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Abstract. Biomarkers have been used to diagnose and prognosticate the progress and outcome of many chronic diseases such
as neoplastic and non communicable diseases. However, only recently did the field of malaria research move in the direction of
actively identifying biomarkers that can accurately discriminate the severe forms of malaria. Malaria continues to be a deadly
disease, killing close to a million people (mostly children) every year. One life-threatening complication of malaria is cerebral
malaria (CM). Studies carried out in Africa have demonstrated that even with the best treatment, as high as 15–30% of CM
patients die and about 10–24% of CM survivors suffer short-or long-term neurological impairment. The transition from mild
malaria to CM can be sudden and requires immediate intervention. Currently, there is no biological test available to confirm the
diagnosis of CM and its complications. It is hoped that development of biomarkers to identify CM patients and potential risk for
adverse outcomes would greatly enhance better intervention and clinical management to improve the outcomes. We review here
what is currently known regarding biomarkers for CM outcomes.
A Pub Med literature search was performed using the following search terms: “malaria,” “cerebral malaria,” “biomarkers,”
“mortality” and “neurological sequelae.” This search revealed a paucity of usable biomarkers for CM management. We propose
three main areas in which researchers can attempt to identify CM biomarkers: 1) early biomarkers, 2) diagnostic biomarkers and
3) prognostic biomarkers.
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1. Biomarkers in disease management

A biomarker is a substance or a characteristic that
can be objectivelymeasured and evaluated as an indica-
tor of normal biologic processes, pathogenic processes
or responses to a therapeutic intervention. Biomark-
ers have been used to diagnose and prognosticate the
progress and outcome of many diseases. They can be
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used to support disease management and control in
many different aspects: 1) to diagnose a disease, 2)
to identify “at risk” individuals, 3) to stratify patients
depending on disease severity, 4) to provide prognosis
of the disease, 5) to assess disease severity, 6) to pro-
vide some guidance in the treatment and management
of a disease and eventually 7) to identify at risk patients
for long term complication after the manifestation of
a particular illness. Biomarkers can be found in any
biological fluids such as serum, plasma, urine, cells or
they can be biological products such as metabolites,
cytokines or genetic markers. An example of an ide-
al biomarker is the measurement of hemoglobin as an
indicator of anemia. This is a simple, quantitative and
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inexpensive procedure, therefore allowing for wide us-
age. Biomarkers have become valuable for the diag-
nosis and prognosis of many chronic diseases such as
cancer, diabetes, autoimmune diseases and HIV/AIDS.
However, the use of biomarkers in parasitic infectious
diseases is limited.

The use of biomarkers in clinical practices requires
a thorough validation of their utility. Pepe et al. pro-
posed at least five phases of biomarker development
for cancer [1] and recently this was adapted for acute
kidney injury by Coca and Parikh [2]. Briefly, the ini-
tial phase involves preclinical exploration duringwhich
potential biomarkers are identified. Markers capable
of discriminating the severity of the disease are identi-
fied at this phase. The second phase involves the de-
velopment of clinical assay (s) capable of measuring
the potential biomarkers; these assays are established
to detect the disease and validate the biomarkers. In
the third phase, retrospective longitudinal studies are
carried out to test the new biomarkers for their utility.
Possibly the biomarkers should detect the disease early
enough before it becomes clinically obvious and during
this phase, the biomarkers’ sensitivity and specificity
are determined. The fourth phase involves a prospec-
tive screening phase which entails the use of the iden-
tified biomarkers to screen large populations to deter-
mine their utility. Finally, the fifth phase involves deter-
mination of the biomarker’s impact on disease control
and management with a successful biomarker having a
tangible impact on the management of the disease.

2. Malaria manifestations

Approximately 2 billion people are exposed tomalar-
ia with morbidity surpassing 250 million cases and
close to 800,000 deaths per year [3]. Depending on
the transmission intensities and the age of the pa-
tient, malariamanifestswith different clinical outcomes
ranging from asymptomatic malaria, mild uncompli-
cated disease to life threatening severe disease. In
malaria endemic areas such as Africa, where transmis-
sion is high, studies have revealed a large number of
Plasmodium falciparum-infected individuals showing
no clinical signs of malaria [4–7]. The prevalence of
these asymptomaticmalaria cases has been shown to be
as high as 52% using molecular diagnostic tools (such
as PCR) for diagnosis [7]. Symptomatic malaria in
adults in these endemic regions is mainly characterized
by febrile illness with no complications (mild malaria
(MM)). Severe malaria illness such as cerebral malar-

ia (CM), severe anemia (SA) and respiratory distress
syndrome are also observed, especially in children less
than five years of age. In contrast, in regions where
malaria transmission is low and/or seasonal, such as
some parts of Asia and South America, all age groups
are at risk for malaria and its severe forms. Severe
malaria (SM) often manifests with a different disease
spectrum according to local epidemiology and malaria
prevalence. For example, in low malaria transmission
areas of Asia and South America CM, severe malar-
ia anemia (SMA), acute renal failure (also known as
acute kidney injury), jaundice and multi organ failure
are common while in Africa, severe manifestations in-
clude CM, SMA, respiratory distress and acidosis [8].
While it was previously thought that only P. falciparum
caused SM, recent reports have challenged this notion
by demonstrating that severe and complicated malaria
is also observed with P. vivax infection [9–17] under-
scoring the huge public health impact of SM.

Biomarkers have been used to diagnose and prog-
nosticate the progress and outcome of many chronic
and acute infectious, metabolic and non communica-
ble diseases. The transition from MM to the severe
forms of malaria can be sudden and requires immedi-
ate intervention. Therefore, the use of biomarkers to
risk-stratify severe malaria patients would greatly en-
hance patient care and assist in appropriate manage-
ment of health care resources. In addition, biomarkers
that identify asymptomatic cases, who might have lev-
els of parasitemia undetectable by light microscopy or
other conventional testing methods, will be crucial for
monitoring the elimination of malaria reservoirs from
endemic populations [18]. Therefore, biomarkers for
malaria management are clearly a necessary tool for
malaria control programs.

3. Why biomarkers for cerebral malaria?

Cerebral malaria is one of the life-threatening com-
plications of malaria and is defined as an unarousable
coma with a P. falciparum infection in the absence of
other causes of encephalopathy. If left untreated, CM
is fatal in 24–72 hours. The incidence of CM is esti-
mated to be 1,120/100,000 per year in endemic malaria
areas of Africa where children below the age of five
bear the biggest burden (reviewed in [19]). About 30%
of CM patients die even after treatment with effective
antimalarial therapy, while up to 24% of the survivors
develop neurological complications and cognitive im-
pairment post recovery [20–23] (and reviewed in [24]).
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Fig. 1. Proposed use of biomarkers for cerebral malaria management. Three categories of biomarkers would be necessary for the management
of CM: 1) early biomarkers capable of identifying febrile patients at risk for CM on admission, 2) diagnostic biomarkers that can unequivocally
identify CM patients and 3) prognostic biomarkers that can identify CM patients at risk for death and those at risk for neurological impairments
post recovery.

CM patients require immediate intensive care and inter-
vention with parenteral quinine or, as recently demon-
strated, artesunate [25]. Therefore, early diagnosis and
subsequent referral to tertiary heath care facilities are
crucial for patient survival. An accurate diagnosis of
CM is equally crucial, especially since a few studies
have suggested that in some cases malaria parasitemia
is incidental to other severe infections such as pneu-
monia. Indeed, post mortem results have demonstrated
that up to 23% of children previously diagnosed as CM
cases died of other causes [26]. Identification of usable
biomarkers for the reliable identification of CM would
provide a “tool” that would be useful for the early de-
tection, diagnosis and prognosis of CM. This would
eventually assist in provision of appropriate patient care
to improve clinical outcome.

While no clear biomarker exists for CM manage-
ment, to date, recent studies have identified serolog-
ical factors that have the potential of being biomark-
ers. More studies are needed to validate the utility of
these biomarkers. We review here what we believe
to be potential biomarkers for CM management and
hypothesize on their use.

4. Proposed biomarkers for cerebral malaria

Phase 1 of biomarker identification starts with some
understanding of the pathogenesis of the disease and

an exploratory phase in which different factors that can
clearly discriminate different levels of disease severi-
ty are identified. The pathogenesis of CM is still not
well understood although it is clearly multifactorial,
involving sequestration of P. falciparum infected ery-
throcytes to brain vasculature, triggering inflammatory
cytokine responses and apoptotic pathway leading to a
breach and dysfunction of the blood brain barrier, tis-
sue damage and repair [26–29]. In an attempt to un-
derstand the pathogenesis of CM, our previous studies
in Ghana [30] and India [31] for the first time revealed
a striking association between the chemokine interfer-
on inducible protein-10 (CXCL10-) and CM severity,
suggesting that CXCL10 may be a biomarker for CM
severity. We believe that the management of CM will
require at least three main categories of biomarkers:
early biomarkers, diagnostic biomarkers and prognos-
tic biomarkers (Fig. 1).

4.1. Early/predictive biomarkers

Only a subset of malaria patients develops CM with
the rest developing asymptomatic or mild forms of the
disease, or other forms of SM such as SMA. Risk fac-
tors for CM include age less than 10 years and living
in malaria endemic regions. However, it is not known
if other unknown risk factors exist that would facili-
tate the identification of “at risk” patients during hospi-
tal visits before they succumb to CM. Early/predictive
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biomarkers would allow heath care workers to strati-
fy febrile patients into those at risk for CM and those
who are likely to develop MM or other forms of SM.
The “at risk” patients would then be started early on
the appropriate treatment and on any adjunctive mea-
sures available or referred to better health facilities as
required. To date, no such biomarkers exist and clearly
more studies are required in this area.

4.2. Diagnostic biomarkers

Diagnostic biomarkers are biomarkers that can be
used to categorically identify CM patients. Currently,
the diagnosis of CM relies on clinical indicators charac-
terized mainly by (1) unarousable coma (no localizing
response to pain) that persists for more than six hours
after experiencing a generalized convulsion; (2) pres-
ence of asexual forms of P. falciparum; and (3) exclu-
sion of other causes of encephalopathy (e.g. viral, bac-
terial). Other clinical algorithms and indicators have
been investigated. One of these is malaria retinopathy,
whose usefulness has been tested in different parts of
Africa [32–35] and India [36,37]. Many of these stud-
ies have shown malaria retinopathy to be a good diag-
nostic indicator capable of distinguishing CM patients
from patients with other causes of coma in parasitemic
comatose patients (reviewed in [38]).

In addition, several serological factors have been
identified that are differentially expressed in CM pa-
tients compared to either MM patients or healthy con-
trols. Our group and others have demonstrated that dis-
tinct profiles of cytokine and/or chemokine are associ-
ated with discrete clinical manifestation of falciparum
malaria [30,31,39,40]. For example, increased levels
of CXCL10, sFas, sTNF-R2 [30,31], IL-8, IL-1ra [39],
and decreased levels of RANTES [40] and vascular
endothelial growth factor (VEGF) [31] were all found
in CM patients and not in MM or health control cas-
es. The endothelial regulators, angiopoietin-1 (ANG-
1) and ANG-2 were also shown to be differentially
expressed in CM compared to MM patients [41,42].
Some of these discriminatory factors have also been
observed in cerebral spinal fluid (CSF) samples [30].
Our studies in Ghana demonstrated that higher levels of
CSF CXCL10 and lower levels of VEGF were found in
CM patients compared to MM or healthy controls [30].

Many of the factors discussed above can be viewed as
being in the phase 1 of biomarker development during
which preclinical exploration of potential biomarkers
is performed and markers capable of discriminating the
severity of the disease are identified. Perhaps the only

serological factors analyzed for their predictive value
for CM diagnosis, to date, are the endothelial regula-
tors, ANG-1 and ANG-2 [41,42] and the chemokine
CXCL10 [43]. Angiopoietins are known to regulate the
maintenance of vascular integrity and were found to be
differentially regulated in two different populations of
CM patients from Thailand and Africa [42]. The levels
of ANG-1 were significantly reduced in CM patients
compared to healthy controls and MM patients and,
conversely,ANG-2 levels were significantly elevated in
CM patients compared to control groups [42]. Receiv-
er Operating Curve (ROC) analyses were performed to
test the sensitivity and specificity of these factors, as
discriminatory biomarkers for the accurate diagnosis of
CM. ANG-1, ANG-2 and the ratio of ANG-2/ANG-1
were all shown to accurately discriminate between CM
and MM patients [42]. Indeed, ANG-1 levels were in-
dependently associated with CM even in a multivari-
ate logistic regression model. In the same study, TNF
levels were shown to be significantly increased in CM
compared to MM patients in the Thai adult population,
but this factor did not discriminate well in the Uganda
children [42]. This finding demonstrates the impor-
tance of testing the utility of any potential biomarker
using different populations and different age groups as
the sensitivity and specificity might be affected by the
transmission intensity and host immunity.

4.3. Prognostic biomarkers

More often than not, appropriate treatment of CM
leads to complete patient recovery. However, an unac-
ceptably high number (up to 30%) of CM patients die
regardless of receiving the recommended treatment and
up to 24% of CM survivors develop neurological com-
plications and cognition problems post-recovery [20–
23]. Prognostic biomarkers to predict CM outcomes
may be life-saving as the “at risk” patients can be given
the necessary interventions and/or adjunctive therapies
to prevent the adverse CM outcomes. These biomark-
ers can be divided into two main groups: those that can
predict neurological sequelae post recovery and those
that predict CM mortality. To date, some potential
biomarkers that can be used to predict CM adverse out-
comes have been suggested although their utility needs
to be validated.

4.4. Biomarkers to predict risk of developing
neurological sequelae post-recovery

Identifying persons at risk for neurological sequelae
will assist in providing the necessary remedy at dis-
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charge or as early as is necessary and possible. For
example, a recent study demonstrated that computer-
ized cognitive training for children who survived CM
provided some benefit on some neuropsychological
and behavioral functions even long after the malaria
episode [44]. Therefore, this remedy, or others, can be
administered to those patients at risk for the develop-
ment of neurological deficit post-recovery. Neuropro-
tective factors such as erythropoietin (EPO) are criti-
cal in the brain repair process [45,46] and are there-
fore important for recovery from any brain insult. A
recent study using African children demonstrated that
high plasma EPO levels were associated with a 70%
reduction in the risk of being discharged with neuro-
logical sequelae [47]. EPO levels above 200 units/liter
were independently associated with about an 80% re-
duction in risk of developing neurological sequelae in
a matched analysis [47]. The beneficial effects of EPO
occur locally in the tissue or the brain via EPO recep-
tors found in neurons, astrocytes, microglia and en-
dothelial cells [48], and previous studies have shown
that EPO can actively translocate across the blood brain
barrier [49]. From the point of view of biomarker de-
velopment, serological EPO levels would provide a us-
able biomarker for development of neurological seque-
lae with CM patients having < 200U/liter (or another
cutoff found to be more appropriate) of plasma EPO
being at risk. Validation of this hypothesis is required
using large studies in different endemic regions and
using different age groups.

4.5. Biomarkers to predict fatal CM

While a biomarker to predict fatal CM would serve
for prognosis, it would be of more value if interventions
or adjunctive therapies are available to save the patients.
Using these biomarkers, clinicians can provide the ad-
ditional intervention before it is too late. Inflammatory
cytokines induce brain injury and cause apoptotic death
of brain tissue components and several studies have
shown that some of these are associated solely with CM
mortality. In a study conducted in India, we evaluated
the role of the ratio of some apoptotic and angiogenic
factors in discriminating between the different malaria
disease groups. Increased levels of CXCL10, sTNF-R2
and sFas were associated with disease severity being
highest in the CM non-survivors [31]. The role of CX-
CL10 in CM mortality was further confirmed using a
murine model of CM [50] in which, CXCL10 and CX-
CL9 (both CXCR3 ligands) were shown to be highly
induced in the brains of mice infected with P. berghei

ANKA. Mice deficient in these ligands were protect-
ed from experimental CM-related death [50] and ac-
cordingly, CXCL10 and CXCL9 knockout mice were
shown to be partially protected from CM associated
death [50]. Elevated plasma levels of CXCL10 and
CXCL4 were tightly associated with CM mortality, and
ROC analysis revealed that these chemokines can dis-
criminate CM-non survivors from MM (p < 0.0001)
and CM-survivors (p < 0.0001) with an area under
the curve (AUC) = 1 [43]. In addition, other studies
revealed that CXCL10 independently predicted severe
and fatal CM [30,31,50,51] as elevated levels of CX-
CL10 expression in the CSF and peripheral blood plas-
ma were observed in CM patients who died compared
to CM survivors.

Other factors shown to influence CM outcome in-
clude circulating levels ofVEGF, a factor known to pro-
tect neuronal compartments from injury and death [30,
31], ANG-1 and ANG-2/ANG-1 ratio. CM patients
who died had the lowest level of VEGF compared
to CM-survivors [31]. The study by Jain et al. fur-
ther demonstrated that the mean and median ratios
of CXCL10/VEGF, sTNFR2/VEGF, and sFas/VEGF
increased as the disease severity increased, with the
highest ratio occurring in the CM-non survivor group.
ANG-1 levels at presentation were also associated with
higher risk of mortality in African children, while
ANG-2/ANG-1 ratios were higher in those patients
who subsequently died of CM [42]. All these studies
point to the fact that these serological factors can be
used to predict fatal CM.

5. Discussion

As summarized in Table 1, recent studies have
demonstrated that the development ofCM-management
biomarkers is possible. If we were to adapt Pepe’s
biomarker development stages, the development of the
different categories of the CM-management biomarker
can be viewed as being at different phases. Clearly, the
development of early biomarkers is in the initial stages
and a lot of effort will be needed to identify biomark-
ers that can distinguish febrile patients likely to devel-
op CM. One wonders if some of the elevated immune
factors reported to be found in CM patients and not in
MM patients can be detected before the development
of CM. If this is the case, then potentially these could
be tested for their utility as early biomarkers. Both the
diagnostic and prognostic biomarkers are in the second
and third phases of biomarker development and the va-
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Table 1
Summary of available potential CM biomarkers

Type of biomarker Potential Biomarkers

Early biomarkers that can predict febrile patients who will succumb
to CM

None

Diagnostic biomarker that can identify CM patients – ANG-2/ANG-1 ratio, decreased ANG-1 levels increased ANG-2
levels [42]

– Increased levels of CXCL10 [43].

Prognostic biomarkers for development of neurological sequelae – EPO levels > 200 U per liter [47]

Prognostic biomarker that can identify patients at risk for CM-
associated mortality

– Increase CXCL10/VEGF, sTNFR2/VEGF, sFas/VEGF [31]
– ANG-2/ANG-1 ratio [42],
– Increased ANG-2 levels [42,61]
– increased levels of CXCL4 and CXCL10 [43]

lidity of all these potential biomarkers will need to be
explored using large prospective multicenter studies to
clearly define their utility (phase 4). Eventually, the
role of these biomarkers in CM management will have
to be determined (phase 5),duringwhich time questions
such as “is the use of biomarkers helping to improve
the clinical management of CM or treatment outcomes
(reducing mortality outcomes)?” will be answered.

Importantly, the usage of biomarkers will be highly
relevant if remedies for severe CM outcomes (or severe
malaria for thatmatter) are available. Therefore, invest-
ing in biomarker development may also contribute to
better understanding of the biological process involved
in the pathogenesis and this could eventually lead to de-
velopment of novel adjunctive therapies for CM man-
agement. For example, angiogenic factors have long
been implicated as prognostic markers in cerebral is-
chemia [52] and, additionally, these same factors have
been found to be therapeutic. Indeed, the role of EPO
as an adjunctive treatment for CM patients has been
proposed [53]. EPO administration was shown to in-
crease the survival of mice during murine experimental
CM [54] and the administration of EPO in humans has
been tried with no adverse effects reported [55]. In our
studies, both in India and Ghana, we observed that CM
patients who died had low VEGF levels [30,31], imply-
ing that VEGF may be required for tissue recovery. If
these findings are confirmed in future studies then one
could consider any molecule that can mimic the func-
tion of VEGF as a potential candidate for adjunctive
therapy. Further studies on the role of these factors for
adjunctive therapies are required.

Single biomarkers are rarely used except in some
exceptional cases such as the marker for anemia-
hemoglobin level. Most likely for CM, as in many dis-
eases, a composite biomarker panel will be necessary.
For example, the panel for the prognostic biomarkers
could consist of CXCL10, CXCL4, ANG-1, ANG-2,

EPO, VEGF, sTNFR2 and sFas. The development of
biomarkers is a long journey that will require some
technological tools along the way. Once validated, the
format required for the identified biomarkers will be-
come an issue. Ideally, the panel of biomarkers should
be detected in a rapid diagnostic format allowing for a
quick and easy-to-use tool in malaria endemic regions.
Probably an appropriate format would be a microchip
whereby detection of the biomarkers is done on a chip
whose results are detected using a simple, point-of-care
(bedside) device or field deployable device. Serum ob-
tained from CM patients can be tested for the presence
of the biomarkers and from the results of either absolute
levels and/or ratios of some of the factors, health care
workers or clinicians will be able to risk stratify the pa-
tients. Accordingly, the patients can be given any avail-
able intervention to meet their needs such as the com-
puterized cognitive training for children, demonstrated
to provide some benefit on some neuropsychological
and behavioral functions after a CM episode [44].

The use of biomarkers for the management of SM is
being recognized not just for patients in endemic areas,
but also in travelers such as military personnel, expa-
triates, tourists and the like who present with import-
ed malaria upon returning to their countries. This is
especially crucial since many clinicians in these coun-
tries are not accustomed to diagnosing malaria. The
utility of plasma lactate levels [56] and that of both
neopterin and procalcitonin [57] as biomarkers for SM
at the initial clinical assessment of travelers with im-
ported malaria was tested in recent studies. In the latter
study, however, the diagnostic value of neopterin and
procalcitonin was limited and the authors proposed the
use of these factors for exclusion of SM in order to
assist clinicians’ decisions on subsequent treatment or
referral to specialized facilities [57].

One of the challenges for advocating the utility of
biomarkers in the clinical management of malaria is
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the cost involved. As most of the severe disease occurs
in resource limited endemic countries, there is always
concern as to whether expensive detection methods can
be used as practical tools. While this is a reasonable
concern, the recent development of simpler and more
field appropriate detection tools [58,59] indicates that
reliable biomarkers can also be measured using appro-
priate simple methods. It is hoped that such appropri-
ate technology will be adapted for biomarker detection
when these are available.

In this review, we have highlighted what is current-
ly known about biomarkers for CM management and
hypothesized on their use. However, biomarkers can
be useful in the early diagnosis of other severe forms
of malaria (e.g., SMA or severe malaria in general) as
recently proposed by Erdman et al. [60]. In addition,
biomarkers could aid in the detection of asymptomat-
ic cases which, if left untreated, act as reservoirs for
malaria parasites. However, to date, no such markers
exist. In summary, the use of biomarkers as an addi-
tional “tool” for malaria managementwould clearly en-
hance clinical management of severe malaria patients
and improve treatment outcomes. It is hoped that this
review has demonstrated the significance of developing
novel biomarkers as new tools for the management of
CM and highlighted new developments that are emerg-
ing in this field to realize such a goal.
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