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Abstract
Background
Recent studies are suggesting a U-shaped relationship between antenatal iron exposure
and birth outcomes. Little is known about the iron status and associated birth outcomes of
pregnant women in South Africa. Our aim was to assess iron status at early, mid- and late
pregnancy, and to determine associations with gestational age and birth weight in women in
Johannesburg, South Africa.
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Methods
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In this prospective study of 250 pregnant women, we measured haemoglobin, biomarkers
of iron status and inflammation at <18, 22 and 36 weeks of gestation, plus birth weight and
gestational age at delivery. Associations of anaemia and iron status with birth outcomes
were determined using regression models adjusted for confounders.
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Results
At enrolment, the prevalence of anaemia, iron depletion (ID) and iron deficiency erythropoiesis (IDE) was 29%, 15% and 15%, respectively, and increased significantly with pregnancy
progression. Anaemia and ID at 22 weeks, as well as IDE at 36 weeks were associated with
higher birth weight (β = 135.4; 95% CI: 4.8, 266.1 and β = 205.4; 95% CI: 45.6, 365.1 and
β = 178.0; 95% CI: 47.3, 308.7, respectively). Women in the lowest ferritin quartile at 22
weeks gave birth to babies weighing 312 g (95% CI: 94.8, 528.8) more than those in the
highest quartile. In contrast, IDE at 22 weeks was associated with a higher risk for premature birth (OR: 3.57, 95% CI: 1.24, 10.34) and women in lower haemoglobin quartiles at <18
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weeks had a shorter gestation by 7 days (β = -6.9, 95% CI: -13.3, -0.6) compared to those in
the highest quartile.

Conclusion
Anaemia, ID and IDE prevalence increased during pregnancy despite routine iron supplementation. ID and anaemia at mid-pregnancy were associated with higher birth weight,
while IDE was associated with premature birth. These results suggest that current antenatal
screening and supplementation practices in South Africa need to be revisited.

Introduction
Iron deficiency anaemia (IDA) is the result of prolonged iron depletion and affects a third of
the world’s population [1]. Pregnancy is a period of increased physiological iron requirements,
and a deficiency may have variable effects on pregnancy, maternal and child health outcomes
depending on the severity and time point of occurrence [2]. Preconception IDA has been associated with reduced infant growth and increased risk of adverse pregnancy outcomes [3],
while IDA in the third trimester has been associated with poorer mental development of the
child [4]. More recently, U-shaped associations of maternal haemoglobin and serum ferritin
concentrations with risk for low birth weight and preterm birth have received heightened
attention [5,6].
Data on iron intake and status of pregnant women in South Africa are sparse. National data
on anaemia and iron status are available for women of reproductive age only. The South Africa
Demographic and Health Survey conducted in 2016 estimated that 33% of women of reproductive age (15–49 years) are anaemic [7]. In the 2012 South African National Health and
Nutrition Examination Survey (SANHANES) conducted among younger women (15 to 35
years) the prevalence of anaemia, iron depletion (ID) and IDA was 23%, 16% and 10%, respectively [8]. From these national data and a systematic review [9], approximately 23% to 33% of
South African women are expected to enter pregnancy anaemic, and about half of these cases
may be attributed to iron deficiency.
The South African Government is addressing iron deficiency in several ways. Firstly, the
Government introduced mandatory fortification of maize meal and wheat flour with eight
micronutrients, including iron (35 mg electrolytic iron per kg), in 2003 [10]. Secondly, and
more specifically to improve status in pregnant women, the Guidelines for maternity care in
South Africa [11] recommend routine nutritional assessment as well as daily supplementation
with 200 mg ferrous sulphate (±65 mg of elemental iron), 1000 mg calcium and 5 mg folic
acid. Regimes in South Africa may differ per province and pregnant women in Johannesburg
(current study setting) receive 170 mg ferrous sulphate (±55 mg elemental iron) with calcium
and folic acid. Supplementation is supplied to all pregnant women irrespective of individual
iron or anaemia status. However, the effectiveness of routine antenatal iron supplementation
in preventing anaemia and iron deficiency during pregnancy has not been evaluated nationally. A cross-sectional study at a regional hospital in Durban, South Africa, reported an anaemia (haemoblogin <11 g/dL) prevalence of 43% in 2000 pregnant women between 34 and 36
weeks of gestation, despite receiving routine iron supplements [12].
Determining haemoglobin concentrations forms part of the routine nutritional assessment
during antenatal care, while iron status is only further investigated if referred by a physician.
Since haemoglobin is not a sensitive marker of iron status, the iron status of pregnant women

PLOS ONE | https://doi.org/10.1371/journal.pone.0221299 September 3, 2019

2 / 21

Maternal iron-deficiency is associated with premature birth and higher birth weight despite routine antenatal

in South Africa is not well described. Thus, the current study was motivated by the limited evidence on the effectiveness of routine iron supplementation in iron replete pregnant women
[13] as well as the limited data available on pregnant women in South Africa. Therefore, the
aim of our study was to assess iron status at early, mid- and late pregnancy, and to determine
associations with both birth weight and gestational age in urban pregnant women in Johannesburg, South Africa. In an effort to explain the observed iron status, we additionally assessed
iron intake during early pregnancy.

Materials and methods
Study design and participants
This study formed part of the Nutrition during Pregnancy and Early Development (NuPED)
study, which is a prospective study conducted in South Africa’s largest city, Johannesburg. The
NuPED study protocol has been published previously [14]. Briefly, generally healthy pregnant
women were recruited from primary healthcare clinics in Johannesburg between March 2016
and November 2017. Women were eligible for inclusion if they were aged 18–39 years, <18
weeks of gestation with singleton pregnancies, proficient in local languages, born in South
Africa or neighbouring countries, and if they have been residing in Johannesburg for at least
12 months. Women were excluded if they reported using illicit drugs, were smoking, or had
been diagnosed with a non-communicable disease (namely diabetes, renal disease, high cholesterol, and hypertension), an infectious disease (namely tuberculosis and hepatitis), or a serious
illness (namely cancer, lupus or psychosis). Due to South Africa’s high prevalence of HIV
infection (36% of women aged 30–34 years [15]), women who were HIV positive were
included in the study in order for it to be a better representation of the general population.
The volunteering women who agreed to participate were followed-up at the antenatal clinic of
an academic hospital until June 2018. Data were collected at early pregnancy (<18 weeks of
gestation), mid-pregnancy (±22 weeks), late pregnancy (±36 weeks) and at birth.

Outcome measurements
The primary outcome measures were birth weight and gestational age at birth. At birth, four
trained study nurses obtained neonatal weight (to the nearest 10g) using calibrated digital
infant scales within 12 hours of birth [16]. In case the study nurse could not obtain the birth
weight herself, it was obtained from the medical record (measured using the same calibrated
scales). Low birth weight (LBW) was defined as birth weight <2500 g [17]. Date and time of
birth were recorded from maternal records. Women who delivered elsewhere were followedup telephonically to obtain baby’s date of birth and sex of the baby. Gestational age at birth
was calculated in days using gestational age determined at the first visit, which was before 18
weeks gestation (minimum -maximum range: 6–17 weeks), by means of foetal ultrasonography examination using international recommendations [18]. Preterm birth was defined as
birth <37 + 0 weeks of gestation (259 days) [19].

Exposure measurements
Dietary and supplemented iron intake. Maternal dietary intake data were obtained at
the first visit (<18 weeks of gestation) by means of an interviewer administered quantified
food frequency questionnaire (QFFQ) using standardised probing questions [20]. The QFFQ
was validated for a previous South African study [21], and its reproducibility was proven in
similar study populations [22,23]. Women were asked according to the ~140 food items listed
in the QFFQ, cooking methods, the type/brand, frequency and the amount of all food and
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beverages consumed in the past four weeks. To assist in portion size quantification, standard
measuring equipment, two- and three-dimensional food models and common size containers
(e.g. cups, bowls and glasses) were used. Three registered dietitians/nutritionists converted
reported intakes to grams per week per food item using the Condensed Food Composition
Tables for South Africa [24] and the South African Medical Research Council (SAMRC) Food
Quantities Manual [25]. Analyses were done by the SAMRC by linking dietary intake data to
the most recent food composition database to determine total daily dietary iron intake levels.
The database includes the iron content values of fortified foods as per the food fortification
programme. The Estimated Average Requirement (EAR) cut-point method was used to determine the proportion of subjects with intake below the EAR, indicative of inadequate intake of
iron in this population.
Supplement use was determined from participants’ daily recorded supplement use (yes/no)
on a supplied calendar from enrolment until birth. In addition, at each visit, the women were
asked the type/brand, frequency and the amount of all dietary supplements used in the past
week, taking into consideration supplementation supplied as part of routine care as well as
store bought supplements. From these data, average daily iron intake from routine supplements and total supplements during pregnancy were calculated. Percentage compliance with
routine supplementation was calculated as total reported routine supplemented iron intake
divided by total routine iron supplied X 100. Routine iron supplementation included 55 mg
elemental iron per day provided as 170 mg dried ferrous sulphate.
Haematological biomarkers. Maternal venous blood was drawn into labelled EDTAcoated and serum evacuated tubes at each visit during pregnancy. Haemoglobin concentrations were determined in whole blood (20μL) using calibrated HemoCue haemoglobin
meters (Hb 201+, Ängelholm, Sweden). Haemoglobin values were adjusted for altitude as
Johannesburg is located at 1753 meters above sea level [1]. Anaemia was defined as haemoglobin <11 g/dL at <18 weeks of gestation and haemoglobin <10.5 g/dL for mid- and late
pregnancy based on cut-offs per trimester [26,27]. In addition, for the purpose of comparability, the prevalence of anaemia is reported according to the WHO [1] haemoglobin cut-off
(<11 g/dL) throughout pregnancy. In cases where severe anaemia (haemoglobin <7 g/dL) was
detected, the women were referred to the medical doctor on site and treated according to
maternity care guidelines [11]. The treatment entailed higher doses of oral iron supplementation and these cases were therefore retained in analyses. In this study no women received parenteral iron therapy or blood transfusion.
Serum was separated within 1h after blood draw and stored at -20˚C for a maximum of 14
days until transportation for storage at -80˚C until analysis. Ferritin and soluble transferrin
receptor (sTfR) concentrations were determined using the Q-Plex Human Micronutrient
Array (7-plex, Quansys Bioscience, Logan, UT, USA) [28]. This fully quantitative chemiluminescent multiplex assay also includes the acute phase proteins C-reactive protein (CRP) and
α1-acid glycoprotein (AGP). Ferritin concentrations were adjusted for inflammation using the
correction factors recommended by Thurnham et al. [29]. Iron depletion (ID) was defined as
adjusted ferritin <15 μg/L [30]. Iron deficient erythropoiesis (IDE) was defined as sTfR >8.3
mg/L [31]. Iron deficiency anaemia (IDA) was defined as ferritin <15 μg/L plus haemoglobin
<11 g/dL [1].

Covariates
Socio-economic and -demographic data, including maternal age and living standards measurements (reflective of socio-economic status) [32], were collected at the first visit early in
pregnancy by means of an interviewer-administered questionnaire. Maternal anthropometric
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measurements (height and weight) were obtained using standardised methods from the International Society for the Advancement of Kinanthropometry [33] at each study visit. To determine body mass index (BMI) weight (kg) was divided by height (m) squared. An obstetrician
conducted foetal ultrasonography examination to confirm gestational age and singleton pregnancy at the first visit [34,35]. A 2-hour 75 g oral glucose tolerance test was performed between
24 and 28 weeks of gestation using standard procedures [36]. Medical files were inspected to
obtain data on maternal medical history, including parity, HIV status, mode of delivery, labour
induction, as well as sex of the baby. During analyses, women were considered HIV positive
irrespective of date of HIV contraction (prior to or during pregnancy).

Statistical methods
Sample size calculation was done using the G� Power 3.1.9.2 statistical programme [37]. The
calculation was based on multiple linear regression analysis (fixed model, single regression
coefficient); a small effect size F2 of 0.05; probability of error (alpha) of 5%; a power of 80%
and 10 predictors with birth weight as outcome. The result indicated a required sample size of
196 pregnant women. Considering an attrition rate of 25%, a minimum of 245 women were
required. The sample size for this study was 250.
Data processing and statistical analysis of data were performed using SPSS version 25 (SPSS
Inc, Chicago, IL, USA). Raw data were captured in Microsoft Access (Microsoft Corporation,
Washington, USA) and 20% of all captured data were randomly checked for correctness. Dietary data were captured in Microsoft Excel (Microsoft Corporation, Washington, USA) and all
electronic entries were double checked for the correct food code and a realistic amount
captured.
Data were tested for outliers and normality by means of Q-Q plots, histograms and Shapiro-Wilk test. Normally distributed data are expressed as means ± SD; non-normally distributed data are expressed as medians (25th percentile - 75th percentile), except in the second
results table which displays medians with minimum–maximum ranges. Descriptive statistics
were conducted to describe iron intake at early pregnancy. To examine the longitudinal trajectory of the iron status parameters with pregnancy progression, median concentrations were
determined at each visit.
Univariable analyses per outcome were performed using Mann-Whitney U-test for continuous variables and Chi-square test for categorical variables. To test for significance of change
in haematological biomarkers (haemoglobin, ferritin, sTfR, CRP and AGP) over time we used
the 2-tailed paired t test. For the significance of change in proportions for the conditions
(anaemia, ID, IDE, IDA and inflammation) over time we used the McNemar test. Next we
used logistic regression analyses to investigate the relationship between the exposure (haemoglobin, ferritin, sTfR) and outcome variables (low birth weight and preterm birth) as binary
outcomes with odds ratios (OR) and 95% confidence intervals (CI). Multiple linear regression
analyses were conducted for continuous outcome variables (birth weight in grams and gestational age at birth in days). The β coefficient was reported with 95% CIs. In both regression
analyses, 3 models were applied and different sets of covariates for the two outcome variables.
For birth weight, model 1 adjusted for maternal age, gestational age at birth and sex of the
baby. Model 2 included the covariates of model 1 plus parity and socio-economic status.
Model 3 included the covariates of models 1 and 2 plus HIV status, maternal BMI at enrolment
and glucose tolerance. For gestational age at birth, model 1 adjusted for maternal age, baby sex
and delivery intervention (induction or caesarean section). Model 2 adjusted additionally for
parity and socio-economic status. Model 3 adjusted in addition to models 1 and 2 for HIV status, maternal BMI at enrolment and glucose tolerance. Lastly, univariate comparisons were
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done between quartiles of each iron biomarker adjusted for the same covariates as with the
regression analyses. P values of <0.05 were considered significant.

Ethical considerations
During recruitment, an informed consent form was supplied to potentially eligible women
who were interested in being part of the study. Written informed consent was obtained at the
first visit from all the women before data collection. This study was conducted according to
the guidelines laid down in the Declaration of Helsinki and all procedures involving human
subjects were approved by both the Human Research Ethics Committees of the North-West
University, Potchefstroom (NWU-00186-15-A1 and NWU-00049-16-A1) and the University
of the Witwatersrand, Johannesburg (M150968 and M161045). The Gauteng Health Department, City of Johannesburg District Research Committee and Clinical Manager of Rahima
Moosa Mother and Child Hospital gave permission to conduct research at the indicated clinical setting.

Results
Participant characteristics and birth outcomes
A total of 595 potentially eligible women residing in Johannesburg, South Africa, were
recruited and invited to take part in the study of which 313 volunteered (53%) and signed written informed consent. After screening, 63 women were excluded based on inclusion and exclusion criteria. In total, 250 women were enrolled and completed data collection at baseline
(<18 weeks of gestation). Of these, 232 completed follow-ups to delivery: eleven women were
lost to follow-up and seven had a miscarriage/intra-uterine foetal death. These 18 cases were
included in cross-sectional analysis of data at enrolment, thus all 250 women were included
when enrolment data were reported. One entry for birth data was excluded in regression analyses due to early emergency c-section (28 weeks of gestation). There was one maternal fatality
shortly after delivery. Several women (n = 29) delivered their babies elsewhere and therefore,
birth weight data were missing (see S1 Table). At enrolment there were no significant differences in participant demographic characteristics between women with and without birth
weight data (n = 40). There was, however, a significant difference in the anaemia and iron status at enrolment of women with and without birth weight data. Women without birth weight
data were significantly more anaemic and had a lower iron status at enrolment than women
with birth weight data.
Characteristics of pregnant women at enrolment (<18 weeks of gestation) in the total study
group, as well as by birth outcome, are shown in Table 1. Most of the women were of blackAfrican descent (88%) with a median age of 27 (IQR: 24–32) years and gestation of 14 (12–16)
weeks at enrolment. A quarter of the women (25%) were born in Zimbabwe, although the
majority was born in South Africa (72%). Fifty-eight percent of women have completed secondary school and 23% post-school education. Many women (40%) were unmarried/single
and 59% had an LSM score indicative of middle-class living standards. The median BMI (26.3
[23.0–30.6] kg/m2) at enrolment was above a healthy range with 33% of women being overweight and 28% obese. More than a quarter of the women were HIV positive (26%). Thirty
percent were nulliparous. At enrolment, the only significant difference between women who
ultimately delivered premature and non-premature babies were their CRP status. When comparing women who delivered LBW vs non-LBW babies, those who gave birth to LBW babies
had a significantly lower BMI at enrolment (24.9 [21.1–26.5] vs 27.1 [23.3–30.8] kg/m2) and
fewer women had increased CRP (p<0.01). The median birth weight was 3050 (2324–3380)
grams and 14% (n = 29) of the babies were born with LBW (<2500 g). The median gestational

PLOS ONE | https://doi.org/10.1371/journal.pone.0221299 September 3, 2019

6 / 21

Maternal iron-deficiency is associated with premature birth and higher birth weight despite routine antenatal

Table 1. Characteristics of pregnant women from the NuPED study at enrolment (<18 weeks of gestation) by birth outcome.
LBW,
14% (n = 29)

Total sample
(n = 250)�
Characteristics

p†

Non-LBW,
86% (n = 174)

Preterm,
11% (n = 26)

p†

Term,
89% (n = 207)

Median (IQR) or n (%)

Age (years)

27 (24–32)

27 (23–32)

28 (24–32)

0.69

28 (22–34)

27 (24–32)

0.83

Gestational age (weeks)

14 (12–16)

14 (11–17)

14 (12–16)

0.99

14 (10–16)

14 (12–16)

0.49

BMI (kg/m2)

26.3 (23.0–30.6)

24.9 (21.1–26.5)

27.1 (23.3–30.8)

0.02

25.3 (21.7–28.4)

26.5 (23.3–30.7)

0.10

Underweight (<18.5 kg/m2)

8 (3)

4 (14)

3 (2)

<0.01

0

7 (3)

0.26

Normal weight (18.5–24.9 kg/m2)

89 (36)

11 (38)

61 (35)

13 (50)

71 (35)

Overweight (25–29.9 kg/m2)

81 (33)

9 (31)

58 (34)

9 (35)

68 (33)

Obese (�30 kg/m2)

71 (28)

5 (17)

51 (29)

5 (15)

60 (29)

22 (88)

182 (88)

3 (12)

24 (12)

Ethnicity
Black African

219 (88)

23 (79)

153 (88)

Mixed ancestry

28 (11)

5 (17)

21 (12)

0.04

White

1 (<1)

-

-

-

-

Indian

1 (<1)

1 (3)

0

0

1 (1)

South Africa

172 (72)

23 (85)

117 (70)

19 (79)

139 (70)

Zimbabwe

60 (25)

4 (15)

47 (28)

5 (21)

54 (27)

Lesotho

4 (2)

0

2 (1)

0

4 (2)

Swaziland

3 (1)

0

1 (1)

0

2 (1)

0.94

Country of birth
0.42

0.73

Living Standards Measure (LSM)
Low (LSM 1–4)

17 (7)

2 (7)

10 (6)

1 (4)

14 (7)

Medium (LSM 5–7)

148 (59)

16 (55)

104 (60)

0.89

17(62)

124 (60)

High (LSM 8–10)

85 (34)

11 (38)

60 (35)

9 (35)

69 (33)

Unmarried/single

100 (40)

18 (62)

66 (38)

14 (56)

79 (38)
60 (29)

0.85

Marital status
0.06

Married

68 (27)

5 (17)

46 (26)

4 (16)

Divorced/Separated

2 (1)

1 (3)

1 (1)

0

2 (1)

Living together

57 (23)

3 (10)

44 (25)

4 (16)

49 (24)

Traditional marriage#[38]

22 (9)

2 (7)

17 (10)

3 (12)

17 (8)

0.36

Highest level of education
Primary school or less

9 (4)

1 (3)

4 (2)

0

9 (4)

Grade 8–10

37 (15)

4 (14)

23 (13)

0.94

6 (24)

27 (13)

Grade 11–12

145 (58)

16 (55)

105 (60)

12 (48)

125 (60)

Post-school education

58 (23)

8 (28)

42 (24)

7 (28)

46 (22)

0.28

Parity
Nulliparous

74 (30)

14 (48)

47 (27)

10 (39)

57 (28)

Primiparous

88 (35)

5 (17)

65 (37)

0.07

7 (27)

76 (37)

Multiparous

88 (35)

10 (35)

62 (36)

9 (36)

73 (36)

0.66

HIV status
Positive

64 (26)

6 (21)

43 (25)

Negative

186 (74)

23 (79)

131 (75)

Elevated CRP (>5 mg/L)

149 (60)

10 (35)

110 (63)

0.64

7 (27)

53 (26)

19 (73)

154 (74)

10 (39)

130 (63)

0.89

Inflammatory status
<0.01

0.02

(Continued )
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Table 1. (Continued)
Total sample
(n = 250)�
Characteristics

LBW,
14% (n = 29)

Non-LBW,
86% (n = 174)

p†

Preterm,
11% (n = 26)

Term,
89% (n = 207)

p†

Median (IQR) or n (%)

Elevated AGP (>1 g/L)

28 (11)

3 (10)

22 (13)

0.73

3 (12)

24 (12)

0.99

LBW: Low birth weight; IQR: interquartile range; CRP: C-reactive protein; AGP: α1-acid glycoprotein; LSM: Living Standards Measure
Data are presented as n (%) for categorical variables and median (IQR) for continuous variables.
† Mann-Whitney-U test for continuous variables, and Chi-square test for categorical variables.
�

n-values are equal to 250 for LSM, highest level of education, parity and HIV status; 239 for Country of birth; and 249 for all other variables.
#: Traditional marriage, recognised under South African customary law, is entered between parties based on tradition which does not require the approval of an
officiator for validation. It is also different from civil marriage in that a polygamous marriage is permissible.
https://doi.org/10.1371/journal.pone.0221299.t001

age at birth was 274 (266–282) days and 11% (n = 26) of babies were born preterm
(<259 days).

Maternal dietary and supplemented iron intake
The results on dietary iron intake at early pregnancy and supplemented iron intake throughout
pregnancy are displayed in Table 2. Median (minimum–maximum range) maternal dietary
iron intake as reported at <18 weeks of gestation was 19.1 (4.6–46.1) mg per day from foods,
which included fortified foods. There was no significant difference in dietary iron intake
between the anaemic and non-anaemic women (p = 0.45) nor between the ID and non-ID
women (p = 0.24). Most women (62%) consumed less iron than the Estimated Average
Requirement (EAR) (22 mg/day) for women during pregnancy, and two women (1%) had a
dietary iron intake above the upper limit (UL) (45 mg) from foods [39]. The estimated median
percentage compliance to routine iron supplementation during the course of pregnancy was
100% (0–100), and the median supplemented iron intake of 55 (0–110) mg/day is reflective of
routine iron supplementation. Women reported to buy nutritional supplements in addition to
routine iron supplementation which is reflected in the maximum value of total supplemental
iron intake of 125 mg elemental iron per day. There was no significant difference in mean supplemental iron intake or supplementation compliance between the anaemic and non-anaemic
women (p = 0.74 and p = 0.83); while there was a significant difference in reported routine
supplement intake between the ID and non-ID (p = 0.04) women at 36 weeks of gestation.

Haematological outcomes with pregnancy progression
Table 3 shows the haematological biomarkers relevant to iron and inflammatory status with
pregnancy progression as measured at the three time points. Fig 1 illustrates the anaemia, ID,
IDE and IDA trajectory with pregnancy progression. It should be noted that even though 232
women completed follow-up visits up to birth, only 199 blood samples were available for the
36 weeks visit. This is due to 27 women giving birth prematurely (before this visit) and six samples not available for analyses. At enrolment, there were only 3 cases with severe anaemia (haemoglobin <7 g/dL). The median haemoglobin concentration at early pregnancy was 11.7
(10.8–12.7) g/dL and declined to 11.2 (10.1–12.1) g/dL at the second visit (p<0.001) and plateaued to the end of pregnancy (11.2 [10.1–12.1] g/dL) (p = 0.88). Anaemia prevalence (using
the WHO cut-off: haemoglobin <11 g/dL throughout pregnancy) increased from 29% to 44%
(p<0.001) and 45% (p = 0.99) at the three time points, respectively. However, when using the
more conservative haemoglobin cut-off of <10.5 g/dL for the second and third time points,
the anaemia prevalence of 29% at early pregnancy remained unchanged at the second (32%;
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Table 2. Dietary iron intake at early pregnancy (<18 weeks of gestation) and supplemental iron intake throughout pregnancy.
All women
n (%)
Dietary iron intake at early pregnancy, mg/ 250
day

Anaemic

Non-anaemic

Median
(Min-Max)

n (%) Median
(Min-Max)

n (%)

Median
(Min-Max)

19.1 (4.6–
46.1)

70

173

18.7 (4.6–
46.1)

19.5 (6.9–
43.2)

ID
p�

Non-ID

n (%) Median
(Min-Max)

0.45 37

19.5 (8.6–
39.8)

n (%)

Median
(Min-Max)

p�

213

18.9 (4.6–
46.1)

0.24

55 (0–110)

0.04

< EAR (<22 mg/d)

155
(62)

41
(59)

111
(64)

23
(62)

132
(32)

Between EAR and UL

93
(37)

29
(41)

60
(35)

14
(38)

79
(37)

>UL (>45 mg/d)

2 (1)

0

2 (1)

0

2 (1)

Reported supplemental iron intake at 36
weeks of gestation:
Routine supplemental iron intake, mg/
day
% Compliance
Total supplemental iron intake (routine
+ store-bought) mg/day

227

55 (0–110)

63

55 (0–110)

158

55 (0–110)

0.74 34

55 (0–55)

193

227

100 (0–100) 63

100 (0–100) 158

100 (0–100) 0.83 34

100 (0–100) 193

100 (0–100) 0.06

227

55 (0–125)

55 (8–110)

55 (8–125)

55 (8–73)

55 (8–125)

63

158

0.96 32

190

0.07

EAR: Estimated Average Requirement; UL: Tolerable Upper Intake Level
Anaemic: Haemoglobin <11 g/dL; ID: Ferritin <15 μg/L
Data are presented as median (minimum-maximum) for continuous variables and n (%) for categorical variables.
�

Nonparametric tests for independent samples were used for comparing continuous variables.

https://doi.org/10.1371/journal.pone.0221299.t002

p = 0.70) and third (34%; p = 0.69) visit. Median adjusted ferritin concentrations declined
gradually and significantly from 47.6 (21.3–98.7) μg/L to 31.7 (17.8–58.6) μg/L and 20.8 (13.9–
40.1) μg/L at the three time points, respectively. ID prevalence increased from 15% to 19%
(p = 0.06) and 33% (p = 0.001). The prevalence of IDA (using WHO haemoglobin cut-off)
increased from 9% to 14% (p = 0.08) and 23% (p = 0.008), while the prevalence of IDA using
the lower haemoglobin cut-off changed from 9% to 11% (p = 0.68) and 19% (p = 0.01). Median
sTfR concentrations increased significantly from 4.8 (3.8–6.6) mg/L at <18 weeks to 6.8 (5.4–
8.3) and 8.1 (6.5–10.5) mg/L with pregnancy progression. Consequently, IDE prevalence
increased significantly from 15% to 25% and 47% during pregnancy. Both median CRP and
AGP concentrations declined significantly with pregnancy progression. At enrolment, 60% of
participants had elevated CRP (>5 mg/L) and 11% had elevated AGP (>1 g/L) (Table 1).

Table 3. Haematological biomarkers of iron status at three time points in pregnant women residing in Johannesburg, South Africa.

Biomarker

<18 weeks

22 weeks

36 weeks

p†

p†

Median (IQR)

Median (IQR)

Median (IQR)

(<18 & 22 weeks)

(22 & 36 weeks)

n

250

232

199

Haemoglobin, g/dL

11.7 (10.8–12.7)

11.2 (10.1–12.1)

11.2 (10.1–12.1)

<0.001

0.88

Serum ferritin, μg/L

47.6 (21.3–98.7)

31.7 (17.8–58.6)

20.8 (13.9–40.1)

<0.001

<0.001

Serum sTfR, mg/L

4.8 (3.8–6.6)

6.8 (5.4–8.3)

8.1 (6.5–10.5)

<0.001

<0.001

Serum CRP, mg/L

6.5 (3.1–14.4)

6.6 (3.1–12.8)

4.8 (2.8–9.8)

0.06

<0.001

0.75 (0.63–0.86)

0.61 (0.53–0.74)

0.55 (0.47–0.65)

<0.001

<0.001

Serum AGP, g/L

sTfR: soluble transferrin receptor; CRP: C-reactive protein; AGP: α1-acid glycoprotein.
Data are presented as medians (interquartile range [IQR]) for continuous variables
† Wilcoxon nonparametric tests were used for comparing continuous variables between <18 and 22 weeks and between 22 and 36 weeks of gestation.
https://doi.org/10.1371/journal.pone.0221299.t003
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Fig 1. Iron and anaemia status trajectory over the course of pregnancy in women residing in Johannesburg, South
Africa. ID–iron depletion; IDE–iron deficiency erythropoiesis; IDA–iron deficiency anaemia; Hb–haemoglobin;
wks—weeks. Anaemia (WHO cut-off): haemoglobin <11 g/dL); Anaemia (lower cut-off): haemoglobin <10.5 g/dL at
22 and 36 weeks of gestation; IDE: sTfR >8.3 mg/L ID: Ferritin <15 μg/L; IDA (WHO Hb cut-off): ferritin <15 μg/L
plus haemoglobin <11 g/dL; IDA (lower Hb cut-off): ferritin <15 μg/L plus haemoglobin <10.5 g/dL at 22 and 36
weeks of gestation.
https://doi.org/10.1371/journal.pone.0221299.g001

Associations of iron and anaemia status with birth outcomes
Results from the logistic regression analyses of the associations of maternal iron status with
LBW as well as preterm birth as binary outcomes are shown in Table 4. The only significant
association found was that women who were IDE at 22 weeks of gestation had 3.6 times the

PLOS ONE | https://doi.org/10.1371/journal.pone.0221299 September 3, 2019

10 / 21

Maternal iron-deficiency is associated with premature birth and higher birth weight despite routine antenatal

Table 4. Associations between maternal iron status and birth outcomes (LBW and premature birth) (binary logistic regression, odds ratios and 95% confidence
intervals).
Associations with LBW�
Model 1 (n = 186)
<18 weeks

22 weeks

36 weeks

Model 2 (n = 186)

Model 3 (n = 156)

Predictor

OR

95% CI

p

OR

95% CI

p

OR

95% CI

Anaemia, Hb <11 g/dL

0.40

0.10, 1.61

0.20

0.38

0.09, 1.64

0.20

0.33

0.06, 1.79

p
0.20

ID, Fer <15 μg/L

0.27

0.04, 2.01

0.20

0.25

0.03, 1.93

1.83

0.99

0.13, 7.16

0.98

IDE, sTfR >8.3 mg/L

0.18

0.02, 1.64

0.13

0.15

0.02, 1.36

0.09

0.56

0.05, 6.23

0.64

Anaemia, Hb <11 g/dL

0.50

0.15, 1.65

0.26

0.47

0.14, 1.65

0.24

0.59

0.13, 2.67

0.49

Anaemia, Hb <10.5 g/dL

0.39

0.10, 1.62

0.20

0.35

0.08, 1.49

0.15

0.59

0.12, 2.95

0.52

ID, Fer <15 μg/L

0.32

0.05, 1.89

0.21

0.31

0.05, 1.93

0.21

0.35

0.4, 3.29

0.36

IDE, sTfR >8.3 mg/L

0.64

0.15, 2.66

0.53

0.57

0.13, 2.49

0.45

0.89

0.22, 5.65

0.89

Anaemia, Hb <11 g/dL

1.04

0.31, 3.49

0.95

1.27

0.36, 4.5

0.71

2.47

0.44, 13.83

0.30

Anaemia, Hb <10.5 g/dL

1.37

0.39, 4.78

0.62

1.82

0.49, 6.83

0.37

1.93

0.36, 10.40

0.45

ID, Fer <15 μg/L

1.52

0.44, 5.24

0.51

1.52

0.43, 5.37

0.51

0.98

0.13, 7.16

0.98

IDE, sTfR >8.3 mg/L

0.93

0.28, 3.06

0.90

0.97

0.28, 3.32

0.96

0.90

0.16, 5.05

0.91

Associations with premature birth#
Model 1 (n = 187)
<18 weeks

22 weeks

36 weeks

Anaemia, Hb <11 g/dL

1.22

0.46, 3.26

ID, Fer <15 μg/L

1.81

IDE, sTfR >8.3 mg/L

1.10

Anaemia, Hb <11 g/dL

Model 2 (n = 187)

Model 3 (n = 154)

0.69

1.21

0.45, 3.23

0.71

1.59

0.50, 5.04

0.43

0.60, 5.54

0.30

1.75

0.56, 5.46

0.33

0.70, 1.73

0.67

0.75

0.20, 2.79

0.67

2.44

0.67, 8.90

0.18

0.98

2.3, 4.12

0.51

0.19, 1.34

0.17

0.48

0.18, 1.30

0.99

0.15

0.60

0.20, 1.84

0.37

Anaemia, Hb <10.5 g/dL

0.94

0.35, 2.52

0.89

0.92

ID, Fer <15 μg/L

0.89

0.28, 2.89

0.85

0.88

0.34, 2.51

0.87

1.07

0.34, 3.30

0.91

0.27, 2.86

0.83

1.34

0.37, 4.82

IDE, sTfR >8.3 mg/L

2.46

0.99, 6.12

0.05

0.66

2.46

0.99, 6.14

0.05

3.57

1.24, 10.34

0.02

Anaemia, Hb <11 g/dL

0.66

0.16, 2.81

0.58

0.62

0.14, 2.74

0.52

0.55

0.09, 3.44

0.52

Anaemia, Hb <10.5 g/dL

1.06

0.25, 4.55

0.94

1.03

0.23, 4.62

0.97

1.06

0.16, 6.92

0.94

ID, Fer <15 μg/L

1.04

0.24, 4.43

0.96

1.01

0.23, 4.39

0.97

0.35

0.04, 3.21

0.35

IDE, sTfR >8.3 mg/L

1.61

0.41, 6.32

0.50

1.58

0.38, 6.58

0.53

2.05

0.38, 11.09

0.40

Hb: haemoglobin; Fer: serum ferritin; LBW: low birth weight; ID: iron depletion; IDE: iron deficiency erythropoiesis; sTfR: soluble transferrin receptor; OR: odds ratio;
CI: confidence interval
�
Model 1 for low birth weight adjusted for: maternal age, gestational age at birth and sex of the baby; model 2 adjusted in addition to model 1: parity and living
standards measure (socio-economic status); model 3 adjusted in addition to models 1 and 2: HIV status, maternal BMI at enrolment and glucose tolerance.

# Model 1 for premature birth adjusted for: maternal age, baby sex and delivery intervention (induction or caesarean section); models 2 and 3 adjusted for the same
additional factors as for low birth weight.
p values of <0.05 were considered significant.
https://doi.org/10.1371/journal.pone.0221299.t004

risk of giving birth prematurely (OR: 3.57, 95% CI: 1.24, 10.34) as indicated in the fully
adjusted model.
Table 5 shows the results from the multiple linear regression analyses on the associations of
iron and anaemia status with birth weight (in grams) and gestational age at birth (in days) as
outcomes. In the fully adjusted model, anaemia (haemoglobin <10.5 g/dL) at 22 weeks of gestation was associated with a 207 g higher birth weight in neonates (β = 207.0; 95% CI: 70.5,
343.6). When anaemia was defined according to the WHO haemoglobin cut-off (<11 g/dL),
anaemia was associated with a 135g higher birth weight in neonates (β = 135.4; 95% CI: 4.8,
266.1). Similarly, ID at 22 weeks was associated with a 205g higher birth weight (β = 205.4;
95% CI: 45.6, 365.1). IDE at 36 weeks was associated with a 178 g higher birth weight (β =
178.0; 95% CI: 47.2, 308.7).
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Table 5. Associations between maternal iron status and birth outcomes (birth weight and gestational age at birth) (multivariable linear regression, β-values and
95% confidence intervals).
Birth weight (n = 203)�
Model 1
Predictor
<18 weeks

22 weeks

Anaemia, Hb <11 g/dL

95% CI

Model 2
P

β

95% CI

Model 3
P

β

95% CI

18.2 -126.1, 162.6

0.80

24.0 -120.2, 168.2

0.74

63.5 -87.4, 214.4

ID, Fer <15 μg/L

-10.3 -194.3, 173.8

0.91

22.2 -163.2, 207.5

0.81

42.0 -152.1, 236.0

IDE, sTfR >8.3 mg/L

150.3 -29.3, 326.9

0.10

183.9 3.8, 363.9

Anaemia, Hb <11 g/dL

104.0 -18.1, 226.1

0.09

Anaemia, Hb <10.5 g/dL

177.1 48.0, 306.2

<0.01

ID, Fer <15 μg/L

210.2 47.0, 373.3

0.01

IDE, sTfR >8.3 mg/L
36 weeks

β

Anaemia, Hb <11 g/dL
Anaemia, Hb <10.5 g/dL
ID, Fer <15 μg/L
IDE, sTfR >8.3 mg/L

40.1 -109.4, 189.7
-45.5 -183.0, 92.1
13.3 -131.8, 158.3
37.6 -97.1, 172.2
199.2 -5.7, 244.1

0.67

128.7 -60.5, 317.9

145.0 21.2, 268.9

0.02

135.4 4.8, 266.1

213.7 84.5, 342.8

<0.01

207.0 70.5, 343.6

<0.01

190.0 38.0, 342.1

0.02

205.4 45.6, 365.1

0.01

0.59

52.3 -97.0. 201.6

0.49

58.1 -97.0, 213.3

-24.9 -166.4, 116.7

0.73

25.6 -120.9, 172.0

0.86

33.8 -113.6, 181.1

0.65

0.58

0.41

0.05

0.52

0.06

P

48.9 -85.3, 183.0
164.22 35.0, 293.4

0.47
0.01

105.9 -42.8, 254.6
75.7 -61.0, 212.5
178.0 47.2, 308.7

0.18
0.04

0.46
0.73
0.16
0.28
<0.01

Gestational age at birth (n = 233)#
Model 1
<18 weeks

Anaemia, Hb <11 g/dL
ID, Fer <15 μg/L

22 weeks

36 weeks

1.34 -3.20, 5.87

Model 2
0.56

1.34 -3.24, 5.91

Model 3
0.57

1.39 -3.65, 6.43

0.59

-3.27 -9.03, 2.50

0.27

-3.68 -9.54, 2.18

0.22

-3.40 -9.84, 3.05

0.30

IDE, sTfR >8.3 mg/L

0.66 -504, 6.35

0.82

0.35 -5.43, 6.14

0.90

1.56 -4.80, 7.91

0.63

Anaemia, Hb <11 g/dL

4.65 0.73, 8.58

0.02

4.57 0.51, 8.63

0.03

4.82 0.39, 9.24

0.03

Anaemia, Hb <10.5 g/dL

2.23 -2.25, 6.70

0.33

1.98 -2.60, 6.55

0.40

3.07 -1.97, 8.11

0.23

ID, Fer <15 μg/L

0.53 -4.70, 5.76

0.84

0.01 -0.03, 0.04

0.79

1.14 -4.64, 6.91

0.70

IDE, sTfR >8.3 mg/L

-2.45 -7.16, 2.26

0.31

-2.56 -7.31, 2.19

0.29

-2.90 -8.07, 2.28

0.27

Anaemia, Hb <11 g/dL

-0.49 -4.88, 3.89

0.82

-0.70 -5.26, 3.85

0.76

2.50 -5.33, 4.50

0.87

0.07 -4.55, 4.68

0.98

-0.08 -4.82, 4.66

0.97

-0.80 -5.83, 4.22

0.75

Anaemia, Hb <10.5 g/dL
ID, Fer < 15 μg/L
IDE, sTfR >8.3 mg/L

2.56 -2.03, 7.16

0.27

2.50 -2.15, 7.14

0.29

2.26 -2.61, 7.12

0.36

-1.01 -5.30, 3.30

0.64

-1.36 -5.90, 3.17

0.55

-0.33 -5.11, 4.46

0.89

Hb: haemoglobin; Fer: serum ferritin; ID: iron depletion; IDE: iron deficiency erythropoiesis; sTfR: soluble transferrin receptor; CRP: C-reactive protein; AGP: α1-acid
glycoprotein; CI: confidence interval
�

Model 1 for birth weight adjusted for: maternal age, gestational age at birth and sex of the baby; model 2 adjusted in addition to model 1: parity and living standards
measure (socio-economic status); model 3 adjusted in addition to models 1 and 2: HIV status, maternal BMI at enrolment and glucose tolerance.
# Model 1 for gestational age at birth adjusted for: maternal age, baby sex and delivery intervention (induction or caesarean section); models 2 and 3 adjusted for the
same additional factors as for birth weight.
p values of <0.05 were considered significant.
https://doi.org/10.1371/journal.pone.0221299.t005

Anaemia defined using the WHO cut-off (haemoglobin <11 g/dL) at 22 weeks of gestation
was associated with an increase in gestational age by 5 days (β = 4.82; 95% CI: 0.39, 9.24).
This association did not hold when the lower haemoglobin cut-off was used (haemoglobin
<10.5 g/dL).
To further investigate the association of low and high concentrations of iron biomarkers
with birth outcomes, haematological biomarker concentrations were divided in quartiles, and
univariate comparisons of birth weight and gestational age conducted in adjusted models as
shown in Table 6. There was a significant difference between the second lowest (haemoglobin:
10.8–11.7 g/dL) and the highest quartile (haemoglobin >12.7 g/dL) of haemoglobin at <18
weeks of gestation with gestational age at birth. Women in the second lowest haemoglobin
quartile at early pregnancy had a significantly shorter gestation by 7 days (β = -6.9, 95% CI:
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Table 6. Associations between quartiles of haemoglobin, ferritin and sTfR at three time points with birth weight and gestational age at birth (β-values and 95% confidence intervals).
Iron index

Median
birth weight� (g)

n

β (95% CI)

p

<18 weeks

β (95% CI)

p

271

36

-3.7 (-10.3, 2.9)

0.27

<18 weeks

Haemoglobin (g/dL)
Quartile 1: <10.8

n

Median gestational age# (days)

0.28
3058

35

-39.7 (-258.5, 179.1)

0.72

0.15

Quartile 2: 10.8–11.7

3122

42

23.6 (-187.2, 234.4)

0.83

268

41

-6.9 (-13.3, -0.6)

0.03

Quartile 3: 11.8–12.7

2923

36

-174.4 (-392.0, 43.1)

0.12

273

37

-1.3 (-7.9, 5.3)

0.70

Quartile 4: >12.7

3098

40

1

275

39

1

Ferritin (μg/L)

0.57

0.07

Quartile 1: <21.30

3151

37

123.2 (-93.4, 339.87)

0.26

267

38

-6.0 (-12.2, 0.25)

0.06

Quartile 2: 21.30–47.56

3019

43

-8.14 (-212.4, 196.1)

0.94

276

43

2.5 (-3.5, 8.5)

0.41

0.63

0.88

Quartile 3: 47.57–98.68

3079

34

52.1 (-163.5, 267.7)

Quartile 4: >98.68

3027

42

1

3161

41

130.7 (-81.4, 342.8)

sTfR (mg/L)
Quartile 1: >6.63

273

33

-0.5 (-6.9, 5.9)

273

42

1

273

42

0.1 (-6.3, 6.4)

0.99

0.64
0.23

0.99

Quartile 2: 4.82–6.63

3094

39

29.6 (-189.4, 248.6)

0.79

272

38

0.6 (-6.0, 73)

0.85

Quartile 3: 3.76–4.81

3035

36

41.5 (-177.1, 260.4)

0.71

270

36

-0.3 (-6.9, 6.3)

0.92

Quartile 4: <3.76

2967

40

1

274

40

1

22 weeks

22 weeks

Haemoglobin (g/dL)

0.52

0.72

Quartile 1: <10.8

3163

38

137.9 (-79.7, 355.42)

0.21

274

40

2.4 (-4.2, 9.0)

0.47

Quartile 2: 10.8–11.2

3068

41

12.6 (-171.9, 257.1)

0.70

272

41

0.4 (-6.1, 6.8)

0.91

Quartile 3:11.3–12.1

3007

36

-18.17 (-229.4, 193.1)

0.87

270

35

-1.5 (-7.9, 4.9)

0.64

Quartile 4: >12.1

3025

41

1

272

40

1

Ferritin (μg/L)

0.045

0.60

Quartile 1: <17.78

3248

33

311.8 (94.8, 528.8)

0.005

270

35

-4.2 (-10.8, 2.5)

0.22

Quartile 2: 17.78–31.66

3041

41

104.8 (-104.0, 313.6)

0.32

271

41

-3.6 (-10.1, 2.8)

0.27

0.21

0.37

Quartile 3: 31.67–58.63

3067

40

131.2 (-73.8, 336.1)

Quartile 4: >58.63

2936

40

1

272

39

-2.9 (-9.2, 3.5)

275

39

1

Quartile 1: >8.33

2962

36

-109.2 (-330.1, 111.8)

0.33

268

37

-4.7 (-11.3, 1.9)

0.10

Quartile 2: 6.85–8.33

3044

39

Quartile 3: 5.36–6.84

3025

42

-180.6 (-394.5, 33.33)

0.10

273

39

0.6 (-5.9, 7.1)

0.86

-156.2 (-366.8, 54.34)

0.15

273

41

-1.0 (-7.01, 0.2)

Quartile 4: <5.36

3231

37

0.76

275

37

1

sTfR (mg/L)

0.35

36 weeks

0.37

36 weeks

Haemoglobin (g/dL)

0.99

0.75

Quartile 1: <10.03

3169

31

-0.6 (-242.4, 241.2)

1.00

275

32

-2.1 (-7.2, 3.0)

Quartile 2: 10.03–11.2

3140

36

-29.0 (-255.1, 197.1)

0.80

275

34

-2.1 (-7.0, 2.8)

0.40

Quartile 3:11.3–12.1

3143

35

-26.1 (-246.4, 194.3)

0.82

274

35

-2.3 (-7.0, 2.4)

0.34

Quartile 4: >12.1

3169

39

1

277

39

1

Ferritin (μg/L)

0.004

0.41

0.57

Quartile 1: <13.85

3346

30

410.3 (184.3, 636.3)

<0.001

277

31

1.4 (-3.7, 6.5)

0.58

Quartile 2: 13.85–20.79

3129

33

193.7 (-20.7, 408.0)

0.08

273

32

-2.1 (-7.0, 2.7)

0.39

0.008

0.79

Quartile 3: 20.80–40.08

3212

46

276.2 (72.2, 480.2)

Quartile 4: >40.08

2936

35

1

Quartile 1: >10.53

3300

30

156.1 (-71.8, 384.1)

Quartile 2: 8.06–10.53

3096

36

-60.1 (-272.3, 152.1)

sTfR (mg/L)

275

46

-0.6 (-5.2, 3.9)

275

34

1

0.18

275

30

0.8 (-4.2, 5.8)

0.58

274

35

-1.4 (-6.0, 3.2)

0.17

0.84
0.75
0.56
(Continued )
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Table 6. (Continued)
Iron index

Median
birth weight� (g)

n

β (95% CI)

p
0.45

Quartile 3: 6.45–8.05

3102

41

-78.0 (-283.7, 127.6)

Quartile 4: <6.45

3149

37

1

Median gestational age# (days)

n

β (95% CI)

p
0.88

275

41

-0.3 (-4.8, 4.1)

276

37

1

�

Birth weight adjusted for maternal age, gestational age at birth, sex of the baby, parity, living standards measure (socio-economic status); HIV status, maternal BMI at
enrolment and glucose tolerance.
#Gestational age adjusted for maternal age, delivery intervention, sex of the baby, parity, living standards measure (socio-economic status); HIV status, maternal BMI at

enrolment and glucose tolerance
https://doi.org/10.1371/journal.pone.0221299.t006

-13.3, -0.6) when compared to women in the highest quartile. In addition, we found significant
differences in birth weight between quartiles of serum ferritin concentrations at 22 weeks and
36 weeks of gestation. Women in the lowest ferritin quartile (<17.8 μg/L) at 22 weeks gave
birth to babies weighing 311.8 g (95% CI: 94.8, 528.8) more than those in the highest quartile
(>58.6 μg/L). At 36 weeks of gestation, those in the lowest ferritin quartile (ferritin <13.85 μg/
L) gave birth to babies weighing 410.3 g (95% CI: 184.3, 636.3) more than those in the highest
quartile (ferritin >40.08 μg/L) (p<0.001). Women in the third ferritin quartile (ferritin 20.80–
40.08 μg/L) at 36 weeks of gestation also had significantly heavier babies (276.2 g, 95% CI: 72.2,
480.2) than women in the highest quartile (>40.08 μg/L).

Discussion
In this prospective study of pregnant women residing in Johannesburg, South Africa, the prevalence of anaemia, ID and IDE increased despite iron supplementation forming part of routine
antenatal care. We found that ID and anaemia at mid-pregnancy, as well as IDE at late-pregnancy were associated with higher birth weight. In contrast, women with IDE at mid-pregnancy had a 3.6 times higher risk of giving birth prematurely and women with a lower
haemoglobin at early pregnancy gave birth significantly earlier than those in the highest haemoglobin quartile.
In this sample of generally healthy, non-smoking, singleton pregnancies from an urban
area of South Africa, we observed a similar iron deficiency prevalence during early pregnancy
as in women of reproductive age participating in previous national surveys [7,8,40]. More than
a quarter (29%) of the women were anaemic at early pregnancy, while 15%, 15% and 9% of
women were ID, IDE and IDA, respectively. The WHO recommends routine daily iron supplementation (30–60 mg elemental iron) plus folic acid for all pregnant women to cover
increased iron requirements. Furthermore, in settings where at least 40% of pregnant women
have haemoglobin concentrations <11 g/dL, a daily dose of 60 mg elemental iron should be
preferred over a lower dose [1,41,42]. Even though the prevalence of anaemia is less than 40%
in South African women of reproductive age, the recommendation is to supplement all pregnant women with 60 mg elemental iron daily (in conjunction with folic acid and calcium)
[11]. In our setting, all pregnant women receive 55 mg elemental iron (170 mg dried ferrous
sulphate) daily with folic acid and calcium. Compliance to routine supplementation was high
in our study (median of 100%) and some women reported purchasing supplements from
shops in addition to the routine regime. Even so, we found significant declines in iron status
with pregnancy progression. Two cohort studies in West African countries with routine iron
supplementation for pregnant women observed a similar decline in iron status during pregnancy [43,44]. The sharp decline in haemoglobin concentrations that we observed in our
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sample of women at mid-pregnancy can be explained by maternal red blood cell mass and
plasma volume expansion leading to haemodilution [45].
It is also known that serum ferritin concentrations gradually decline with pregnancy progression. While haemodilution may explain this phenomenon, it has been suggested that
declines in serum ferritin concentrations may reflect iron mobilisation from stores to cover
increased requirements for red blood cell production, as well as placental transfer to the foetus
[46]. In our sample of pregnant women, 47% had elevated sTfR concentrations by late pregnancy. It is unclear why these women receiving iron supplements experienced such a marked
increase in sTfR concentrations. Increased sTfR expression is reflective of erythropoietic activity, typically expected with red blood cell mass expansion in pregnancy [47]. In addition to
increased need, the women in this study showed significant reductions in ferritin concentrations with pregnancy progression and depleted iron stores could be one reason for increased
sTfR [48]. However, increased sTfR is also strongly associated with functional tissue iron deficiency, indicating that iron cannot be mobilised for erythropoiesis despite adequate iron stores
[49]. Elevated concentrations of the hormone hepcidin, which is the main regulator of systemic iron homeostasis [46], may explain this observation. With sufficient systemic iron (thus
in iron-replete cases), hepcidin concentrations increase, which in turn reduce the release of
iron from enterocytes, macrophages and hepatocytes. Conversely, production of hepcidin is
suppressed during iron deficiency to allow release of iron from stores and to increase dietary
iron absorption. Recent studies showed that hepcidin is actively reduced during the second
and third trimesters of pregnancy to support increased iron requirements [44]. However,
hepatocyte hepcidin production increases with inflammation irrespective of iron status [46].
More than half of the women enrolled in our study (n = 149; 60%) entered the study with elevated CRP (>5 mg/L) concentrations, indicating a high prevalence of acute and sub-clinical
inflammation. African ethnicity has been associated with higher circulating CRP concentrations [50]. In addition, this sample of pregnant women had a high prevalence of overweight
and obesity (33% and 28%, respectively), as well as HIV infection (26%), which may have contributed to a more inflammatory state. These factors may have led to an increase in hepcidin
concentrations, and consequently to a reduction in iron absorption and release from hepatic
stores. In addition, high intakes of calcium (1 g calcium supplementation/day to all pregnant
women in South Africa) have been shown to inhibit iron absorption [51]. The Guidelines for
maternity care South Africa [11] indicates that calcium “is best taken 4 hours before or after
iron supplements”. However, it is not known how well this recommendation is implemented.
This context may explain the increasing prevalence of ID, IDE and IDA with pregnancy progression in an iron supplemented population.
In our sample, the mean daily iron intake (19 mg, 4.6–46.1 mg) at early pregnancy was
approximately 3 mg less than the EAR for pregnant women (22 mg/day), but sufficient to meet
the EAR for non-pregnant women (8.1 mg/day) [39]. This supports the current recommendation that iron should be supplemented during pregnancy, but arguably at a lower dose in this
setting. Women’s iron requirements differ depending on stage of pregnancy. Prior to pregnancy, women’s iron requirements are higher than for men due to menstruation. In the first
trimester of pregnancy iron requirements are less than prior to pregnancy due to cessation of
menses [46], while requirements increase drastically from the second trimester due to blood
volume expansion and increased erythropoietic activity. Therefore, if reported dietary intakes
during early pregnancy are reflective of dietary intakes prior to pregnancy, it is likely that
most women achieved the recommended iron intake prior to pregnancy. This may explain
the relatively low prevalence of ID at enrolment and highlights the need for exploring other
determinants of anaemia [52] in women, such as other micronutrient deficiencies and/or
inflammation.
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In our sample, anaemia and ID at mid-pregnancy were associated with a 207 g and 205 g
higher birth weight, respectively. Consistently, IDE at late pregnancy was associated with a 178
g higher birth weight. When comparing quartiles of ferritin concentration at mid-pregnancy,
women in the lowest quartile (ferritin <17.78 μg/L) gave birth to significantly heavier babies
(312 g) than women in the highest quartile (ferritin >58.63 μg/L). To our knowledge, we are
the second study in an African setting (with routine iron supplementation [43]) to find this
association. In the cohort of pregnant women in Papua New Guinea (n = 279), malaria infection was common and the prevalence of anaemia (haemoglobin <11 g/dL) at enrolment (±25
weeks of gestation) very high (95%). Lower ferritin concentrations at enrolment were associated with higher mean birth weights, and iron deficient women gave birth to 230 g heavier
newborns when compared to iron-replete women. The authors indicated that only 7% and
12% of the association was mediated through placental and peripheral malaria infection,
respectively, demonstrating an association between iron deficiency and higher birth weight
through Malaria-independent mechanisms. Similar associations have been found elsewhere. A
Chinese cohort study (n = 511) of non-anaemic pregnant women receiving iron supplements
as part of routine antenatal care also found a significantly higher birth weight in the lowest
compared to the highest ferritin quartile [53]. Furthermore, an Indian cohort (n = 1196) (nonanaemic with supplementation) showed similar results with the highest tertile of supplemental
iron intake associated with low birth weight [54].
The observed inverse associations between maternal iron status and birth weight in settings
of routine iron supplementation can be interpreted from two viewpoints. Firstly, the association between ID, anaemia and IDE with higher birth weight could be an indication that antenatal iron supplementation is protective in iron depleted women, resulting in improved foetal
growth [55]. Systematic reviews on the efficacy of antenatal iron supplementation versus placebo have shown significant reductions in anaemia and iron deficiency at term. Evidence for a
beneficial effect on birth outcomes is, however, less clear [56–58]. The most recent Cochrane
review indicated that there is low quality evidence for iron supplementation reducing the risk
for low birth weight (RR 0.84; 95% CI: 0.69, 1.03; 11 studies) [57]. In contrast, there is emerging evidence of a U-shape association of iron status and haemoglobin with birth weight [5,6].
Thus, the second viewpoint is from the right side of this U-shape association, i.e. high iron
intakes being associated with lower birth weight. Routine iron supplementation in a mixed
population of deficient and replete women may contribute to mixed results. In our sample,
iron supplementation may have had a negative impact on foetal growth in iron-replete
women. Hwang and colleagues [59] found that excessive maternal iron intake at mid-pregnancy was associated with reduced foetal growth in a South Korean cohort (n = 337). The foetuses of women in the third tertile of total iron intake had smaller outcomes in biparietal
diameter, abdominal circumference and femur length at mid-pregnancy. Even though this
South Korean cohort demonstrated lower than recommended iron intake from foods, supplementation contributed to intakes above the Tolerable Upper Intake Level (45 mg). Other studies indicate that iron supplementation in iron-replete women is associated with adverse
maternal and foetal outcomes [54,60], although results are inconsistent [61]. When considering the median ferritin and haemoglobin concentrations as well as the prevalence of ID and
anaemia at early pregnancy in our sample, it is apparent that most women were iron-replete
while receiving iron supplementation. We speculate that provision of supplemental iron in
these iron-replete women may have had negative consequences to the mother, which may
have compromised foetal growth. These negative consequences may include oxidative damage
and haemoconcentration which consequently result in impaired placental perfusion and thus
foetal growth [58,62]. There is evidence that unabsorbed supplemental iron reaching the colon
can negatively alter gut microbiome composition and increase gut inflammation [63]. This
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supports the notion that strategies to prevent iron deficiency during pregnancy should consider the inflammation burden in the target population, and take relevant actions to reduce
inflammation in an effort to improve iron absorption and utilisation.
When we assessed the predictors for gestational age, associations were different than for
birth weight. Firstly, lower haemoglobin in early pregnancy was associated with shorter gestation which supports previous research [64]. It is suspected that these women entered pregnancy with anaemia since the quartiles associated with the shorter gestation reflects prepregnancy anaemia, i.e. haemoglobin <12 g/dL, and haemodilution only peaks late in second
trimester or early third trimester [45]. Secondly, as expected, poor iron status increased the
risk for premature birth. IDE at mid-pregnancy quadrupled the risk for premature birth. It
would be expected that in a supplemented sample the risk would be attenuated in the ID
group [57], however, as explained above, elevated sTfR concentrations could be a consequence
of inflammation causing iron not to be mobilised.
The key strength of this study was that data were collected prospectively with multiple variables and data collection points across pregnancy. In addition, the iron biomarkers assessed
allowed for a complete description of iron status. Previous studies may not have considered
concomitant inflammation when interpreting iron status data, however, our analyses included
CRP and AGP, which were used to adjust ferritin concentrations accordingly [29]. The analyses were strengthened due to assessment and inclusion of several confounders.
The study limitations should be considered when interpreting the results. Due to the observational study design, conclusions on causality of observed relationships are not possible.
However, our findings may generate hypotheses for further investigation, given the consistency of results. An additional limitation is self-selection bias at recruitment since women
were recruited at primary healthcare clinics and then volunteered and agreed to participate at
a different setting. Lost to follow-up resulted in missing birth weight data, which may have
skewed results. Lastly, the sample was of relatively small size and not representative of the general population. Women were selected to be non-smoking, generally healthy and presented at
primary healthcare clinics somewhat earlier than the typical 20 weeks of gestation [65].
In conclusion, we found an increase in ID, IDE and IDA with pregnancy progression
despite routine iron supplementation in an urban South African setting. We observed an
inverse association between maternal iron status and birth weight, while IDE at mid-pregnancy increased the risk for premature birth. These results add to the raising concern on the
consequences of iron supplementation in iron-replete pregnant women. Nonetheless, there is
no question that ID and anaemia should be prevented in pregnancy. However, the challenge
remains on how to do so safely in a public health setting. Considering that South Africa has a
well-implemented food fortification programme, high prevalence of inflammation, possible
influence of antenatal calcium supplements on iron absorption, as well as the known risks
associated with both low and high iron exposure, we recommend that the current antenatal
supplementation regime in South Africa be revisited.

Supporting information
S1 Table. Characteristics and iron status of pregnant women from the NuPED study at
enrolment (<18 weeks of gestation) by birth weight data availability¥.
IQR: interquartile range; CRP: C-reactive protein; AGP: α1-acid glycoprotein; LSM: Living
Standards Measure; Hb: Haemoglobin; Fer: ferritin; sTfR: soluble transferrin receptor.
Data are presented as n (%) for categorical variables and median (IQR) for continuous variables.
¥ Women who had a miscarriage or intrauterine foetal death (IUFD) also had missing birth
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weight data (n = 7), but were not considered in this table.
† Mann-Whitney-U test for continuous variables, and Chi-square test for categorical variables.
�
n-values are equal to 250 for LSM, highest level of education, parity, HIV status, iron stores
and iron deficiency erythropoiesis; 243 for anaemia; 239 for Country of birth; and 249 for all
other variables.
#: Traditional marriage, recognised under South African customary law, is entered between
parties based on tradition which does not require the approval of an officiator for validation. It
is also different from civil marriage in that a polygamous marriage is permissible.
(DOCX)
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