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Abstract

Objectives: Evaluate the relationship between endothelial activation, malaria complications, and 

long-term cognitive outcomes in severe malaria survivors.

Design: Prospectively cohort study of children with cerebral malaria, severe malarial anemia, or 

community children.

Setting: Mulago National Referral Hospital in Kampala, Uganda.

Subjects: Children 18 months to 12 years old with severe malaria (cerebral malaria, n = 253 or 

severe malarial anemia, n = 211) or community children (n = 206) were followed for 24 months.

Interventions: None.

Measurements and Main Results: Children underwent neurocognitive evaluation at 

enrollment (community children) or a week following hospital discharge (severe malaria) and 6, 

12, and 24 months follow-up. Endothelial activation was assessed at admission on plasma samples 

(von Willebrand factor, angiopoietin-1 and angiopoietin-2, soluble intercellular adhesion 

molecule-1, soluble vascular cell adhesion molecule-1, soluble E-Selectin, and P-Selectin). False 

discovery rate was used to adjust for multiple comparisons. Severe malaria was associated with 

widespread endothelial activation compared with community children (p < 0.0001 for all markers). 
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Acute kidney injury was independently associated with changes in von Willebrand factor, soluble 

intercellular adhesion molecule-1, soluble E-Selectin, P-Selectin, and angiopoietin-2 (p < 0.0001 

for all). A log10 increase in angiopoietin-2 was associated with lower cognitive z scores across age 

groups (children < 5, β −0.42, 95% CI, −0.69 to −0.15, p = 0.002; children ≥ 5, β −0.39, 95% CI, 

−0.67 to −0.11, p = 0.007) independent of disease severity (coma, number of seizures, acute 

kidney injury) and sociodemographic factors. Angiopoietin-2 was associated with hemolysis 

(lactate dehydrogenase, total bilirubin) and inflammation (tumor necrosis factor-α, 

interleukin-10). In children with cerebral malaria who had a lumbar puncture performed, 

angiopoietin-2 was associated with blood-brain barrier dysfunction, and markers of 

neuroinflammation and injury in the cerebrospinal fluid (tumor necrosis factor-α, kynurenic acid, 

tau).

Conclusions: These data support angiopoietin-2 as a measure of disease severity and a risk 

factor for long-term cognitive injury in children with severe malaria.
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Plasmodium falciparum is responsible for significant global morbidity and mortality. In 

2017, an estimated 219 million malaria cases and 435,000 deaths were reported (1). Cerebral 

malaria (CM) and severe malarial anemia (SMA) are leading causes of severe malaria. 

Long-term deficits in cognition have been described in children following both CM and 

SMA (2–4). Risk factors for cognitive impairment following severe malaria are largely 

clinical (3, 5, 6). A number of cerebrospinal fluid (CSF) markers of neuroinflammation, 

neurotoxicity, and axonal injury have been described as risk factors for cognitive impairment 

following severe malaria (7–10). To date, no markers of cognitive impairment malaria have 

been described in blood.

As the cellular interface that lines blood and lymphatic vessels, the endothelium actively 

regulates blood flow to tissue beds and modulates coagulation, inflammation, and vascular 

permeability. Endothelial activation is a common feature in critical illness (reviewed in 

[11]). Endothelial activation contributes to severe malaria pathogenesis by upregulating cell 

adhesion molecules (CAMs) that mediate cytoadherence of parasitized erythrocytes in 

microvasculature, contributing to tissue hypoperfusion, ischemia, and metabolic acidosis 

(12), as well as blood-brain barrier dysfunction (13). As the endothelium directly interacts 

with parasitized erythrocytes and represents the cellular barrier between the parasite and the 

brain, we hypothesize endothelial activation and increased endothelial permeability may 

contribute to brain injury and impaired cognition in survivors.

Ectodomain shedding of CAMs rapidly changes a cells ability to respond to ligands through 

the release of surface-bound proteins. Cytokine-inducible CAMs are upregulated in malaria 

and shed by activated endothelium to generate soluble intercellular adhesion molecule-1 

(sICAM-1), soluble vascular cell adhesion molecule-1 (sVCAM-1), and soluble E-Selectin 

(sE-Selectin). Severe malaria is associated with elevations of surface-bound and soluble 

forms of CAMs (14). Activated endothelium also release the contents of specialized storage 

granules called Weibel-Palade bodies that contain proteins involved in hemostasis and 

Ouma et al. Page 2

Crit Care Med. Author manuscript; available in PMC 2021 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inflammation. Weibel-Palade body constituents include von Willebrand factor (vWF), P-

Selectin, and angiopoietin-2. vWF is elevated in severe malaria (15–17) and has been 

implicated in platelet-mediated binding of parasitized erythrocytes (18). P-Selectin is 

involved in leukocyte trafficking, elevated in severe malaria (19), and endothelial-derived P-

Selectin has been implicated in experimental CM pathogenesis (20, 21). The angiopoietin-

TEK tyrosine kinase (Tie-2) system regulates endothelial quiescence through angiopoietin-1 

signaling through its receptor, Tie-2, expressed on endothelium. Angiopoietin-2 release 

results in reduced Tie-2 phosphorylation (22), and disrupted angiopoietin-1-Tie-2 signaling 

that can destabilize blood vessels and increase vascular permeability (23). Severe malaria is 

characterized by decreased angiopoietin-1 and increased angiopoietin-2 and 

angiopoietin-2:angiopoietin-1 ratio (24–27).

We hypothesize endothelial activation is central to the pathophysiology of severe malaria 

and a risk factor for long-term cognitive deficits in children. We evaluated a panel of 

previously described markers of endothelial activation in malaria in a prospective cohort 

study assessing the relationship between endothelial activation and severe malaria 

complications, including acute kidney injury (AKI), which is a complication of emerging 

importance in children with severe malaria (28–31). Our primary outcome was the 

relationship between endothelial activation and cognition over 2 years follow-up using tools 

validated for use in Ugandan children.

MATERIALS AND METHODS

Study Design

This prospective cohort study was conducted at Mulago National Referral and Teaching 

Hospital, Kampala, Uganda, from 2008 to 2013. All eligible children between 18 months 

and 12 years old were enrolled. Two groups of children with severe malaria were enrolled: 

children with CM and SMA. CM was defined as follows: coma (Blantyre Coma Score ≤ 2); 

P. falciparum on blood smear; and no known cause of coma. SMA was defined as the 

presence of P. falciparum on blood smear in children with a hemoglobin level less than or 

equal to 5 g/dL. Children with CM and SMA were classified as CM. Children with severe 

malaria were managed according to the Ugandan Ministry of Health treatment guidelines at 

the time of the study.

Healthy community children (CC) were recruited from the nuclear family, extended family, 

or household compound area of children with severe malaria. Exclusion criteria for all 

children were as follows: known chronic illness requiring medical care; known 

developmental delay; or prior history of coma, head trauma, hospitalization for malnutrition, 

or cerebral palsy. Additional exclusion criteria for children with SMA were as follows: 

impaired consciousness on physical examination; other clinical evidence of CNS disease; or 

greater than 1 seizure prior to admission. Additional exclusion criteria for CC included the 

following: illness requiring medical care within the previous 4 weeks or major medical or 

neurologic abnormalities on screening physical examination.

Ethical approval for the study was obtained from Makerere University School of Medicine 

Research and Ethics Committee, the Institutional Review Board at the University of 
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Minnesota, and the Uganda National Council for Science and Technology. Written informed 

consent was obtained from parents or guardians of study participants.

Clinical and Demographic Assessment

All children underwent a medical history, physical examination, and laboratory testing. 

Emotional stimulation in the home was measured using age-appropriate versions of the 

Home Observation for the Measurement of the Environment (32). Socioeconomic status was 

measured as described (33).

Cognitive Assessment and Follow-Up

Cognitive assessments were conducted at enrollment (CC) or a week after discharge (CM 

and SMA) and at 6, 12, and 24 months follow-up by trained neuropsychology testers with a 

Bachelor’s degree in psychology. Testing was conducted in quiet testing rooms at Mulago 

National Referral Hospital. The Mullen Scales of Early Learning was used to measure 

cognitive ability in children less than 5 years (34). Scores from fine motor, visual reception, 

receptive language, and expressive language scales were summed to generate the early 

learning composite score as a measure of overall cognitive ability. In children greater than or 

equal to 5 years, the Kaufman Assessment Battery for Children, Second Edition was used to 

measure overall cognitive ability (35). Neuropsychology testers were blinded to study group. 

Age-adjusted z scores were created using the CC as described (4).

Laboratory Testing

After obtaining consent from parents or guardians for participation in the study, a blood 

draw was performed for study specific procedures. Within 2 hours of sample collection, 

blood samples were sent to the performing laboratory for processing and storage. If a sample 

was collected after hours, the sample was stored at 4–8°C until the following morning when 

it was processed and stored in aliquots at −80°C until testing. Giemsa stained peripheral 

blood smears were assessed for Plasmodium species and quantified using standard protocols. 

Biochemistries were performed for lactate, glucose, lactate dehydrogenase (LDH), 

creatinine, blood urea nitrogen (BUN), and albumin by the Advanced Research & 

Diagnostic Laboratory at the University of Minnesota. Sickle cell genotype was determined 

as described (36). To assess for bacteremia, approximately 1–3 mL of whole blood was 

inoculated into pediatric blood culture bottles (BD BACTEC, Peds Plus/F, Franklin Lakes, 

NJ), which were incubated in an automatic BACTEC 9050 Blood culture system (Becton, 

Dickinson and Company, Franklin Lakes, NJ) for up to 5 days. Positive samples were Gram-

stained and subcultured on blood agar, chocolate agar, or MacConkey agar plates.

Immunoassays

EDTA or lithium heparin anti-coagulated plasma samples were stored at −80°C until testing. 

Samples with sufficient volume were tested using commercial assays with 10% of samples 

tested in duplicate. There were 191 samples unavailable for testing. Comparisons of 

participants included versus not included are shown in Table S1 (Supplemental Digital 

Content 1, http://links.lww.com/CCM/F598). vWF antigen was measured using the 

REAADS vWF:Antigen enzyme-linked immunosorbent assay (ELISA) (Corgenix, 
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Broomfield, CO) and expressed as a relative percent of reference plasma. Angiopoietin-1 

and angiopoietin-2 were measured using a DuoSet ELISA (R&D Systems, Minneapolis, 

MN). Soluble adhesion molecules sICAM-1, sVCAM-1, P-Selectin, and sE-Selectin were 

measured by cytometric bead assay (R&D Systems) with a Bio-Plex-200 system (Bio-Rad, 

Hercules, CA). Plasma P. falciparum histidine-rich protein-2 quantification was performed 

using the Malaria Antigen CELISA (Cellabs, Brookvale, NSW, Australia), and parasite 

biomass was calculated as described (37). Cytokines were measured in plasma and CSF 

using by magnetic cytometric bead assay (EMD Millipore, Billerica, MA) (8). Kynurenic 

acid was measured as described (9). CSF tau was measured using the Luminex-based human 

tau (total) Singleplex Bead Kit (Invitrogen, Carlsbad, CA). Asymmetric dimethylarginine 

(ADMA) was measured by ELISA (DLD Diagnostika GmbH, Hamburg, Germany). CSF 

albumin was quantified using the Bromocresol Purple Albumin Assay (Sigma-Aldrich, St. 

Louis, MO).

Assessment of Kidney Function

AKI was defined using a single admission creatinine using the Kidney Disease: Improving 

Global Outcomes criteria where a 1.5× increase in creatinine from baseline constituted AKI 

(38). AKI was further staged based on the fold increase in creatinine: stage 1, 1.5–1.9×; 

stage 2, 2.0–2.9×; stage 3, greater than or equal to 3.0× or an estimated glomerular filtration 

rate (eGFR) of less than 35 mL/min/1.73 m2 using the Bedside Schwartz equation (eGFR = 

0.413 × creatinine/height, where height is measured in cm) (39). Baseline creatinine was 

estimated using the CC to generate a creatinine-for-height curve as described (30).

Statistical Analysis

Demographic and clinical characteristics were compared using Student t test or Wilcoxon 

rank-sum test for continuous measures, and Pearson chi-square test or Fisher exact test for 

categorical variables. A nonparametric test for trend was used to assess median differences 

in biomarker levels across AKI stages. To assess correlations between continuous variables, 

Spearman correlation was used. Multiple linear regression models were used to evaluate the 

relationship between severe malaria criteria and endothelial activation. Longitudinal mixed-

effects modeling was used to assess the association of endothelial markers on cognition in 

children with severe malaria where observations within subject were correlated using a 

subject-specific intercept, and time points were treated as categorical variables as described 

(10). We adjusted for disease severity (presence of coma, number of seizures during 

hospitalization, AKI) and sociodemographic variables associated with child development 

(age, sex, height-for-age and weight-for-age z scores, socioeconomic status, home 

environment, parental education, and preschool education of the child). Variables were 

selected for inclusion into multivariable models based on a documented relationship between 

the variables and outcome, or an a priori hypothesized relationship. To adjust for multiple 

comparisons, the Benjamini-Hochberg false discovery rate was applied at a threshold of 0.05 

as indicated in figure and table legends.
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RESULTS

Demographic Characteristics of the Study Population

A description of the samples available for testing is shown in Figure 1. A total of 3,881 

children with severe malaria were screened for the study. There were 191 samples 

unavailable for testing. Comparisons of participant participants included versus not included 

are shown in Table S1 (Supplemental Digital Content 1, http://links.lww.com/CCM/F598). 

The median age of children enrolled was 3.8 years old and 44.0% of children were female. 

Children with SMA were younger than children with CM or CC and were more likely to 

have sickle cell anemia than the CC or children with CM (Table 1). Among CC, the 

prevalence of asymptomatic parasitemia was 15.4% by microscopy and 35.3% by 

polymerase chain reaction (PCR). Asymptomatic malaria in CC defined by microscopy or 

PCR was associated with elevations in vWF, sICAM-1, sVCAM-1, and P-Selectin compared 

with CC without malaria (Table S2, Supplemental Digital Content 1, http://

links.lww.com/CCM/F598). There were no differences in the angiopoietin-2-Tie-2 system or 

sE-Selectin in CC with asymptomatic malaria.

Association of Endothelial Activation With Severe Malaria and Disease Severity

Consistent with previous reports, there was evidence of endothelial activation in CM and 

SMA compared with CC (adjusted p < 0.05 for all) (Table S1, Supplemental Digital Content 

1, http://links.lww.com/CCM/F598). Further, vWF and sVCAM-1 levels were higher and 

angiopoietin-1 levels were lower in CM compared with SMA (Table 1). There were no 

differences in markers of endothelial activation in children with bacteremia compared with 

children without bacteremia (Table S3, Supplemental Digital Content 1, http://

links.lww.com/CCM/F598)

As there is considerable phenotypic heterogeneity in endothelium, and the extracellular 

environment may drive specific changes in protein expression, we evaluated the relationship 

between severe malaria complications and endothelial activation (Fig. 2). For subsequent 

analyses, children with CM and SMA were grouped to evaluate the relationships between 

endothelial activation and disease severity as the combined severe malaria group is more 

representative of severe malaria (Table 1). Severe malaria complications associated with 

endothelial activation were as follows: AKI (vWF, sICAM-1, P-Selectin, sE-Selectin, 

angiopoietin-2, angiopoietin-2:angiopoietin-1); deep breathing (sE-Selectin, angiopoietin-2); 

lactic acidosis (angiopoietin-2); jaundice (angiopoietin-2, angiopoietin-2:angiopoietin-1); 

and shock (angiopoietin-1, angiopoietin-2:angiopoietin-1) (adjusted p < 0.05 for all; Fig. 2), 

using multiple linear regression models (Table 1 for severe malaria frequency by group).

Endothelial activation in malaria-associated AKI has not been well described. We evaluated 

the relationship between endothelial activation and AKI severity and observed increases in 

vWF, sICAM-1, P-Selectin, sE-Selectin, and angiopoietin-2 across AKI stage (adjusted 

ptrend < 0.05; Table 2).
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Association Between Endothelial Activation and Mortality

We assessed the association between endothelial activation and mortality (Table S4, 

Supplemental Digital Content 1, http://links.lww.com/CCM/F598). Consistent with previous 

studies, there were increases in median angiopoietin-2 (p = 0.038), 

angiopoietin-2:angiopoietin-1 (p = 0.013), and P-Selectin (p = 0.016) levels in children who 

died compared with survivors. When the analysis was restricted to CM (accounting for 

97.1% of deaths), angiopoietin-2 (p = 0.016), and angiopoietin-2:angiopoietin-1 (p = 0.023) 

remained associated with mortality.

Relationship Between Endothelial Activation and Cognition in Survivors

To determine whether endothelial activation is related to cognition, we evaluated whether 

admission protein levels were associated with age-adjusted cognitive z scores over time (Fig. 

3; Table S5, Supplemental Digital Content 1, http://links.lww.com/CCM/F598) adjusting for 

disease severity (presence of coma, number of seizures during hospitalization, AKI) and 

socioeconomic and demographic factors associated with child development (age, sex, 

weight-for-age and height-for-age z scores, socioeconomic status, home environment, 

parental education, and preschool education). A log10 increase in angiopoietin-2 was 

associated with lower cognitive z scores across age groups (children < 5, β −0.42, 95% CI, 

−0.69 to −0.15; children ≥ 5, beta −0.39, 95% CI, −0.67 to −0.11) (Fig. 3; Table S5, 

Supplemental Digital Content 1, http://links.lww.com/CCM/F598). In children greater than 5 

years old a log10 increase in sVCAM-1 (β −0.65, 95% CI, −1.14 to –0.16) and the 

angiopoietin-2:angiopoietin-1 ratio (β −0.29, 95% CI, −0.46 to −0.12) were associated with 

worse cognition (Fig. 3; Table S5, Supplemental Digital Content 1, http://

links.lww.com/CCM/F598).

Relationship Between Endothelial Activation, Parasite Burden and Host Response

We explored the relationship between endothelial activation and severe malaria pathogenesis 

by correlating endothelial markers with parasite biomass, biochemical markers of disease 

severity (lactate, LDH, total bilirubin, creatinine, BUN), inflammation (tumor necrosis factor 

[TNF]-α, interleukin [IL]-10, IL-4), nitric oxide bioavailability (ADMA), and blood-brain 

barrier function (CSF-to-plasma albumin ratio) (Table S6, Supplemental Digital Content 1, 

http://links.lww.com/CCM/F598). We present results significant after adjusting for multiple 

comparisons (adjusted p < 0.05).

Consistent with regression analyses, angiopoietin-1 was negatively associated with both 

sequestered (rho, −0.223) and circulating parasite biomass (rho, −0.137). Endothelial 

mediators associated with deep breathing also correlated with lactate (sICAM-1: rho, 0.166; 

sVCAM-1: rho, 0.110; P-Selectin: rho, 0.259; sE-Selectin: rho, 0.202; and angiopoietin-2: 

rho, 0.339). Further, we observed a positive correlation between all markers and LDH except 

angiopoietin-1, where angiopoietin-1 was negatively correlated with LDH. All markers were 

positively correlated with TNF-α and IL-10, except for angiopoietin-1, which was 

negatively correlated. IL-4 was negatively correlated with vWF, sICAM-1, P-Selectin, sE-

Selectin, and angiopoietin-2:angiopoietin-1 and positively correlated with sVCAM-1 and 

angiopoietin-1, consistent with IL-4 mediated expression of sVCAM-1 (40). All proteins 

except for vWF and sVCAM-1 were positively correlated with ADMA. Only angiopoietin-2 
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(rho, 0.217) and the angiopoietin-2:angiopoietin-1 ratio (rho, 270) were associated with an 

increase in the CSF-to-plasma albumin index.

To explore possible mechanisms between endothelial activation and worse cognition, we 

correlated markers of endothelial activation with selected CSF markers (TNF-α, kynurenic 

acid, and tau) associated with worse neurocognitive outcomes in CM (8–10) (Table S6, 

Supplemental Digital Content 1, http://links.lww.com/CCM/F598). We observed positive 

correlations between plasma sVCAM-1 (rho, 0.331) and angiopoietin-2 (rho, 0.254) and 

CSF TNF-α, and correlations between a number of endothelial markers with CSF kynurenic 

acid (sICAM-1: rho, 0.283; sVCAM-1: rho, 0.310; P-Selectin: rho, 0.493; sE-Selectin: rho, 

0.301; angiopoietin-2: rho, 0.531; and angiopoietin-2:angiopoietin-1: rho, 0.425) and CSF 

tau (P-Selectin: rho, 0.226; angiopoietin-2: rho, 0.413; and angiopoietin-2:angiopoietin-1: 

rho, 0.231).

DISCUSSION

In this report, we show endothelial activation in severe malaria is associated with parasite 

burden, inflammation and hemolysis, and reduced nitric oxide bioavailability. Further, 

angiopoietin-2 and the angiopoietin-2:angiopoietin-1 ratio were associated with blood-brain 

barrier dysfunction, elevated neuroactive metabolites in the CSF, and worse cognition. 

Collectively, the data in this study support the hypothesis that endothelial activation is 

central to severe malaria pathophysiology and related to long-term morbidity in survivors.

Angiopoietin-2 is the first plasma marker to show a relationship with worse cognitive 

function (Fig. 3). Angiopoietin-2 is also the first marker associated with cognitive injury in 

both younger (< 5 yr old) and older children (≥ 5 yr old). In this cohort, the angiopoietin-2-

Tie-2 pathway and sVCAM-1 were associated with worse cognition, strengthening the 

argument that endothelial activation and loss of endothelial integrity is a critical process in 

neurodevelopmental injury in severe malaria. Consistent with this, the correlations observed 

between angiopoietin-2 and TNF-α (8), kynurenic acid (9, 41), and tau (10, 13, 42) in the 

CSF are consistent with our current knowledge of neurodevelopmental injury in severe 

malaria survivors. Together, these results and preclinical data suggest strategies to promote 

endothelial stability through Tie-2 receptor may be neuroprotective in severe malaria (43).

Angiopoietin-2 and P-Selectin are both released from Weibel-Palade bodies and showed 

similar trends for many outcomes. They were both associated with the presence and severity 

of AKI, elevated in children who died, and showed similar correlations with lactate, LDH, 

TNF-α, IL-10, and nitric oxide bioavailability (ADMA). However, a few key differences 

between angiopoietin-2 and P-Selectin were noted. Angiopoietin-2 was associated with 

sequestered parasite biomass, while P-Selectin was not. Further, angiopoietin-2 was 

associated with increases in the CSF-to-plasma albumin index and an independent risk 

Factor for worse cognition. These differences may be explained by differential trafficking of 

proteins in Weibel-Palade bodies (44), or the cellular source. P-Selectin is expressed by both 

endothelium and platelets, so differences between angiopoietin-2 and P-Selectin may reflect 

differential contributions of platelets and endothelium to P-Selectin release.
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The present study also highlights an association between endothelial activation and AKI 

(30). The kidney is highly vascularized and sensitive to reductions in blood flow (45). 

Although kidneys represent less than 0.08% of body mass, they receive 20% of cardiac 

output. The majority of children in this study (93.3%) had a BUN-to-creatinine ratio 

suggestive of reduced renal blood flow. Our results are consistent with a study of adults with 

Plasmodium knowlesi malaria where angiopoietin-2 was identified as an independent 

predictor of AKI (46). P. knowlesi shares pathophysiologic features with P. falciparum 
including reduced nitric oxide bioavailability, increased intravascular hemolysis, endothelial 

activation, and inflammation. In mice, administration of exogenous angiopoietin-1 (cartilage 

oligomeric matrix protein-Ang-1) has been shown to decrease lipopolysaccharide-induced 

AKI (47), suggesting strategies to promote endothelial stability may have broad clinical 

impact.

This study had several strengths including its prospective design and longitudinal assessment 

of cognitive outcomes over two years follow-up. The CC were used to generate age-adjusted 

z scores for cognition. As the study was designed to assess cognition, we measured 

sociodemographic factors known to impact child development and used cognitive 

assessment tools validated in Ugandan children.

Study limitations include enrollment of children with coma and severe anemia that may 

affect generalizability. The children in this cohort presented with multiple severe malaria 

criteria, but the utility of these biomarkers to predict neurocognitive impairment or mortality 

in other manifestations of severe malaria needs to be confirmed. Urine was not collected, so 

we cannot comment on whether changes in AKI reflect increased production and/or altered 

renal clearance of analytes. However, previous studies have demonstrated angiopoietin-2 is 

not detectable in the urine of healthy subjects or cleared by dialysis (48), suggesting reduced 

glomerular filtration in AKI is not the only explanation for increases in protein levels.

In summary, angiopoietin-2 is a novel risk factor for worse cognition in children surviving 

severe malaria. This is the first report of a plasma marker associated with worse cognition 

and adds to a growing body of evidence supporting the angiopoietin-Tie-2 system in the 

pathogenesis of critical illness. Together, these results show an association between 

endothelial activation, blood-brain barrier dysfunction, and markers of brain parenchymal 

injury suggesting that strategies to promote endothelial integrity warrant further 

investigation to see if they promote survival and reduce long-term neurocognitive injury in 

malaria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Study flow chart. Flow chart of study population. Angpt-1 = angiopoietin-1, Angpt-2 = 

angiopoietin-2, CM = cerebral malaria, sE-Selectin = soluble E-Selectin, sICAM-1 = soluble 

intercellular adhesion molecule-1, SMA = severe malaria anemia, sVCAM-1 = soluble 

vascular cell adhesion molecule-1, vWF = von Willebrand factor.
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Figure 2. 
Association between endothelial activation and severe malaria criteria. Plots showing the 

regression coefficient (95% CI) for each severe malaria complication and its association with 

a log10 change in the endothelial marker. Analyses were conducted using linear regression 

models, with false discovery rate applied at a threshold of 0.05 adjusting for eight regression 

models. Relationships significant following adjustments for multiple testing are indicated in 

red. Angpt-1 = angiopoietin-1, Angpt-2 = angiopoietin-2, sE-Selectin = soluble E-Selectin, 

sICAM-1 = soluble intercellular adhesion molecule-1, sVCAM-1 = soluble vascular cell 

adhesion molecule-1, vWF = von Willebrand factor.
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Figure 3. 
Estimates from linear mixed-effects modeling evaluating endothelial activation and 

longitudinal age-adjusted z scores in cognition by age group. Estimates (95% CI) from 

linear mixed-effects models evaluating longitudinal changes in age-adjusted z scores in 

children with severe malaria based on the log10 concentrations in endothelial markers at 

admission. All models adjusted for disease severity at presentation (presence of coma, 

number of seizures during hospitalization, acute kidney injury) and sociodemographic 

factors (age, sex, weight-for-age and height-for-age z scores, socioeconomic status, home 

environment, parental education, and preschool attendance). The false discovery rate was 

applied at a threshold of 0.05 adjusting for eight comparisons in each age group. 

Relationships significant following adjustment for multiple testing are indicated in red. 

Angpt-1 = angiopoietin-1, Angpt-2 = angiopoietin-2, sE-Selectin = soluble E-Selectin, 

sICAM-1 = soluble intercellular adhesion molecule-1, sVCAM-1 = soluble vascular cell 

adhesion molecule-1, vWF = von Willebrand factor.
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