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Behavioral Outcomes in Children at 12, 24, and 36 Months:
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Background. Malaria in pregnancy has been associated with worse cognitive outcomes in children, but its association with
behavioral outcomes and the effectiveness of malaria chemoprevention on child neurodevelopment are not well characterized.

Methods.
neurodevelopment, 305 pregnant women were randomly assigned to 3 doses of sulfadoxine-pyrimethamine, 3 doses of
dihydroartemisinin-piperaquine (DP), or monthly DP during pregnancy, and their 293 children were assigned to DP every

To determine if more effective malaria chemoprevention in mothers and their children results in better

3 months or monthly DP from 2 to 24 months of age. Cognition, language, and motor function were assessed at 12, 24. and

36 months of age, and attention, memory, behavior, and executive function were assessed at 24 and 36 months of age.

Results.

Children of mothers with versus without malaria in pregnancy had worse scores on cognitive, behavioral, and executive

function outcomes at 24 months. Clinical malaria in children within the first 12 months was similarly associated with poorer scores

in behavior and executive function at 24 months, language at 24 and 36 months, and motor function scores at 36 months. However,
more effective malaria chemoprevention in the mothers and children was not associated with better outcomes.

Conclusions.

Malaria in pregnancy was associated with worse cognitive, behavioral, and executive function scores in affected

children, but more effective malaria chemoprevention measures did not result in better outcomes. Malaria chemoprevention prior
to and early in gestation and with even higher efficacy in mothers and children may be required to prevent neurodevelopmental

impairment in children.
Clinical Trials Registration. NCT02557425.
Keywords.

malaria; chemoprevention; pregnancy; development.

In malaria-endemic regions, malaria may hinder children’s abil-
ity to achieve their full developmental potential [1, 2]. Cerebral
malaria and severe malarial anemia in childhood are associated
with long-term neurocognitive impairment [1], while uncom-
plicated malaria is associated with worse academic outcomes
in schoolchildren. However, malaria chemoprevention pro-
grams in schoolchildren have led to modest or no improvement
in child cognition and educational achievement [3-6].

In animal malaria studies, mice pups exposed to malaria in
pregnancy (MIP) have impaired learning and memory scores
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that persist in adulthood [7]. In humans, MIP is associated
with disruptions in the uterine environment, altering the regu-
lation of inflammation, angiogenesis, and metabolism in ways
that could predispose the child to neurodevelopmental disor-
ders [8]. Recent human studies have shown that MIP is associ-
ated with impaired function in different cognitive domains at 1,
2, and 6 years [9, 10].

Artemisinin combination therapy (ACT) is the primary treat-
ment for malaria and is increasingly being used for malaria pre-
vention in children [11, 12] and pregnant women [11]. Early
animal studies showed neurotoxicity with artemisinin derivative
treatment [13, 14], but artemisinin neurotoxicity has not been
shown in humans [15]. Adverse outcomes are not increased in
mothers who received ACT in pregnancy or in their children
[16, 17], but the effect of ACT in mothers on neurodevelopmental
outcomes in their children has not been evaluated. In the present
study, we evaluated cognition, behavior, and executive function in
a cohort of children who, along with their mothers, were enrolled
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in a randomized clinical trial of malaria chemoprevention regi-
mens, including ACT-containing regimens. We hypothesized
that chemoprevention regimens that led to a greater reduction
of malaria episodes in mothers and children would result in better
neurodevelopmental outcomes in children.

METHODS

Trial Design

PROMOTE (Prevention of malaria and HIV disease in Tororo)
was a double-blind randomized clinical trial in which pregnant
women and their offspring were allocated to 5 malaria chemo-
prevention regimens in a 2:1:1:1:1 ratio. In the present study,
PROTECT (PROphylaxis against malaria To Enhance Child
Development), these children were evaluated for neurodevelop-
mental outcomes at 12, 24, and 36 months of age (+2 months).

Participants
The studies were conducted at Tororo District Hospital,
Uganda. In PROMOTE, women who consented to study par-
ticipation were randomly assigned to 1 of 3 malaria chemopre-
vention regimens containing sulfadoxine-pyrimethamine (SP)
or dihydroartemisinin-piperaquine (DP): 3 doses of SP, 3 doses
of DP (3DP), or monthly DP (MDP), from 16 weeks of gesta-
tion to birth [11]. Children were assigned treatment from 2
to 24 months of age as follows: Children of mothers who re-
ceived SP were given DP every 3 months (DP3) and children
of mothers who received 3 doses of DP or monthly DP were
randomized to receive DP3 or MDP [18]. The 5 maternal
and children treatment groups were SP/DP3, 3DP/DP3, 3DP/
MDP, MDP/DP3, and MDP/MDP. Children were assigned to
a treatment group at the time their mothers were randomized
in the parent study. Details of the study drugs, randomization,
and blinding are available in prior publications [11, 18].
Children in the PROMOTE study were eligible for the present
study (PROTECT). Inclusion criteria for the participants in the
present study were as follows: (i) enrolled in the parent clinical
trial [11]; (ii) human immunodeficiency virus uninfected; (iif)
12 months of age at enrollment; (iv) living <30 km from the
study clinic; (v) able to comply with study procedures; and
(vi) not lost to follow-up or withdrawn from the primary study.
Exclusion criteria for the present study included (i) cessation of
study drug; (if) active illness at enrollment; (iii) history of head
trauma or coma; (iv) severe neurologic disease precluding neu-
rodevelopmental testing; (v) known chronic illness requiring
medical care; or (vi) major medical abnormalities on screening
history. Enrollment in PROTECT began on 25 November 2015
and 36-month assessments were completed on 7 June 2018.

Assessment of Malaria
Placental malaria in mothers was assessed by detection of parasites
in placental blood by microscopy and loop-mediated isothermal

amplification (LAMP) and detection of parasites or malaria pig-
ment in placental tissue by histopathology [19]. MIP was assessed
by testing monthly for Plasmodium falciparum in dried blood
spots using LAMP, and by testing all mothers seen at the clinic
with fever for P. falciparum by blood smear [11]. Routine blood
smears for malaria detection were performed on the children ev-
ery 4 weeks. In addition, parents were asked to bring children in
the study to the clinic for any illness in the first 3 years of life. All
children with fever in the previous 24 hours or measured temper-
ature >38°C were evaluated for malaria by microscopy testing and
treated with ACT if microscopy positive [18].

Study Assessments

The Bayley Scales of Infant and Toddler Development, Third
Edition (hereafter “Bayley”) were used to assess cognition, lan-
guage (receptive and expressive language), and motor functions
(fine and gross motor) [20]. The Color Object Association Test
(COAT) was used to assess for associative memory [21].
Attention was assessed using the Early Child Vigilance Test
(ECVT) [22]. Behavior and executive function were assessed us-
ing the Child Behavior Checklist (CBCL) [23] and the Behavior
Rating Inventory for Executive Function, preschool version
(BRIEF) [24] respectively, completed by the primary caregiver.
Higher scores in the Bayley, COAT, and ECVT are better where-
as lower scores in the CBCL and BRIEF are better. All tests have
been previously used in Uganda [25-27]. The primary outcomes
for this study were the Bayley cognition score, the ECVT atten-
tion score, and the total memory score from the COAT. Testers
were blinded to study participant treatment arm.

Sample Size Determination

For the study’s hypothesis comparing the mean scores of the
5 intervention arms, the sample size of 270 children (90, 45,
45, 45, and 45 children in respective arms) had >83% power
to detect an effect size of 0.22 (variance of group means/error
variance = 0.046) using a 2-sided 1-way analysis of variance
(ANOVA) F-test at the .05 significance level.

Statistical Analysis

Variables measured on a continuous scale were compared
across groups using a 1-way ANOVA test. Variables not nor-
mally distributed were tested with the Kruskal-Wallis test.
The y* test or Fisher exact test were employed for categorical
variables. Cognition, attention, memory, behavior, and execu-
tive functions scores were compared across the 5 treatment
groups at each time point of assessment by modeling each of
the neurodevelopmental outcomes in a linear mixed-effects re-
gression model that incorporates measurements from all time
points per participant (child) and accommodates the intrapar-
ticipant correlations using a participant-level random effect.
The fixed-effect predictors of this model are indicator variables
representing different treatment groups (SP in mother and DP
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Figure 1.  Flow diagram of enrollment and testing of study participants. *An additional child was assigned monthly dihydroartemisinin-piperaquine but withdrew from study
before neurocognitive assessments. Abbreviations: C, could not comply with study protocol; DC, declined participation; DE, death; DP, dihydroartemisinin-piperaquine; HIV,
human immunodeficiency virus; L, could not be located; M, moved out of study area; SP, sulfadoxine-pyrimethamine; W, withdrew consent.

every 3 months in child designated as the reference level), time
dummies indicating the assessment periods, and interactions
between treatments and assessment periods. The significant
main effects were followed up with Tukey test to evaluate pair-
wise differences in mean scores among the 5 treatment groups
at each time point of assessment, adjusting for multiple com-
parisons. The same statistical approach was employed to com-
pare neurodevelopmental outcomes according to measures of
MIP at each assessment period. The only modification here
was that the linear mixed-effects models included 5 additional
covariates—maternal age, gravidity (first pregnancy vs other),
socioeconomic status, gestational age at delivery, and birth-
weight—which differed significantly by MIP status.

All analyses were intention-to-treat analyses that included all
participants randomly assigned to treatment, regardless of

treatment eventually received. Statistical analyses were carried
out using SAS software version 9.4 (SAS Institute, Cary, North
Carolina). All tests were 2-sided with significance level of .05.

RESULTS

Sociodemographic and Clinical Characteristics Between the Treatment
Arms

Of the 305 mothers enrolled in the parent PROMOTE chemo-
prevention study, 293 children were enrolled in PROTECT.
Figure 1 outlines enrollment and follow-up numbers and the
reasons children were not enrolled in or did not have follow-up
visits in PROTECT. At the first study visit (12 months of age),
272 children with a mean gestational age at delivery of
39.2 weeks (standard deviation, 1.9 weeks) were tested. Sex dis-
tribution, maternal age, parental education, and wealth index were

602 « CID 2023:76 (15 February) « Bangirana et al



Bayley Cognitive Composite
SP/DP3
} 3DP/DP3
3DP/MDP
% E MDP/DP3
MDP/MDP

4> o mO

TH i it

Mean score

COAT Associative Memory

Bayley Language Composite

Bayley Motor Composite

P =.008

il

ECVT Attention

Child age (months)

Figure 2. Cognitive outcomes at 12, 24, and 36 months, according to malaria chemoprevention regimen. Mean and 95% confidence interval for each chemoprevention
regimens are shown. Within each assessment and time point, a regimen pair with significantly different means at a significance level of .05 is shown with a bracket with the
corresponding Tukey Pvalues adjusted for multiple comparisons. Abbreviations: 3DP, 3 doses of dihydroartemisinin-piperaquine; COAT, Color Object Association Test; DP3,
dihydroartemisinin-piperaquine every 3 months; ECVT, Early Childhood Vigilance Test; MDP, monthly dihydroartemisinin-piperaquine; SP, 3 doses of

sulfadoxine-pyrimethamine.

similar across the groups (Supplementary Table 1). Exposure to
indoor residual spraying insecticide did not differ between
treatment groups (Supplementary Table 2). As expected, prev-
alence of MIP and presence of placental malaria were reduced
with 3DP and MDP regimens compared to SP, and frequency
of clinical malaria episodes in children were lower in the chil-
dren receiving MDP compared to 3DP (Supplementary
Table 3).

Cognitive Outcomes and Malaria Chemoprevention

272, 251 and 242 children were tested at ages 12, 24, and
36 months, respectively (Figure 1). Cognitive composite scores
for the MDP/MDP group were higher than the 3DP/MPD
group at 36 months, but there were no differences in cognitive
scores between malaria chemoprevention regimens at 12, 24, or
36 months, and no differences in memory or attention scores
between chemoprevention regimens at 24 or 36 months
(Figure 2). Secondary evaluation of the Bayley language and
motor scores according to malaria chemoprevention regimen
showed worse motor scores in children in the 3DP/DP3 com-
pared to the SP/DP3 or MDP/DP3 arms at 12 months
(Figure 2). Cognitive, language, and motor scores decreased

in all children, regardless of treatment group, in years 2 and
3 compared to year 1 (Figure 2).

Behavioral and Executive Function Outcomes and Malaria
Chemoprevention

At 24 months, children in the 3DP/DP3 had less internalizing or
externalizing problems than the 3DP/MDP or MDP/DP3 groups,
respectively (Figure 3). Similarly, children in the 3DP/DP3 group
had fewer total behavioral problems than the 3DP/MDP and
MDP/DP3 groups at 24 months. No differences were seen in be-
havioral scores between treatment groups at 36 months or in ex-
ecutive function scores between treatment groups at 24 or
36 months (Figure 3). For all neurodevelopmental assessments,
no trend was seen in terms of better scores with more effective ma-

laria chemoprevention in mothers and children.

Cognitive Outcomes After MIP or Malaria in the First Year of the Child's
Life

Children born to mothers who had MIP had lower cognitive
scores at 24 months, but not 12 or 36 months (Figure 4).
However, MIP did not affect associative memory or attention
scores at any age, and placental malaria and malaria in
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Figure 3. Behavioral and executive function scores at 24 and 36 months, according to malaria chemoprevention regimen. Mean and 95% confidence interval for each
chemoprevention regimen are shown. Within each assessment and time point, a regimen pair with significantly different means at a significance level of .05 is shown
with a bracket, along with the corresponding Tukey P values adjusted for multiple comparisons. Abbreviations: 3DP, 3 doses of dihydroartemisinin-piperaquine; BRIEF,
Behavior Rating Inventory for Executive Function; CBCL, Child Behavior Checklist; DP3, dihydroartemisinin-piperaquine every 3 months; MDP, monthly dihydroartemisinin-

piperaquine; SP, 3 doses of sulfadoxine-pyrimethamine.

childhood had no effect on cognitive, memory, or attention
scores at any age (Figure 4 and Supplementary Figure 1).
There was no effect of MIP, placental malaria, or malaria at en-
rollment on Bayley language or motor scores, but children who
had childhood malaria in the first year of life (hereafter, “child-
hood malaria”) had worse language scores at 24 and 36 months
and worse motor scores at 36 months (Figure 4, Supplementary
Table 4). In addition, children whose mothers had MIP who
also malaria in the first year of life consistently had worse cog-
nitive outcomes than children with neither MIP exposure nor
childhood malaria (Supplementary Table 5).

Behavioral and Executive Function Outcomes After MIP or Malaria in the
First Year of the Child's Life

In contrast, children born to mothers with MIP and children
who had malaria in the first year of life had more internalizing,
externalizing, and total behavioral problems at 24 months of
life but not at 36 months (Figure 5). Similarly, MIP and malaria
in the first year of the child’s life were both associated with
worse (higher) composite scores of behavior-related executive
function at 24 months but not 36 months of age (Figure 5).
Similar findings were noted when malaria at maternal enroll-
ment was compared to behavior and executive function
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Figure 4. Bayley cognitive, language, and motor composite scores at 12, 24, and 36 months, according to malaria risk factors. Mean and 95% confidence interval for each
risk factor are shown. First column: malaria in pregnancy (MIP) assessed by loop-mediated isothermal amplification (LAMP). Second column: timing of MIP assessed by LAMP.
Third column: presence of placental malaria. Fourth column: presence of clinical malaria in the child in the first 12 months of life. Within each assessment and time point, a
regimen pair with significantly different means at a significance level of .05 is shown with a bracket, along with the corresponding Tukey P values adjusted for multiple
comparisons. Abbreviations: CM, clinical malaria; MIP, malaria in pregnancy; PM, placental malaria.

outcomes (Supplementary Table 4). In addition, the combina-
tion of MIP and childhood malaria was associated with worse
behavioral outcomes at 24 months than either alone or neither
exposure (Supplementary Table 5). Asymptomatic parasitemia,
measured by microscopy or LAMP monthly, was affected in a
similar way to symptomatic parasitemia (ie, the most effective
chemoprevention regimen led to the least asymptomatic para-
sitemia Supplementary Table 6), so unexpected differences in
asymptomatic parasitemia did not confound the effects of che-
moprevention regimens.

DISCUSSION

Pathways established during fetal neurodevelopment are criti-
cal to subsequent cognition, behavior, and executive function
in a child [28, 29]. MIP is known to affect multiple factors
that can affect neurotransmission and brain function, including
inflammation, angiogenesis, and metabolism [8]. However, few
studies have assessed the effect of MIP, malaria chemopreven-
tion in pregnancy, or malaria chemoprevention in the child’s

first year of life on child cognitive and motor outcomes [9,
10], and none to date on behavioral and executive function out-
comes. In the present study, we found that MIP, as detected by
monthly LAMP assay for malaria in mothers and clinical sur-
veillance in febrile mothers, was associated with worse overall
cognitive scores, behavior, and behavior-related executive
function at 24 months but not 36 months of age in children.
Malaria in the first year of childhood was also associated with
worse behavior and worse behavior-related executive function.
Finally, the combination of MIP and malaria in the first year of
childhood was associated with lower scores in cognitive and
language outcomes at 24 and 36 months and worse behavioral
outcomes at 24 months, compared to having neither exposure.
However, although MIP and malaria in childhood were associ-
ated with worse cognition, behavior, and behavior-related ex-
ecutive function, chemoprevention regimens that decreased
malaria during pregnancy [11] and childhood [18] did not
lead to better cognitive, behavioral, or executive function out-
comes, likely due to the high prevalence of P falciparum para-
sitemia in mothers at enrollment. Together the findings suggest
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Figure 5. Behavioral and executive function scores at 24 and 36 months, according to malaria risk factors. Mean and 95% confidence interval for each risk factor are
shown. First column: malaria in pregnancy (MIP) assessed by loop-mediated isothermal amplification (LAMP). Second column: timing of MIP assessed by LAMP. Third column:
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Abbreviations: BRIEF, Behavior Rating Inventory for Executive Function; CBCL, Child Behavior Checklist; CM, clinical malaria; MIP, malaria in pregnancy; PM, placental

malaria.

aneed, prior to and early in pregnancy, to decrease the effects of
MIP on child neurodevelopmental outcomes, and for even
more effective measures to prevent malaria in the first year of
life in children, to prevent malaria in childhood from affecting
neurodevelopment.

Almost 60% of the pregnant mothers enrolled in the study
had malaria parasites detected by LAMP on enrollment, before
chemoprevention was started at 16-20 weeks of gestation [11].
Malaria may already have affected fetal and therefore child neu-
rodevelopment pathways by the time malaria chemoprevention

was started in mothers. Since all mothers and children received
malaria chemoprevention, the effects of having any chemopre-
vention versus none, which were potentially substantial, could
not be evaluated. The lack of progressive worsening of scores
with increased doses of ACT argues against artemisinin-related
neurotoxicity as a reason for the differences seen. The reasons
for the decrease in cognitive, language, and motor scores in
years 2 and 3 of life across all treatment groups are not clear
and require further study. Previous studies have shown a sim-
ilar trend, with younger ages having higher scores than older
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children, which was attributed to lower test precision at 1 year
of age, varying development across the ages, and item difficulty
[30, 31].

A recent study in Benin showed associations between MIP or
placental malaria on gross motor outcomes but not overall cog-
nition at 1 year of life, and of malaria at the second antenatal
visit and the nonverbal index of the Kauffman Assessment
Battery for Children-2 at 6 years of life [10], whereas a study
in Malawi showed an association of malaria late in pregnancy
(33-37 weeks) and impaired language development through
2 years of age [9]. We did not find effects on motor or language
function with MIP alone at any time, but did find an effect of
MIP on cognition in the second year of life only. Differences
in study findings could relate to different tests used and time
points studied.

The present study is to our knowledge the first to assess the
effects of mother and child malaria episodes and malaria che-
moprevention regimens on behavioral and executive function
outcomes in children. The effects of MIP, placental malaria,
and malaria in the first year of the child’s life on behavior
and executive function only at 24 months of age were strikingly
consistent. The findings suggest that processes undergirding
behavior and executive function at 24 months are vulnerable
to malaria exposure in utero and in early childhood. The sim-
ilar behavior and executive scores at 36 months in children with
and without MIP exposure suggest that there is resolution of
differences at this age, so the long-term consequences of the
differences seen at 24 months are unclear. In childhood, behav-
ioral problems and poor executive function measured by tests
like the CBCL and BRIEF are associated with poor productivity
in adulthood in areas such as academic performance, occupa-
tional function, and mental health [32-34]. Future studies
should assess these skills directly as the child reaches an age
where executive function can be directly assessed rather than
parentally reported.

Maternal immune activation disrupts the immune balance
between maternal and fetal environments and is associated
with fetal and child structural and functional brain changes, be-
havioral changes, and cognitive deficits in animal studies [35].
In 1 human study, elevated soluble receptor for tumor necrosis
factor type II (sSTNFRII) in maternal plasma collected during
pregnancy was associated with lower language development
[9]. Future studies will assess how maternal immune activation
markers relate to neurodevelopmental and behavioral
outcomes.

Opverall, the differences of 4-6 points for MIP or childhood
malaria on child cognitive outcomes, analogous to an IQ scale,
would translate into substantial effects on a population basis,
though modest on an individual basis. Differences in behavior
scores are less well studied, and the significance of the differ-
ences in behavior is likely best assessed with additional follow-
up, since these differences resolved at 36 months.

In summary, in this study we show that MIP and malaria in the
first year of childhood are associated with worse neurodevelop-
ment, including worse cognitive, behavioral, and executive func-
tion scores, particularly at 24 months of age. Although cognitive
and behavioral outcomes did not improve with increasingly ef-
fective chemoprevention in mothers and children, the additional
effect of the more effective regimens may not have been sufficient
to achieve a change in these outcomes, and the effects of chemo-
prevention versus no chemoprevention could not be assessed. In
addition, chemoprevention started at 16-20 weeks of pregnancy,
when >50% of mothers already had malaria parasitemia. Future
studies should evaluate the effects of chemoprevention given
earlier in pregnancy on neurodevelopment and behavior through
early and later childhood. In conjunction with other recent
studies, the present study strongly supports the need for highly
effective and early malaria chemoprevention in pregnancy and
childhood to improve long-term neurobehavioral outcomes.
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