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Severe Malarial Anemia is Associated With Long-
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Background. Cerebral malaria (CM) is associated with long-term neurocognitive impairment in children >5
years of age. No prospective studies to date have assessed neurocognitive impairment in children with CM <5
years of age, or in children with severe malarial anemia (SMA), a form of severe malaria estimated to affect as
many as 5 million children annually.

Methods. Children <5 years of age presenting to Mulago Hospital, Kampala, Uganda, with CM (n = 80) or SMA
(n=86) were assessed for overall cognitive ability, attention, and associative memory 1 week after discharge and 6
and 12 months later. The z scores for each domain were computed based on scores of 61 healthy community children
(CC), who were also tested at enrollment and 6 and 12 months later. Groups were compared using mixed linear
models, adjusted for age, weight for age, and child’s education.

Results. At 12 months, children with CM had lower adjusted scores than CC in cognitive ability (P <.001), at-
tention (P =.02), and associative memory, (P =.002). Children with SMA had lower scores than CC in cognitive
ability (P=.01) but not attention or associative memory. Cognitive ability scores in children with CM and SMA
did not differ significantly.

Conclusions. In children <5 years of age, SMA is associated with long-term impairment in cognitive ability,
whereas CM is associated with additional impairment in the areas of attention and associative memory. SMA
may be a major contributor to long-term neurocognitive impairment in children in sub-Saharan Africa.
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Severe malarial anemia (SMA) and cerebral malaria
(CM) are common complications of Plasmodium fal-
ciparum malaria. Prospective studies in Ugandan chil-
dren 5-12 years of age with CM found significant
cognitive impairment 2 years after the episode [1, 2].
Retrospective studies suggest that this impairment
may last 8 years or longer [3, 4]. The primary areas
affected are attention, memory, speech and language,
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visual spatial ability and executive function [4].
Seizures, hypoglycemia, prolonged coma, and elevated
cerebrospinal fluid tumor necrosis factor levels at the
time of the CM episode all seem to contribute to the
long-term impairment [5]. Emerging evidence suggests
that the spectrum of malaria infection, from asymptom-
atic to severe disease, affects cognitive functions [6-10].
Given the effect on cognition of nonsevere forms of ma-
laria and the association of anemia with impaired cog-
nition [7, 9, 11], SMA, which affects as many as 5
million children annually [12], may also affect cogni-
tion. SMA is more common than CM and could signifi-
cantly hinder children from achieving their full
cognitive potential.

SMA and CM both occur most frequently in sub-
Saharan African children <5 years of age, but no study
to date has prospectively examined neurocognitive
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outcomes in children with CM <5 years of age or in children of
any age with SMA. Critical events in brain growth, including
synaptogenesis and myelination, occur between birth and age
5 years [13, 14]. Depending on the location and severity, injuries
in this critical period could result in either more severe neuro-
cognitive impairment than injuries sustained at older ages or
better recovery due to neural plasticity in the younger age
group [15]. In the present study, we prospectively evaluated
the risk of neurocognitive impairment in children <5 years
old with SMA or CM in the year after their discharge from
the hospital.

METHODS

Study Participants

The study was performed at Mulago Hospital, Kampala,
Uganda. Children with CM or SMA or community children
(CC) were enrolled if they were between 18 months and 5
years of age. CM was defined as (1) coma (Blantyre Coma
Scale [BCS] score <2), (2) P. falciparum on blood smear,
and (3) no other known cause of coma (eg, meningitis, a pro-
longed postictal state, or hypoglycemia-associated coma
reversed by glucose infusion). SMA was defined as the
presence of P. falciparum on blood smear in children with a
hemoglobin level <5 g/dL. Children with CM or SMA were
managed according to the Ugandan Ministry of Health treat-
ment guidelines current at the time of the study. These includ-
ed intravenous quinine treatment followed by oral quinine for
severe malaria during hospital admission and artemisinin
combination therapy for outpatient follow-up therapy. All
children with a hemoglobin levels <5 g/dL (all with SMA, 31
with CM) received a blood transfusion.

The CC were recruited from the nuclear family, extended
family, or household compound area of children with CM or
SMA. Eligible CC were aged 18 months to 5 years and currently
healthy. Parents of children with CM or SMA were given infor-
mation about the study, asked whether any eligible children
were present in their extended family, and requested to bring
the eligible children to the center for evaluation. Parents of chil-
dren in the household compound of a child with CM or SMA
were also notified about the study during a home visit. Children
were enrolled if they met inclusion criteria and had no exclusion
criteria. Exclusion criteria for all children included (1) known
chronic illness requiring medical care; (2) known developmen-
tal delay; or (3) history of coma, head trauma, hospitalization
for malnutrition, or cerebral palsy. Additional exclusion criteria
for children with SMA included (1) impaired consciousness at
physical examination, (2) other clinical evidence of central
nervous system disease, or (3) >1 seizure before admission.
Additional exclusion criteria for CC included (1) illness requir-
ing medical care within the previous 4 weeks or (2) major

medical or neurologic abnormalities at screening physical
examination.

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 Maker-
ere University School of Medicine, University of Minnesota,
and Michigan State University.

Clinical and Demographic Assessment

All children underwent a medical history and physical examina-
tion. Children with CM were assessed for malaria retinopathy
[16] by means of indirect ophthalmoscopy. Nutrition was as-
sessed by height- and weight-for-age z scores (Epi Info version
3.5.3; Centers for Disease Control and Prevention). Emotional
stimulation in the home was measured by age-appropriate ver-
sions of the Home Observation for the Measurement of the En-
vironment [17]. Socioeconomic status was measured using a
scoring system described elsewhere, in which lower scores
have been associated with cognitive functioning in healthy
Ugandan children >5 years old [18].

Cognitive Assessment

Children were tested either a week after discharge (CM or SMA
group) or at enrollment (CC) and then 6 and 12 months after
enrollment. The Mullen Scales of Early Learning [19] were used
to measure cognitive ability. Scores from fine motor, visual re-
ception, receptive language, and expressive language scales were
summed to give the early learning composite score, a measure
of overall cognitive ability. Associative memory was assessed
using the Color Object Association Test [20], in which children
are required to associate toys with specific color-coded boxes
and scored on the total number of toys placed in the correct
boxes. Attention was assessed using the Early Childhood Vigi-
lance Test [21],in which a child was required to focus his or her
gaze on cartoons screened on a computer for about 7 minutes;
the measure of attention is the percentage of time the child
spends gazing at the screen. Neuropsychology testers were
blinded to the study group (CM, SMA, or CC) of the child
being tested. Pilot testing in healthy Ugandan children showed
a broad range of test scores and high reliability for these tests in
the present study context. The few other neurocognitive tests
previously used in young African children had limitations
that made them less suitable for use in the present study (eg,
the Bayley Scales of Development is for children <42 months
old [22] and the Malawi Developmental Assessment Test [23]
does not assess attention and memory, which are affected in
CM [1]). The Mullen scales and Color Object Association
Test have been successfully used to evaluate interventions to im-
prove cognition in Ugandan children exposed to human immu-
nodeficiency virus (HIV) [24] and to evaluate the effect of
maternal health and caregiving on children’s cognition [25].
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Statistical Analyses

Demographic characteristics were compared using ¢ tests for
continuous measures, Pearson )~ test for categorical variables,
or Fisher exact test for binary variables. Age-adjusted z scores
for cognitive outcomes were created using the scores of the
CC [1, 2]. For each outcome, the z score was computed as (ac-
tual score — mean score for child’s age)/standard deviation
(SD), where the mean score for age and SD were computed
by fitting a mixed linear model to data from all available visits
for CC (allowing correlated errors for a child’s multiple visits); z
scores have a mean of 0 and SD 1 in the reference population
(CC) over all time points. Groups were then compared accord-
ing to z scores using all 3 testing times and analyzed using a
mixed linear model, which generalizes repeated-measures
analysis (again allowing correlated errors for a child’s multiple
visits). Because CC differed from children with CM or SMA in
age, weight-for-age and height-for-age z scores, and child edu-
cational level, neurocognitive z scores between groups were
compared with adjustment for these characteristics. Sample
sizes of 60 CC and 80 children in each of the CM and SMA
groups were estimated a priori to give >80% power (o =.05)
to detect a 0.5 difference in z scores between each disease
group and CC.

For the CM and SMA groups separately, z scores for each
cognitive domain were tested for association with clinical fea-
tures using Pearson correlation for continuous variables and
2-sample ¢ tests for binary variables. To account for multiple
testing, differences were considered statistically significant for
these tests at P <.01 . Mixed linear models were estimated

using the SAS MIXED procedure (version 9.3; SAS Institute)
with default settings. Adjusted averages are SAS least-squares
means. Other analyses were performed with JMP software
(JMP Pro 10.0; SAS Institute).

RESULTS

Clinical and Demographic Characteristics of Study Participants
From November 2008 to January 2012, a total of 102 children
with CM, 102 with SMA, and 64 CC were recruited. As shown
in Figure 1, 13 children met exclusion criteria, 14 died during
the initial admission, 4 died during follow-up, 5 were withdrawn
from the study, and 5 were lost to follow-up. Eighty children with
CM, 86 with SMA, and 61 CC underwent neurocognitive testing
at baseline and at 6 and 12 months. Of 681 possible child visits,
data were missing for 33 for attention, 14 for associative memory,
and 5 for overall cognitive ability. Forty-three children (54%) with
CM had retinopathy, and 37 (46%) did not.

Demographic, socioeconomic, clinical, and laboratory findings
in the study children are summarized in Table 1. Children with
SMA were younger than CC and had lower weight-for-age z scores
than CC. Compared with the CC, fewer children with CM or SMA
had attended preschool. The 3 groups were otherwise similar
(Table 1). Hemoglobin SS (1 in CM and 4 in SMA group), HIV
infection (2 in CM and 1 in SMA group), and stool helminth in-
fection (Table 1) were uncommon. Mean hemoglobin levels
(£ SD) were lower in children with SMA (3.78 +0.85 g/dL)
than in those with CM (5.99 +2.06 g/dL; P <.001).

Cerebral Malaria

Severe Malarial Anemia

Community Controls

102 recruited 102 recruited 64 recruited
.5 excluded, 13 7 excluded, 1 died, 1 excluded
died 2 lost to follow-up,
v 1 withdrew h 4
84 tested 91 tested 63 tested
0 mo
1 died, 2 3 died, 2 lost to 2 withdrew, 1
# ’ withdrew, 1 lost L L follow-up i ’ missed 6-mo
80 tested to follow-up 86 tested 60 tested testing
6 mo
l l b 1 missing at 6-mo
returned
80 tested
12 mo 86 tested 61 tested

Figure 1.

Study design and follow-up.
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Table 1.

Demographic and Clinical Characteristics of Study Children

Characteristic CM (n=80) SMA (n =86) CC(n=61) P Value®
Age, mean +SD, y 28+0.6 25+0.6 29+0.7 <.001°
Female sex, No. (%) 29 (36) 36 (42) 27 (44) .60
Weight for age z score, mean + SD -12+1.2 -1.7+1.7 -0.7+1.3 <.001°
Height for age z score, mean = SD -05+13 -12+14 -1.0+14 0114
Socioeconomic status score, mean + SD 84+25 93+34 95+3.2 .06
Home environment z score, mean + SD -0.1+1.0 -0.1+0.8 0.0+1.0 .73
Maternal educational level, No. (%)

Primary 6 or lower 37 (46) 31 (36) 24 (39) .86

Primary 7 16 (20) 17 (20) 12 (20)

Secondary or higher 25 (31) 34 (40) 22 (36)

Not known 2 (2) 4 (5) 3 (5)
Paternal educational level, No. (%)

Primary 6 or lower 15 (19) 25 (29) 9 (15) 37

Primary 7 15 (19) 7 (8) 12 (20)

Secondary or higher 33 (41) 37 (43) 26 (43)

Not known 17 (21) 17 (20) 14 (23)
Child with preschool education, No. (%) 6 (8) 2(2) 14 (23) .001¢
Hemoglobin SS, No./total tested, (%) 1/77 (1) 4/83 () 0/61 (0) 23
HIV positive, No./total tested (%) 2/79 (3) 1/86 (1) 0/61 (0) .63
Stool helminth, No. (%)° 6/65 (9) 3/60 (5) 3/21 (14) 36

Abbreviations: CC, community children; CM, cerebral malaria; HIV, human immunodeficiency virus, SD, standard deviation; SMA, severe malarial anemia.
2 Pvalues based on 1-way analysis of variance for continuous variables and Pearson y? test for categorical variables other than hemoglobin SS, HIV, and stool

helminth infection, which were compared using Fisher exact test.
5 SMA group differs from CC and CM groups.

¢ SMA group differs from CC group.

4 SMA group differs from CM group.

© CM and SMA groups differ from CC group. Tukey test was used to compare continuous measures; for child's education, Pearson x? test was used to compare pairs

of groups, with Bonferroni adjustment.

Long-term Neurocognitive Outcomes in Children

With CM and SMA

Gross neurologic deficits were present in 43 children (51%)
with CM at discharge but had largely resolved at 6-month
(4 children, 5%) and 12-month (4 children, 5%) follow-up.
However, at 12-month follow-up, children with CM had signif-
icantly lower age-adjusted z scores than CC for cognitive ability,
attention, and associative memory (Figure 2). Children with
SMA had lower adjusted z scores than CC for overall cognitive
ability and showed a trend toward lower scores for attention but
did not differ for associative memory (Figure 2). The magnitude
of difference in cognitive ability or attention scores between
children with CM or SMA compared with CC did not change
significantly over the study period (Figure 2; P> .70 for tests of
the interaction of study group and visit for all 3 outcomes). The
differences in age-adjusted neurocognitive z scores between
children with CM or SMA and CC remained after additional
adjustment for weight-for-age and height-for-age z scores,
and child preschool education, the only factors that differed sig-
nificantly between study groups (Table 2). Adjusted scores for

cognitive ability and attention did not differ significantly
between children with CM and SMA (P > .05 for both), but chil-
dren with CM had significantly lower associative memory scores
than those with SMA (P =.001). Comparing adjusted scores be-
tween groups using all 3 testing time points, children with CM
had lower scores than CC in overall cognitive ability, attention,
and associative memory, whereas children with SMA had lower
scores than CC in overall cognitive ability and attention
(Table 2). Analyses were also conducted excluding children
with any preschool education, children with hemoglobin SS
or children with HIV infection. Differences between groups
remained significant after these groups were excluded
(Supplementary Tables 1-3).

Clinical Features Associated With Neurocognitive Outcomes

Clinical features assessed as risk factors for adverse neuro-
cognitive outcomes for children with CM or SMA included
hypoglycemia (glucose < 2.2 mmol/L), days of fever, use of an-
timalarial medications before admission, prior seizure history,

prior hospitalization, malnutrition, admission temperature,
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Figure 2. Age-adjusted neurocognitive test scores in children with cerebral malaria (CM) or severe malarial anemia (SMA) and in community children (CC)
at baseline and at 6 and 12 months for cognitive ability (A), attention (B), and associative memory (C). Scores are given as means with standard errors of the

mean.

systolic and diastolic blood pressure, hypoxia (pulse oxygen
saturation <92%), deep respirations, lactic acidosis (lactic acid
level >5 mmol/L), hyperparasitemia (>250 000 parasites/uL),
hemoglobin level, white blood cell count, platelet count, and
presence of bacteremia. For children with CM, additional clin-
ical features included presence and number of seizures before
admission, BCS score, coma duration, abnormal posturing,
presence and number of seizures after admission, and abnor-
mal neurologic examination findings at discharge or 6- or
12-month follow-up.

In children with SMA, no clinical features were associated with
worsened neurocognitive outcomes. In children with CM, de-
creased cognitive ability was seen in children with longer coma
duration, lower BCS score, more seizures, or neurologic deficits
at 6- or 12-month follow-up. Decreased attention was seen in
children with longer coma duration or neurologic deficits at 6-
month follow-up (Tables 3 and 4). The presence of retinopathy
did not modify the effect of CM for any neurocognitive outcome
(all P> .05), and children with or without retinopathy had similar
z scores for all cognitive outcomes (all P> .23).
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Table 2. Neurocognitive Outcome z Scores in Children With CM or SMA and in CC at 12-Month Follow-up and for All Study Visits®

CM-CC SMA-CC
Score and Outcome CM SMA cC Difference® P Value Difference® P Value
z Score at 12 mo, mean + SE
Cognitive ability -0.96+0.13 -0.63+0.13 -0.11+0.16 -0.85+0.21 <.001 -0.562+0.21 .01
Attention -045+0.12 -0.32+0.12 0.01+0.14 -0.46+0.19 .02 -0.33+£0.19 .08
Associative memory —0.52 £0.09 -0.09+£0.08 -0.10+£0.10 —-0.41+£0.14 .002 0.02+0.13 .89
z Score for all visits, mean + SE®
Cognitive ability —-0.94+£0.12 -0.57+£0.12 -0.10+£0.14 -0.85+0.19 <.001 —-0.48+0.19 .01
Attention —0.47 £ 0.09 -0.25+0.09 0.02+0.11 -0.49+0.14 <.001 -0.27+£0.14 .05
Associative memory -0.39+0.06 —-0.08 +0.06 -0.02+0.07 -0.38+0.09 <.001 —0.07 +£0.09 49

Abbreviations: CC, community children; CM, cerebral malaria; SE, standard error; SMA, severe malarial anemia.

@ Adjusted for age, nutrition, and child educational level. Age-adjusted neurocognitive z scores were calculated using CC as the comparator group. Nutrition was

adjusted for using for weight-for-age and height for age z scores.
® Estimated mean difference + SE.

¢ Mixed linear model estimates of mean zscores at enrollment and 6- and 12-month visits. The mixed linear model analysis is a generalization of repeated-measures

analysis.

DISCUSSION

To our knowledge, the present study demonstrates for the first
time that SMA, a form of severe malaria that affects between 1.5
and 5 million children in sub-Saharan Africa annually [12], is
associated with long-term impairment in overall cognitive abil-
ity. The z scores for cognitive ability at 12-month follow-up, ad-
justed for potential confounding factors, were almost a full SD
(—0.85) lower in children with CM compared with CC, and half
a SD lower (—0.52) in children with SMA, analogous to a diffe-
rence of 13 and 8 IQ points as a result of CM and SMA, respec-
tively. Given the large number of children who have SMA each
year and the size of the effect on overall cognitive ability in chil-
dren with SMA in the present study, SMA may be a major

contributor to long-term neurocognitive impairment in African
children.

Previous prospective studies have documented that although
gross neurologic deficits in children with CM largely resolve
over time [1, 26], CM is associated with long-term neurocogni-
tive impairment [1, 2], neurologic disability [27], and develop-
mental deficits [28] in children >3 years of age. The present
study confirms these findings in children with CM as young
as 18 months and adds to these findings a new finding of
long-term cognitive impairment in children with SMA. In the
present study, children with CM had significantly reduced
memory scores, which were not seen in children with SMA,
and of the clinical factors measured, those associated with neu-
rocognitive deficits occurred only in children with CM (eg,

Table 3. Categorical Variables Significantly Associated With Cognitive Ability or Attention in Children With Cerebral Malaria

Cognitive Ability Attention
Variable Group Mean (SE) P Value® Group Mean (SE) P Value®
BCS score® 1(n=17) —2.04 (0.37) <.001
2 (n=61) —0.52 (0.20)

Neurologic deficit at 6 mo Yes (n=4) —6.16 (0.55) <.001 Yes (n=4) -1.86 (0.47) .002

No (n=75) —0.59 (0.1) No (n=72) -0.33(0.11)
Neurologic deficit at 12 mo Yes (n=3) —6.78 (0.67) <.001

No (n =76) —0.64 (0.13)

Abbreviations: BCS, Blantyre Coma Scale; SE, standard error.
@ Groups were compared using t tests or Pearson correlation to zero.

©n 2 children the BCS score was recorded as <2, but the exact score was not recorded. The BCS score was 1 or 2 in all children with a recorded score (none had a

score of 0).
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Table 4. Continuous Variables Significantly Associated With
Cognitive Ability or Attention in Children With Cerebral Malaria

Cognitive Ability Attention
Pearson P Pearson P
Variable Correlation (r) Value® Correlation (r) Value®
Coma duration after —0.59 <.001 —0.45 <.001
admission (hours)
No. of seizures during -0.68 <.001

admission

@ Pvalue for comparison of Pearson correlation coefficient with 0.

coma and seizures). These findings suggest that the pathways by
which SMA and CM lead to neurocognitive impairment may
differ and demonstrate the importance of testing multiple neu-
rocognitive domains when assessing neurodevelopmental se-
quelae of severe illness.

In previous studies, cerebrospinal fluid tumor necrosis factor
levels were associated with neurocognitive impairment in atten-
tion and working memory in children with CM [29], suggesting
that central nervous system inflammation may play a role in
neurocognitive impairment in children with CM. A prior
study demonstrated no difference in neurologic outcomes in
children with CM with vs without retinopathy [30]. We
found, similarly, no differences in neurocognitive outcomes in
children with CM with or without retinopathy, although our
study lacked the power to detect small differences in neurocog-
nitive outcomes. Cognitive impairment in children with SMA
could be due to iron deficiency or metabolic acidosis, both of
which are common in SMA [31,32] and are associated with cog-
nitive impairment in other disease processes [5, 33]. Cognitive
impairment in children with SMA could also be due to the sys-
temic inflammation seen in SMA [34] or to a direct effect of low
hemoglobin on cognition [11]. The present study did not find
an association between cognitive outcomes and either hemoglo-
bin level or lactic acidosis in children with SMA or CM, but base
deficit, which we did not measure, may be a better measure of
metabolic acidosis in severe malaria [35],and a single hemoglo-
bin value may not adequately reflect hemoglobin levels over the
length of follow-up. Iron deficiency was not assessed in this
study, but memory deficits, which are common in children
with iron deficiency [36], were not present in children with
SMA in the present study, suggesting that additional pathways
may be involved in neurocognitive impairment in SMA.

Differences between study groups in neurocognitive scores
did not change significantly over the 1-year period of evalua-
tion, indicating that cognitive damage associated with CM or
SMA occurs early and does not change greatly in the first
year after the episode. These findings suggest that interventions
given early in the treatment course may be most effective in

reducing long-term neurodevelopmental sequelae. Further
studies will be required to assess whether impairment worsens
over subsequent years. Coma duration and number of seizures
were strongly associated with cognitive outcomes in children
with CM, suggesting that more effective seizure prevention
could be an effective intervention to decrease cognitive impair-
ment. Prior studies attempting to reduce seizures in children
with CM with phenobarbital led to increased mortality [37],
but new antiepileptic medications such as levetiracetam,
which do not lead to respiratory depression [38], may provide
a better option to prevent seizures and possibly reduce long-
term neurocognitive impairment in CM.

Many factors can affect cognition in children, and in studies
of severe malaria it is impossible to conduct in-depth neurocog-
nitive testing before the disease episode. We attempted to ad-
dress this limitation by excluding children with known prior
neurologic disability; by choosing CC from the extended house-
hold or neighborhood of children with CM or SMA, to mini-
mize differences between groups in education, socioeconomic
status, and malaria exposure; and by conducting the most com-
prehensive assessment to date of other factors that may affect
cognitive outcomes, including parental and child educational
levels, child nutrition, child home environment, family socioe-
conomic status, and presence of HIV or hemoglobin SS. Differ-
ences between groups in neurocognitive outcome scores were
not altered by adjusting potential confounding factors that dif-
fered between children with CM or SMA and CC or after exclu-
sion of children with factors that might strongly affect cognition
(eg, HIV, hemoglobin SS, and preschool education).

In summary, the present study demonstrates that SMA and
CM are associated with neurocognitive impairment in children
<5 years of age. SMA affects overall cognitive ability, whereas
CM affects multiple areas of neurocognitive function, including
cognitive ability, attention, and associative memory. Further
study is required to determine the mechanisms by which CM
and SMA lead to neurocognitive impairment, because this
knowledge could lead to adjunctive neuroprotective therapy
for children with severe malaria and decrease the long-term
neurocognitive sequelae. These findings provide strong further
rationale for malaria elimination programs, because they indi-
cate that eliminating malaria may significantly decrease the bur-
den of neurocognitive impairment in sub-Saharan African
children.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data
provided by the author that are published to benefit the reader. The posted
materials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.
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