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Diagnosis and management of the neurological
complications of falciparum malaria

Saroj K. Mishra and Charles R. J. C. Newton

Abstract | Malaria is a major public health problem in the developing world owing to its high rates of morbidity
and mortality. Of all the malarial parasites that infect humans, Plasmodium falciparum is most commonly
associated with neurological complications, which manifest as agitation, psychosis, seizures, impaired
consciousness and coma (cerebral malaria). Cerebral malaria is the most severe neurological complication;
the condition is associated with mortality of 15-20%, and a substantial proportion of individuals with this
condition develop neurocognitive sequelae. In this Review, we describe the various neurological complications
encountered in malaria, discuss the underlying pathogenesis, and outline current management strategies for
these complications. Furthermore, we discuss the role of adjunctive therapies in improving outcome.
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Introduction

Malaria is not only common in malaria-endemic areas;
the disease is seen increasingly in Western countries as a
result of people emigrating or traveling from such areas.
The Plasmodium falciparum parasite is responsible for
almost all the neurological complications associated
with malaria, although P. vivax causes seizures in chil-
dren, and is also associated with coma in both children
and adults.

In 2002, an estimated 2.2 billion individuals were
exposed to P. falciparum in malaria-endemic areas, with
515 million clinical episodes and over 1 million deaths.
Over 70% of these infections occurred in children living
in sub-Saharan Africa, although P. falciparum can infect
humans at any age. The neurological manifestations of
malaria include seizures, psychosis, agitation, impaired
consciousness and coma; the latter two features are the
hallmarks of cerebral malaria.** In malaria-endemic
areas, neurological features are found in nearly half of
children admitted to hospital with falciparum malaria.’
In areas where individuals develop severe disease, the
proportions of patients who develop cerebral form are
similar between children and adults.® Cerebral malaria
occurs in 2.4% of travelers with falciparum malaria,”
and has been well described; however, the other neuro-
logical complications of falciparum malaria have received
relatively little attention.

In this Review, we describe the neurological manifesta-
tions of falciparum malaria in adults and children, and
the pathogenesis and management of these complications,
with a particular focus on the results obtained to date with
adjunctive therapies. In addition, we highlight areas of
future research with the aim of improving outcomes.
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Diagnosis

The diagnosis of falciparum malaria should be con-
sidered in any patient who has a febrile illness with
neurological symptoms and has passed through a
malaria endemic area in the past 3 months. Occasional
cases of malaria are seen in people living near airports,
or are contracted from blood transfusions. The usual
diagnostic test is the microscopic examination of stained
blood smears, but rapid tests such as the immuno-
chromatographic test for P. falciparum histidine-rich
protein 2 and lactate dehydrogenase are also available.®
Polymerase chain reaction testing for parasite messen-
ger RNA or DNA is more sensitive than microscopy,
but is expensive and does not provide an estimate of
the parasite load.

In malaria-endemic areas, falciparum malaria is a
diagnosis of exclusion, in which three negative blood
smears at 8—12h intervals are required before the diag-
nosis can be ruled out. Many infective and metabolic
processes cause the types of neurological symptoms and
signs associated with malaria, and the malaria parasite-
mia might be incidental in some cases. In a recent study
from Malawi, 24% of the children who fulfilled the cri-
teria for cerebral malaria before death had evidence at
post mortem of an alternative cause for the coma.’ The
presence of malarial retinopathy (Figure 1)'° was the
only clinical feature that distinguished patients with
typical histopathological features of cerebral malaria
from those with alternative pathologies. A lumbar
puncture must be performed to exclude other causes
for the encephalopathy, although there can be a mild
pleocytosis'' and an increase in protein in malaria, pos-
sibly as a result of seizures.'> Neuroimaging in patients
with cerebral malaria might demonstrate brain swell-
ing, cortical infarcts, and hyperintense areas in the white
matter (Figure 2);"*"'> however, none of these features are
diagnostic of cerebral malaria.
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Key points

= Neurological complications are common in falciparum malaria; cerebral malaria
is the most severe and is associated with almost all neurocognitive sequelae
and deaths from neurological complications

= The pathogenesis of the neurological complications is multifactorial, with
sequestration of infected erythrocytes in the brain the probable cause of most
neurological complications

= Subtle deficits such as cognitive impairments are often undetected, and few
data are available on the incidence of and therapeutic options to prevent

brain damage

= The mainstay of malaria therapy is parenteral quinidine, quinine or artesunate;
artesunate is the treatment of choice where available

= Adjunctive therapies might help to improve outcomes, but as yet none has
unequivocally been shown to be beneficial

Figure 1 | Malarial retinopathy. Photograph of the retina in
patient with malaria, which shows exudates (arrowheads),
hemorrhages (thick arrows) and changes in the color of
the blood vessels (thin arrows). Permission obtained from
Nick Beare, Royal Liverpool University Hospital, Liverpool,
UK and Terri Taylor, Blantyre Malaria Project, Queen
Elizabeth Central Hospital, Blantyre, Malawi.

Pathogenesis

The unique characteristic of malaria caused by P. falci-
parum compared with the other species of malarial para-
site is the sequestration of infected erythrocytes in the
venules of various organs, particularly the brain. This
feature is thought to cause many of the complications of
malaria, especially the neurological features.

After the sporozoites are injected into the human
bloodstream by the female Anopheles mosquito, the para-
site goes through an asymptomatic hepatic stage. The
infected hepatocytes burst, and release the merozoites,

which enter the erythrocytes. It is the 48 h lifecycle of
merozoites within the erythrocytes that produces the
classic symptoms of malaria. In the late stages, infected
erythrocytes adhere to the endothelial cells of the venules,
to promote growth of the parasite in a relatively hypoxic
environment and evade destruction in the spleen. This
cytoadherence is mediated by proteins encoded by the
var genes of the parasite. These proteins are exported
to the surface of infected erythrocytes, where they act
as points of attachment to ligands upregulated in the
venule endothelium. In these late stages, the parasites are
metabolically active, and consume glucose and produce
lactate via anaerobic glycolysis. Infected erythrocytes
are sequestered in many organs of the body, with the
brain being preferentially targeted, followed by the
heart, liver and skin.'® The degree of sequestration can
be increased by binding of adherent infected erythro-
cytes to other infected erythrocytes (autoagglutination)
or noninfected erythrocytes (rosetting), or by platelet-
mediated clumping.

The sequestration of infected erythrocytes reduces
microvascular flow, a process that is aggravated by
reduced deformability of infected as well as uninfected
erythrocytes. Tissue necrosis is unlikely to occur, as little
evidence of ischemic damage exists and the clinical signs
reverse rapidly. However, a critical reduction might
occur in the supply of metabolic substrate to the brain,
aggravated by anemia or hypoglycemia in the presence
of increased basal metabolism with seizures and fever.

P, falciparum increases levels of both proinflammatory
and anti-inflammatory cytokines, but the roles of these
molecules in disease pathogenesis are unclear. Levels of
(proinflammatory) tumor necrosis factor (TNF), inter-
leukin (IL)-6 and anti-inflammatory IL-10 are increased
in patients with cerebral malaria compared with
those without malaria. Several polymorphisms in the
TNF gene promoter are associated with an increased risk
of cerebral malaria, neurological sequelae and death."”
In a sample of Vietnamese adults, levels of IL-6, IL-10
and TNF were raised in patients with multiorgan severe
disease, but were less elevated (but still not normal) in
patients with cerebral malaria alone, which suggests
that these cytokines are involved in the pathogenesis of
severe malaria, but not coma per se.'

Recent studies reported an association between
elevated serum levels of IL-1 receptor antagonist and
severe malaria in children.' Another study suggested
that plasma levels of inducible protein 10 (IP-10), the
soluble TNF receptor sTNF-R2 and soluble Fas pro-
teins might be potential biomarkers of cerebral malaria
severity and mortality.?® By contrast, high levels of vas-
cular endothelial growth factor were protective against
death in cerebral malaria. Post-mortem analysis of
brains from patients with cerebral malaria has sug-
gested increased local production of TNF, IL-1 and
transforming growth factor in brain tissue.”! However,
production of or staining for these cytokines did not
correlate with parasite sequestration.
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Nitric oxide (NO) has been suggested as a key effec-
tor for TNF in the pathogenesis of malaria. Cytokines
upregulate inducible NO synthase in brain endothelial
cells and increase the production of NO, which diffuses
into the brain tissue.?? Increased NO activity might
change blood flow and reduce glutamate uptake, leading
to excitotoxicity. NO is likely to reduce the level of
consciousness rapidly and reversibly, because this short-
lived molecule can easily diffuse across the blood-brain
barrier to interfere with neuronal function.

Given that parasites are largely confined to the intra-
vascular space, one major question regarding the patho-
genesis of cerebral malaria is: how do these parasites cause
neuronal dysfunction?? The blood-brain barrier seems
to be impaired in patients with cerebral malaria,'” and in
those with other neurological manifestations of malaria.*
Postmortem analysis of the brains of adults with cere-
bral malaria has shown widespread vascular endothelial
cell activation with disruption of cell junctional proteins
(zonula occludens 1, occludin and vinculin), particu-
larly in vessels that contain infected erythrocytes.?! This
process might be sufficient to allow metabolites to impair
consciousness or precipitate seizures.

Brain swelling is commonly seen on neuroimaging in
patients with cerebral malaria (Figure 2).*-* This swell-
ing is not associated with vasogenic edema, although
cytotoxic edema is seen in some patients.'*!* The brain
swelling is probably attributable to increased blood
volume that occurs as a result of sequestration of the
infected erythrocytes and/or an increase in cerebral
blood flow, particularly in response to anemia, fever and
seizures. Raised intracranial pressure occurs in all chil-
dren with cerebral malaria, and some children develop
severe intracranial hypertension, which might be associ-
ated with death or neurological sequelae.?” Intracranial
hypertension is less common in adults.

Post-mortem examination in patients with cere-
bral malaria demonstrates sequestration of infected
erythrocytes in all parts of the brain. The brain is often
swollen—evidence for frank herniation is rare in adults,
but more common in children. Extraerythrocytic hema-
zoin (a product of hemoglobin metabolism by malaria
parasites) is found inside cerebral vessels,?® which sug-
gests that rupture of sequestered, infected erythrocytes
might lead to an inflammatory process within and
around brain capillaries. These findings are not seen
consistently in adults,” and might reflect a difference
between adults and children. The combination of vascu-
lar clogging, mononuclear cell margination and enhanced
vascular permeability has been seen in Asian adults.”®
In addition, pathogenic roles for heme,* activation of
the blood coagulation cascade® and platelet-induced
clumping of P. falciparum-infected erythrocytes® have
been proposed. Apoptosis of endothelial cells caused by
P. falciparum-infected erythrocytes from children has
been reported in an ex vivo model, but no statistical associ-
ation with neurological complications or sequelae was
formed.* Apoptosis has been seen in the brainstems of
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Figure 2 | FLAIR images of the brain of a patient with cerebral malaria. a | Loss of
sulci and narrowing of the ventricles (brain swelling), with hyperintensity in the
semiovale centrum along with abnormal signal in the splenium of the corpus
callosum (arrow). b | One week after the onset of iliness, the image shows
widening of the sulci and ventricles, with resolution of hyperintensities, except for
the lesion in the splenium of the corpus callosum (arrow). Abbreviation: FLAIR,
fluid-attentuated inversion recovery. Permission obtained from the American
Society of Neuroradiology © Cordoliani Y. S. et al. AINR Am. J. Neuroradiol. 19,

871-874 (1998).

adults dying with cerebral malaria, but the frequency of
staining for active caspase 3, a marker of apoptosis, was
not significantly higher than it was in control individuals
without malaria.*®

Neurological complications of malaria

The neurological complications of falciparum malaria
can manifest as acute headaches, irritability, agitation,
seizures, psychosis and impaired consciousness (from
confusion to deep coma). Many of these features can
occur in the same patient at different times during the
course of the illness.

Cerebral malaria

Cerebral malaria has features of a diffuse encephalopathy
similar to that seen in metabolic conditions, occasionally
with focal signs.

Definition
The WHO defines cerebral malaria as unarousable coma
(unable to localize a painful stimulus) in a patient in
whom the presence of P. falciparum asexual parasitemia
has been demonstrated, after other causes of encephalo-
pathy have been excluded. This definition was developed
for research purposes, and many patients present with
less severe impairment of consciousness. These patients
should still be treated with parenteral antimalarial
therapy as a medical emergency, despite not meeting
the WHO criteria.*

In most hospitals, hypoglycemia and acute bacterial
meningitis can be easily excluded, but the exclusion of
other causes, such as viral encephalitis and metabolic
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causes, can be problematic, particularly in malaria-
endemic areas where facilities are limited. Seizures can
impair the level of consciousness, either in the form of
subclinical seizures or a transient postictal state.

Clinical presentation

Almost all patients with cerebral malaria present with
fever, rigors and/or chills. Some patients might have
headache or vomiting. Altered sensorium might be
present from the outset, or might develop slowly over
a period of several days. Signs of irritability, restlessness
or psychotic behavior can be the initial manifestations
of cerebral involvement.** A history of travel and blood
transfusions should be sought in patients who present
with these symptoms.

In children with cerebral malaria, coma usually devel-
ops rapidly, and often follows seizures. In adults, coma
develops gradually and is only occasionally associated
with seizures.” Around 15-20% of adults with cerebral
malaria have seizures, compared with 80% of children.
Most seizures seem to be generalized on clinical observa-
tion, but EEG identifies a focal origin in many patients.
Electrical discharges without clinical manifestations or
with subtle clinical manifestations are common.**-%

Neck stiffness is occasionally encountered,’” but
other signs of meningism (for example, Kernig sign)
are uncommon in our experience. Photophobia is also
rare. Cranial nerve involvement is sometimes observed
in adults, but is rare in children. Convergent spasms
that imply an upper-brainstem lesion, transient ocular
bobbing, horizontal and vertical nystagmus, and sixth
nerve palsies are also occasionally observed.? Disorders
of conjugate gaze are typically present, but pupillary
abnormalities are seen more commonly in children than
in adults. Abnormal oculocephalic and oculovestibular
reflexes occur in children with deep coma.®

Neurological examination of the limbs usually sug-
gests symmetrical upper motor neuron dysfunction,’
although muscle tone and tendon jerks, which are usually
increased in this condition, can be normal or even
depressed. Ankle or patellar clonus can be present in
some cases. Bilateral extensor plantar reflexes are seen
in comatose patients. Focal deficits such as hemiparesis
and isolated cranial nerve lesions can also occur.?

Decorticate or decerebrate posturing is more common
in children than adults with cerebral malaria. This pos-
turing can occur in association with hypoglycemia, but
often indicates raised intracranial pressure. Generalized
extensor spasms associated with phasic upward devia-
tions of the eyes, pouting, and periods of stertorous
breathing that resemble dyskinesia have been observed.
Extrapyramidal signs can be observed, often during
convalescence. A pout reflex, bruxism or a brisk jaw jerk
might also be present. The gag reflex is usually preserved,
except in deep coma.

Patients with cerebral malaria often exhibit a change
in diurnal rhythm, with difficulty in sleeping or excessive
sleepiness. Patients might have a dazed or vacant look, or

experience somnambulism. Talkativeness and yawning
are common during recovery from coma.

Seizures

In African children admitted to hospital with seizures,
malaria is a common cause.® The seizures can be febrile—
although over half occur when the child is afebrile—and
in many cases they are repetitive, focal or prolonged.*
Clinical seizures are associated with a rise in intra-
cranial pressure. Initial EEG recordings of very slow fre-
quency, with background asymmetry, burst suppression,
or interictal discharges, are associated with an adverse
outcome.*?* In adults, seizures occur in patients with
cerebral malaria or as part of a postmalarial neurological
syndrome (see below). Status epilepticus is unusual in
adults, though multiple convulsions are common. By
contrast, status epilepticus is common in children, and is
usually seen in the context of cerebral malaria. Epilepsy
has been documented after recovery from cerebral malaria
in African children.* However, additional research will
be required to determine the clinical and electrographic
features, pathogenesis and outcomes of this sequela.

Other neurological features

Psychiatric manifestations, such as hallucinations, psych-
oses, fugue, delusions and illusions, can occur as present-
ing symptoms or during recovery in patients with malaria.
These symptoms can be caused by antimalarial drugs; in
particular, chloroquine, quinine and mefloquine.

Neurocognitive sequelae

Neurological sequelae of cerebral malaria are more
severe in children than in adults. The prevalence of
neurological deficits varies between 6% and 29% at the
time of hospital discharge.*! In children, neurological
abnormalities might be transient (for example, psycho-
sis or ataxia), might improve rapidly over months (for
example, cortical blindness or aphasia), or might persist
for a prolonged period (for example, hemiparesis or
extrapyramidal syndrome).*>*

In adults, sequelae are less common, and range from
3-10% in prevalence.**** In India, 10% of adults had
neurological sequelae on discharge, including psychosis
(4%), cerebellar ataxia (3%), and extrapyramidal rigid-
ity or hemiplegia.* The depth and duration of coma and
multiple convulsions were independent risk factors for
neurological sequelae.

Subtle deficits (for example, cognitive difficulties,
language and behavior problems) are increasingly recog-
nized, and have been documented in 24% of children after
recovery from cerebral malaria.*”*8 The prevalence of these
impairments in adults or after other forms of severe malaria
is not known, because of lack of long-term follow-up
studies with neuropsychological examinations.

In a study of 187 Ugandan children, 26% of children
with cerebral malaria and 13% with uncomplicated
malaria had cognitive deficits in one or more areas at a
2-year follow-up examination, as compared with 8% of
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healthy children. The deficits in children with cerebral
malaria were primarily in the area of attention (18% cere-
bral malaria vs 3% controls).* In children with cerebral
malaria, high levels of TNF production in the brain are
associated with subsequent neurological and cognitive
morbidity.”

Postmalarial syndromes

Two neurological syndromes have been observed during
the recovery from severe malaria, when the parasitemia
has cleared. Cerebellar ataxia has been reported in patients
recovering from cerebral malaria, with spontaneous reso-
lution of the ataxia over a period of several months.**?
A self-limiting ‘postmalaria neurological syndrome’ that
consists of acute confusional state, acute psychosis, gener-
alized convulsions and/or tremor is seen in about 0.1% of
patients after severe malaria.® This condition is associated
with the use of mefloquine.

Management of cerebral malaria

Patients with suspected cerebral malaria should be
transferred to the best available health care facility.* In
addition to parenteral administration of antimalarial
drugs, management should be directed towards early
recognition and appropriate management of common
complications such as hypoglycemia, fluid and electro-
lyte imbalance, convulsions, anemia, acidosis, and renal
and respiratory impairment.

Antimalarial drugs
Antimalarial drugs are the only interventions that
unequivocally reduce mortality in patients with malaria.
The cinchoids (quinine and quinidine) and artemisinin
compounds are most commonly used, and artemisinins
are becoming the drugs of choice (see below). A loading
dose is reccommended to enable parasiticidal levels to be
achieved rapidly.* Both the cinchoids and artemisinins
are usually combined with other antimalarial drugs to
shorten the duration of therapy (in the case of quinine)
and prevent resistance (regimens outlined in Box 1).

Quinine has a narrow therapeutic window because it only
kills parasites in the late stages of the erythrocytic cycle.
It can induce hypoglycemia by promoting insulin secre-
tion. Other complications such as dizziness and cincho-
nism become evident as the patient regains consciousness.
Quinine causes hypotension if given rapidly via the intra-
venous route, and also slows ventricular repolarization (as
indicated by prolongation of the QT interval).* Quinidine
is used in preference to quinine in the US.>®

The artemisinins—artemether, arteether and artesu-
nate—are the derivatives of Chinese drug qinghaosu.
These drugs are the most rapidly acting and potent anti-
malarial compounds available; they kill all the stages
of the parasite within the erythrocyte, and also kill the
gametocytes. In a large, open-label, randomized trial
of Asian adults with severe malaria, artesunate signifi-
cantly reduced mortality by 34.7% (P=0.0002, 95% CI
18.5-47.6%) compared with quinine,* and a similar study
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Box 1 | Antimalarial drugs used in the treatment of cerebral malaria

General principles
= Administer antimalarial drug parenterally for at least 48 h; thereafter administer
orally as soon as patient can swallow

= Administer a loading dose

= Total duration of therapy depends on sensitivity of parasite, but usually 7 days

Artemisinin derivatives

= Artesunate: two 2.4 mg/kg doses given intravenously 12 h apart on day 1,
then 2.4 mg/kg daily for 6 days, given orally if patient can swallow. Administer
intramuscularly or rectally if no intravenous access

= Artemether: 3.2 mg/kg intramuscular loading dose, then 1.6 mg/kg per day
for 6 days, given orally if patient can swallow. Absorption might be erratic in
patients in shock

Arteether: 150 mg once a day by deep intramuscular injection for 3 consecutive
days (adults)

= Short-duration artemisinin (3 days): followed with mefloquine or
sulfadoxine—pyremethamine compounds to prevent recrudescence

Quinine
= Dilute quinine dihydrochloride with normal or dextrose saline and infused over
4h (preferably via syringe or infusion pump)

= Loading dose: 20 mg/kg body weight (salt) infused over 4 h

= Maintenance dose: 10 mg/kg body weight infused every 8 h until oral
administration possible

Quinidine gluconate

= Loading dose: 6.25mg/kg base (=10 mg/kg salt) infused intravenously
over 1-2h, then continuous infusion of 0.0125 mg/kg/min base
(=0.02mg/kg/min salt). If continuous infusion is impractical, use 15mg/kg
base (=24 mg/kg salt) loading dose infused intravenously over 4 h, then
7.5mg/kg base (=12 mg/kg salt) infused over 4 h every 8h, starting 8 h after
loading dose

Maintain blood quinidine levels in range of 3-8 mg/I. At least 24 h of quinidine
gluconate infusion are recommended (or 3 intermittent doses); once parasite

density is <1% and the patient can take oral medication, patient can complete
treatment course with 10 mg/kg (salt) given orally every 8h

Initial (including loading) doses of parenteral quinine or quinidine need not
be reduced in individuals with renal failure. If renal failure persists or the
patient does not improve, reduce maintenance dosage by 25-33% on third
treatment day

= Obtain history of recent use of drugs that might prolong QT interval (e.g.
quinine or mefloquine) before deciding loading dose

in African children is currently underway.’” The WHO
now recommends artesunate as the drug of choice in
the treatment of severe malaria.* The artemisinin com-
pounds are not licensed in many countries, but in the US
intravenous artesunate can be used as an investigational
new drug for severe malaria.” Artemisinin derivatives can
be administered via the intramuscular route, and have few
local or systemic adverse effects.

Management of other complications

The neurological complications of falciparum malaria
are often associated with dysfunction of other organs and
systems, with effects such as severe anemia, hypoglycemia,
acute renal failure, hepatic impairment, and coagulation
disorders. The presence of these other complications
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Table 1 | Randomized trials of anti-inflammatory and antioxidant therapies in severe malaria with neurological complications

Reference Design and regimen? Patients Outcomes

Corticosteroids

Warrell et al. RDPCT of dexamethasone (1.5-2.0mg/kg 100 Thai children and adults with Dexamethasone prolonged DoC (63h vs 47 h in placebo
(1982)% over 48h) cerebral malaria group); complications in 26% of dexamethasone group

Hoffman etal.  RDPCT of dexamethasone (11.4mg/kg

(1988)" per48h)
Rampengan Randomized trial of dexamethasone (4.5mg/kg
(1991)"? per 72h) versus heparin (300 U/kg

intramuscularly daily for 3 days) versus neither
Immunomodulatory therapy

Taylor et al.
(2002)8t

RDPCT of HIG purified from plasma of local
semi-immune blood donors (400mg/kg by
intravenous infusion over 3 h) versus placebo
(albumin and sucrose infusion)

RDPCT of monoclonal antibody (B-C7)
against TNF

van Hensbroek
et al. (1996)%°

Iron-chelation therapy

Gordeuk et al.  RDPCT of deferoxamine (100mg/kg per day

(1992)7 infused for a total of 72h)

Thuma et al. RDPCT of deferoxamine (100 mg/kg per day
(1998)" infused for a total of 72h)

Mohanty et al. ~ RDPCT of oral deferiprone (75mg/kg)
(2002)%°

Pentoxifylline

Di Perri et al. RDPCT of pentoxifylline (10mg/kg

(1995)7® continuous infusion)

Looareesuwan  Randomized trial of low-dose pentoxifylline

et al. (1998)'°  (0.83 [mg/kgl/h) versus high-dose

pentoxifylline (1.67 [mg/kg]/h) versus placebo

RDPCT of pentoxifylline (10mg/kg
intravenously) for 3 days

Das et al.
(2003)™

38 Indonesian children and adults

with impaired consciousness

62 Indonesian children and adults

with impaired consciousness

31 Malawian children with
cerebral malaria

610 Gambian children with
cerebral malaria

83 Zambian children (<6 years

old) with cerebral malaria

352 Zambian children (<6 years

old) with cerebral

45 Indian patients

56 Burundian children with
cerebral malaria

45 Thai adults, 18 of whom had

cerebral malaria

52 Indian adults with
cerebral malaria

versus 11% of placebo group

No significant difference in FCT, PCT and DoC

No significant difference between groups in mortality or
neurological sequelae

No difference in mortality: 5 of 16 patients given HIG
died compared with 1 of 15 receiving placebo; no
differences in DoC, FCT or PCT

No difference in mortality; neurological sequelae in 15
(6.8%) of survivors in B-C7 group compared with 5 (2.2%)
survivors in the placebo group (adjusted odds ratio 3.35,
95% Cl 1.08-10.4)

Shorter DoC in deferoxamine group (20h) versus in
placebo group (43 h); rapid PCT in deferoxamine group

No significant effect on mortality or DoC

Deferiprone improved FCT, PCT and DoC

Shorter median DoC in pentoxifylline group (6vs 46 h);
trend towards reduced mortality in pentoxifylline group

No difference in DoC or mortality

Shorter DoC in pentoxifylline group (22 h) versus placebo
group (64 h); decrease in TNF levels by day 3 and trend
towards reduced mortality in pentoxifylline group

2All patients were given the antimalarial drug quinine, except for some patients in the van Hensbroek study, who were given artemether. Abbreviations; DoC, duration of coma after treatment;
FCT, fever clearance time; HIG, hyperimmune immunoglobin; PCT, parasite clearance time; RDPCT, randomized, double-blind, placebo-controlled trial; TNF, tumor necrosis factor.

influences the patient’s overall outcome.* Bacterial infec-
tions are common in children who present with features
of severe malaria,” and appropriate antimicrobial therapy
should be administered.

Hypoglycemia occurs in 3% of adults with severe
falciparum malaria,® and is particularly common in
children, pregnant women, and patients on quinine
therapy. Hypoglycemia can be associated with deterio-
rating consciousness, generalized seizures, extensor pos-
turing, shock and coma, but often no clinical signs are
evident, and blood glucose levels should, therefore, be
monitored at regular intervals. Hypoglycemia responds
well to standard therapy,***! although hyperinsulinemic
hypoglycemia in association with quinine therapy also
responds well to long-acting somatostatin analogs.®

Acute seizures are often terminated by benzodiaze-
pines,®% although these drugs might be less effective
in malaria than in other conditions, as malaria seems to
downregulate y-aminobutyric acid receptors.® Prolonged

seizures can usually be terminated with phenobarbital®”
or phenytoin.5¢*

The fluid balance is critical in severe malaria. Children
with this condition are often hypovolemic and require
fluids, but no consensus exists in relation to the optimal
type and amount of fluid-replacement therapy. Adults can
develop renal impairment and/or pulmonary edema, and
fluids might, therefore, need to be restricted. In patients
with cerebral malaria who have raised intracranial pres-
sure the cerebral perfusion pressure needs to be opti-
mized, although a role for fluid administration in this
process has not been clearly established. Perturbations
of potassium levels and hyponatremia occur frequently
in malaria, but are rarely associated with clinical features
or poor outcomes.

Blood transfusions are used to correct severe anemia;
the amount of blood transfused and the rapidity of
administration differ between children and adults. In
African children, fresh whole blood (10-20 ml/kg) is
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Table 2 | Randomized trials of osmotic diuretics, fluids and phenobarbital in severe malaria with neurological complications

Reference Design and regimen? Patients Outcomes

Osmotic diuretic therapy

Namutangula
et al. (2007)8°

RCT of mannitol (1g/kg) as a single dose No benefit with respect to DoC, FCT or mortality

on admission

156 Ugandan children with cerebral
malaria

Fluids

Maitland et al.
(2005)8¢

Randomized trial of 4% albumin (20 ml/kg)
versus normal saline (20 ml/kg) versus
maintenance (patients with moderate
acidosis only)

150 Kenyan children with acidosis,
123 of whom had impaired
consciousness

Lower mortality with albumin than with saline (4% vs
18%) in patients with moderate acidosis; in patients
with coma, 5% of those given albumin died
compared with 46% of those given saline

Seizure prophylaxis

White NJ et al.
(1988)%°

Kochar DL et al.
(1997)°*

Seizures occurred after admission in 54% of
placebo vs 12.5% of phenobarbital group

RDPCT of phenobarbital (3.5 mg/kg single
intramuscular dose) versus placebo

48 Thai children (>6 years old) and
Thai adults with cerebral malaria

Seizures occurred after admission in 3% of
phenobarbital group vs 23% of placebo group

184 Indian adults with cerebral
malaria

Randomized trial of phenobarbital (10 mg/
kg single intramuscular dose)

Seizures occurred after admission in 11% of
phenobarbital group vs 27% of placebo group;
mortality was 18% in phenobarbital group versus 8%
of placebo group

Crawley JC et al.
(2000)°2

RDPCT of phenobarbital (20 mg/kg single
intramuscular dose) versus placebo

340 Kenyan children with cerebral
malaria

2All patients were given the antimalarial drug quinine. Abbreviations: DoC, duration of coma after treatment; FCT, fever clearance time; RCT, randomized, controlled trial; RDPCT, randomized,

double-blind, placebo-controlled trial.

administered to enable rapid correction of the underlying
hypovolemia. In adults, a fairly small quantity of blood is
often administered over a 4h period because of concerns
about fluid overload. The role of exchange transfusion
in malaria is controversial. The potential benefits of this
intervention include rapid removal of circulating parasite®
and other compounds that might have deleterious effects
in severe malaria (for example, lactate), as well as the
capability to correct severe anemia while reducing the risk
of circulatory overload. The WHO recommends that an
exchange transfusion should be considered if the patient
has severe malaria (deep coma, hypoglycemia, acidosis or
severe anemia) with a parasitemia of >20%. However, no
clinical trial data are available that demonstrate improved
outcomes with exchange transfusions.

Adjunctive therapy
In view of the fact that antimalarial drugs often take at
least 12-18h to kill the parasites, adjunctive therapies
administered in the meantime might reduce the risk of
mortality and neurocognitive sequelae, particularly in
patients with cerebral malaria. A number of agents have
been or are being tested, but none has shown unequivocal
evidence of improvement in clinical trials (Tables 1 and 2).
Consequently, none of these agents can be recommended
as part of the standard management strategy at present.
Many of the trials were poorly conducted,”® and quinine
was used as the standard antimalarial drug in most of
them. The outcomes of adjunctive therapy might differ if
it is administered in conjunction with artemisinins.
Corticosteroids are anti-inflammatory agents that
might improve the integrity of the blood-brain barrier,
and reduce both intracranial pressure and the inflam-
matory response. These compounds were the first
adjunctive agents to be tested in randomized, controlled

trials in severe malaria. However, two randomized trials
of different doses of dexamethasone in South East Asian
adults*”! and one small trial in Indonesian children with
cerebral malaria’ did not show any benefit. In fact, in
one of the trials, dexamethasone was associated with
increased complications (gastrointestinal bleeding, sepsis
and prolonged coma recovery time).* These compounds
have not been tested in African children, who often
exhibit intracranial hypertension and seem to have a
more marked inflammatory response than Asian adults.

Desferrioxamine chelates iron and acts as an anti-
oxidant. Preliminary findings in Zambian children with
cerebral malaria indicated that treatment with this drug
was associated with a rapid resolution of fever, a reduc-
tion in seizures and a reduced duration of coma,” but a
larger, randomized trial showed no effect on mortality.”
N-acetyl cysteine is another antioxidant, which improves
erythrocyte deformability and inhibits TNF release. This
drug normalizes serum lactate levels in adults with severe
malaria’ and is currently being tested in adults with
cerebral malaria.””

Pentoxifylline reduces secretion of cytokines such as
TNE, prevents rosetting, increases erythrocyte deform-
ability, and might also decrease cytoadherence.” An
initial trial of this drug in German travelers with falci-
parum malaria did not show any clinical benefit or a
decrease in TNF levels,” but this study did not address
CNS complications. In an open-label, randomized, con-
trolled, therapeutic trial 56 Burundian children with cere-
bral malaria, pentoxifylline reduced both the duration of
coma and TNF levels.”® In 52 Indian adults with cerebral
malaria, pentoxifylline significantly reduced the duration
of coma, with a trend towards a reduction in mortality.”

In view of the proposed central role of TNF in the
pathophysiology of cerebral malaria, a trial of B-C7, a
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monoclonal antibody against TNF, was performed in
Gambian children with cerebral malaria. This agent did
not reduce mortality, and was, furthermore, associated
with an increase in neurological sequelae, possibly because
the antibody retains TNF within the circulation, which
prolongs its effects on the vascular endothelium.*

Hyperimmune globulin inhibits and reverses the
cytoadherence of infected erythrocytes in vitro. A trial
of hyperimmune globulin, purified from the plasma of
local semi-immune blood donors in 31 Malawian chil-
dren with cerebral malaria, was stopped because the
immunoglobulin was demonstrated not to be supe-
rior to placebo.’! Other compounds that interfere with
cytoadherence, such as heparin,’ curdlan sulfate®? and
levamisole,®® have been tried in patients with malaria,
including cerebral malaria. Levamisole is currently
being tested in Indian and Bangledeshi adults with
severe malaria.”’

Osmotic diuretics such as mannitol lower intracranial
pressure, and might improve microcirculatory flow and
reduce oxygen free-radical damage.® Mannitol was
found to reduce intracranial pressure in Kenyan chil-
dren with cerebral malaria, but did not prevent a poor
outcome.” A single dose of mannitol did not reduce
mortality or rates of neurological sequelae in Ugandan
children with cerebral malaria,® and multiple doses do
not seem to improve outcomes in adults with cerebral
malaria (Mishra SK, unpublished data).

Albumin might improve microcirculatory flow and
treat hypovolemia, and thereby reduce lactic acidosis.
In children with malaria and acidosis, phase II clinical
trials have suggested that 4% albumin improves mor-
tality compared with saline, particularly in children with
coma.® A large trial is being conducted to address the
use of 4% albumin in children with sepsis and malaria.*’
Other colloid solutions such as gelofusin, dextran 70 and
hetastarch are also being examined.”” Other compounds
that improve microcirculatory flow, such as low-dose
heparin, did not improve outcome in Indonesian chil-
dren with cerebral malaria. Dichloroacetate stimulates
pyruvate dehydrogenase, which leads to a decrease in
lactate levels. In Ghanaian children with severe malaria
and hyperlactemia, dichloroacetate did not improve
outcome in those with neurological features.®

Evidence is growing that erythropoietin has a neuro-
protective role in cerebral malaria.®® Animal studies have
shown that it increases survival in a dose-dependent
manner, and reduces both the inflammatory response
in the brain and neuronal apoptosis. Recently, children
with cerebral malaria and high levels of erythropoietin
were demonstrated to have a significantly better chance
of surviving without neurological sequelae than children
with cerebral malaria and low erythropoietin levels.* A
trial of this compound in children with cerebral malaria
is underway.”’

Prophylactic anticonvulsants might improve out-
comes in patients with cerebral malaria, particularly
with regard to neurocognitive sequelae. A single

intramuscular injection of phenobarbital reduced the
frequency of seizures in Thai adults,” Indian adults”
and Kenyan children with cerebral malaria.”” However,
this treatment was associated with increased mor-
tality in the children, probably because it depressed the
hyperpnea that usually compensates for acidosis in these
unventilated patients. A trial of fosphenytoin, which has
fewer sedative properties than phenobarbital, is cur-
rently being conducted.”

Several other compounds such as prostacylin have
been tried as adjunctive therapies in patients with cere-
bral malaria, but clinical trials have not been conducted.
At the present time, phase II clinical trials of oral acti-
vated charcoal to reduce endotoxemia, and L-arginine to
improve endothelial function, lactate clearance time and
tissue oxygen delivery,” are being conducted.”” Other
compounds, such as agents that prevent platelet aggrega-
tion,” statins,” immunomodulators,® and antiapoptotic
agents,”” have been suggested as adjunctive therapies, but
have not yet been tested in humans.

Future research

The pathogenesis of the neurological complications of
falciparum malaria requires further elucidation. Studies
using MRI, particularly with novel contrast media,®
might be helpful in this regard. EEG will determine the
role of seizures as a cause of poor outcome, and can be
used to monitor the effect of antiepileptic drugs. In the
future, efforts to establish a highly specific definition of
cerebral malaria will also be impotant, and noninvasive
monitoring of intracranial pressure and cerebral blood
flow might be informative in this regard. The further
investigation of potential adjunctive therapies, such as
antiapoptotic agents, is warranted, and neurocognitive
impairment or markers of brain damage should be used
as outcomes in these studies.

Conclusions

The neurological complications of falciparum malaria
are common and encompass a wide spectrum of clinical
presentation. These complications can manifest during
acute illness, or can present during convalescence.
Treatment of the neurological complications is war-
ranted, but in trials conducted to date, adjunctive inter-
ventions have not been shown to improve the overall
outcome of severe falciparum malaria.

Review criteria

PubMed was searched using Entrez for articles published
before 1 November 2008, including electronic early

release publications. Search terms included “Plasmodium
falciparum” or “falciparum malaria” or “cerebral malaria”
and “brain” or “central nervous system” or “neurological
complications” and “therapy” or “adju* therapy”. We chose
only papers written in English and French, the languages
read by the authors. In addition, we searched the clinical
trials registries http://clinicaltrials.gov/ and http://www.
controlled-trials.com/mrct/ with the term “severe malaria”.
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