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Abstract

Background: During early pregnancy, the placenta develops to meet the metabolic demands of the foetus. The
objective of this analysis was to examine the effect of malaria parasitaemia prior to 20 weeks’ gestation on
subsequent changes in uterine and umbilical artery blood flow and intrauterine growth restriction.

Methods: Data were analysed from 548 antenatal visits after 20 weeks’ gestation of 128 women, which included
foetal biometric measures and interrogation of uterine and umbilical artery blood flow. Linear mixed effect models
estimated the effect of early pregnancy malaria parasitaemia on uterine and umbilical artery resistance indices.
Log-binomial models with generalized estimating equations estimated the effect of early pregnancy malaria
parasitaemia on the risk of intrauterine growth restriction.

Results: There were differential effects of early pregnancy malaria parasitaemia on uterine artery resistance by
nutritional status, with decreased uterine artery resistance among nourished women with early pregnancy malaria
and increased uterine artery resistance among undernourished women with early pregnancy malaria. Among
primigravidae, early pregnancy malaria parasitaemia decreased umbilical artery resistance in the late third trimester,
likely reflecting adaptive villous angiogenesis. In fully adjusted models, primigravidae with early pregnancy malaria
parasitaemia had 3.6 times the risk of subsequent intrauterine growth restriction (95% CI: 2.1, 6.2) compared to the
referent group of multigravidae with no early pregnancy malaria parasitaemia.

Conclusions: Early pregnancy malaria parasitaemia affects uterine and umbilical artery blood flow, possibly due to
alterations in placentation and angiogenesis, respectively. Among primigravidae, early pregnancy malaria
parasitaemia increases the risk of intrauterine growth restriction. The findings support the initiation of malaria
parasitaemia prevention and control efforts earlier in pregnancy.
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Background
In malaria endemic areas, the World Health Organiza-
tion recommends prevention and control strategies for
malaria parasitaemia in pregnancy, including case
management of malaria parasitaemia and anaemia;
insecticide-treated nets (ITNs); and, at least two doses
of intermittent preventive treatment in pregnancy (IPTp)
with sulphadoxine-pyrimethamine after the awareness of
foetal movement [1] (from approximately 17–19 weeks’
gestation [2]).The peak prevalence of malaria parasit-
aemia in pregnancy occurs from 13 to 20 weeks’ gestation
[3], mostly prior to the first dose of IPTp [1].
During this critical period of early pregnancy, the pla-

centa develops to meet the growing metabolic demands
of the foetus. Extravillous trophoblast cells invade and
remodel the uterine spiral arteries, increasing uterine ar-
tery blood flow from the maternal circulation to the ma-
ternal side of the placenta. Concurrently, villous
angiogenesis leads to increased umbilical artery blood
flow from the foetus to the foetal side of the placenta.
Doppler ultrasound allows the non-invasive investiga-

tion of utero- and foeto-placental blood flow and resist-
ance. The assessment of uterine artery blood flow
reflects the extent of trophoblast invasion of the spiral
arteries [4,5]. Abnormal uterine artery resistance is
associated with pre-eclampsia, intrauterine growth re-
striction (IUGR) and adverse pregnancy outcomes [6],
while increased umbilical artery resistance is associated
with foetal distress and IUGR [7,8]. Ultrasound can as-
sess foetal biometry measurements, which can be used
to identify IUGR foetuses by comparing estimated
foetal weights to established foetal growth standards.
It has been previously hypothesized that malaria

parasitaemia in early pregnancy disrupts trophoblast in-
vasion [9], leading to diminished utero-placental blood
flow and, ultimately, intrauterine growth restriction.
The objective of this analysis was to examine the hy-
pothesis that early pregnancy malaria parasitaemia leads
to subsequent changes in uterine artery and umbilical
artery resistance indices, indicating alterations in pla-
centation and villous angiogenesis, respectively. The ef-
fect of early pregnancy malaria parasitaemia on the risk
of subsequent IUGR was also examined. The effect of
early pregnancy malaria parasitaemia on uterine artery
resistance was modified by maternal nutritional status,
with increased resistance among undernourished
women with early malaria infection and decreased re-
sistance among nourished women with early malaria
infection. Among primigravidae, early pregnancy mal-
aria parasitaemia decreased umbilical artery resistance
in the late third trimester. After controlling for con-
founders, primigravidae with early pregnancy malaria
parasitaemia had nearly four times the risk of subse-
quent intrauterine growth restriction compared to the
referent group of multigravidae with no early preg-
nancy malaria parasitaemia.

Methods
Study population
The longitudinal cohort consisted of pregnant women
presenting for first antenatal care at Binza Maternity
Hospital in Kinshasa, Democratic Republic of Congo be-
tween May 2005 and May 2006, as previously described
[10,11]. In brief, 182 pregnant women ≥18 years, with
non-hypertensive, non-anomalous singleton pregnancies;
and, ultrasound-derived gestational age of ≤22 weeks
were enrolled and followed until delivery. Enrolled
women were provided with ITNs and received IPTp
with sulphadoxine-pyrimethamine twice during preg-
nancy (between 16–27 and 28–32 weeks’ gestation) re-
gardless of malaria parasitaemia status. All women with
microscopy positive malaria parasitaemia were treated
throughout follow-up.
All participants provided written informed consent to

participate in the study. This study was approved by the
Institutional Review Boards of the University of North
Carolina at Chapel Hill and the Kinshasa School of Pub-
lic Health.
For the current analysis of early pregnancy malaria

parasitaemia exposure, five HIV-positive participants
and 49 participants with no malaria parasitaemia expos-
ure data ≤20 weeks’ gestation were excluded, leaving an
analytic sample of 548 antenatal visits after 20 weeks’
gestation from 128 women, which included foetal
biometric measures and interrogation of uterine and
umbilical blood flow. Excluded participants did not sig-
nificantly differ from the analytic population in age,
gravidity, foetal sex, or socio-economic status (SES), but
were more likely to have a low level of education and to
be undernourished (data not shown). There were 6
probable recrudescent malaria episodes which occurred
within 14 days of a previous infection, despite receiving
treatment. Recrudescent malaria episodes were excluded
from all analyses. There was no association between
being a recrudescent case and parasite density as
reflected by qPCR Ct-value (data not shown). Partici-
pants in the analytical sample were enrolled at a median
of 18 weeks’ gestation (interquartile range [IQR]: 16, 19)
and were followed up for a median of 19 weeks (IQR:
17, 21). Study participants had a median of seven follow-
up visits (IQR: 6, 8), with five ultrasound scans (IQR: 4,
5) from enrolment to delivery.

Clinical, laboratory, and ultrasound procedures
Baseline data were collected in an interview (socio-
demographics, medical history); medical examination
(maternal anthropometrics, blood pressure, pulse,
temperature); ultrasound examination (estimation of
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gestational age and foetal weight); and laboratory testing
(malaria parasitaemia thick and thin smears; and, filter-
paper dried blood spot samples of peripheral blood) as
previously described [11]. At monthly antenatal care vis-
its, women repeated ultrasound, medical, and laboratory
examinations (including malaria parasitaemia thick and
thin smears and filter-paper dried blood spot samples).
Quantitative real-time polymerase chain reaction (qPCR)
was conducted to detect Plasmodium species from dried
blood spot samples and Plasmodium positive samples
were speciated as previously described [12].
Colour pulsed-wave Doppler ultrasound was used to

interrogate the flow velocity waveforms in the left and
right uterine arteries and the umbilical artery using
standard techniques. The external iliac artery and uter-
ine artery located medial to it were identified using
colour flow settings. Flow velocity waveforms were
obtained from the uterine artery near the iliac vessel
prior to division of the uterine artery into branches. For
left and right uterine artery analyses, Doppler indices
were measured from the Doppler signal, with qualitative
assessment of early diastolic notching. For the umbilical
artery, the flow velocity waveform was obtained from
the free flowing portion of the umbilical cord and Dop-
pler indices and presence of absent or reversed end-
diastolic flow were recorded. All ultrasound measure-
ments were taken by a single, trained obstetrician-
gynaecologist (VL) on the GE Logiqbook Ultrasound
System (GE Medical Systems, Milwaukee, WI, USA).

Variable definitions
The exposure variable, “early pregnancy malaria parasit-
aemia”, was a binary, time-independent measure repre-
senting whether a woman was ever qPCR positive for
peripheral Plasmodium falciparum malaria parasitaemia
≤20 weeks’ gestation. Quantitative PCR of peripheral
dried blood spots rather than blood microscopy was
used due to the higher detection threshold of micros-
copy and the potential for poor microscopy sensitivity
and specificity [13].
Outcome variables for placental blood flow included

the continuous, time-dependent mean of the left and
right uterine artery resistance index (RI); and, the umbil-
ical artery RI after 20 weeks’ gestation. The RI is defined
as (peak systolic velocity – end diastolic velocity)/peak
systolic velocity. The resistance index was selected as
the outcome for several reasons: RI values are con-
strained between 0 and 1; demonstrate the least variance
of the Doppler indices under identical hemodynamic
conditions; are frequently used in clinical settings; and,
have a truncated normal distribution, making the RI
amenable to parametric statistical analyses [14].
IUGR after 20 weeks’ gestation was also examined.

IUGR was a binary, time-dependent outcome. At each
visit, women were classified as having an IUGR episode
if, at that visit, their foetus was <10th percentile of sono-
graphically estimated foetal weight for gestational age in
completed weeks, using Hadlock’s algorithm to estimate
foetal weight [15] and the ultrasound-derived, longitu-
dinal, sex-specific Johnsen foetal growth standard [16].
The Johnsen growth standard was utilized because it is a
longitudinally-derived, sex-specific nomogram. The
Landis growth standard developed in the current study
cohort [17] was not utilized due to its self-referential na-
ture. Repeated episodes of IUGR were also examined.
“Repeat IUGR” was a binary, time-dependent outcome
defined as IUGR (as previously defined), with ≥2 total
IUGR episodes during pregnancy.
The continuous time metric, gestational age in weeks,

was back-calculated from the first ultrasound using Had-
lock’s algorithm [18]. Ultrasound estimated gestational
age has been shown to provide the best estimate of ges-
tational age, even when last menstrual period dates are
considered certain [19].
Based on previous literature of the association between

malaria parasitaemia during pregnancy and foetal
growth, the potential modifying effects of primigravidity
(vs. multigravidity), female foetal sex (vs. male), and
baseline maternal mid-upper arm circumference
(MUAC) ≤24.3 cm (i e, the lowest quartile of the full
study population) (vs. “normal” MUAC) were examined.
MUAC is a proxy for pre-pregnancy weight [20]. Poten-
tial confounders included maternal age, education, foetal
sex, and socioeconomic status (SES). “Low SES” was
defined as a binary composite variable, with unemployed
women (or their partners) living in a home with few ma-
terial assets (no toilet, no water, no electricity) categor-
ized as “low SES”.

Statistical analysis
For linear mixed effect (LME) models, mean differences
were reported and population average growth curves
were plotted to describe the unadjusted and adjusted ef-
fect of early pregnancy malaria parasitaemia on uterine
artery RI and umbilical artery RI. To describe the effect
of early pregnancy malaria parasitaemia on IUGR, un-
adjusted and adjusted risk ratios (RRs) and 95% CIs were
modelled using log-binomial regression generalized esti-
mating equation (GEE) regression models with an ex-
changeable working correlation matrix. LME and GEE
regression models are appropriate for longitudinal ana-
lyses as they account for the correlation between
repeated measures in an individual [21,22].
For multivariable modelling of the effect of early preg-

nancy malaria parasitaemia on uterine artery RI and um-
bilical artery RI, a fully adjusted LME model with a
random intercept was initially modelled. Linearity be-
tween gestational age and the outcome variables was
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considered by examining polynomial transformations
of gestational age using −2 log-likelihood (−2LL) tests
for nested models using maximum likelihood estimation
(a priori cut-off of p < 0.10). The addition of additional
random effects was tested using -2LL tests with a mixed
chi-square distribution (a priori cut-off of p < 0.05). In
the final uterine artery RI and umbilical artery RI models
random intercepts and slopes were included for each
woman. For log-binomial GEE models, a crude model
fitted for the early pregnancy malaria parasitaemia ex-
posure variable was utilized. Next, simple log-binomial
models with early pregnancy malaria parasitaemia, a
theorized effect measure modifier, and their product
interaction term were constructed. If the product inter-
action term was significant using the Wald test (a priori
cut-off of 0.10), it was considered an effect measure
modifier and was included in the multivariable model.
For multivariable modelling, a fully adjusted log-
binomial model was initially modelled, including the
early pregnancy malaria parasitaemia exposure, the sig-
nificant product interaction terms and potential con-
founders of the association between malaria parasitaemia
and IUGR. A backward elimination approach was used
to assess effect measure modification. In LME models,
-2LL tests were used to assess the contribution of the
product interaction terms to the model using a max-
imum likelihood approach; in GEE models, Wald tests
were used (a priori cut-offs of p < 0.10). Potential modi-
fiers that did not modify the association between malaria
parasitaemia and the outcome were assessed as potential
confounders. Covariates were considered confounders if
the change in the co-efficient of the main exposure was
greater than 10%, within strata of modifiers. Restricted
maximum likelihood was used for final LME model esti-
mates, as is common practice [23]. All analyses were per-
formed using SAS software (SAS, Cary, NC, USA).

Results
Baseline characteristics of the study population
Among the analytical sample of 128 pregnant women,
30% were ever qPCR positive for malaria parasitaemia
and 21% had early pregnancy malaria parasitaemia (i.e.
prior to 20 weeks’ gestation) (Table 1). Primigravidae
with early pregnancy malaria parasitaemia had a mean
qPCR Ct-value of 24.1 (SD 12.9), while multigravidae
with early pregnancy malaria parasitaemia had a mean
value of 31.4 (SD 10.7), indicating higher levels of P. fal-
ciparum nucleic acid levels in the samples from primi-
gravidae (p = 0.17; data not shown). Similarly, no
primigravidae were found to have sub microscopic para-
sitaemia, while in 30% of multigravida parasitaemia was
submicroscopic. These semi-quantitative findings indi-
cate that while the frequency of malaria infection was
similar in primigravidae and multigravidae (Table 1),
primigravidae had a higher parasite burden compared to
multigravidae. Nearly all malaria infections were sub-
clinical, with only one infection accompanied by fever.
The mean age of the study population was 27.6 years

(SD: 5.1; range 18–42). Of the study participants, 27% of
women were primigravidae and 22% of women had a
low baseline MUAC. More than half of women (55%)
were pregnant with a female foetus. Women with and
without early pregnancy malaria parasitaemia had ap-
proximately balanced gravidity, foetal sex, SES and low
baseline MUAC. There was a non-significant trend to-
wards greater risk of early pregnancy malaria parasit-
aemia among younger women and women with less
education.

Uteroplacental blood flow and foetal growth
Individual trajectories of the continuous outcomes, uter-
ine artery RI and umbilical artery RI, were plotted in
order to examine intra- and inter-individual variability
over gestational age in weeks (Figure 1). There is a
slightly negative slope for uterine artery RI over gesta-
tional age (Figure 1, Panel A). Umbilical artery RI was
relatively higher in early pregnancy and decreased more
rapidly over the course of pregnancy (Figure 1, Panel B).
Of the 128 women, 44 (34%) ever had an IUGR episode
after 20 weeks’ gestation, 55% had one episode and 27%
had two episodes, with 8 women having three or more
episodes. Most IUGR episodes occurred in the late sec-
ond and early third trimesters.

Early pregnancy malaria parasitaemia and uterine artery
resistance
There was no crude effect of early pregnancy malaria
parasitaemia on uterine artery RI (mean difference:
-0.017; 95% CI: -0.045, 0.011) (Figure 2, Panel A). In the
adjusted model, the effect of early pregnancy malaria
parasitaemia on uterine artery RI varied by maternal nu-
tritional status (Figure 2, Panel B). Compared to the
referent group of women with no early pregnancy mal-
aria parasitaemia with normal MUAC, early pregnancy
malaria had a significant independent effect on uterine
artery RI of −0.032 (95% CI: -0.062, -0.0006). Low
MUAC at baseline, indicating maternal undernutrition,
did not have a significant independent effect on uterine
artery RI (mean difference: -0.011; 95% CI: -0.042,
0.019). The joint mean difference in uterine artery RI for
women with early pregnancy malaria parasitaemia and
low MUAC was +0.022 (95% CI: -0.031, 0.076), with a
significant difference between undernourished and nour-
ished women with early pregnancy malaria (−2LL test
for product interaction term p = 0.026). Thus, early
pregnancy malaria parasitaemia led to a lasting signifi-
cant increase in uterine artery RI of 4% among under-
nourished women, but caused a decrease in uterine



Table 1 Baseline characteristics of pregnant women by early pregnancy malaria parasitaemia status (n = 128).
Kinshasa, Democratic Republic of Congo, 2005–2006

Characteristic Total
(n = 128)

Early pregnancy malaria
parasitaemia (n = 27)

No early pregnancy malaria
parasitaemia (n = 101)

Pa

N (%) N (%) N (%)

Maternal age

≥30 48 (38) 6 (22) 42 (42) 0.13

25-29 40 (31) 9 (33) 31 (31)

<25 40 (31) 12 (44) 28 (28)

Gravidity

Primigravidae 34 (27) 6 (18) 28 (82) 0.56

Multigravidae 94 (73) 21 (22) 73 (78)

Foetal sex

Female 70 (55) 17 (24) 53 (76) 0.36

Male 57 (45) 10 (18) 47 (83)

Low SES

Yes 109 (85) 23 (21) 86 (79) 0.99

No 19 (15) 4 (21) 15 (79)

Low education

Yes 55 (43) 16 (29) 39 (71) 0.054

No 74 (57) 11 (15) 62 (85)

Baseline MUAC <24.3

Yes 28 (22) 6 (21) 22 (79) 0.96

No 100 (78) 21 (21) 79 (79)

SES, socio-economic status; MUAC, mid-upper arm circumference.
a. P values from χ2 tests.
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artery RI of 6% among nourished women, compared to
the referent group of normally nourished women with
no early pregnancy malaria. Foetal sex and gravidity
were not found to modify the association between early
pregnancy malaria parasitaemia and uterine artery RI.
Figure 1 Time plot of mean uterine and umbilical artery resistance in
line (in black) (n = 128, with 544 visits). Kinshasa, Democratic Republic of C
age in weeks. B. Umbilical artery resistance index against gestational age in
Early pregnancy malaria parasitaemia and umbilical
artery resistance
There was no crude effect of early pregnancy malaria
parasitaemia on umbilical artery RI (Figure 3, Panel A).
In the adjusted model, the effect of early pregnancy
dex against gestational age. Population average smoothed trend
ongo, 2005–2006. A. Uterine artery resistance index against gestational
weeks.



Figure 2 Population average growth curves for uterine artery resistance index by early pregnancy malaria parasitaemia exposure.
Kinshasa, Democratic Republic of Congo, 2005–2006. A. The unadjusted effect of early pregnancy malaria parasitaemia on mean uterine
artery resistance index (n = 547 visits). B. The adjusted effect of early pregnancy malaria parasitaemia on mean uterine artery resistance
index by maternal mid-upper arm circumference (MUAC). Model adjusted for gravidity and foetal sex; product interaction term (early
pregnancy malaria parasitaemia * low MUAC) -2LL test p = 0.026, with 1 df (n = 544 visits). The overall standard deviation for uterine
artery resistance index was 0.089.
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malaria parasitaemia on umbilical artery RI varied over
time and by gravidity (Figure 3, Panel B). Compared to
the referent group of multigravidae with no early preg-
nancy malaria parasitaemia, the mean difference in um-
bilical artery RI for early pregnancy malaria parasitaemia
varied from 0.038 (95% CI: 0.0065, 0.069) at 21 weeks’
gestation to −0.0087 (95% CI: -0.04, 0.03) at 39 weeks’
gestation. The mean difference in umbilical artery RI
was 0.032 (95% CI: 0.012, 0.052) for primigravidae. The
mean difference in umbilical artery RI for the joint effect
of early pregnancy malaria parasitaemia and primigravid-
ity varied from 0.012 (95% CI: -0.030, 0.055) at 21 weeks’
gestation to −0.032 (95% CI: -0.079, 0.011) at 39 weeks’
gestation. Thus, multigravidae with early pregnancy mal-
aria parasitaemia had elevated umbilical artery RI that
decreased to levels similar to unexposed multigravidae
Figure 3 Population average growth curves for umbilical artery resist
Kinshasa, Democratic Republic of Congo, 2005–2006. A. The unadjusted eff
resistance index (n = 547 visits). B. The adjusted effect of early pregnancy m
Model adjusted for foetal sex and low education; interaction terms: (early p
p = 0.025; (early pregnancy malaria parasitaemia * primigravidae) -2LL test
UA RI was 0.089.
during the third trimester. Among primigravidae, early
pregnancy malaria parasitaemia led to decreased umbil-
ical artery RI during the late third trimester, particularly
compared to primigravidae with no early pregnancy mal-
aria parasitaemia. Both multigravidae and primigravidae
with malaria infection had a greater negative umbilical
artery RI slope than uninfected women.

Early pregnancy malaria parasitaemia and intrauterine
growth restriction
In the unadjusted model, early pregnancy malaria para-
sitaemia was associated with 1.8 times the risk of subse-
quent IUGR during pregnancy (95% CI: 1.1, 2.9)
(Table 2). In the adjusted model, the effect of early preg-
nancy malaria parasitaemia was found to vary by gravid-
ity (Wald test for product interaction term: p = 0.035).
ance index by early pregnancy malaria parasitaemia exposure.
ect of early pregnancy malaria parasitaemia on umbilical artery
alaria parasitaemia on umbilical artery resistance index by gravidity.
regnancy malaria parasitaemia * gestational age in weeks) -2LL test
p = 0.025, with 1 df (n = 540 visits). The overall standard deviation for



Table 2 The effect of early pregnancy malaria parasitaemia on subsequent intrauterine growth restriction (IUGR)

Early pregnancy malaria parasitaemia No early pregnancy malaria parasitaemia

RR (95% CI) RR (95% CI)

IUGR

Unadjusted 1.8 (1.1, 2.9) 1.0 Ref.

Adjustedab

Primigravidae 3.6 (2.1, 6.2) 1.1 (0.6, 1.9)

Multigravidae 1.4 (0.8, 2.5) 1.0 Ref.

Repeat IUGR

Unadjusted 2.2 (1.1, 4.2) 1.0 Ref.

Adjustedcd

Primigravidae 5.6 (2.8, 11.3) 1.2 (0.5, 3.0)

Multigravidae 1.4 (0.6, 3.6) 1.0 Ref.

GEE, generalized estimating equation; IUGR, intrauterine growth restriction; RR, risk ratios; MUAC, mid-upper arm circumference.
a. Adjusted for foetal sex and low baseline MUAC.
b. Interaction term (early pregnancy malaria parasitaemia*primigravidae) p = 0.035.
c. Adjusted for foetal sex and low baseline MUAC.
d. Interaction term (early pregnancy malaria parasitaemia*primigravidae) p = 0.06.
GEE log-binomial model estimated unadjusted and adjusted risk ratios (RR) for the effect of early pregnancy malaria parasitaemia on subsequent IUGR episodes
and repeat IUGR episodes (n = 544). Adjusted models stratified by gravidity. Kinshasa, Democratic Republic of Congo, 2005–2006.
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Primigravidae with early pregnancy malaria parasitaemia
had 3.6 times the risk of subsequent IUGR compared to
the referent group of multigravidae with no early preg-
nancy malaria parasitaemia (95% CI: 2.1, 6.2). Early preg-
nancy malaria parasitaemia was associated with a small
increased risk of IUGR among multigravidae, but this
finding did not reach statistical significance. In the un-
adjusted model for repeat IUGR, early pregnancy mal-
aria parasitaemia was associated with 2.2 times the risk
of repeat IUGR episodes. In the adjusted model, the risk
of repeat IUGR episodes among primigravidae with early
pregnancy malaria parasitaemia was 5.6 (95% CI: 2.8,
11.3). The increased risk for repeat IUGR with early
pregnancy malaria parasitaemia likely reflects the better
ability of repeated episodes of <10th percentile sonogra-
phically estimated foetal weight to capture truly IUGR
foetuses than a single episode.

Discussion
This study provides evidence that early pregnancy mal-
aria parasitaemia may alter placentation and lead to
intrauterine growth restriction. These observations have
important implications for future research directions
and could ultimately inform the timing of malaria para-
sitaemia prevention and control efforts. The effects of
early pregnancy malaria parasitaemia could be seen on
both uterine and umbilical artery blood flow, indicating
alterations in placentation and villous angiogenesis, re-
spectively. Primigravidae with early pregnancy malaria
parasitaemia had greater than three times the risk of
subsequent IUGR and greater than five times the risk of
repeat IUGR episodes compared to multigravidae with
no early pregnancy malaria parasitaemia. The effects of
early pregnancy malaria parasitaemia on foetal growth
were less pronounced among multigravidae, suggesting
that the effects of early pregnancy malaria parasitaemia
are worse for primigravidae than multigravidae, as
described at term [24]. This difference may also reflect
the increased intensity of infection among primigravidae
compared to multigravidae, as previously suggested [25].
While the findings of the current study, designed as a
pilot for a larger subsequent trial, should be interpreted
with caution due to small sample size, the results sup-
port recent evidence of early pregnancy malaria parasit-
aemia and restricted foetal growth from Thailand [26].
Differential effects of early pregnancy malaria parasit-

aemia on uterine artery RI between women with low
and normal MUAC were found, suggesting important
interactions between malaria parasitaemia and nutri-
tional status on placental development [4,5]. The effects
of malaria parasitaemia on foetal growth have previously
been shown to vary by nutritional status [11], but the
joint effects of malaria parasitaemia and nutritional
status during pregnancy on the foetus are not well
understood. Extravillous trophoblast invasion is highly
regulated and is critical to establishing physiologic utero-
placental blood flow. Malaria parasitaemia in the pla-
centa could dysregulate trophoblast invasion via relative
placental hypoxia [27,28]; increases in inflammatory cells
and mediators (such as TNFα) [29-31]; functional folate
deficiency [32,33]; and/or, increased complement activa-
tion [34,35]. Maternal nutritional status at baseline did
not have a significant, independent effect on uterine
artery resistance in the current study. However, mater-
nal nutritional status has been demonstrated to affect
placental development, with differential effects based
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on the timing and type of nutritional insult [36-38].
Decreased uterine artery resistance (i.e. increased uterine
artery blood flow) with early pregnancy malaria or
undernutrition may be an adaptive response to increase
oxygen and nutrients to the placenta/foetus [39]. How-
ever, among undernourished women with early preg-
nancy malaria, these adaptations may not occur, leading
to increased uterine artery resistance.
Increased uterine artery resistance has been previously

shown to be associated with restricted foetal growth [5].
In the fully adjusted IUGR model, early pregnancy mal-
aria was found to be associated with IUGR among
primigravidae. However, maternal nutritional status at
enrolment was not found to be independently associated
with IUGR, as previously demonstrated in the current
cohort [40]. Neither was there found to be an interaction
between early pregnancy malaria and maternal undernu-
trition at baseline in the IUGR models. These findings
indicate that, in this cohort, early pregnancy malaria had
a more important impact on foetal growth than maternal
nutritional status at baseline.
Altered uterine artery resistance with early pregnancy

malaria parasitaemia indicates that placental malaria
parasitaemia may be associated with diseases of tropho-
blast hypo-invasion, such as pre-eclampsia [41]. Evi-
dence consistent with increased trophoblast invasion
among nourished women with early pregnancy malaria
parasitaemia was also found. Placental bed biopsies are
necessary to determine if the effects of early pregnancy
malaria parasitaemia on trophoblast invasion are physio-
logical or pathological. The findings demonstrate that
malaria parasitaemia prior to 20 weeks’ gestation affects
placentation and may contribute to poor pregnancy out-
comes due to dysregulation of trophoblast invasion.
Among primigravidae, early pregnancy malaria parasit-

aemia led to decreased umbilical artery resistance, which
may indicate increased angiogenesis in the villous tree of
the placenta [42]. Adaptive villous branching and capil-
larisation occur in hypoxic placental environments, in-
cluding term preeclampsia [43], high altitude [44],
smoking [45], and anaemia [46]. Branching angiogenesis
is associated with increased vascular endothelial growth
factor (VEGF) expression [47], previously shown to be
associated with placental malaria parasitaemia and ma-
ternal hypertension [41]. Increased villous angiogenesis
may explain the previously reported high placental to
foetal weight ratio among primigravidae with placental
malaria parasitaemia [48].
Primigravidae with early pregnancy malaria parasit-

aemia had an increased risk of subsequent IUGR, com-
pared to multigravidae with no early pregnancy malaria
parasitaemia. Primigravidae are known to have increased
severity of malaria infection and worse pregnancy out-
comes than multigravidae in malaria endemic areas
[24,25]. The findings support limited, but growing, evi-
dence that early pregnancy malaria parasitaemia ad-
versely affects birth weight [49-52] and foetal growth
[26]. The adverse effect of early pregnancy malaria para-
sitaemia on foetal growth in primigravidae appeared to
occur despite a blood flow profile consistent with mod-
erate alterations in placentation and increased angiogen-
esis. This suggests that the effects of early pregnancy
malaria parasitaemia on foetal growth among primigrav-
idae occur at the time of infection and may be mediated
via mechanistic pathways other than changes in blood
flow, such as inflammatory cells and cytokines [53], an-
aemia [54], or acute changes in blood flow during active
parasitaemia [9]. In the current study, a foetus frequently
demonstrated signs of IUGR at one or more study time
points, yet did not at other time points, suggestive of dif-
ferential rates of foetal growth during gestation. Further,
there was no association between early pregnancy mal-
aria and low birth weight (data not shown), possibly due
to the frequent identification and treatment of sub-
clinical malaria parasitaemia in the study cohort.

Conclusion
The prevalence of malaria parasitaemia peaks in early
pregnancy [3] and malaria parasitaemia prevention and
control measures are infrequently initiated [1] during
this critical period in placental development. The effect
of early pregnancy malaria parasitaemia on subsequent
uterine artery resistance was modified by maternal nutri-
tional status, with increased resistance among under-
nourished women with early pregnancy malaria and
decreased resistance among normally nourished women
with early pregnancy malaria. Among primigravidae,
early pregnancy malaria parasitaemia decreased umbil-
ical artery resistance in the late third trimester, due to
changes in angiogenesis. Thus, early malaria parasit-
aemia infection may dysregulate placentation and angio-
genesis, leading to lasting changes in both uterine and
umbilical artery blood flows. Among primigravidae, early
pregnancy malaria parasitaemia was associated with
nearly four times the risk of subsequent intrauterine
growth restriction compared to multigravidae with no
early malaria infection. These findings support the initi-
ation of malaria parasitaemia prevention and control
efforts earlier in pregnancy.
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