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Abstract
Background—Chronic intravascular hemolysis leads to nitric oxide (NO) depletion and
pulmonary hypertension in sickle cell disease. To test whether this pathophysiology occurs in
malaria, we examined 53 children admitted to hospital with severe malaria (excluding cerebral
malaria) and 31 age-matched controls in Mali.
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Methods—Severity of hemolysis was assessed from plasma free hemoglobin (Hb) and
arginase-1 levels. NO metabolism was assessed by whole blood nitrite levels and plasma NO
consumption. Effects on the cardiovascular system and endothelial function were assessed by
using echocardiography to measure peak tricuspid regurgitant jet velocity (TRV) and from plasma
levels of N-terminal prohormone brain natriuretic peptide (NT-proBNP) and soluble vascular cell
adhesion molecule-1 (sVCAM-1).

Results—Children with severe malaria had higher plasma Hb and arginase-1 levels, reduced
whole blood nitrite levels and increased NO consumption relative to controls. They also had
increased pulmonary arterial pressures (p < 0.05) with elevated levels of NT-proBNP and
sVCAM-1 (p < 0.001).

Conclusions—Children with severe malaria have increased pulmonary pressures and
myocardial wall stress. These complications are consistent with NO depletion from intravascular
hemolysis, and indicate that the pathophysiologic cascade from intravascular hemolysis to NO
depletion and its cardiopulmonary effects is activated in children with severe malaria.

Keywords
malaria; Plasmodium falciparum; nitric oxide (NO); intravascular hemolysis; whole blood nitrite;
NO consumption; tricuspid regurgitation velocity (TRV); NT-proBNP; myocardial wall stress;
sVCAM-1; endothelial dysfunction

Introduction
More than a century after Laveran’s discovery of the malaria parasite [1], malaria mortality
remains 1–2 million per year [2–4]. Although malarial pathogenesis results primarily from
parasite invasion of the erythrocyte with secondary hemolysis [5], disease appears related to
cytokines such as TNF [6] and the adhesion of parasitized red cells to endothelial cell
receptors in post-capillary venules of the brain, heart, lungs, kidneys and other organs [7]. In
addition, because of the microvascular pathology observed in malaria, there has been
substantial interest in the potential effects of nitric oxide (NO), as a master regulator of
blood flow, thrombosis, adhesion and vascular homeostasis. However, despite the potential
importance of NO, its role and the role of its metabolism in malarial pathogenesis remain
unclear [8–10].

The central unresolved paradox is the combination of upregulated NO production in severe
malaria, with elevated levels of inducible NO synthase (iNOS) and downstream NO
metabolites comprised largely of nitrate (NO3

−), that are collectively termed NOx [10–15].
Some investigators have interpreted these findings as suggesting that elevated levels of NO
and its metabolites drive malarial pathogenesis. However, genetic polymorphisms that
increase iNOS activity are associated with protection, and thus suggest that the effects of
NO on intracellular signaling may be beneficial [15], although the published data are
conflicting. A potential solution to this paradox comes from studies of sickle cell disease and
other hemolytic anemias [16–19]. In those conditions, intravascular hemolysis releases
hemoglobin (Hb) from red cells into plasma, where it reacts rapidly with NO produced by
NOS to form biologically inactive nitrate. This leads to NO depletion with elevated
pulmonary pressures, and is accompanied by the elevation of biochemical markers normally
suppressed by NO (e.g., soluble vascular cell adhesion molecule-1, sVCAM-1). According
to this model [17–18], levels of NO synthase and nitrate reflect the synthesis of NO, but not
its bioavailability. Thus, intravascular hemolysis produces a state of NO resistance
mediated/driven by NO catabolism, which is linked to pulmonary hypertension in sickle cell
disease [20]. Finally, the depletion of NO by free Hb from intravascular hemolysis is
exacerbated by the simultaneous release of erythrocyte arginase-1 into plasma, which
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reduces plasma levels of arginine and thus decreases its availability as a substrate for NO
production by NOS [18].

Consistent with that model, the severity of murine malaria is related to free plasma Hb, but
not the parasite load [21]. In mice, endothelial NOS (eNOS) deficiency increases the
severity of malaria, thus suggesting that NO depletion (not NO production) exacerbates
malaria. Consistent with increased arginase-1 from intravascular hemolysis, plasma arginine
is low in human malaria, and arginine supplementation partially normalizes peripheral blood
flow [22–24]. Likewise, Anstey, Weinberg and their colleagues have found that patients
with severe malaria have low levels of exhaled NO and evidence of vascular dysfunction
when hemolysis is severe [23]. Although there are major differences between cerebral
malaria in humans and mice, the administration of inhaled NO to mice with cerebral malaria
produces marked improvement and increases their survival [21].

Based on these observations, we have hypothesized that intravascular hemolysis in severe
malaria leads to elevated plasma Hb and arginase levels with scavenging of NO by free
plasma Hb, and to increased pulmonary arterial pressures with elevated levels of markers for
myocardial wall stress. To test this hypothesis, we performed a case-control study of Malian
children with severe malaria to evaluate the relationship of increased pulmonary pressures,
myocardial wall stress and endothelial dysfunction to intravascular hemolysis and NO
depletion.

Methods
Study Design and Case Definitions

This study compared children with severe malaria [25–26] to children without malaria (age-
matched controls). To reduce confounding by individual differences, it also compared cases
at admission to cases at the time of discharge. Recruitment of cases from the urban and
surrounding peri-urban and rural regions of Bamako was performed at the Hôpital Gabriel
Touré - the major pediatric hospital in Mali. This study was conducted from October to
December 2007 near the end of the rainy season, which coincides with the peak incidence of
severe malaria in Mali. The protocol was approved by Institutional Review Boards for the
University of Bamako, the National Heart, Lung, and Blood Institute (NIH) and Tulane
University.

Inclusion criteria for cases included: 1] a positive thick smear for Plasmodium falciparum
parasites, 2] asexual parasite count ≥ 2,000 per µL of blood, 3] blood Hb < 5 gms per dL, 4]
age 1–5 years and 5] informed consent. Children with Hb levels 5.0–6.9 gms per dL were
eligible if they had respiratory distress (tachypnea with respirations > 40 per minute, alar
flaring or intercostal retractions) [27]. However, children were excluded if they had: 1]
cerebral malaria (convulsions witnessed by an investigator or a Blantyre coma score ≤ 2)
[28], 2] hypoglycemia (blood glucose < 2.2 mmols per L), 3] malaria parasites other than P.
falciparum or 4] medical conditions other than malaria. Antimalarial treatment was provided
free of charge to children who were recruited, regardless of their participation in the study.

Controls from Bamako and the surrounding region were frequently patient visitors or
relatives. Inclusion criteria included: 1] negative thick smear for P. falciparum parasites, 2]
temperature ≤ 37.5° C with no history of fever during the previous 2 weeks, 3] no signs or
symptoms of malaria (no headache, muscle aches, malaise), 4] age 1–5 years, 5] no anti-
malarial medications in the previous 2 weeks, 6] no known medical conditions and 7]
informed consent.
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Calculation of Sample Sizes
Sample sizes for this study were based on the numbers of cases and controls necessary to
detect 25–30% differences in plasma Hb, arginase, sVCAM-1, NT-proBNP, and 0.5 meters
per second in the initial tricuspid regurgitant velocity (TRV) – assuming that the magnitude
of these differences between children with severe malaria and controls in Mali would be
similar to the differences between adults with sickle cell disease and controls in the U.S.
[18].

Clinical and Laboratory Evaluation and Follow-Up
All participants had a directed history and physical examination at the time of admission,
plus a fingerstick for a parasite count, Hb and glucose; additional blood specimens were
obtained by venipuncture. Echocardiograms were performed by a single investigator (JJJ)
using a GE Vivid i ultrasound machine (GE Healthcare – Chicago, IL) with a 7S-RS (3.3 –
8.0 MHz) pediatric cardiac probe [20]. Previous validation studies have shown that
pulmonary arterial pressures estimated by echocardiography correlate well with
measurements performed during cardiac catheterization (r=0.77, p<0.001) [20]. The
echocardiograms were analyzed in Bethesda by investigators who did not know whether
individual recordings were from cases or controls.

Follow-up examinations were performed at the time of discharge (3–5 days after admission).
Studies obtained at that time included repeat cardiac ultrasound, blood smears, chemistry
and hematology panels, venous blood gases, NT-proBNP, sVCAM-1, arginase, plasma Hb,
whole blood nitrite and NO consumption.

Treatment
Children with severe malaria received artemether by intramuscular injection: 3.2 mg per kg
on day 1 and 1.6 mg per kg on days 2, 3 and 4; followed by 3 days of oral Coartesiane: 4 mg
artemether and 24 mg lumefantrine per kg per day on days 5–7 (as two divided doses per
day). Blood transfusions were provided for severe malarial anemia (Hb < 5 gms per dL; 20
ml whole blood per kg × 2 at 1–2 day intervals) to produce Hb levels ≥ 6 gms per dL.

Laboratory Assays
Thick smears for malaria parasites were obtained by fingerstick, stained with Giemsa and
examined using oil immersion magnification (1000×). Each slide was examined by two
microscopists who counted the number of asexual P. falciparum parasites in fields with 300
white blood cells, and multiplied by 25 to estimate the number of parasites per µL [29].
Slides for which there was disagreement on the parasitemia (≥ 10%) or on whether the slide
was positive were re-examined by a senior investigator (OAK).

Whole blood Hb levels were measured using a portable spectrophotometer system
(HemoCue 2001+, HEMOCUE AB - Angelholm, SWEDEN). Chemistry panels for kidney
and liver function were performed with a Piccolo analyzer (Abaxis Medical Diagnostics -
Union City, CA) and venous blood gas measurements with an i-STAT handheld analyzer
(Abbott Laboratories - East Windsor, NJ). N-terminal prohormone brain natriuretic peptide
(NT-proBNP), creatine kinase muscle band (CK-MB) and troponin-T assays were performed
with the Elecsys 2010 (Roche Diagnostics – Indianapolis, IN); ELISA assays were
performed with commercially available kits for plasma Hb (Bethyl Laboratories -
Montgomery, TX), haptoglobin (Alpco Diagnostics - Windham, NH), sVCAM-1 (R & D
Systems - Minneapolis, MN) and arginase-1 (Cell Sciences - Canton, MA). P. falciparum
parasite antigen was detected using a rapid diagnostic test based on parasite LDH (Standard
Diagnostics - Suwon City, SOUTH KOREA). Hb types were identified using 5 µl of whole
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blood hemolysate for cellulose acetate electrophoresis, followed by staining with Ponceau S
and comparison with controls for Hb A, C, F and S (Helena Laboratories - Beaumont, TX).

In the NO consumption assay [16, 30], Fe2+ Hb reacts stoichiometrically with NO at near
the diffusion limit to produce nitrate: i.e., one molecule of Fe2+ Hb destroys one molecule of
NO. NO consumption was measured with a gas-phase chemiluminescence NO analyzer
(Figure 1B) [30] after diluting patient samples 1:10 and 1:50 to prevent complete scavenging
of all the NO in the system. Whole blood nitrite measurements [31–32] were performed by
mixing blood samples initially (at the time of collection) with a ferricyanide buffer to
prevent the conversion of nitrite to nitrate or iron-nitrosylhemoglobin by oxidizing Fe2+ Hb
to Fe3+ metHb [31–32]. This buffer also contains EDTA and N-ethylmaleimide to inhibit
reactions with trace metals and thiols. Extensive validation studies have shown that this
buffer preserves nitrite levels in whole blood and that measurements of whole blood nitrite
reflect NO bioavailability [31].

Statistical Analyses
Data are provided as means and standard deviations, or as medians with interquartile ranges.
Between-group differences were examined with the Mann-Whitney or Fisher’s Exact tests.
Within-group differences were examined with the Wilcoxon signed rank test and
correlations with Spearman’s rank correlation coefficient. Significance levels were set at a
2-sided alpha of 0.05 and analyses were performed using SPSS software (version 15.0 -
Chicago, IL).

Results
Baseline Comparison of Cases and Controls

During the eight week study period, 53 children with severe malaria and 31 controls were
enrolled who had significant differences in their parasite counts and blood Hb levels
(p<0.001 for both, Table 1). Children with severe malaria [25–26] also had higher plasma
levels of lactate dehydrogenase (LDH), indirect bilirubin and plasma free Hb (p<0.001 for
all, Table 2). Testing for P. falciparum antigen (parasite LDH) was negative in the 31
uninfected controls and positive in 10 samples from cases (p<0.001, Table 1).

Plasma Hb and the Consumption of Nitric Oxide (NO)
Consistent with intravascular hemolysis, free plasma Hb was higher in cases than controls
(medians of 18.9 vs. 6.6 µM based on heme concentration, p<0.001, Figure 1A) and
haptoglobin was lower (medians of 2.16 vs. 189.8 µM, p<0.001, Table 2). To determine
whether free plasma Hb scavenged NO, aliquots of plasma from cases were injected into an
NO assay system. The results indicate NO consumption was greater with plasma from cases
than controls (p<0.05, Figure 1C). Consistent with a stoichiometric reaction in which one
molecule of Fe2+ Hb reacts with one of NO, the plasma free Hb by ELISA correlated with
the NO concentration scavenged (Figure 1D; r=0.86, p<0.001) [16,19], and was greater for
cases than controls (medians of 11.9 vs. 6.4 µM, p=0.04). NO consumption by plasma from
cases was lower at discharge (day 3–5) than admission, but not significantly so (p>0.05,
Figure 1C).

Plasma Arginase-1 Levels and Intravascular Hemolysis
Arginase-1 is an erythrocyte enzyme that catabolizes arginine to ornithine in the urea cycle.
In hemolytic disorders such as sickle cell disease and thalassemia, arginase released into
plasma by intravascular hemolysis catabolizes arginine, and thus reduces arginine
availability for NO synthesis. In this study, plasma arginase levels were higher in children
with severe malaria than controls (p<0.05, Figure 1E). Consistent with simultaneous release
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of arginase and Hb from red cells during intravascular hemolysis, plasma arginase correlated
with plasma free Hb (Figure 1F; r=0.61, p<0.001).

Endothelial Activation and NO Bioavailability
To assess endothelial and vascular function, we measured two biomarkers. The first,
sVCAM-1, is associated with NO depletion and endothelial dysfunction, and increases with
intravascular hemolysis in sickle cell disease [33]. In this study, sVCAM-1 levels was
elevated in cases relative to controls and fell in cases between the times of admission and
discharge (Figure 2A; p<0.001 for both comparisons). The second biomarker, whole blood
nitrite (Figure 2B), provides a correlate of NO bioavailability in blood [31, 34]. Consistent
with reduced NO bioavailability, whole blood nitrite was lower in cases than controls
(p<0.05, Figure 2B), correlated negatively with plasma free Hb (r=−0.249, p=0.05), plasma
arginase-1 (r=−0.392, p<0.01), indirect bilirubin and LDH (p<0.01, Table 2), and rose with
treatment and recovery between times of admission and discharge (p<0.05, Figure 2B).

Increased Pulmonary Pressures and Myocardial Wall Stress
To determine whether acute intravascular hemolysis in severe malaria increased pulmonary
arterial pressures or produced myocardial wall stress, we used Doppler echocardiography
(Figure 3A) to measure the TRV (Figures 3B–C) [20], and measured plasma levels of NT-
proBNP, a biomarker released from cardiac myocytes under the stress of pressure or volume
overload (Figure D) [33, 35–37]. Both these measures are elevated during left or right
ventricular pressure overload and correlate with pulmonary arterial systolic pressures and
cardiovascular risk [35–36]. The TRVs (Figure 3C) and the pulmonary arterial pressures
calculated from the TRVs were higher in cases than controls (Table 2, both p<0.001).
Although increased pulmonary pressures can be produced secondarily by left ventricular
dysfunction, there was no evidence for left ventricular dysfunction in either the cases or
controls (based on the normal left ventricular ejection fractions and the normal CK-MB and
Troponin T levels, Table 2). Consistent with the increased pulmonary arterial pressures,
cases had higher plasma NT-proBNP levels than controls (p<0.001, Figure 3D) [38].
Although increased cardiac output from anemia could increase pulmonary pressures, the
only reports we have found which examined this question found no evidence anemia
increased pulmonary pressures in sickle cell disease [39] and reported that iron deficiency
anemia increased NO production [40].

Effects of Treatment on Pulmonary Pressures, NT-proBNP and sVCAM-1
Coincident with treatment and recovery, children with severe malaria had increases in blood
Hb levels with transfusion and decreases in parasite count (with negative blood smears at the
time of discharge), TRV, pulmonary arterial pressure, sVCAM-1 and NT-proBNP (p<0.001
for all comparisons), but not the left ventricular ejection fraction (p=0.139) – i.e., there was
no evidence of left ventricular dysfunction. In relation to whole blood nitrite, plasma
arginase, plasma Hb, blood Hb and the left ventricular ejection fraction, the only significant
correlation for TRV or NT-proBNP was a negative correlation between NT-proBNP and the
blood Hb (r=−0.46, p<0.001).

Conversely, parameters that did not decrease between admission and discharge included
plasma Hb, NO consumption, and plasma arginase (Figures 1A, 1C, 1E). The fact that these
three parameters related to intravascular hemolysis did not decrease is consistent with: 1] a
normal host response (increased NO synthesis) during treatment and recovery that reduced
TRVs, pulmonary pressures, NT-proBNP and sVCAM-1, and increased whole blood nitrite,
2] continuing low-level intravascular hemolysis from transfusion for severe anemia during
the first several days of hospitalization, and 3] the time required to replete haptoglobin levels
depleted by intravascular hemolysis in severe P. falciparum malaria. Because 80% of cases
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(42 of 53) were transfused and 6 of the 11 who were not transfused died (n=4) or left the
hospital against advice (n=2), there was insufficient statistical power to examine the effects
of transfusion on other parameters. Among the controls, there were no significant changes in
TRVs, pulmonary arterial pressures, or plasma levels of NT-proBNP or sVCAM-1 between
admission and discharge.

Discussion
Pathophysiologic Overview

These results demonstrate that severe malaria in children produces central cardiopulmonary
effects (increased pulmonary pressures and myocardial wall stress). Thus, they have the
potential to change current thinking about severe malaria (both its pathophysiology and
treatment) from a focus on cytoadherence in peripheral blood vessels to its effects on central
cardiopulmonary function.

Diagnosis of Malaria
Malaria was diagnosed in the 53 cases by examining thick blood smears. Although the mean
blood Hb levels were low in the smear-negative controls (8.5 gms per dL, Table 1), those
children had negative tests for parasite antigen. Therefore, the cases and controls examined
in this study should provide a valid comparison between children with severe malaria and
uninfected controls in Mali.

Intravascular Hemolysis and NO Depletion in Severe Malaria
Six lines of evidence indicate that intravascular hemolysis was greater in cases than controls
(total and plasma free Hb, arginase-1, indirect bilirubin, LDH, haptoglobin; Figure 1, Tables
1–2). As a result, both NO consumption by free plasma Hb (Figures 1B–C) and arginase-1
levels were greater in cases than controls (Figure 1E). NO consumption and arginase inhibit
vascular NO signaling by: 1] directly consuming NO produced by eNOS and 2] catabolizing
arginine, which is normally utilized as a substrate by NOS [16–17]. Evidence for NO
depletion in severe malaria included reduced whole blood nitrite and elevated sVCAM-1
levels (Figure 2), a marker of endothelial dysfunction normally repressed by NO [33, 38].
Evidence for cardiopulmonary effects included elevated pulmonary arterial systolic
pressures based on TRVs and increased NT-proBNP levels –a biomarker for myocardial
wall stress [37] (Figure 3, Table 2). Taken together, these results provide a link between
intravascular hemolysis and NO depletion in severe malaria similar to the one in sickle cell
disease [16–20, 37]. However, in contrast to the lifelong intravascular hemolysis in sickle
cell disease, effects in children with severe malaria were transient. Whole blood nitrite,
TRV, NT-proBNP and sVCAM-1 levels improved within 3–5 days as these children were
treated and recovered.

Common Mechanisms in Severe Malaria and Sickle Cell Disease
In both malaria and sickle cell disease, elevated levels of proinflammatory cytokines such as
TNF lead to increased production of adhesion molecules (VCAM-1, ICAM-1) [6, 41–42].
This effect is amplified by NO depletion and facilitates the cytoadherence of abnormal red
cells to endothelial cells [6–7]. In contrast, normal NO levels inhibit the production of
adhesion molecules, and reduce the production of proinflammatory cytokines, thus
decreasing the cytoadherence of abnormal red cells [38, 43]. This information suggests that
two key pathways (cytokine release in response to the parasite [6, 41–42] and NO depletion
from intravascular hemolysis [16–20]) converge in severe malaria and sickle cell disease to
drive cytoadherence and endothelial activation (Figure 4). In addition, the differences
between these diseases may reflect both the rate and duration of hemolysis. For example,
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massive hemolysis in severe malaria produces an acute potentially life-threatening illness.
Conversely, the less intense hemolysis in sickle cell disease produces a chronic illness that
becomes life-threatening over decades rather than days [20].

Pathophysiology of Severe Malaria
Because malaria parasites lyse the red cells they infect, the elevated pulmonary pressures
and myocardial wall stress in severe malaria likely result from the high-grade parasitemias
associated with P. falciparum infection and the resulting massive intravascular hemolysis.
Because NO plays a critical role in down-regulating the expression of adhesion molecules
[43] and maintaining blood flow, the catabolism of NO and arginine from intravascular
hemolysis in malaria likely promotes inflammatory adhesive events and myocardial wall
stress, potentially including circulatory failure. Hemolysis-associated NO catabolism and
endothelial dysfunction likely further increase systemic afterload and pulmonary pressures,
increasing hemodynamic stress on both the left and right ventricles. In contrast, these effects
are likely to be less severe with other human malarias (P. vivax, P. ovale, P. malariae)
because they have lower parasitemias [44] and therefore produce less severe intravascular
hemolysis.

The microvascular effects of cytoadherence [7] are consistent with the pathology of severe
P. falciparum infection, the elevated levels of markers such as angiopoietin-2 [45–46] and
vascular endothelial growth factor (VEGF), and the decreases in microvascular
responsiveness (vasodilatation) that have been reported in adults with severe malaria [23,
45]. In addition, the results reported here provide: 1] evidence for central cardiopulmonary
effects of NO depletion in severe malaria which has not been available previously, 2]
stepwise documentation of the pathophysiologic cascade from intravascular hemolysis to
NO depletion in severe malaria, and 3] demonstrate that this pathophysiology is present in
children in sub-Saharan Africa for whom malaria is a fundamentally different and more
severe disease than for adults.

In conclusion, these results bring a new dimension to our understanding of severe malaria.
They demonstrate that NO depletion from intravascular hemolysis in severe malaria is
associated with increased pulmonary pressures and myocardial wall stress (Figure 4). These
mechanisms amplify and complicate the inflammatory pathways defined previously in
severe malaria. Taken together, the evidence that NO treatment reduces malaria mortality in
mice [21], and the results reported here and by other investigators [23, 45] suggest that it
may be possible to reduce the deaths that occur early in the hospital course of children with
severe malaria [47] by using treatment strategies that increase NO bioavailability.
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Figure 1. Intravascular hemolysis and nitric oxide resistance in malaria
A. Comparison of free plasma Hb levels for controls (n=31) at the time of admission, and
for cases at the times of admission (n=52) and discharge (day 3–5, n=38). Plasma Hb levels
were higher in cases than controls at the time of admission (p<0.001). B. NO consumption
by plasma from a control subject and two dilutions of plasma from a patient with severe
malaria. The downward displacement of the tracing from the NO analyzer represents the
consumption of NO generated from the NO donor agent in the reaction vessel. These four
tracings were obtained on the same day and combined in one figure for illustrative purposes.
C. Comparison of NO consumption by plasma from controls (n=31) at the time of
admission, and cases at the times of admission (n=52) and discharge (n=38). NO
consumption was greater for cases than controls at the time of admission (p=0.04). D.
Comparison of plasma free Hb and NO consumption results. Plasma Hb results from panel
A are plotted on the abscissa with NO consumption results from panel C on the ordinate,
demonstrating a positive correlation between the two (p<0.001). E. Comparison of plasma
arginase-1 results for controls (n=31) and for cases at the times of admission (n=52) and
discharge (n=37). Arginase levels were higher in cases than controls at admission (p<0.05),
and showed a non-significant decline at the time of discharge. F. Comparison of plasma free
Hb and arginase-1 results. Plasma Hb results from panel A are plotted on the abscissa with
arginase-1 results from panel E on the ordinate, and demonstrate a positive correlation
(p<0.001).
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Figure 2. Markers of circulatory stress during severe malaria
A. Soluble vascular cell adhesion molecule (sVCAM-1), a marker of endothelial activation
and adhesiveness. Plasma levels of sVCAM-1 were higher in cases (n=52) than controls
(n=31, p<0.001) at admission, and decreased by the time of discharge (day 3–5, n=38,
p<0.001). B. Comparison of whole blood nitrite levels in controls at admission, and in cases
at times of admission and discharge. Whole blood nitrite levels, a marker of NO
bioavailability, were lower in cases (n=50) than controls at admission (n=15; p<0.05), and
rose by the time of discharge (p<0.05, n=26). Box and whisker plots indicate median, range
and interquartile boundaries.
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Figure 3. Echocardiographic evidence of elevated pulmonary arterial pressures in malaria
A. An ultrasound probe was used to visualize tricuspid regurgitation in Malian children with
severe malaria. The dotted line indicates the path of sound waves from the probe across the
tricuspid valve, where the regurgitant jet from the right ventricle (RV) to the right atrium
(RA) is shown in color. B. Doppler echocardiogram demonstrating tricuspid regurgitation in
a child with severe malaria. The lowest point of the downward deflection indicates the initial
tricuspid regurgitant jet velocity (TRV) at the peak of right ventricular systole (scale is on
the right side of the panel). This echocardiogram was interpreted as having a peak initial
TRV of 2.8 meters per second. C. Tricuspid regurgitant jet velocities (TRVs) for controls
(n=17) and cases (n=36) at the times of admission and discharge (day 3–5, n=19). TRVs for
cases were greater than for controls (p<0.001) and fell between admission and discharge
(p<0.001). D. N-terminal prohormone brain natriuretic peptide (NT-proBNP), a marker of
cardiac muscle stretch and mechanical stress. Levels of NT-proBNP were higher in cases
(n=50) than controls (n=31) at the time of admission (p<0.001), and fell in cases by the time
of discharge (n=38, p<0.001).
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Figure 4. Schematic diagram of the pathophysiology of severe malaria
Intravascular hemolysis produces increases in VCAM-1 and ICAM-1 from NO depletion
that lead to increased pulmonary pressures and myocardial stress. In addition, both cytokine
production in response to parasite factors and NO depletion from intravascular hemolysis
lead to greater production of ICAM-1 and VCAM-1, which in turn increases the
cytoadherence of parasitized red cells and produces endothelial activation.
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Table 1

BASIC DEMOGRAPHIC DATA FOR CASES AND CONTROLS @

Severe Malaria Controls p-Value

Number of Subjects 53 31 NA

Age in months 30.1 ± 16.2
(n=53)

36.9 ± 16.6
(n=31)

0.05

Gender (M/F)
   (percent Male)

21/32
(40%)

19/12
(62%)

0.07

Height in cm 89.1 ± 13.3
(n=48)

92.5 ± 14.1
(n=31)

0.02

Weight in kg 11.2 ± 2.8
(n=52)

13.1 ± 3.6
(n=31)

0.26

Parasite Count
   (parasites per µl blood)

35,733 ± 45,365
(n=53)

000 ± 000
(n=31)

< 0.001

P. falciparum Antigen Test
   (species-specific LDH)

10 of 10 0 of 31 < 0.001

Hemoglobin
   (gms per dL)

4.2 ± 1.3
(n=53)

8.5 ± 1.1
(n=31)

< 0.001

Hemoglobin Types
   (starch gel electrophoresis)

46 AA, 5 AC, 1 AS
(n=52)

27 AA, 1 AC, 3 AS
(n=31)

@
Data on age, height, weight, parasite count and blood Hb levels are provided as means with standard deviations.
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Table 2

INTRAVASCULAR HEMOLYSIS, NO CONSUMPTION AND ECHOCARDIOGRAPHY &

Severe Malaria Cases Controls p-Value

Plasma free Hb by ELISA
   (µM)

18.8 (10.8, 37.2)
(n=52)

6.6 (2.3, 22.7)
(n=31)

< 0.001

Plasma Haptoglobin
   (mg per dL)

2.1 (1.0, 11.5)
(n=10)

189.8 (97.2, 235.5)
(n=31)

< 0.001

Arginase-1
   (ng per mL)

59 (36, 250)
(n=52)

42 (22, 83)
(n=31)

0.03

Indirect Bilirubin
   (mg per dL)

1.10 (0.50. 1.35)
(n=40)

0.4 (0/3, 0.5)
(n=27)

< 0.001

Lactate Dehydrogenase (LDH)
   (International Units per L)

645 (504, 839)
(n=37)

338 (273, 579)
(n=25)

< 0.001

NO Consumption by Plasma Hb
   (µM)

11.9 (7.0, 34.1)
(n=52)

6.4 (3.3, 21.2)
(n=31)

0.04

Whole Blood Nitrite
   (µM)

0.52 (0.39, 0.75)
(n=50)

0.72 (0.51, 0.94)
(n=15)

0.02

Tricuspid regurgitant velocity (TRV)
   (meters/second)

2.5 (2.3, 2.8)
(n=36)

2.0 (1.9, 2.4)
(n=17)

< 0.001

Pulmonary arterial systolic pressure
   (mm Hg)

31 (26, 36)
(n=36)

21 (19, 27)
(n=17)

< 0.001

NT-proBNP
   (ng per mL)

669 (303, 1689)
(n=50)

100 (56, 150)
(n=31)

< 0.001

sVCAM-1
   (ng per mL)

3444 (2647, 4107)
(n=52)

891 (724, 1504)
(n=31)

< 0.001

Left ventricular ejection fraction
   (percent)

64% (60%, 65%)
(n=30)

65% (58%, 65%)
(n=12)

0.54

Troponin T ^
   (pg per mL)

10 (10, 10)
(n=50)

10 (10, 10)
(n=31)

0.29

CK MB
   (ng per mL)

4.31 (1.90, 9.34)
(n=50)

3.97 (3.25, 5.12)
(n=31)

0.42

&
Data in Table 2 are provided as medians with 25th and 75th percentiles.

^
For troponin T, results below the threshold of detection (< 10 pg per mL) were entered as 10 pg per mL.

J Infect Dis. Author manuscript; available in PMC 2011 November 2.


