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Background. Malaria in pregnancy (MiP) has been associated with fetal growth restriction, the underlying pathogenic
mechanisms of which remain poorly understood. Malaria in pregnancy is suspected to induce abnormalities in placental
vascularization, leading to impaired placental development. Our study evaluated MIP’s effect on uterine artery (UtA) and
umbilical artery (UA) blood flow.

Methods. The analysis included 253 Beninese women followed throughout pregnancy and screened monthly for
submicroscopic and microscopic malaria. Uterine artery Doppler measurement was performed once between 21 and 25 weeks’
gestation (wg), and UA Doppler measurement was performed 1-3 times from 28 wg. Linear and logistic regression models were
used to assess the effect of malaria infections on UtA Doppler indicators (pulsatility index and presence of a notch), whereas a
logistic mixed model was used to assess the association between malaria infections and abnormal UA Doppler (defined as
Z-score >2 standard deviation or absent/reversed UA end-diastolic flow).

Results. Primigravidae represented 7.5% of the study population; 42.3% of women had at least 1 microscopic infection during
pregnancy, and 29.6% had at least 1 submicroscopic infection (and no microscopic infection). Both microscopic and
submicroscopic infections before Doppler measurement were associated with the presence of a notch (adjusted odds ratio
[aOR] 4.5, 95% confidence interval [CI] = 1.2-16.3 and aOR 3.3, 95% CI = .9-11.9, respectively). No associations were found
between malaria before the Doppler measurement and abnormal UA Doppler.

Conclusions. Malaria infections in the first half of pregnancy impair placental blood flow. This highlights the need to prevent
malaria from the very beginning of pregnancy.

Keywords. Africa; Doppler measurements; malaria in pregnancy; umbilical artery; uterine artery.

Pregnant women are a population that is particularly at risk of
malaria [1]. In sub-Saharan Africa (SSA), the main deleterious
effect of malaria for the fetus is an increased risk of low birth
weight and small for gestational age (SGA), due to fetal growth
restriction (FGR), prematurity, or a combination of both [2].
Although the impact of malaria in pregnancy (MiP) on poor
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birth outcomes has been well documented, pathogenesis of
MiP-associated FGR remains poorly understood.

Malaria in pregnancy is characterized by both the sequestra-
tion and accumulation of infected erythrocytes in the intervil-
lous blood space of the placenta, a key organ for fetal
development [3]. Different pathological pathways have been
considered to explain MiP-associated FGR. In particular, it
has been suggested that placental malaria infections may alter
placental development, thereby inducing abnormalities in pla-
cental vascularization [4-6]. On the maternal side, increased
uterine artery (UtA) resistance in the first half of pregnancy in-
dicates an impaired trophoblast invasion, which is a crucial
stage in placental development [7, 8]. On the fetal side,
increased umbilical artery (UA) resistance at the end of
pregnancy reflects increased placental vascular resistance. Both
maternal and fetal vascular abnormalities result in impaired pla-
cental functions, in turn, affecting fetal development [9, 10].
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Studies on MiP using Doppler ultrasound—a real-time method
to investigate placental blood flow characteristics—have been
limited so far because ultrasound is still rarely used in SSA
[11-15]. The “REtard de Croissance Intra-uterin et
PALudisme” (RECIPAL) study, based on a cohort of women liv-
ing in Benin and followed from preconception to delivery, as-
sessed the impact of MiP on uterine and umbilical artery
resistance indices, as measured by Doppler ultrasound.

METHODS

Patient Consent Statement

This study was approved by the Ethics Committee of the
Institut des Sciences Biomédicales Appliquées as well as the
Ministry of Health in Benin. Written informed consent was ob-
tained from all participants after an explanation of the study in
the local language. The project funded treatment for malaria
and other acute diseases during pregnancy.

Study Design

RECIPAL is a preconception cohort study conducted between
June 2014 and August 2017 in southern Benin, where
Plasmodium falciparum is the most common malaria-causing
parasite [16]. Women of reproductive age were recruited at
community level and followed monthly at home for a maxi-
mum of 24 months until they became pregnant (primary co-
hort). Once the pregnancy was confirmed, they were followed
monthly in the maternity clinic until delivery (secondary co-
hort) (Supplementary Figure 1). The complete study protocol
has been detailed elsewhere [17].

Data Collection
At inclusion in the primary cohort, sociodemographic and an-
thropometric data and reproductive history were collected. At
each monthly visit, the date of the last menstrual period (LMP)
was recorded, and a urinary pregnancy test was performed.
During gestational follow up, anthropometric, clinical, and
obstetrical data were collected at each monthly antenatal care
(ANC) visit. Women were also screened for malaria using
both microscopy (thick blood smear [TBS]) and polymerase
chain reaction [PCR]). In addition, any time during pregnancy,
a rapid diagnostic test (RDT) (P falciparum + standard
deviation [SD] Bioline Malaria-Ag-Pf/Pan rapid test; IDA
Foundation, Amsterdam, Netherlands; Biosynex, Strasbourg,
France) and a TBS were performed in case of fever or other
signs pointing to malaria. Because PCR results were only avail-
able at the end of the study, only women infected with malaria
based on TBS and/or RDT were treated during pregnancy ac-
cording to national guidelines (ie, quinine in the first trimester
and artemisinin-combination therapy in the second and third
trimesters).

Ultrasound scans (USs) were performed using a portable ul-
trasound scanner (5-2 MHz C60 abdominal probe; Sonosite
M-TURBO; Bothell, Washington). To date the pregnancy, the
first US was performed between 9 and 14 weeks of gestation
(wg). Crown-rump length measurement was used to estimate
gestational age (GA) at the first US performed between 9 and
13 wg according to LMP. At the end, GA estimation was based
either on LMP if the difference between the 2 measurements
(LMP/US) was less than 7 days or on US if the difference was
>7 days [18]. Additional USs were performed to assess fetal
biometry every 6 weeks from 15 wg.

In particular, a color-pulsed Doppler ultrasound was used
(1) to interrogate flow velocity waveform in the left and right
UtA once between 21 and 25 wg and (2) in the UA a maximum
3 times from 28 wg. The right and left UtA were identified at the
crossover with the external iliac arteries. When 4-6 similar con-
secutive waveforms were obtained, UtA pulsatility index
(UtA-PI) was measured, and the presence of a notch was deter-
mined. The UA Doppler flow was assessed on a free loop of
cord in the absence of fetal breathing and body movement.
When 4-6 uniform consecutive waveforms were obtained, um-
bilical artery PI (UA-PI) was measured, and UA end-diastolic
flow was recorded as present, absent, or reversed. Doppler
USs were performed successively by 4 sonographers during
the study period. Quality control for all UtA Dopplers and
for a random subsample of UA Dopplers was performed a pos-
teriori by an experienced obstetrician-gynecologist.

Laboratory Procedures

For TBS analysis, the Lambarene technique was used to
quantify parasitemia with a detection threshold estimated at
5 parasites/uL [19]. For real-time quantitative PCR, 18S ribo-
somal deoxyribonucleic acid (DNA) was targeted [20, 21]. A
negative control with no DNA template was run in all reactions.

Statistical Analysis

Our main objective was to evaluate the impact of MiP on UtA
and UA Doppler measurements. Our study population includ-
ed the subsample of women with a viable and single pregnancy,
who had at least 1 UtA Doppler and/or UA Doppler for which
quality was checked and with available TBS and PCR results be-
fore each considered Doppler measurement.

For UtA Doppler analyses, the outcomes were as follows:
UtA-PI (highest measurement between left and right UtA)
and notch (presence on left or right UtA vs absence). In fact,
with increasing GA, a high UtA-PI and/or the presence of a
notch reflect high vascular resistance [22]. For UA Doppler
analyses, the outcome was a binary variable (abnormal UA
Doppler vs normal) built in 2 steps. First, UA-PI was trans-
formed into a Z-score according to INTERGROWTH-21st
charts [23]. Then, “abnormal UA Doppler” was defined as fol-
lows: Z-score >2 SD (equivalent to UA-PI >98th percentile) or
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absent/reversed UA end-diastolic flow (ultimate stage of an ab-
normal UA Doppler) [24].

Our main exposure variable was the time-dependent malaria
status, categorized into 3 classes and created as follows: (1) first,
at each scheduled and unscheduled ANC visit, malaria status
was defined as “negative” if all tests (TBS, PCR, and RDT
when applicable) were negative; malaria status was defined aas
“submicroscopic” if PCR test was positive and TBS and/or
RDT tests were negative; and malaria status was defined as “mi-
croscopic” if TBS and/or RDT tests were positive; (2) then, we
created a summary variable based on the woman’s malaria sta-
tus from the beginning of pregnancy up to the day of Doppler
measurement. Thus, for a given Doppler measurement, malaria
status was summarized as follows: no malarial infection detected
before the Doppler measurement; at least 1 submicroscopic in-
fection, but no microscopic infection detected before the
Doppler measurement; or at least 1 microscopic infection de-
tected before the Doppler measurement, independently of the
occurrence of a submicroscopic infection. Similar variables
summarizing the infection status at the first (ie, before 15 wg)
and the second trimester (15-28 wg) of pregnancy were also cre-
ated using the same procedure. These variables were used for
secondary analysis on UtA Doppler measurement.

First, we described the women’s general and malaria charac-
teristics along with the UtA and UA Doppler measurements’
timing and values. The crude association between UtA notching
and abnormal UA Doppler with poor birth outcomes was eval-
uated. Poor birth outcomes were defined as low birth weight
(birth weight <2500 grams), preterm birth (GA <37 wg), and
SGA (defined as birth weight below the 10th percentile for a giv-
en GA according to INTERGROWTH-21st’s charts) [18].

Next, we assessed the association between malaria status be-
fore UtA Doppler measurement and UtA Doppler indicators
using linear regression (for UtA-PI) and logistic regression
(for notch) models. Similar models were used to assess the ef-
fect of malaria in the first and second trimesters on UtA-PI
and notch specifically. A logistic mixed model with a random
intercept on the woman’s identification was used to assess the
association between MiP and “abnormal UA Doppler,” to ac-
count for possible correlation between repeated UA Doppler
measurements on a single woman.

Potential confounders were identified a priori using directed
acyclic graphs (DAGs). Based on DAGs, UtA and UA analyses
were adjusted for maternal age and GA (both continuous var-
iables), along with gravidity (primigravidae/secondigravidae vs
multigravidae), ethnicity (Toffin vs others), and socioeconomic
status (SES). The SES was based on a score calculated according
to the woman’s occupation and material assets and then catego-
rized by tertiles [25].

Coefficients with a P value less than .05 were considered as
statistically significant. All statistical analyses were performed
using RStudio software version 1.3.1073.

RESULTS

Study Population

Out of the 1214 women of reproductive age included in the pri-
mary cohort, 411 (33.8%) became pregnant after 30 months of
follow up (Figure 1). A total of 253 women (61.6%) with a single
and viable pregnancy were selected for this analysis, 175 of
whom had a validated UtA Doppler and 250 had at least 1 val-
idated UA Doppler. All of them were monitored for both mi-
croscopic and submicroscopic malarial infections. Overall,
158 of 411 were excluded from the analyses; the main reasons
for exclusion were miscarriage and consent withdrawal
(Figure 1). Women included in (n =253) and excluded from
(n =158) the analysis did not differ significantly in their gene-
ral characteristics (Supplementary Table 1).

Quality control of Doppler-USs led to the exclusion of 69
women with uninterpretable UtA Doppler. Only 4 UA
Doppler images were considered uninterpretable, which did
not lead to exclusion of the women concerned, who had 1 or
2 other interpretable UA Doppler measurements. We did not
find any differences between the 69 women with uninterpret-
able UtA Doppler and the 175 women included in the UtA
analyses (Supplementary Table 2).

Women'’s Characteristics Before and During Pregnancy

At inclusion, women were on average 27 years old (Table 1),
few women (7.5%) were primigravidae, the majority (71.5%)
were illiterate, and more than half (57.7%) were anemic.
Women had a mean of 7.7 ANC visits, and the average GA at
the first ANC visit was 7 wg. The proportion of women who
had at least 1 microscopic infection during pregnancy was
42.3%, whereas those who had at least 1 submicroscopic infec-
tion (and no microscopic infection) were 29.6%. In the first tri-
mester, these proportions were 19.8% and 28.2%, respectively.

Doppler Measurements and Association With Poor Birth Outcomes

The mean GA at the time of UtA Doppler measurement was 22.6
wg (Table 2). The mean UtA-PI was 2.1, and 14.3% of women
had a notch. Analyses using UA Doppler measurements were
performed on 250 women: 250 women had at least 1 measure-
ment, 208 women had at least 2 measurements, and 36 women
had at least 3 measurements. The mean GA at the first UA
Doppler was 29.1 wg, 34.4 wg at the second Doppler, and 37.7
wg at the third Doppler. Of the 494 UA Dopplers, 39 (7.9%)
were considered abnormal, 14 of which were due to the absence
or reversal of UA end-diastolic flow; 29 women (11.6%) had 1
abnormal UA Doppler, and 5 women (2%) had 2.

The associations of UtA notching and abnormal UA Doppler
with poor birth outcomes are presented in Supplementary
Tables 3 and 4. There was a significantly higher proportion of
SGA in women who had at least 1 abnormal UA Doppler
(23.5% vs 10.7%, P = .02).
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1214 women of reproductive age
(primary cohort)

+ 359 study completion without pregnancy*
* 444 incomplete follow-up
- 272 consent withdrawals

- 138 migrations

411 pregnant women
(secondary cohort)

Y

- 16 infertility issues
- 13 lost to follow-up

- 5 other reasons

Excluded from the analyses (n=158)

+ 87 women without Doppler US follow-up

- 72 miscarriages

4

- 14 migrations

- 1 non-interpretable UtA/Unavailable UA Doppler

* 46 consentwithdrawals

253 women included in the analyses

submicroscopic malarial infections

o 175women with a validated UtA Doppler1

o 250women with at least one validated UA Dopplr:ar2

with Doppler US follow-up (at least one validated UtA Doppler
and/or UA Dopplers) and monitoring for both microscopic and

* 16 multiple pregnancies
+ 6 women without complete malaria screening
- 4 |ost to follow-up

- 2 migrations

« 3 non-~viable pregnancies
- 2 therapeutic abortions

- 1 ectopic pregnacy

Figure 1.  Flowchart diagram of the study population, REtard de Croissance Intra-uterin et PALudisme (RECIPAL) cohort, southern Benin, 2014-2017. *Study completion:
24-month follow up without pregnancy from enrollment. SAll uterine artery (UtA) Dopplers and a random subsample of umbilical artery (UA) Dopplers were validated a pos-
teriori by an experienced obstetrician-gynecologist. 'For UtA analysis, 78 women without UtA Doppler (69 noninterpretable UtA Doppler and 9 with UA Doppler only) were
excluded.? For UA analysis, 3 women without UA Doppler (3 with validated UtA Doppler only) were excluded.

Effect of Malaria in Pregnancy on Uterine Artery Doppler Measurements
We did not find any statistically significant difference in mean
UtA-PI between women infected with microscopic or submi-
croscopic malaria infections before Doppler measurement
compared to uninfected women, after adjustment for maternal
age, GA at the time of the UtA-PI measurement, gravidity, eth-
nicity, and SES (Table 3). Similarly, when defining malaria ex-
posure as infections that occurred in the first trimester only, we
found no evidence of any difference in mean UtA-PI between
infected and uninfected women (Table 3).

In contrast, after adjustment for the same potential con-
founders, both microscopic and submicroscopic infections be-
fore Doppler measurement were substantially associated with

the presence of a notch (adjusted odds ratio [aOR] 4.5, 95%
confidence interval [CI] = 1.2-16.3 and aOR 3.3, 95% CI =
.9-11.9, respectively) (Table 4). Due to the low number of
both adverse events (n =25 notches) and women with malaria
infections in the first trimester, their association could not be
assessed.

Effect of Malaria in Pregnancy on Umbilical Artery Doppler Measurements
We did not find any association between microscopic and sub-
microscopic malaria infections before the Doppler measure-
ment and abnormal UA Doppler (Table 5). The multivariate
model was adjusted for gravidity, maternal age, and GA only
due to convergence issues.
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Table 1. General Characteristics of the 253 Pregnant Women Included in
the Analyses, RECIPAL Cohort, Southern Benin, 2014-2017

Table 2. Doppler Measurements Among the 253 Pregnant Women
Included in the Analyses, RECIPAL Cohort, Southern Benin, 2014-2017

N (%)
or Mean
Characteristics Total (SD)
Maternal age (years) 253  26.7 (5.0)
Gravidity 253
Primigravidae 19 (7.5)
Secondigravidae 32 (12.6)
Multigravidae 202 (79.8)
Education level (illiterate vs literate) 253 181 (71.5)
Prepregnancy body mass index (kg/m?) 253
<185 22 (8.7)
18.5-24 171 (67.6)
>25 60 (23.7)
Socioeconomic Status® 253
Low tertile 87 (34.4)
Intermediate tertile 98 (38.7)
High tertile 68 (26.9)
HIV status (positive vs negative) 246 4 (1.6)
Anemia before conception (<12 g/dL)® 253 146 (57.7)
Ethnic group (Toffin vs others®) 253 187 (73.9)
Median (range) number of ANC visits during 253 8 (4-9)
pregnancy®
GA at the first ANC visit (weeks of gestation)® 253 7 (2.6)
Gestational hypertension (detected vs not) 253 7(2.8)
SGA' (yes vs no) 248 51 (20.6)
Low birthweight (<2500 grams) (yes vs no) 250 22 (8.8)
Preterm birth (yes vs no) 252 21 (8.3)
Stillbirth (yes vs no) 251 2(0.8)
Number of malaria screenings during pregnancy 253 8.1(1.3)
Malaria status during pregnancy 253
No malaria infection 71 (28.1)
At least 1 submicroscopic infection and no 75 (29.6)
microscopic infection?
At least 1 microscopic infection 107 (42.3)
Malaria status in the first trimester of pregnancy 248
No malaria infection 129 (562.0)
At least 1 submicroscopic infection and no 70 (28.2)
microscopic infection®
At least 1 microscopic infection 49 (19.8)

Abbreviations: ANC, antenatal care; GA, gestational age; HIV, human immunodeficiency
virus; RECIPAL, REtard de Croissance Intra-uterin et PALudisme; SD, standard deviation;
SGA, small for gestational age.

aSocioeconomic status: synthetic score combining occupation and ownership of assets,
where was then categorized according to the tertiles (24).

®Anemia detected at recruitment in the preconception period, in median 12.3 months before
pregnancy (17).

°Other ethnic groups: Fon, Aizo, Yoruba, Adja, Goun, Ahoussa, Cotafon, Mahi, and Sahoue.
9Including scheduled and unscheduled ANC visits.

°Gestational age based on the first ultrasound scan or the date of the last menstrual period.
Defined as birth weight <10th percentile for a given GA according to INTERGROWTH-21st
charts (17).

9Submicroscopic infections are defined by polymerase chain reaction-positive but thick
blood smear-negative infections.

DISCUSSION

Using malaria and Doppler US data collected from the first tri-
mester of pregnancy, we showed an association between micro-
scopic malaria infections and the presence of a notch on UtA at
22-23 wg, suggesting an adverse effect of malaria on placental

N (O/O)

Characteristics Total  or Mean (SD)
UtA Doppler
Women with a validated UtA? 253 175 (69.2)
GA at the time of UtA Doppler (weeks of gestation)® 175 22.6(1.2)
UtA-PI® 175 2.1 (0.5)
Presence of a notch® 175 25 (14.3)
GA at the time of UtA notching 25 22.3(1.3)
UA Doppler
Women with a validated UA®

At least 1 253 250 (98.8)

At least 2 253 208 (82.2)

At least 3 253 36 (14.2)
GA at the time of UA Doppler (weeks of gestation)

First measurement 250 29.1 (2.2)

Second measurement 208 34.4(1.4)

Third measurement 36 37.7 (1.7)
Z-score of UA-PI®

First measurement 250 0.14 (1.0

Second measurement 208 0.09 (1.3)

Third measurement 36 0.45 (1.1)
Absent or reversed UA end-diastolic flow 494 14 (2.8)
Abnormal UA Doppler 494 39 (7.9)

First measurement 250 12 (4.8)

Second measurement 208 20 (9.6)

Third measurement 36 7 (19.4)
Women with an abnormal UA Doppler

1 episode 250 29 (11.6)

2 episodes 250 5 (2.0)

Abbreviations: GA, gestational age; PI, pulsatility index; RECIPAL, REtard de Croissance
Intra-uterin et PALudisme; SD, standard deviation; UA, umbilical artery; UtA, uterine artery.

UtA and UA Doppler validation made a posteriori by an experienced
obstetrician-gynecologist.

PGestational age based on the first ultrasound scan or the date of the last menstrual period.
°Highest pulsatility index between right and left uterine arteries.

9Presence on the right or left uterine artery.

°Z-score of pulsatility index according to INTERGROWTH-21st charts (22).

fAbnormal UA Doppler defined as follows: Z-score of UA-PI >2 SD according to
INTERGROWTH21st charts (22) or absent/reversed UA end-diastolic flow.

vascularization. Submicroscopic malarial infections were also
associated with UtA notching. However, we did not find any
evidence supporting an association between MiP and abnormal
UA Doppler at the end of pregnancy.

The original study design of the RECIPAL cohort allowed us
to identify pregnant women at an early stage of their pregnancy.
In addition, we were able to monitor malarial infections, both
microscopic and submicroscopic, from the first trimester of
pregnancy as well as fetal parameters and Doppler measure-
ments longitudinally, which has rarely been done in SSA stud-
ies. This allowed GA to be accurately estimated using US, which
was particularly important because vascular resistance indices
decrease with advancing GA in normal pregnancies.

We found high values of UtA-PI compared to those generally
reported in the literature in Caucasian women (reference for
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Table 3. Relation Between the UtA-Pl and Malaria According to the Timing and Type (Microscopic vs Submicroscopic) of Infections During Pregnancy
(n = 175): Multivariate Linear Regression (RECIPAL Cohort, Southern Benin, 2014-2017)

Univariate Analysis Multivariate Analysis®

Estimated Mean Difference of UtA-PI Estimated Mean Difference of UtA-PI

Exposure n (%) (95% Cl) PP (95% Cl) PP
Malaria Before or at the Time of UtA Doppler 46 .57

No infection 70 (40)

Submicroscopic infection(s) only® 56 (32) .04 (-=0.12 t0 0.20) 0.03 (-0.14 to 0.20)

At least 1 microscopic infection® 49 (28) 0.11 (-0.06 to 0.28) 0.09 (-0.08 t0 0.27)
Malaria in the 1st Trimester of Pregnancy .95 .60

No infection 94 (53.7)

Submicroscopic infection(s) only® 50 (28.6) 0.01 (-0.15t0 0.16) —0.03 (-0.20t0 0.15)

At least 1 microscopic infection® 31(17.7) —-0.03 (-0.22 t0 0.16) —0.10 (-0.30 t0 0.10)

Abbreviations: Cl, confidence interval; RECIPAL, REtard de Croissance Intra-uterin et PALudisme; UtA-PI, uterine artery pulsatility index.

“Adjusted for maternal age, gestational age at time of Doppler measurement, gravidity, ethnic group, and socioeconomic status. First trimester analysis additionally adjusted for malaria
infections that occurred in the second trimester before or at the time of Doppler measurement.

“Partial Fisher's test.
At least 1 submicroscopic infection and no microscopic infection during the period considered.

9At least 1 microscopic infection during the period considered.

Table 4. Relation Between Uterine Artery (UtA) Notching and Malarial Infections Before or at the Time of Doppler Measurement (n = 175): Multivariate
Logistic Regression (RECIPAL Cohort, Southern Benin, 2014-2017)

Univariate Analysis Multivariate Analysis

Presence of a Notch? OR aOR®
Exposure Total n (%) (95% Cl) PP (95% Cl) PP
Malaria Before or at the Time of UtA Doppler .02 0.04
No infection 70 4 (5.7) 1 1
Submicroscopic infection(s) only® 56 10(17.9) 3.6 (1.1-12.1) 3.3(0.9-11.9)
At least 1 microscopic infection® 49 11 (22.4) 4.8 (1.4-16.1) 4.5(1.2-16.3)

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio; RECIPAL, REtard de Croissance Intra-uterin et PALudisme; UtA, uterine artery.

#Presence of a notch on the right or left uterine artery.
°Likelihood ratio test.

°Adjusted for maternal age, gestational age at the time of Doppler measurement, gravidity, ethnic group and socioeconomic status.

9At least 1 submicroscopic infection and no microscopic infection before Doppler measurement.

°At least 1 microscopic infection before Doppler measurement.

95th percentile of UtA-PI is approximately 1.41 at 23 wg) [26, 27].
Indeed, in our study, the mean value of UtA-PI measured at a
mean of 22.6 wg was 2.1. We are quite confident in the high record-
ed values because they were found by the 4 sonographers, and the
quality of UtA Doppler was checked a posteriori by an experienced
obstetrician-gynecologist. In addition, we found positive Z-scores
whichever the first, second or third UA Doppler, meaning that
UA-PIs were globally higher than international references values
established by the INTERGROWTH-21st initiative [23]. Indeed,
higher UA-PIs were expected because our study population was
at higher risk for FGR compared to women selected for
INTERGROWTH-21st because of high rates of malaria, anemia,
and underweight in the RECIPAL cohort.

We found an association between malarial infections that
occurred before UtA Doppler and the presence of UtA notch-
ing. The magnitude of the association was stronger with higher
parasite density (ie, aOR of 4.5 for microscopic infections vs

aOR of 3.3 for submicroscopic infections). In our study, the
mean GA at the time of notch diagnosis was 22-23 wg.
Because UtA notching can remain physiological until the
26th week of gestation, we cannot exclude that some of the de-
tected UtA notching were physiological rather than patholog-
ical. However, late persistence of UtA notching until 22-23
wg has been suggested to reflect placental alterations because
it is associated with poor birth outcomes [28]. A possible ex-
planation is that the presence of parasites in the placenta in-
terferes with trophoblast invasion, which is essential for
placental development and then for successful fetal growth
[7, 27]. Although we were expecting to find higher mean
UtA-PI values in women infected with malaria, as evidenced
with notching, we did not find this association. However,
Espinoza et al [8] showed that UtA-PI and the presence of a
UtA notch between 23 and 25 wg are independent measures,
independently related to the risk of preeclampsia, whose main
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Table 5. Relation Between Abnormal Umbilical Artery (UA) Doppler and Malarial Infections Before or at the Time of Doppler Measurement (250 Women
and 494 UA Doppler Measurements): Multivariate Logistic Mixed Regression With a Random Intercept (RECIPAL Cohort, Southern Benin, 2014-2017)

Univariate Analysis Multivariate Analysis®

Abnormal UA Doppler® OR aOR
Exposition Total n (%) (95% ClI) P° (95% ClI) Pe
Malaria before or at the time of UA Doppler® 0.81 0.98
No infection 155 14 (9.0) 1 1
Submicroscopic infection(s) only® 157 10 (6.4) 1.4 (0.2-10.1) 1.2 (0.1-9.8)
At least 1 microscopic infection 182 15(8.2) 1.9 (0.3-13.0) 1.2 (0.2-9.5)

Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; OR, odds ratio; RECIPAL, REtard de Croissance Intra-uterin et PALudisme; UA, umbilical artery.
#Adjusted for maternal age, gestational age at time of Doppler measurement, and gravidity.

®Abnormal UA defined as follows: Z-score of UA-PI >2 standard deviation according to INTERGROWTH21st charts (22) or absent/reversed UA end-diastolic flow.

CLikelihood ratio test.

9dFirst UA Doppler performed in average at 29.1 weeks of gestation (wg), 34.4 wg for the second UA Doppler, and 37.7 wg for the third UA Doppler.

°At least 1 submicroscopic infection and no microscopic infection before Doppler measurement.

At least 1 microscopic infection before Doppler measurement.

pathophysiological mechanism is an alteration of trophoblas-
tic invasion.

We did not find any association between UtA-PI and malaria
infections in the first trimester (ie, <15 wg) specifically, al-
though this period is key for placental development, which is
complete by 20-22 wg [7, 29]. In contrast, malaria up to 22—
23 wg was associated with UtA notching. Based on previous
RECIPAL findings, an explanation may be that a cuamulative ef-
fect of malarial infections starting from the first trimester could
be more determinant than the effect of malarial infections re-
stricted to the first trimester only [25].

Very few studies evaluated the effect of MiP on UtA Doppler,
among which 2 found an association between MiP and impaired
uteroplacental blood flow [12-14]. Using a comparable longitu-
dinal approach as in RECIPAL, Griffin et al [13] found that ma-
larial infections in early pregnancy (<20 wg) were associated
with increased UtA resistance, but only in undernourished wom-
en. In our study, the low proportion of undernourished women
did not allow us to explore the association between MiP and UtA
Doppler measurements according to maternal nutritional status.

In the literature, submicroscopic malaria infections have
been associated with an increased risk of poor birth outcomes
[30, 31]. In RECIPAL, these infections were highly prevalent
and were not specifically treated [21]. In this study, they were
the only infections detected in one third of our population.
Our analysis suggested a positive association between submi-
croscopic infections and the presence of a UtA notch. To our
knowledge, there is no comparable result in the literature, al-
though submicroscopic infections have been associated with
an abnormal UA Doppler [15].

We did not find any evidence supporting an association be-
tween microscopic and submicroscopic infections and abnor-
mal UA Doppler at the end of pregnancy. This finding
suggests that malarial infections did not lead to subsequent
changes in fetal blood flow, which is an indicator of placental

dysfunction. Our findings are in contrast with previous studies,
which showed an association between MiP and increased UA
resistance indices [11, 14, 15]. An explanation may be that, in
our study, women were screened for microscopic infections ev-
ery month and were immediately treated in case of infection.
This may have mitigated the potential deleterious effect of ma-
laria on placental dysfunction.

Finally, we performed both placental biopsies and placental
thick blood smears. In the whole RECIPAL cohort, very few
placental infections (n =26 of 230) were detected using biop-
sies, which prevented us from assessing the association between
abnormal UtA or UA Doppler with placental infection.

We acknowledge some limitations to our study. First, the
proportion of primigravid women was low compared to what
is generally observed in other cohorts in Africa (7.5% vs 15%
to 20%) [32]. The observed differences are due to the fact
that another study with a similar preconceptional design was
concomitantly carried out in the same area. Primigravidae
are the most susceptible to malaria, preeclampsia, and FGR
[33, 34]. This may have led to an underestimation of the report-
ed associations we found between malaria and both UtA and
UA measurements. Second, we were not able to adjust for ma-
ternal hypertensive disorders, which complicate up to 10% of
pregnancies worldwide and have been associated with placental
vascularization impairment [35]. However, only 2.8% of
RECIPAL women had gestational hypertension (none of
them had a preeclampsia event). In addition, this variable
was considered as an intermediate rather than a confounding
factor for the association between Doppler measurements
and malaria. Third, we cannot exclude that infections with
ultra-low parasitemia (ie, below the PCR detection threshold)
may have been missed, although we do not know their impact
on Doppler measurements. Fourth, the exclusion of poor-
quality Doppler images may have led to a lack of power for
UtA analyses, in particular for the analysis on UtA-PI.
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However, a comparison of women with noninterpretable UtA
Doppler and our analysis sample showed no evidence of differ-
ence. Finally, because UtA notching up to 26 wg can be of a
physiological nature, we cannot exclude that some of the notch-
es we evidenced at 22-23 wg were physiological.

CONCLUSIONS

Despite global efforts to fight malaria, most women in SSA re-
main insufficiently protected against malaria during the first
half of their pregnancy. Results of this study suggest that
both microscopic and submicroscopic treated malaria infec-
tions that occurred in the first half of pregnancy may alter pla-
centation. These findings highlight the importance of
implementing preventive measures against malaria as early as
possible during pregnancy starting in the first trimester.

Supplementary Data
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