (27%) 3 (9%) 0.02
mmol/I)
Rena.l failure (creatinine >3g/dL or 28 (19%) 6 (18%) 0.9
anuria)
Jaundice (bilirubin >2.5 mg/dl + o o
parasites >100,000/mm3) 24 (16%) 6 (18%) 0.9
Hyperparasitaemia (>10%) 25 (17%) 3 (9%) 0.3
Severe anaemia (Hct < 20% +
1 9 2 9 7
parasites > 100,000/mm?3) 3 (9%) (6%) 0
Spontaneous bleeding 5 (3%) 1 (3%) 1
Sho'ck (SYStOlIC BP<80 + cool 3 (2%) 0 (0%) 1
peripheries)
Hypoglycaemia (blood glucose <40 1 (1%) 1 (3%) 03
mg/dl)
Pulmonary oedema 2 (1%) 0 (0%) 1
. . - (18436 - (8351 -
Parasitaemia (cells/mm?) 27698 41612) 21556 55644) 0.6
(1778 - (321-
%
PfHRP2 (g/uL) 2194 2708) 643 1288) <0.0001
Peripheral white blood cell count (8.4 - (6.6 -
2 . Nl
(cells/mm3)* 9 10.1) 78 9.1) 0
23 -
Platelet count (cells/mm3)* 32 (29-36) 36 5553) 0.5
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Mortality was higher in those with retinopathy. The median (interquartile range) of time to
death for those with cerebral malaria was 48.5 (24.3-86.5) hours and those with noncerebral
severe malaria 72.5 (31.4-138.0) hours.

The history of premorbid conditions, recent symptoms and consumption of medications
which can cause changes in visual function or retinal appearance are listed in Table 2.4-4.
Note that for patients who were too unwell to provide answers themselves, the history was
provided by their attendants. Comorbid conditions and medications were unlikely to have
significantly influenced the prevalence of retinopathy in each group. Comorbidities were
present in a small minority of each group and cumulative doses of medications were low. Of
note, 84 individuals had previously had malaria, 45 of whom had retinal changes (0 healthy,
2 sepsis, 3 encephalopathy and 40 malaria). None of those with sepsis, encephalopathy or
healthy individuals who had retinal changes had had malaria within the past year. Premorbid
diabetes mellitus was present in 10 individuals, 6 of whom had mild retinal changes (1
healthy, 1 sepsis and 4 malaria; 5 had haemorrhages and 4 whitening). Thirty individuals
had a past history of hypertension (5 sepsis, 5 encephalopathy, 9 healthy and 11 malaria), 8
of whom had mild retinal changes and 3 had moderate retinal changes (6 had haemorrhages
and 11 whitening). Although a high proportion of individuals with malaria had had quinine,

this was of duration 7 days or less and a total amount insufficient to cause retinal changes.
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2.4.2 Retinal photographs

Most patients underwent retinal photography with a portable retinal camera. In India, some
individuals with malaria (2 cerebral, 4 noncerebral and 10 uncomplicated) were
photographed with a wide field tabletop retinal camera when the portable retinal camera was

not available. Indicators of the quality of retinal photography are shown in Table 2.4.-5.

Table 2.4-5. Quality indicators for retinal photography.

Cerebral Noncerebral Uncomplicated  Sepsis  Encephalopathy Healthy

Image clarity
Ungradable 2.7% 1.5% 4.8% 2.3% 4.9% 0.0%
Marked blurring 16.1% 14.7% 9.7% 9.3% 22.0% 9.7%
Mild blurring 79.5% 75.0% 72.6% 60.5% 51.2% 72.6%
No blurring 1.8% 8.8% 12.9% 27.9% 22.0% 17.7%
Number of photographs
>
29 ph:$:§ both 75 394 77.4% 72.2% 69.0% 64.1% 51.6%
>9 photos 21 eye 92.5% 87.1% 89.8% 88.1% 92.3% 79.0%
Median (IQR) 41 30 24 (12685_ 24 21
photos/person (23-54) (17.5-51) (16-39) 42 '5) (17-34) (10-30)
Coverage
Macula 97.2% 100.0% 96.6% 100.0% 100.0% 98.4%
Temporal 86.1% 83.3% 86.4% 95.2% 87.2% 88.7%
Superior 94.4% 92.4% 94.9% 100.0% 97.4% 95.2%
Nasal 95.4% 89.4% 88.1% 97.6% 97.4% 90.3%
Inferior 94.4% 97.0% 95.8% 95.2% 100.0% 96.8%
Any peripheral 97.2% 100.0% 97.5% 100.0% 100.0% 98.4%

Image clarity was defined as follows: ungradeable = none of the images contained
identifiable retinal vessels or fovea; marked blurring = all areas of the retina were blurred;
mild blurring = some retinal areas were blurred and some clear but retinal vessels and fovea
were easily identifiable in all areas; no blurring = all retinal areas were clear. Coverage was
defined as follows: for peripheral retina: at least 1 gradable image with >2/3 covering the

relevant area; for macula: at least 1 gradable image centred on the fovea.

In all groups, the majority of individuals tolerated retinal photography well and >9 gradable
photographs were obtained. The median (IQR) number of retinal photographs taken per eye

was 14 (10-23.75). Blurring of retinal photographs was commonly encountered and was due
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to a variety of factors including dessication of the cornea, roving eye movements,
nystagmus, occult seizure activity and voluntary eye movements. In the few individuals in
whom retinal photographs were unreadable, examination was completed by indirect

ophthalmoscopy.

Intra-observer and interobserver agreement for grading of retinal photographs were high.
Overall grading of retinopathy (none, mild, moderate or severe as defined in Appendix 10.1)
on two separate masked readings of retinal photographs from each eye by the same observer
matched in 96% of cases. A second independent observer graded photos from 10 patients
and the overall grading of retinal findings matched that of the first observer in 100% of

cases.
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2.4.3 Retinopathy as a diagnostic marker

Overall retinopathy

Overall retinal findings in each group are summarised in Figure 2.4-1.

1009 Overall retinopathy

90+ Grade of retinopathy

Mild
80+ Moderate
70 === Severe
60 -
50

Percentage of patients

20+
N -
0 T T T

He, Y Sepe: Ep, Un No Ce, Fat

althy “Psis cePhalop::;,TPIicatZZe’ ebrgy C0ral
Figure 2.4-1. Frequency and severity of retinopathy in patients of all ages with malaria,
sepsis, encephalopathy and healthy controls.

Severity is defined in Appendix 10.1.

Retinopathy was commonest and most severe in fatal (49/54 (91%)) and cerebral (98/112
(88%)) malaria. In those with noncerebral severe malaria retinopathy was less common
(48/68 (71%)) than in those with cerebral malaria (p=0.005). This difference was more
marked for moderate-severe retinopathy (33/54 (61%) fatal; 67/112 (60%) cerebral versus
23/68 (34%) of noncerebral severe, p=0.0006). In those with uncomplicated malaria,
retinopathy and moderate-severe retinopathy were much less frequent than in noncerebral
severe malaria (57/125 (46%), p=0.0007 and 18/125 (14%), p=0.0018 respectively).

When using the presence or absence of retinopathy to distinguish between severe and
uncomplicated malaria in conscious individuals the sensitivity and specificity for severe
malaria were 78% and 46% with positive predictive value (PPV) 54% and negative
predictive value (NPV) 71%. The associated relative risk (RR) (95% CI) of severe malaria in
those with retinopathy was 1.9 (1.2-2.8).

The differences between groups appeared to be more marked in adults than in children

(Figure 2.4-2) but inferences were limited by the small number of children recruited. In
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adults, 92% with fatal, 87% with cerebral, 73% with noncerebral severe and 44% with
uncomplicated falciparum malaria had retinopathy, as compared to 75%, 91%, 40% and 55%
in children. There were no significant differences in the frequency of retinopathy between
adults and children for those with fatal, cerebral or noncerebral severe malaria, sepsis or
healthy individuals. Retinopathy was commoner in children with encephalopathy than in
adults (p=0.05), due to 3/5 children having papilloedema, a feature not seen in the children
with cerebral malaria.

100 Adults 100+ Children
90+ Grade of retinopathy 90+ Grade of retinopathy
Mild Mild
i 804 Moderate @ 804 Moderate
E 70 === Severe E 704 = Severe
§ 60 § 604
s s
2 %7 s 5
£ 40+ S 40+
5 5
S 30~ O 30+
g [
204 & 204
10 = 10
0 n=61 n=38 0 n=1 n=s =2
Heapy,  Seps;. En Un, No Ce Fay, He, Seps;. & [7 N c F,
th Psig Cg, Co, . YOnce rep, al alt, s, Ncg, Nco, None, Crep, atay
y Phatops, ’h';phc‘,te‘, Tobrg, - Oral thy is nha’%aghr:p”cate;reb’a y oral

Figure 2.4-2. Frequency and severity of retinopathy in adults and children with malaria,
sepsis, encephalopathy and healthy controls.

Severity is defined in Appendix 10.1.

Although less common than in severe malaria, retinal changes were also found in 33% of
patients with sepsis, 37% of those with encephalopathy and 10% of healthy individuals.
Other than papilloedema in 4/41 (10%) patients with encephalopathy, retinal changes in
these control groups were mostly mild and unilateral whereas changes seen in those with
malaria were more often moderate-severe and were mostly bilateral (Figure 2.4-3). Of those
with moderate-severe retinal changes, these were bilateral in 0% of healthy individuals, 0%
of sepsis, 25% of encephalopathy, 89% with uncomplicated malaria, 97% of cerebral malaria
and 97% of fatal malaria. On questioning, out of those with retinal signs, 16% of those with
sepsis, 15% of those with encephalopathy and 2% of healthy individuals, had had previous
malaria, or had underlying diabetes, hypertension or anaemia. Medications which can affect
the retina had been taken by 33%, 40% and 0% of those with retinal changes, respectively,
although most were only short courses of <7 days therefore unlikely to cause visible retinal

damage. Thus most of the mild changes seen in these groups were unexplained.
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Figure 2.4-3. Frequency and severity of retinopathy excluding papilloedema and in those
with bilateral changes only in patients of all ages with malaria, sepsis, encephalopathy
and healthy controls.

Severity is defined in Appendix 10.1.

In patients with coma, 98/112 (88%) patients with cerebral malaria and 15/41 (37%) patients
with non-malarial encephalopathy had retinal changes (p<0.0001). This translates to a RR of
cerebral malaria in those with coma and retinal changes of 2.5 with sensitivity of 88% and
specificity of 63%. The PPV was 87% and NPV 65%. When papilloedema was excluded, the
RR increased to 2.7 with sensitivity 88% and specificity 71%. For moderate-severe
retinopathy and excluding papilloedema, RR was 1.8 (1.5-2.2) with sensitivity 59% and
specificity 95%.

Despite the differences in prevalence and severity of retinopathy between groups, it was not
possible to define clear cut-offs. This was in part due to the heterogeneous nature of the

lesions which varied in size and location and clarity and in some cases overlapped.

Papilloedema

Unilateral swelling of the optic disc consistent with papilloedema was seen in 2 patients with
severe malaria, 1/112 (1%) with coma who survived and 1/68 (1%) without coma who died
(Figure 2.4-4). Both were adults. Neurological examination was otherwise normal and the
patients had no neurological symptoms. Neither underwent brain imaging, the first because
of lack of scanner availability and the second because they died 12 hours after admission
before imaging could be done. One possibility is that this swelling of the optic disc was due

to unilateral optic neuropathy for example due to anterior ischaemic optic neuropathy
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(AION) although it was not possible to confirm with available diagnostic tools.
Papilloedema was seen in 6/41 (15%) of those with encephalopathy (3 children, 3 adults

(Figure 2.4-5)) and none with sepsis or healthy individuals.

Figure 2.4-4. Papilloedema and severe white-centred retinal haemorrhages in

Bangladeshi adult with cerebral malaria.

Composite retinal photograph of right eye. Papilloedema in this patient was unilateral and
confirmed on indirect ophthalmoscopy. There were also multiple severe peripapillary flame-
shaped haemorrhages. One possible cause of the papilloedema is unilateral optic neuropathy

although it was not possible to confirm this with available diagnostic tools.
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Figure 2.4-5. Papilloedema in Bangladeshi child with nonmalarial febrile encephalopathy.

Single retinal photograph of left eye. Papilloedema was bilateral in this patient.

Retinal haemorrhages

Retinal haemorrhages were present in all groups but were commonest in fatal (54%) and
cerebral (52%) malaria (Figure 2.4-6). Most individuals in all groups had mild haemorrhages
(1-5 total in both eyes). The median number of haemorrhages was greater than in healthy
individuals in all groups other than encephalopathy (p<0.0001, Figure 2.4-7). More patients
with cerebral malaria than noncerebral severe malaria had haemorrhages (50% vs 34%,
p=0.03) but there was no difference in the median number of haemorrhages. The median
number of haemorrhages was greater in those with cerebral malaria (median (IQR) 1 (3-7))
than in those with encephalopathy (0 (0-0), p<0.0001). The presence of haemorrhages on
retinal examination in an individual with coma conferred a RR of cerebral malaria of 1.8
(1.4-2.2). Sensitivity and specificity of haemorrhages for cerebral malaria in comatose

patients were 39% and 91% respectively.
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Figure 2.4-6. Frequency and severity of retinal haemorrhages in each group.
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Figure 2.4-7. Numbers of retinal haemorrhages seen in individuals in each group.

In patients with severe malaria, dot, blot and white-centred haemorrhages were all common.

Around half of haemorrhages seen were white centred haemorrhages in those with malaria

and sepsis but were rare in those with encephalopathy and healthy individuals (Figure 2.4-8).

The proportion of haemorrhages which were white-centred was unrelated to the severity of
malaria. Examples of white-centred haemorrhages in a patient with cerebral malaria are

shown in Figure 2.4-9 and noncerebral malaria in Figure 2.4-10.
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Figure 2.4-8. Proportion of individuals with white-centred haemorrhages.

Figure 2.4-9. Multiple white-centred retinal haemorrhages in Bangladeshi adult with
cerebral malaria.

Single retinal photograph of left eye.
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Figure 2.4-10. Severe white-centred retinal haemorrhages in Bangladeshi adult with

noncerebral severe malaria.

Composite retinal photograph of right eye showing multiple severe flame-shaped and dot

haemorrhages.

Retinal whitening

Retinal whitening was the predominant determinant of overall grade of retinopathy in all
patient groups. It was present in 81% of fatal, 79% of cerebral, 69% of noncerebral severe
and 38% of uncomplicated malaria; as well as 33% of sepsis, 27% of encephalopathy and
6% of healthy individuals in whom changes were mostly unilateral and mild. Macular, foveal
and peripheral whitening were all commonest and most severe in those with fatal and
cerebral malaria (Figure 2.4-11). In those with severe malaria, macular changes were the

most prominent with multiple small patches of whitening clustered around and temporal to

92



Retinopathy in P. falciparum malaria

the fovea being highly specific for malaria (Figure 2.4-12). Macular and foveal whitening

were frequently also associated with peripheral whitening (example shown in Figure 2.4-13).
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Figure 2.4-11. Frequency and severity of retinal whitening in each group.
Severity is defined in Appendix 10.1.

Figures are shown for each of any whitening, macular, foveal and peripheral whitening.
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Figure 2.4-12. Severe macular and mild peripheral retinal whitening in Bangladeshi adult

with cerebral malaria.

Composite retinal photograph of right eye showing mosaic severe retinal whitening around
the fovea and along the temporal watershed and mild peripheral whitening. The lesions are
typically situated between small retinal vessels and appear slightly raised on indirect
ophthalmoscopy indicating their retinal location. This appearance is highly specific for
falciparum malaria.
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Figure 2.4-13. Severe macular and peripheral retinal whitening in Bangladeshi adult with

cerebral malaria.

Composite retinal photograph of right eye.

Retinal whitening was seen in some individuals without malaria but, other than one adult
with sepsis and one adult with fatal encephalopathy and moderate whitening in Bangladesh,
this was all mild with occasional single white spots in the macula or periphery. The
individual with sepsis and moderate retinal whitening was unusual in having moderate
macular and mild foveal whitening with several pale spots similar in appearance to those
seen in malaria (Figure 2.4-14) and 2 white-centred haemorrhages. They did not have
peripheral whitening or whitening temporal to the fovea, as commonly seen in severe
malaria. They presented with anaemia, hyperlactaemia, renal failure, raised bilirubin, AST
and ALT. As they were fully conscious it was only possible to photograph one eye. The

individual with encephalopathy had a patch of mosaic temporal whitening and a few pale
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spots in and around the fovea in one eye and occasional single white spots in the other eye
(Figure 2.4-15). The mosaic whitening was clustered and appeared more focal than that
typically seen in patients with malaria. In addition, the lesions were not raised and they were
crossed by large and small retinal blood vessels suggesting a location deeper in the retina or
choroid than the whitening typical of malaria. Both patients were negative for malaria on a
peripheral blood film but neither were tested for PfHRP2 and in neither was an underlying
diagnosis confirmed. The patient with sepsis denied previous malaria or any other past
medical history but the patient with encephalopathy died before this could be asked. It was
not possible for an ophthalmologist to examine the patient with encephalopathy prior to
death.

Figure 2.4-14. Retinal photograph of right eye from Bangladeshi adult with sepsis.

Figure 2.4-15. Retinal photographs of right and left eyes from Bangladeshi adult with

nonmalarial febrile encephalopathy.
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In patients with severe malaria, the severity of retinal whitening correlated with GCS

(Figure 2.4-16). This relationship was strongest for macular whitening.
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Figure 2.4-16. Severity of retinopathy and GCS in patients with severe
Severity is defined in Appendix 10.1.
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2.4.4 Retinopathy as a prognostic marker

Death

Retinopathy was commoner in those with fatal than in nonfatal falciparum malaria (49/54
(91%) versus 96/125 (77%), p=0.03, Figure 2.4-17). This was also true for moderate-severe
retinopathy (33/54 (61%) versus 56/125 (45%) respectively, p=0.05). Mortality in patients
with severe malaria and retinopathy was higher than those without retinopathy (Error!
Reference source not found., 34% versus 15%, p=0.04). The sensitivity of retinopathy for
predicting death in severe malaria was 91% with specificity 23%, PPV 34%, NPV 85% and
RR of death 2.3.
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Figure 2.4-17. Frequency and severity of retinopathy in fatal and nonfatal severe malaria.

Severity is defined in Appendix 10.1.

There was no difference in the overall prevalence of retinopathy between those with fatal
and nonfatal malaria for the subgroups with and without coma (Figure 2.4-18). However, for
those with noncerebral severe malaria, mortality was higher with moderate-severe
retinopathy (30%) than none-mild retinopathy (11%, p=0.05) and moderate-severe whitening
(39%) versus none-mild whitening (10%, p=0.01). There was a significant trend in those
with noncerebral severe malaria of increasing mortality with increasing severity of overall
retinopathy (p=0.02) and also retinal whitening (p=0.01, Figure 2.4-19). There was no such

trend for cerebral malaria.

98



Retinopathy in P. falciparum malaria

1009 Grade of retinopathy
90 - Mild

we  Moderate

— Severe

Percentage of patients

Nonfatal Fatal : Nonfatal Fatal
Noncerebral ' Cerebral

Figure 2.4-18. Frequency and severity of retinopathy in fatal and nonfatal cerebral and

noncerebral severe malaria.

Severity is defined in Appendix 10.1.
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Figure 2.4-19. Mortality in noncerebral severe and cerebral malaria with different grades
of overall retinopathy and retinal whitening.

Severity is defined in Appendix 10.1.

Coma

Of the 68 individuals with non-cerebral severe malaria, 62 were followed up (4 died early, 1
was transferred to another facility and 1 was lost to follow-up) and 19 subsequently
developed coma during their admission. Those who developed coma were more likely to
have moderate-severe retinopathy (RR 2.0, p=0.03,
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Figure 2.4-20).
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Figure 2.4-20. Frequency and severity of retinopathy in patients with noncerebral severe
malaria who did and did not develop coma during their admission.

Severity is defined in Appendix 10.1.

In those with noncerebral severe malaria who later developed coma, those with moderate-
severe retinopathy were also more likely to die (RR 2.7, p=0.048,

Figure 2.4-21). In patients with retinopathy who developed coma after enrolment and

subsequently died Noncerebral malaria
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Figure 2.4-21. Frequency and severity of retinopathy in fatal and nonfatal severe malaria
in those who did and did not develop coma during admission.

Severity is defined in Appendix 10.1.

2.4.5 Retinopathy and visual function

In patients with falciparum malaria, worse visual acuity was associated with more severe
macular whitening (Figure 2.4-22).
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Figure 2.4-22. Visual acuity in patients with falciparum malaria and different severities of

macular whitening.

Severity is defined in Appendix 10.1.

Median acuity in those with severe malaria was worse than those with uncomplicated

malaria (p=0.03) and sepsis (p=0.01) but no different to healthy individuals Figure 2.4-23.
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Figure 2.4-23. Visual acuity in patients with severe and uncomplicated malaria, sepsis and
healthy individuals.
Severity is defined in Appendix 10.1.

Overall, of those who were conscious, well enough to be assessed, and could do the test
10/29 (34%) of those with severe malaria, 16/84 (19%) of patients with uncomplicated
malaria, 5/25 (13%) with sepsis and 8/57 (14%) healthy individuals were colour blind on
enrolment. Colour blindness was commoner is severe malaria than in healthy individuals
(p=0.029) but not uncomplicated malaria (p=0.09) or sepsis (p=0.10). The severity of
macular whitening was not associated with presence of colour blindness in patients with

malaria (Figure 2.4-24).
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Figure 2.4-24. Severity of macular whitening in patients with falciparum malaria with and
without colour blindness on enrolment.

Severity is defined in Appendix 10.1.
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2.4.6 Retinopathy and pathogenesis of severe malaria

Lactate

In patients with severe malaria, the severity of retinopathy and retinal whitening correlated

with plasma lactate (

Figure 2.4-25). This correlation was stronger for macular whitening than for foveal or
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Figure 2.4-25. Plasma lactate and severity of retinopathy in patients with severe malaria.

Severity is defined in Appendix 10.1. Bars represent geometric mean and 95% confidence

interval.
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Bicarbonate

In patients with severe malaria, the severity of retinopathy and retinal whitening correlated

negatively with venous plasma bicarbonate (Figure 2.4-26). This correlation was strongest

for macular whitening.
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Figure 2.4-26. Venous plasma bicarbonate and severity of retinopathy in patients with

severe malaria.

Severity is defined in Appendix 10.1. Bars represent mean and 95% confidence interval.
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Parasite count

In patients with severe malaria, the severity of retinal whitening correlated with peripheral

blood parasite count (Figure 2.4-27). This correlation was strongest for macular whitening.
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Figure 2.4-27. Log peripheral blood parasite count and severity of retinopathy in patients
with severe malaria.

Severity is defined in Appendix 10.1. Bars represent mean and 95% confidence interval.
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Parasite biomass

In patients with severe malaria, the severity of retinopathy and retinal whitening correlated

with log(PfHRP2), a surrogate for parasite biomass (Figure 2.4-28). This correlation was

strongest for macular whitening.
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Figure 2.4-28. Log PfHRP2-derived parasite biomass and severity of retinopathy in

patients with severe malaria.

Severity is defined in Appendix 10.1. Bars represent mean and 95% confidence interval.

HRP2 = Plasmodium falciparum histidine-rich protein 2.
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Sequestered parasite biomass

In patients with severe malaria, the severity of retinopathy and retinal whitening correlated
with log (sequestered parasite biomass) (Figure 2.4-29). This correlation was strongest for

macular whitening.
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Figure 2.4-29. Log sequestered parasite biomass and severity of retinopathy in patients

with severe malaria.

Severity is defined in Appendix 10.1. Bars represent mean and 95% confidence interval.
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Haematocrit

In patients with severe malaria, the severity of retinopathy and retinal haemorrhages

correlated negatively with haematocrit (Figure 2.4-30). There was no correlation for retinal

whitening.
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Figure 2.4-30. Haematocrit and severity of retinopathy in patients with severe malaria.

Severity is defined in Appendix 10.1. Bars represent mean and 95% confidence interval.
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Platelets

In patients with severe malaria, there was a weak correlation between the severity of retinal

haemorrhages and log(platelet count) (Figure 2.4-31). There was no correlation for retinal

whitening.
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Red cell deformability

As found in previous studies, red cell deformability decreased with increasing severity of
malaria at physiological shear stresses (1.69-30.0 Pa) (Figure 2.4-32). The highest
deformability was in healthy individuals. Red cell deformability was also decreased in sepsis

but to a lesser degree than in severe malaria.

Red cell deformability correlated negatively with severity of retinal whitening at
physiological shear stresses. This correlation was strongest for macular whitening and at
shear stresses of 3.00 to 30.0 Pa which are equivalent to shear stresses encountered in the

human microcirculation in vivo. The results are shown in Figure 2.4-33.
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Figure 2.4-33. Red cell deformability (elongation index) and severity of retinal whitening

at different shear stresses (following 5 pages).

Severity is defined in Appendix 10.1.
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Retinal Blood vessel tortuosity

Retinal vessel tortuosity was measured in 283 patients. These comprised 42 with fatal
malaria, 79 with cerebral malaria, 55 with noncerebral severe malaria, 64 uncomplicated
malaria, 27 sepsis, 19 encephalopathy and 39 healthy. The results are presented in

Figure 2.4-34. In those with malaria, mean venule widths >2 optic disc diameters (ODD)
from the disc decreased with increasing severity of malaria (p=0.006 at 2 ODD and p=0.001
at >2 ODD). There was no such trend for arteriolar width. There was no trend in tortuosity.
Mean venule width was lowest in cerebral and fatal malaria but not significantly different
from healthy individuals. Venule width was highest in sepsis at all ODDs but arteriolar width
was not increased in sepsis. At 2 and >2 disc diameters from the disc, the variances of vessel
widths in both venules and arterioles was greater in severe malaria than the other groups.
Variance in tortuosity was also greater in malaria than the other groups. There were no
differences in vessel width and tortuosity between fatal and nonfatal severe malaria.

In nonfatal severe malaria, mean vessel width correlated positively with enrolment GCS in
venules 1, 2 and >2 optic disc diameters from the disc. Tortuosity of venules also correlated
positively with GCS (Figure 2.4-35).
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Figure 2.4-34. Tortuosity and vessel width in each group of study subjects.

Median (IQR) is shown by black bars and significant differences between medians are

shown as horizontal black lines. * = difference significant when corrected for multiple

comparisons. ODD = optic disc diameter.
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Figure 2.4-35. Tortuosity and vessel width in venules vs GCS.

OD = optic disc diameter.
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2.5 Discussion

2.5.1 Summary of main findings and implications

This study found that malaria retinopathy in Asian adults and children with P. falciparum
malaria was commoner and more severe in cerebral (88%) and fatal (91%) disease than in
noncerebral severe (71%) or uncomplicated disease (46%). These differences were even
more pronounced for moderate-severe retinopathy and retinal whitening. Retinopathy was
less common, less severe and of a different pattern in those with sepsis, nonmalarial
encephalopathy and healthy individuals. Findings were similar in Asian children and adults,
although there were some differences to findings in previous studies of African children. The
high prevalence and specificity of retinal changes for P. falciparum malaria may give it some
utility as a diagnostic marker in severe disease. Although, not an absolute marker, retinal
whitening predicted development of coma and death and may have potential utility to help
predict prognosis in clinical situations. Correlation with contributors to, and markers of,
microcirculatory blood flow obstruction and association of retinal whitening with coma are
additional supporting evidence for a central role for microcirculatory obstruction in the
pathogenesis of malarial retinopathy and malaria coma. All of these areas will be discussed

in detail in the following Sections.

2.5.2 Diagnosis

Almost 90% of patients with cerebral malaria in this study had malarial retinopathy. This is a
higher proportion that has been shown in previous studies of malaria retinopathy in Indian
adults (34%),** Bangladeshi adults (41%)%°, Thai adults and children (14.6%)?* and
African children (Malawi 61%°%, Ghana 73%%% and Kenya(77%)???). In noncerebral severe
malaria, 71% had retinopathy, as compared to 53% in Malawian children ® and 53% in
Ghanaian children.?® A major factor in the different prevalences found is probably the
variation in method used to examine the retina. The present study used retinal photography
whereas previous studies used mostly direct and/or indirect ophthalmoscopy. It has been
shown previously in a concomitant study in the same population in Bangladesh that retinal
photography is more sensitive for detecting retinal changes than direct and indirect
ophthalmoscopy. This is particularly true for retinal whitening, the commonest and most

specific finding in the present study.?>® Retinal haemorrhages are easier to identify than
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retinal whitening®>?2* and retinal vessel changes as they are often in the peripheral retina.??*
Probably for this reason, early studies of malarial retinopathy found low prevalences of

retinopathy and focussed mainly on haemorrhages.24%:264:265

Indirect ophthalmoscopy is more sensitive than direct ophthalmoscopy as it provides a wider
field of view and better visualisation of the peripheral retina. However, the equipment is
more expensive and it requires more training. When used by an experienced ophthalmologist
the sensitivity of direct compared to indirect ophthalmoscopy for malarial retinopathy in the
Gambia was 73%, and 37% in those with less training through undilated pupils.?®® In the
previous study in Bangladesh,®? the observers had limited experience of fundoscopy and this
may have resulted in the low prevalences of retinopathy found. Direct ophthalmoscopy was
less sensitive than indirect. The studies in India?** used primarily direct ophthalmoscopy but
did not state the level of expertise of the examiners. In Malawi® and Ghana?® where higher
prevalences of retinopathy were found fundoscopic examination was done by both direct and
indirect ophthalmoscopy by experienced ophthalmologists. The studies in Malawi have also
found more retinal whitening and vessel changes than those done elsewhere. Inter-observer

concordance by expert observers using ophthalmoscopy was high.?%

There have been no direct comparisons of retinal photography and ophthalmoscopy for
detecting malarial retinopathy. A small study in Kenya using portable retinal photography
found 77% of those with cerebral malaria to have retinopathy. This study described retinal
opacification in 60% of children with severe malaria. This opacification has since been
called retinal whitening. In the present study in Asia, retinal whitening was the commonest
finding and the sign with the strongest association with cerebral malaria. Of those with
cerebral malaria, 52% had retinal haemorrhages whereas 79% had retinal whitening. For
malarial retinopathy to have maximum utility as a diagnostic tool it is essential therefore that
sufficiently sensitive methods are used to detect it. From the results presented here, portable

retinal photography appears to be the best technique for doing so.

Although it has previously been stated that malaria retinopathy is specific for P. falciparum
malaria®® it had not been possible to confirm this due to a lack of studies examining the eyes
in severely unwell individuals in the tropics without malaria. Although autopsy series in
Malawian children have found retinopathy to be 90% sensitive and 85% specific for the
typical pathological features of cerebral malaria,*® it has only been possible to study
individuals with fatal disease. The present study took a different approach in recruiting

patients with the whole clinical spectrum of falciparum malaria and directly comparing
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findings in other severely unwell patients with a similar clinical presentation to malaria in
the same population. This reproduced the diagnostic dilemma encountered in clinical settings

across the tropics and gives a true indication of the utility of retinopathy as a bedside marker.

In this study, retinal whitening and white-centred haemorrhages were the best discriminators
between severe malaria and the other groups, although there was overlap in retinal findings
between all the groups and malarial retinopathy was not an absolute marker for malaria.
Moderate-severe retinal whitening, however, was highly specific for malaria with high
sensitivity for malaria in patients with coma. White centred haemorrhages were found only
in malaria and sepsis and were much commoner in malaria. When both eyes were examined
malarial retinopathy as a whole was a much better discriminator between patients with
severe malaria and severely unwell patients without malaria. Almost all patients with severe
malaria had bilateral changes whereas most of those without malaria did not. This has
potential to assist with diagnosis in resource-limited clinical settings in that if a patient has
malarial retinopathy (retinal whitening and/or white-centred haemorrhages, particularly with
bilateral changes) and coma then their coma is highly likely to be due to malaria. Conversely
if a patient with coma does not have malarial retinopathy it is unlikely their coma is due to
malaria. Papilloedema was a poor discriminator between cerebral malaria and nonmalarial

encephalopathy, being present in both but more frequent in encephalopathy.

These findings are in broad agreement with post mortem studies in African children which
found that 23% of children with clinical cerebral malaria had another diagnosis, based on a
lack of cerebral histopathological features on post mortem, and the presence of malarial
retinopathy on indirect ophthalmoscopy was the only clinical feature which distinguished
between these two groups.® In high transmission settings, incidental parasitaemia is
common due to accumulated antidisease immunity and diagnosis of severe malaria requires
exclusion of other potential causes of disease. This can be challenging in resource-poor
settings where the capacity for diagnostic tests is limited and expensive investigations, for
example CT and MR, are often unavailable. In these settings, the presence or absence of
retinopathy has a potential role in the diagnosis of cerebral malaria.??® In Malawian children,
patchy retinal whitening and focal changes of vessel colour were the most specific for
cerebral malaria, more so than white-centred retinal haemorrhages which were also
common.?’ It has been argued that these components of malaria retinopathy should be used
as a diagnostic test as their presence increases the likelihood of a correct diagnosis of
cerebral malaria.??® It has also been proposed as a marker with which to divide patients into

groups with different underlying pathophysiology for research studies on cerebral malaria.?®
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In low transmission settings including India and Bangladesh it has generally been assumed
that the presence of P. falciparum parasites in the peripheral blood plus symptoms consistent
with severe malaria is sufficient for a diagnosis. This is because there is very little
antidisease immunity in the population. If this were true, the contribution of retinopathy to
diagnosis would be limited in low transmission settings in places where malaria microscopy
or rapid tests can be performed rapidly and with sufficient quality. If a patient were negative
for malaria in the peripheral blood, then it would be assumed that they have an alternative
diagnosis which would prompt further investigation and treatment. However misdiagnosis of
malaria is common and retinopathy may still be of assistance in these cases. There are a
variety of contributors to misdiagnosis of malaria. Clinicians frequently make diagnoses
without arranging confirmatory diagnostic tests?®® and where tests do occur, false positive
and false negative results can occur by either microscopy??® or RDT?7 leading to clinicians
distrusting and ignoring the results.??%27* This is exacerbated by previous guidelines for
management of malaria having included syndromic management and, although now frowned
upon, this practice remains widespread.?’? Additionally, Plasmodium species are frequently
incorrectly identified on microscopy sometimes leading to the wrong treatment.?>27 The
malaria microscopy in the present study was performed in idealised research settings by
expert microscopists thus misdiagnosis should have been avoided. This is very different to
the everyday situation in many hospitals across the tropics where the workload is high,
conditions are often not ideal and misdiagnoses common. The results of this study indicate
that finding malarial retinopathy in a severely unwell patient increases the likelihood that
they have falciparum malaria. Also finding moderate-severe retinopathy in patients with
confirmed falciparum infection suggests an increased risk of severe disease and death. This
may be of assistance in the early management and triage of severely unwell patients in
resource-limited settings. However, there remains considerable uncertainty due to the
overlap in retinal findings with patients with sepsis and encephalopathy and the results here

do not justify the use of retinopathy in isolation to guide patient management.

Where blood tests for malaria are not readily available or the results delayed, this study also
suggests detection of moderate-severe retinal whitening and/or white-centred haemorrhages
in a comatose adult patient could help as part of a package of assessment tools to guide
initial patient management. Although any patient with suspected severe malaria should
receive intravenous artesunate urgently,*® detection of malaria retinopathy should reduce any
doubt about its necessity. Comatose patients with malaria retinopathy could also be

prioritised for management in intensive care and should be promptly investigated for the
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other features of severe malaria, particularly treatable features including severe anaemia
(requiring blood transfusion) and acute renal failure (requiring prompt dialysis) to optimise
outcome.*® Additionally, finding malaria retinopathy in a comatose patient may assist with
difficult decisions of how to spend limited resources. For example, a patient’s relatives could
be reassured that a CT scan, MRI scan or lumbar puncture are unlikely to alter management

in a patient with moderate-severe malaria retinopathy and this expense may be avoided.

An observational study of 32 Malawian children with suspected cerebral malaria but no
retinopathy, found a stereotypical pattern of short illness with rapid deterioration in mental
state, mostly normal laboratory tests, rapid recovery and low mortality.??® Two main
explanations were postulated: incidental parasitaemia and another cause of illness or a
modulated host response due to different genetic susceptibility, altered immune response or
coinfection. In Asian patients in the present study, patients with retinopathy had a higher
mortality, were more likely to have coma, hyperlactaemia and/or acidosis and had a higher
parasite biomass than those without retinopathy. White cell count was mostly normal in this
group suggesting sepsis was not a major contributor to their illness. There were no
differences in the other features of severe malaria. The same explanations as postulated in
Malawi may apply. An alternative explanation is that the retinopathy reflects a spectrum of
degrees of sequestration in the central nervous system vasculature and the amount or pattern
of sequestration in individuals with coma but no retinopathy differs between the retina and
the brain sufficient to cause coma in the brain but not retinopathy in the eye. Further studies

are needed to explore this.

The traditional view that parasites in the peripheral blood plus an appropriate clinical picture
equals severe malaria in low transmission settings is being challenged by recent evidence. A
growing set of studies have shown asymptomatic parasitaemia to be common in low
transmission settings including Bangladesh.2’*27® The implication of this is that some
individuals with parasitaemia and symptoms will have asymptomatic parasitaemia and
another cause for their symptoms other than malaria. Most of these asymptomatic infections
are not detectable by routine microscopy or rapid diagnostic tests?’® and the traditional view
still applies to the majority of parasitaemic patients. In this study, around 10% of adult
patients with fatal or cerebral malaria did not have retinopathy. Further studies will be
needed to establish if these patients have asymptomatic parasitaemia and another diagnosis,
similar to the 23% of African children described above.'® If this were the case, malarial
retinopathy would have a more important role in confirming the diagnosis of cerebral

malaria in low transmission settings.
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A postulate limitation to the routine use of malarial retinopathy as a bedside tool to aid
diagnosis is the need to dilate pupils for fundal examination and photography. As discussed
in the Methods section, this temporarily prevents the monitoring of pupil size and reactivity
which are commonly used in comatose patients to detect early false localising signs of raised
intracranial pressure. However, this is likely to be of limited value in cerebral malaria where
uncal herniation is not seen and, as for other causes of medical coma, pupillary dilatation is

likely to be a late event accompanied by other signs of brainstem dysfunction.??°

2.5.3 Prognosis

In this study, the presence of malarial retinopathy on enrolment predicted death in patients
with severe malaria with a RR of 2.3. This predictive capacity was confined to those with
noncerebral severe malaria in whom retinopathy on enrolment also predicted later
development of coma. Additionally, retinopathy predicted death in the group who later
developed coma with a RR of 2.7. In those with cerebral malaria, severity of retinopathy and
mortality were not associated. From these findings, malaria retinopathy has potential
prognostic utility in predicting death and development of coma in noncerebral severe malaria
but not in cerebral malaria. However, as above, there was overlap with findings in patients
with non-cerebral severe and uncomplicated disease thus retinopathy should not be used in
isolation to determine patient management. One possibility is that retinopathy could form
part of a predictive scoring system with other prognostic factors. Further analyses would be

required to investigate this.

In Malawian children, in contrast, retinopathy predicted death in cerebral falciparum malaria,
specifically papilloedema and the number of haemorrhages were independent predictors of
death.®® In the present study, retinal whitening predicted death and development of coma
whereas papilloedema and haemorrhages were not associated. Median time to death in fatal
infections who developed coma after enrolment was almost 5 days, thus giving a potential
therapeutic time window for a putative future adjunctive therapy to take effect. However,
many of those with nonfatal infections also had retinopathy indicating that a trial of such
interventions would need to be large to detect a therapeutic effect. This overlap in findings
between groups also resulted in relatively small relative risks, probably indicating a spectrum

of disease, retinal changes and cerebral sequestration.
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There have been no previous studies on retinopathy as a predictor of death or development of
coma in noncerebral severe malaria. There are few data of any kind on retinopathy in
African children with noncerebral severe falciparum malaria, partly due to the difficulty of
eye examination and retinal photography in conscious patients.?’” In Malawi, one study
included 47 patients with severe malarial anaemia, the primary manifestation of noncerebral
severe falciparum malaria. Only two of these died thus preventing assessment of the
prognostic value of retinopathy in this group.%® Fourteen Kenyan children with noncerebral
severe falciparum malaria were included in another study but it was not reported if they
died.??? In Ghana, 32 children with noncerebral severe malaria were examined for
retinopathy but none died.?®® In adult cerebral malaria in India, optic disc pallor has
previously been shown to be commoner in those who died.?** Moderate to severe retinopathy
on direct and indirect ophthalmoscopy were independently predictive of death in our
previous study in Bangladeshi adults where most of the changes seen were retinal
haemorrhages.®? In that study, the proportion of patients with fatal disease which had retinal
haemorrhages (86%) was much higher than has been seen elsewhere, including the present
study (52%).

The findings in the present study thus differed significantly from previous studies which
found retinopathy to be predictive of mortality in cerebral malaria. In Nigerian children with
cerebral malaria, retinal haemorrhages predicted mortality whereas papilloedema did not;?’
in Mali exudates, papilloedema and cotton wool spots were associated with death;?”® and in
Malawi, papilloedema conferred the highest risk of death and haemorrhages were also
independently associated.®® There are several possible reasons for this difference with the
current study. One is that the retinal photographs in this study were read at a later date, thus
the reporting was masked as to the clinical status of the patient. This blinding was not
complete as the same person who took the photographs also reported them thus may have
been able to remember some retinal appearances. Previous studies have used
ophthalmoscopy with the disadvantage that the examiner can see how unwell the patient at
the time they perform the examination and this may bias the assessment of severity of retinal
findings. Another possible explanation is that there could be different pathogenic processes
predominating in fatal malaria in African children and Asian adults and children. In African
children, brain swelling appears to be more prominent than in adults and is associated with
death,’® unlike in adults.?*? This would explain papilloedema being predictive of death in
African children but not in Asian adults. Retinal whitening was the predominant sign found

in the present study and, as in African children, this was not independently predictive of
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death.®® It may be that retinal whitening is a result of the same pathogenic process which
causes coma but additional factors are required for death to occur. Why retinal haemorrhages
are predictive of death in African children but not in the present study is unclear. It has been
shown in Malawi that an increase in the number of haemorrhages on serial examination is
associated with increased mortality® and the number of retinal haemorrhages correlates with
the number of brain haemorrhages in fatal cerebral malaria.?* This phenomenon of
increasing retinal haemorrhages was not observed in the present study (results currently
being analysed) and although brain haemorrhages occur in adults,%2® it is not known how
these relate to retinal haemorrhages. It may be that in African children haemorrhages are
reflective of a different final common pathway from that in adults that includes

papilloedema.

2.5.4 Visual function

Visual acuity in falciparum malaria was worse in those with more severe macular whitening.
Mechanistically, this makes sense in that macular whitening was centred on and in most
cases involved the fovea, the part of the retina primarily responsible for acuity. It is not clear
from these results if worse visual function in severe malaria was a non-specific effect of
severe illness or whether it was a consequence of the specific changes in the retina found in
malaria. Median acuity was worse in severe malaria than uncomplicated malaria or sepsis,
however median acuity in severe malaria was not different to healthy controls. Acuity in
healthy controls was also not different from those with uncomplicated malaria or sepsis. In
healthy controls, the range of visual acuities was broad and consistent with underlying eye
disease in the general population. The similarity of median visual acuity between healthy
individuals and all the other groups suggests that the differences for those with severe
malaria may be of marginal clinical significance. Colour blindness was commoner in severe
malaria than in healthy individuals but was not different from uncomplicated malaria or
sepsis. There was no association between macular whitening and colour vision loss.
Assessing visual function in severe malaria is not straightforward and it is difficult to assess
the impact of retinopathy in visual function in a study of this type. The tests used were
relatively crude which may introduce errors into the measurement. Another challenge is that
visual function cannot be assessed on enrolment in comatose patients who tend to have the

worst retinopathy. Instead it can only be first assessed once a patient reawakens on follow-
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up. No data from comatose patients were included in the analyses presented here although
many were later followed up and reassessed frequently along with follow-up retinal
photographs. These data are yet to be analysed. In addition, patients were asked about visual
symptoms in the two weeks prior to admission and relatively few reported any. This suggests
perhaps that any associated retinal changes may have occurred late or very acutely. The only
other study assessing the effect of retinopathy on visual function was a 1-month follow-up
study of Malawian children with severe malaria. In this, there was no evidence of malarial
retinopathy affecting visual acuity and no association of visual acuity with whitening.?2
Visual acuity on admission and other components of visual function were not assessed in
that study.

2.5.5 Adults versus children

This study recruited patients of all ages and thus allowed direct comparison of findings in
adults and children. Although the number of children was smaller, overall findings in
patients of all ages were very similar with roughly the same proportions of those with fatal,
cerebral and noncerebral severe malaria having retinopathy and the retinopathy comprising
the same set of features. The small number of children precluded correlation of retinal
changes with outcome. There has previously been much discussion about differences in the
pathogenesis and presentation of severe malaria between children and adults. Many of these
differences have been alluded to elsewhere in this thesis including more frequent multi-organ
failure and higher mortality in adults and more frequent and severe cerebral oedema in
children. These comparisons have been hampered by a lack of data from children in low
transmission settings and adults from high transmission settings relying predominantly on
comparing Asian adults with African children. The findings of the present study suggest the
differences may be between Africa and Asia rather than between age groups although further

studies in Asian children and African adults will be required to confirm this.

There has been a single publication describing African adults with malaria retinopathy. Of
three patients with cerebral malaria, one had macular whitening, another macular and
peripheral whitening with two blot haemorrhages and the third papilloedema plus a flame-
shaped haemorrhage. Two adult patients with noncerebral severe malaria had only retinal

haemorrhages. None had retinal vessel discolouration.?®
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Overall, the prevalence and spectrum of ocular fundus findings in Asian adults and children
in this study was similar to those found previously in African children but there were some
notable differences. As discussed above, the prevalences of retinopathy seen in the present
study were higher than those seen elsewhere and this is probably due to retinal photography
being more sensitive than ophthalmoscopy for these changes. In common with Malawian
children, retinopathy was commonest in cerebral and fatal malaria with retinal whitening
being the commonest and most specific finding. Of all the retinal changes seen, moderate-
severe macular retinal whitening was most strongly associated with coma and death in the
present study. In African children, macular whitening was similarly associated with coma

but haemorrhages and papilloedema were the most strongly associated with death.®

Unlike in African children, papilloedema was rare in the present study and retinal vessel
discolouration was not seen in adults or in children. As discussed above, the difference in
prevalence of papilloedema probably reflects a difference in the frequency and severity of
brain swelling in Malawian children compared to Asian adults. The prevalence of brain
swelling in Asian children is not known. Papilloedema was seen in only two (1%) patients
with severe malaria in this study and neither were children. In African children, 24% had
papilloedema on indirect ophthalmoscopy.?*® Retinal photography can under-estimate the
severity and miss mild papilloedema compared to indirect ophthalmoscopy because it
visualises the retina in two dimensions whereas indirect ophthalmoscopy allows visualisation
of a protruding optic nerve head. Many patients also underwent indirect ophthalmoscopy in
this study but no additional papilloedema was seen. Previous studies have shown swelling of
the brain to be commoner and more severe in cerebral malaria in African children than in
Asian adults. Chapter 3 of this thesis presents additional evidence for this from
ultrasonographic measurement of the optic nerve sheath diameter. In Chapter 5, using MRI
of the brain it is demonstrated that there is a lower frequency and severity of brain swelling
in adults with severe malaria than seen in similar studies in African children and where brain
swelling is present in adults, this is not associated with coma or death, as shown previously

on histopathology and CT.*8!242

By capturing the peripheral retina and allowing prolonged and repeated examination of
retinal images, retinal photography should be highly sensitive for detecting retinal vessel
changes. Indeed this was found to be the case in Malawian children and multiple example
retinal photographs have been published.®3219.22023 Athough the sensitivity of retinal

photography for malarial retinopathy has not been formally examined, in Malawi, retinal
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vessel colour changes have been reported as clearly visible on retinal photographs including
in images captures by the author of this thesis.?®? As in the present study, vessel
discolouration has not been reported in the other studies of malarial retinopathy in

Asia, 218224 although use of ophthalmoscopy may have limited the sensitivity of these
studies as these changes are often in the peripheral retina and can be difficult to see.?24277
The quality of retinal photographs in the current thesis was mostly very high, included the
peripheral retina and the absence of retinal vessel colour changes therefore is likely to be
real.

The lack of blood vessel discolouration in patients of any age in the present study warrants
further exploration. Retinal vessel whitening (sometimes yellow/orange) is a common
finding in African children with cerebral malaria (32% in one study®®) and is thought to be
due to obstructed capillaries and venules filled with sequestered parasitized red cells in
which much of the haemoglobin has been metabolised by the parasite. On post-mortem
studies, vessels packed with dehaemoglobinised red cells have been demonstrated
histopathologically although discoloured vessels have not been specifically examined.?* In
African children, retinal blood vessel discolouration can take on the appearance of a ‘frosted
tree’ where entire capillary beds are affected.??%2""282 This lack of vessel discolouration in
patients in Bangladesh and India is perhaps surprising as the same process of small vessel
obstruction is thought to be responsible for the patches of retinal whitening that are common
in African and Asian patient with cerebral malaria. In studies using fluorescein angiography,
including preliminary work presented in Chapter 4 of this thesis, these white patches have
been found to correspond to areas of nonperfusion.??2%2 Additionally, the same process of
sequestration and blood vessel obstruction has been demonstrated on brain histopathology in
Asian adults?? as in African children.™ It is thus remarkable that most of those with cerebral
malaria in the present study had moderate to severe retinal whitening but no vessel

discolouration. There are several possible explanations for this difference:

1) There may be a different degree of dehaemoglobinization in obstructed capillaries of
Asian adults and children with severe malaria versus African children. In falciparum malaria,
mature intraerythrocytic parasites consume 60-80% of the haemoglobin in a red cell.? Thus
the maximum typical decrease in haemoglobin content in a column of sequestered
erythrocytes would be 80%, assuming all cells in the column contain mature parasites. In
adults, many of the sequestered parasites in the brain are immature ring forms?2 which
consume much less haemoglobin?** and many erythrocytes in obstructed cerebral

microvessels are uninfected.®>"" Thus very few capillaries, if any, would have lost
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sufficient haemoglobin to change from red to white or yellow. Vessel discolouration of this
type has also not been described in other diseases with low haemoglobin
concentrations.?8428 Sequestration of uninfected erythrocytes has not been shown in African
children with cerebral malaria, the studies to date having focussed instead on the proportions
of obstructed capillaries, but it would seem unlikely that this aspect of the underlying
pathophysiology would be very different from Asian adults and children. This
dehaemoglobinisation may be more pronounced in those with pre-existing anaemia and this
warrants further investigation as anaemia is commoner in children than in adults in Africa

and tropical parts of Asia.?®®

2) Vessel discolouration may represent an entirely different process from
dehaemoglobinziation. It is known that perivascular inflammatory changes and accumulation
of platelets are more prominent in severe malaria in African children than in Asian
adults®2% put this has not been seen in the few patients whose retina has been examined
histologically.?**28" VVessel pallor occurs due to vascular sheathing in retinal vasculitides due
to the perivascular accumulation of inflammatory infiltrate. This predominantly effects large
vessels but can result in appearances similar to the frosted tree seen in African children with
falciparum malaria. Causes include systemic lupus erythematosis, Crohn’s disease, leukemia,
toxoplasma and HIV.%8 As the inflammatory infiltrate seen in paediatric malaria is much
less than seen in these conditions this seems unlikely to be the cause but further
histopathological studies of the eye are needed. Other uncommon causes of pale vessels such
as lipaemia retinalis have been described but these appear different on fundoscopic

examination and are pathogenically unrelated.?%®

3) The lack of vessel discolouration in the present study could be due to a difference in the
retinal background pigmentation. Retinas in Malawian children have a dark brown
background, compared to the orange background typically seen in patients in India and
Bangladesh. It may be that the difference in contrast masks vessel discolouration and makes
it more difficult to see these changes in patients with paler retinas. However, in the five
African adults with retinopathy seen in Malawi, no vessel discolouration was seen. Also, a
small number of patients in Bangladesh had dark retinal background pigmentation but no
vessel discolouration. This suggests differences in pigmentation may not be the explanation,

although further data are needed.
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2.5.6 Pathogenesis

In the introduction it was postulated that malaria retinopathy has great potential as a tool
with which to study the pathogenesis of cerebral malaria. The retinal and brain are both part
of the central nervous system and there are many similarities in the anatomy and physiology
of the microvasculature in both organs.?®® In this study, retinal whitening was present in 79%
of patients with cerebral malaria and the severity of whitening correlated with admission
GCS. These associations were strongest for macular whitening. It has been postulated that
macular whitening is due to hypoxic oedema of ischaemic patches of retina secondary to
heterogeneous obstruction of the microvasculature by sequestered parasitized erythrocytes,
similar to that seen in Patchy Ischaemic Retinal Whitening (PIRW).2%%! The macula has a
higher metabolic demand than the peripheral retina and is the site of multiple watershed
zones of arterial blood supply and thus may be more susceptible to ischaemia.?® This would
explain why peripheral retinal whitening is less strongly associated with severity and

outcome from severe malaria than macular or foveal whitening in the present study.

In Malawian children, fluorescein angiograms have shown obstruction of retinal perfusion
coinciding with patches of whitening which would support this hypothesis.??*?82 In Chapter
4 of this thesis, similar preliminary findings are presented for Bangladeshi and Indian adults
and children indicating a common mechanism with African children. Retinal histology has
shown sequestration in the retinal microvasculature?*28" very similar to that seen in the brain
in Asian adults®2%® and Malawian children.”™2% In a recent small case series in Malawi the
severity of retinopathy correlated with the degree of sequestration in the retina and in the

brain.?*0

Taken together, these findings support the existence of a common pathogenic mechanism
between Asian adults and children and African children of microvascular obstruction due to
sequestration of parasitised erythrocytes in the retina leading to retinal whitening, and in the
brain as a central process leading to coma. Understanding the shared processes that
contribute to this microvascular obstruction in the retina and brain is important when
considering use of retinopathy as a surrogate marker of cerebral sequestration in severe
falciparum malaria. As discussed above, being much easier to visualize in vivo than the
brain, the retina has potential as a source of surrogate outcome measures in studies of
cerebral malaria pathogenesis and in intervention studies with adjunctive therapies targeting

this pathogenesis.
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The processes known to contribute to systemic microcirculatory obstruction in severe
malaria are cytoadherence of parasitized erythrocytes, autoagglutination, rosetting and
decreased red cell deformability. As outlined in detail in the introduction to this Chapter,
there has been detailed study of cytoadherence in the brain of Asian adults and African
children, and the mechanisms and receptors involved appear to be the identical. In the retina,
although sequestration of parasitized erythrocytes has been demonstrated,?® it is not known
if the mechanism is shared with that in the brain. There have been no histological studies of
the retina in Asian children or adults. The present study found a strong correlation between
red cell stiffness and severity of retinal whitening, in particular macular whitening at shear
stresses equivalent to the human microcirculation in vivo. This suggests that red cell stiffness
may contribute to sequestration and microvascular obstruction in the retina in severe
falciparum malaria. Previously red cell stiffness had been shown to have prognostic
significance in severe malaria in Asian adults and African children as a postulated
contributor to systemic microcirculatory obstruction!?212* and this was thought to be partly
due to oxidative damage to the erythrocyte membrane.?®® The present study also showed red
cell stiffness to be increased in sepsis, something that has not been demonstrated previously,

although to a lesser degree than severe malaria.

The degree of correlation of retinal changes with known measurable indicators of systemic
microvascular obstruction has not been well explored. A pilot study for the work presented
in Chapter 2 of this thesis showed that the severity of retinopathy correlated with plasma
lactate,®! a marker of tissue ischaemia produced by anaerobic glycolysis. The present study
confirmed this and found the association to be strongest for macular whitening, consistent
with the hypothesis that this is due to the same process in the retina causing retinal
ischaemia. Previous studies have found raised lactate in the blood to be an independent
predictor of mortality in both African children®** and Asian adults.?*” CSF lactate was also
raised in almost all adults with cerebral malaria in whom it was predictive of mortality,®?
adding further to the evidence that cerebral vascular obstruction is an important process in
coma and death in cerebral malaria. These results suggest that malaria retinopathy could be a

surrogate marker for this process.

In the present study the severity of retinopathy, particularly macular whitening, was
correlated with serum bicarbonate. This is a marker of metabolic acidosis. Acidosis in the
peripheral blood has been shown to be predictive of mortality in severe malaria
independently of lactate in Vietnamese adults,?’ and high anion gap acidosis other than

lactate acidosis was also common in Kenyan children with severe malaria.?®> An unidentified
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acid other than lactic acid and independent of renal failure is thought to be an important
contributor to metabolic acidosis in severe malaria.?*® The nature of this acid and the
pathogenic process that produces it remain to be identified. Further analysis is required to
assess the degree of correlation of retinopathy in the present study with acidosis
independently of lactate. This is important to investigate as the unidentified pathogenic

process may also contribute to the pathogenesis of malaria retinopathy and cerebral malaria.

The severity of retinopathy in the present study correlated with peripheral parasite count,
total parasite biomass and sequestered parasite biomass. Again these correlations were
strongest for macular whitening. As expected from previous studies, the correlations were
weaker for peripheral parasite count than for biomass or sequestered biomass. This is
because in severe malaria much of the parasite burden is sequestered in the microvasculature
and does not circulate in the peripheral blood.*®?° The peripheral parasitaemia may therefore
be low when the total parasite load is high and vice versa. The peripheral blood PfHRP2
level was used as a marker of total parasite biomass and from this, the sequestered biomass
was estimated. This derivation uses an equation that relies on several assumptions and is thus
not a precise indicator of sequestered biomass. Despite this, the correlation of sequestered
biomass with severity of macular whitening was strong. These results are compatible with
parasite sequestration causing microvascular obstruction including in the retina where it

determines the severity of retinal whitening.

The severity of retinal haemorrhages in the present study was less strongly associated with
coma than retinal whitening and did not predict mortality. Haemorrhages were commoner in
cerebral malaria than in encephalopathy suggesting they may be related to a pathogenic
mechanism that is more associated with malaria. The predominant type of retinal
haemorrhages seen in severe malaria was white-centred. The number of retinal
haemorrhages in African children with fatal cerebral malaria has been shown to correlate
with the number in the brain?® and they are predictive of mortality.®® Histopathology of the
brain in African children has shown ring haemorrhages associated with vascular thrombosis
to be common.?® In Vietnamese adults with severe malaria, brain haemorrhages were also
found at post mortem but there was no difference in their number or prevalence between
cerebral and noncerebral severe malaria.*? The histopathology of retinal haemorrhages in
severe malaria has not been explored. These findings suggest the significance of brain and
retinal haemorrhages to be different between African children and Asian adults. In the
present study, the number of retinal haemorrhages correlated inversely with haematocrit and

platelets whereas there were no correlations between these and retinal whitening. These hint
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at some clues to the pathogenesis of retinal haemorrhages in Asian adults with severe
malaria. Retinal haemorrhages, including white-centred haemorrhages, commonly occur in
patients with severe anaemia due to other causes. The pathogenesis is uncertain but is has
been postulated that low oxygen carrying capacity causes local hypoxia may cause damage
to the vessel wall resulting in leakage.?®” This may be potentiated by local thrombosis and/or
platelet accumulation resulting in a visible white spot at the centre. Any bleeding tendency
due to, for example, low platelets would increase the likelihood of haemorrhage. In severe
malaria, anaemia and thrombocytopaenia are common and their association with
haemorrhages in the present study suggest this to be a plausible mechanism. On fluorescein
angiography in African children, haemorrhages did not coincide with occluded blood vessels
supporting embolism or local endothelial cell damage as possible mechanisms.??® Further

studies of retinal histopathology in children and adults are required to clarify this.

Increased tortuosity and engorgement of retinal venules has been shown previously in
Ghanaian children with cerebral malaria.?®® Although shown to be reversible, the method
used to define these abnormal vessels was not described, assessment appeared to be
subjective and no quantitative results were presented. In the present study, retinal vessel
tortuosity was quantified in all groups including healthy individuals using a semiautomated
method. This reduced subjectivity in the measurement of tortuosity and provided the first
quantitative measure of vessel tortuosity in cerebral and noncerebral severe malaria. It was
found that there was larger variation in width and tortuosity of retinal venules and arterioles
in those with severe malaria than uncomplicated malaria or healthy subjects. This is
consistent with the heterogeneous microcirculatory obstruction seen in severe malaria on
brain histopathology, on direct visualization of the systemic (rectal) microcirculation using
OPS?%® and in the retina on fluorescein angiography.??® There was a positive correlation of
venule width and tortuosity with GCS and decreasing mean venule width with increasing
severity of malaria. One possible explanation for this is that obstructed capillary beds
containing sequestered parasites reduce the blood volume returning to the venules which
they drain into. This would reduce the intravascular pressure and thus width of these vessels
whilst adjacent perfused capillary beds would have normal or possibly increased
compensatory venous return. If this were the case, it could be speculated that there could be
back-pressure in some arterioles feeding into the obstructed capillaries and this might lead to
increased arteriolar width and tortuosity. This was not seen, although there was an increase
in the variance of arteriolar width and tortuosity in severe malaria. Another speculation

worth considering is if this lack of increased tortuosity were related to disordered local
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autoregulation of microvascular blood flow. This is known to occur in severe malaria and is
thought to be related to impaired nitric oxide response impairing the ability of arterioles to

vasodilate.1?’

2.5.7 Limitations

The studies in this Chapter had several limitations. Retinal photography was used as the
primary tool to assess patients for retinopathy. These retinal photographs were mostly read
by a single observer (RJIM) with only a small number being read by a second observer
(NAVB). Inter-observer concordance was high but a higher number of double-read
photographs would have been preferable with comparison of findings for individual features
of retinopathy to fully verify reproducibility of the findings. The main reason for this
limitation was the difficulty of finding a suitably expert second observer with the available
time to read the large number of retinal photographs. As a substitute the author double-read
all retinal photographs masked to the clinical status of the patients wherever possible. For the
occasional case with particularly memorable retinal changes, the author could recall some
clinical details thus blinding was not complete. An alternative unbiased method would be
automated slide reading by a software algorithm and the author has begun exploring possible
means of doing this.?%

This study examined the potential of retinopathy to contribute to diagnosis and prognosis in
patients with severe malaria. However, as with indirect ophthalmoscopy, retinal photography
is expensive, requires extensive training and is not widely available in resource-poor
settings. The results presented here reflect an idealised situation in the sense that bedside
examination using direct ophthalmoscopy will always find a subset of the findings captured
by photography. It was shown in this study that moderate-severe retinopathy, in particular
macular whitening, was the best diagnostic and prognostic indicator, being 95% specific for
malaria in comatose patients. In previous studies of malarial retinopathy, moderate-severe
retinopathy was the easiest to identify by ophthalmoscopy and, although whitening can be
more challenging to identify than haemorrhages,®>?** macular changes are technically the
easiest to visualise. If an examiner was only able to detect haemorrhages due to lack of skill
or experience, this study has shown that they are present in half of cerebral and fatal malaria
and are commoner in cerebral malaria than in encephalopathy, being 91% specific for

malaria in comatose patients. Specificity was even higher for white-centred haemorrhages.
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Many clinicians do not even attempt fundoscopy for a variety of reasons. They may lack
training, experience and confidence; ophthalmoscopes may be unavailable as even simple
ophthalmoscopes can be expensive, although low cost models are beginning to appear on the
market; and good quality fundal examination is time consuming and thus often not a priority
in busy hospitals in clinics. Recently, adapted smartphones have begun to be trialled as
possible low-cost platforms for retinal photography,?® but are not yet ready for widescale
use. For the potential contribution of retinopathy to diagnosis and management of severe

malaria shown in the present study to be realised, these barriers must be overcome.

Another limitation of this study is that the number of children enrolled was relatively small.
Thus only a cursory comparison of findings in Asian adults and children was possible. This
was a reflection of the caseload that presented to the hospitals during the study period. How
retinopathy in African children might differ from Asian children is a crucial question in
studies of the pathogenesis and treatment of cerebral malaria and much more data will be
needed to fully address this. As a follow-on to the studies presented in this Chapter, it is

planned to recruit a larger cohort of children with which these questions can be answered.

2.6 Conclusions

Malarial retinopathy in Asian adults and children was present in 90% of patients with
cerebral and fatal falciparum malaria, was highly specific for malarial coma in unconscious
patients, predicted increased likelihood of development of coma in noncomatose patients
with falciparum malaria and predicted increased mortality in severe malaria. Malarial
retinopathy may thus have potential to aid with diagnosis and prognosis in severe falciparum
malaria but further analyses combining it with other prognostic factors and further studies on
its performance using standard ophthalmoscopic examination techniques are needed. The
severity of macular whitening correlated with a decrease in visual acuity but it was not clear
if this was a specific effect to malaria. The prevalence of retinal whitening and haemorrhages
were similar to that described previously in African children but retinal vessel discolouration
was absent and papilloedema rare. Contributors to, and markers of, microcirculatory
obstruction were highly correlated with macular whitening consistent with the hypothesis
that microcirculatory obstruction by sequestered parasites has a central role in the
pathogenesis of both retinal whitening and coma. Additional longitudinal data collected as an

extension to these studies are currently being analysed. These will help to determine the rate
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of recovery from retinopathy, clarify its effect on visual function and further explore its
potential role as a surrogate marker for intervention studies. Further data from Asian children
and African adults are needed to clarify the similarities and differences in retinal findings
between Asia and Africa.
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3.1 Summary

This Chapter summarises two studies. The first was a necessary pre-requisite for the second
as it established the normal range for ONSD in Bangladesh. This was not known prior to this
study and was necessary to assess whether ONSD in other conditions was raised. The second
study measured ONSD in severe and uncomplicated P. falciparum malaria and sepsis and

compared this to the normal range found in the first study.
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3.2 Normal range for ONSD in Bangladesh

Transorbital sonographic evaluation of normal optic nerve sheath diameter in healthy
volunteers in Bangladesh

3.2.1 Abstract

Measurement of ONSD by ultrasound is increasingly used as a marker to detect raised ICP.
ONSD varies with age and there is no clear consensus between studies for an upper limit of
normal. Knowledge of normal ONSD in a healthy population is essential to interpret this
measurement. In a prospective observational study, ONSD was measured using a 15 MHz
ultrasound probe in healthy volunteers in Chittagong, Bangladesh. The aims were to
determine the normal range of ONSD in healthy Bangladeshi adults and children, compare
measurements in males and females, horizontal and vertical beam orientations and left and
right eyes in the same individual and to determine whether ONSD varies with head
circumference independent of age. 136 subjects were enrolled, 12.5% of whom were age 16
or under. Median ONSD was 4.41 mm with 95% of subjects in the range 4.25-4.75mm.
ONSD was bimodally distributed. There was no relationship between ONSD and age (>4
years), gender, head circumference, and no difference in left vs right eye or horizontal vs
vertical beam. Ultrasonographic ONSD in Bangladeshi healthy volunteers has a narrow
bimodal distribution independent of age (>4 years), gender and head circumference. ONSD

>4.75 mm in this population should be considered abnormal.

3.2.2 Introduction

Identification of elevated ICP is important in the assessment of a range of neurological
diseases. It is a predictor of poor prognosis including risk of death from brainstem

herniation. ICP is commonly measured by opening pressure on lumbar puncture but this is
invasive, unpleasant for the patient, and contraindicated in many cases. Non-invasive
detection of raised ICP can be achieved by detection of specific signs e.g. papilloedema on
fundoscopy. This requires an experienced examiner with an ophthalmoscope and the changes
can appear late requiring a sustained increase in ICP.3°%1 CT and MRI of the head can be
used to infer ICP and determine the safety or otherwise of lumbar puncture. These require
the patient to be moved, are frequently not available in resource-poor settings and can be

normal early in the presence of raised ICP.%023%3
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Ultrasound measurement of the ONSD is a quick, non-invasive method of detecting raised
ICP. It is increasingly being used in emergency departments and intensive care units,304-30
The optic nerve sheath is a membrane covering the optic nerve behind the eye and is
continuous with the dura mater over the brain. It distends when ICP is high due to expansion
of the underlying subarachnoid space and its” diameter can be reliably measured at its point

of maximal distension 3mm posterior to the globe.

ONSD has been used as a clinical and research tool for a variety of conditions to detect
raised ICP. Its sensitivity for detecting raised ICP is high®***7 and ONSD varies almost
concurrently with ICP.3% It is cheap and easy to train operators. Ultrasound is known to be
operator dependent. However, ONSD ultrasound has been well evaluated and found to have
low intra and inter-operator variability.3%%31° ONSD can be measured with the ultrasound
beam in the vertical or horizontal orientation and this varies between studies. The degree of
normal intra-individual variation in ONSD between left and right eyes is thought to be

minimal .301,302,311

There is no consensus as to the cut-off for an abnormal ONSD indicating raised ICP and a
lack of large studies evaluating its performance as part of care pathways and insufficient
evidence for a cut-off in adolescents and non-Caucasian populations have limited its use.
There is considerable interindividual variation in ONSD*® but no difference between male
and female children.?!! Although 5mm is most commonly used for adults, different studies
have used values up to 5.9mm.3% In children, ONSD has been shown to increase with age
with most of the increase in the first year of life. Threshold values of 4.0mm under 1 year
and 4.5mm in those 1 to 16 years of age®%3!t or 4mm under 4 years and 5mm in older
children and adults*®* have been proposed. It is not known whether ONSD increases beyond

childhood®" or how ONSD varies with ethnicity or head circumference.

Knowledge of the normal range of ONSD in a healthy population is essential to interpret this
measurement as a marker of ICP in clinical practice®**%2 and research. Studies are currently
underway in Bangladesh using ONSD to detect raised ICP in adult severe malaria. To date,

however, there has been no evaluation of ONSD in a healthy Bangladeshi population.

An observational study was performed to determine the normal range of ONSD in healthy
Bangladeshi adults and children, compare measurements in males and females, horizontal
and vertical beam orientations and left and right eyes in the same individual and to determine

whether ONSD correlates with head circumference independent of age.
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3.2.3 Material and Methods

The study was conducted in Chittagong Medical College Hospital, Chittagong, Bangladesh.
Chittagong Medical College Ethical Committee and OXTREC, the University of Oxford
Tropical Research Ethics Committee provided ethical approval for this study. Healthy
relatives of patients and hospital staff of all ages and both genders were recruited if they
provided written, informed consent. Written informed consent was obtained from the next of
kin, caretakers, or guardians on behalf of children participating in the study. Individuals were
excluded if they had any chronic diseases, any acute illnesses in the preceding 4 weeks or
had taken any medications in the preceding 4 weeks. Upon enrollment, basic demographic
data were collected and the head circumference measured by a single observer using a
purpose-designed non-stretchable tape around the widest possible occipitofrontal

circumference.

ONSD was measured 3 mm behind the retina. A single investigator used a 15 MHz linear
ultrasound probe (Accutome B-Scan Plus, Accutome Inc., USA) oriented perpendicularly in
the vertical plane and at around 30 degrees in the horizontal plane on the closed eyelids of
both eyes of supine subjects. Ultrasound gel was applied to the outside of each eyelid and
recordings made in the axial and longitudinal planes of the widest diameter visible. Video of
every ultrasound was recorded for later analysis by a single masked investigator. To
determine ONSD, electronic calipers were used to mark 3 mm perpendicularly behind the
retina. The ONSD was measured at the depth marker at right angles to the optic nerve. This
method has been described and illustrated diagrammatically in detail elsewhere.®!® Each
video was played three times and a single measurement made each time from a randomly

selected frame, giving 6 measurements of each eye and 12 measurements in total per subject.

The study aimed to include 100 healthy Bangladeshi people. Previous studies in healthy
children found ranges of ONSD of 2.5-4.1mm in 31 people in Africa®? and 2.1-4.3mm in
102 people in the UK with correlation with age.3™* As it was not known to what degree
ONSD varies in Bangladeshi people, or how this changes with age or skull size, it was not
possible to perform a precise sample size calculation. The UK study was used as a guide to
the approximate sample size required. With this sample size, assuming an alpha of 0.05, two
groups of equal size and a total population of 158,000,000, a 10% difference in mean ONSD
between adults and children can be detected. Results from a second smaller group of

different healthy individuals recruited concurrently from the same population for a separate
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study were also included for comparison. In this group, videos were recorded by a different
investigator from the first group using the same methodology except head circumference was
not measured and ONSD was recorded only in the horizontal plane. Results of this study will
be published separately. The same investigator measured all ONSDs from the videos for
both groups.

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc., USA).
Mann Whitney U test was used to compare unpaired ONSD between genders and observers,
Wilcoxon matched pairs signed rank test to compare left and right eyes and horizontal and
vertical measurements. Linear regression was used to assess for correlations with age and
head circumference. One way analysis of variance and intraclass correlation coefficient
(CCI) were used to test for differences between the repeated measures of ONSD within
individuals. Mean values of repeated measures were used for correlations and comparison

between groups.

3.2.4 Results

ONSD was measured in 106 healthy volunteers by the first observer, and an additional 30 by
the second observer. All those asked agreed to participate in the study. 17/136 (12.5%)
subjects were age 16 or under and 49.3% were male. All patients were of Bangladeshi origin.
The median (range) ONSD was 4.41 (4.24-4.83) mm and 95% of individuals had mean
ONSD in the range 4.25-4.75 mm (Figure 3.2-1). The distribution of ONSD in this study was
bimodal (Figure 3.2-1). There was no difference in the measurements in the two groups
[median (range) 4.41 (4.24-4.83) vs 4.33 (4.24-4.75) mm, p=0.52]. There was no difference
between the 6 repeated measures of ONSD in each eye (right eye CCI=0.897, F (4.432,
465.3) = 1.331, p=0.254 and left eye CCI1=0.897, F (4.595, 482.4) = 1.351, p=0.2451).
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Figure 3.2-1. Distribution of mean optic nerve sheath diameter (ONSD) measurements.

There was no relationship between ONSD and age (R?=0.0093, p=0.27, Figure 3.2-2) or
ONSD and head circumference (R?=0.011, p=0.31, Figure 3.2-3), and no difference in
ONSD between males and females (p=0.47). There were also no differences in individual’s
mean measurements taken in the horizontal or vertical planes (p=0.99), or between left and
right eyes (p=0.12). The maximum difference between mean measurements in horizontal and

vertical planes was 0.093mm and between left and right eyes 0.13mm.
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Figure 3.2-2. Optic nerve sheath diameter (ONSD) and age.
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Figure 3.2-3. Optic nerve sheath diameter (ONSD) and head circumference.

The mean (95% CI) difference in individual ONSD measurements from the overall mean for
each subject was 0.19 (0.17-0.20) mm. Repeating each measurement three times gave a
mean difference of 0.07 (0.06-0.08) mm from the overall mean for each subject. The mean
(95%) coefficient of variation of the multiple ONSD readings for each individual was 1.19
(1.09-1.29) % and the typical error of measurement 0.054 (0.049-0.59) mm.

3.2.5 Discussion

This study indicates the cut-off for the upper limit of normal ONSD in Bangladeshi people
>4 years old is 4.75mm. The normal range of ONSD was independent of age, gender,

ultrasound beam orientation, head circumference and observer.

The range of ONSD in this study (4.24-4.83 mm) was higher and narrower than has usually
been found previously. Examples from previous studies include 2.5-4.1mm in 50 UK
adults,31 2.1-4.3mm in 102 UK children,?'* 2.5-4.1mm in 31 African children,?!? 2.9-4.3mm
in 20 German adults®* and 2.2-4.9 mm in 26 Greek adults.®% A study in Iran found similar
values to the present study with a mean of 4.6mm in normal subjects.3!® The differences in
normal range between studies may be due to differences between ethnicities, although it is
not possible to exclude subtle differences in methodology as a contributing factor. Examples
might include variation in the angle or positioning of the probe or differences in resolution.

The precision of measurement increases with increasing frequency of the ultrasound probe
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used.3® This study used a relatively high frequency 15MHz probe which may have partially

accounted for the relatively narrow normal range found.

The distribution of ONSDs in this population was bimodal with a cut-off between the two
groups of 4.5mm. This could not be explained by differences between investigators, genders
or ethnic origin and warrants further investigation. Previous similar studies have not found a
bimodal distribution. Possible explanations might include two genetically distinct
subpopulations (e.g. Bengali vs tribal) or two groups with different nutrition in childhood
(for example malnutrition causing growth retardation and a smaller ONSD in those living in
rural areas). As information on e.g. ethnic origin, place of residence and economic status
were not collected these cannot be determined. Another possibility is that the bimodal
distribution was an artefact of the measuring technique used, e.g. the electronic calipers,
although the technique was highly standardised between measurements and no specific
problems were identified during operation. A consequence of this is that in those with
ONSD<4.5mm, an increase in ICP could produce an ONSD within the normal distribution of

the second peak between 4.5 and 4.75mm.

This study had several limitations. A direct measure of ICP was not included thus it is not
known how well ONSD above the derived normal range predicts ICP. Previous studies have
shown a reliable linear relationship.3” The present study did not include any volunteers
under 4 years of age. Previously it has been shown that ONSD increases with age under 4
years and most within the first year of life.**! Previous studies have also suggested a much
smaller increase in ONSD to the end of childhood, although this was not corroborated by the
present study. Each measurement was made three times from the same video by the same
observer. This observer was not masked to the other results from the same video and this
may have reduced the variability in these measurements due to observer bias. As the two
investigators measuring ONSD did so in different patients, it was not possible to determine
interobserver variability in this study. However, there was no difference in the median or
range of observations by the two investigators and previous studies have shown inter-

observer agreement to be high.3031
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3.2.6 Conclusions

Ultrasonographic measurements of ONSD in Bangladeshi healthy volunteers have a narrow
bimodal distribution. ONSD is independent of age (>4 years), gender and head

circumference. ONSD >4.75 mm in this population should be considered abnormal.
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3.3 ONSD in severe falciparum malaria

3.3.1 Abstract

Raised ICP and cerebral oedema are found in most African children with cerebral malaria
and are associated with a worse outcome. In adults with cerebral malaria, raised ICP and
cerebral oedema are thought to be less frequent and severe than in children but available
evidence is limited and there have been no studies in Asian children. ONSD is a non-
invasive marker of ICP which is more sensitive than fundoscopy. ONSD was measured in 28
patients with cerebral, 18 with noncerebral and 32 with uncomplicated P. falciparum
malaria, as well as 21 people with sepsis. Median ONSD was higher in all groups than in
healthy controls and highest in those with uncomplicated malaria. There was no difference in
median ONSD between those with cerebral and noncerebral severe malaria or between those
with fatal and nonfatal severe malaria. There was also no difference in ONSD between adults
and children with severe malaria. Raised ICP is not seen in most Asian adults and children
with cerebral P. falciparum malaria, it is not specific to cerebral malaria and not associated
with mortality. This suggests cerebral oedema is not an important contributor to coma or

death in adults or children with falciparum malaria in Asia.

3.3.2 Introduction

Cerebral oedema and consequent raised ICP are common in cerebral malaria in African
children. In a recent study using magnetic resonance imaging of the brain in Malawi, 77% of
120 children with cerebral malaria had moderate to severe cerebral oedema.t’> When
measured by lumbar puncture, raised ICP was found in 95% of 46 Malawian children with
cerebral malaria?*, 100% of 26 Kenyan children with cerebral malaria'’® and 80% of 40
Gambian children.?!® In 23 Kenyan children with cerebral malaria who underwent direct ICP

monitoring, all had evidence of ICP elevation, in 4 of whom it was severely elevated.®

Although sensitive, these techniques have limitations in severe malaria. CT and MRI studies
generally require patients to be well enough to be moved to the scan room, the scanners are
frequently not available in resource limited settings and can be normal early in the course of

increasing ICP.3%23%3 | uymbar puncture is invasive and can precipitate potentially fatal brain
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herniation. Direct ICP monitoring requires insertion of an intracranial device which carries

significant risks and is generally only available in well-resourced settings.

Fundoscopy is widely available and non-invasive. However, its sensitivity for raised ICP is
poor as papilloedema is a relatively insensitive, subjective and late marker of raised
ICP.200301 Of 45 children with severe, mostly cerebral, malaria in Malawi only 24% had
clinically evident papilloedema on dilated fundoscopy,®* although the majority have raised
ICP.17°249318 Qptic nerve sheath diameter is increasingly used as a non-invasive surrogate
marker of ICP in a range of conditions and it has the advantages of being more sensitive to
changes in ICP and less subjective than fundoscopy. ONSD was found to be increased in
49% of 101 Malawian children with cerebral malaria and 45% of 11 with noncerebral severe
malaria.?*® Median CSF pressure was higher in those with increased ONSD. There was no
difference in mortality but neurological sequelae were commoner in those with increased
ONSD. Raised ICP has been associated with a poor outcome in some studies of paediatric
cerebral malaria 17°8 but not in others.?**3® However, administration of mannitol to lower

of ICP in paediatric cerebral malaria had no clear effect on outcome. 8320

In adults with severe malaria, cerebral oedema and raised ICP are less prominent than in
African children, although this has been much less studied than in children. Of 120 Indian
adults with cerebral malaria who underwent lumbar puncture, 36% had raised CSF pressure
of whom only 2% had severely raised pressure. In the same study, 63% of 126 patients with
cerebral malaria had evidence of cerebral swelling and 29% moderate to severe swelling on
CT brain. CSF pressures correlated with CT findings but the extent of swelling did not

correlate with coma depth or mortality and mannitol had no effect on outcome.

There has been no study using measurement of ONSD in adults with cerebral malaria and
there are very few published data on ICP in adults or children with noncerebral severe
malaria, uncomplicated malaria or sepsis. The specificity of raised ICP for cerebral malaria

is not known.

We undertook a study using ONSD as a surrogate marker for ICP in patients with cerebral,
severe noncerebral and uncomplicated malaria, sepsis and healthy controls. The aims were to
determine the frequency of raised ICP in these groups and to assess the specificity of raised

ICP for cerebral malaria.
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3.3.3 Methods

This study was conducted in Chittagong Medical College Hospital from June to August
2011. Ethical approval was obtained from the Bangladesh Medical Research Council Ethical
Committee and OXTREC, the University of Oxford Tropical Research Ethics Committee.
Consecutive adult patients with severe malaria, uncomplicated malaria and sepsis were
enrolled according to inclusion and exclusion criteria outlined in Section 2.3.1 providing

they or their relatives gave written, informed consent.

All patients underwent a full clinical assessment including history taking and physical
examination, and blood was taken for parasite count, haematology and biochemistry
including lactate and bicarbonate. Measurement of ONSD was done by two investigators
using the methods described in Section 3.2.3. Mean ONSD measurements for each patient
were compared to the normal range for this population determined in Section 3.2. In
addition, median ONSD for each group was compared to the median ONSD found in 106

healthy subjects in the separate study described in Section 3.2.

Statistical analysis was performed using GraphPad Prism 6.01 (GraphPad Software, Inc.,
USA). Kruskall Wallis test with Dunn’s test for multiple comparisons was used to compare
ONSD between multiple groups. Mann Whitney U test was used to compare unpaired ONSD
between two groups. Mean values of repeated measures were used for correlations and

comparison between groups.

3.3.4 Results

In total, 46 patients with severe falciparum malaria were recruited, 28 with cerebral and 18
with noncerebral severe malaria. Median (IQR) GCS in those with cerebral malaria was 8 (6-
9). Features of severe malaria on enrolment are listed in table Table 3.3-1. In addition, 32
patients with uncomplicated falciparum malaria and 21 with sepsis were recruited for
comparison. Median ONSD was higher in all groups than in healthy controls and highest in
those with uncomplicated malaria (median (IQR) of 4.74 (4.44-4.85) mm) (Figure 3.3-1). Of
those with cerebral malaria, 10/28 (36%) had raised ONSD, 7/18 (39%) with noncerebral
severe malaria, 7/19 (37%) of those with fatal malaria and 10/27 (37%) with nonfatal
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malaria. No patients in this study had ONSD above 5mm, a commonly cited generic

conservative cut-off for significantly raised ICP.3%

Table 3.3-1. Severity features in patients with severe malaria on enrolment.

Number of patients (%)

n=46
Glasgow Coma Scale <11 28 (61%)
Venous lactate > 4 mmol/I 22 (48%)
Venous bicarbonate < 15 mmol/I 13 (28%)
Serum creatinine > 3.0 mg/dI 11 (24%)
Generalised convulsions (>2 in 24 hours) 10 (22%)
Haematocrit < 20 % Wi:: rT;])glrasite count > 100,000/ 9 (20%)
Bilirubin > 3.0 mg/dl with parasite count > 100,000/ 9 (20%)

mm3

Peripheral asexual stage parasitaemia > 5 % 8 (17%)
Blood glucose <40 mg/dL 1 (2%)
Systolic blood pre:itjrréemitfiigsmm Hg with cool 0 (0%)
Pulmonary oedema 0 (0%)
Spontaneous bleeding 0 (0%)
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Figure 3.3-1. Optic nerve sheath diameter (ONSD) in malaria and sepsis compared to
healthy controls.
ONSD in sepsis, uncomplicated falciparum malaria, noncerebral severe falciparum malaria,

cerebral falciparum malaria and fatal falciparum malaria compared to healthy subjects.
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There was no difference in median ONSD in fatal versus nonfatal severe falciparum malaria

(Figure 3.3-2).

ONSD (mm)

Figure 3.3-2. Optic nerve sheath diameter (ONSD) in fatal versus nonfatal severe

falciparum malaria.
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Six patients with severe malaria (4 cerebral) and 7 with uncomplicated malaria were children
(<16 years old). The median (IQR) age of the children was 10 (4.75-14.5) years and none of

the children died. There was no difference in median ONSD between adults and children

with cerebral, severe or uncomplicated malaria (Figure 3.3-3).

Figure 3.3-3. Optic nerve sheath diameter (ONSD) in adults versus children with severe
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and uncomplicated falciparum malaria.
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3.3.5 Discussion

Raised ICP is absent in the majority of children and adults with severe falciparum malaria in
Asia, and is not associated with coma or death. This is in agreement with a study using CT in
Indian adults with cerebral malaria of whom 29% had moderate-severe brain swelling and
swelling was not related to coma or death.*® This differs markedly from African children
with cerebral malaria in whom the majority of fatal cases had severely swollen brains on
MRI and raised ICP on LP whereas most nonfatal cases did not.}’® In another study in
Malawian children, 77% with cerebral malaria had moderate-severe cerebral oedema on
MRI.1® Also in Malawian children with cerebral malaria, 95% had raised CSF pressure on
LP, 49% had increased ONSD and CSF pressure on LP was higher than in those with normal
ONSD.*9

The reason for this difference in prominence and frequency of raised ICP between African
children and Asian adults and children is not clear. In studies in both locations, it has been
postulated that cerebral oedema occurs partly as the result of accumulation of sequestered
parasites in the cerebral vasculature’®*8! in addition to cytotoxic and vasogenic oedema.*®! It
is not clear to what degree each process contributes in each group and further studies are

needed.

It has been postulated that the pathogenesis of cerebral malaria in children and adults may be
different on the basis of differences in findings between studies in African children and
Asian adults. The difference in cerebral oedema is one of the major discrepancies cited. In
addition to adults, this study recruited children and there was no difference in ONSD
between the two age groups in those with cerebral, noncerebral severe or uncomplicated
malaria. Admittedly the numbers of children were small, but these findings suggest that
raised ICP is not contributory to coma in Asian children, unlike African children. A future

study with a larger cohort of Asian children would help to clarify this.

If this difference between Asian and African children with cerebral malaria is confirmed,
there are several possible explanations. One is that the differences seen in cerebral malaria
between Africa and Asia are not due to differences in age of the patient, but rather because
of a difference in the parasites in the two locations. Another possibility is that there is some
innate difference in the genetic makeup of the human host in Africa versus Asia that
contributes to disease pathogenesis. Further studies of cerebral malaria pathogenesis in Asian

children and African adults would be required to answer this.
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That ONSD was higher in patients with uncomplicated malaria and similar in sepsis strongly
suggests that raised ICP does not have an important role in causing coma in Asian patients

with falciparum malaria.

3.3.6 Conclusions

Raised ICP as measured by ONSD does not play a role in causing coma or death in Asian

adults or children with cerebral malaria.
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Chapter 4 P. falciparum retinopathy and fluorescein
angiography
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4.1 Summary

Fluorescein angiography was performed in a subset of patients with P. falciparum who
underwent retinal photography. Availability of tabletop cameras to photograph the study
patients was extremely limited and therefore few angiograms could be performed using this
method. Instead, a novel low cost method was devised and tested in Chittagong and
successfully used to perform angiograms in most patients with severe malaria in 2010 and
2011. This method is described in detail in this Chapter.

Analysis of fluorescein angiograms requires expert observers and is very time-consuming.
Towards the end of this work for this thesis, | was part of an expert working group which
devised a new classification scheme for analysing fluorescein angiograms in falciparum
malaria. The angiograms performed for this thesis are currently being analysed by expert
observers using this new scheme and thus the full results are not yet available to include in
this thesis. In lieu of this, some examples of the angiograms performed are presented
including a published case report which demonstrates for the first time reversibility of retinal

whitening and associated angiographic changes.
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4.2 Low cost fluorescein angiography

4.2.1 Abstract

Fundus fluorescein angiography has great potential as a unique tool to investigate in vivo the
microvascular pathogenesis of a wide variety of diseases affecting the central nervous
system. However, because it requires a bulky and expensive tabletop retinal camera, it is
normally limited to cooperative and alert seated patients in well-resourced settings. Recent
and ongoing studies of the pathogenesis of severe malaria are employing fluorescein
angiography to examine in detail the postulated central role of microvascular obstruction.
We describe a novel method of fluorescein angiography with which a portable retinal camera
can be adapted at very low cost for use in sick patients at the bedside. This method greatly

expands the scope of potential studies utilising fluorescein angiography.

4.2.2 Introduction

Fundus fluorescein angiography (FFA) was first formally described in humans in 1961.32
Although the underlying principals are relatively simple,3? the equipment has become
increasingly complex and expensive and, with improved optics and high resolution digital

imaging, developed into a valuable clinical tool used by ophthalmologists worldwide.

The basic components of FFA have remained unchanged since its inception. Sodium
fluorescein injected into a peripheral vein circulates to the retina. Incident white light is
passed through an ‘excitation’ optical filter (blue, wavelength around 465nm), absorbed by
the fluorescein and then emitted at a different wavelength (around 525nm) as fluorescence.??
A ‘barrier’ (yellow/green) optical filter is used to block all but this emitted light which is
captured by a camera. This produces a map of the intraretinal fluorescein and thus retinal
blood perfusion and blood retinal barrier (BRB) integrity. Because it requires a bulky
tabletop retinal camera, FFA has been mostly limited to relatively fit, mobile and cooperative

subjects in well-resourced settings.
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FFA has been used to diagnose, assess and investigate the pathogenesis of a variety of
conditions which affect the retina including diabetic retinopathy, central retinal vein
occlusion, retinal vasculitis,®?*%% and infectious diseases such as malaria,??® dengue,?
syphilis,®? tuberculosis,®?® bartonellosis,*?® toxoplasmosis,®° West Nile Virus®**! and murine
typhus.®%

Of these infections, malaria has been of particular ophthalmological interest. Malarial
retinopathy is a unique set of retinal changes including retinal haemorrhages (particularly
white-centred), retinal whitening, vessel discolouration (orange/white) and papilloedema. It
is present in the majority of patients with cerebral and severe malaria and its severity
correlates with disease severity and outcome.®%® A central pathogenic feature of severe
malaria is thought to be obstruction of the microcirculation by sequestered parasitized
erythrocytes, particularly in the brain in cerebral malaria.®*® Indirect evidence for this
includes: large numbers of sequestered parasites in the brain on autopsy,?® decreased flow in
the rectal microcirculation,?® decreased erythrocyte deformability,? raised blood lactate®®’
and high HRP2-derived sequestered parasite biomass.?®® However, it has not been possible to

visualise the microcirculation in the brain in living subjects.

The retinal microcirculation is uniquely identical to that in the brain and the same
pathogenetic processes occurring at both sites in cerebral malaria are thought to cause
retinopathy and coma.?®* The retina is the only vascular bed that can be easily visualized in
living subjects. FFA is thus now being employed in studies to investigate the pathogenesis of
cerebral malaria.??#28 |[n Malawian children with cerebral malaria, FFA reveals
abnormalities in the majority, including impaired perfusion, vessel occlusion, filling defects,
leakage and vessel mottling.> The weight and immobility of tabletop cameras makes it very
difficult to capture clear images in conscious patients with severe malaria as they generally
have limited tolerance and are unable to sit up, thus restricting it to deeply comatose patients
lying on their side on a raised bed. This same problem has severely limited studies using

FFA on acutely ill patients with a range of other diseases.

To overcome these difficulties, we developed a simple method of modifying a portable
retinal camera to undertake FFA at the bedside on supine patients. This is being used
successfully in ongoing studies of severe malaria in Bangladesh. We have found this
technique to be well-tolerated, regardless of conscious level, and minimally disruptive to
patient care. The modifications to the fundus camera required for FFA are relatively cheap

(under 100 USD) and an experienced retinal photographer requires minimal additional
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training (use of the Kowa Genesis D camera and familiarity with the normal procedure for
fluorescein angiography). To date, we have used the technique on 32 patients with severe
malaria (both adults and children) with clinically useful pictures being obtained in 29 (91%).

4.2.3 Method

Apparatus required:

Kowa Genesis D portable fundus camera

Kodak 3x3" #15 Deep Yellow and 3x3" #47A Light Blue Wratten 2 optical filters. Tip: the
outer layer of these filters can become cloudy after several weeks in very hot and humid
environments. This can be prevented by storing them in a fridge or air-conditioned room. If
necessary, the opaque outer layer can be removed by gentle rubbing with a cotton bud
soaked in water.

Velcro®

Strong glue

Old 35mm photographic slides with plastic frame

Stopwatch

Method: (Figure 4.2-1)

Filter assembly

Cut a 20 by 20 mm square out of each of the #15 and #47A filters. Trim the bottom corners
off the 47A filter from about 2/3 of the way down.

Cut three 20mm long and four 10mm long strips of plastic from the frame of the
photographic slide.

Construct a 3-sided frame from the 20mm pieces and glue on the #15 filter.

The 10mm pieces should then be glued perpendicular to the frame in an ‘L’ shape to support
the #47A filter, and a small piece of Velcro® (loop side) glued onto each side.

Glue 20 by 20mm velcro (loop side) patches to the sides of the camera.
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A. 15 filter Slide frame B.
47A filter

velcro
C.

Figure 4.2-1. Fluorescein filter assembly.

A. Schematic of the filter assembly. Left-hand image is as viewed from the front, right hand
image from the side and bottom image from the top. B. Photograph of filter assembly with
attached velcro strips. C. Kowa Genesis D retinal camera with added velcro patches and
attached FFA filter. D. Camera in use.

Photography

Focus the camera and check by taking a colour fundus picture of the eye to be examined.
Tip: it is important not to change the focus after this step as the fundus is not visible once the
filters are in place and it is very difficult to refocus quickly enough during the initial phase of
the angiogram.

Place the filter assembly on the front of the camera and secure with two strips of Velcro
(loop side).

Turn the camera’s brightness and flash up to maximum.

Get in position ready to take the photographs.
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Have an assistant simultanesouly inject fluorescein and start the stopwatch. Begin
photographing immediately. The assistant should record the time of each photograph from
the stopwatch. Continue for 10 minutes to capture all phases of the angiogram. Tip: good
communication between the photographer and assistant is essential.

The pictures can then be merged using software such as Adobe Photoshop®3* to give
composite images of the entire fundus. For examples, see Section 4.3, Figures 4.3-1, 4.3-2,

4.3-3 and 4.3-4.

4.2.4 Conclusions

This simple and cheap adaptation of a portable fundus camera greatly expands the scope of
studies utilising FFA. We have used it in a wide range of patients, both comatose and awake,
adults and children. It has the advantage that the camera is taken to the patient rather than the
other way around. As the patient does not need to be moved it can be undertaken in a variety
of settings, minimising inconvenience and avoiding interference with patient care. In
addition, the photographer can travel to remote locations and undertake the technique in the
field.
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4.3 Example fluorescein angiograms in severe malaria

Figure 4.3-1. Widespread retinal whitening and patchy hypoperfusion.

Composite fundus photograph (top) and fluorescein angiogram (bottom) of Bangladeshi
child with cerebral malaria showing widespread moderate retinal whitening in macula, fovea
and periphery and corresponding patchy hypoperfusion (e.g. red arrow). Single white-

centred retinal haemorrhage with masking of fluorescein (black arrow).
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Figure 4.3-2.
Widespread punctate
retinal whitening and
hyperfluorescence.
Composite fundus
photograph (top) and
fluorescein angiogram
(bottom) of Bangladeshi
adult with cerebral
malaria showing
widespread severe
punctate retinal
whitening and
corresponding
hyperfluorescence on
angiogram. The cause is
unclear but it may
represent fluorescein
leakage. Staining or
transmission defects are
less likely as it appeared
early in the angiogram
and persisted through
arteial and venous
phases. Images were
acquired with a portable

retinal camera.
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Figure 4.3-3. Macular and foveal

retinal whitening, early

hypoperfusion. ¥
Colour fundus photograph (top), /
early phase fluorescein L
angiogram (middle) and late
phase (bottom) of Bangladeshi
adult with cerebral malaria
showing severe macular and
foveal whitening with perifoveal
hypoperfusion (early) and subtle
vessel leakage (late) (e.g. red
arrow). Images were acquired

with a portable retinal camera.
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Figure 4.3-4. Macular and foveal retinal whitening and late hyperfluorescence.
Composite fundus photograph (top) and late phase fluorescein angiogram (bottom) of
Bangladeshi adult with cerebral malaria showing moderate macular and foveal whitening
with widespread hyperfluorescence indicating fluorescein leakage from vessels and a single
white-centred flame haemorrhage with fluorescein masking (black arrows). Images were

acquired with a portable retinal camera.
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Figure 4.3-5. Macular and foveal
retinal whitening with
hypoperfusion.

Colour fundus photograph (top),
early arterial phase fluorescein
angiogram (middle) and middle
phase fluorescein angiogram
(bottom) of Indian adult with
cerebral malaria showing macular
and foveal whitening with
perifoveal hypoperfusion in early
phase angiogram and focal
hyperfluorescence in late phase
(e.g. red arrow). Images were
acquired with a tabletop retinal

camera.

167



P. falciparum retinopathy and fluorescein angiography

4.4 Case report

Reversibility of retinal microvascular changes in severe falciparum malaria

4.4.1 Abstract

Malarial retinopathy allows detailed study of central nervous system vascular pathology in
living patients with severe malaria. An adult with cerebral malaria is described who had
prominent retinal whitening with corresponding retinal microvascular obstruction, vessel
dilatation and increased vascular tortuosity and blood retinal barrier leakage with decreased
visual acuity, all of which resolved on recovery. Further study of these features and their
potential role in the pathogenesis of cerebral malaria are warranted.

4.4.2 Introduction

The pathogenesis of coma in falciparum malaria and its rapid reversibility are potential
targets for adjunctive therapies but are not well understood. Microvascular obstruction is
probably an important contributor. The brain microvasculature is relatively inaccessible so it
can be studied in detail only at post mortem. Similarly, microvascular obstruction in the
retina is thought to be a major contributor to the unique retinopathy of severe falciparum
malaria and as it is easily visualised in living subjects, in depth study is providing new and
valuable insights. We describe an adult patient with cerebral malaria who had prominent

retinal changes with some previously unrecognised features which resolved on recovery.

4.4.3 Case description

A 24-year-old male truck driver from Orissa, India was admitted with severe P. falciparum
malaria (parasitemia 0.3%) with coma, generalized convulsions, hyperlactatemia, renal
failure and black urine. He had no prior medical history. Retinal photography showed
bilateral patchy macular whitening with corresponding capillary non-perfusion and leakage
of fluorescein due to blood retinal barrier breakdown on fluorescein angiography

(Figure 4.4-1). He was treated with intravenous artesunate and from recovery of
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consciousness on day 3 until discharge, his visual acuity was markedly reduced (counting
digits only) with loss of red green colour vision. Repeat examination on day 55 showed the
retinal changes, angiogram abnormalities and visual deficits had resolved (acuity 6/9
bilaterally and normal colour vision). Blood vessel tortuosity was measured as the ratio of
blood vessel path length to chord length in three arterioles and three venules in matched pairs
of retinal photographs by a single masked observer. To measure blood vessel path length, the
centre line of vessels was traced between branch points using Adobe Photoshop CS4 (Adobe
Systems, CA, USA). Chord length was measured as a straight line along the same vessels.>*®
Tortuosity was greater on day 0 than day 55 (mean ratios of vessel widths measured at 10
points in each vessel 1.226 in arterioles and 1.172 in venules, and vessel lengths 1.043 and
1.035). These differences are similar to those found previously in diabetic macular

oedema.®*® Serum bicarbonate was normal and plasma lactate was raised at 4.8 mmol/I.

-—1‘4

Figure 4.4-1. Retinal photographs and fluorescein angiograms in severe falciparum
malaria on admission and recovery.

Retinal photographs (A and B) and fluorescein angiograms (arterial phase: C and D and late
phase: E and F) of left eye. Day 3: increased vessel thickness and tortuosity plus patchy
macular whitening (A) with corresponding areas of reduced perfusion (C) and fluorescein
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leakage (E). Day 55: normal vessels, no whitening (B) and normal perfusion around the

fovea (D) with no leakage of fluorescein (F).

4.4.4 Discussion

Malarial retinal whitening is thought to be due to hypoxic opacification of the retina
following obstruction of small blood vessels (predominantly capillaries and venules) by
sequestered parasites.2®%2°! It is similar to patchy ischaemic retinal whitening (PIRW), a
transient early sign of central retinal vein occlusion (CRVO)#® thought to represent
intracellular oedema of overlying retinal intermediary neurones.®* The degree of retinal
whitening in adults and children correlates with severity of malaria and peripheral blood
lactate.®218 Hyperlactemia is common in severe malaria at least partly due to obstruction of
the systemic microcirculation by sequestered parasites. Cerebrospinal fluid lactate

concentrations are also raised in cerebral malaria in which it is predictive of mortality.

The appearance and distribution of retinal whitening are unique to severe falciparum malaria.
Typically, there are multiple small lesions most prominent in the macula, particularly
temporal to the fovea. This area is a watershed between the superior and inferior retinal
vascular arcades and particularly vulnerable to ischaemic insults. Mid-peripheral
involvement in malaria distinguishes it from PIRW, Purtscher’s retinopathy and cotton wool
spots (sometimes also seen in malaria), which are distributed particularly around the optic
disk and are typically more opaque. Malarial retinopathy is considered reversible5*263 but

this case is the first published photographic evidence of reversibility.

The angiogram in this patient showed that the whitening corresponds closely to capillary
non-perfusion. This has not been described previously in adults but is common in Malawian
children with cerebral malaria.??® Post-mortem studies in Malawi have found retinal blood
vessels in cerebral malaria to be packed with sequestered parasites,?* similar to findings in
the brain in adults.®* As retinal whitening® and CNS sequestration®"* are particularly
prominent in patients with malarial coma (cerebral malaria) this suggests small blood vessel
central nervous system (CNS) ischemia plays a major role in pathogenesis. This is supported
by the finding of a raised plasma lactate In addition, tissue infarcts and necrosis are rarely
seen in post mortem studies of severe malaria suggesting either only small vessels are

affected or large vessels are only transiently occluded. In survivors, malarial coma is rapidly
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reversible and, as seen in the retina in this case, reversal of blood vessel obstruction is a

plausible contributor.

This patient had mildly increased tortuosity of retinal blood vessels which decreased on
recovery. Although increased vascular tortuosity has not been well-described in malaria, it is
a recognized feature of other vascular-occlusive diseases of the retina. VVessel tortuosity is
due to a combination of vessel dilation from radial stretching and the vessel taking a more
serpentine path due to longitudinal stretching.®¥’ Several pathogenic mechanisms have been
proposed for increased retinal vascular tortuosity including: in anaemia 1) increased blood
flow; in diabetic retinopathy 2) impairment of autoregulation of vessel tone by some
combination of disturbed blood flow, tissue hypoxia, endothelial dysfunction and increased
vascular endothelial growth factor®®; and in CRVO and raised ICP resulting in CRV
compression 3) venous congestion causing elevated vascular pressure and dilatation of
blocked vessels. In malaria, anaemia is common, uninfected red blood cells have reduced
deformability, and sequestered parasites cause microvascular and venular obstruction.

Angiogenesis is probably unimportant over the short timescale.3®

Increased vascular tortuosity has not been well described previously in severe falciparum
malaria possibly because the normal appearance of retinal vessels varies significantly
between individuals and subtle changes are difficult to identify. Ophthalmoscopy revealed
engorgement and tortuosity of retinal venules in 26% of children with cerebral malaria in
Ghana which mostly resolved by one week.?® In our patient comparison of retinal
photographs provided a more objective measure. Means of quantifying vessel tortuosity
using computer-aided image processing are under development. In Chapter 2, an analysis of
retinal vessel tortuosity in P. falciparum malaria using one such computer-aided method is
presented. This method was not applied in this case as it was only available for a subset of

patients.

The angiogram in this patient showed focal leakage of fluorescein across the blood retinal
barrier (BRB) in areas of nonperfusion suggesting a common etiology. The BRB is
analogous to the blood brain barrier which is also mildly disrupted in cerebral malaria.
Leakage from larger retinal vessels crossing ischaemic areas is a well-known phenomenon in
retinal ischaemia. The significance of this as a contributor to the pathogenesis of malarial

coma is not known. More angiographic studies are needed.
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This case had decreased visual acuity which had resolved at follow-up. Although it is not
possible to give a cause for this, it is the first report of an association between macular retinal

whitening and decreased visual acuity with subsequent recovery.

4.4.5 Conclusions

Further studies of malarial retinopathy have potential to enhance our understanding of
vascular changes in severe malaria. To maximise their impact, studies should use retinal
photography where possible to allow detailed examination of the full range of fundus signs
by multiple masked observers. This should be done both acutely and at follow-up.
Fluorescein angiography provides a detailed map of CNS retinal perfusion. There is a need
for further detailed studies to include assessment of vascular tortuosity to investigate its’ role
as a potential early and sensitive marker in studies of severe malaria. The rate of reversibility
of malarial retinopathy has potential as an endpoint in intervention studies of severe malaria,
particularly for adjunctive therapies which directly target the pathogenesis. Further
information on the speed of reversibility of the various components of malarial retinopathy is

needed and studies are underway to investigate this.
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Magnetic Resonance Imaging of the brain in adults with severe falciparum malaria

5.1 Abstract

MRI allows detailed study of structural and functional changes in the brain in patients with
cerebral malaria. In a prospective observational study in adult Bangladeshi patients with
severe falciparum malaria, MRI findings in the brain were correlated with clinical and
laboratory parameters, retinal photography and ONSD) ultrasound (a marker of ICP). Of 43
enrolled patients, 31 (72%) had coma and 12 (28%) died. MRI abnormalities were present in
79% overall with mostly mild changes in a wide range of anatomical sites. There were no
differences in MRI findings between patients with cerebral and non-cerebral or fatal and
non-fatal disease. Subtle diffuse cerebral swelling was common (n=22/43) but mostly
without vasogenic oedema or raised ICP (ONSD). Also seen were focal extracellular oedema
(n=11/43), cytotoxic oedema (n=8/23) and mildly raised brain lactate on magnetic resonance
spectroscopy (n=5/14). Abnormalities were much less prominent than previously described
in Malawian children. Retinal whitening was present in 36/43 (84%) patients and was more
common and severe in patients with coma. Cerebral swelling is mild and not specific to
coma or death in adult severe falciparum malaria. This differs markedly from African
children. Retinal whitening, reflecting heterogeneous obstruction of the central nervous
system microcirculation by sequestered parasites resulting in small patches of ischemia, is

associated with coma and this process is likely important in the pathogenesis

5.2 Introduction

Severe falciparum malaria is a multi-organ disease with a treated mortality of 10 to 30%.
There are differences in clinical presentation!? and pathological findings®*® between adults
and children. Coma (defining cerebral malaria) is one of the commonest features and is an

independent risk factor for mortality in all age groups.*?

The pathogenesis of coma in malaria is not well understood. This has hampered efforts to
develop adjunctive therapies to reduce mortality. Much of our knowledge comes from
autopsy studies which only provide information on fatal cases.®*® Due to inaccessibility of
the brain, studies in living subjects with cerebral malaria have been mostly limited to

measurement of indirect markers.34® Several processes are thought to be important including
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microvascular obstruction by sequestered erythrocytes, inflammation, endothelial
dysfunction with increased BBB permeability, and cerebral oedema. The relative

contribution of these processes is unclear.

Brain imaging by CT and MRI allow direct observation of the brain in living subjects. As
malaria occurs predominantly in resource-limited settings, imaging studies have been limited
to mostly single cases and small case series. Larger studies and more advanced MRI
techniques might allow for more in-depth study of not only structural but also functional
changes in the brain, including assessment of oedema, haemorrhage, ischaemia, and brain
metabolism. Systematic study of cerebral malaria using advanced MRI could provide

fundamental additional insights into our understanding of this disease.34

A recent study using MRI compared findings in unconscious African children with and
without malarial retinopathy.'’ In this context, absence of malarial retinopathy is thought to
indicate an alternative non-malarial cause of coma. Findings of markedly increased brain
volume, abnormal T2 signal intensity, and diffusion weighted imaging (DWI) abnormalities
in cortical, deep gray and white matter structures were much commoner in patients with
retinopathy suggesting these MRI findings are specific to malaria. In this study insights into
pathogenesis were limited by lack of a control group of severe but non-comatose patients, so

that the specificity of the changes could not be determined.

We here report a prospective observational study using a variety of MRI techniques aiming
to determine the structural and functional changes in the brain in adult patients with severe

falciparum malaria.

5.3 Methods

Study Site and Patients

The study was carried out in Chittagong Medical College Hospital, Chittagong, Bangladesh,
from June 2009 to August 2011. Ethical approval was obtained from the Bangladesh
Medical Research Council Ethical Committee and OXTREC, the University of Oxford

Tropical Research Ethics Committee.
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Consecutive adult (>16 years) patients with slide-confirmed severe falciparum malaria,
according to modified WHO criteria,> were eligible for inclusion. Cerebral malaria was
defined as GCS (GCS) <11 out of 15 in the absence of hypoglycaemia (<2.2mmol/L). Severe
but non-cerebral malaria was defined as GCS>11 plus one or more of the other severity
criteria listed in Table 5.4-1 (Results).

Patients were excluded if they died before imaging could be done or if MRI was deemed unsafe
(due to shock (systolic blood pressure <80mm Hg with cool extremities), hypoglycaemia
(blood glucose <2.2mmol/L), or signs of respiratory insufficiency (respiratory rate >32/min,
nailbed oxygen-saturation <90% by pulse oximetry, signs of pulmonary oedema on physical
exam or chest x-ray)) or the presence of metallic devices or pregnancy. Those with
documented allergy to MRI contrast media or acute renal failure (serum creatinine >1.4mg/dL

and estimated glomerular filtration rate (eGFR) <30mL/min *! did not receive contrast media.

Study procedures

On admission a full history and examination were carried out. Blood samples were taken for
haemoglobin, haematocrit, parasite count, platelet count, white cell count, glucose, plasma
lactate, full biochemistry and PfHRP2 (as a marker of parasite biomass?). All patients
underwent retinal photography (using a Kowa Genesis D retinal camera, Kowa Company
Ltd., Tokyo, Japan) through dilated pupils on admission with ‘masked’ analysis by a single
observer (RIM) grading severity findings according to published classification criteria.?”’
From 2011 onwards patients also underwent orbital ultrasound (Accutome B-scan Plus,
Accutome Inc., Malvern, PA, USA) to determine optic nerve sheath diameter as a marker of
ICP. Each ultrasound was recorded on video and later scored by two masked observers (RIM

and RRM) according to previously described methods.3+

MRI scanning

Imaging of the brain was performed using either a 1.5T (Magnetom Avanto, Siemens AG,
Erlangen, Germany) or a 0.3T (Airis Il, Hitachi Medical Corporation, Tokyo, Japan) MRI
scanner. The 1.5T scanner was available from 2010 onwards. Availability of gadolinium
contrast medium was limited throughout the study. Scanning was done on the 1st day of

admission when possible (up to a maximum 48 hours after admission).
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The MRI sequences performed were as follows: for both 0.3 and 1.5 T scans: 1. Sagittal T1-
weighted images to identify midline and Anterior-Posterior Commissure (AC-PC) line for
slice positioning and evaluate swelling and major venous sinus patency; 2. Axial T2-
weighted and Fluid Attenuated Inversion Recovery (FLAIR) turbo spin echo for lesion
identification; 3. Axial T1-Spin Echo (T1-SE) after contrast (dimeglumine gadopentetate,
4690mg in 10ml, Bayer Schering Pharma AG, Berlin, Germany), in stable patients with
normal renal function on enroliment repeated after 10 minutes; 4. Gradient Echo (GRE) for
micro-haemorrhages. For 1.5 T scans: 5. Axial trace-diffusion weighted imaging (DWI) (b-
values 0, 500, 1000 s/fmmz2); and 6. Single-voxel Magnetic Resonance Spectroscopy (MRS)
of the parietal grey matter (2x2x2 cm) using Short Echo Time (TE)-Stimulated Echo
Acquisition Mode (STEAM).

Image analysis consisted of: 1. Visual rating of infarcts and white matter lesions on
FLAIR/TZ2; 2. Determination of cytotoxic edema from DW!I with confirmation by ADC
maps; 3. Assessment of cerebral swelling from sagittal T1 and axial FLAIR/T2 as none,
mild, severe; 4. Detection of haemorrhage and venous patency; 5. Calculation of metabolite
ratios (Choline/creatinine, N-acetyl aspartate (NAA)/Creatinine and Lactate/Creatinine)
using MRS on a 2cm?® cube of parietal cortex; and 6. Determination of blood brain barrier
(BBB) leakage from T1-SE scans. Image analysis was done by a single expert (FB) masked

to all demographic and clinical information.

Drug and supportive treatments

Antimalarial treatment was with intravenous artesunate followed by artemether-lumefantrine
when the patient was recovering, with supportive treatment in accordance with 2006 and
2010 WHO guidelines®®** and local hospital guidelines, although access to mechanical

ventilation and renal replacement therapy was limited.

Statistical Analysis

Numbers of patients were compared using Chi-square with Yate’s correction or Fisher’s
exact tests as appropriate. When appropriate, data were log transformed to obtain a normal

distribution. Normally distributed data were compared using Student’s t test. The Mann-
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Whitney U test was used for unpaired nonparametric data. The level of significance was
p<0.05.

5.4 Results

During the study period, 97 adults were admitted with severe falciparum malaria. No scanner
was available for 35 patients, and 12 died before having MRI. MRI was contraindicated in 5
with respiratory insufficiency and 2 with hypoglycaemia. The remaining 43 patients had
MRI scans. In 9/43 (21%) image quality was reduced due to movement of the patient during
the scan.

The 1.5T scanner was used on 26/43 (60%) patients (17 cerebral, 9 non-cerebral) and 0.3T
on 17/43 (40%) patients (14 cerebral and 3 non-cerebral). The median (interquartile range
(IQR)) time from enrollment to MRI scan was 22.6 (3.7-29.5) hours. 17/43 (40%) scans (13

with the 1.5T scanner) were done within the first 10 hours of admission.

Of those enrolled, 31/43 (72%) had cerebral and 12/43 (28%) non-cerebral but severe
disease. Infections were fatal in 12/43 (28%). Median (range) age was 30 (16-75) years;
35/43 (81%) were male. Severity criteria on enrollment are listed in Table 5.4-1.
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Table 5.4-1. Presenting severity signs of enrolled patients.

Number (%) (n=43)

Cerebral malaria (GCS < 11) 31 (72%)
Venous lactate >4 mmol/I 20 (47%)
Jaundice (bilirubin >2.5 mg/dl + parasites >100,000/mm3) 9 (21%)
Hyperparasitaemia (>10%) 8 (19%)
Generalized convulsions (22 in 24 hours) 7 (16%)
Acidosis (venous bicarbonate <15 mmol/l) 6 (14%)
Renal failure (creatinine >3g/dL or anuria) 5 (12%)
Severe anaemia (Hct < 20% + parasites > 100,000/mm3) 3 (7%)
Spontaneous bleeding 1 (2%)
Hypoglycaemia (blood glucose <40 mg/dl) 1 (2%)
Pulmonary oedema 0 (0%)
Shock (systolic BP<80 + cool peripheries) 0 (0%)
MRI

MRI findings are summarized in Table 5.4-2. Examples of MRI findings are shown in
Figure 5.4-1. Overall, 34/43 (79%) patients had abnormalities on MRI; 12/17 (71%) by 0.3T
and 22/26 (85%) by 1.5T scan (p=0.44). These abnormalities were found in a variety of
anatomical sites: in the supratentorial region (ST) in 22/43 (44%) (including basal ganglia
(BG) in 9/43 [21%]), and posterior fossa (PF) in 16/43 (37%). There were no differences in
MRI findings between individuals with cerebral and non-cerebral malaria and no differences
between fatal and nonfatal infections. This was true for all MRI sequences and at all

anatomical locations.
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Table 5.4-2. MRI findings in 43 Bangladeshi patients with severe and cerebral malaria.
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Figure 5.4-1. Examples of MRIs from 4 patients with severe malaria.

A diffuse moderate supratentorial swelling on FLAIR with obliteration of sulcal pattern, B
bilateral swollen striatum on T2 with mildly increased signal intensity and blurred borders, C
diffuse mild supratentorial and marked poster fossa swelling on T1 and D marked posterior

fossa swelling and mild signal increase on FLAIR.

The commonest abnormalities were mild degrees of diffuse swelling in the supratentorial
region and/or posterior fossa. In 19/22 (86%), this swelling was mild, 2/22 moderate (1 PF
and 1 ST) and 1/22 marked (PF). Diffuse swelling was present in both ST and PF in 12/22
(55%), 5/22 only in the PF and 5/22 only in the ST including 2/5 only in the BG. There was
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no supra- or infratentorial brain herniation visible in any of the patients. On T2 weighted and
fluid attenuated inversion recovery (FLAIR) imaging the swollen areas showed a normal
signal in 16/22 (73%) indicating the swelling is not due to extracellular (vasogenic) oedema.
Of the other 6 cases, 4 had a high signal only in the basal ganglia whereas swelling of the
brain was diffuse in both the ST and PF in 2 of these cases. In addition 7/13 (54%) patients
had normal DWI in the swollen areas indicating that most of the swelling was not due to
cytotoxic oedema. Gadolinium contrast was given to 4 patients with swelling and 1 without.
Two of those with swelling had venous congestion, both of these had coma, one of whom
died. Of those with swelling but no venous congestion one had coma and one did not. The

patient without swelling or venous congestion was comatose on enroliment.

Overall, high signal on T2/FLAIR was present in 11/43 (26%) patients with most having
focal lesions; 4 of these had lesions only in the basal ganglia (2 diffuse and 2 in striatum
only), 2 only in the globus pallidus, 1 in globus pallidus and pons, 1 in corpus callosum, 1

widespread in cerebral cortex, 1 in parietal cortex and 1 in the cerebellum.

On DWI, 8/23 (31%) were abnormal. 7/8 (88%) of these had coma (1/8 versus 7/8 p=0.18)
and 3/8 (38%) were fatal (3/8 versus 5/8 p=0.66). High signal was present diffusely in the
cerebral cortex in 3/23 (13%) patients (throughout the cortex and basal ganglia (n=1),
throughout the cortex and around the superior colliculus (n=1) or only subtle changes in the
parieto-occipital cortex and the putamen (n=1). 2/3 of those with diffuse high cortical signal
on DWI had coma. Another patient had subtle high signal throughout the cerebellum.
Isolated focal high signal was also seen on DWI in the globus pallidus (1 patient), putamen
(1 patient) and splenium (2 patients). Abnormal areas on DWI corresponded to high signal
on T2/FLAIR in 5 patients (1 diffuse cerebral cortex and superior colliculus, 1 splenium of

corpus callosum, 1 globus pallidus, 1 striate and 1 cerebellum).

On magnetic resonance spectroscopy (MRS), 10/14 (71%) had abnormalities: 5 mildly raised
choline/creatinine ratios, 5 mildly raised lactate/creatinine ratios and none had raised N-
acetylaspartic acid/creatinine ratios. Raised lactate was not associated with diffuse changes
on DWI. There was no difference in mean (95%CI) peripheral blood lactate in those with
(4.48 [3.26-5.70] mmol/L) and without (5.16 [3.4-6.92] mmol/L, p=0.61) a raised

lactate/creatinine ratio on MRS.

None of the patients had haemorrhages or microhaemorrhages on gradient echo (GRE) and

no incidences of cerebral venous thrombosis were detected.
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ONSD

Measurement of ONSD was done in 14 patients. Median (range) ONSD was 4.77 (4.32-4.96)
mm. In those with swelling on MRI (n=10), ONSD was 4.77 (4.38-4.96) mm vs 4.62 (4.32-
4.94) mm in those without swelling (n=4, P=0.67). Using a cut-off of 4.75 mm for this
population,®¥2 8/14 patients had abnormally enlarged ONSD, 6/10 (60%) with swelling and
2/4 (50%) without (P=0.61). There was no difference in ONSD between those with and

without coma (p=0.60) and those with fatal and nonfatal infections (p=0.69).

Retinopathy

Retinal photography was performed in all patients (Figure 5.4-2). The results presented here
are a subset of those presented in Chapter 2, hence the percentages are different because of
this. 36/43 (84%) had malarial retinopathy; 26/43 (60%) had moderate to severe retinal
changes which were more common in those with coma (22/31 (71%)) than those without
coma (3/12 (25%), p=0.014, Figure 5.4-3). None had papilloedema. Moderate-severe
peripheral retinal whitening was only present in those with coma (9/31 (29%)) and not in
those without (0/12 (0%), p=0.044). An example of this is shown in figure 4. Moderate-
severe retinal whitening was not associated with raised lactate on MRS (4/5 (20%) with
raised lactate vs 5/10 (50%) without, p=0.58).

Sequestered biomass

There was no difference in median (range) plasma PfHRP2 concentration, total calculated
parasite burden? or calculated proportion of sequestered biomass between those with
swelling on MRI and those without (p=0.27, 0.11 and 0.14). Those with venous congestion
after contrast and moderate to severe cortical swelling did not have a higher sequestered

biomass than the rest of the cohort.
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Figure 5.4-2. Summary of retinal findings.

Severity is defined in Appendix 10.1.
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Figure 5.4-3. Proportion of patients with and without coma with different grades of
retinal whitening.

Severity is defined in Appendix 10.1.
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Figure 5.4-4. Retinal photograph and MRI from patient with cerebral malaria (GCS=8 on

enrollment), hyperlactaemia and 98% sequestered biomass.
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A. the retina has typical lesions of retinal whitening (black circles) in the macula and fovea.
Using the vertical optic disc diameter (white) as reference®*, each lesion of whitening is
estimated at around 0.2-0.5mm diameter. B on MRI the only abnormality was high signal in
the globus pallidus on T2/FLAIR (left) and DWI (right).

5.5 Discussion

This study describes a wide variety of mostly subtle changes on brain MRI in adults with
severe falciparum malaria. None of the changes were more frequent in those with coma
compared to severe disease without coma, or in patients with fatal disease compared to
survivors. Diffuse mild brain swelling was present in the majority without evidence of
diffuse cerebral oedema, either cytotoxic (on DWI) or vasogenic (T2 and FLAIR). This
swelling was probably at least partly due to venous congestion of the sequestered parasitized
red cell mass causing increased cerebral blood volume, whereas no venous thrombosis was
detected. This lack of thrombosis is consistent with previous post mortem studies in adults
with severe malaria,?®® despite activation of the coagulation cascade in severe malaria . In
contrast, in paediatric cerebral malaria in addition to red cell sequestration, intravascular
accumulation of mononuclear cells, platelets and fibrin strands are more commonly
observed.1® The reason for this difference is not understood. The observed brain swelling
was considered insufficient to cause coma and was in addition not specific to coma or fatal
disease in this series and not correlated to ONSD. The MRI changes thus appear not to be in

a causal relationship with observed neurological symptoms.

In this study, most patients had retinal whitening which was mostly diffuse small patches and
commoner and more severe in those with coma. The retina is part of the central nervous
system (CNS) and whitening is thought to be due to ischaemia as a result of heterogeneous
obstruction of the microvasculature by sequestered parasites.?®! As the retinal vasculature is
very similar to that in the brain, it strongly suggests that ischaemia would also occur in the
brain. In autopsy studies the amount of sequestration and microvascular congestion in the
brain has been shown to correlate with coma in malaria.®® On brain MRI in the present study
there was a lack of diffuse ischaemic changes on DWI and complete absence of
haemorrhages on GRE. This may be because MRI is insufficiently sensitive to detect small

lesions of very focal ischaemia. Retinal lesions seen in this study were typically 0.2-0.5mm
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in diameter and brain haemorrhages on post-mortem studies of fatal malaria are typically
microhaemorrhages.®* 1.5T MRI is limited to 1mm for T1 and T2 and 2mm or more for
DWI1.2% Ultrahigh-field MRI at 7 or 8T would be required to show lesions of this magnitude
on T2/FLAIR imaging®’ and 1mm on DW!I.3*8 Such scanners are generally not available in

the resource poor areas where malaria is common.

A minority of patients had raised lactate on MRS, although raised CSF lactate in cerebral
malaria is common.82 MRS in this study was limited to a single voxel in the parietal cortex
but ischaemic lesions were predominant in the brainstem and basal ganglia. Systemic
markers of ischaemia (blood lactate) and sequestered biomass did not correlate with the
findings on MRI. This may reflect the heterogeneous distribution of parasite sequestration in
different organs in the body as shown in autopsy studies.” Explanations for this include
differences in endothelial cell surface receptors in different tissues,’? and between

individuals.

The MRI and retinal findings in this study contrast to those seen in previous studies in
African children.’® In both populations, lesions in the brain in severe malaria were found in
a broad range of anatomical locations. However, the type and severity of abnormalities seen
was markedly different. The most common abnormality in Malawi was basal ganglia lesions,
present in >80% compared to 23% in the present study. Brain swelling was much less severe
in the present study than in African children*’*7>_ In previous imaging studies most adults
with cerebral malaria had little evidence of cerebral oedema®*34, or showed mostly
moderate brain swelling not correlating with coma depth.*® High signal on T2 associated
with thickening of the supratentorial cortex was present in the majority of Malawian
children.’® In contrast to Bangladeshi adults, this suggests the swelling in Malawian children
was at least partly due to oedema. In many of these children, the T2 changes were confluent
and in some associated with diffuse abnormalities on DWI. These larger lesions than found
in adults mirror those seen in the retina; confluent patches of retinal whitening being

common in African children with cerebral malaria but absent in Bangladeshi adults.®?2

In adults, a slight increase in brain volume has been attributed to increased intracranial blood
volume probably as a consequence of sequestration of parasitized erythrocytes.®*° The
present study appears to confirm this by finding brain swelling and venous congestion
without signs of increased ICP. Raised ICP in children® and the extent of brain swelling on
CT in adults*®18 are unrelated to mortality and depth of coma. Mannitol to reduce ICP in

cerebral malaria did not improve outcome in adults*® or children.®*® The exact role of raised
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ICP in the pathogenesis of cerebral malaria is unclear, but seems to play only a minor role in
adults. Rather than a primary cause for coma it is more likely a feature developing in the

later stages of the disease.

This study had several limitations. It was not possible to perform all MRI sequences in all
patients due to limited availability of scanners and patients being too unwell or restless. MRI
was not performed in half of the fatal cases who died shortly after admission, which could
have confounded the selection of patients. However, as most MRIs were done on the day of
admission, and all within 48 hours, it seems unlikely that this will have had a major effect on

our findings.

The mechanisms of coma and death in malaria are probably multifactorial and individual
factors might contribute to different degrees between individuals. Subtle varations in the
amount and location of sequestration and swelling may lead to coma in some individuals but
not be apparent on MRI. Sequestration could target neurotoxic substances produced by the
parasite. Changes in areas that do not determine consciousness could be obvious on MRI but
not result in coma. In addition, metabolic disturbance outside the brain, e.g. toxic substances

in the blood, may cause coma and death with a normal MRI appearance.

MRI has great potential to further elucidate the pathogenesis of coma and death in malaria.
Future studies should use MRS to study metabolic disturbance in different parts of the brain
and gadolinium contrast to quantify cerebral perfusion and map venous congestion. The
availability of increasingly sophisticated scanning software and more powerful scanners

should greatly assist in these efforts.

5.6 Conclusions

A variety of abnormalities were identified with different MRI techniques in adult patients
with severe falciparum malaria. Mild brain swelling likely caused by venous congestion was
common but much less severe than previously seen in Malawian children. MRI findings in
non-comatose individuals with severe malaria have not previously been examined. None of
the observed changes on MRI were specific to patients with coma or fatal disease suggesting

the processes they represent are not central to their pathogenesis.
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Retinal changes in uncomplicated and severe Plasmodium knowlesi malaria

6.1 Abstract

Plasmodium knowlesi is now the commonest cause of malaria in Malaysian Borneo and three
times more likely to cause severe malaria than P. falciparum, however little is known about
its pathogenesis. A specific retinopathy has been well described in severe falciparum malaria
and provides insights into the pathophysiology of malarial coma. Retinal changes in
knowlesi malaria have not been studied. An observational study of retinopathy in 44
hospitalised Malaysian adult patients with PCR-confirmed P. knowlesi malaria (20 severe,
24 non-severe), was conducted using indirect ophthalmoscopy (all patients) and fundus
photography (29 patients). Median age of patients was 44 years (range 18 — 74 years). No
coma or deaths occurred. Photography was more sensitive than indirect ophthalmoscopy for
detecting retinal lesions. On photography, retinal changes other than druen were present in
5/12 (42%) patients with severe knowlesi and 8/17 (47%) patients with non-severe knowlesi
malaria. Retinal whitening occurred in 3 (35%) and 5 (29%) patients with severe and non-
severe knowlesi malaria, respectively, and was mild in all; haemorrhages occurred in 2
(17%) and 3 (18%), respectively; and loss of retinal pigment epithelium in 1 (8%) and 4
(24%). Drusen were present in 9 (71%) and 12 (75%). All changes were mild, with no
differences between patients with severe and non-severe disease. Patients with retinal
haemorrhages had a lower median (IQR) platelet count than those without haemorrhages (22
[13.5-38.5] x10%L vs 43 [27.5-72] x10%/L, p=0.039). The paucity of specific retinal findings
and lack of correlation with disease severity in Plasmodium knowlesi malaria contrast with
the retinal findings reported in falciparum malaria and suggests that pathophysiological
mechanisms differ. Microvascular obstruction in the central nervous system does not appear

to be an important contributor to the pathophysiology of severe knowlesi malaria.

6.2 Introduction

The simian parasite, Plasmodium knowlesi is increasingly recognized as a cause of
uncomplicated and severe human malaria in South East Asia %% and is now the
commonest cause of malaria in Malaysian Borneo.*3%3 Although three times more likely to

cause severe disease than P. falciparum,®® little is known about its pathogenesis. In
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falciparum malaria, a unique retinopathy has been described that has provided insights into
the pathogenesis of severe and fatal falciparum malaria in both children 223234380 and adults.
361,362363 This consists of retinal whitening (macular or peripheral), vessel discoloration
(white or orange), retinal haemorrhages (particularly with white centres) and/or

papilloedema.36®

Falciparum retinopathy is thought to be largely due to cytoadhesion and sequestration of
parasitized erythrocytes in the retinal microvasculature.?’ As the retinal microvasculature is
similar to the cerebral microvasculature, these changes reflect the cytoadhesion and
sequestration that cause coma in cerebral falciparum malaria.®®* In knowlesi malaria, coma,
with the exclusion of other causes, has not been reported to date and in the single human
autopsy report of fatal knowlesi malaria cytoadherence to endothelial cells was not clearly
apparent despite the accumulation of parasitized erythrocytes within cerebral vessels.3%
Early studies in rhesus monkeys suggested red cell clumping and sludging may underlie
microvascular obstruction in knowlesi malaria.®¢-%% Pathogenesis of disease in severe
knowlesi malaria may therefore differ from that of severe falciparum malaria. Retinal
findings in knowlesi malaria have not been described, and may provide insights into these
different mechanisms of disease.

A prospective observational study was undertaken to determine the spectrum of retinal
findings in severe and non-severe knowlesi malaria, as compared to those previously

reported in patients with severe and non-severe falciparum malaria.

6.3 Methods

Study site and patients

This study was conducted from December 2010 — September 2011 alongside a prospective
clinical and epidemiological study of all malaria patients admitted to Queen Elizabeth
Hospital, an adult tertiary referral hospital in Kota Kinabalu, Sabah, Malaysia.®*
Consecutive patients with PCR-confirmed P. knowlesi monoinfection underwent retinal
examination if they were non-pregnant, >12 years old, had no major comorbidities or
concurrent illness, were within 96 hours of commencing antimalarial treatment, had not been
previously enrolled in the study, were willing and able to cooperate with eye examination,

had no contraindications to tropicamide or phenylephrine eye drops, and did not have severe
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bilateral corneal scarring or cataracts precluding fundoscopy. Clinical details of these
patients have been previously reported.®® Severe malaria was defined as the presence of >1
of: unrousable coma (GCS <11); multiple (>2) convulsions; respiratory distress (respiratory
rate >30 breaths per minute and oxygen saturation <94%); hypotension (systolic blood
pressure <80 mm Hg); jaundice (bilirubin >43 pmol/L plus parasitemia >20 000/uL and/or
creatinine >132 umol/L); significant abnormal bleeding; hypoglycaemia (blood glucose <2.2
mmol/L); metabolic acidosis (bicarbonate <15 mmol/L or lactate >4 mmol/L); severe
anaemia (haemoglobin <7.0 g/dL); acute kidney injury (AKI; creatinine >265 pmol/L);
hyperparasitemia (>100,000 parasites/uL). Informed consent was provided by study
participants or their guardian. The study was approved by the Ethics Committees of the
Malaysian Ministry of Health and Menzies School of Health Research.

Study procedures

Standardized history and physical examination were documented. Haematology,
biochemistry, acid-base parameters, and lactate (by bedside blood analysis; iISTAT system)
were obtained on admission. Parasite counts were determined by microscopy, and parasite
species were identified by PCR.%%%0 Patients were treated according to hospital guidelines,

as previously described.3*°

Assessment of visual function and detailed eye examination were performed by one of five
experienced ophthalmologists. Visual function assessment included testing of visual acuity
using a 6 meter Snellen chart (converted to logMAR?% for analysis), colour vision using a
D15 chart, and visual fields using automated perimetry as compared to normative data
(Humphrey Field Analyzer, Carl Zeiss Meditec, Dublin, CA). Detailed eye examination
included pupillary light reaction, anterior segment slit lamp examination, intraocular
pressure measurement (Slit Lamp Mounted Goldmann Applanation Tonometer, Carl Zeiss
Model: SL115 Classic with AT 020) and fundus examination by indirect ophthalmoscopy 30
minutes after administration of tropicamide and/or phenylephrine eye drops for mydriasis.
Fundus photography was performed using a 9 field protocol on patients able to be
transported to the fundus camera (TopCon Medical Systems). Fundus fluorescein
angiography (Heidelberg Retina Angiograph 2, Heidelberg Engineering, Germany) was
performed in one patient with abnormal retinal findings. Retinal photographs were reread
masked and findings agreed by consensus between four observers (RIJM, SB, BD and GG).
Where appropriate, retinal findings were classified as mild, moderate or severe according to

a previously published classification for P. falciparum malarial retinopathy.2°
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Statistical analysis
Statistical analysis was performed using GraphPad Prism version 6.01 (GraphPad Software,
Inc, La Jolla, USA). Intergroup differences were compared using Mann-Whitney test for

continuous variables or Chi Square/Fisher’s exact test for categorical variables.

6.4 Results

A total of 44 patients were enrolled, including 20 with severe and 24 with non-severe
knowlesi malaria. Baseline demographics are shown in Table 6.4-1. Patients with severe
knowlesi malaria were older than those with non-severe knowlesi malaria (median [IQR] age
51.5 [40 — 55] vs. 40.5 [24 — 48.5] years, p=0.018). Eight patients had a history of
hypertension (3 with severe knowlesi malaria and 5 with non-severe knowlesi malaria). No
patient had diabetes, and no patient reported having had malaria in the previous 2 months.
Among the 20 patients with severe knowlesi malaria, severity criteria included jaundice
(n=11, 55%), hyperparasitemia (n=11, 55%), respiratory distress (n=8, 40%), hypotension
(n=6, 30%), acute kidney injury (n=3, 15%), metabolic acidosis (n=2, 10%), and abnormal
bleeding (n=1, 5%). Seven patients (35%) had one severity criterion, 7 (35%) had 2 criteria,
3 (15%) had 3 criteria, and 3 (15%) had 4 severity criteria. No patient had coma, and no
deaths occurred. Epidemiological and clinical features of these patients have been

previously reported.*°
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Table 6.4-1. Baseline features of patients with knowlesi malaria

Severe malaria Non-severe malaria
P value

(n=20) (n=24)
Age (years), median (IQR) 51.5(20-74) 40.5 (18-71) 0.018
Male sex 15 (75%) 17 (71%) 0.757
Hypertension 3 (15%) 5(21%) 0.710
Diabetes mellitus 0 (0%) 0 (0%) NA
Previous malaria (self-

7 (35%) 8 (33%) 0.579
reported)
Previous malaria in past 2

0 (0%) (0%) NA

months (self-reported)

Visual assessment and Eye Examination

Visual assessment and eye examination results are shown in Table 6.4-2. There were no
differences in visual acuity, visual fields or colour vision between patients with severe and
non-severe knowlesi malaria. Cataracts were common, occurring in 12/20 (60%) patients
with severe knowlesi malaria and 9/24 (38%) with non-severe malaria (p=0.14). One patient
with non-severe malaria had asteroid hyalosis, a degenerative condition of the eye causing

small white opacities in the vitreous, and two had old corneal lesions.
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Table 6.4-2. Visual assessment and eye examination findings outside the retina in patients
with knowlesi malaria

Severe malaria Non-severe malaria P value
(n=20) (n=24)

Corneal scarring, n (%) 0 (0%) 2 (8%) 0.498
Cataract, n (%) 12 (60%) 9 (38%) 0.137
Acuity (logMAR), median (IQR) 0.076 (0.0-0.21) 0.0 (0.0-0.054) 0.094
Abnormal visual fields, n (%)* 1 (5%) 6 (25%) 0.106
Abnormal colour vision, n (%)** 4 (20%) 1 (4%) 0.161
Intraocular pressure (mmHg),

13.4(11.7-15.1) 13.3(11.9-14.7) 0.94

mean (95% Cl)

* ** Definitions are provided in the Methods section.

* In all but one patient the abnormal visual fields were attributed to excessive fixation
losses that precluded definitive interpretation. No distinct field loss patterns were seen.

One patient had a peripheral field constriction with fundus features of retinitis pigmentosa.

** Colour defects detected included 3 tritane, 1 deutan, and 1 protan.

Retinal findings

All patients underwent indirect ophthalmoscopy. Retinal photographs were taken in 12/20
(60%) patients with severe knowlesi and 17/24 (71%) patients with non-severe knowlesi
malaria. Retinal findings are shown inTable 6.4.3. Retinal changes were common in both
groups, but were mild, and were equally common in severe and non-severe disease.

Examples of common lesions seen on retinal photography are shown in Figure 6.4-1.
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Table 6.4-3. Retinal findings among patients with knowlesi malaria

Photography Indirect ophthalmoscopy
Severe Non-severe P Severe Non-severe P
(n=12) (n=17) value (n=20) (n=24) value
Any retinal lesion 11 (92) 14 (82) 0.62 6 (30) 7 (29) 0.952
Haemorrhages 2(17) 3(18) 1.00 0(0) 2(8) 0.493
Retinal whitening 3 (25) 5(29) 1.00 2 (10) 1(4) 0.583
Cotton wool spot 1(8) 1(6) 1.00 0(0) 0(0) NA
Vessel whitening 0(0) 1(6) 1.00 0(0) 1(4) 1.00
Papilloedema 0(0) 0(0) 1.00 0(0) 0(0) NA
Retinal pigment
epithelium 1(8) 4 (24) 0.35 0 (0) 1(4) 1.00
depigmentation
Drusen 9 (75) 12 (71) 1.00 4 (20) 4(17) 1.00

Numbers are n (%); NA: not assessed
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Figure 6.4-1. Common retinal lesions in patients with knowlesi malaria.

A non-severe malaria with 2 small spots of non-specific retinal whitening in the macula, B
non-severe malaria with minor area of loss of retinal pigment epithelium, C severe malaria

with blot retinal haemorrhage and D non-severe malaria with white-centered haemorrhage.

Comparison between indirect ophthalmoscopy and retinal photography

Almost all lesions seen on indirect ophthalmoscopy were confirmed on retinal photography.
In one patient a single retinal haemorrhage was seen on indirect ophthalmoscopy but not on
the photographs, and in another, a small area of retinal whitening on photography was
thought to be drusen on indirect ophthalmoscopy. Photography was more sensitive than
indirect ophthalmoscopy at detecting patients with retinal changes, with changes noted in
25/29 [86%] patients using photography compared to 13/44 [30%] using indirect
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ophthalmoscopy (p<0.0001). In 8/29 (28%) patients who had retinal photography performed,
retinal changes were seen on photography but not on indirect ophthalmoscopy; these changes

included 6 non-specific whitening, 6 drusen, and one haemorrhage.

Retinal haemorrhages

Five patients were noted to have retinal haemorrhages on photography, including 2/12 (17%)
with severe disease, and 3/17 (18%) with non-severe disease. All were classified as mild (1
— 5 per eye) according to criteria developed for falciparum malarial retinopathy.?®® Three
patients had single dot or blot haemorrhages in one eye. Two patients had multiple
haemorrhages: one with non-severe knowlesi malaria who had a white-centered
haemorrhage in one eye and a white-centered haemorrhage and a dot haemorrhage in the
other; and another patient with severe knowlesi malaria who had three dots and one blot in
one eye and two blots in the other. Both these patients had severe thrombocytopenia (platelet
count 19 x 10%pl and 8 x 10%/ul respectively). The median (IQR) admission platelet count
among the 5 patients with retinal haemorrhages on photography was lower than that of
patients without retinal haemorrhages (22 [13.5 — 38.5] x 10%/L versus 43 [27.5-72] x 10°/L,
p=0.039), although there were no differences in prothrombin time, activated partial
thromboplastin time or haemoglobin.

Retinal whitening and vessel discoloration

Eight of 29 patients (28%) with knowlesi malaria had non-specific retinal whitening on
photography, including 3/12 (25%) with severe disease, and 5/17 (29%) with non-severe
disease. In all these patients the retinal whitening appeared as occasional scattered spots in
the peripheral or macular retina. In three patients, there was also loss of the retinal pigment
epithelium (Figure 6.4-1B), although it could not be determined if this was acute or chronic.

No patient had the moderate-severe whitening typical of severe falciparum malaria.

One case of vessel whitening was seen, in a patient with non-severe knowlesi malaria. The
whitening involved an arteriole, with sheathing of the vessel wall and a thin patent lumen
observed on fundus photography. There were no inflammatory changes noted, and a
fluorescein angiogram, done at the same time, indicated a patent vessel with no surrounding
retinal ischaemia (Figure 6.4-2). The same patient had some temporal and macular retinal
whitening with a window defect on the angiogram at the site of the temporal whitening,

consistent with a retinal pigment epithelial lesion and an abnormality in the choriocapillaries
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rather than the retinal vessels. At the site of the macular whitening the angiogram was

normal, indicating normal retinal perfusion (Figure 6.4-3).

Figure 6.4-2. Vessel whitening (left) with normal fluorescein angiogram (right) in a
patient with non-severe knowlesi malaria.

Fundus photography demonstrated whitening of an arteriole, with sheathing of the vessel
wall. No inflammatory changes noted. The fluorescein angiogram was performed at the same
time as the fundus photography, and demonstrates some minor attenuation of blood flow

with a patent vessel, and no surrounding ischaemia.

Figure 6.4-3. Non-specific retinal whitening (left) with normal fluorescein angiogram

(right) in a patient with non-severe knowlesi malaria.
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Drusen and other incidental findings

Around half (13/29) of patients with retinal lesions on fundus photography had small
numbers of hard drusen but no other lesions. Drusen are commonly regarded as a normal
variant which appear with increasing age,* and increase in prevalence and number with age.
On indirect ophthalmoscopy, the median (IQR) age of patients with drusen was higher than
that of patients without drusen (52 [48.5 — 67]) versus 38 (25.5 — 50.5) years, p=0.005),
although this difference was not significant among those who had retinal photography
performed (43 [30-51] versus 39 [20-55] years, p=0.78). Similarly, retinal pigment
epithelium changes are also frequently incidental and age-related, although they can also be
pathological. In this study, 3 out of 5 patients with retinal pigment epithelial changes also

had whitening suggesting a possible pathological association.

One 71 year old patient with non-severe malaria had a Weiss ring in one eye, a common
finding in people over 65 years of age, and caused by vitreous shrinkage. Another had
retinitis pigmentosa. Two patients with severe malaria and one with non-severe malaria had
increased cup to optic disc ratio. One patient with untreated hypertension had subtle macular

whitening.

6.5 Discussion

Retinal changes in knowlesi malaria in this study were common, but were mild and occurred
equally in severe and non-severe disease, suggesting that the lesions observed are not
directly related to the pathological processes leading to severe knowlesi malaria. This is
different to severe falciparum malaria, which is associated with specific retinal changes
including moderate-severe retinal whitening, vessel discolouration, multiple white-centered
haemorrhages, and papilloedema.®® In falciparum malaria these changes are of potential use
diagnostically and are proving of utility in elucidating microvascular pathogenesis of
disease. ¥ Although most prominent in fatal or cerebral falciparum malaria, occurring in
91% (49/54) of fatal cases and 88% (98/112) with cerebral malaria on retinal photography in
adult patients in a large observational study in Bangladesh and India (Chapter 2), malarial
retinopathy was also seen in 71% (48/68) of these patients with severe but non-cerebral

falciparum malaria. The lack of these specific retinal changes among patients with severe
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knowlesi malaria suggests differences in disease pathogenesis between the two Plasmodium

species.

Non-specific retinal whitening, although common among the knowlesi malaria patients in
this study, was scant and far less prominent than typically seen in patients with cerebral
falciparum malaria. In the study referred to above, 54% (61/112) with cerebral and 29%
(18/68) with severe non-cerebral falciparum malaria had moderate-severe retinal whitening.
In falciparum malaria, whitening is thought to be due to obstruction of blood vessels by
endothelial cytoadherence and sequestration of parasitized red cells within the retinal
microvasculature. These changes mirror the sequestration and microvascular obstruction
that occur in the brain and lead to coma.®* Importantly, retinal whitening is also present,
although less prominent, in non-comatose patients with severe falciparum malaria.®’? In
falciparum malaria, sequestration in the central nervous system is due primarily to binding of
parasitized erythrocytes to upregulated endothelial intercellular adhesion molecule (ICAM-
1).3”% In a single autopsy report of severe knowlesi malaria without coma, accumulation of
parasitized erythrocytes within cerebral vessels was described, although ICAM-1 was not
detected?® consistent with an in vitro study demonstrating variable binding of P. knowlesi to
ICAM-1.21 Furthermore, in P. knowlesi infection late-stage parasites are observed in
peripheral blood 74, suggesting sequestration does not occur to the same degree as in
falciparum malaria. A paucity of central nervous system endothelial cytoadhesion of P.
knowlesi-infected red blood cells might explain the lack of severe retinal whitening and
absence of coma in severe knowlesi malaria. While microvascular accumulation of
parasitized red cells does occur in fatal knowlesi malaria, it is possible that clumping of P.
knowlesi infected- and uninfected-red cells, and microvascular sludging, as reported in
severe and fatal knowlesi malaria in rhesus monkeys¢¢-3% may be a more important
mechanism of impaired microvascular perfusion in severe knowlesi malaria. It is possible
that the high parasitemias associated with P. knowlesi may contribute to this microvascular

sludging.

In the present study, some of the retinal changes that did occur among patients with knowlesi
malaria appeared to relate to defects in the retinal pigment epithelium (RPE). Hard drusen
were present in most patients with knowlesi malaria, as found in previous population studies
using retinal photography.3”> Commonly regarded as a normal variant increasing with age,
drusen are accumulations of waste products in the RPE, which if sufficiently large, can cause

death of the RPE cells and overlying retina resulting in age-related macular degeneration. It
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is likely that the frequency of drusen and RPE defects among the knowlesi malaria patients

in our study is related to the age of the patients.

Retinal haemorrhages were relatively common in patients with severe and non-severe
knowlesi malaria, however were all classified as mild (1 — 5 in >1 eye) according to criteria
developed to describe falciparum malarial retinopathy,?®® and were white-centered in only
one patient, with non-severe knowlesi malaria. In adults with severe cerebral falciparum
malaria, in one series 30%°"? and another 39%2% had white-centered haemorrhages (Roth’s
spots) thought to result from intraluminal fibrin deposition. Thrombocytopenia is near-
universal in knowlesi malaria®*3%3* and a lower platelet count was associated with
presence of haemorrhages. The two patients with multiple haemorrhages in the present study

had severe thrombocytopenia, which may have been contributory.

Retinal vessel whitening was seen in only one patient in our study, with non-severe knowlesi
malaria, and the normal fluorescein angiography and lack of acute inflammatory changes
suggested it was related to an old event. In falciparum malaria retinal vessel whitening is
prominent in African children®? but absent in Bangladeshi adults.! It is thought to be due to

obstruction of the vessel segment by dehaemoglobinized parasitized erythrocytes.?**

A limitation of this study was that neither healthy controls nor patients with falciparum or
vivax malaria were included. This limited our ability to assess the specificity of findings for
knowlesi malaria, and it was also not possible to determine the background rate of retinal

lesions in the population.

6.6 Conclusions

Retinal lesions in patients with knowlesi malaria are common but are mild, non-specific, and
unrelated to disease severity. The paucity of retinal lesions in severe knowlesi malaria
contrasts with the greater frequency, severity and specificity reported in severe falciparum
malaria including in adults without coma. In conjunction with the apparent absence of coma
definitively associated with severe knowlesi malair, this suggests that pathophysiological
mechanisms differ between these two species. While central nervous system microvascular
accumulation has been reported in fatal knowlesi malaria, the mechanisms and/or

consequences likely differ from the endothelial cytoadherence-mediated sequestration
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characteristic of P. falciparum. Microvascular obstruction in the central nervous system does

not appear to be an important contributor to the pathophysiology of severe knowlesi malaria.
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7.1 Summary of results from each Chapter

The main results are summarised in Table 7.1-1.

Table 7.1-1. Summary of the main results for each Chapter.

Chapter 2: Retinopathy in P. falciparum malaria

1. Malarial retinopathy was specific to falciparum malaria as compared to sepsis,

encephalopathy and healthy individuals in Bangladesh and India

absent and papilloedema was rare
3. Retinopathy was present in around 90% of patients with cerebral and fatal malaria

4. The frequency and severity of retinopathy correlated with severity of falciparum malaria

cerebral malaria in comatose patients
6. The severity of retinal whitening predicted mortality and development of coma
7. Visual acuity was decreased in severe malaria and correlated with severity of retinopathy

8. The severity of retinal whitening in severe malaria correlated with plasma lactate, serum

bicarbonate, parasite biomass, sequestered biomass and red cell stiffness

9. Retinal venular tortuosity decreased with increasing severity of malaria, vessel width and

2. The spectrum of retinal findings in Asian adults was similar to Asian children but there were
differences compared to previous studies in African children: retinal vessel discolouration was

5. Retinal whitening and white-centred haemorrhages were highly specific in this population for

tortuosity correlated with GCS and variance of vessel width was increased in severe malaria

Chapter 3: P. falciparum retinopathy and optic nerve sheath diameter
1. The normal range for ONSD was <4.75mm

2. ONSD was normal in most patients with severe malaria and there was no association of

ONSD with severity of malaria, coma or death

Chapter 4: P. falciparum retinopathy and fluorescein angiography

1. A novel method for low cost fluorescein angiography was described
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2. Example retinal photographs showed non-perfusion at sites of retinal whitening and mild

focal vessel leakage

3. A case report was presented in which retinal whitening, blood vessel obstruction and vessel

leakage, as well as associated visual impairment, were completely reversible

Chapter 5 P. falciparum retinopathy and magnetic resonance imaging of the brain

1. Cerebral oedema in adult severe malaria was mostly mild and not associated with coma or
death

2. Mild brain swelling in adults with severe malaria was likely caused by venous congestion
3. A variety of abnormalities other than oedema were identified

4. None of the observed changes on MRI were specific to patients with coma or fatal disease

suggesting the processes they represented are not central to their pathogenesis

Chapter 6 Retinopathy in P. knowlesi malaria

1. Retinal findings in severe and uncomplicated P. knowlesi malaria were less common and

had a different pattern to those seen in severe and uncomplicated P. falciparum malaria
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8.1 General discussion

This thesis presented a series of studies aimed at determining the potential contribution of
malarial retinopathy to understanding the pathogenesis and improving the management of
cerebral malaria in adults. Unlike previous studies of malaria retinopathy, these studies
directly compared retinal findings in patients with the full spectrum of clinical disease in
hospitalized patients with P. falciparum malaria to severely unwell patients from the same
population with sepsis and nonmalarial encephalopathy, as well as healthy individuals. This
allowed determination of the sensitivity and specificity for P. falciparum in the full range of
clinical scenarios faced by attending clinicians in Bangladesh and India and thus
investigation of the potential role of malarial retinopathy as a tool in assisting diagnosis and

predicting prognosis in severe malaria in adults.

In Chapter 2, it was established that retinal whitening is present in most patients with
cerebral falciparum malaria and predicts the development of coma in noncerebral severe
falciparum malaria. This whitening correlated with known contributors to and markers of
systemic microvascular obstruction in severe malaria. In addition, preliminary results of
fluorescein angiography in Chapter 3 showed that nonperfused areas of retina coincide with
retinal whitening on colour photography. Taken together these strongly suggest that
microcirculatory flow obstruction is causing retinal whitening and is an important process in
causing coma. All of this is very similar to previous findings in African children with
falciparum malaria indicating a shared pathogenesis of heterogeneous microvascular
obstruction in the retina and brain.?*® However there were several major difference in
findings between studies of falciparum malaria in this thesis and previous work in African

children.

In Asian adults, and also in the small number of Asian children enrolled, no retinal vessel
discolouration was seen. In African children, white, orange or yellow retinal vessels are seen
by indirect ophthalmoscopy in around 1 in 3 with cerebral malaria and this is thought to
represent obstructed retinal vessels containing sequestered dehaemoglobinised parasitized
erythrocytes.?** As this is the same process that appears to cause retinal whitening in both
adults and children its absence in Asian patients is puzzling. In Chapter 2 several possible

explanations for this are proposed.

These studies also confirmed that retinopathy has prognostic value in severe falciparum

malaria in adults. As in African children, the severity of retinopathy predicted mortality,
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however in Asian adults it is retinal whitening that was predictive, as compared to retinal
haemorrhages and papilloedema in African children.5® Unlike African children these studies
also showed that retinal whitening is predictive of the later development of coma in adults
with noncerebral severe falciparum malaria. This has potential to help guide patient

management and allocation of limited resources, as explored in detail in Chapter 2.

In those with cerebral malaria, papilloedema was seen in 1% of adults and was not seen in
children. Ultrasonographic measurements of ONSD as a marker of ICP in this thesis
(Chapter 3) confirmed this by showed ICP is mildly raised in a minority of patients of all
ages with uncomplicated, noncerebral severe, cerebral and fatal falciparum malaria and that
there was no difference in median ONSD between these groups and no association with GCS
or mortality. In the study presented in Chapter 5, MRI of the brain found swelling was
mostly mild and not specific to coma or fatal malaria.}”>’® Again this is very different to
African children with cerebral malaria in whom papilloedema was present in 15% and was
the strongest predictor of mortality,®® MRI of the brain and post mortem studies showed
moderate to severe swelling to be common,*® and ONSD was raised in 49%.%* In Chapter
4, preliminary results of fluorescein angiography in Bangladeshi and Indian adults showed
BRB leakage to be very mild as compared the more prominent BRB leakage seen in African
children.?® A previous small study in Thailand found similar fluorescein leakage and
systemic capillary permeability in mostly adult patients with severe malaria but these were
not specific to coma.'®? Taken together these findings suggest that raised ICP does not play a
role in causing coma or death in Asian adults or children with cerebral malaria. This is in
stark contrast to recent literature on African children with cerebral malaria in whom brain

swelling is thought to be an important contributor to death.'"®

In Chapter 2 it was shown that mean venule width decreased with increasing severity of
malaria and there was no difference in mean venule width in severe malaria compared to
healthy individuals. There was also no correlation of blood vessel tortuosity with severity of
malaria although venule tortuosity and width did correlate with GCS. In Chapter 4, a case of
cerebral malaria was described where arteriole and venule width and tortuosity measured
manually were higher at baseline than on recovery. Although at first glance, these results
may appear to be contradictory, they highlight the inadequacy of mean vessel width as a
summary measure in severe malaria. In Chapter 2, it was also found that the variance in
vessel width was increased in severe malaria. This was probably due to the heterogeneous

microvascular obstruction and disordered regulation of microvascular tone seen in severe
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malaria causing dilatation of some vessels and narrowing of others. The mean width would

thus have been determined by which of these processes predominated in an individual.

P. knowlesi is a common cause of severe malaria in parts of Southeast Asia and can be
difficult to distinguish from P. falciparum. Being relatively recently discovered to cause
severe malaria in humans, the pathogenesis of P. knowlesi malaria is poorly understood and
retinal findings in P. knowlesi malaria have not been studied previously. In Chapter 6 it was
shown that retinal findings in severe and uncomplicated P. knowlesi malaria in Malaysian
adults differed markedly from those in P. falciparum in Bangladesh and India described in
Chapters 2, 4 and 5. Retinal whitening was much less prominent with haemorrhages and
drusen also being seen. There were no differences between severe and uncomplicated
disease. The strongly suggest that the pathophysiology of P. knowlesi and P. falciparum are
different and that microvascular obstruction in the central nervous system is not important in
the pathogenesis of severe P. knowlesi. Further comparison of findings in Chapters 2 and 6
confirms the specificity of malarial retinopathy for severe falciparum malaria in that finding
moderate-severe retinopathy, in particular whitening, in a parasitaemic patient strongly
suggests they have P. falciparum. No patient with P. knowlesi malaria had moderate-severe
retinopathy. The presence of mild retinopathy would not, however assist clinicians in
identifying P. knowlesi infection as while there were similarities to mild retinopathy in P.
falciparum no findings were specific to P. knowlesi. There is some evidence that there is
accumulation of parasitized erythrocytes in cerebral vessels in P. knowlesi?'® and this may
account for the overlap with falciparum. Fluorescein angiography was done in one patient
with knowlesi malaria and no vessel obstruction was seen. In future studies of knowlesi
malaria, additional fluorescein angiograms may be particularly informative. P. knowlesi has
been suggested as an animal model for human falciparum malaria.®”® The findings in this
thesis that retinopathy in knowlesi is mild and different to falciparum indicate that the

usefulness of such a model would be limited.

8.2 Critique

There are many important limitations to the work presented in this thesis. The first is that the
use of portable retinal photography as the principal method of detecting retinopathy probably
gave an over-optimistic picture of the current diagnostic and prognostic value of malarial

retinopathy in most settings. Retinal photography has the advantages of capturing most
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retinal signs and permitting blinding of the assessor to the clinical status of the patient as
images can be examined at a later date. It also allows multiple observers to examine the same
retina and permits prolonged examination of images which is a big advantage in
uncooperative and confused patients. Use of this technique allowed imaging of a wide range
of patients of all ages and all conscious levels in a way that has not been possible in previous
studies. This is ideal for research studies of pathogenesis and when using malarial
retinopathy as an outcome marker for intervention studies. However, it does not reflect the
reality of how malarial retinopathy would be used currently as a bedside tool to aid diagnosis
and prognosis. In many settings, retinal photography is not available, current portable retinal
cameras are difficult to use and relatively expensive (around 5-10,000 USD), although much
cheaper than standard tabletop retinal cameras (>50,000 USD). Several systems are currently
being developed and trialled using smartphones with attached lenses to take retinal
photographs. These systems will be much cheaper than dedicated retinal cameras and the
image quality of some is now comparable to portable retinal cameras.?° However field
testing is ongoing and none are yet widely commercially available.

The main technique used in other studies of malarial retinopathy to date has been direct
and/or indirect ophthalmoscopy. These are both highly user-dependent. Studies in Malawi
have also used tabletop retinal cameras in subgroups of patients but, as with
ophthalmoscopy, these are poorly tolerated by agitated and confused patients and this has
greatly limited the number of conscious individuals with severe malaria who have been
studied. Indirect ophthalmoscopy has a much better field of view than direct ophthalmoscopy
and is more sensitive for detecting retinal changes but requires considerably more skill to
use. Indirect ophthalmoscopes are also prohibitively expensive (around 4-5000 USD)
compared to direct ophthalmoscopes (around 300-600 USD). Thus indirect ophthalmoscopy
is mainly restricted to use by ophthalmologists who are not available to assist with acute
medical cases in many resource-poor settings. Direct ophthalmoscopy is widely available but
many general physicians lack experience, confidence and training in its use and thus the

sensitivity is often poor.

To definitively establish the role of malarial retinopathy in diagnosis and prognosis in non-
research clinical settings will require an assessment of the sensitivity of techniques that are
used widely by non-specialist clinicians. This will require either: 1) large studies comparing
retinal findings detected by direct ophthalmoscopy used by physicians with findings on
retinal photography, ideally supplemented by specific training on detection of the specific

changes seen in malarial retinopathy and/or 2) development of low cost but high quality
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retinal cameras that can be used by non-specialists. Efforts to develop the second option have
already begun with a range of lower cost retinal cameras now being developed. To
complement this, there has also been preliminary work to develop software which will
automatically detect malarial retinopathy thus obviating the need for specialist training to

read retinal photographs®’” and further development of this software is ongoing.

If these hurdles were overcome and retinal cameras became much cheaper, another major
barrier to their widespread use is that few physicians have experience in retinal photography
which is widely seen as the preserve of ophthalmologists and retinal photography
technicians. The author of this thesis carried out most of the retinal photography and
fluorescein angiography for Chapters 2, 4 and 5, and trained and supervised a team of
assistants who took the remainder. Despite not being an ophthalmologist, with relatively
little training it was possible to acquire high quality images covering most of the visible
retina from early in the study period. By using a portable retinal camera, patients could be
photographed lying in bed in most clinical settings and the severity of illness was rarely a
barrier to acquiring high quality images. It was also possible to work round clinical teams
engaged in complex patient management and it was found that judicious use of the portable
retinal camera did not interfere with clinical care as use of a tabletop camera might. Most
patients could be photographed in around 10-20 minutes with 1 assistant present.

Fluorescein angiography will be an essential component of studies of falciparum malaria
pathogenesis going forwards. Preliminary results presented in this thesis demonstrate the
wealth of detail that can be seen using this technigue. Similar to retinal photography,
fluorescein angiography is a highly specialist technique used almost exclusively by
ophthalmological technicians and ophthalmologists. Major barriers to its widespread use
include the high cost of retinal cameras and additional skills level required to acquire the
images. In Section 4.2 a novel low cost method for performing fluorescein angiograms is
described. As it was time-consuming and took longer to learn sufficient to acquire analysable
images, it was only used in a subset of patients. Although the image quality was not
comparable to a tabletop camera, analysable images were still acquired from most patients
using this relatively simple technique and relatively little additional skill was needed to
acquire the images. It was also relatively straightforward to do angiography in unconscious
and severely unwell patients. Another limitation was the lack of a built-in timer required to
log the time of each photograph but this was replicated by use of an assistant recording

timings manually. With further development, low cost adaptations such as this would be
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invaluable in facilitating further study of disease pathogenesis in the retina in resource poor

settings.

Only a small number of patients underwent high quality fluorescein angiography with a
tabletop camera in these studies. A major limitation of tabletop cameras is that patients had
to be moved to another site for the photography to be done and thus had to be conscious and
cooperative. It was thus not possible to do high quality fluorescein angiography in
unconscious or severely unwell adults and most of these angiograms were done once the
patients had begun to recover. When studying disease pathogenesis, this is not ideal and
angiograms acquired on enrolment would be more informative. Although the angiograms
acquired in Chapter 2 are still being analysed, it has been noted that the quality of the images
is not comparable to those acquired with a high quality tabletop camera. In Malawi,
unconscious children are photographed lying on their side, the bed being raised to the level
of the tabletop retinal camera. If this study were repeated, it would be preferable to acquire a
tabletop retinal camera for use in the acute medical and intensive care wards and a similar
method to that developed in Malawi would be trialled in Bangladesh and India. Although
this was originally intended, it was not possible due to budget limitations.

In Malaysia, retinal photography was done using a tabletop camera as this was available at
the study site. In severe P. knowlesi malaria patients do not become comatose and are more
able to sit up for retinal photography than in P. falciparum. In addition, use of a portable
camera would have required separate additional training as it is not a technique in routine
use, hence the choice of tabletop cameras here. In this study, only around two thirds of
patients underwent photography thus limiting later expert analysis of retinal findings to this
subset. All patients had retinal examination by expert indirect ophthalmoscopy but in 28%
who also had retinal photography, retinal changes were missed on indirect ophthalmoscopy.
In retrospect it may have been better to use portable retinal photography in this study of P.
knowlesi malaria as a record of retinal findings could be acquired in a higher proportion of

patients.

Another limitation is that assessment of retinal changes on the large number of retinal
photographs acquired in these studies was done mostly by a single individual with only 10
sets of photographs being double-read by a second observer. This limited the assessment of
inter-observer reproducibility of retinal findings. To minimise bias, the single observer was
masked to the patients’ diagnosis and clinical status and examined all retinal photographs on

two separate occasions. Using this method, intra-individual reproducibility was high. The
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main reason for choosing this method is that it was not possible to find a second observer
with sufficient expertise in reading retinal photographs who had the time to read them within
the period of the study. There was insufficient budget available to send the large number of
images to a dedicated retinal photograph reading centre. It would have been preferable to
double-read a larger number of sets of photographs and to compare findings between the two

observers for each feature of malarial retinopathy.

In contrast to the patients with P. knowlesi infection in Malaysia, assessment of visual
function in patients with P. falciparum malaria in in Bangladesh and India was relatively
crude due to the tools available for the study and limited attention span of severely unwell
patients. Results for visual acuity were highly variable even in healthy subjects and many
patients were assessed as having abnormal colour vision. Visual function assessments were
carried out by general physicians and this may have decreased the sensitivity. Many patients
were also unwell with systemic symptoms which may have decreased the reliability of the
results. In particular visual field assessments were done in patients with falciparum malaria
by confrontation which has been shown to be inferior to perimetry. Amsler grid did not
detect any abnormalities but many patients found it difficult to understand what they were
being asked to do. The Snellen and Ishihara tests were also problematic. For the Snellen
chart, many patients were illiterate and unable to identify letters thus a chart with pictures
had to be adopted part-way through the study. An abbreviated Ishihara test was used as the
full test was found to be too difficult for unwell patients to complete. Many patients were
also unable to read the Arabic numerals thus diagrams of the numerals had to be used for
reference. These adaptations were found to be effective. If this study were to be repeated it
would be better to use tools developed for illiterate subjects from the start and to seek
additional funding for the assistance of a clinician or technician with experience in visual
function assessment to apply more sophisticated methodologies. Serial assessments of visual

acuity would also help to clarify which abnormalities are short-term and which long-term.

The number of children recruited in the studies in this thesis was relatively small. This
greatly limited comparison of findings with those in adults. It was not possible to
conclusively answer whether malarial retinopathy is different in Asian children and African
children or whether the differences observed between Asia and Africa are due to differences
between children and adults. The number of children was limited by the range of patients
admitted to the hospitals where patients were recruited. If these studies were to be repeated,
inclusion of additional study sites would help to recruit more children. Ideally the number of

children with severe malaria should be similar to the number of adults to provide maximal
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statistical power for these comparisons. Studies of the epidemiology of severe malaria by the
author of this thesis indicate that children with severe malaria comprise around a quarter of
the total in Bangladesh.'” To recruit a comparable number of children to the adults enrolled
in this study would thus require two additional hospitals with similar numbers of severe
malaria cases. Similarly MRI of the brain was not done in Asian children in Chapter 5.
Future studies are required to show whether the same lack of association between brain MRI
findings and coma and mortality exists in Asian children as was found in Asian adults. They
should also conclusively demonstrate whether marked cerebral oedema conveying a high

risk of death is specific to African children with cerebral malaria.

In Section 4.4, a single interesting case of severe falciparum malaria is described. This
patient was followed up after they had recovered from cerebral malaria and malarial
retinopathy and they had retinal photography and angiography at both time points. Despite
being only one patient, detailed analysis was highly informative and demonstrated the
complete reversibility of clinical disease, retinal findings and compromised visual function.
A proportion of other patients with severe malaria and retinopathy in Bangladesh were also
followed up and photographed repeatedly during their admission and in many cases at
multiple timepoints post-discharge. The retinal photographs and angiographies from these
follow-up assessments are still being analysed. This is a crucial analysis to determine the rate
of reversibility of malarial retinopathy, an essential requirement to assess the potential of
malarial retinopathy as an endpoint for intervention studies for adjunctive therapies targeting
the microvascular pathogenesis of severe malaria. Although it was relatively quick to record
the follow-up images, the limiting factor for this analysis was the time take to process and
examine the large number of retinal photographs acquired. In retrospect, it would have been
preferable to recruit additional research assistants to help with the analysis of the retinal
photographs, or to send the images to dedicated fundus photograph reading centres, but
funding was not available for this. Further information on the speed of reversibility of the
various components of malarial retinopathy is needed and retrospective analyses are now

underway to investigate this from the archived retinal photographs acquired for this thesis.
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9.1 Summary

This thesis presented a series of studies of malarial retinopathy in P. falciparum and P.
knowlesi malaria in Asian adults and children. It used the highly sensitive technigque of
retinal photography to determine the full range of retinal changes in uncomplicated,
noncerebral severe and cerebral falciparum malaria to findings in sepsis, nonmalarial febrile
encephalopathy and healthy individuals. It showed that in comparison to previous studies in
African children, the prevalences of retinal whitening and retinal haemorrhages were similar
but papilloedema much less common and retinal vessel discolouration was absent. Malarial
retinopathy was present in around 90% of patients with cerebral and fatal malaria, and was
predictive of mortality and development of coma. Retinal whitening was highly specific for
cerebral malaria in comatose patients. Correlation with blood lactate, bicarbonate, parasite
count, parasite biomass and sequestered biomass, as well as preliminary results from
fluorescein angiograms provided additional support for the hypothesis that microvascular
obstruction by sequestered parasites is a central pathogenic process in causing retinal
whitening and coma in cerebral falciparum malaria. Study of optic nerve sheath diameter and
MRI of the brain provided further evidence of raised ICP and brain swelling being unrelated
to coma and death in Asian adults with severe malaria. Study of retinopathy in severe and
uncomplicated P. knowelsi malaria revealed retinal changes to be different to and less
prominent than in P. falciparum and that microvascular obstruction is not a prominent

process in its pathogenesis.
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9.2 Implications and impact

Being a Physician in Tropical Medicine and General Medicine and not formally trained as an
ophthalmologist | have approached this thesis from the perspective of the broad context of
clinical malaria research and the clinical management of severe malaria. In this Section I will
outline how I think the malarial retinopathy research presented in this thesis has contributed

to these two areas.

This research has potential implications for clinical practice as it has shown that in Asian
adults with falciparum malarial retinopathy can be used to help with studying the
pathogenesis of cerebral malaria, that it may be able to aid with diagnosis of cerebral malaria
in comatose patients, it may help to predict the prognosis of severe malaria and that it has
potential as an outcome measure for clinical trials of adjunctive therapies. This is important
as much of the research evidence for malarial retinopathy prior to the work for this thesis
was from studies in African children and it was not known how applicable they were to
adults in whom the disease spectrum and pathogenesis are thought to differ. By use of retinal
photography, these studies have established a gold standard for detection of malarial
retinopathy in Asian adults against which the performance of other methods can be
compared. Further research will be needed before the findings could be adopted into clinical
practice. This further research will need to test how well available eye examination
techniques (direct and indirect ophthalmoscopy) perform against retinal photography and test
whether they are sufficiently sensitive to contribute to diagnosis and prognosis in the hands
of clinicians with a range of abilities. If they are, then there is potential for malarial
retinopathy to be included in prognostic scoring systems for severe falciparum malaria.?* The
additional prognostic value of malaria retinopathy on top of other factors will need to be
assessed. Further analyses of the data presented here could help with this but additional
studies will be needed. In the longer term, if sufficiently sensitive low cost retinal camera
systems become available for use by general clinicians then the results of this thesis may be
reproducible in routine clinical practice. Preliminary studies have begun to develop such a

camera. This will be discussed in more detail in the next Section.

The findings of this research also have implications for future research on the microvascular
pathogenesis of cerebral falciparum malaria. The studies add to the evidence that
microvascular obstruction in the retina and brain are closely related and that there is visible

evidence of it in the retina in almost 90% of patients with cerebral disease. By allowing
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serial direct visualisation of dynamic microvascular pathogenesis in the central nervous
system, malarial retinopathy provides the unique opportunity to study these processes in
detail in living patients. No other previous technique has afforded this opportunity. On the
basis of the results presented here, in addition to previous published studies, there is a case
for including malarial retinopathy as a routine part of studies of severe malaria pathogenesis

in humans as it appears to outperform other markers of cerebral and fatal malaria.

Similarly, the results of this thesis strongly support malarial retinopathy being further
investigated as a potential surrogate outcome measure for clinical trials in cerebral malaria. It
was found in these studies that retinal photography is a relatively low cost, non-invasive,
easy to learn, bedside tool that can be used in almost all patients with cerebral malaria. Using
this method, CNS microvascular changes resulting from the same pathogenic processes as in
cerebral malaria can be recorded and examined in detail on multiple occasions in living
patients to monitor the rate of development and reversal of microvascular obstruction. These
signs are also visible in almost all patients. Further studies are ongoing to determine the rate
of recovery from each feature of malarial retinopathy, as the next essential step in this
process. For it to be used as an outcome measure, it will be necessary to demonstrate that
retinopathy improves quickly enough for this improvement to be detected during an

admission.

This research has raised awareness of malarial retinopathy as a means of studying the
microvascular pathogenesis of cerebral malaria, its potential role as a diagnostic and
prognostic tool in severe malaria and as an outcome marker for clinical trials of adjunctive
therapies. Carrying out the clinical studies involved collaboration with and assistance from
clinicians and scientists from Australia, Bangladesh, Canada, India, Malaysia, the
Netherlands, Thailand, the USA and the UK, many of whom had not previously encountered

malarial retinopathy.

Although | have always had a strong interest in ophthalmology, through the work in this
thesis | have been able to greatly develop my expertise in retinal diagnostics. | have also
demonstrated to the wider clinical research community that with the appropriate training,
specialist skills such as this are not inaccessible to non-specialists. Many of the clinicians
with whom | worked were training in general medicine, infectious diseases or intensive care
and many had limited skills in eye examination. Through exposure to and involvement in
this research they were stimulated to practice their skills in fundus examination and

particularly to examine patients with malaria for signs of malarial retinopathy. During the
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course of the research | arranged training sessions for these physicians in direct and indirect
ophthalmoscopy, retinal photography and visual function examination. A personal highlight
was providing bedside teaching sessions with an ophthalmologist in direct ophthalmoscopy
for physicians in Bangladesh where examination findings were compared with retinal
photographs from the same patient. Most participants had lacked confidence in this essential
technique prior to the teaching due to limited exposure during their medical training.
Following the teaching sessions, direct ophthalmoscopy and visual function examination
were being used much more widely on the medical wards and in intensive care and
contributed to the management of a broad variety of patients both with and without malaria.
In addition, | taught some general physicians indirect ophthalmoscopy and by the end of the
studies some were reasonably proficient and keen to practice further including wishing to
pursue their own research using this technique. Many of the ophthalmologists with whom |
collaborated in Bangladesh, India and Malaysia had never seen malarial retinopathy prior to
involvement in these studies but without exception all were fascinated, keen to learn more

about it and interested to examine patients with malaria on the medical wards.

Outwith the research team and study sites, this research has had impact in raising awareness
of malarial retinopathy in the malaria research community and its potential importance in
contributing to the study and management of severe malaria. This occurred both through the
peer-reviewed publications listed at the beginning of this thesis and through the opportunity |
had to present this work at a range of meetings and conferences. These presentations

included:

1. Reducing deaths from malaria. Invited speaker, Global Health Network and Nuffield
Department of Medicine, Oxford University, Oxford, UK. 13/8/14.

2. Reducing deaths from malaria. Invited speaker, National Institutes of Health, Bethesda,
MD, USA. 25-26/6/14.

3. MRI of the brain in adults with severe falciparum malaria. MRI of the brain in adults
with severe falciparum malaria. Oral. American Society of Tropical Medicine and
Hygiene meeting 2013, Washington D.C., USA. 13-17/11/2013.

4. Observational studies of malaria retinopathy in adults: its potential role in diagnosis,
prognosis and intervention studies and insights into the pathogenesis of cerebral malaria.
Oral. American Society of Tropical Medicine and Hygiene meeting 2013, Washington
D.C., USA. 13-17/11/2013.
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10.

11.

12.

MRI of the brain in adult patients with cerebral and severe malaria. Poster. American
Society of Tropical Medicine and Hygiene meeting 2012, Atlanta, USA. 11-15/11/2012.

The Contribution of Malaria Retinopathy to Reducing Mortality from P. falciparum
Malaria in Asia. Oral. American Society of Tropical Medicine and Hygiene meeting
2011, Philadelphia, USA. 4-8/12/2011.

Malarial retinopathy in adults. Oral. Bangladesh Society of Medicine Conference 2011,
Dhaka, Bangladesh. 15-16/3/2011.

Malarial retinopathy in adults. Oral. Federation of Infection Societies conference 2010,
Edinburgh, UK. 17-19/11/2010.

In-vivo evidence that microcirculatory obstruction is a central pathological process in
severe falciparum malaria. Oral. American Society of Tropical Medicine and Hygiene
meeting 2010, Atlanta, USA. 3-7/11/2010.

Malarial retinopathy and microcirculation in adults. Invited talk. Parasite to Prevention:
advances in the understanding of malaria conference, Edinburgh, UK. 20-22/10/2010.

Malarial retinopathy in adults. Oral. Joint International Tropical Medicine Meeting 2009,
Bangkok, Thailand. 3-4/12/20009.

Malarial retinopathy and microcirculation in adults with cerebral malaria. Oral and
poster. American Society of Tropical Medicine and Hygiene meeting 2009, Washington
DC, USA. 17-22/11/20009.
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9.3 Future Directions

Alongside the studies presented in this thesis, a series of enrolment and follow-up
fluorescein angiograms has been collected using both the portable retinal camera and
tabletop retinal cameras. Preliminary results of some of these angiograms were presented in
Chapter 4 and full analysis is ongoing. | have been part of a multinational collaborative team
developing a new classification scheme for angiographic features in cerebral falciparum
malaria and this new classification has recently been submitted for publication. The
fluorescein angiograms | have taken are currently being graded using this new classification.
Once completed, this will allow further detailed study of the microvascular changes in adult
cerebral falciparum malaria and comparison of the underlying pathogenic mechanisms with
those seen in African children. It will also give an indication of the rate of recovery of

microvascular obstruction.

Many of the patients recruited for the study described in Chapter 2 underwent serial retinal
photography. For many patients this was done every 24-48 hours until discharge and then at
intervals following discharge until resolution of retinal changes. At each time point, each
patient also underwent examination of visual function. This very large set of retinal
photographs is currently being graded. The results of the grading will be analysed to
determine the time course of resolution of retinal whitening and retinal haemorrhages. The
time course of recovery of visual function will also be quantified and correlated with the

time to resolution of retinopathy to examine causation.

The retinal photographs collected on enrolment are being regraded by two ophthalmologists
to provide further evidence on the inter-observer variability of grading. Inter-observer
agreement will be determined for each feature of malarial retinopathy and any areas of

disagreement studied in more detail.

Additionally, I am also helping to develop a new classification scheme for changes seen on
colour retinal photographs in falciparum malaria. Once completed, this will allow a finer and
more objective grading of the various features. This is particularly important for retinal
whitening which is the most specific feature in adults and the most strongly associated with
outcome. This new grading of retinal whitening will be used for a variety of purposes, as
outlined below.
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In future it is planned to match serial retinal photographs to serial visual function

assessments to better understand how retinopathy affects visual function.

In parallel to the collection of retinal photographs, many of the patients recruited for the
study in Chapter 2 also underwent video recording of capillary blood flow in the rectal
mucosa by OPS. This is a validated measure of systemic microcirculatory blood flow that
has previously been shown to be deranged in severe malaria.?®® The videos are currently
being analysed. Once completed, the various derived metrics of microcirculatory blood flow
will be compared to the severity of retinal whitening to further examine the association

between systemic and CNS microvascular obstruction.

Once the OPS results are available, a multivariable statistical model will be built for severe
falciparum malaria including malarial retinopathy, and correlates and markers of systemic
microvascular obstruction comprising parasite biomass, plasma lactate, serum bicarbonate,
base excess, red cell deformability and systemic microvascular blood flow to determine
which are most strongly associated with, and which are independent predictors of coma and
mortality.

Retinopathy will be combined with coma, acidosis, lactate, renal failure, HRP2 level and
other known correlates of severity and death in a multivariable statistical model to assess
whether retinopathy improves the prediction of mortality as compared to the CAM score.?*
This will be used to develop a new clinical scoring system for severe malaria, with versions

developed for use in resource-poor and resource-rich settings.

There is an ongoing collaborative multinational study developing automated methods for
grading retinal images using a portable retinal camera with a smartphone platform.
Following an initial project to detect retinal haemorrhages in images acquired for this thesis
from Bangladeshi adults,®”” the system is now being trialled on paediatric images from
Malawi. It is planned to analyse images from Bangladesh and India acquire for this thesis
later in 2015.

Further studies are planned using retinal photography in patients with nonsevere cerebral and
cerebral falciparum malaria in the study sites in India and Bangladesh. The first of these will
start in June 2015 and will collect additional serial retinal photographs using the portable

camera. These will be used to supplement those already collected as an evidence base for use

of malarial retinopathy as an outcome measure for clinical trials.
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In addition, 1 am developing a protocol to do more detailed MRI of the brain in parallel to
malaria retinopathy. These studies will investigate the metabolic and circulatory changes
identified in this thesis in more detail including more MR angiography and additional voxels

of MRS and how they relate to clinical phenotype and malarial retinopathy.

In addition to the studies of retinopathy in P. falciparum and P. knowlesi malaria, | have
completed a study of retinopathy in severe P. vivax malaria in Rajasthan, India. P. vivax has
been said to be an occasional cause of cerebral malaria but the pathogenesis of severe and
cerebral vivax malaria is not known.37837 The results of this study are currently being

analysed and the findings compared with those in falciparum and knowlesi.

I am currently engaged in a small study of malaria retinopathy in P. coatneyi malaria in
macaques in collaboration with the Armed Forces Research Institute of Medical Sciences in
Bangkok, Thailand. This animal model is the most similar to human P. falciparum malaria
displaying similar sequestration in the brain®°®! and has the advantage that detailed post
mortem can be undertaken in all subjects including detailed examination of the brain and
retina in the same individual. Such details studies including fatal and nonfatal falciparum

malaria have not been possible in humans.

Lastly, I am planning to apply for further funding to apply additional techniques to study of
malarial retinopathy in falciparum, vivax and knowlesi malaria. These include optical
coherence tomography (OCT) to examine retinal thickness, look for macular oedema and
examine the retinal nerve fibre layer changes seen and further study of retinal vasculature
and blood flow using OCT angiography. | would also like to study visual function in more

detail through collaboration with specialist technicians.
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9.4 Conclusion

Malarial retinopathy is commonest in cerebral and fatal P. falciparum malaria in Asian
adults and children. The constellation of retinal changes seen in severe P. falciparum malaria
in Asian adults is similar, but not identical, to that seen in African children. Retinal
whitening is probably a consequence of obstruction of blood vessels by sequestered parasites
and is an almost universal finding in cerebral and fatal falciparum malaria in which the same
process is central to causing coma. Raised ICP is rare in severe malaria in Asian adults and
children and does not appear to be a central process in causing coma or mortality. Retinal
changes in severe falciparum malaria are commoner and more prominent than those in
sepsis, nonmalarial febrile encephalopathy and severe P. knowlesi malaria. As it is specific
to malarial coma and helps to predict mortality and development of coma, malarial
retinopathy has potential to contribute to diagnosis and prognosis of Asian adults with severe
falciparum malaria and as a candidate outcome marker for intervention studies of adjunctive

therapies.
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10.1Grading of Malaria Retinopathy

The retinal findings in this thesis were classified according to a predefined scheme as:
“none” (0), “mild” (1), “moderate” (2) or “severe” (3). This classification was developed by
Simon Harding and Nicholas AV Beare of the University of Liverpool, UK, from an earlier
published schema for indirect and direct ophthalmoscopy.?”” Findings were recorded using a
Grading Form (Appendix 10.2) and scored as present only if the grader was >50% certain
of its presence. “NS”, meaning “not seen”, was recorded where the image was not adequate
and does not indicate that the sign was absent. “0” was used to indicate the absence of a sign
if the image examination was adequate.

In summary, the classification scheme used was as follows for each eye:

1. Whitening

a. Foveal: circle of <500 pm radius from centre of fovea
Mild: <1/3 optic disc area
Moderate: 1/3-2/3 optic disc area
Severe: > 2/3 optic disc area

b. Macular: <2,5 disc diameters from centre of fovea, excluding fovea
Mild: <1/3 optic disc area
Moderate: 1/3-1 optic disc area
Severe: > 1 optic disc area

c. Peripheral: defined as the area outside of the macula and divided into superior,
inferior, nasal and temporal quadrants
Mild: occasional spots
Moderate: more than occasional spots/patches of definite mosaic
Severe widespread mosaic/large areas of confluence
Peripheral whitening score = sum of scores for each quadrant
number of quadrants seen

2. Haemorrhages
a.  Number of haemorrhages
Mild: 1-5
Moderate: 6-19
Severe: >20
b. % white centred: none / 25-50% / 50-75% / >75%
3. Papilloedema
Mild: 1-3 quadrants of abnormal elevation of the disc with blurring of the margin, no
disc haemorrhages
Moderate: any of: a. 4 quadrants of abnormal elevation of the disc with blurring of the
margin, b. any abnormal elevation of the disc with: disc haemorrhages (less than 5) or
dilated pre-papillary capillaries
Severe: any of: a. marked elevation of the disc with blurred margin with loss of the optic
disc cup, b. any elevation of the disc with 5 or more disc haemorrhages
4. Vessel changes
Superior/inferior/nasal/temporal; arteries/veins/capillaries; orange/white
Graded as mild/moderate/severe subjectively according to area of capillary involvement,
number of branches of vessel change, length of involvement overall variety and extent of
vessel changes
Vessel changes score = number of affected quadrants
number of quadrants seen
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The published classification scheme on which this was based is reproduced in full below.

Classifying and grading retinal signs

in severe malaria
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Introduction

Severe malaria is a common cause of coma and death in
areas of the world where infection with Plasmodiun
Salciparwm s endemic. Over 1 million children die each
vear in sub-Saharan Africa."? Significant numbers of adults
are affected throughout the world in endemic areas of South
America, Africa and Southern Asia. In addition, malaria is
a significant risk for travellers from non-endemic areas.

Studies of childhood severe malaria in Africa over the
last 1520 years have focused on improving understanding
of the disease, translating into better diagnosis and
treatment. As part of this elfort, studies of the eye have
vielded new information on disease classification and
prognosis, as well as giving insights into underlying
pathophysiological mechanisms. A unique cluster of
clinical signs termed malarial retinopathy has been
described® * with components shown to be useful prog-
nostic indicators for death.®® A classification system has
been developed and tested.”

The diagnosis of cerebral malaria is made on the clinical
grounds of coma in the presence of P. falciparum parasites
in the peripheral blood and in the absence of other causes ol
coma. Coma in children is assessed using the Blantyre coma
score (BCS), which ranges from 0-5. At the deepest levels of
coma (BCS 0-2) a diagnosis of cerebral malaria is made. A
recent paper from a postmortem study of children dying
with malaria parasitaemia showed that 23% ol cases with
this clinical diagnosis did not have pathological features
usually associated with cerebral malaria, and had another
identifiable cause of death.'” There was a strong correlation
between the presence/absence of malarial retinopathy and
the pathological features of cerebral malaria.

The importance of malarial retinopathy in the diagnosis
of severe malaria is becoming increasingly apparent. As a
result, there is a need for the introduction of standardized
examination of the fundus of the eye. We have used our
experience in studying the features of the retinopathy to
develop this field guide for the use of other malaria
research teams and for clinicians caring for patients with
comi. We conducted a series of consensus sessions to refine
our previous classification protocols and develop a set of
standard images against which grading can be performed
(see p. 6). A set of examples is also included (see p. 10).

Principles of ophthalmic examination

When examining the eye of a patient in whom malaria is
suspected it is essential to dilate the pupil. In patients with
heavily pigmented irides tropicamide (0.5% or 1.0%) and
phenylephrine (2.5%) eye drops are required. Tropicamide
alone is usually sufficient in patients with lighter coloured
irides. One drop of each drug, repeated after Smin, is
usually sufficient. Wait 30-45min for adequate dilatation
and confirm with a pen torch before attempting fundus
examination. Cyclopentolate 1% is an alternative; how-
ever, it takes longer to work and its effects can last up
to 24 h.

A combination of direct and indirect ophthalmoscopy
is recommended. For indirect ophthalmoscopy a +20
dioptre aspheric condensing lens is ideal. The + 28 dioptre
lens can help in cases with suboptimal dilation. The + 15
dioptre lens gives better magnification for assessment ol
the macula and the di a direct ophthalmoscope.
However, the grading scheme was developed using a + 20
dioptre lens and it alone is sufficient. Grading is based on
involvement of the disc, the macula and the periphery.
Examination of the periphery is the most difficult. Levels
of coma and agitation vary between patients and fluctuate
within a single patient; so systematic examination of the
fundus can be difficult, One sequence that can be followed
comprises starting with the optic disc, moving to the
macula and then observing each quadrant of the retina.

Principles of grading

The macula is defined as the zone of retina roughly within
a circle centred on the centre of the fovea. The temporal
arcade vessels define the superior., inferior, and most of
the nasal borders. The temporal border of the macula is
defined as an imaginary arc extending from the centre of
the fovea and whose radius is 2.5 disc diameters (see
schematic in Figures 1 and 2). The fovea is defined as a
circle with a diameter equal to that of the optic disc.
Peripheral retina is defined as all retina lying outside the
macula. It is divided into quadrants: temporal, superior,
inferior and nasal (see Figures 1 and 2). Because of the
clinical condition of an individual child it is not always
possible to complete a satisfactory examination of all
peripheral quadrants. Agitation, seizures, tonic ocular
deviation, inadequate dilatation and the position of
infusion lines can all interfere with clinical assessment.
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Retinal signs in severe malaria

RETINAL STUDIES IN SEVERE MALARIA

Name : ID No :

Right eye Left eye
Haemorrhages : 0 1-5 520 20-50 50+ 0 1-5 5-20 20-50 50+
% white centred : none 25-50 50-75 >75 none 25-50 50-75 >75
Papilloedema: Y/N  If Yes: mild/mod/severe Y/N  If Yes: mild/mod/severe

Macular whitening :
(<2.5 DD centre of fovea) 0 <1/3 1/3-1 21 DA 0 «<1/3 1/3-121 DA

Peripheral whitening (by quadrant):

temp 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
sup 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
inf 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
nasal 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
sum of quadrantscores
number of quadrants seen
Vessel changes (by quadrant) :
arteries /veins  capillaries arteries /veins capillaries
temp 0o Or W o W NS 0 O W 0 W NS
sup 0 o w o0 W NS 0 o W 0 W NS
inf 0 Oor w o0 W NS 0 O W 0 W NS
nasal 0O O W 0 W NS 0 O W 0 W NS
number of quadrants vascular change
number of quadrants seen
subjective overall severity score 1+ 2+ 3+ 1+ 2+ 3+

Examined by: Date:
Insert version No. and date

Figure1 Form for the full standardized grading of malarial retinopathy. Temp, temporal; sup, superior; inf, inferior
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Retinal signs in severe malaria

RETINAL STUDIES IN SEVERE MALARIA

Name :
Right eye

Haemorrhages :

% white centred :

0 1-5 520 20-50 50+
none 25-50 50-75 >75

ID No :
Left eye

0 1-5 520 20-50 50+
none 25-50 50-75 >75

Y/N If Yes: mild/mod/severe

Papilloedema : Y/N If Yes: mild/mod/severe

Macular whitening :

(= 2.5 DD centre of fovea) 0 <1/318-121 DA 0 <1/3 1/3-121 DA

Peripheral whitening (by quadrant):

temp 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
sup 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
inf 0 1+ 2+ 3+ NS 0 1+ 2+ 3+ NS
nasal 0 1+ 2+ 3+ NS 0o 1+ 2+ 3+ NS
Vessel changes (by quadrant):
temp 0 malarial NS 0 malarial NS
sup 0 malarial NS o] malarial NS
inf 0 malarial NS 0 malarial NS
nasal 0 malarial NS 0 malarial NS

Comment on other vessel changes seen:

Examined by : Date:

Insert version No. and date

Figure2 Form for the simplified standardized grading of malarial retinopathy. See Figure 1 for key to abbreviations
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Retinal signs in severe malaria

During grading, findings are recorded on a standard form,
which has been developed over several malaria seasons and
is shown in Figure 1. Where there is doubt, when assigning a
grade for a particular lesion, the grader should score it as
present if he/she is 50% certain of its presence/extent. "NS’
means ‘not seen’, and this is recorded when the examination
is not adequate owing to factors listed above; it does not
mean that the sign is absent. Absence of a sign after
satisfactory examination is recorded as “0, none, or no’.

Description and definition of specific lesions
Retinal whitening

Retinal whitening may occur in the macula or in the
periphery. The features of retinal whitening are:

e colour (opacification of the normally clear retina)
ranging from subtle greying through white or cream

® zones of involvement are usually well demarcated and
range in size from 100 to 1000 ym (the disc is about
1500 um) but may involve a greater extent by
developing confluence

® often in a mosaic pattern in the periphery

o preferentially affects retinal vascular watershed zones:
fovea. temporal horizontal raphe, pre-equatorial.
temporal > nasal

® sparing of the perivascular retina in peripheral whitening

e the centre of the fovea is spared (roughly equivalent to
the anatomical foveola).

Macular whitening (Standards 1-3, Examples A-D)
Macular whitening is graded into mild (1 + ), moderate
(2 + ) or severe (3 + ) depending on extent of involvement.
Standards | and 2 illustrate the maximum extent of mild
(<1/3 disc area [DA]) and moderate (=1/3-1 DA).
respectively. When assessing the extent of involvement.
vou should mentally compact the zones of involvement
into a notional circle using the optic disc as the nominal
equivalent of a DA. When assessing whitening, consider
its location and extent, but not colour or density.

Extension temporally along the horizontal raphe is
illustrated in Standard 1 and Examples B-D. Confluence
is illustrated in Example D: confluence is not a
determinant of grade in the macula.

Peripheral (or extramacular) whitening (Standards 4-6):
Grading peripheral whitening is more difficult — inter-
observer variability, particularly with new observers, is not
good for this sign.” It is graded as mild (14 ), moderate
(2+) or severe (3+) (widespread mosaic or patches of
confluence) for each quadrant with a summation score to
allow for the possibility of one or more quadrants being
unobservable.

Peripheral whitening score
Sum of scores for each quadrant
Number of quadrants seen

Vessel changes

In severe malaria, changes. which can vary markedly, are
visible in the arterioles and venules and also in the
capillaries (Standards 8-10, Examples G-K).

Arterioles/venules Signs seen in larger vessels include:

e orange or white colour at the margin of the blood
column referred to as tram-lining (Standards 7
and 8)

e the luminal margin of this tram-lining may be smooth
or irregular (Standard 8)

® arterioles and venules may be orange or white across
their full width (Standards 7 and 8).

These vessel changes can be confused with an optical
illusion caused by reflected light when using the indirect
ophthalmoscope. Take care to differentiate from true
tram-lining (Example G).

Capillaries Signs in capillaries include:

e whitening of the capillary network. which may look
like patches of frosting or lace (Standards 8 and 9,
Example H and 1)

e capillary whitening can occur within patches of
peripheral whitening (Example FF — distinct white lines
can be seen within patches of retinal whitening).

As with peripheral whitening, the problem of not being
able to examine one or more quadrants for vessel changes
is handled by recording the number of quadrants affected
and the number of quadrants examined. A vessel score is
then calculated:

Number of affected quadrants
Number of quadrants seen

Vessel changes score =

To date. there is no satisfactory system with reasonable
interobserver agreement for grading the severity of vessel
changes. We consider the presence of ‘malaria vessel
changes™ of any severity to be a pathognomonic sign of
cerebral malaria and suggest that elfort put into studying
questionable vessels to determine if they are abnormal is
more important than grading overall severity ol vessel
changes. Nonetheless, experienced examiners may make a
subjective assessment (mild (1 + ), moderate (2+ ). severe
(3 +)) of the overall severity of vessel changes for the eye,
taking into consideration the lollowing factors:

e area of capillary involvement

o number of branches of vessel change

e length of involvement

e overall variety and extent of vessel changes.

Children with severe malarial retinopathy usually show
more than one of the signs described above as illustrated
in Example J.

Haemorrhages

Haemorrhages are frequently present and are most often
round: the majority will have white centres. Occasionally,
the haemorrhages may be very large, lie on top of the
retina as large blots, or extend into the vitreous cavity.
Flame-shaped haemorrhages are not typical but may
accompany papilloedema.

In scoring haemorrhages the total number in the entire
retina is assessed followed by the proportion that are
white centred. Increasing frequency of haemorrhages is a
risk factor for death. Because of the difficulty in
examining the entire retina in many children. the number
of haemorrhages in each eye can be underestimated.

Optic disc

The significance of papilloedema in cerebral malaria is not
clear. It is the strongest risk factor for poor outcome among
comatose children with clinical cerebral malaria.*” It accom-
panies other retinal features of cerebral malaria in a proportion
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Box1 Acute papilloedema in severe malaria

Mild papilloedema (Standard 10}
® One to three quadrants of abnormal elevation of the disc with
blurring of the margin, no disc haemorrhages.

Moderate papilloedema (Standard 11) any of:
® Four quadrants of abnormal elevation of the disc with blurring
of the margin
® Any abnormal elevation of the disc with
> Disc haemarrhages (less than five)
< Dilated pre-papillary capillaries.

Severe papilloedema (Standard 12) any of:
® Marked elevation of the disc with blurred margin with loss of
the optic disc cup
® Any elevation of the disc with five or more disc haemorrhages.

ol cases and increases the risk of poor outcome. However.
it is not specific to cerebral malaria and can occur in many
other conditions that cause coma. Thus, papilloedema in
the absence of retinal whitening, vessel changes. or the round,
white-centred  haemorrhages of cerebral malaria should
prompt the examiner to consider other causes of coma.

Features of papilloedema include elevation of the disc.
blurring of the disc margin, opacification of the peri-
papillary nerve fibre layer, dilatation of the pre-papillary
capillary plexus, hyperaemia. dilatation of the large veins,
loss of cupping, splinter haemorrhages, cotton wool spots,
loss of spontaneous pulsation. The exact relationship and
significance of each of these features remains uncertain in
many diseases. This especially applies to the hyperaemia
that occurs frequently in children with severe malaria.

In order to classily the severity of disc changes in severe
malaria a classification was developed over three malaria,
seasons (Blantyre, 1999, 2000; Kilifi, 2001) and is shown in
Box 1. The optic disc in children with severe malaria may
appear erythematous or hyperaemic in the absence of other
disc signs. Spontaneous venous pulsation (SVP) and venous
dilatation may be present in these cases. The significance of
this sign remains unclear. It separates hyperaemia from
other changes of papilloedema allowing for the possibilities
of it being a precursor of clinically definite papilloedema or
being an indicator of other unrelated metabolic factors. SVP
cannot be present if the disc is to be graded as papilloedema.
Splinter haemorrhages indicate moderate or severe.

Hyperaemia:
o increased dilatation of optic disc capillaries producing
erythema

e dilated retinal veins
e no other signs of papilloedema.

Haemorrhages must be no greater than one disc
diameter away from the disc margin to be considered to
be associated with papilloedema.

Discussion
The classification described above has been developed
over several years in Blantyre, Malawi, and Kilifi, Kenya,
and provides a useful predictor of death.”® The risk of
death has been shown to increase with the increasing
severity of retinopathy. The increased risk of death ranged
in these two studies as follows: presence of malarial
retinopathy 1.4-2.4; macular whitening 1.5-2.3; vessel
changes 1.8-2.8; presence of haemorrhages 1.5-1.9; 5 or
more haemorrhages 2.6-3.0; papilloedema 3.8-7.1.

An interobserver study in 1999 showed a good agree-
ment between two ophthalmologists using a combination

Retinal signs in severe malaria

of direct and indirect ophthalmoscopy through dilated
pupils (weighted kappa (k. ): haemorrhages 0.85, macular
whitening 0.68, vessel changes 0.63).” This should be the
standard for fundus examination using the full grading and
classification system. However, we recognize that clinical
conditions and the requirements for grading vary widely.
We have therefore produced a simplified version of the full
grading system in Figure 2 with removal of the assessment
for hyperaemia, and the severity grading of vessel changes.

The standard photographs and the additional examples
that we have included in this guide are intended for display
in emergency and critical care wards where patients are
being managed. They will be of value in the training of
clinicians in the routine management of patients and for
reference in future clinical studies. Although the protocols
have been developed and tested in a paediatric population.
we believe that they will be equally relevant to adults.

We believe that dilated fundoscopy should be part of
the clinical assessment of any patient suspected of having
severe or cerebral malaria. The use of our standard images
and definitions should improve diagnostic accuracy in this
important disease.
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Retinal signs in severe malaria

Standard Photographs:
The 12 standard photographs are used during the process of grading malarial retinopathy

Standard 1 Mild macular whitening <1/3
disc area (DA) (maximum extent for <1/3
DA). Note small foci of whitening around
foveola extending into temporal macula
along horizontal raphe. Also visible are a
single white centred haemorrhage and a
nerve fibre layer haemorrhage near the disc

Standard 2 Moderate macular whitening
1/3-1 DA (maximum extent for 1/3-1 DA).
Whitening is more extensive; foveola is dark
in this image, a feature that is not unusual in
this population

Standard 3 Severe macular whitening>1DA.
Extensive patchy whitening
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Retinal signs in severe malaria

Standard4 Mild peripheral whitening (1+).
Note two foci of whitening (one arrowed)
seen against a background of normal chor-
oidal pigment variation

Standard 5 Moderate peripheral whitening
(2+) (the minimum for standard 2+). The
bright area seen inferiorly in this image is
reflection artefact. One focus of whitening
arrowed

Standard 6 Severe peripheral whitening
(3+) (the minimum for standard 3+). One
focus of whitening arrowed

Tropical Doctor  April 2006, 36 (Suppl 1) 7
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Retinal signs in severe malaria

Standard 8 White tram-lining, white vessel
and extensive capillary whitening. The lumi-
nal edge of the white tram-lining is irregular
along the length of the larger venule in this
image

Standard 7 Orange vessel and orange tram-
lining. Smaller branches show complete
orange colouration while larger vessels
running from 12 o’clock to 3 o’clock show
orange tram-lining

Standard 9 Capillary whitening. Zones of
capillary whitening are visible with some
orange tram-lining within the retinal vessels.
Several white-centred haemorrhages are seen

Tropical Doctor  April 2006, 36 (Supp! 1)
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Standard 10 Mild papilloedema. Note eleva-
tion and blurring of superior and inferior
quadrants of optic disc and absence of
haemorrhages

Standard 11 Moderate papilloedema. Four
quadrants elevation and blurring with a
single haemorrhage at the temporal disc
margin

Standard 12 Severe papilloedema. Four
quadrants of elevation and blurring with
marked elevation and absent central cup.
Five or more haemorrhages

Tropical Doctor  April 2006, 36 (Suppl 1) 9
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Retinal signs in severe malaria

Examples: These examples are included to show further variation in clinical features

>

Example A Mild macular whitening [<1/3
disc area (DA)]. Two small foci of whitening
adjacent to the foveola (arrows) to be
distinguished from reflections elsewhere
within the macula

‘$ -
P

"\

~ g

Example B Moderate macular whitening
(1/3-1 DA). Extension of whitening into
temporal macula along the horizontal raphe
is shown

Example C Severe macular whitening
(>1DA). Extensive whitening in temporal
macula with several haemorrhages

10 Tropical Doctor  April 2006, 36 (Supp! 1)
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Example D Severe macular whitening with
confluence within fovea. A single white-
centred haemorrhage is also present

Example E Severe peripheral whitening
(3+). Confluence of whitening and perivas-
cular sparing is well shown in periphery of
image between 10 o’clock and 12 o’clock.
Note fovea is visible at extreme edge of
image at 1 o'clock with severe macular
whitening

Example F  Severe peripheral whitening (3 +).
Note subtle whitening of capillary tree within
patches of retinal whitening and sparing of
perivascular retina

Tropical Doctor  April 2006, 36 (Suppl 1) 1
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Example G Orange tram-lining of vessel. A
margin of depigmented retinal pigment
epithelium is seen alongside vessels, a fea-
ture often seen in African children and not
to be confused with orange tram-lining

Example | Marked capillary whitening,
Whitening is seen widely in the capillary
tree with white and orange pre- and post-
capillary vessels and orange discolouration
of larger vessels

Example H Subtle capillary whitening.
Whitening is visible within groups of capil-
laries plus some focal changes within the vein
adjacent

12
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Example J White centred haemorrhages,
peripheral retinal whitening (3+) with con-
fluence, perivascular sparing and subtle
capillary whitening, orange discolouration
of vessels

Tropical Doctor
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10.2Data collection forms

10.2.1 Enrolment

Eye Enrolment

Patient code: Initials: Age: Hospital:

Examination: Date:___/ / Time: 2 Day of study: 0

Eligibility Screening

Diagnosis
Severe malarial:] Uncomplicated malaria D Healthy I:]
History
Glaucoma* Yes No
Tropicamide allergy* Yes No
False eye Left Right No
Examination
ANTERIOR Right Eye Left Eye
False/missing eye Yes No NS Yes No NS

Corneal scarring No | Mild | Mod | Severe | NS | No | Mild | Mod | Severe | NS

Cataract No | Mild | Mod | Severe | NS | No | Mild | Mod | Severe | NS

Fundus visible?* Yes No Yes No

If ‘Severe’ is marked for any of the above then this precludes retinoscopy

*If patient has: Glaucoma, tropicamide allergy or both fundi not
visible then they are excluded from the study

Excluded [ ]
Included []
If included, complete Eye History and Daily Eye Examination
Record for day 0
Doctor SIgHATULS o avimimnmsnnnmmiiimns Date sl fiiss

1/1
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10.2.2 Eye history

Eye Enrolment

Patient code: Initials: Age: Hospital:

History

Eye History: Comorbidities: Symptoms in the past 2
. weeks:
Literate: Y/N Glaucoma*: Y / N
: . Loss of vision: Y / N
Highest Schooling:
ERahSuaoiRg Diabetes Mellitus: .
Nil / 1°/ 2°/Uni Y /N Blurred vision: Y / N
Wears glasses Y/N Hypertension: Y / N Scotomata: Y /N
Short-sighted Y /N Strok YN Photophobia: Y / N
2 troke:
Long-sighted Y/N il Y / N
Previous eye problem Y / N Anacmia: Y /N
Previ 5 Y /N |Visual Field: 'Y / N
Tevious eye review Other neurological: I
Higii: oss of colour vision:
(when . Y /N Y /N
what: ) (specify: )
. Seizure: Y /N
Previous eye Surgery Y / N Previous malaria: Y / N
(when: Headache: Y /N
(datc: )
what: ) Limb weakness:Y / N
*If the patient has glaucoma they are excluded from the study
g Route Dose per s
l)
Medications Taken? (IV/oral) | day (mg) Duration Last Taken
Chloroquine Y /N
Hydroxycholoroquine Y /N
Primaquine Y/N
Quinine Y /N
Ethambutol Y /N
Ciprofloxacin Y /N
o/ ch_'o/ Moxi/Nor - Y /N
floxacin
Chlopromazinc Y /N
Other
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10.2.3 Visual Function

Serial retinal photography for malarial retinopathy in patients with severe malaria

Eye Examination Record

Patient code Initials: Age: Hospital: CMCH

If unable to do eye examination, please state reason:

Examination: Date:__/ / Time: : Day of study:

Functional Examination

VISION | Right Eye Left Eye
Pupils
Size (mm)
React to light Yes ‘ No ‘ Slow ‘ NS Yes ‘ No ' Slow | NS
Acuity
G Threat | Light | Hand | Digits | NS | Threat | Light | Hand | Digis | Ns
Sncllen E 20/ NS 20/ NS
Colour vision
Ishihara | Right | Wrong | Can’tdo | NS | Right | Wrong | Can’tdo | Ns
Visual Fields (by quadrant) INormal ‘NS I Normal | NS
Shade field deficit mﬁ"se /’—P_\
on diagram \[‘/
Macula | Normal |NS | Normal | NS
Amsler grid
Mark area:
Distorled@
Missing ‘
KEY Threat = blinks in response to threat Light = sces light and dark
Hand = sces hand movements Digits = counts fingers
NS = not adequatcly examined
DOCOr S RITNALTS: .o e Date....
NAME.....oiviiiiiirecrecee e
1/2
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10.2.4 Fundoscopy and Retinal Photography

Serial retinal photography for malarial retinopathy in patients with severe malaria

Eye Examination Record

Patient code | Initials: Age: Hospital: CMCH

Direct Ophthalmoscopy:[ | Indirect Ophthalmoscopy:[ | Camera:[_|

Examination: Date:___/ / Time: R Day of study:
FUNDOSCOPY | Right Eye Left Eye
Haemorrhages

Number 0 [ 15 [ 620 [21-50] >50 | o | 1-5 [ 620 [21-50 ] >50

% white centred <50 | 5075 | >75 <50 | 5075 | >75
Papilloedema Yes ‘ No Yes l No
Macular Whitening (total coalcsced arca, optic disc arcas)

Macula’ 0 <Y Ys-1 >1 0 <Y Y5-1 >1
Central fovcal arca’ 0 <Vs Va-%s >% 0 <Vs YVa-%s >%
Extramacular/peripheral whitening (by quadrant)

Temporal 0 1 2 3 NS 0 1 2 3 NS

Superior 0 1 2 3 NS 0 1 2 3 NS

Nasal 0 1 2 3 NS 0 1 2 3 NS

Inferior 0 1 2 3 NS 0 1 2 3 NS
KEY 0 — no whitening 1 = occasional spots 2 = more than occasional spots / patches of definite mosaic
3 = widespread mosaic / large areas of confluence NS = cannot be adequately examined (e.g.eyes deviated)

Vessel delineation/whitening (by quadrant)
Arteriolcs/ Arterioles/
Venules Capillaries venules Capillaries
Temporal O [Or [ W] O |Or|W|NS|] O |Or| W/ | 0 |[Or|W]|NS
Superior O [Or [ W[ O |Or | W |NS| O |Or| W | 0 |Or|W|NS
Nasal O[O | W[ O |Or | W | NS|] O |Or| W | 0 |Or | W/ NS

Inferior 0O [Or [ W] O |Or | W | NS|J] O |Or| W, | 0 [Or|W]/|NS
KEY DD = Disc diameter W = vessel whitening
'Macula = extends 2.5 disc diameters Central foveal area = circle DA = disc area NS = not adequately
from centre of fove: a enclosed by <500pm radius from centre of 0 - none examined
temporal arcade vessels fovea Or = orange discoloration

Right Eye Left Eye
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10.2.5 Fluorescein angiography

Serial retinal photography for malarial retinopathy in patients with severe malaria

Fluorescein Angiography Record

Patient Code: Initials: Age: Hospital: CMCH

File name: Right: Left:

(ABCDE A: l=right, 2=left B: O=severe, 1=uncomp, 2=healthy, 3=sepsis, 4=enceph CDE: pt code)

Date Time Side Area of f(.)?us ‘
Tem- Supe-

(dd/mm/yy) (seconds) Right Teft | Inferior | Macula Disc poral Nasal For

I*

S| | I[N (W | —

45

Doctor’s signature Name Date  / /

Doctor’s signaturc
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10.3Normal ranges for laboratory tests

Variable Range Units
Haematocrit males 40 - 54 %
Haematocrit females 3747 %
Peripheral white blood cell count 4.0-110 *10%9/L
Platelet count 150 — 400 *10%/L
Serum sodium 135145 mmol/L
Serum potassium 35-5.0 mmol/L
Total serum bilirubin 02-1.2 mg/dL
Serum alanine aminotransferase 5-35 U/L
Serum alkaline phosphatase 30 - 150 U/L
Serum albumin 35-5.0 9/100ml
Serum creatinine 08-17 mg/dL
Blood urea 7.0-19.0 mg/dL
Plasma lactate 06-24 mmol/L
Venous bicarbonate 24 -30 mmol/L
Serum base excess 12 mmol/L
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