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Background. The mechanisms of severe malarial anemia and cerebral malaria, which are extreme
manifestations of Plasmodium falciparum malaria, are not fully understood.

Methods. Children aged <6 years from southern Zambia presenting to the hospital with severe malarial
anemia (n = 72), cerebral malaria (n = 28), or uncomplicated malaria (n = 66) were studied prospectively.
Children with overlapping severe anemia and cerebral malaria were excluded.

Results. Low interleukin 10 concentrations had the strongest association with severe anemia (standard
B = .61; P < .001) followed by high tumor necrosis factor o and sFas concentrations, low weight-for-age z scores,
presence of stool parasites, and splenomegaly (standard B = .15-.25; P < .031); most of these factors were
also associated with lower reticulocytes. Greater parasitemia was associated with higher interleukin 10 and tumor
necrosis factor o concentrations, whereas sulfadoxizole/pyrimethamine therapy and lower weight-for-age z
scores were associated with lower interleukin 10 levels. Thrombocytopenia and elevated tissue plasminogen
activator inhibitor 1 levels had the strongest associations with cerebral malaria (standard f = .37 or .36; P <
.0001), followed by exposure to traditional herbal medicine and hemoglobinuria (standard B = .21-.31;
P =< .006).

Conclusions. Predictors of severe malarial anemia (altered immune responses, poor nutrition, intestinal
parasites, and impaired erythropoiesis) differed from those of cerebral malaria (thrombocytopenia, herbal
medicine, and intravascular hemolysis). Improved preventive and therapeutic measures may need to consider
these differences.

Severe malarial anemia and cerebral malaria are life- inhibition of erythrocyte production contribute to
threatening presentations of Plasmodium falciparum anemia associated with malaria [1]. In severe anemia,

malaria that are especially prevalent in African children
and for which the mechanisms are not fully known.
Both acceleration of erythrocyte destruction and
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bone marrow abnormalities include ineffective eryth-
ropoiesis, dyserythropoiesis, and lower erythroblast
proliferative rates [2]. Dysregulation of host immuno-
logic pathways, such as an excessive or sustained innate
immune response [3], a polarization of adaptive T-cell
responses toward the production of mediators that
suppress normal pathways of erythropoietic devel-
opment [4], excessive production of macrophage mi-
gratory inhibitory factor [5], and low circulating levels
of interleukin (IL)-10 [6] may contribute to suppression
of erythropoiesis.

Immune dysregulation also has been proposed in the
pathogenesis of cerebral malaria. For example, elevated
circulating concentrations of IL-6, IL-10, tumor necrosis
factor (TNF)-o, or other markers have been associated
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with cerebral malaria in African children [7, 8]. Histopathologic
studies have indicated sequestration of parasitized red cells and
vascular endothelial activation in patients with fatal cerebral
malaria, and cerebral microvascular thrombi or fibrin de-
position may be observed as well [9-11]. Endothelial dysfunc-
tion related to the degree of hemolysis and to decreased nitric
oxide availability is another potential etiologic pathway for
cerebral malaria [12].

In this study, we investigated the possible roles of clinical,
environmental, and immunologic mechanisms in the patho-
genesis of severe malaria by prospectively studying Zambian
children who presented with uncomplicated malaria, severe
malarial anemia, or cerebral malaria.

METHODS

Study of Children with Malaria

This prospective study was designed to determine whether im-
mune dysregulation, manifested as an excessive helper T (Ty-)1
and proinflammatory immune response and a decreased IL-10
response, may be a major contributing factor in the severe
anemia that develops in some children infected with
P. falciparum. The study design called for the study of severe
malarial anemia patients in parallel with the study of both un-
complicated malaria patients and cerebral malaria patients.
Patients with overlapping severe malarial anemia and cerebral
malaria were excluded.

The study was conducted prospectively among children of the
Tonga ethnic group admitted to Macha Mission Hospital in
southern Zambia with the clinical diagnosis of malaria from
March 2001 through May 2005. The study was approved by the
Ethical and Research Committee of the University of Zambia
(Lusaka, Zambia) and the Committee on Human Investigation
of Howard University (Washington, DC). Written informed
consent was obtained for each participant. Inclusion criteria
included age <6 years and the presence of asexual forms of P.
falciparum determined by light microscopic examination
(1000x) of a thick smear of the peripheral blood stained with
Giemsa. A standard scoring system was used in which “0” in-
dicated no parasites found in 100 fields, “1+” indicated 1-10
parasites per 100 microscopic fields, 2+ indicated 11-100 par-
asites per 100 microscopic fileds, 3+ indicated 1-10 parasites in
one microscopic field and 4+ indicated >10 parasites in one
microscopic field. Children were recruited prospectively into
1 of 3 groups—severe malarial anemia, cerebral malaria, or acute
uncomplicated malaria—with the goal of having the same
number of participants in each group. Because of a declining
incidence of cerebral malaria during the study, we were unable
to recruit as many patients with cerebral malaria as patients with
severe malarial anemia or uncomplicated malaria.

Children with acute uncomplicated malaria had a screening
hematocrit level of =18% as performed by capillary tube

centrifugation on a finger-stick blood specimen and the absence
of coma as defined by a Blantyre coma score of 5 [13]. Children
with severe malarial anemia had a screening hematocrit level of
<15% and the absence of coma. Children with cerebral malaria
had a screening hematocrit level of =18% and unarousable
coma as defined by a Blantyre coma score of <2 that persisted
for >30 minutes after a seizure if 1 was observed and for which
there was no other identifiable cause such as hypoglycemia or
meningitis. Venipuncture blood samples were obtained for both
routine clinical care as well as for determination of immuno-
logical markers before the start of antimalarial treatment. We
stored plasma samples at —20°C to —70°C until analysis. We
made a complete blood count with an automated cell counter
(Cobas Micros CT, Roche Diagnostics). We determined the
percentage of reticulocytes by microscopic counting of wet
preparations of peripheral blood stained with a 1% methyl al-
cohol solution of cresyl blue. We examined urine microscopi-
cally and by dipstick method for heme (Urispec 11-way, Henry
Schein). We examined stool specimens microscopically for ova
and parasites. We did not have permission from the Ethical and
Research Committee of the University of Zambia to routinely
perform HIV testing as a part of this study.

Analysis of Inmune Markers

A panel of 26 immune biomarkers was measured by a multiplex
analysis system (Biorad Laboratories), which is a bead-based,
flow cytometric assay that permits the simultaneous analysis of
different biomolecules in a single microplate well. Plasma con-
centrations were measured in duplicate using Human Cytokine/
Chemokine Multiplex Immunoassay kits (LINCO Research) for
IL-1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12,
IL-13, IL-15, IL-17, interferon (IFN)-y, granulocyte colony-
stimulating factor, granulocyte-macrophage colony-stimulating
factor, TNF-0, eotaxin, monocyte chemoattractant protein 1,
macrophage inflammatory protein 1o, and interferon-inducible
protein 10 and Human Sepsis/Apoptosis Multiplex Immuno-
assay kits (LINCO Research) for total plasminogen activator
inhibitor 1 (PAI-1), sFas ligand, sFas, and macrophage migra-
tion inhibitory factor. In general, high plasma TNF-a concen-
trations may not reflect bioactive cytokine, but instead levels of
nonbioactive TNF-a complexed to its binding protein, soluble
TNF receptor 1. However, plasma TNF-o concentrations
correlated strongly with concentrations of IL-6 (R = .67;
P < .0000001) and IL-1ot (R = .47; P < .0000001) among the
children in this study, suggesting that the plasma levels of TNF-o
likely did reflect bioactivity.

The original study protocol called for determination of IL-12,
IFN-y, TNF-o, macrophage migration inhibitory factor, IL-4,
and IL-10 because of reported associations of these markers with
severe malaria [1, 4, 6, 7, 14, 15] and their relevance to the study
hypotheses. The additional immunological markers also were
determined based on the availability of appropriate assays for
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a small quantity of plasma and potential relevance to malarial
pathways: IL-1, IL-2, IL-6, IL-7, IL-8, IL-13, IL-15, IL-17,
granulocyte colony-stimulating factor, granulocyte monocyte
colony-stimulating factor, interferon-inducible protein 10,
monocyte chemoattractant protein 1, macrophage inflammatory
protein la, sFas, sFas ligand, and PAI-1 because of possible as-
sociations with acute or severe malaria or erythropoiesis [7, 16—
24], and IL-5 and eotaxin because of a possible relationship
between eosinophil response and malarial anemia [25].

Statistics

Continuous variables were compared with the Kruskal-Wallis
test, and categorical variables were compared with the Fisher
exact test. Relationships between 2 continuous variables were
assessed with the Spearman correlation coefficient. Pathway
analysis was used to assess the multivariate relationships of se-
vere malarial anemia and cerebral malaria with clinical charac-
teristics and with immune markers. In these models of severe
malarial anemia or cerebral malaria, uncomplicated malaria
served as the reference group. Pathway analysis is a multivariate
statistical technique used to examine causal relationships among
2 or more variables. In this analysis a hypothetical pathway from
exogenous variables (predictors) to endogenous variables (re-
sponses) is tested against observed data. A standardized re-
gression weight is computed for each causal relationship as
adjusted for the other relationships. If the data supports the
model, the overall P value will not be significant. The fitness of
final model to the observed data can be measured by several
indicators, including the root mean square error of approxi-
mation (RMSEA), which measures the discrepancy function
obtained by fitting the model to the population values.
A RMSEA of =<.05 indicates a close fit of the model. Analyses
were performed with STATA (version 10.1; StataCorp) or
AMOS (version 18.0; SPSS).

RESULTS

Children with Severe Malarial Anemia Compared with Children
with Uncomplicated Malaria
We found that 72 children with se-

vere malarial anemia were of similar age and sex as 66 children

Clinical Characteristics.

with acute uncomplicated malaria, but they were almost twice as
likely to have evidence of malnutrition based on a weight-for-
age z score of << —2.0 (Table 1). The median duration of febrile
illness before presentation was more than twice as long in the
children with severe anemia, and greater proportions of these
children had been treated before presentation with traditional
medicine or sulfadoxine/pyrimethamine; the latter antimalarial
drug is known to have decreasing efficacy for P. falciparum in
this part of Africa [26]. The children with severe anemia had
lower temperatures, less parasitemia, and more hepatomegaly
than did

children with uncomplicated malaria. Mean

corpuscular volumes, platelet counts, and white blood cell
counts were higher in children with severe malarial anemia,
whereas the prevalence of heme positive urine did not differ
significantly from that of children with uncomplicated malaria.

Immune Markers. The median plasma IL-10 concentration
in children with severe anemia was less than one-fifth the level in
children with uncomplicated malaria, but the other originally
selected markers did not differ significantly between the groups
in bivariate analysis (Table 2a). Of the additional immune
markers determined, IL-10 and interferon-inducible protein 10
concentrations were significantly lower in patients with severe
malarial anemia than in patients with acute uncomplicated
malaria, and concentrations of soluble Fas and PAI-1 were sig-
nificantly higher (Table 2b).

Pathway Analysis of Severe Anemia. In a pathway analysis
of the clinical data and originally chosen immune markers, higher
IL-10 levels (B = —.66; P < .001) and higher weight-for-age z
scores (B = —.18; P = .008) were associated with a decreased
risk of severe malarial anemia, whereas higher TNF-a. levels (B =
.26; P = .003), the presence of stool parasites (f = .16; P = .021),
and splenomegaly (B = .17; P = .006) were associated with
increased risk. Higher weight-for-age z scores were also associ-
ated with higher parasite counts (f = .25; P < .001) and higher
IL-10 concentrations (§ = .14; P = .014). In turn, greater par-
asitemia was associated with higher concentrations of both IL-10
(B = .35;P < .001) and TNF-o (B = .34; P < .001). A history of
sulfadoxizole/pyrimethamine therapy was associated with de-
creased parasitemia (§ = —.37; P < .001) and, in keeping with
a previous report in a different setting [27], lower IL-10 levels
(B = —.21; P < .001). There were significant nondirectional
associations between severe anemia and malaria parasitemia
(partial r = —.22; P = .005) and between weight-for-age z scores
and the presence of stool parasites (B = —.22; P = .016). The
model predicted 49% of variation in the risk of severe anemia and
20% of the variation in parasite count. The model had a good fit
to data (y> = 14.8; df = 14; P = .4), and it was statistically
significant (RMSEA = .02; 90% CI, 0.0-.07).

In an analysis that included both the original and additional
immune markers, only sFas proved to make a significant and
consistent addition to the model. Higher sFas levels (f = .22;
P =.001) were associated with severe anemia and lower parasite
count.

These findings in pathway analysis were confirmed in a lo-
gistic regression model. In this model, a decrease in the IL-10
concentration by 1 standard deviation (SD) was associated
with an estimated 11.1-fold increase in the odds of severe ane-
mia (P < .001), an increase in the TNF-o concentration by 1 SD
with a 4.7-fold increase in the odds (P = .001), an increase in the
sFas concentration by 1 SD with a 4.4-fold increase in the odds
(P =.001), a1 cm increase in spleen size by palpation with a 2.2-
fold increase in the odds (P = .003), a 1-point decrease in
the weight-for-age z score with a 2.4-fold increase in the odds
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Table 1. Clinical Characteristics of Children with Malaria by Category

Severe P (Severe P (Severe
Uncomplicated Malarial Cerebral Anemiavs P (Cerebral Anemiavs
N Malaria N Anemia N Malaria Uncomp.) vs Uncomp.) Cerebral)
Demographic and historical characteristics
Age, mon 66 26 (18-36) 72 2 (16-31) 28 37 (26-43) .059 .005** <.0005**
Female sex* 66 33 (50.0%) 72 0 (55.6%) 28 11 (39.3%) .609 A4 14
Fever duration, h 66 44 (27-81) 72 104 (74-151) 28 48 (31-73) <.0005** >9 4
Seizures* 66 17 (25.8%) 72 4 (33.3%) 28 25 (89.3%) 4 <.0005**  <.0005**
Treatment with traditional 66 14 (21.2%) 72 2 (58.3%) 28 14 (50.0%) <.0005** .007** 5
medicine
Antimalarial treatment
Chloroquine* 64 14 (21.9%) 71 30 (42.3%) 27 12 (44.4%) .016 .042 .8
Sulfadox/pyrimethamine. * 64 12 (18.8%) 70 33 (47.1%) 28 9 (32.1%) .001** 2 18
Chloroquine and/or 66 23 (34.9%) 72 53 (73.6%) 28 19 (67.9%) <.0005** .006** .6
sulfadox./pyr*.
Quinine* 63 0 (0%) 69 3 (4.3%) 25 3(12.0%) 2 .021 18
Clinical findings at presentation
Weight, kg 65 10.7 (8.8-12.4) 71 1(7.9-10.7) 28 12.1(10.9-12.9) <.0005** .010 <.0005**
Weight-for-age z score < —2* 65 25 (38.5%) 71 0 (70.4%) 28 9 (32.1%) <.0005** .6 <.0005**
Temperature, °C 66 37.8(36.6-38.6) 72 36 8 (36.3-37.6) 28 37.8(37.3-38.3) .001** 4 <.0005**
Deep breathing* 66 0 (0%) 72 4 (5. 28 5(17.9%) A .002** .054
Liver size, cm below 65 0 (0-1) 71 2 (0- 26 2 (1-3) <.0005**  <.0005** 85
costal margin
Spleen, cm below 66 1(0-2) 72 2 (0.5-2) 26 1.5(0-2) .032 7 2
costal margin
Hematocrit, % 66 29.5(24.0-33.0) 72 12.0(9.0-13.0) 28 23.0(20.5-30.0) — .027 <.0005**
Mean corpuscular volume, fL 65 70 (63-76) 68 6 (68-83) 27 72 (68-79) .001** N 3
Reticulocytes, X 10~ 3/ul 63 45 (26-70) 66 0 (9-45) 27 41 (24-83) <.0005** 9 .002**
White blood cells, X 107%/uL 65 7.9(5.8-11.0) 69 10.4(8.0-16.4) 28 83(6.4-11.4) <.0005** 4 .018
Absolute lymphocyte count 65 2.4(1.4-3.5) 68 4 (3.0-6.7) 28 2.1(1.4-3.1) <.0005** 4 <.0005**
Platelets, X 10™3/ul 65 114 (76-169) 69 153 (102-218) 28 67 (39-139) .006** .017 <.0005**
Malaria parasites, X 10_3/pL 66 147 (26-254) 70 5 (0.1-153) 27 99 (11-302) <.0005** 6 .01
Heme-positive urine* 57 2 (3.5%) 60 5 (8. 25 14 (56.0%) 4 <.0005**  <.0005**
Stool parasites present* 48 1(2.1%) 56 7 (12.5%) 18 0 (0%) .066 >9 .18

NOTE. Results are given as median (interquartile range), unless otherwise indicated.

*Number (%).

**The P value remains significant after adjustment for multiple comparisons.

(P = .004), and the presence of stool parasites with an 18.1-fold
increase in the odds (P = .046).

We substituted reticulocyte count for severe malarial anemia
in the pathway models and found that lower reticulocyte count
could replace severe malarial anemia and produce an almost
identical model (Table 3), except that spleen size and sFas did
not have significant effects on reticulocyte count. This is evi-
dence that high TNF-a, low IL-10, low weight-for-age z score,
and the presence of stool parasites may be mechanistically re-
lated to severe malarial anemia by their associations with
a suppression of erythropoiesis.

Children with Cerebral Malaria Compared with Children with
Uncomplicated Malaria
Clinical Characteristics. The children with cerebral malaria

were older than the children with acute uncomplicated malaria,

had more frequently experienced seizures, and were more than
twice as likely to have been given traditional herbal medicine
(Table 1). Deep breathing and hepatomegaly were significantly
more common in the children with cerebral malaria. Urine
tested positive for heme in more than half of the children with
cerebral malaria and in <5% of the children with un-
complicated malaria. Microscopic examination of the urine re-
vealed the absence of red blood cells. Parasitemia did not differ
significantly between patients with cerebral malaria and those
with uncomplicated malaria.

Immunological Markers. In contrast to those of the chil-
dren with severe malarial anemia, none of the plasma concen-
trations of the originally selected immune markers differed
significantly between children with cerebral malaria and
those with acute uncomplicated malaria in bivariate analysis
(Table 2a). Of the additional immune markers, only tissue PAI-1
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Table 2. Plasma Concentrations of Cytokines and Other Inmune Molecules According to Participant Group

Severe
Malarial Cerebral P (Severe P (Severe
Uncomplicated Anemia Malaria Anemiavs P (Cerebral Anemiavs
Malaria (n = 56) (N = 56) (N =23) Uncomp.) vs Uncomp.) Cerebral)
a. Original markers
Interleukin-12 detectable* 8 (14.3%) 3 (56.4%) 4 (17.4%) A .6 .6
Interferon-y detectable* 13 (23.2%) 5 (8.9%) 8 (34.8%) .031 5 .008
Tumor necrosis factor-a, pg/mL 41.6 (26.7-80.9)  33.1 (12.3-96.5)  44.7 (35.6-100.4) 2 .3 .07
Macrophage migration 2.4 (1.4-5.7) 2.7 (1.3-5.3) 2.2 (.9-14.6) 59 >.9 9
inhibitory factor, ng/mL
Interleukin-4 detectable* 27 (48.2%) 27 (48.2%) 14 (60.9%) >9 .3 3
Interleukin-10, pg/mL 1738 (439-5258) 338 (140-1001) 3553 (1361-6,040) <.0005** 2 .0001**
b. Additional markers
Interleukin-1a, pg/mL 86.4 (0.7-190.0) 5.7 (0.7-46.6) 107 (31-215) <.0005** 7 .0008**
Interleukin-1pB detectable* 0 (0%) 1(1.8%) 0 (0%) 3 >9 >9
Interleukin-2 detectable* 6 (10.7%) 3 (5.4%) 0 (0%) 53 A .6
Interleukin-5 detectable* 4(7.1%) 3 (5.4%) 3 (13.0%) 7 4 4
Interleukin-6, pg/mL 187 (76-438) 102 (24-274) 266 (171-834) .013 .063 .0007**
Interleukin-7 detectable* 6 (10.7%) 7 (12.5%) 4(17.4%) .8 4 7
Interleukin-8, pg/mL 80.5 (31.3-250.0) 77.5(19.2-393.8) 161 (36-371) .8 5 .6
Interleukin-13 detectable 2 (3.6%) 4(7.1%) 1(4.4%) 4 8 .6
Interelukin-15 detectable* 0 (0%) 1(1.7%) 2 (7.1%) 3 .026 2
Interleukin-17 detectable* 4 (7.0%) 3(5.1%) 0 (0%) 7 2 .6
Granulocyte colony-stimulating 86.9 (29.5-197.6) 65.5 (6.6-118.5) 118 (53-346) .067 2 .019
factor, pg/mL
Granulocyte monocyte colony-stimulating 8 (14.3%) 10 (17.9%) 6 (26.1%) .6 2 5
factor detectable*
Eotaxin detectable* 0 (0%) 2 (3.4%) 0 (0%) 2 >9 >9
Interferon inducible protein-10, pg/mL 994 (425-2242) 368 (209-549) 801 (380-2445)  <.0005** .8 .001**
Monocyte chemoattractant 221 (107-534) 113 (61-237) 233 (132-393) .004 .9 .009
protein-1, pg/mL
Macrophage inflammatory 3 (5.4%) 5 (8.9%) 0 (0%) 4 .3 .3
protein-1a detectable*
sFas, pg/mL 2659 (1925-3975) 4321 (3532-5126) 2758 (2294-3773) <.0005** 85 .0005**
sFas ligand, pg/mL 342 (249-438) 337 (230-471) 402 (227-627) 9 4 5
Tissue PAI-1, ng/mL 37 (28-50) 88 (42-147) 163 (568-254) <.0005**  <.0005** 14

NOTE. Results are given as median (interquartile range), unless otherwise indicated.
*Proportion with detectable level in number (%).
** The P value remains significant after adjustment for multiple comparisons.

concentration differed significantly in bivariate analysis, being
markedly higher in children with cerebral malaria (Table 2b).

Pathway Analysis of Cerebral Malaria. In a pathway
analysis of the clinical data and originally chosen immune
markers lower platelet counts (standard p = .40; P < .0001),
history of treatment with traditional herbal medicine (standard
B = .34; P <.0001), and heme positive urine (standard § = .25;
P = .006) were associated independently with cerebral malaria.
The model had a good fit to data (y*> = .7; df = 3; P = .9), and it
was statistically significant (RMSEA = .0; 90% CI, .0-.05).

In an analysis that included both the original and additional
immune markers, only tissue PAI-1 levels proved to make
a significant and consistent addition to the model, with higher

levels being associated with cerebral malaria (standard B = .36;
P < .0001). In these models, cerebral malaria was a risk factor
for seizures rather than seizures leading to cerebral malaria
(standard f = .61; P < .0001).

These findings in pathway analysis were confirmed in a lo-
gistic regression model. In this model, the presence of hemo-
globinuria was associated with an estimated 57.7-fold increase in
the odds of cerebral malaria (P = .005), a history of traditional
herbal medicine use with a 20.0-fold increase in the odds
(P = .007), a decrease in the platelet count by 1 SD with
a 4.0-fold increase in the odds (P = .019), and an increase in the
tissue PAI-1 concentration by 1 SD with a 2.2-fold increase in
the odds (P = .050).
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Table 3. Comparison of Standard 3 (P Value) for Severe Anemia and for Reticulocyte Count from Pathway Analysis Models

Severe Anemia Reticulocyte Count

a. Clinical data and original markers
Interleukin-10

Tumor necrosis factor-o
Weight-for-age z score

Spleen size

Presence of stool parasites

b. Clinical data and expanded markers
Interleukin-10

Tumor necrosis factor-o

SFas

Weight-for-age z score

Spleen size

Presence of stool parasite

-.66 (<.001) 49 (<.001)
.26 (.003) -.32 (<.001)
-.18 (.008) .16 (.030)
7 (.006) -02 (.7)
6 (.021) -.20 (.006)
-.61 (<.001) 45 (<.001)
6 (.004) -.31 (<.001)
2 (.001) -12(.10)
-.18 (.008) .15 (.045)
6 (.008) -.02 (.7)
5 (.031) -.20 (.008)

DISCUSSION

The results of this study point to distinct pathways for severe
malarial anemia and cerebral malaria among children from the
Tonga ethnic group of southern Zambia, and they suggest that
suppression of erythropoiesis is a principal mechanism that
distinguishes severe malarial anemia from cerebral malaria. In
particular, direct associations with severe malarial anemia were
found for lower circulating IL-10 concentrations as well as for
higher TNF-a and sFas concentrations, lower weight-for-age z
scores, the presence of stool parasites, and splenomegaly. In
contrast, factors directly associated with cerebral malaria in-
cluded thrombocytopenia and elevated tissue PAI-1 concen-
trations as well as exposure to traditional herbal medicine and
hemoglobinuria, a marker of intravascular hemolysis. Although
many studies of severe malaria have pooled severe malarial
anemia and cerebral malaria together [28-30], our findings
support investigations emphasizing distinct immunologic and
clinical features of these complications [31].

Severe Malarial Anemia

Mean corpuscular volumes, white blood cell counts, and platelet
counts were not lower with severe anemia than with un-
complicated malaria, suggesting that iron-deficient erythropoi-
esis, megaloblastic changes, and generalized bone marrow
suppression were unlikely to be major factors. These findings are
therefore consistent with a recent study indicating that neither
iron deficiency nor folic acid deficiency were prominent con-
tributors to severe anemia in preschool children in Malawi [32].
Urinary detection of heme was not significantly greater with
severe anemia in this study either, indicating that intravascular
hemolysis was not a dominant contributing factor. Although
HIV testing was not routinely performed in this study, the
higher rather than lower total lymphocyte counts suggests that

HIV infection was not a major cause of severe anemia.

Of 6 originally chosen immunologic markers, only lower
plasma concentrations of IL-10 and higher concentrations of
TNF-a were associated with severe anemia in pathway analysis.
Consistent with some [27] but not all [33] investigations in
other settings, lower nutritional status as reflected in the weight-
for-age z score and therapy with sulfadoxine/pyrimethamine
were associated with lower IL-10 concentrations in this analysis.
Contrary to our initial hypotheses, significant associations with
increased circulating levels of Tyl cytokines or macrophage
migration inhibitory factor were not observed. An inverse cor-
relation of IL-10 with severe anemia was particularly strong.
These findings from southern Zambia are consistent with clin-
ical studies demonstrating an association of a low ratio of
plasma IL-10 to TNF-a with severe malarial anemia in young
children in Ghana and Kenya [6, 34] and the possibility that low
IL-10 activity and increased TNF-o activity are associated with
suppression of erythropoiesis in the setting of malaria [35].
Furthermore, recombinant TNF-o can mediate erythropoietic
suppression [36] and IL-10 knockout mice infected with
Plasmodium chabaudi displayed more anemia [37], which was
reversed following TNF-o neutralization [38]. However, other
studies have found no association between low interelukin 10 or
high TNF-a and malarial anemia [39]. Of 19 additional immune
markers tested, only sFas was associated with severe malarial
anemia in pathway analysis, in addition to IL-10 and TNF-o.
The apoptotic marker sFas is expressed in developing but not
mature red blood cells [40], and increased apoptosis of erythroid
precursors is a potential mechanism for decreased effective
erythropoiesis in malaria.

Cerebral Malaria

Compared with uncomplicated malaria, cerebral malaria had
the strongest associations in pathway analysis with lower platelet
counts and elevated tissue PAI-1 concentrations, followed by
exposure to traditional herbal medicine and heme-positive
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urine. The combination of thrombocytopenia, elevated PAI-1
levels, intravascular hemolysis, and reversibly altered con-
sciousness that characterizes cerebral malaria in this study has
parallels to the noninfectious hematologic disorder thrombotic
thrombocytopenic purpura [41, 42].

PAI-1 is the primary inhibitor in plasma of activators of
plasminogen. Studies in mice and humans indicated that PAI-1
may be part of the body’s response to control malaria [23, 43].
The histopathology of cerebral malaria includes cerebral mi-
crovascular thrombi or fibrin deposition in some studies [9-11]
but not in others [44]. In addition to inhibition of fibrinolysis,
PAI-1 influences the adhesion and migration of cells, angio-
genesis, and the activation of transforming growth factor-§, and
elevated levels may be associated with vascular endothelial
dysfunction [45, 46].

Intravascular hemolysis may contribute to a hemolytic vascul-
opathy and cerebrovascular complications in noninfectious
hemolytic anemias such as sickle cell disease, in part through
scavenging of nitric oxide, a key modulator of microvascular
function [47]. Our present findings add to a growing body of
evidence that this process applies to cerebral malaria as well. Other
investigators reported that children with cerebral malaria have low
plasma levels of nitric oxide metabolites and L-arginine, a meta-
bolic precursor of nitric oxide [48, 49], and impaired mono-
nuclear cell NO synthase type 2 expression [49]. Furthermore,
adults with severe malaria, predominantly manifested by coma,
had vascular endothelial dysfunction that correlated with the
degree of hemolysis and decreased nitric oxide bioavailability, and
that was reversed by infusion of the precursor of nitric oxide,
L-arginine [12]. Nitric oxide deficiency, in part because of in-
creased nitric oxide scavenging by free plasma hemoglobin, may
contribute to experimental cerebral malaria in mice [50].

CONCLUSIONS

Our study has a number of limitations. It was conducted under
remote conditions in which not all desirable hematological and
imaging studies could be performed. Circulating concentrations
of cytokines may not reflect the degree to which bone marrow
precursors and central nervous system cells are exposed to the
influence of these mediators. Asymptomatic parasitemia is
common, and in some patients the anemia or coma may have
not been because of malaria per se, despite the presence of
a positive malaria smear. Myoglobinuria in addition to hemo-
globiniuria has been described in acute malaria, and our dipstick
method could not distinguish between these 2 conditions. Data
on other measures of hemolysis such as serum lactate de-
hydrogenase concentrations or schistocytes in the peripheral
blood smear are not available. Further investigations of the
observed associations of stool parasites with severe anemia and
traditional herbal medicine with cerebral malaria also were not
performed.

Despite these and other limitations, our findings are consis-
tent with a view that the complications of severe malarial anemia
and cerebral malaria are pathogenically distinct. Severe malarial
anemia is a disorder of selective suppression of erythroid pro-
genitors in the setting of accelerated destruction of infected red
blood cells. Contributing factors may include (1) inadequate
production of IL-10 to protect erythroid precursors from the
suppressive effects of proinflammatory cytokines, (2) suppres-
sion of erythroid progenitor cells by increased activity of TNF-a,
and (3) underlying malnutrition and helminthic infestation.
In contrast, cerebral malaria may be characterized by in-
travascular hemolysis and thrombocytopenia. In practical
terms, our findings suggest that malaria control programs
should expand efforts to correct underlying poor nutrition
and helminthic infestations and to improve availability of
effective antimalarial treatment. Furthermore, continued re-
search is needed to better understand the complex immune
response and vascular abnormalities related to human
P. falciparum infection. In addition, efforts to prevent or treat
severe malarial anemia by immune manipulation, and cere-
bral malaria by protection of the vascular endothelium,
should be subjects for future research.
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