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Abstract

Background and Objectives

For children with cerebral malaria, mortality is high, and in survivors, long-term neurologic and
cognitive dysfunctions are common. While specific clinical factors are associated with death or
long-term neurocognitive morbidity in cerebral malaria, the association of EEG features with
these outcomes, particularly neurocognitive outcomes, is less well characterized.

Methods

In this prospective cohort study of 149 children age 6 months to 12 years who survived cerebral
malaria in Kampala, Uganda, we evaluated whether depth of coma, number of clinical seizures,
or EEG features during hospitalization were associated with mortality during hospitalization,
short-term and long-term neurologic deficits, or long-term cognitive outcomes (overall cog-
nition, attention, memory) over the 2-year follow-up.

Results

Higher Blantyre or Glasgow Coma Scores (BCS and GCS, respectively), higher background voltage,
and presence of normal reactivity on EEG were each associated with lower mortality. Among clinical
and EEG features, the presence of >4 seizures on admission had the best combination of negative and
positive predictive values for neurologic deficits in follow-up. In multivariable modeling of cognitive
outcomes, the number of seizures and specific EEG features showed independent association with
better outcomes. In children younger than S years throughout the study, seizure number and presence
of vertex sharp waves were independently associated with better posthospitalization cognitive per-
formance, faster dominant frequency with better attention, and higher average background voltage
and faster dominant background frequency with better associative memory. In children younger than
S years at CM episode but 5 years or older at cognitive testing, seizure number, background dominant
frequency, and the presence of vertex sharp waves were each associated with changes in cognition,
seizure number and variability with attention, and seizure number with working memory.

Discussion

In children with cerebral malaria, seizure number is strongly associated with the risk of long-
term neurologic deficits, while seizure number and specific EEG features (average background
voltage, dominant rhythm frequency, presence of vertex sharp waves, presence of variability)
are independently associated with cognitive outcomes. Future studies should evaluate the
predictive value of these findings.
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Glossary

BCS = Blantyre Coma Score; CM = cerebral malaria; GCS = Glasgow Coma Score; KABC = Kaufman Assessment Battery for

Children; LME = linear mixed-effects.

Introduction

Malaria kills more than 600,000 people annually, most of
them were younger than $ years." Infection may result in
clinical syndromes ranging from asymptomatic parasitemia,
uncomplicated malaria (a flu-like illness), to severe malaria
with end-organ dysfunction. The most lethal form of severe
disease is cerebral malaria (CM), defined as an otherwise
unexplained coma in someone with asexual forms of Plas-
modium parasitemia. Untreated, CM is universally fatal.” With
prompt and optimal treatment, mortality rates vary from 15%
to 25%.% Clinical seizures are very common both before and
during hospitalization.

Multiple studies have established associations between bio-
markers or clinical factors and mortality in pediatric CM. Clin-
ical risk factors for death include deeper coma (Blantyre Coma
Score [BCS, a measure of coma depth used in young children
across Africa] < 1), leukocytosis, hypoglycemia, hyperlactatemia,
and papilledema.*® Diffuse brain swelling on brain MR, low
flow on transcranial Doppler ultrasound,' and certain features
on admission EEG>"'—focal or background slowing, low am-
plitudes, lack of reactivity, and absence of normal sleep
architecture—are associated with death in children with CM.

In CM survivors, neurologic and cognitive deficits are common.
At hospital discharge, 10%-30% of survivors have gross neuro-
logic abnormalities.'> Deficits may resolve or appear after hos-
pitalization. Long-term, 25%-50% have neurodevelopmental
impairments'*'* and 9%-17% have epilepsy.'>"” Previously
described neurodevelopmental sequelae include visual im-
pairment, motor abnormalities, ataxia, language regression,
cognitive impairment, and behavioral problems.n_29 Lower
average voltage and lower variability of fast frequencies on
admission EEG are associated with neurologic deficits at the
time of discharge.""***" In brain MRI acquired at 1 month
postdischarge, atrophy and multifocal signal abnormalities are
seen in children who had deficits at discharge."*>°

Although various clinical factors are associated long-term ad-
verse outcomes in CM survivors—repeated seizures prior to or
during hospitalization, admission depth of coma, higher maxi-
mum temperature, male sex, and the presence of focal neuro-
logic deficits at hospital discharge'>'*'7°
biomarkers have been investigated to this end. The association
of EEG features with long-term cognitive outcomes has not
been characterized to date. Knowledge of EEG features asso-
ciated with adverse long-term cognitive outcomes may aid in
identifying high-risk children most in need of cognitive training
and rehabilitation. To evaluate whether admission EEG

—comparatively few
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features are associated with mortality or adverse long-term
neurologic or cognitive outcomes in children with CM, we
compared clinical findings and EEG features on admission in a
cohort of Ugandan children with CM to in-hospital mortality,
short-term and long-term neurologic deficits, and long-term
cognitive outcomes over a 2-year follow-up period.

Methods

Study Enrollment, Clinical Care, and Evaluation
Children age 6 months to 12 years with a diagnosis of CM
(defined as coma with BCS <2 or Glasgow Coma Score
[GCS] <8, blood smear positive for Plasmodium falciparum,
and lack of alternative etiology for coma) admitted to Mulago
Hospital (Kampala, Uganda) between 2008 and 2013 were
eligible for inclusion in this prospective cohort study. Chil-
dren were excluded if they had a history of developmental
delay, cerebral palsy, head trauma, coma, malnutrition re-
quiring hospitalization, or other chronic illness requiring
persistent medical care. The history of seizures was not an
exclusion criterion. Participants received specific and sup-
portive care according to standard guidelines for severe
malaria in Uganda at that time. Intravenous quinine (20 mg/
kg loading dose followed by 10 mg/kg every 8 hours for a
minimum 3 doses or until the child was able to take orally)
was immediately administered on CM diagnosis. The BCS for
children younger than $ years* or GCS for children older than
S years was assessed by a clinician. Parents, caregivers, or
nurses notified the study medical officers about clinical sei-
zures after admission, and the number of these seizures was
recorded. We defined a seizure as nonsuppressible, repeated
tonic-clonic movements. Clinical seizures were treated with a
maximum of 2 doses intravenous diazepam, followed by a
loading dose of intravenous phenobarbital 15 mg/kg plus
additional escalation if needed. Some children received anti-
seizure medication before EEG performance.

EEG Acquisition and Interpretation

A 30-minute EEG, performed using the standard 10-20 sys-
tem, was acquired after initial clinical stabilization, generally
within 4 hours of hospital admission. Recordings were
obtained on an XLTEC 32 channel machine (Natus Medical
Corporation, Pleasanton, CA) with a sampling rate of 200 Hz.
EEG tracings were interpreted in real time to identify elec-
trographic seizures or nonconvulsive status epilepticus. After
hospital discharge, research interpretations by visual in-
spection (used in this study) were performed by a board-
certified pediatric neurologist, blinded to patient outcome,
using Persyst software (Persyst Corporation, Prescott, AZ).
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Neurologic and Cognitive Assessments

In survivors, physical and neurologic examinations, and/or
neurocognitive testing, were performed at hospital discharge
(neurologic examination), 1 week after discharge (neuro-
cognitive testing only), and 6, 12, and 24 months later (all
evaluations) (eFigure 1, links.lww.com/WNL/D28). We de-
fined a neurologic deficit as the presence of a motor or cranial
nerve abnormality, ataxia, movement, speech, or visual prob-
lems. Cogpnitive outcomes were assessed using standardized
testing tools previously validated for evaluation in Ugandan
children. In children younger than S years, we measured overall
cognition as a composite score of the fine motor, visual re-
ception, and receptive and expressive language scales on the
Mullen Scales of Early Learning.' We assessed attention using
the Early Childhood Vigilance Test.** Associative memory was
assessed using the Color Object Association Test.*>

In children § years and older, we measured overall cognition
using the Kaufman Assessment Battery for Children
(KABC),** with a summary mental processing index as the
primary outcome. Attention was assessed using the Test of
Variables of Attention,* with D prime measure as the primary
outcome. We used the KABC-2 subtest for sequential pro-
cessing to assess working memory. Emotional stimulation in the
home was measured by age-appropriate versions of the Home
Observation for the Measurement of the Environment.®

We calculated age-adjusted z-scores for neuropsychological
testing outcomes using aged-matched community controls.”
Z-scores were calculated using the patient’s score minus the
mean community control score for a child’s age. We com-
puted standard deviations by fitting a quadratic mixed-effects
model, including a random intercept for the child. Owing to
repeated testing, correlations within an individual were based
on time between visits, considering all visits for community
control children.

Statistical Analysis

Descriptive statistics are presented as median values with
interquartile range for continuous measures and proportions
for categorical measures. We assessed the association of
baseline demographic, clinical, or EEG features with in-
hospital mortality by logistic regression. We assessed the as-
sociation of seizure number, BCS/GCS, and EEG features
with neurologic deficits over a 24-month follow-up period
using logistic regression with Firth penalized likelihood pro-
cedure®” because of a low number of neurologic deficits
during follow-up. We assessed the association of EEG features
with longitudinal changes in cognitive z-scores over time us-
ing a linear mixed-effects (LME) model adjusted for age,
socioeconomic status, home environment z-score, and anti-
seizure medication administration before EEG, where obser-
vations within subject were correlated using a subject-specific
intercept, and time points were treated as categorical vari-
ables.>® The LME models used a banded diagonal covariance
matrix to model within-subject variance-covariance errors. We
fitted the mixed model by restricted maximum likelihood and
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used Kenward-Roger approximations to estimate the de-
nominator degrees of freedom.

To further characterize how coma score, seizure number, and
EEG features related to neurologic deficit at testing time
points, we evaluated negative and positive predictive values
for each factor and area under the curve for nonparametric
receiver operating characteristic curves. To determine whether
EEG features and seizure number were independently associ-
ated with long-term cognitive outcomes, we constructed mul-
tivariable regression models that included the number of
clinical seizures and EEG features associated with cognitive
outcomes in univariable analysis, choosing p value of <0.0S as
significant. T'o correct for multiplicity, the Benjamini-Hochberg
false discovery rate proceduree8 was used. Analyses were per-
formed using Stata version 16.1 (StataCorp, College Station,
TX). Please see supplementary material for references to
testing instruments and statistical tools.

Standard Protocol Approvals, Registrations,
and Patient Consents

Parents or guardians of study participants gave written in-
formed consent. Institutional Review Boards at Michigan
State University, University of Minnesota, and Makerere
University School of Medicine granted ethical approval.

Data Availability
Anonymized data not published within this article will be
made available by request from a qualified investigator.

Results

Study Participant Enrollment, Follow-up, and
Neurologic Deficits

Of the 269 children admitted with CM, 176 had EEGs
(eFigure 1, links.Iww.com/WNL/D28). Ninety-three children
with CM did not have EEG analysis performed because they
awakened before EEG performance or an EEG technician was
not available, so an EEG was not performed, or because their
level of consciousness during the EEG was not noted. Of the
176 children who had an EEG on admission, 27 died. All 149
survivors returned for 1-week postdischarge follow-up. At the
time of hospital discharge, the median age of survivors was 3.5
years, 64% were male, and 41% (61/148) had abnormal neu-
rologic examinations. The rate of abnormal neurologic exami-
nations decreased to 7.5% (11/146), 4.8% (7/145), and 4.2%
(6/142) at the 6-, 12-, and 24-month follow-up time points,
respectively. Follow-up was outstanding, with 142 of the 149
survivors of CM (95.3%) followed all the way through 2-year
follow-up. All children with neurologic deficits at later time
points had deficits at prior time points.

Association of Coma Score, Clinical Seizures,
and EEG Features With Mortality

A higher BCS or GCS was associated with lower mortality
(BCS, OR, 0.45, 95% CI 0.23, 0.88, p = 0.02; GCS, OR 0.35,
95% C10.13,0.95, p = 0.04) (Figure 1). Among EEG features,
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higher average voltage (log;o-transformed) (OR 0.05; 95% CI
0.01, 0.36; p = 0.003) and the presence of reactivity (OR 0.26,
95% CI 0.08, 0.81; p = 0.02) were associated with lower
mortality.

Associations of Clinical Seizures, Coma Score,
and EEG Features With Neurologic Deficits
Over Time

The number of seizures during admission was associated with
neurologic deficits at 6, 12, and 24 months, with stronger
associations over time (Figure 2). Having 4 or more seizures
Vs < 4 seizures was more strongly associated with neurologic
deficits than a lower seizure number, whereas having S or
more seizures did not discriminate better than have 4 or more
seizures (eTable 1, links.Iww.com/WNL/D28). Ahigher BCS
was associated with a lower risk of neurologic deficits at the 6-,
12-, and 24-month time points (Figure 2). Too few older
children (in whom GCS was used) had long-term neurologic
deficits to allow evaluation of the association of GCS with
neurologic deficits.

Among EEG features, lower average voltage, slower dominant
frequency, and the presence of asymmetry, epileptiform dis-
charges, or electrographic seizures were all associated with
neurologic deficits at the 6-, 12-, and 24-month follow-up
(Figure 3). Because clinical evaluations would rely on negative
and positive predictive value of specific factors, we evaluated
dichotomized values for BCS (<2 vs 2), seizure number (>4 vs
<4), average background voltage (<50 vs >S50 microvolt),
dominant frequency (<2.5 vs >2.5 Hz), and asymmetry (yes

vs no). Seizure number had the best positive predictive values
for neurologic deficits in follow-up among all clinical or EEG
features and had high negative predictive values like those of
BCS or EEG features (Table 1).

Association of the Number of Clinical Seizures
and Coma Score With Cognitive Outcomes

We evaluated whether clinical features (e.g, number of sei-
zures, coma score) were associated with cognitive outcomes.
Higher seizure number was associated with worse cognition
and attention in children younger than S years at CM episode
and worse cognition, attention, and associative memory in
children younger than 5 years at CM episode but 5 years or
older at testing time. Higher seizure number was not associ-
ated with any cognitive outcome in children S years or older at
CM episode (Table 2). Cutoffs of 4+ or 5+ seizures (com-
pared with <4 or <S seizures, respectively) had similarly
strong associations with cognitive outcomes in children
younger than S years, and the associations with these cutoffs
were stronger than with lower numbers of seizures (eTable 2,
links.Iww.com/WNL/D28).

Higher admission BCS was associated with better overall
cognitive ability in children younger than S years at CM ep-
isode, and better attention and memory in children younger
than 5 years at CM episode but § years or older at testing time.
Higher GCS was not associated with improved cognitive
outcomes in any domain in children S years or older at CM
episode (Table 2). In cognitive outcome evaluation, BCS and
number of seizures were collinear, so an analysis of whether

Figure 1 Associations Between Demographic, Clinical, and EEG Characteristics and Mortality

CM deceased CM survived Odds ratio (95% Cl) p value®
(n=27) (n=149)
N Median (IQR)? N Median (IQR)?
Demographic characteristics
Age (years) 27 25(2.1,4.5) 149 3.5(2.6,4.4) L 0.87(0.69,1.11)  0.28
Sex, male, n (%) 27 13(48.2) 149 96 (64.4) —e—t 0.51(0.22,1.18)  0.11
Clinical characteristics
Blantyre coma score (<5 years) 22 1(1,2) 116 2(1,2) —e— 0.45 (0.23, 0.88) 0.02
Glasgow coma score (5 years) 5 6(5,7) 34 7(7,8) —e—| 0.35(0.13, 0.95) 0.04
Seizures prior to admission 27 3(2,6) 148 4(2,6) [ ] 0.99(0.90, 1.10) 0.92
Seizures after admission 27 1(0,2) 149 1(0,2) o 1.06 (0.92, 1.22) 0.42
Electroencephalogram characteristics
Average background voltage, Ve 23 50 (40, 80) 145 70(50,90) ———&——— 0.09 (0.01, 0.61) 0.01
Dominant frequency, Hz 23 1.5(1.0,2.5) 143 2.0 (1.5, 2.5) e 0.60(0.34,1.07)  0.09
Vertex sharp waves, n (%) 27 8(29.6) 145 57(39.3) —e 0.65(0.27,1.58)  0.34
Sleep spindles, n (%) 27 12 (44.4) 145 88 (60.7) —eo—i 0.52(0.23,1.19)  0.12
Normal reactivity, n (%) 25 4(16.0) 132 55(41.7) ——i 0.27 (0.09, 0.82) 0.02
Paradoxical reactivity, n (%) 4 3(75.0) 55 51(927) +——&——— 0.24 (0.02, 2.81) 0.25
Asymmetry, n (%) 27 2(7.4) 145 20(13.8) —— 0.50(0.11, 2.28) 0.37
Variability, n (%) 27 14(51,9) 146 97 (66.4) —e— 0.54(0.24,1.25)  0.15
Epileptiform discharges, n (%) 27 2(7.4) 149 20(13.4) —— 0.52(0.11, 2.35) 0.39
Electrographic seizures, n (%) 27 1(3.7) 149 11(7.4) T 0.48 (0.06, 3.90) 0.49
T T T T
0.01 0.10  1.00 10.00

Protection «—— OR (95% Cl) — Risk

2Except where noted, PLogistic regression model, “Adjusted for whether child was on antiseizure medication before EEG, “Log(base 10)-transformed for
regression. Forest plot shows odds ratios and 95% Cl of those who died vs survived, where red indicates a significant association between characteristic and

protection of in-hospital mortality.
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Figure 2 Association of Number of Seizures Before or During Admission or Blantyre Coma Score and Neurologic Deficits

Over Time
With neurologic Without Odds ratio (95% ClI) p value
deficit neurologic deficit
Clinical N Median N Median
characteristics (IQR) (IQR)
Number of Discharge 61 4(2,6) 86 4(2,6) g 1.04 (0.96, 1.13) 0.34
seizures before 6 months 1 4(2,5) 134 4(2,6) > 1.00(0.85, 1.16) 0.96
gdrmission 12 months 7 3(1,4) 137 4(2,6) e 0.86(0.64,1.15)  0.31
24 months 6 3(1,4) 136 4(2,6) keri 0.86 (0.63, 1.18) 0.36
Number of Discharge 61 0(0,2) 87 1(0,2) o 1.06 (0.93, 1.21) 0.39
:Zi;ﬂggfoi‘;tgl:rmg 6 months 1 1(0,8) 135 1(0,2) re- 1.43(1.10, 1.86) 0.01*
hospitalization 12 months 7 5(0,9) 138 1(0,2) red 1.53(1.15, 2.03) 0.003*
24 months 6 7(0,9) 136 1(0,2) re- 1.63(1.21,2.19) 0.001*
Blantyre coma Discharge 47 2(1,2) 68 2(1,2) —e—H 0.66 (0.35, 1.24) 0.20
score (<5 years) 6 months 10 1(1,1) 104 2(1,2) —e—t 0.21(0.08, 0.59) 0.003*
12 months 6 1(1,1) 107 2(1,2) —— 0.24(0.07, 0.79) 0.02*
24 months 5 1(1,1) 105 2(1,2) —e— 0.16 (0.04, 0.62) 0.01*
0.|01 0.|1 0 1.00 10!00
Protection @——— OR (95% Cl) ——P Risk

?Binary logistic regression using Firth penalized likelihood procedure. Red indicates significant association between clinical characteristic and protection or
risk of neurologic deficit at each time point before correction for multiplicity. *Significant p value after correction for multiple comparisons using Benjamini-

Hochberg false discovery rate approach.

BCS and number of seizures were independently associated
with cognitive outcomes was not possible.

Association of EEG Features With

Cognitive Outcomes

Finally, we evaluated associations of EEG features with cog-
nitive outcomes. Among continuous EEG features, higher
average background voltage and faster dominant frequency
were associated with better cognitive outcomes in one or
more domains in children younger than S years at the time of
CM episode, whether tested at younger than S or 5 years or
older at the time of follow-up testing. Neither amplitude nor
frequency was associated with cognitive outcomes in children
younger than S years at the time of CM episode (Table 3).
Among categorical EEG variables, the presence of variability
was associated with significantly higher attention scores, and
asymmetry with significantly lower scores, in children youn-
ger than 5 years at CM episode but S years or older at the
follow-up testing (Table 3).

Multivariable Model of Association of Clinical
and EEG Features With Cognitive Outcomes

To determine whether clinical variables (seizure number) and
EEG features were independently associated with cognitive
outcomes, we conducted multivariable analysis, including all
features associated in univariable analysis in the multivariable
model (BCS was again not included because of collinearity with
seizure number, and electrographic seizures and epileptiform
discharges were not included because they were strongly as-
sociated with asymmetry). Among children younger than
S years on admission and in follow-up, fewer clinical seizures
and the presence of vertex sharp waves were independently

Neurology.org/N

associated with higher overall cognition scores, higher domi-
nant frequency with better attention scores, higher average
background voltage, and higher dominant frequency with
better associative memory scores (Table 4).

Among children younger than S years on admission but 5
years or older in follow-up, fewer clinical seizures, faster
dominant frequency, and the presence of vertex sharp waves
were each independently associated with higher cognition
scores. Fewer clinical seizures and the presence of variability
were associated with higher scores on measures of attention.
An increased number of seizures were associated with lower
associative memory test scores (Table 4).

Multivariable models were not constructed for cognitive
outcomes in children § years or older because the number of
clinical seizures was not associated with any cognitive out-
comes in this age group.

A schematic of clinical and EEG features that were associated
with mortality, neurologic deficits over follow-up, or long-
term cognition scores is presented in eFigure 2, links.lww.
com/WNL/D28.

Discussion

In this study, we show for the first time that in children with
CM, the clinical finding of the number of postadmission seizures
and specific EEG features on admission are each independently
associated with long-term cognitive outcomes, while seizure
number alone, an easily assessable clinical parameter, is strongly

Neurology | Volume 101, Number 13 | September 26, 2023

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e1311


http://links.lww.com/WNL/D28
http://links.lww.com/WNL/D28
http://neurology.org/n

e1312

Figure 3 Association Between EEG Features and Neurologic Deficits Over Time

With neurologic Without Odds ratio (95% CI) p value®
deficit neurologic deficit
Continuous N Median N Median
EEG features (IQR) (IQR)
Average Discharge 60 60 (40, 80) 84  75(50, 100) L 0.91 (0.83, 1.00) 0.06
background 6 months 11 40(30,40) 131 70 (50, 90) +o4 0.66 (0.48, 0.92) 0.01
voltage, uve 12 months 7 40(30,40) 134 70 (50, 90) o4 0.56 (0.34, 0.91) 0.02*
24 months 6 35 (30, 40) 132 70 (50, 90) e 0.58 (0.35, 0.96) 0.03*
Dominant Discharge 58 2.0(1.5,2.5) 84 2.0(2.0,3.0 o] 0.74(0.50, 1.10) 0.14
frequency, Hz 6 months 10 1.5(1.0,2.00 130 2.0(1.5,2.5) —e—i 0.24(0.08, 0.66) 0.01*
12 months 6 1.3(1.0,2.00 133 2.0(1.5,2.5) ——i 0.22 (0.06, 0.80) 0.02*
24 months 5 1.0(1.0,1.5) 131 2.0(1.5,2.5) : ’—IH | I 0.16 (0.04, 0.69) 0.01*
0.01 0.10 1.00 10.00100.00
Categorical N n (%) N n (%)
EEG features
Vertex sharp Discharge 60 26 (43.3) 84 31(36.9) He— 1.30(0.67, 2.55) 0.44
waves 6 months 11 4(36.4) 131 51(38.9) —e— 0.94(0.28,3.18) 0.92
12 months 7 2(28.6) 134 52 (38.8) . 0.71(0.15, 3.31) 0.67
24 months 6 1(16.7) 132 53 (40.2) T 0.41 (0.06, 2.55) 0.34
Sleep spindles Discharge 60 35 (58.3) 84 53 (63.1) o 0.82(0.42, 1.61) 0.56
6 months 11 7 (63.6) 131 80 (61.1) L ) 1.07 (0.31, 3.61) 0.92
12 months 7 5(71.4) 134 81 (60.5) === 1.44(0.31, 6.70) 0.64
24 months 6 5(83.3) 132 79 (59.9) 1 2.47 (0.39, 15.51) 0.34
Normal Discharge 53 21(39.6) 78 34 (43.6) o 0.85(0.42, 1.72) 0.66
reactivity 6 months 9 3(333) 121 52 (43.0) —e— 0.71(0.19, 2.74) 0.62
12 months 6 2(333) 124 53 (42.7) e 0.74(0.15, 3.63) 0.71
24 months 5 1(20.0) 122 53 (43.4) =T 0.43 (0.07, 2.84) 0.38
Asymmetry Discharge 59 8(13.6) 86 12 (14.0) —e— 0.98(0.38, 2.52) 0.97
6 months 11 5(45.5) 131 14 (10.7) —*— 6.86 (1.95, 24.17) 0.003*
12 months 7 4(57.1) 134 15(11.2) —— 9.91 (2.23, 44.15) 0.003*
24 months 6 4(66.7) 132 15(11.4) e 13.65 (2.66, 69.94) 0.002*
Variability Discharge 61 39(63.9) 84 58 (69.1) e 0.80 (0.40, 1.59) 0.52
6 months 11 6(54.6) 132 90 (68.2) —e1 0.55(0.17, 1.83) 0.33
12 months 7 3(429) 135 92 (68.2) —e— 0.37(0.09, 1.55) 0.17
24 months 6 2(33.3) 133 90 (67.7) —e— 0.27(0.05, 1.31) 0.10
Epileptiform Discharge 61 9(14.8) 87 11 (12.6) —— 1.20(0.48, 3.05) 0.70
discharges 6 months 11 5(45.5) 135 15(11.1) ——i 6.58 (1.88, 23.02) 0.003*
12 months 7 3(42.9) 138 17 (12.3) —— 5.40 (1.22, 23.82) 0.03
24 months 6 3(50.00 136 16 (11.8) == 7.30 (1.52, 35.05) 0.01*
Electrographic Discharge 61 5(8.2) 87 6(6.9) —— 1.22(0.37, 3.99) 0.74
seizures 6 months 11 3(27.3) 135 8(5.9) ——i 6.18 (1.49, 25.69) 0.01*
12 months 7 3(42.9) 138 8(5.8) = 11.94 (2.51, 56.81) 0.002*
24 months 6 3(50.00 136 8 (5.9) | | '—l'—' 15.12 (2.94, 77.63) 0.001*

Protection «=——— OR(95% Cl)

0.01 0.10 1.00 10.00 100.00
— Risk

“Binary logistic regression using Firth penalized likelihood procedure, adjusted for antiseizure medication use before EEG. "Rescaled as pV/10 in logistic
regression model. Red indicates significant association between EEG feature and protection or risk of neurologic deficit at each time point before correction
for multiplicity. *Significant p value after correction for multiple comparisons using Benjamini-Hochberg false discovery rate approach.

associated with long-term neurologic deficits. Thus, the evalua-
tion of postadmission number of seizures may be useful in
identifying children at highest risk of neurologic deficits. Pre-
diction of children at highest risk of cognitive impairment is
more complex, but this study shows that specific EEG features
(average background voltage, dominant rhythm frequency,
presence of vertex sharp waves, presence of variability) and sei-
zure number are each independently associated with specific
cognitive outcomes. The study findings provide a basis for future
studies that evaluate the predictive value of these clinical and
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EEG features for cognitive impairment. Such studies could po-
tentially identify children at greatest risk of long-term cognitive
impairment. Identification of these children, and the
development of interventions that can decrease long-
term impairment in these children, could substantially
decrease the long-term neurocognitive burden of CM.

Previous studies of EEG findings in CM have focused on
mortality and neurologic deficit outcomes. Our study findings
are largely consistent with these studies which showed
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Table 1 Performance of Clinical and EEG Features on Neurologic Deficits at Discharge and 6-, 12-, and 24-Month

Follow-up

0 mo 6 mo 12 mo 24 mo

N=111 N =110 N =109 N =106

PPV NPV PPV NPV PPV NPV PPV NPV
Blantyre Coma Score <2 51.2 64.3 22,5 98.6 12.8 98.6 135 100
No. of seizures >4 85.7 61.5 833 95.2 66.7 98.1 66.7 99.0
Avg. background voltage <50 pV 58.3 63.2 36.0 98.8 24.0 100 20.8 100
Dominant rhythm frequency <2.5 Hz 52.2 68.8 11.1 96.2 6.7 98.1 6.8 99.0
Asymmetry 40.9 63.4 19.1 95.3 143 97.6 143 98.4

Abbreviations: NPV = negative predictive value; PPV = positive predictive value.

associations of lower average and maximal voltages, focal
slowing, and a lack of reactivity with an increased likelihood of
death." In other studies of EEG in CM, asymmetry and lower
voltages were independently associated with an increased
mortality risk.>" Similarly, we found, consistent with other
studies, that lower average voltage was associated with neu-
rologic deficits at discharge and/or in follow-up'"*" but did
not find the association of sleep spindles with decreased odds
of neurologic sequelae.’’

EEG features did not provide substantially better negative or
positive predictive value for the presence of neurologic deficits
6 months to 2 years after admission for CM than the simple
measure of the number of clinical seizures postadmission. In
this study, a cut-off threshold of >4 seizures during admission
provided the greatest predictive value for long-term neuro-
logic deficits. Future studies should determine whether this

cutoff is consistent and replicated such that it could be used to
identify children at risk for adverse neurologic outcomes.

Neurologic deficits decreased significantly from discharge
(41%) to the 6-month follow-up (7.5%). Of the 10 children
with deficits at 6 months, 6 still had deficits at 12 months
(4.8%) and S at 24 months (4.2%). These findings are con-
sistent with previous studies’* and suggest that most neuro-
logic recovery in children with CM occurs within the first 6
months after acute illness. Foreknowledge of the small subset
(4.2%) of CM survivors whose deficits persist for 2 years or
more could help to identify those at highest need of early
physical therapy or other neurologic rehabilitation.

Poor cognitive outcomes in children with CM younger than 5
years are strongly associated with increased numbers of clin-
ical seizures during the index illness. An increased number of

Table 2 Association of Number of Seizures During Hospitalization and Coma Score With Cognitive Outcomes

<5y at cerebral malaria episode,
<5y at cerebral malaria episode but >5 y at follow-up testing >5y at cerebral malaria episode

Clinical Cognitive N (obs), N (obs), N (obs),
measure outcome N? B (95% CI) p Value N? B (95% ClI) p Value N? B (95% CI) p Value
No. of Overall 351to 115 -0.18(-0.30to -0.05) 0.006  82to 61 -0.23(-0.34to-0.11) <0.001 129to33 -0.27 (-0.93 to 0.40) 0.42
seizures  cognition

Attention  361to 116 -0.09 (-0.16 to -0.02) 0.009  83to61 -0.24(-0.35t0 -0.13) <0.001 126to33 0.07 (-0.35t0 0.49) 0.74

Memory®  362to 116 -0.02(-0.06 to 0.01) 0.17 83to 61 -0.30(-0.44to-0.15) <0.001 129to 33 -0.03(-0.47 to 0.41) 0.89
Blantyre Overall 351to 115 0.57 (0.02 to 1.13) 0.04 82to 61 0.24(-0.33 to 0.80) 0.40 129to 33 -0.24(-1.28t0 0.81) 0.65
or cognition
Glasgow
Coma
Score

Attention  361to 116 0.12(-0.20 to 0.45) 0.45 83to 61 0.62(0.05 to 1.20) 0.03 126to 33 -0.34(-0.94t0 0.26) 0.26

Memory®  362to 116 0.12(-0.03 to 0.28) 0.12 83to 61 1.21(0.53to 1.89) 0.001 129to33 -0.10(-0.83t0 0.64) 0.79

Results from linear mixed-effects model adjusted for age, socioeconomic status, home environment z-score, and antiseizure medication administration.

2N (obs), total number of testing visits for all children included in the analysis;

N, unique number of children included in the analysis.

® Associative memory for children <5 years, working memory for children 5 years or older. Results in bold considered significant with p value < 0.05.
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Table 3 Association of EEG Features With Cognitive Outcomes

<5y at cerebral malaria episode, but >5 y at follow-up
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<5y at cerebral malaria episode testing 25y at cerebral malaria episode
EEG measure Cognitive outcome N (obs), N® B (95% Cl) p Value N (obs), N* B (95% CI) p Value N (obs), N* B (95% Cl) p Value
Continuous EEG features
Average background voltage (log1o) Overall cognition 336to 111 0.57(-1.17 to 2.31) 0.51 81 to 60 1.35(-0.38 to 3.08) 0.12 129 to 33 -0.95 (-4.78 t0 2.88) 0.62
Attention 345t0 112 0.66 (-0.26 to 1.59) 0.16 82 to 60 1.66 (-0.13 to 3.45) 0.07 126t033  -0.27(-2.65t0 2.11) 0.82
Memory® 347to 112 0.54(0.08 to 1.00) 0.02* 82to 60 2.07 (-0.10 to 4.23) 0.06 129t033  0.46 (-2.03 to 2.95) 0.71
Dominant frequency Overall cognition 329to 109 0.45(0.04 to 0.86) 0.03* 80to59 0.55(0.17 to 0.93) 0.004* 129 to 33 0.37 (-0.32 to 1.06) 0.28
Attention 338to 110 0.35(0.14 to 0.55) 0.001* 81to 59 0.43 (0.08 to 0.79) 0.02* 126t033  0.26(-0.16 to 0.67) 0.22
Memory® 340to 110 0.21(0.10 to 0.32) <0.001* 81to59 0.52 (0.07 to 0.97) 0.02* 129t033  0.34(-0.10t0 0.78) 0.12
Categorical EEG features
Vertex sharp waves Overall cognition 336to 111 0.59 (-0.08 to 1.27) 0.08 81 to 60 0.69 (-0.09 to 1.46) 0.08 129 to 33 -0.03(-1.68t0 1.62) 0.97
Attention 345t0 112 0.28 (-0.10 to 0.65) 0.14 82 to 60 0.83(0.11 to 1.55) 0.02 126t033  0.42(-0.57 to 1.42) 0.39
Memory® 347to 112 -0.00 (-0.19 to 0.19) 0.99 82 to 60 0.39(-0.53 to 1.31) 0.40 129t033  0.33(-0.74to 1.39) 0.54
Sleep spindles Overall cognition 336to 111 0.17 (-0.54 to 0.89) 0.63 81 to 60 -0.12 (-0.91 to 0.68) 0.77 129t033  0.94(-0.65 to 2.53) 0.24
Attention 345to 112 0.08 (-0.32 to 0.47) 0.70 82 to 60 0.40 (-0.34 to 1.14) 0.29 126t033  0.10(-0.90 to 1.10) 0.84
Memory® 347to 112 -0.05(-0.24 to 0.15) 0.65 82 to 60 -0.31(-1.22 t0 0.61) 0.51 129t033  -0.25(-1.31t00.81) 0.64
Normal reactivity Overall cognition 304 to 101  0.31(-0.41 to 1.04) 0.39 76 to 57 0.33(-0.48 to 1.14) 0.42 120 to 30 0.60 (-1.10 to 2.30) 0.47
Attention 314t0 102  0.15(-0.25 to 0.54) 0.46 77 to 57 0.80 (0.05 to 1.54) 0.04 117t030  0.52(-0.49to 1.53) 0.30
Memory® 314t0 102 0.01(-0.20 to 0.22) 0.90 77 to 57 0.75(-0.16 to 1.67) 0.11 120t030  1.02(0.08 to 1.96) 0.03
Asymmetry Overall cognition 337to 111 -0.59 (-1.58 to 0.39) 0.23 81 to 60 -0.71 (-2.05 to 0.64) 0.30 129to33  0.89(-1.40to0 3.18) 0.43
Attention 346to 112 -0.23(-0.76 to 0.31) 0.40 82 to 60 -1.86 (-3.18 to -0.54) 0.01* 126t033  -1.09(-2.43t00.25) 0.11
Memory® 348to 112 -0.18 (-0.45 to 0.09) 0.19 82 to 60 -1.36 (-3.00 to 0.28) 0.10 129t033  -0.09(-1.60to 1.41) 0.90
Variability Overall cognition 339to 112 0.26 (-0.44 to 0.95) 0.46 8210 61 0.84 (0.09 to 1.60) 0.03 129t033  0.26(-1.60t0 2.12) 0.78
Attention 348to 113  0.27 (-0.11 to 0.65) 0.16 8310 61 1.17 (0.52 to 1.83) <0.001* 126t033  1.08(0.03to 2.14) 0.04
Memory® 350to 113 0.03 (-0.16 to 0.22) 0.78 83t0 61 0.77 (-0.12 to 1.65) 0.09 129to33  0.88(-0.29 to 2.04) 0.13
Epileptiform discharges Overall cognition 351to 115 -0.63 (-1.65 to 0.40) 0.23 82 to 61 -1.23(-2.82t0 0.37) 0.13 129 to 33 -0.95(-3.15t0 1.24) 0.38

Continued
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Table 4 Independent Association in Multivariable Analysis of Clinical and EEG Features With Cognitive Outcomes

Overall Associative
cognition memory
B (95% ClI) p Value Attention B (95% Cl) p Value B (95% Cl) p Value
Children <5y at cerebral malaria episode
No. of clinical seizures -0.18 (-0.34 to -0.02) 0.03 -0.06 (-0.14 to 0.01) 0.10 -0.02 (-0.06 to 0.03) 0.49
Average background voltage (log4o) 0.34 (-1.59 to 2.26) 0.73 0.53 (-0.38 to 1.44) 0.25 0.59 (0.07 to 1.11) 0.03
Dominant frequency 0.43 (-0.02 to 0.88) 0.06 0.29 (0.07 to 0.51) 0.01 0.23(0.10 to 0.36) 0.001
Vertex sharp waves 0.75(0.01 to 1.50) 0.05 0.33(-0.03 to 0.69) 0.07 0.03(-0.18 to 0.24) 0.78
Normal reactivity 0.33 (-0.55 to 1.21) 0.46 -0.04 (-0.48 to 0.39) 0.85 0.01 (-0.24 to 0.26) 0.96
Asymmetry -0.04 (-1.30 to 1.22) 0.95 -0.37 (-0.99 to 0.25) 0.24 -0.33 (-0.68 to 0.03) 0.07
Variability -0.23 (-1.14 to 0.68) 0.62 0.11 (-0.34 to 0.56) 0.62 -0.09 (-0.34t0 0.17) 0.49
Children <5y at cerebral malaria episode
but 25 y at follow-up testing
No. of clinical seizures -0.14 (-0.27 to -0.01) 0.03 -0.14 (-0.25t0 -0.02)  0.02 -0.17(-0.33t0 -0.01)  0.04
Average background voltage (log4o) 0.88 (—0.69 to 2.46) 0.26 0.84 (-0.65 to 2.33) 0.26 1.24 (-0.87 to 3.34) 0.24
Dominant frequency 0.47 (0.08 to 0.86) 0.02 0.28 (-0.08 to 0.64) 0.13 0.39 (-0.13 to 0.91) 0.14
Vertex sharp waves 0.81 (0.10to 1.52) 0.03 0.52 (-0.15 to 1.19) 0.12 0.19 (-0.75 to 1.14) 0.68
Normal reactivity -0.28 (-1.11 to 0.55) 0.50 0.14 (-0.63 to 0.92) 0.71 0.63 (-0.47 to 1.73) 0.26
Asymmetry 0.18 (-1.11 to 1.48) 0.78 -1.09 (-2.32t0 0.14) 0.08 -0.83 (-2.56 to 0.90) 0.34
Variability — — 0.86 (0.03 to 1.68) 0.04 0.22(-0.95 to 1.39) 0.71

Multivariable linear mixed-effects models adjusted for age, socioeconomic status, home environment z-score, and antiseizure medication before EEG.

Results in bold considered signficant with p value < 0.05.

adjudicated reads may have changed our study’s findings.
Study strengths included rigorous inclusion and exclusion
criteria; detailed and appropriate clinical, neurologic, and
cognitive evaluation; outstanding follow-up through 2 years
after the CM episode (>95%); and high quality of the EEG
testing, with interpretation by a board-certified neurologist.

Most EEG use in Africa is in large referral hospitals, such as the
one where our study was performed. For EEG to be useful
clinically, trained technologists, equipment, and interpreters must
all be available. If EEG equipment and personnel are available,
EEG acquisition and interpretation may provide a benefit to
children with CM by identifying electrographic-only seizures,
facilitating early treatment. In the short-term, the benefit of ad-
ditional EEG testing is likely to be limited to the few African
centers with the equipment, trained technicians, and pediatric
neurologist to interpret the EEG. Continued EEG studies in
children with CM will nonetheless be important to better define
brain physiology during this disease and to evaluate predictive
value of study findings for long-term neurologic deficits and
cognitive impairment. As costs of EEG equipment decrease and
the workforce of technicians and pediatric neurologists in Africa
increases, cost-benefit analysis of EEG testing for identification of
at-risk children with CM should be performed.
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In summary, this study shows that in children with CM, the
number of postadmission seizures and specific EEG features
on admission are independently associated with long-term
cognitive outcomes, while seizure number alone, an easily
assessable clinical parameter, is strongly associated with long-
term neurologic deficits. Future studies should evaluate the
predictive value of these findings to determine whether they
can be useful in identification of children who survive CM
who are at the highest risk of neurologic deficits or cognitive
impairment and allow for evaluation of early interventions,
once developed, to prevent or decrease the severity of these
complications.
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