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Background. Elevated concentrations of cerebrospinal fluid (CSF) tau, a marker of axonal injury, have been associated with 
coma in severe malaria (cerebral malaria [CM]). However, it is unknown whether axonal injury is related to long-term neurologic 
deficits and cognitive impairment in children with CM. 

Methods. Admission CSF tau concentrations were measured in 145 Ugandan children with CM and compared to clinical and 
laboratory factors and acute and chronic neurologic and cognitive outcomes.

Results. Elevated CSF tau concentrations were associated with younger age, increased disease severity (lower glucose and he-
moglobin concentrations, malaria retinopathy, acute kidney injury, and prolonged coma duration, all P < .05), and an increased 
CSF:plasma albumin ratio, a marker of blood–brain barrier breakdown (P < .001). Admission CSF tau concentrations were asso-
ciated with the presence of neurologic deficits at hospital discharge, and at 6, 12, and 24 months postdischarge (all P ≤ .02). After 
adjustment for potential confounding factors, elevated log10-transformed CSF tau concentrations correlated with worse cognitive 
outcome z scores over 2-year follow-up for associative memory (β coefficient, –0.31 [95% confidence interval [CI], –.53 to –.10]) 
in children <5 years of age, and for overall cognition (–0.69 [95% CI, –1.19 to –.21]), attention (–0.78 [95% CI, –1.34 to –.23]), and 
working memory (–1.0 [95% CI, –1.68 to –.31]) in children ≥5 years of age (all P < .006).

Conclusions. Acute axonal injury in children with CM is associated with long-term neurologic deficits and cognitive impairment. 
CSF tau concentrations at the time of the CM episode may identify children at high risk of long-term neurocognitive impairment.
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Cerebral malaria (CM), the most severe complication of 
Plasmodium falciparum malaria, affects mainly infants and 
children [1]. The defining feature of CM is malarial parasitemia 
and unarousable coma, with no other explanation for coma (eg, 
hypoglycemia, postictal state, bacterial meningitis) [2]. CM is 
associated with significant long-term neurologic and cognitive 
impairment in survivors [3], but the factors that contribute to 
long-term neurocognitive impairment are not fully understood.

The protein tau is an axonal degeneration marker that is abun-
dantly expressed in cortical axons and involved in microtubule 
assembly and stabilization [4]. Six different isoforms of tau exist 
in the human brain [5]. Insoluble, hyperphosphorylated tau, 

a form implicated in neurodegenerative disorders (known as 
tauopathies), is the main component of neurofibrillary tangles, 
a pathological marker of Alzheimer disease (reviewed in [6]). 
Nonphosphorylated, soluble cerebrospinal fluid (CSF) tau is 
emerging as an important biomarker of brain injury, as seen in 
animal models [7] and human studies of acute stroke [8]. Elevated 
CSF tau concentrations have been detected after traumatic brain 
injury [9] and in brain injury after aortic damage [10], and sol-
uble CSF tau concentrations are increased as a result of cortical 
damage in Alzheimer disease [11]. CSF tau concentrations are 
also elevated in human immunodeficiency virus (HIV) and have 
been related in some studies, but not others, to neurocognitive 
disorders in this population (reviewed in [12]).

Studies investigating brain injury due to P.  falciparum ma-
laria infections have shown axonal damage in brain tissue using 
immunohistochemistry staining [13], and brain parenchymal 
damage in adults with severe malaria has been associated with 
elevated CSF soluble tau concentrations [14]. A study in Kenyan 
children showed elevated concentrations of CSF tau, but not 
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S-100B, a marker of astrocytic damage, in children with CM 
[15]. In this study, elevated CSF tau concentrations were seen in 
the 3 children discharged with neurologic deficits compared to 
those discharged without deficits, but the levels were not signifi-
cantly different, possibly due to the small sample size [15]. The 
study did not assess long-term neurologic or cognitive outcomes. 
Together, these findings indicate that axonal injury as determined 
by CSF tau concentrations is seen in many central nervous system 
(CNS) disorders including CM, but the relationship of CSF tau 
concentrations to long-term neurologic and cognitive outcomes in 
children with CM is unknown. Clinical and laboratory predictors 
of increased CSF tau concentrations are also not well characterized.

In the present study, we assessed the relationship of clinical 
and laboratory factors to admission CSF tau concentrations. 
We then related CSF tau concentrations to acute and long-term 
neurologic deficits and cognitive scores. We hypothesized that 
clinical and laboratory findings that reflect increased disease se-
verity in CM would be associated with axonal injury, and that 
axonal injury, as assessed by CSF tau concentrations, would be 
associated with long-term neurologic and cognitive impair-
ment in children with CM [16].

METHODS

Study Design

This prospective study was performed at Mulago Hospital, 
Kampala, Uganda, from 2008 to 2015. Children with CM 
were enrolled if they were between 18 months and 12 years of 
age. CM was defined as (1) coma (Blantyre Coma Score ≤2); 
(2) P.  falciparum on blood smear; and (3) no other known 
cause of coma (eg, meningitis, a prolonged postictal state, or 
hypoglycemia-associated coma reversed by glucose infusion). 
A  lumbar puncture was performed and CSF was obtained on 
admission to rule out bacterial meningitis or encephalitis in all 
children whose parents agreed to the procedure and for whom 
the procedure was not contraindicated. CSF was stored for fu-
ture testing. Children with CM were managed according to the 
Ugandan Ministry of Health treatment guidelines, which in-
cluded intravenous quinine treatment followed by oral quinine 
for severe malaria while admitted, and artemisinin combination 
therapy for outpatient follow-up. Exclusion criteria included (1) 
known chronic illness requiring medical care; (2) known devel-
opmental delay; or (3) prior history of coma, head trauma, hos-
pitalization for malnutrition, or cerebral palsy. Children with 
sufficient CSF for tau testing were included in the present study. 
CSF samples collected from North American children (n = 5) 
with prior leukemia, in remission and with no evidence of acute 
infection or CNS disease, were used as controls.

Ethics Review and Approval

Written informed consent was obtained from parents or 
guardians of study participants. Ethical approval was granted 
by the institutional review boards for human studies at the 

Makerere University School of Medicine, the Uganda National 
Council for Science and Technology, and the University of 
Minnesota Medical School.

Clinical and Demographic Assessments

All children underwent a medical history and physical ex-
amination at enrollment. Children were assessed for malarial 
retinopathy using indirect and direct ophthalmoscopy as pre-
viously described [17]. Peripheral blood smears were assessed 
for Plasmodium species by microscopy with Giemsa staining 
using standard protocols. Nutritional status was assessed by 
height-for-age and weight-for-age z scores (Epi Info version 
3.5.3; Centers for Disease Control and Prevention) and socio-
economic status was measured using a validated scoring system 
previously published [18]. Duration of coma was defined as 
time from admission until the child regained full conscious-
ness (Blantyre Coma Score = 5 or Glasgow Coma Scale = 15). 
Acute kidney injury (AKI) was defined as a 1.5-fold increase in 
creatinine level from imputed baseline level, using the Kidney 
Disease: Improving Global Outcomes guidelines based on a 
single admission creatinine level [19].

Neurologic and Cognitive Assessments

Neurologic and cognitive assessments were performed at dis-
charge (neurologic testing) or 1 week after discharge (cognitive 
testing), and 6, 12, and 24 months after discharge. A neurologic 
deficit (ND) was defined as presence of motor or cranial nerve 
deficit, ataxia, a movement disorder, or clinically detectable be-
havioral, speech, or visual disorders. The tests used to assess 
cognition were validated in cohorts of Ugandan children and 
described in detail in prior publications [16, 20, 21]. In brief, for 
children <5 years of age, the Mullen Scales of Early Learning were 
used to measure cognitive ability [22]. Scores from fine motor, 
visual reception, receptive language, and expressive language 
scales were summed to give the early learning composite score, 
a measure of overall cognitive ability. Attention was assessed 
using the Early Childhood Vigilance Test [23], and associative 
memory was assessed using the Color Object Association Test 
[24]. In children ≥5 years, the Kaufman Assessment Battery for 
Children (K-ABC, second edition) was used to measure overall 
cognitive ability, with summary mental processing index as the 
primary outcome [25]. Attention was assessed using the Test of 
Variables of Attention, with D prime measure as the primary 
outcome [26]. K-ABC subtests for sequential processing and 
simultaneous processing were used to assess working memory 
and problem-solving skills. Age-adjusted z scores for cognitive 
outcomes were created using scores of Ugandan community 
children as previously described [27].

Laboratory Testing

CSF (0.5–2  mL) was collected from children with CM and 
stored at −80°C for later testing. CSF from North American con-
trol children was obtained and stored similarly. CSF tau testing 
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was performed at our University of Minnesota laboratory after 
transport of samples on dry ice. Testing was performed on ad-
mission CSF samples and on controls using the Luminex-based 
Human Tau (total) Singleplex Bead Kit (Invitrogen, Carlsbad, 
California) and the Human Neuroscience Buffer Reagent Kit 
(Invitrogen). The lower limit of detection for this kit is re-
ported as <1 pg/mL. Plasma P. falciparum histidine-rich protein 
(PfHRP-2) quantification was performed using the Malaria Ag 
CELISA (Cellabs, Brookvale, Australia). Plasma and CSF al-
bumin were quantified at the University of Minnesota Advanced 
Research and Diagnostic Laboratory using the Bromocresol 
Purple Albumin Assay (Sigma-Aldrich, St Louis, Missouri).

Statistical Analysis

CSF tau concentrations in children with CM vs control children 
and in children with CM with vs without ND were compared 
using Wilcoxon rank-sum test. For the latter, nonparametric 
receiver operating characteristic (ROC) curves were also 
generated and the area under the ROC (AUC) was compared. 
Spearman rank correlation analysis was used to compare CSF 
tau concentrations and clinical and laboratory characteristics. 
Linear, logistic, and negative binomial regression analyses were 
used to compare CSF tau concentrations (log10-transformed) to 
continuous, dichotomous, and count outcomes, respectively. 
For cognitive outcomes, a longitudinal mixed-effects model 
was used to allow for comparison of CSF tau concentrations to 
testing over all testing time points in the 2-year follow-up. In 
the model, observations within subject were correlated using a 
subject-specific intercept and time-points were treated as cat-
egorical variables. A  banded diagonal covariance matrix was 
used to model within-subject variance-covariance errors, and 
the mixed model was fit by restricted maximum likelihood 
and Kenward-Roger approximations were used to estimate the 
denominator degrees of freedom. Multivariate models were 
adjusted for covariates if the correlation between covariates and 
outcomes had a P  <  .05 in a bivariate analysis or an a priori 
hypothesized relationship with the outcome. Analyses were 
conducted in Stata version 14 (StataCorp LP, College Station, 
Texas).

RESULTS

Demographic and Clinical Characteristics of Children With Cerebral 
Malaria

CSF was available from 145 of the 269 children with CM. Figure 
1 outlines the reasons CSF tau was not tested in the remaining 
124 children with CM. Table 1 summarizes the demographic and 
clinical characteristics of children with CM who did compared 
with those who did not have admission CSF tau concentrations 
tested. Children who had CSF tau concentrations tested had 
a significantly lower mortality than those who did not have 
testing, which likely reflects the association of contraindications 
to lumbar puncture (evidence of increased intracranial pressure, 

clinical instability) with mortality (Table 1). Among those who 
had CSF tau testing, neurologic deficits were frequent at dis-
charge (39.2%) but much less frequent at 6, 12, and 24 months 
(6.1%, 3.8%, and 3.1%). Neurologic deficits did not differ signif-
icantly between those with vs without CSF tau testing (Table 1).

CSF Total Tau Concentrations in Children With CM Compared to North 
American Control Children

Admission CSF tau concentrations in the 145 children with CM 
(median, 406.99 [interquartile range {IQR}, 238.35–966.13] pg/
mL) were 2-fold higher than CSF tau concentrations in the CSF 
of North American controls (median, 204.13 [IQR, 152.77–
226.38] pg/mL; P  =  .02) (Figure 2). Using thresholds from 
studies of children with various CNS disorders in which CSF 
tau was measured [15, 28], 84 (57.9%) children with CM had 
high tau concentrations (>300 pg/mL) and, of these, 34 (23.5%) 
had very high tau concentrations (>1000 pg/mL). In compar-
ison, only 1 of 5 control children had an elevated CSF tau, and 
this elevation was modest (317.94 pg/mL).

Relationship of Clinical Factors to CSF Tau Concentrations

Admission CSF total tau concentrations correlated inversely 
with age (Spearman ρ, –0.37; P < .001) (Table 2). Higher CSF 
tau concentrations were seen in the 116 children with CM 
<5 years of age (median, 483.12 [IQR, 259.16–1051.66] pg/mL) 
than in the 29 children with CM aged ≥5 years (median, 217.72 
[IQR, 181.48–405.99] pg/mL; P < .001). The mean (standard 
deviation) age of North American control children was 5.67 
(2.66) years, so control children were on average older than 
the children with CM. CSF tau concentrations correlated in-
versely with admission glucose (Spearman ρ, –0.25; P = .003), 
and hemoglobin concentrations (Spearman ρ, –0.27; P < .001), 
and positively with presence of retinopathy (Spearman ρ, 0.17; 

Figure 1. Study participant flow diagram. Abbreviations: CM, cerebral malaria; 
CSF, cerebrospinal fluid.
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P = .04) and AKI (Spearman ρ, 0.29; P < .001) (Table 2). Among 
the features of retinopathy, CSF tau concentrations correlated 
most strongly with retinal hemorrhages (Table 3). CSF tau 
concentrations also correlated positively with the CSF:plasma 
albumin ratio, a marker of blood–brain barrier (BBB) break-
down (Spearman ρ, 0.37; P <  .001; Table 2). Parasite density 
(PfHRP-2 concentration) and parasite biomass correlated 
with CSF:plasma albumin ratio (Spearman ρ, 0.39; P  <  .001 
and 0.37; P < .001, respectively), but not with CSF tau concen-
tration (P = .43 and P = .39, respectively; Table 2). There was 

no difference in the median levels of CSF tau based on HIV 
status (P = .52).

CSF Tau Concentrations and In-hospital Outcomes

After adjusting for factors associated with increased CSF tau 
concentrations (age, hemoglobin and glucose concentrations, 
retinopathy, and AKI), admission CSF tau concentrations were 
independently associated with longer coma duration (P = .001) 
but not with number of convulsions or mortality (Table 4).

CSF Tau Concentrations and Neurologic and Cognitive Outcomes Over 
24-Month Follow-up

Elevated baseline CSF tau concentrations were observed in chil-
dren with ND compared to those without ND at discharge and 
6, 12, and 24  months after discharge (all P ≤ .02; Figure 3A). 
All differences remained significant when children with HIV in-
fection (n = 3) were excluded (data not shown). The predictive 
value of admission CSF tau concentrations increased over time 
with AUCs of 0.62 (95% confidence interval [CI], .52–.72), 0.77 
(95% CI, .60–.93), 0.80 (95% CI, .62–.99), and 0.89 (95% CI, .80–
.99), at discharge, 6, 12, and 24 months, respectively (Figure 3B).

Comparisons to cognitive outcome scores were performed 
using cognitive z score measurements from all study follow-up 
time points (1 week after discharge, and 6, 12, and 24 months 
after discharge) for each child. After adjustment for age, he-
moglobin, and glucose concentrations, retinopathy, AKI, and 
number of convulsions, admission CSF tau concentrations 
correlated inversely with associative memory z scores but 
not overall cognitive ability or attention z scores in children 
<5 years of age (P = .004; Figure 4A, Supplementary Table 1). 
In children ≥5 years of age, CSF tau concentrations correlated 

Figure 2. Admission cerebrospinal fluid (CSF) tau concentrations in children 
diagnosed with cerebral malaria vs control group. Circles represent CSF tau con-
centration in individual children. Horizontal lines show median and 95% confidence 
interval. Two-sample Wilcoxon rank-sum (Mann-Whitney) test. Abbreviation: CM, 
cerebral malaria.

Table 1. Demographic and Clinical Characteristics of 145 Ugandan Children With Cerebral Malaria (CM) in Whom Admission Cerebrospinal Fluid (CSF) 
Tau Concentrations Were Measured Compared With 124 Uganda Children With CM in Whom CSF Tau Concentrations Were Not Measured

Characteristic CSF Tau Measured (n = 145a) CSF Tau Not Measured (n = 124a) P Valueb

Age, y, median (IQR) 3.36 (2.63–4.19) 3.63 (2.29–5.22) .48

Female sex, % (no.) 40.69 (59) 41.13 (51) .94

HIV status, % positive (no./No.) 2.13 (3/141) 1.89 (2/106) .89

Hemoglobin, g/dL, median (IQR) 6.3 (4.9–8.5) 7 (5.65–8.85) .06

Glucose, mmol/L, median (IQR) 6.6 (5.1–9.2) 6.5 (4.65–8.65) .55

Parasite density, parasites/µL, median, (IQR), No. 53 680 (13 980–294 660), 141 42 560 (9760–209 220), 121 .44

Malaria retinopathy present, % (no./No.) 68.97 (100/145) 60.91 (67/110) .18

Acute kidney injury, % (no./No.) 50.00 (70/140) 35.83 (43/120) .02

Mortality, % (no.) 5.52 (8) 20.97 (26) <.001

Total hours in coma, median (IQR), no. 60 (33–83), 137 45.5 (27–80), 98 .08

Convulsions during hospitalization, % (no.) 60.00 (87) 45.97 (57) .02

No. of convulsions during hospitalization, median (IQR) 1 (0–2) 0 (0–2) .10

Neurologic deficits at discharge, %, (no./No.) 39.26 (53/135) 30.93 (30/97) .19

Neurologic deficits, 6-mo follow-up, %, (no./No.) 6.11 (8/131) 3.23 (3/93) .32

Neurologic deficits, 12-mo follow-up, %, (no./No.) 3.82 (5/131) 2.17 (2/92) .49

Neurologic deficits, 24-mo follow-up, %, (no./No.) 3.08 (4/130) 2.22 (2/90) .70

Abbreviations: CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; IQR, interquartile range.
aFor variables for which the no. is less than the total No. listed for the group, the numbers for that variable and group are noted in the table.
bWilcoxon rank-sum test for continuous variables, χ2 test for categorical variables.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz325#supplementary-data
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inversely with overall cognition (P = .005), attention (P = .006), 
and working memory (P = .005) over the 2-year follow-up pe-
riod (Figure 4B, Supplementary Table 1). The relationships 
between CSF tau and attention in children aged <5 years, and 
cognition, attention, and memory in children ≥5 years of age 
were unchanged when the 3 children with HIV were excluded 
from analysis (Supplementary Table 2).

DISCUSSION

In the present study, we demonstrate that clinical factors re-
flecting increased disease severity in CM, including young age, 
low glucose and hemoglobin concentrations, presence of reti-
nopathy and AKI, and prolonged coma duration, are associated 
with elevated admission concentrations of CSF tau, a marker 
of CNS axonal injury. We also demonstrate that elevated ad-
mission CSF tau concentrations are associated with increased 
CSF:plasma albumin ratio, an indicator of BBB breakdown, and 
with neurologic deficits and cognitive impairment over 2 years 
of follow-up, independent of the clinical factors. Together the 
findings suggest that factors involved in increased disease se-
verity and BBB breakdown may relate to acute axonal injury in 
CM, and that this acute axonal injury may be associated with 
long-term neurocognitive impairment.

While the association of CSF tau with acute neurologic 
deficits in children with severe malaria has been investigated be-
fore [15], the association of CSF tau with long-term neurologic 
and cognitive impairment in children with CM is a novel finding 
of our study. Indeed, the few studies of CSF tau in children have 
assessed only acute outcomes [15, 28]. Studies in adults have 
shown an association of increased CSF total tau with worse long-
term cognition in Alzheimer disease [29], and with neurologic 
deficits and impaired activities of daily living 1 year after trau-
matic brain injury [30]. In the present study, increased admis-
sion concentrations of CSF tau were associated with a large 
difference in z scores in multiple areas of cognition in children 
≥5 years of age (almost a full standard deviation lower z score 
for overall cognitive ability, attention, and working memory 
with each log10 increase in CSF tau), but with modest differences 
(about one-third of a standard deviation worse z scores) in only 
one area (associative memory) in children <5 years of age. These 
differences are present despite children <5 years of age with CM 
having overall cognitive scores that are significantly lower than 
their community peers [21], similar to children ≥5 years of age 
[16], and having higher CSF tau concentrations than children 
≥5 years of age. We have shown similar findings (ie, association 
of CSF biomarker with worse cognition only in children ≥5 years 
of age) with CSF tumor necrosis factor alpha (TNF-α) [31] and 
kynurenic acid [32], suggesting that the higher-level cognitive 
functions affected by these factors manifest and can be tested 
only at or after 5 years of age [33, 34]. This finding of potentially 
“growing into deficits” [35] is important, because it suggests that 
CNS damage occurring early in life may not be clear until later 
in life, and that studies of correlations of baseline biomarkers to 
cognitive outcomes should therefore take a long-term follow-up 
approach.

The biological pathways leading to BBB breakdown and axonal 
injury are not well defined in experimental CM models or human 
CM. Parasitized red blood cell sequestration has been proposed 
as a mechanism underlying BBB dysfunction in CM (reviewed in 
[36]), and the present study did find an association of PfHRP-2 
concentrations, a measure of parasite biomass, and the CSF:plasma 

Table 2. Relationship of Admission Cerebrospinal Fluid Tau 
Concentrations With Demographic and Clinical Characteristics in 145 
Ugandan Children With Cerebral Malaria

Clinical Characteristics Spearman ρ P Value

Age –0.37 <.001

Lactate level (n = 142) 0.07 .38

Glucose level (n = 143) –0.25 .003

Hemoglobin –0.27 <.001

Presence of malaria retinopathy (n = 144) 0.17 .04

Parasite density (PfHRP-2 level) 0.06 .43

Sequestered parasite biomass 0.07 .39

Acute kidney injury (n = 140) 0.29 <.001

CSF:plasma albumin ratio (n = 142) 0.37 <.001

Abbreviations: CSF, cerebrospinal fluid; PfHRP-2, P. falciparum histidine-rich protein.

Table 3. Admission Cerebrospinal Fluid Tau Concentrations by Retinopathy and Associated Subcategories (Retinal Hemorrhages, Vessel Changes, 
Macular Whitening)

Category

CSF Tau Concentration, Median (IQR), No.

P ValueaPresent Absent

Retinopathy 448.64 (266.37–1020.39), 100 275.33 (189.06–816.05), 45 .04

Retinal hemorrhages 603.35 (287.57–1196.59), 84 261.53 (185.63–654.59), 60 <.001

Peripheral whitening 460.1 (265.58–1019.81), 39 406.99 (234.96–921.34), 105 .67

Vessel changes 293.29 (250.44–957.60), 36 436.59 (238.13–975.94), 108 .54

Papilledema 257.47 (125.45–1411.87), 4 417.33 (239.66–971.16), 140 .39

Macular whitening 408.14 (262.42–1019.81), 54 414.25 (226.75–921.34), 90 .38

Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range.
aWilcoxon rank-sum test.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz325#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciz325#supplementary-data
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albumin ratio, a marker of BBB breakdown. However, parasite 
biomass did not correlate directly with CSF tau concentrations, 
suggesting that it is not associated with BBB breakdown and ax-
onal injury. Hypoglycemia, another mechanism linked with BBB 
dysfunction in CM [37], and with axonal injury in other disease 
processes (reviewed in [38]), was associated with increased CSF 
tau concentrations, suggesting that metabolic dysfunction may 
play a role leading to axonal damage in CM.

A number of other pathways could lead to axonal injury, in-
cluding systemic inflammation, endothelial dysfunction, endo-
thelial vasospasm, local ischemia from sequestration, damage 
from oxidative stress, and production and release of metabolites, 
like those of the kynurenine pathway [32], or cytokines, such as 
TNF-α [31], within the CNS. These pathways may relate to BBB 
breakdown and allow for passage of factors through the dam-
aged BBB [37, 39], or may cause axonal injury independently 
of BBB dysfunction. Future research should assess how specific 
pathways lead to axonal injury.

This study has limitations common to human studies of CM. 
We were unable to collect CSF from 69 children due to lack of 
parental consent or clinical contraindications to lumbar punc-
ture, so we cannot comment on associations between CSF tau 
and mortality. CSF tau concentrations were assessed at a single 
time point, so the extent to which these concentrations may 
change over time or how these changes relate to long-term 
neurocognitive function is unknown. Finally, study control 
children were North American, and not Ugandan, children. 
However, the study focus is on Ugandan children with CM, 
so the findings in control children are for comparison and 
do not affect the primary study finding that elevated CSF tau 
concentrations are associated with long-term neurologic and 
cognitive impairment in children with CM.

In summary, the study findings suggest that markers of 
increased disease severity and BBB dysfunction are associated 
with axonal injury in CM, and shows for the first time that ax-
onal injury, as demonstrated by elevated admission CSF tau 

Figure 3. Association with neurologic deficits (NDs). A, Admission cerebrospinal fluid (CSF) tau concentrations (log-transformed [base 10]) in children with cerebral malaria 
without and with NDs at baseline, 6, 12, and 24 months. Two-sample Wilcoxon rank-sum [Mann-Whitney] test. Symbols represent CSF tau concentration in individual chil-
dren. Shaded boxes show medians. B, Nonparametric receiver operating characteristic curve from predictive probabilities of logistic regression models with ND and CSF tau 
concentrations. Abbreviations: AUC, area under the receiver operating characteristic curve.

Table 4. Association of Admission Cerebrospinal Fluid Tau Concentrationsa With In-hospital Outcomes in Ugandan Children With Cerebral Malaria

Clinical Outcome Value
Unadjusted OR, Rate Ratio, or 
Risk Difference (95% CI), No. P Value

Adjusted OR, Rate Ratio, or 
Risk Difference (95% CI)a, No.b

P 
Value

Mortality OR 2.12 (.43–10.49), 145 .36 1.18 (.20–6.82), 138 .85

Coma durationc β 0.21 (.09–.33), 137 .001 0.22 (.09–.35), 131 .001

No. of convulsions 
in hospital 

IRR 1.53 (.94–2.49), 145 .08 1.32 (.76–2.27), 138 .32

Abbreviations: CI, confidence interval; IRR, incidence rate ratio; OR, odds ratio.
aLogistic regression (OR), multiple linear regression (β coefficient), or negative binomial regression (IRR) adjusted for age, hemoglobin and glucose concentrations, presence of retinopathy, 
and acute kidney injury.
bLower no. in adjusted group on account of missing data points in adjusted variables.
cLog-transformed (base 10).
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concentrations during the episode of CM, is associated with 
long-term neurologic and cognitive impairment in children with 
CM. Research on the mechanisms that lead to axonal injury in 
CM could lead to interventions that can prevent or decrease 
long-term neurocognitive impairment in children with CM.
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