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Abstract

IMPORTANCE Malaria during pregnancy is associated with adverse events for the fetus and
newborn, but the association of malaria during pregnancy with the head circumference of the
newborn is unclear.

OBJECTIVE To investigate the association of malaria during pregnancy with fetal head growth.

DESIGN, SETTING, AND PARTICIPANTS Two cohort studies were conducted at the general
maternity hospital of Cruzeiro do Sul (Acre, Brazil) in the Amazonian region. One cohort study
prospectively enrolled noninfected and malaria-infected pregnant women who were followed up
until delivery, between January 2013 and April 2015. The other cohort study was assembled
retrospectively using clinical and malaria data from all deliveries that occurred between January 2012
and December 2013. Data analyses were conducted from January to August 2017 and revised in
November 2018. Clinical data from pregnant women and anthropometric measures of their
newborns were evaluated. A total of 600 pregnant women were enrolled through volunteer
sampling (prospective cohort study), and 4697 pregnant women were selected by population-based
sampling (retrospective cohort study). After application of exclusion criteria, data from 251
(prospective cohort study) and 232 (retrospective cohort study) malaria-infected and 158
(prospective cohort study) and 3650 (retrospective cohort study) noninfected women were
evaluated.

EXPOSURE Malaria during pregnancy.

MAIN OUTCOMES AND MEASURES The primary end point was the incidence of altered head
circumference in newborns delivered from malaria-infected mothers compared with that from
noninfected mothers. Secondary end points included measures of placental pathology relative to
newborn head circumference.

RESULTS In total, 4291 maternal-child pairs were analyzed. Among 409 newborns in the
prospective cohort study, the mothers of 251 newborns had malaria during pregnancy, infected with
Plasmodium vivax, Plasmodium falciparum, or both. Among 3882 newborns in the retrospective
cohort study, 232 were born from mothers that had malaria during pregnancy. The prevalence of
newborns with a small head (19 [30.7%] in the prospective cohort study and 30 [36.6%] in the
retrospective cohort study) and the prevalence of microcephaly among newborns (5 [8.1%] in the
prospective cohort study and 6 [7.3%] in the retrospective cohort study) were higher among
newborns from women infected with P falciparum during pregnancy. Multivariate logistic regression
analyses revealed that P falciparum infection during pregnancy represented a significant risk factor
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Abstract (continued)

for the occurrence of small head circumference in newborns (prospective cohort study: odds ratio,
3.15; 95% CI, 1.52-6.53; P = .002; retrospective cohort study: odds ratio, 1.91; 95% CI, 1.21-3.04;
P = .006). Placental pathologic findings corroborated this association, with more syncytial nuclear
aggregates and inflammatory infiltrates occurring in placentas of newborns born with decreased
head circumference.

CONCLUSIONS AND RELEVANCE This study indicates that falciparum malaria during pregnancy is
associated with decreased head circumference in newborns, which is in turn associated with
evidence of placental malaria.

JAMA Network Open. 2019;2(5):e193300. doi:10.1001/jamanetworkopen.2019.3300

Introduction

Having malaria during pregnancy, especially falciparum malaria, can be devastating and fulminant,
leading to high mortality rates for both mother and fetus, with approximately 125 million pregnancies
at risk of infection each year.1 Infected erythrocytes accumulate and sequester in the placental
intervillous space, causing placental histopathologic changes that trigger an exacerbated
inflammatory response that is highly detrimental.2 A heightened inflammatory response perturbs
the maternal-fetal interface and impairs critical placental functions. Therefore, maternal malaria is
associated with major complications among fetuses and newborns, including being the primary
cause of low birth weight, intrauterine growth retardation, abortion, stillbirth, premature delivery,
and fetal death in malaria-endemic countries.1 In addition, in utero exposure to malaria parasites has
been associated with a decreased head circumference (HC) among fetuses and newborns, a
proportional decrease in size as an outcome of the intrauterine growth retardation.3-6

Several studies have reported the association of intrauterine infections with a high risk of low
birth weight and brain injury among newborns.7 A group of microorganisms termed TORCH, which
now also includes hepatitis virus, HIV, and most recently Zika virus, are frequently associated with
decreased HC in newborns.8,9Although the brain insult is defined by the cranium size, it also reflects
a reduction of brain volume and an impairment of cognitive abilities.10 Thus, to investigate the
association of having malaria during pregnancy with fetal head growth, we analyzed data from both
a prospective and a retrospective cohort of newborns who were delivered between 2012 and 2015 in
the far western Brazilian Amazonian region.

Methods

Study Site and Ethical Approval
Two cohort studies were conducted in the Amazonian region of the Alto do Juruá valley (Acre, Brazil)
between January 2012 and April 2015, evaluating data from maternal-child pairs for births occurring
in the general maternity ward at Hospital da Mulher e da Criança do Juruá (Cruzeiro do Sul), where
approximately 90% of total deliveries in the region occur. The Alto do Juruá valley is in the extreme
southwest of the Brazilian Amazon Basin, covering an area of 74 965 km2, predominantly rainforest,
and containing a population of approximately 200 000 inhabitants (eFigure 1 in the Supplement).
The region investigated in this study has an annual parasite incidence rating above 100. The annual
parasite incidence represents the total number of malaria cases occurring yearly in a region per 1000
inhabitants; a rating equal to or greater than 50 is considered high-risk area for malaria transmission.
Plasmodium falciparum is responsible for about 30% of malaria cases in the Acre state, which
accounts for approximately 46% of the total P falciparum malaria Brazilian cases.11,12 In this region,
18% of women acquire Plasmodium infection during pregnancy.13 The present study was conducted
in accordance with the Declaration of Helsinki14 and was registered in the Brazilian Clinical Trials
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Registry (RBR-3yrqfq). This article was written according to the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline for cohort studies. All authors
agreed to maintain the confidentiality of the data collected from the medical records and databases
by signing the Term of Commitment for the Use of Data from Medical Records. Ethical approval was
provided by the committees for research of the University of São Paulo and the Federal University of
Acre (Plataforma Brasil, CAA), according to the Brazilian National Health Committee. All study
participants or their legal guardians (if minors) provided written informed consent.

Prospective Cohort Study
In total, 600 pregnant women who were enrolled between January 2013 and April 2015 through
volunteer sampling and who were infected with P falciparum or Plasmodium vivax or were
noninfected were followed up until delivery. During this period, all pregnant women diagnosed as
having malaria by the local endemic surveillance teams were invited to participate in the study.
Women who were initially considered noninfected were recruited during their first visit to the
antenatal care clinic. Each woman was followed up by a trained nurse, which involved at least 2
domiciliary visits, at the second and third trimester, to monitor the woman’s clinical state in addition
to the usual antenatal care.

At the time of recruitment, data were collected on socioeconomic, clinical, and obstetric
variables, and peripheral blood and thick and thin blood smears were used to diagnose and confirm
malaria infection. During the domiciliary visits, clinical and obstetric data were obtained and a
peripheral blood sample was collected. An additional blood sample was collected for each episode of
malaria during pregnancy. At the time of delivery, clinical data were collected from the mother,
newborn, a placental fragment, and blood samples.

The gestational age was estimated using the woman’s last menstrual period and adjusted using
ultrasonographic data during the first trimester of pregnancy. Based on the gestational age, the HC,
and sex, each newborn was assigned to groups using the definitions of the Intergrowth-21st
Project.15 An individual was considered within normal reference head circumference (NHC) range if
their HC was within 1 SD of the mean. Newborns with an HC less than 1 SD below the mean were
considered to have a small head (SH),16 and newborns with an HC less than 2 SDs below the mean
were classified as having microcephaly.10 Detailed procedures for data collection, sample processing,
malaria screening and treatment, other infectious agent screening, angiogenic factors and leptin
levels, and newborns’ anthropometric measurements are given in the eAppendix in the Supplement.
The histopathologic examination involved using placental tissue slides, which were stained with
hematoxylin-eosin; polarized light microscopy; and immunohistochemistry for different cell types.
Additional details are given in the eAppendix and eTable 1 in the Supplement.

Retrospective Cohort Study
In total, 4697 maternal-child pairs were selected retrospectively through a population-based
sampling of all deliveries occurring between January 2012 and December 2013. The data from the
Brazilian Epidemiological Surveillance Information System (SIVEP)–Malaria on maternal malaria
infection status during pregnancy were assembled with the clinical and anthropometric data
presented in the medical records of the mother and the newborn. This was followed by the collection
and collation of data to evaluate the newborns further (details given in the eAppendix in the
Supplement).

The gestational age was established by the woman’s last menstrual period, which was obtained
from medical records. On the basis of the estimation of gestational age, HC, and sex, each newborn
was assigned to groups using the World Health Organization child growth standards.17 These
guidelines provide an appropriate reference standard for term neonates when gestational age is not
acquired through ultrasonography.18 An individual was considered within the NHC range if the HC
was within 1 SD of the median (boys, 33.2 cm � HC � 35.7 cm; girls, 32.7 cm � HC � 35.1 cm).
Newborns with an HC less than 1 SD below the median were considered to have an SH (boys, HC
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<33.2 cm; girls, HC <32.7 cm).16 Newborns with an HC less than 2 SDs below the median were
classified as having microcephaly (boys, HC <31.9 cm; girls, HC <31.5 cm).17 Detailed procedures on
malaria and other infectious agent screening, malaria treatment, and newborn anthropometric
measurements are given in the eAppendix in the Supplement.

Exclusion Criteria
Our analysis was restricted to newborns who had been born at term (37-42 weeks of gestation) with
at least 2500 g of weight, as a single birth, and from mothers of fertile age (13-47 years old). Women
were excluded if they had a history during pregnancy of smoking, drug use, or alcohol consumption
or presented with other infections (TORCH, HIV, hepatitis B virus, hepatitis C virus, syphilis, dengue,
chikungunya, or Zika virus) or other comorbidities (hypertension, preeclampsia/eclampsia, diabetes,
preterm delivery, abortion, stillbirth, and newborn with a congenital malformation) (eTable 4 and
eTable 5 in the Supplement). Owing to the high percentage of cesarean deliveries performed in
Brazilian maternity units, women who underwent cesarean delivery were not excluded from
the study.

Statistical Analysis
Data were analyzed from January to August 2017 and revised in November 2018 using R (The R
Foundation), Stata (StataCorp), and GraphPad Prism software. Continuous variables were
summarized using mean (SD) values as well as median values and interquartile ranges (IQRs).
Categorical variables were summarized using frequencies and percentages. Differences between
groups were evaluated using the nonparametric Kruskal-Wallis test followed by the Dunn post hoc
multiple comparison test and the Mann-Whitney test as appropriate. Categorical data and
proportions were analyzed using χ2 tests. All P values were 2 sided, and P < .05 was considered
statistically significant. To assess the association between malaria and HC reduction, adjusted odds
ratios (ORs) with 95% CIs were estimated using a multivariate logistic regression approach. These
models included infection by malaria (no or yes), maternal age (�18 or �17 years old), and the
number of gestations (�2 or 1) as explanatory variables and SH (yes or no) or microcephaly (yes or
no) as response variables. The first category for each explanatory variable was considered the
reference.19 Missing data were imputed or filled in within a multiple imputation framework using the
MICE library within R software.20,21 In particular, in the retrospective cohort study, 5 data sets were
completed, and the results were pooled across, allowing for the uncertainty in the
imputation process.

Results

Study Population
In total, 600 pregnant women were enrolled in the prospective cohort study and followed up until
delivery. Of the first eligible maternal-child pairs, 409 (68.2%) met the inclusion criteria (Figure 1).
Among the 409 newborns, the mothers of 251 newborns had malaria during pregnancy, infected
with P vivax, P falciparum, or both (mixed) (Figure 1). There were no relevant maternal or newborn
baseline differences among the 4 distinct groups (Table 1).

Association of P falciparum Infection During Pregnancy With Newborn HC
The frequency distribution of the HCs among newborns showed differences between newborns
from noninfected mothers and malaria-infected mothers, with the latter displaying a peak deviated
from and spread to the left of the that for the noninfected mothers. This result is indicative of more
newborns from malaria-infected mothers with decreased HC compared with those from noninfected
mothers (mean [SD], 33.71 [1.75] cm vs 34.19 [1.54] cm; P = .005) (Figure 2A). To ensure that the
observed difference was not associated with low birth weight (eTable 2 in the Supplement) or with
preterm delivery, such newborns were removed from the analysis, and the malaria-infected group
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was separated into specific Plasmodium species–infected groups. Even with these changes, the peak
of the HC distribution in the P falciparum–infected group (mean [SD], 33.61 [1.48] cm) deviated from
that in the noninfected group (mean [SD], 34.33 [1.29] cm; P = .02) (Figure 2B), indicating a higher
frequency of newborns with smaller HC among P falciparum–infected mothers.

Among 409 evaluated newborns in the prospective cohort study, 70 (17.1%) presented with an
SH, including 15 (3.7%) with microcephaly (Figure 2C). The evaluated newborns were considered
proportionate based on the Rohrer index, independent of the HC (eTable 3 in the Supplement). To
evaluate the association of malaria during pregnancy with fetal head growth, the newborns were
segregated by their HC and maternal infection status of noninfected, P vivax infection, mixed
infection, or P falciparum infection. The prevalence of newborns with an SH was higher among
newborns from women infected with P falciparum during pregnancy (19 [30.7%]). Similarly, the
prevalence of microcephaly doubled when a P falciparum malaria infection occurred (5 [8.1%])
(Figure 2C). A multivariate logistic regression analysis revealed that P falciparum infection during
pregnancy was associated with the likelihood of having an SH (OR, 3.15; 95% CI, 1.52-6.53; P = .002)
or microcephaly (OR, 5.09; 95% CI, 1.12-23.17; P = .04) among the newborns (Figure 2C). Infection
with P vivax during pregnancy was not found to be associated with decreased HC (for SH: OR, 1.30,
95% CI, 0.66-2.59; P = .45). None of the newborns included in the association analysis tested
positive for TORCH infections, syphilis, HIV, dengue, chikungunya, or Zika virus (eTable 4 and
eTable 5 in the Supplement).

Association of Placental Malaria With Newborn HC
Several placental factors were evaluated to ascertain the association of placental malaria caused by P
falciparum infection with the occurrence of an SH. Mothers whose newborns had an SH (P
falciparum–associated SH) experienced their first P falciparum infection later in gestation (median,
25.5 weeks; IQR, 18.0-32.5 weeks) than mothers whose newborns had an NHC (median, 19.0 weeks;
IQR, 12.0-29.3 weeks; P = .01). Moreover, much of the placental malaria manifestation in newborns
with an SH (P falciparum–SH; 13 of 24 [54%]) or microcephaly (P falciparum–microcephaly; 5 of 7

Figure 1. Flow Diagram of the 2 Cohort Studies Detailing Exclusion Criteria

600 Live births or stillbirths delivered between
January 2013 and April 2015

530 Newborns initially included 

70 Newborns excluded; missing data 

121 Maternal-child pairs excluded
80 Maternal factors

48 Alcohol or cigarette consumption
16 Eclampsia or preeclampsia 
15 Other infectious diseases
1 Other comorbidity

41 Newborns factors
27 Low birth weight 
9 Preterm or postterm 
3 Miscarriage or stillbirth 
1 >1 Fetus
1 Congenital anomaly 

409 Maternal-child pairs included in the analysis 

62 Mixed–infected mothers 

158 Noninfected mothers 
127 P vivax–infected mothers

62 P falciparum–infected mothers

4697 Live births or stillbirths delivered between
January 2012 and December 2013

4573 Newborns initially included 

124 Newborns excluded; missing data 

691 Maternal-child pairs excluded
230 Maternal factors

167 Eclampsia or preeclampsia
50 Other infectious diseases
10 Other comorbidities
3 Alcohol or cigarette consumption

461 Newborns factors
279 Low birth weight 
108 Preterm or postterm 
56 >1 Fetus
13 Miscarriage or stillbirth 
5 Congenital anomaly

3882 Maternal-child pairs included in the analysis 

21 Mixed–infected mothers 

3650 Noninfected mothers 
129 P vivax–infected mothers

82 P falciparum–infected mothers

Prospective Cohort Study Retrospective Cohort Study

Mixed infection indicates that Plasmodium vivax and Plasmodium falciparum infections occurred at the same time or at different times during pregnancy.
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Table 1. Baseline Characteristics of Mothers and Newborns in the Prospective Cohort Study

Characteristic Noninfected (n = 158) Plasmodium vivax (n = 127) Mixed Infection (n = 62)a Plasmodium falciparum (n = 62)

Mothers

Maternal age, mean (SD), y 24.3 (6.2) 22.2 (6.2) 23.3 (5.8) 23.1 (6.3)

Gravidity, No. (%)

Primigravida 72 (45.6) 51 (40.2) 19 (30.7) 23 (37.1)

Multigravida 86 (54.4) 76 (59.8) 43 (69.3) 39 (62.9)

Gestational age at delivery, wk

Mean (SD) 39.7 (1.2) 39.6 (1.3) 39.5 (1.2) 39.6 (1.3)

Median (IQR) 40.0 (39.0-40.0) 40.0 (39.0-41.0) 40.0 (39.0-40.0) 39.5 (39.0-40.0)

Cesarean delivery, No. (%) 90 (57.0) 51 (40.2) 27 (43.6) 23 (37.1)

Weight gain, mean (SD), kgb 13.6 (5.0) 11.2 (5.0) 12.0 (5.0) 11.8 (5.2)

Hematocrit, mean (SD), %c 36.2 (3.5) 35.3 (3.9) 34.9 (4.0) 34.2 (4.3)

Hemoglobin, mean (SD), g/dLd 11.9 (1.2) 11.6 (1.3) 11.5 (1.3) 11.2 (1.4)

Placental weight, mean (SD), ge

Primigravida 578.8 (97.0) 558.7 (102.2) 533.3 (63.1) 568.0 (129.2)

Multigravida 608.0 (112.2) 601.5 (148.9) 578.8 (108.8) 592.6 (159.1)

Antenatal care visits, mean (SD)f 7.9 (2.3) 6.4 (2.5) 6.3 (2.3) 5.6 (2.8)

Previous malaria episodes during current
pregnancy, No. (%)

NA 37 (29.1) 30 (48.4) 7 (11.3)

Newborns

Male newborns, No. (%) 72 (45.6) 68 (53.5) 35 (56.5) 29 (46.8)

Weight, g

Male

Mean (SD) 3244.6 (354.5) 3369.9 (384.7) 3268.2 (340.7) 3304.3 (402.2)

Median (IQR) 3250.0 (3012.5-3477.5) 3360.0 (3067.5-3625.0) 3250.0 (3015.0-3420.0) 3320.0 (3055.0-3540.0)

Female

Mean (SD) 3364.1 (422.2) 3172.4 (386.9) 3164.4 (425.7) 3125.5 (275.5)

Median (IQR) 3365.0 (3045.0-3630.0) 3065.0 (2865.0-3460.0) 3060.0 (2890.0-3400.0) 3115.0 (2935.0-3260.0)

Length, cmg

Male

Mean (SD) 49.3 (1.4) 49.6 (1.8) 49.5 (1.8) 49.6 (1.9)

Median (IQR) 49.0 (48.0-50.0) 49.0 (49.0-50.0) 50.0 (48.0-50.0) 49.0 (48.0-50.0)

Female

Mean (SD) 49.5 (1.5) 48.9 (1.6) 49.0 (1.8) 49.0 (1.6)

Median (IQR) 49.5 (49.0-50.0) 49.0 (48.0-50.0) 49.0 (48.0-50.0) 49.0 (48.0-50.0)

Rohrer indexg,h

Male

Mean (SD) 2.7 (0.3) 2.8 (0.3) 2.7 (0.3) 2.7 (0.2)

Median (IQR) 2.7 (2.5-2.9) 2.7 (2.6-2.9) 2.7 (2.5-2.9) 2.7 (2.5-2.9)

Female

Mean (SD) 2.8 (0.3) 2.7 (0.2) 2.7 (0.3) 2.7 (0.2)

Median (IQR) 2.8 (2.6-2.9) 2.7 (2.5-2.9) 2.7 (2.5-2.9) 2.7 (2.5-2.9)

Head circumference, cm

Male

Mean (SD) 34.4 (1.3) 34.4 (1.3) 34.4 (1.4) 33.8 (1.3)

Median (IQR) 34.0 (33.5-35.0) 34.0 (34.0-35.0) 34.0 (34.0-35.0) 34.0 (33.0-35.0)

Female

Mean (SD) 34.3 (1.3) 33.8 (1.3) 33.7 (1.6) 33.5 (1.7)

Median (IQR) 34.0 (34.0-35.0) 34.0 (33.0-35.0) 34.0 (33.0-35.0) 34.0 (32.0-35.0)

(continued)
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[72%]) could be associated with a past P falciparum infection compared with that for P falciparum–
associated NHC (38 of 80 [48%]) (Table 2).

The analysis of placental histologic and angiogenic factors disclosed substantial differences
between noninfected controls and P falciparum–infected groups. Of note, compared with that for the
noninfected group, we observed higher median numbers of infiltrated monocytes for all P
falciparum–infected groups (P falciparum–NHC group, 7.0; IQR, 5.0-13.0; P < .001; P falciparum–SH
group, 9.5; IQR, 5.5-15.0; P < .001; P falciparum–microcephaly group, 9.0; IQR, 6.0-11.0; P = .02 vs
noninfected, 4.0; IQR, 2.0-7.0) (Figure 3B). However, syncytial nuclear aggregate (SNA) alterations
were observed only in infected placentas of newborns with an SH or microcephaly. Syncytial nuclear
aggregates presented excessive formation in the noninfected group (13.0; IQR, 10.0-17.0), in the P
falciparum–SH group (17.5; IQR, 12.0-24.5; P = .01) and the P falciparum–microcephaly group (18.0;
IQR, 12.0-30.0; P = .02) (Figure 3D). Moreover, the leptin levels (ng/mL) among the P falciparum–SH
and P falciparum–microcephaly groups were lower than those in the noninfected group, although
these decreases were not significant. (eFigure 2I in the Supplement). Details of the data can be found
in eTable 6 in the Supplement. These results support placental dysfunction associated with P
falciparum infection, with some factors, such as SNAs, being heightened in placentas derived from
newborns with decreased HC.

Table 1. Baseline Characteristics of Mothers and Newborns in the Prospective Cohort Study (continued)

Characteristic Noninfected (n = 158) Plasmodium vivax (n = 127) Mixed Infection (n = 62)a Plasmodium falciparum (n = 62)

Apgar Scorei,j

1 min

Male

Mean (SD) 8.2 (1.3) 8.4 (0.7) 8.1 (1.1) 8.4 (0.8)

Median (IQR) 9 (8-9) 9 (8-9) 8 (8-9) 9 (8-9)

Female

Mean (SD) 8.4 (0.8) 8.4 (1.2) 8.4 (0.9) 8.4 (0.7)

Median (IQR) 9 (8-9) 9 (8-9) 9 (8-9) 8 (8-9)

5 min

Male

Mean (SD) 9.3 (0.8) 9.5 (0.5) 9.3 (0.7) 9.6 (0.6)

Median (IQR) 9 (9-10) 10 (9-10) 9 (9-10) 10 (9-10)

Female

Mean (SD) 9.5 (0.5) 9.4 (0.6) 9.6 (0.5) 9.4 (0.6)

Median (IQR) 9 (9-10) 9 (9-10) 10 (9-10) 9 (9-10)

Abbreviations: IQR, interquartile range; NA, not applicable.

SI conversion factors: To convert hematocrit to proportion of 1.0, multiply by 0.01;
hemoglobin to grams per liter, by 10.0.
a Mixed infection: P vivax and P falciparum infection occurring at the same time or at

different times during pregnancy.
b Maternal weight gain (determined by subtracting the initial pregnancy weight from the

final weight) was recorded in 153 noninfected and 107 P vivax–, 56 mixed-, and 49 P
falciparum–infected pregnant women.

c Hematocrit was recorded in 107 noninfected and 86 P vivax–, 43 mixed-, and 35 P
falciparum–infected pregnant women.

d Hemoglobin was recorded in 107 noninfected and 85 P vivax–, 43 mixed-, and 35 P
falciparum–infected pregnant women.

e Placental weight was recorded in 148 noninfected and 108 P vivax–, 57 mixed-, and 48
P falciparum–infected pregnant women.

f The number of antenatal care visits was recorded in 153 noninfected and 120 P vivax–,
59 mixed-, and 57 P falciparum–infected pregnant women.

g Length and Rohrer index were recorded in 157 newborns from noninfected
pregnant women.

h The Rohrer index is the newborns’ weight in grams divided by the cube of the length in
centimeters, and newborns were considered proportional when values were between
2.32 and 2.85.

i Apgar scores 7 to 10, normal reference range; 4 to 6, some breathing assistance might
be required; and less than 4, more assistance must be provided.

j Apgar score at 1 and 5 minutes was recorded in 153 newborns from noninfected and 112
P vivax–, 58 mixed-, and 52 P falciparum–infected pregnant women.
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Association of P falciparum Infection With Newborn HC
in Retrospective Cohort Study
In the population-based retrospective cohort study, 4697 maternal-child pairs were included. After
application of the exclusion criteria, 3882 newborns (83%) remained to be evaluated, of which 232
were born from mothers who had malaria during pregnancy (Figure 1). Overall, there were no
significant differences in baseline characteristics between the prospective cohort study and the
retrospective cohort study (Table 1; eTable 7 in the Supplement). The evaluation of the frequency
distribution of newborn HCs showed differences between newborns born from noninfected (mean
[SD], 33.92 [1.76] cm) and malaria-infected mothers (mean [SD], 33.67 [1.60] cm; P = .008)
(eFigure 3A in the Supplement). Identical to the prospective cohort study, when low-birth-weight
newborns (eTable 2 in the Supplement) and preterm newborns were removed from the analysis and
the malaria-infected group was segregated by infection status, the P falciparum–infected group
presented a peak that deviated from that of the noninfected group (33.67 [1.49] cm vs 34.12 [1.55]
cm, respectively; P = .04) (eFigure 3B in the Supplement). This finding is indicative of a higher
frequency of newborns with decreased HC born to mothers who were infected with P falciparum
during pregnancy.

Of 3882 evaluated newborns, 934 (24.1%) had an SH and 161 (4.2%) had microcephaly. In the
retrospective cohort study, similar to the prospective cohort study, the prevalence of newborns with

Figure 2. Association of Newborn Head Circumference (HC) With Malaria Infection During Pregnancy in the Prospective Cohort Study
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Newborn HC frequency distribution by maternal infection status. A, Mean (SD) HC for
malaria-infected (33.71 [1.75] cm) and noninfected (34.19 [1.54] cm) mothers (P = .005).
B, Mean (SD) HC for noninfected mothers (34.33 [1.29] cm) and mothers infected with
Plasmodium vivax (34.13 [1.35] cm), Plasmodium falciparum,(33.61 [1.48] cm), or mixed P
vivax and P falciparum occurring at the same time or at different times during pregnancy
(34.10 [1.51] cm) after excluding low-birth-weight and preterm newborns (noninfected

vs P falciparum, P= .02). Differences between each group were determined by Mann-
Whitney rank sum tests (A) and Kruskal-Wallis tests with Dunn corrections (B). C, Forest
plot of the odds ratios of small HC or microcephaly among newborns born from women
infected during pregnancy by Plasmodium species compared with newborns from
noninfected mothers. P values estimated through multivariate logistic
regression methods.
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an SH was more than one-half times as high (36.6%), and microcephaly was doubled (7.3%), among
newborns with P falciparum–infected mothers (eFigure 3C in the Supplement). Consistent with this
finding, a multivariate logistic regression analysis revealed that P falciparum infection was associated
with the odds of an SH occurring in newborns (OR, 1.91; 95% CI, 1.21-3.04; P = .006) (eFigure 3C in
the Supplement). Taken together, these results showed that P falciparum infection during pregnancy
was associated with the likelihood of decreased HC among newborns, supporting the results
obtained in our prospective cohort study.

Discussion

Malaria during pregnancy increases the risk of adverse fetal outcomes. This study shows evidence
that infection with P falciparum during pregnancy is significantly associated with the occurrence of
decreased HC in newborns and, to some extent, with microcephaly. The finding on the HC decrease is
independent of the currently known association between malaria with overall fetal growth because
low-birth-weight and preterm newborns were deliberately excluded from our analysis. An increased
risk for decreased HC associated with P falciparum infection was supported by both our prospective
cohort study (OR, 3.15; P = .002) and our retrospective cohort study (OR, 1.91; P = .006). These
observations reinforce the knowledge that having malaria during pregnancy increases the risk of
problems in fetal development.1,2,22

We hypothesize that the placental inflammatory process acting against the P falciparum
infection may be a mechanism contributing to the decreased fetal head growth. This hypothesis was
supported by the observed histopathologic alterations combined with an imbalance in angiogenic
factor production in placentas from newborns with congenital SH or microcephaly born to P
falciparum–infected mothers. Local inflammation can generate a setting of hypoxia or ischemia that
would alter the transportation of both nutrients and respiratory gases to the unborn fetus, which can
result in cranial malformation owing to an inadequate supply of nutrients and oxygen.23 Oxidative
stress caused by hypoxia also leads to structural and functional alterations in intrauterine
development.24 This scenario is often observed in cases of placental malfunction due to various
etiologies and to prolonged or premature labor.25

Table 2. Infection Characteristics Among Plasmodium falciparum–Infected Pregnant Women Stratified
by Head Circumference of Newborns in the Prospective Cohort Study

Characteristic
P falciparum–NHC
Group (n = 94)

P falciparum–SH
Group (n = 30) P Valuea

P falciparum–MC
Group (n = 8) P Valueb

Infections per pregnancy,
median (IQR)

2.0 (1.0-3.0) 2.0 (1.0-2.0) .46 1.0 (1.0-2.0) .12

Parasitemia of first
infection, median (IQR)c

1.2 (0.3-4.6) 3.8 (0.5-9.2) .05 0.4 (0.2-1.8) .22

Gestational age at first
infection, wk

Mean (SD) 20.7 (10.5) 26.0 (8.1)
.01

27.6 (7.8)
.06

Median (IQR) 19.0 (12.0-29.3) 25.5 (18.0-32.5) 28.5 (19.8-34.3)

Placental malaria,
No. (%)d

No 29 (36) 7 (30) ND 1 (14) ND

Active acute 8 (10) 2 (8) ND 0 ND

Active chronic 5 (6) 2 (8) ND 1 (14) ND

Past 38 (48) 13 (54) ND 5 (72) ND

Hemozoin,
No. (%)d,e

No 31 (39) 8 (33) ND 1 (14) ND

Mild 32 (40) 9 (38) ND 4 (57) ND

Moderate 15 (19) 7 (29) ND 2 (29) ND

Severe 2 (2) 0 ND 0 ND

Abbreviations: IQR, interquartile range; MC,
microcephaly; ND, not determined; NHC, normal head
circumference; SH, small head.
a Differences between P falciparum–NHC and P

falciparum–SH groups were evaluated using Mann-
Whitney rank sum tests.

b Differences between P falciparum–NHC and P
falciparum–MC groups were evaluated using Mann-
Whitney rank sum tests.

c Parasitemia was recorded in 82 P falciparum–NHC,
28 P falciparum–SH, and 7 P falciparum–MC cases.
Values presented in 103 DNA copies as obtained by
photo-induced electron transfer–polymerase chain
reaction quantification.

d Placental malaria and hemozoin were recorded in 80
P falciparum–NHC, 24 P falciparum–SH, and 7 P
falciparum–MC cases.

e Mild, focal presence in small amounts; moderate,
small spots or larger deposits in many locations; and
severe, large amounts present widely.
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Figure 3. Evaluation of Histopathologic Factors of Placentas From Noninfected and
Plasmodium falciparum–Infected Mothers by Newborn Head Circumference
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The values of SNA, which have been associated with intrauterine growth retardation caused by
local hypoxia or oxidative stress,26 were markedly increased in placentas from newborns with
decreased HC. In addition, SNA has been repeatedly observed in placentas from P falciparum–
exposed women.2,27,28 The placental alterations observed in this study, including the increased SNA
and monocyte infiltration, are consistent with previous reports on the response to placental P
falciparum–sequestering parasites, which characterizes placental malaria development.2,22,28 It was
unsurprising that infection with P vivax was not associated with a decreased HC phenotype because
this parasite is known to not sequester in the placenta. Previous studies have demonstrated that P
vivax infection induces less of a placental inflammatory process compared with that induced by P
falciparum infection.28

Regarding the P falciparum–SH group, few observed differences reached statistical significance
in this study, possibly owing to the small sample size of this group, but the overall placental malaria
phenotype was more prominent and widespread than that in the noninfected and P falciparum–NHC
groups. Nevertheless, our observations reflect only a picture at the moment of birth, and it is unclear
how placental alterations may be associated with the development of the fetus.

Currently, much of what is known about falciparum gestational malaria is based on studies per-
formed in high-transmission areas in Africa, which, in general, are settings that have precarious health
systems and inadequate or late treatment provision. In Brazil, approximately 85% of malaria infections
are caused by P vivax. However, P falciparum is transmitted in specific regions, including the Alto do
Juruá valley, where it is responsible for 46% of the total malaria infections in Brazil.11,13 Despite Brazil
being an area with low transmission for malaria, effective control strategies, and early treatment provi-
sion, we observed adverse events in newborns similar to those reported in areas of high endemicity.

Surprisingly, the prevalence of microcephaly observed by us is far higher than what has been pre-
viously reported by the Brazilian Ministry of Health.10 Recently, other studies that have evaluated new-
borns retrospectively in different Brazilian regions have also reported a higher prevalence of micro-
cephaly in newborns before the Zika outbreak.29,30 It is puzzling that the United States, with nearly the
same number of births per year as Brazil, reports approximately 25 000 newborns with microcephaly
yearly, whereas Brazil reported only 150 before the Zika epidemy.31,32 These observations indicate an
inconsistency of the data released by the Brazilian authorities, likely owing to underreporting.

Limitations
Our work has some potential limitations. First, the HC among newborns was assessed only at birth
because morphometric measurements through ultrasonography during pregnancy, as well as the
possibility of acquiring newborn head imaging, were not possible. Second, decreased HC has
different etiologies, namely, genetic causes and actions of infectious agents. Although we removed
some confounding factors, such as TORCH infections, syphilis, HIV, dengue, chikungunya, Zika virus,
and other comorbidities, studies to detect genetic abnormalities among the patients were not
performed. Third, although in both the prospective cohort study and the retrospective cohort study
the logistic regression analyses indicated a clear association between an SH and P falciparum
infection, we had access to only a few placentas. This small sample size limited our statistical analysis;
however, most of the factors analyzed indicated intensified placental malaria compared with
placentas from newborns with an HC within the normal reference range.

Conclusions

This work provided evidence that P falciparum infection during pregnancy was associated with
decreased HC and, in extreme cases, with microcephaly. The consequences of gestational malaria
throughout fetal neurologic development, which can lead to poor neurocognitive and behavioral
development, represent serious long-term health problems. Physicians should periodically assess the
development and academic achievements of these children, with a comprehensive neurocognitive
evaluation, to guide preventive and rehabilitative assistance that might improve outcomes.
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Extensive epidemiologic prospective studies, involving the collection of biological, clinical, and
socioeconomic data and potential confounding factors, are required to establish the prevalence of
newborns with an SH and the prevalence of newborns with microcephaly and their association with
malaria. The evidence of the association observed in our study supports an urgent need to protect
pregnant women and their unborn children from malaria infection.

ARTICLE INFORMATION
Accepted for Publication: March 14, 2019.

Published: May 3, 2019. doi:10.1001/jamanetworkopen.2019.3300

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2019 Dombrowski
JG et al. JAMA Network Open.

Corresponding Author: Claudio Romero Farias Marinho, PhD, Department of Parasitology, Institute of Biomedical
Sciences, University of São Paulo, Avenida Professor Lineu Prestes, 1374, São Paulo, Brazil 05508-900
(marinho@usp.br); Lígia Antunes Gonçalves, PhD, Department of Parasitology, Institute of Biomedical Sciences,
University of São Paulo, Avenida Professor Lineu Prestes, 1374, São Paulo, Brazil 05508-900 (lig.antunes.
goncalves@gmail.com).

Author Affiliations: Department of Parasitology, Institute of Biomedical Sciences, University of São Paulo, São
Paulo, Brazil (Dombrowski, Souza, Lima, Bandeira, Murillo, Costa, Peixoto, Gonçalves, Marinho); Multidisciplinary
Center, Federal University of Acre, Acre, Brazil (Souza); Department of Microbiology, Institute of Biomedical
Sciences, University of São Paulo, São Paulo, Brazil (Cunha, Zanotto); Department of Cell and Developmental
Biology, Institute of Biomedical Sciences, University of São Paulo, São Paulo, Brazil (Bevilacqua); CEUMA
University, Maranhão, Brazil (Grisotto); Department of Statistics, Institute of Mathematics and Statistics,
University of São Paulo, São Paulo, Brazil (Pedroso de Lima, Singer); Faculty of Infectious and Tropical Diseases,
London School of Hygiene & Tropical Medicine, London, United Kingdom (Campino, Clark); Faculty of
Epidemiology and Population Health, London School of Hygiene & Tropical Medicine, London, United Kingdom
(Clark); Department of Clinical and Toxicological Analyses, School of Pharmaceutical Sciences, University of São
Paulo, São Paulo, Brazil (Epiphanio).

Author Contributions: Dr Marinho had full access to all of the data in the study and takes responsibility for the integ-
rity of the data and the accuracy of the data analysis. Drs Gonçalves and Marinho contributed equally to this work.

Concept and design: Dombrowski, Souza, Epiphanio, Marinho.

Acquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Dombrowski, Clark, Gonçalves, Marinho.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Dombrowski, Pedroso de Lima, Singer, Campino, Clark, Gonçalves.

Obtained funding: Epiphanio, Marinho.

Administrative, technical, or material support: Souza, Lima, Bandeira, Murillo, Costa, Peixoto, Cunha,
Bevilacqua, Marinho.

Supervision: Zanotto, Epiphanio, Gonçalves, Marinho.

Conflict of Interest Disclosures: None reported.

Funding/Support: This work was supported by grants from the São Paulo Research Foundation (2012/04755-3 to
Dr Dombrowski; 2013/16417-8 to Dr Lima; 2013/00981-1 to Dr Murillo; 2016/08204-2 to Mr Cunha; 2014/
17766-9 to Dr Zanotto; 2013/21728-2 to Dr Singer; 2014/20451-0 to Dr Epiphanio; 2015/06106-0 to Dr Gonçalves;
and 2009/53889-0, 2014/09964-5, 2016/07030, and 2018/20468-0 to Dr Marinho); from the Brazilian National
Council for Scientific and Technological Development (409216/2018-6 to Dr Dombrowski; 404478/2012-3 to Dr
Grisotto; 308613/2011-2 to Dr Singer; and 408636/2018-1 to Dr Marinho); from the Medical Research Council
United Kingdom (MR/R020973/1 to Dr Campino; and MR/K000551/1, MR/M01360X/1, MR/N010469/1, and
MR/R020973/1 to Dr Clark); and from the Biotechnology and Biological Sciences Research Council United
Kingdom (BB/R013063/1 to Dr Campino and BB/R013063/1 to Dr Clark).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

JAMA Network Open | Infectious Diseases Association of Malaria Infection During Pregnancy With Newborn Head Circumference

JAMA Network Open. 2019;2(5):e193300. doi:10.1001/jamanetworkopen.2019.3300 (Reprinted) May 3, 2019 12/14

Downloaded From: https://jamanetwork.com/ by a London Sch of Hygiene & Tropical Medicine User  on 05/29/2019

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2019.3300&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.3300
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.3300
mailto:marinho@usp.br
mailto:lig.antunes.goncalves@gmail.com
mailto:lig.antunes.goncalves@gmail.com


Additional Contributions: We thank the women from Alto do Juruá valley who agreed to participate in the study
as well as the nurses and technicians from the Hospital da Mulher e da Criança do Juruá and the Gerência de
Endemias/SESACRE team for their invaluable assistance. We also thank the directors of Santa Casa de Misericórdia
de Cruzeiro do Sul and of Universidade Federal do Acre and Alexandre Macedo de Oliveira, PhD, from the Centers
for Disease Control and Prevention for their support of our study. Ricardo Ataíde, PhD, University of São Paulo,
provided assistance during fieldwork and scientific input. Bernardo Paulo Albe, BSc, University of São Paulo,
provided technical assistance. Neither was financially compensated for the stated contribution. Venkatachalam
Udhayakumar, PhD, Luciana Flannery, PhD, and Naomi Lucchi, PhD, from the Malaria Laboratory Research and the
Development Unit at the Centers for Disease Control and Prevention established, trained personnel, and assisted
with the photo-induced electron transfer–polymerase chain reaction technique, which was funded by the US
Agency for International Development through the Amazon Malaria Initiative.

REFERENCES
1. Desai M, ter Kuile FO, Nosten F, et al. Epidemiology and burden of malaria in pregnancy. Lancet Infect Dis. 2007;
7(2):93-104. doi:10.1016/S1473-3099(07)70021-X

2. Ismail MR, Ordi J, Menendez C, et al. Placental pathology in malaria: a histological, immunohistochemical, and
quantitative study. Hum Pathol. 2000;31(1):85-93. doi:10.1016/S0046-8177(00)80203-8

3. Menendez C, Ordi J, Ismail MR, et al. The impact of placental malaria on gestational age and birth weight. J Infect
Dis. 2000;181(5):1740-1745. doi:10.1086/315449

4. Meuris S, Piko BB, Eerens P, Vanbellinghen AM, Dramaix M, Hennart P. Gestational malaria: assessment of its
consequences on fetal growth. Am J Trop Med Hyg. 1993;48(5):603-609. doi:10.4269/ajtmh.1993.48.603

5. Rijken MJ, de Wit MC, Mulder EJH, et al. Effect of malaria in pregnancy on foetal cortical brain development:
a longitudinal observational study. Malar J. 2012;11:222. doi:10.1186/1475-2875-11-222

6. Brock MF, Miranda AE, Bôtto-Menezes C, Leão JRT, Martinez-Espinosa FE. Ultrasound findings in pregnant
women with uncomplicated vivax malaria in the Brazilian Amazon: a cohort study. Malar J. 2015;14:144. doi:10.
1186/s12936-015-0627-1

7. Zhao J, Chen Y, Xu Y, Pi G. Effect of intrauterine infection on brain development and injury. Int J Dev Neurosci.
2013;31(7):543-549. doi:10.1016/j.ijdevneu.2013.06.008

8. Neu N, Duchon J, Zachariah P. TORCH infections. Clin Perinatol. 2015;42(1):77-103, viii. doi:10.1016/j.clp.2014.
11.001

9. Tetro JA. Zika and microcephaly: causation, correlation, or coincidence? Microbes Infect. 2016;18(3):167-168.
doi:10.1016/j.micinf.2015.12.010

10. Passemard S, Kaindl AM, Verloes A. Microcephaly. In: Dulac O, Lassonde M, Sarnat H, eds. Handbook of Clinical
Neurology. Vol 111. Pediatric Neurology, Part I. Amsterdam, the Netherlands: Elsevier B.V; 2013:129-141.

11. Ferreira MU, Castro MC. Challenges for malaria elimination in Brazil. Malar J. 2016;15(1):284. doi:10.1186/
s12936-016-1335-1

12. Kohara Melchior LA, Chiaravalloti Neto F. Spatial and spatio-temporal analysis of malaria in the state of Acre,
western Amazon, Brazil. Geospat Health. 2016;11(3):443. doi:10.4081/gh.2016.443

13. Secretaria de Vigilância em Saúde—Ministério da Saúde. Malária: monitoramento dos casos no Brasil em 2014
[in Portuguese]. http://portalarquivos2.saude.gov.br/images/pdf/2015/agosto/18/2015-009---Mal--ria-para-
publica----o.pdf. Accessed March 10, 2019.

14. World Medical Association. World Medical Association Declaration of Helsinki: ethical principles for medical
research involving human subjects. JAMA. 2013;310(20):2191-2194. doi:10.1001/jama.2013.281053

15. Villar J, Cheikh Ismail L, Victora CG, et al; International Fetal and Newborn Growth Consortium for the 21st
Century (INTERGROWTH-21st). International standards for newborn weight, length, and head circumference by
gestational age and sex: the Newborn Cross-Sectional Study of the INTERGROWTH-21st Project. Lancet. 2014;384
(9946):857-868. doi:10.1016/S0140-6736(14)60932-6

16. Brennan TL, Funk SG, Frothingham TE. Disproportionate intra-uterine head growth and developmental
outcome. Dev Med Child Neurol. 1985;27(6):746-750. doi:10.1111/j.1469-8749.1985.tb03798.x

17. WHO Multicentre Growth Reference Study Group. WHO Child Growth Standards: Head Circumference-for-Age,
Arm Circumference-for-Age, Triceps Skinfold-for-Age and Subscapular Skinfold-for-Age: Methods and Development.
Geneva, Switzerland: World Health Organization; 2007.

18. World Health Organization. Screening, assessment and management of neonates and infants with
complications associated with Zika virus exposure in utero. http://apps.who.int/iris/bitstream/10665/204475/1/
WHO_ZIKV_MOC_16.3_eng.pdf?ua=1. Published August 30, 2016. Accessed March 25, 2019.

JAMA Network Open | Infectious Diseases Association of Malaria Infection During Pregnancy With Newborn Head Circumference

JAMA Network Open. 2019;2(5):e193300. doi:10.1001/jamanetworkopen.2019.3300 (Reprinted) May 3, 2019 13/14

Downloaded From: https://jamanetwork.com/ by a London Sch of Hygiene & Tropical Medicine User  on 05/29/2019

https://dx.doi.org/10.1016/S1473-3099(07)70021-X
https://dx.doi.org/10.1016/S0046-8177(00)80203-8
https://dx.doi.org/10.1086/315449
https://dx.doi.org/10.4269/ajtmh.1993.48.603
https://dx.doi.org/10.1186/1475-2875-11-222
https://dx.doi.org/10.1186/s12936-015-0627-1
https://dx.doi.org/10.1186/s12936-015-0627-1
https://dx.doi.org/10.1016/j.ijdevneu.2013.06.008
https://dx.doi.org/10.1016/j.clp.2014.11.001
https://dx.doi.org/10.1016/j.clp.2014.11.001
https://dx.doi.org/10.1016/j.micinf.2015.12.010
https://dx.doi.org/10.1186/s12936-016-1335-1
https://dx.doi.org/10.1186/s12936-016-1335-1
https://dx.doi.org/10.4081/gh.2016.443
http://portalarquivos2.saude.gov.br/images/pdf/2015/agosto/18/2015-009---Mal--ria-para-publica----o.pdf
http://portalarquivos2.saude.gov.br/images/pdf/2015/agosto/18/2015-009---Mal--ria-para-publica----o.pdf
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2013.281053&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.3300
https://dx.doi.org/10.1016/S0140-6736(14)60932-6
https://dx.doi.org/10.1111/j.1469-8749.1985.tb03798.x
http://apps.who.int/iris/bitstream/10665/204475/1/WHO_ZIKV_MOC_16.3_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/204475/1/WHO_ZIKV_MOC_16.3_eng.pdf?ua=1


19. Hosmer DW, Lemeshow S. Applied Logistic Regression. 2nd ed. New York, NY: Wiley; 2013. doi:10.1002/
9781118548387

20. Rubin DB. Multiple imputation after 18+ years. J Am Stat Assoc. 1996;91:473-489. doi:10.1080/01621459.
1996.10476908

21. Van Buuren S, Groothuis-Oudshoorn K. mice: multivariate imputation by chained equations in R. J Stat Softw.
2011;45:1-67.

22. Rogerson SJ, Hviid L, Duffy PE, Leke RF, Taylor DW. Malaria in pregnancy: pathogenesis and immunity. Lancet
Infect Dis. 2007;7(2):105-117. doi:10.1016/S1473-3099(07)70022-1

23. Nelson KB, Penn AA. Is infection a factor in neonatal encephalopathy? Arch Dis Child Fetal Neonatal Ed. 2015;
100(1):F8-F10. doi:10.1136/archdischild-2014-306192

24. Kurinczuk JJ, White-Koning M, Badawi N. Epidemiology of neonatal encephalopathy and hypoxic-ischaemic
encephalopathy. Early Hum Dev. 2010;86(6):329-338. doi:10.1016/j.earlhumdev.2010.05.010

25. Boksa P. Animal models of obstetric complications in relation to schizophrenia. Brain Res Brain Res Rev. 2004;
45(1):1-17. doi:10.1016/j.brainresrev.2004.01.001

26. Heazell AE, Moll SJ, Jones CJ, Baker PN, Crocker IP. Formation of syncytial knots is increased by hyperoxia,
hypoxia and reactive oxygen species. Placenta. 2007;28(suppl A):S33-S40. doi:10.1016/j.placenta.2006.10.007

27. Bulmer JN, Rasheed FN, Morrison L, Francis N, Greenwood BM. Placental malaria. II. A semi-quantitative
investigation of the pathological features. Histopathology. 1993;22(3):219-225. doi:10.1111/j.1365-2559.1993.
tb00111.x

28. Souza RM, Ataíde R, Dombrowski JG, et al. Placental histopathological changes associated with Plasmodium
vivax infection during pregnancy. PLoS Negl Trop Dis. 2013;7(2):e2071. doi:10.1371/journal.pntd.0002071

29. Soares de Araújo JS, Regis CT, Gomes RGS, et al. Microcephaly in north-east Brazil: a retrospective study on
neonates born between 2012 and 2015. Bull World Health Organ. 2016;94(11):835-840. doi:10.2471/BLT.16.
170639

30. de Magalhães-Barbosa MC, Prata-Barbosa A, Robaina JR, Raymundo CE, Lima-Setta F, da Cunha AJLA;
Antonio José Ledo Alves da Cunha. Prevalence of microcephaly in eight south-eastern and midwestern Brazilian
neonatal intensive care units: 2011-2015. Arch Dis Child. 2017;102(8):728-734. doi:10.1136/archdischild-2016-
311541

31. Ashwal S, Michelson D, Plawner L, Dobyns WB; Quality Standards Subcommittee of the American Academy of
Neurology and the Practice Committee of the Child Neurology Society. Practice parameter: evaluation of the child
with microcephaly (an evidence-based review): report of the Quality Standards Subcommittee of the American
Academy of Neurology and the Practice Committee of the Child Neurology Society. Neurology. 2009;73(11):
887-897. doi:10.1212/WNL.0b013e3181b783f7

32. Ministério da Saúde—Secretaria de Vigilância em Saúde—Brasil. Microcefalia: Ministério da Saúde divulga
boletim epidemiológico. Brasília, Brazil: Portal Saúde; 2015.

SUPPLEMENT.
eAppendix. Methods
eTable 1. Evaluation Methods and Staining Used to Quantify Malaria-Associated Placental Parameters
eTable 2. Baseline Characteristics of Low-Birth-Weight Newborns and Mothers of the Prospective and
Retrospective Cohort Studies
eTable 3. Baseline Characteristics of Newborns at Delivery of Non-Infected and P. Falciparum-Infected Pregnant
Women of the Prospective Cohort Study
eTable 4. Summary of the Serological Screening of TORCH, HIV, Syphilis, Dengue, Chikungunya and Zika Infections
eTable 5. Results of the Screening of Other Infectious Agents in Mothers of Newborns With Small Head in the
Prospective Cohort
eTable 6. Placental Histological Parameters and Angiogenic Factors of Non-Infected And P. Falciparum-Infected
Pregnant Women of the Prospective Cohort Study
eTable 7. Baseline Characteristics of Mothers and Newborns of the Retrospective Cohort Study
eFigure 1. Map Showing the Location of the Field Site, Alto do Juruá Region, Northwest of the Acre State, Brazilian
Amazon
eFigure 2. Placental Plasma Levels of Angiogenic Factors and Leptin From Non- and P. Falciparum-Infected
Mothers According to Newborns Head Circumference
eFigure 3. Retrospective Cohort Study Supports That Malaria Infection During Pregnancy Impacts Newborns Head
Circumference
eReferences

JAMA Network Open | Infectious Diseases Association of Malaria Infection During Pregnancy With Newborn Head Circumference

JAMA Network Open. 2019;2(5):e193300. doi:10.1001/jamanetworkopen.2019.3300 (Reprinted) May 3, 2019 14/14

Downloaded From: https://jamanetwork.com/ by a London Sch of Hygiene & Tropical Medicine User  on 05/29/2019

https://dx.doi.org/10.1002/9781118548387
https://dx.doi.org/10.1002/9781118548387
https://dx.doi.org/10.1080/01621459.1996.10476908
https://dx.doi.org/10.1080/01621459.1996.10476908
https://dx.doi.org/10.1016/S1473-3099(07)70022-1
https://dx.doi.org/10.1136/archdischild-2014-306192
https://dx.doi.org/10.1016/j.earlhumdev.2010.05.010
https://dx.doi.org/10.1016/j.brainresrev.2004.01.001
https://dx.doi.org/10.1016/j.placenta.2006.10.007
https://dx.doi.org/10.1111/j.1365-2559.1993.tb00111.x
https://dx.doi.org/10.1111/j.1365-2559.1993.tb00111.x
https://dx.doi.org/10.1371/journal.pntd.0002071
https://dx.doi.org/10.2471/BLT.16.170639
https://dx.doi.org/10.2471/BLT.16.170639
https://dx.doi.org/10.1136/archdischild-2016-311541
https://dx.doi.org/10.1136/archdischild-2016-311541
https://dx.doi.org/10.1212/WNL.0b013e3181b783f7

