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Abstract

Objective: To investigate the association between maternal hemoglobin concentra-
tion and the risk of birth to a small vulnerable newborn (SVN).

Methods: We conducted a cohort analysis of women with moderate or severe anemia
enrolled in the World Maternal Antifibrinolytic Trial-2 (WOMAN-2) across Nigeria,
Pakistan, Tanzania, and Zambia (August 2019 to September 2023). Maternal hemo-
globin concentration at admission for vaginal birth was categorized into six groups
(<50, 50-59, 60-69, 70-79, 80-89, and 90-99 g/L). The primary outcome was SVN,
defined as a liveborn or stillborn preterm (<37 weeks), low birthweight (<2500g),
or small for gestational age (birth weight below the average [unsexed] 10th-centile
INTERGROWTH-21st standard for gestational age). Multivariable logistic regression
was used to estimate adjusted odds ratios (aORs) with 95% confidence intervals (Cls),
controlling for potential confounders.

Results: Among 14444 women, the median hemoglobin level was 85 g/L (interquar-
tile range [IQR] 77-91g/L), and 39.5% (5703/14444) of newborns were classified as
SVNSs. A strong inverse relationship was observed between maternal hemoglobin and
SVN. Compared with women with hemoglobin of 90-99g/L, aOR values for SVN
were 1.06 (95% Cl 0.97-1.16) for 80-89g/L; 1.27 (95% Cl 1.15-1.41) for 70-79g/L;
1.44 (95% Cl 1.26-1.64) for 60-69g/L; 2.00 (95% Cl 1.64-2.43) for 50-59g/L; and
2.51 (95% Cl 1.85-3.41) for <50g/L. Sensitivity analysis, including multiple pregnan-
cies, yielded similar results.

Conclusions: Increasing severity of maternal anemia is associated with a marked in-
crease in the risk of giving birth to SVNs. The disproportionately higher risk observed
at lower hemoglobin levels supports prioritization of women with more severe anemia
for intensified monitoring and treatment in high-burden settings.
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1 | INTRODUCTION

Reducing maternal mortality and improving neonatal survival are es-
sential for achieving United Nations Sustainable Development Goals
(SDGs) 3.1 and 3.2 on good health and well-being by 2030.} Neonatal
deaths remain at 2.3 million per year, and sub-Saharan Africa (SSA) and
South Asia accounted for over 80% of global neonatal deaths in 2022.2
Over half of neonatal deaths worldwide occur among small vulnerable
newborns (SVNs)—liveborn or stillborn babies who are preterm, low
birth weight (LBW), and/or small for gestational age (SGA).5>

The term “SVN” was introduced in a 2023 Lancet Series to pre-
vent underestimation of small newborns' prevalence and emphasize
that the three categories—preterm birth, LBW, and SGA—frequently
occur together.’"® In 2020, an estimated 26% of global live births
were SVN, with higher prevalence in low- and middle-income coun-
tries (LMICs, 38%) compared with high-income countries (12%).>%10
South Asia and SSA bear the highest burden at 52% and 35%, re-
spectively.”!0 In addition to the higher likelihood of neonatal death
reported in the BJOG series,'*™® SVN babies face increased risks
of childhood undernutrition,* neurodevelopmental delays,15 and
chronic diseases in adulthood.**”

Maternal anemia is most prevalent in Asia (49%) and in Africa
(46%)'® and is associated with preterm and SGA births.'*?° The
World Health Organization (WHO) defines maternal anemia as he-
moglobin <110g/L, with further classifications of mild (100-109 g/L),
moderate (70-99 g/L), and severe (<70g/L) anemia.?! Previous stud-
ies have demonstrated a U-shaped relationship between maternal
hemoglobin and newborn outcomes, with both low (<110g/L) and
high (>130g/L) levels associated with increased risk of LBW, preterm
birth, and SGA.?22% However, the existing literature has focused on
individual outcomes rather than the comprehensive SVN measure,
often excluded stillbirths, and provided limited evidence from the
highest-burden regions. This study investigated the association be-
tween maternal hemoglobin and the risk of birth to a SVN baby in

this high-risk population.

2 | MATERIALS AND METHODS

2.1 | Study design, data source, and study
population

We conducted a secondary cohort analysis of data from the
WOMAN-2 trial, comprising women with moderate or severe
anemia in Nigeria, Pakistan, Tanzania, and Zambia.?* The trial re-
cruited pregnant women with hemoglobin concentration <100g/L

upon hospital admission for vaginal birth between August 2019

and September 2023. The birth weight and newborn status were
recorded after birth.>* From the WOMAN-2 participants, we ex-
cluded women delivering before 24 or after 42 weeks of gestation
(not included in the modified International Fetal and Newborn
Growth Consortium for the 21st Century [INTERGROWTH-21st]
charts) and those with missing birth weight data. Additionally, we
excluded women with multiple pregnancies from the primary anal-

ysis for comparison with other studies.?>2%

2.2 | Variables and measurements

Maternal hemoglobin level was the primary exposure measured
upon hospital admission using the HemoCue Hb 201 analyzer
(HemoCue AB, Angelholm, Sweden) with finger-prick blood samples.
Thus, the exposure represents maternal hemoglobin status at ad-
mission for birth rather than longitudinal hemoglobin measurements
during pregnancy. According to the COMPARE study, the HemoCue
analyzer showed 82.8% sensitivity and 82.1% specificity against the
gold standard automated hematology analyzer in women.?” Another
study found that capillary fingerstick HemoCue readings were sys-
tematically higher than venous blood (recommended) values from
the gold standard.?®

The primary outcome was the birth of an SVN defined as a
live or stillborn baby with LBW (<2500g), preterm birth (<37 com-
pleted gestational weeks), or SGA, defined as birth weight below
the average (unsexed) 10th-centile INTERGROWTH-21st stan-
dard for gestational age.5'7 Because data on newborn sex were
unavailable, we used the average INTERGROWTH-21st standard
rather than the sex-specific birth weight-for-gestational-age cen-
tile charts.?’

Covariates included maternal age, country, parity, pre-birth
body mass index (BMI, calculated as weight in kilograms divided
by the square of height in meters), previous cesarean sections,
current infections (hepatitis, malaria, tuberculosis, HIV, syphilis,
or others), previous postpartum hemorrhage, diabetes, hyper-
tension, antepartum hemorrhage, placental abnormalities, poly-
hydramnios, labor induction, baby's status (live or stillborn), and
congenital anomalies in the newborn, based on literature review
and expert knowledge, as shown in the causal-directed acyclic
graph (DAG) (Figure S1).

2.3 | Statistical analysis

We performed statistical analysis using STATA 18 (StataCorp LLC,
College Station, TX, USA). With 15068 WOMAN-2 participants
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and assuming a 21% SVN incidence in the reference hemoglobin
group (90-99g/L), based on a South Asian study,®® our analysis
had 90% power at a 5% significance level to detect a 10% rela-
tive increase in SVN risk for each lower hemoglobin category. We
conducted a complete case analysis. We summarized continuous
variables using means and standard deviations or medians and
IQRs as appropriate, while categorical variables were summarized
as frequencies and percentages. We used logistic regression to as-
sess the association between hemoglobin concentration and SVN.
We used likelihood ratio tests to assess linear trend and departure
from linearity. Based on the results, we modelled hemoglobin as
categorical or continuous.

For adjusted analysis, the multivariable logistic regression model
adjusted for age group, parity group, previous cesarean section, pla-
cental abnormalities, antepartum hemorrhage, country, pre-birth
BMI groups, presence of current infections, hypertension in preg-
nancy, and diabetes in pregnancy.

In a sensitivity analysis, we included multiple pregnancies. This
analysis compared characteristics between singleton and multi-
ple pregnancies, and evaluated the hemoglobin-SVN association
in a dataset including all pregnancies. Additionally, we examined
whether the association between maternal hemoglobin and SVN
was modified by the baby's status (live birth versus stillborn),
as differences in survival status could reflect distinct biologi-
cal mechanisms or reporting biases that influence the observed
relationship.

The statistical analysis plan for this secondary analysis was final-
ized after access to the de-identified WOMAN-2 dataset had been
granted but before any statistical analyses were undertaken. The
analysis plan was reviewed during the scientific and ethical approval

process but was not prospectively registered or published.

2.4 | Ethics

The WOMAN-2 trial was approved by the London School of
Hygiene & Tropical Medicine Research Ethics Committee (ref:
15194) on May 10, 2018; the National Health Research Ethics
Committee of Nigeria (NHREC/01/01/2007-29/09/2019) on
September 29, 2019; the National Bioethics Committee of
Pakistan (NBC-340) on November 27, 2018; the National Institute
for Medical Research of Tanzania (NIMR/HQ/R.8a/Vol. IX/3767)
on August 19, 2021; and the University of Zambia Biomedical
Research Ethics Committee (ref: 001-04-19) on February 2, 2019.
Local site-specific ethical approvals were also obtained where re-
quired. All these approvals were obtained before the WOMAN-2
commencement. Fully competent women provided written con-
sent, while proxy consent, deferred consent, or waivers (with
later written consent) were used for incapacitated participants.
For women under 18years, consent was co-signed by a respon-
sible adult witness. This secondary analysis was approved by the
LSHTM's Master of Science (MSc) Ethics Committee (ref. 30094)
on May 13, 2024.

OBSTETRICS

3 | RESULTS
3.1 | Study participants

Among 15068 women enrolled in the WOMAN-2 trial, 14444
(95.9%) met the inclusion criteria for our primary analysis. We
excluded women with multiple pregnancies (n=583, 3.9%),
gestational age >42weeks (n=31, 0.2%), gestational age <24 weeks
(n=8, 0.05%) and those missing birth weight data (n=2, 0.01%). All
included women were followed up to 42 days postpartum, discharge,
or death, whichever came first, with complete follow-up data
available for all included participants (Figure S2).

3.2 | Maternal hemoglobin levels

Severe anemia was observed in 13.8% of participants (Table 1).
The median hemoglobin concentration was 85g/L (IQR 77-91g/L)
(Figure S3).

3.3 | Small vulnerable newborns

Among newborns, 39.5% (5703/14444) were classified as SVN.
Mean birth weight was 2841.9g (SD 534.6), with LBW observed in
15.3%. Median gestational age was 38.0weeks (IQR 37-39), with
21.7% of babies born preterm (<37 weeks) and 19.9% classified as
SGA. Of the 5703 SVN babies, 6.7% were stillborn and 3.6% had
congenital anomalies (Table 2). Nearly a third (29.9%) of the SVN
babies were preterm, only 31.4% were SGA, only 19.8% were both
LBW and preterm, 13.6% were both LBW and SGA, 5.3% met all
three criteria (LBW, preterm, and SGA), and none were LBW only
(Figure S4).

3.4 | Association between hemoglobin levels and
SVN risk

The proportion of women giving birth to SVN babies increased as
hemoglobin levels decreased: 35.0% in women with hemoglobin
of 90-99¢g/L, rising to 65.1% for women with hemoglobin levels
<50g/L. Compared with women with hemoglobin of 90-99g/L,
the crude odds of giving birth to a SVN baby (liveborn or stillborn)
increased progressively with decreasing hemoglobin levels, rang-
ing from a 10% increased odds for women with hemoglobin of
80-89g/L (OR 1.10, 95% Cl 1.02-1.20) to 246% increased odds
among women with hemoglobin level <50g/L (OR 3.46, 95% CI
2.59-4.63; P<0.0001) (Table 3). There was strong evidence of
departure from linearity (P=0.009; Figure S5), so we included the
hemoglobin level as a categorical variable (six groups: <50, 50-59,
60-69, 70-79, 80-89, 90-99g/L) in the subsequent model.

After adjusting for age group, parity group, previous cesarean
section, placental abnormalities, antepartum hemorrhage, country,
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TABLE 1 Baseline characteristics of study participants with

moderate/severe anemia in Nigeria, Pakistan, Tanzania, and Zambia

(N=14444),

Characteristics

Hemoglobin level (g/L)

Median (IQR)
90-99
80-89
70-79
60-69
50-59
<50

Age (years)
Mean (SD)
<20
20-29
30-39
40+

Parityb
Median (IQR)
0-1
2-4

5+

Hypertension in pregnancy

Present

Absent

Pre-birth body mass index (Kg/m?)°

Mean (SD)
<18.5
18.5-24.9
25.0-29.9
30+

Previous cesarean section

Any
None

Current infection
Any

None

Previous PPH history

Yes
No

Unknown

Diabetes in pregnancy

Present

Absent

Antepartum hemorrhage

Present

OCHOLAET AL.
TABLE 1 (Continued)
Characteristics n (%)?
Absent 14023 (97.1)
n (%)?
Placental abnormalities
Any 459 (3.2)
85 (77-91)
None 13985 (96.8)
4474 (31.0
( ) Polyhydramnios
5381 (37.3)
Present 82 (0.6)
2582 (17.9
(17.9) Absent 14362 (99.4)
1302 (9.0) . .
Labour induction
495 (3.4
(34 Yes 1796 (12.4)
209 (1.4)
No 12648 (87.6)
Country
27.2 (5.6) .
Pakistan 10666 (73.8)
863 (6.0
©60) Zambia 629 (4.4)
8593 (59.5) .
Tanzania 1261 (8.7)
4598 (31.8
( ) Nigeria 1888 (13.1)
390 (2.7)
Abbreviations: IQR, interquartile range; PPH, postpartum hemorrhage;
SD, standard deviation.
2(1-4) #Percentages may not add up to 100.0% due to rounding and missing
4859 (33.6) data.
6957 (48.2) PParity refers to previous pregnancies delivered alive or dead after 24
2628 (18.2) week of gestation.
’ “Body mass index (calculated as weight in kilograms divided by the
square of height in meters) categories: underweight (<18.5), normal
1066 (7.4) (18.5-24.9), overweight (25.0-29.9), obesity (30+).

13378 (92.6)

26.50(3.80)
112(0.8)

5090 (35.2)
6934 (48.0)
2308 (16.0)

685 (4.7)
13759 (95.3)

522 (3.6)
13922 (96.4)

149 (1.0)
14121 (97.8)

174 (1.2)

86 (0.6)
14358 (99.4)

421 (2.9)

pre-birth BMI groups, presence of current infections, hypertension
in pregnancy, and diabetes in pregnancy, the strong association be-
tween maternal hemoglobin levels and the odds of giving birth to an
SVN persisted. Compared with women with a hemoglobin level of
90-99g/L, those with lower Hb had incrementally higher adjusted
odds of SVN, ranging from 6% higher for women with a hemoglobin
level of 80-89g/L (OR 1.06, 95% Cl 0.97-1.16) to 151% higher for
those with hemoglobin <50g/L (OR 2.51, 95% Cl 1.85-3.41; Table 4).

3.5 | Sensitivity analysis

Women with multiple pregnancies had a similar SVN incidence to
women with singleton births (41.5% vs. 39.5%). Women with multiple
pregnancies had a higher risk of LBW, preterm births, and SGA ba-
bies (Tables S1, S2). After adjusting for potential confounders when
including women with multiple pregnancies in the analysis, there
remained strong evidence of an inverse relationship between ma-
ternal hemoglobin and SVN risk (P<0.0001). Adjusted ORs ranged
from 6% higher for women with a hemoglobin level of 80-89g/L
(OR 1.06, 95% CI 0.97-1.15) to 148% higher for those with hemo-
globin <50g/L (OR 2.48, 95% Cl 1.81-3.36), as compared with the
reference group (90-99g/L), (Table S3). In analyses stratified by
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TABLE 2 Small vulnerable newborns (SVNs) and their
characteristics born to women with moderate/severe anemia in
Nigeria, Pakistan, Tanzania, and Zambia (N=14444).

Characteristics n(%)?
SVN
Yes 5703 (39.5)
No 8741 (60.5)
Birth weight (g)
Mean (SD) 2841.9 (534.6)
<2500 2212 (15.3)
22500 12232 (84.7)
Gestational age (week)
Median (IQR) 38.0(37-39)
<37 3139 (21.7)
237 11305 (78.3)

Size for gestational age
Small 2869 (19.9)
Appropriate/large 11575 (80.1)

Congenital anomalies

Present 523 (3.6)

Absent 13921 (96.4)
Status

Liveborn 13474 (93.3)

Stillborn 970 (6.7)

Note: SVN is a baby with low birth weight, who is small for gestational
age, or preterm; low birth weight (<2500g); preterm (<37 week

of gestation); size for gestational age is classified as small if birth
weight is below the average (unsexed) 10th-centile INTERGROWTH-
21st standard for gestational age because newborn sex data were
unavailable; stillbirth is defined as fetal death at or after 24 weeks of
gestation.

Abbreviations: IQR, interquartile range; SD standard deviation.
#Percentages may not add up to 100.0% due to rounding.

birth status (live birth vs. stillborn) there was no evidence of inter-
action; the association between maternal hemoglobin and SVN did
not differ by whether the outcome was a live birth or a stillbirth. In
an additional sensitivity analysis excluding women with antepartum
hemorrhage, the hemoglobin-SVN association remained materially
unchanged, with a clear dose-response pattern across hemoglobin
categories (e.g. adjusted OR for <50g/L: 2.54, 95% Cl 1.87-3.45).

4 | DISCUSSION
4.1 | Main findings

In a large cohort of women giving birth with moderate or severe ane-
mia across Nigeria, Pakistan, Tanzania, and Zambia, we found strong
evidence of a dose-response relationship between maternal hemo-
globin concentration and the odds of giving birth to a SVN (stillborn

or liveborn). Sensitivity analysis, including women with multiple

pregnancies, yielded similar results.

4.2 | Strengths and limitations

A strength of our study was that it addressed a recommendation
from the Lancet Series on SVN for more research investigating
mechanisms for small newborns using the composite SVN
outcome. This approach helps to prevent underestimation of
newborn vulnerability and emphasizes that the three categories—
preterm birth, LBW, and SGA—often co-occur in the same baby®®
compared with individual outcomes alone. Second, this is the first
study to investigate the association between maternal hemoglobin
and both liveborn and stillborn SVN. By contrast, most previous
studies limited their analyses to liveborn infants; our inclusion of
stillbirths addressed the gap in earlier research.”!® Third, although
the observed incidence of SVN in the reference hemoglobin group
was higher than assumed in the a priori power calculation (35% vs.
21%), the large sample size provided sufficient statistical power to
detect associations while adjusting for several important potential
confounders. The use of standardized data collection procedures
across study sites implemented by well-trained research fellows as
part of the WOMAN-2 trial protocol reduced the risk of information
bias. In addition, the very low levels of missing data and loss to
follow-up helped to reduce the potential for selection bias.
However, exposure misclassification was possible since the
HemoCue 201 analyzer with capillary blood samples may have
systematically underestimated maternal hemoglobin levels com-
pared with the gold standard method of blood analysis.?® This could
have resulted in non-differential misclassification, likely biasing our
observed odds ratios toward the null. In addition, maternal hemo-
globin was measured only once, on admission for birth, and there-
fore reflects hemoglobin status at delivery rather than throughout
pregnancy. Consequently, we were unable to assess the influence
of changes in hemoglobin concentration across gestation on the
risk of SVN. Second, outcome misclassification may have occurred
due to gestational age estimation using the last menstrual period
for some women (compared with the more accurate method using
first-trimester ultrasound dates)®! and due to the use of average
(unsexed) 10th-centile INTERGROWTH-21st birth weight standard
(despite known differences in male and female fetal growth trajec-
tories), necessitated by the lack of newborn sex data.®? Both issues
likely introduced non-differential misclassification, biasing the true
odds ratio for the hemoglobin-SVN relationship toward the null.
Third, although we adjusted for several clinically relevant confound-
ers identified a priori using a directed acyclic graph, residual con-
founding from unmeasured or incompletely measured factors, such
as socioeconomic factors, genetic factors, or environmental expo-
sures, cannot be excluded. Finally, findings should be interpreted in
the context of the study population. The WOMAN-2 trial enrolled

women with moderate or severe anemia who delivered in hospital
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TABLE 3 Maternal hemoglobin level, other covariates, and their unadjusted association with small vulnerable newborn (SVN) delivery
among women with moderate/severe anemia in Nigeria, Pakistan, Tanzania, and Zambia (N=14444).

Characteristics N (%)? SVN (n [%])? OR (95% Cl) P-value®

Hemoglobin level (g/L)¢

90-99 4474 (31.0) 1566 (35.0) 1 <0.0001
80-89 5381 (37.3) 2005 (37.3) 1.10(1.02-1.20)
70-79 2582 (17.9) 1095 (42.4) 1.37(1.24-1.51)
60-69 1302 (9.0) 619 (47.5) 1.68 (1.49-1.91)
50-59 495 (3.4) 282 (56.9) 2.45(2.03-2.95)
<50 209 (1.4) 136 (65.1) 3.46(2.59-4.63)

Age (years)
<20 863 (6.0) 379 (43.9) 1.16 (1.01-1.34) 0.0002
20-29 8593 (59.5) 3461 (40.3) 1
30-39 4598 (31.8) 1710 (37.2) 0.88(0.82-0.95)
40+ 390(2.7) 153(39.2) 0.96 (0.78-1.18)

Parity
0-1 4859 (33.6) 2115 (43.5) 1.34(1.24-1.44) <0.0001
2-4 6957 (48.2) 2543 (36.6) 1
5+ 2628 (18.2) 1045 (39.8) 1.14 (1.05-1.26)

Hypertension in pregnancy
Absent 13378 (92.6) 5128 (38.3) 1 <0.0001
Present 1066 (7.4) 575 (53.9) 1.88(1.66-2.14)

Pre-birth body mass index (Kg/m?)
<18.5 112(0.8) 66 (58.9) 1.84(1.25-2.69) <0.0001
18.5-24.9 5090 (35.2) 2233 (43.9) 1
25.0-29.9 6934 (48.0) 2631(37.9) 0.78(0.73-0.84)
30+ 2308 (16.0) 773 (33.5) 0.64(0.58-0.71)

Previous cesarean section
None 13759 (95.3) 5398 (39.2) 1 0.006
Any 685 (4.7) 305 (44.5) 1.24 (1.07-1.45)

Current infections
None 13922 (96.4) 5457 (39.2) 1 0.0003
Any 522 (3.6) 246 (47.1) 1.38(1.16-1.65)

Previous postpartum hemorrhage
Yes 149 (1.0) 57 (38.3) 0.95(0.68-1.32) 0.90
No 14121 (97.8) 5575 (39.5) 1
Unknown 174 (1.2) 71 (40.8) 1.06 (0.78-1.43)

Diabetes in pregnancy
Absent 14358 (99.4) 5669 (39.5) 1 0.99
Present 86 (0.6) 34 (39.5) 1.00(0.65-1.55)

Antepartum hemorrhage
Absent 14023 (97.1) 5379 (38.4) 1 <0.0001
Present 421 (2.9) 324 (77.0) 5.37 (4.27-6.75)

Placental abnormalities
None 13985 (96.8) 5340(38.2) 1 <0.0001
Any 459 (3.2) 363(79.1) 6.12(4.88-7.69)

Polyhydramnios
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LOGY,

TABLE 3 (Continued)

Characteristics N (%)?
Absent 14362 (99.4)
Present 82(0.6)

Labor induction

No 12648 (87.6)

Yes 1796 (12.4)
Country

Pakistan 10666 (73.8)

Zambia 629 (4.4)

Tanzania 1261 (8.7)

Nigeria 1888 (13.1)
Congenital anomalies

Absent 13921 (96.4)

Present 523 (3.6)
Status

Alive 13474 (93.28)

Stillbirth® 970 (6.7)

TRICS

SVN (n [%])? OR (95% Cl) P-value®
5669 (39.5) 1 0.71
34 (41.5) 1.09 (0.70-1.69)
4961 (39.2) 1 0.09
742 (41.3) 1.09 (0.99-1.21)
4328 (40.6) 1 <0.0001
347 (55.2) 1.80(1.53-2.12)
369 (29.3) 0.61 (0.53-0.69)
659 (34.9) 0.79 (0.71-0.87)
5351 (38.4) 1 <0.0001
352 (67.3) 3.30(2.74-3.97)
4915 (36.5) 1 <0.0001
788 (81.2) 7.54 (6.39-8.89)

Abbreviations: Cl confidence interval; IQR, interquartile range; OR, odds ratio; SD standard deviation.

#Percentages may not add up to 100.0% due to rounding and missing data.

bLikelihood ratio test (LRT) P-values.

“Test for linear trend (LRT P-value <0.0001) and test for departure from linearity (LRT P-value=0.009). LRT P-values.

dStillbirth is defined as fetal death at or after 24 weeks of gestation.

across four LMICs. Therefore, the findings may not be directly ap-
plicable to women delivering outside health facilities or to popula-
tions in other settings. Additionally, our study did not have data for
women with hemoglobin concentration above 100g/L to enable us

to consider the association across the whole hemoglobin spectrum.

4.3 | Interpretation

The inverse hemoglobin-SVN relationship we observed among
women with moderate and severe anemia aligns with findings
from previous studies, also in LMICs, regarding maternal anemia,
although this is the first paper to consider anemia with combined
SVN outcomes for liveborn babies and stillbirths. 22263335 A
multi-country cohort found a U-shaped relationship between
maternal hemoglobin level and preterm birth risk, with both low
(<110g/L) and very high (>145g/L) hemoglobin levels associated
with increased risk.2® Similarly, a systematic review across multiple
regions found that lower maternal hemoglobin (<110g/L) was
consistently associated with increased odds of LBW, SGA, and
preterm births.2? While the overall trends were similar, our study
estimated the associations to be higher in magnitude than those
in previous research. These variations may be due to different
statistical methods, study populations (inclusion of women with mild
anemia and normal hemoglobin levels in other studies), consideration
of hemoglobin timing throughout pregnancy, use of individual
outcomes rather than composite SVN measure, and the extent of

confounder adjustment. Although the composite SVN outcome
captures the overall burden of newborn vulnerability and reflects
the frequent co-occurrence of preterm birth, low birth weight, and
SGA, these individual components may not contribute equally to the
observed association with maternal hemoglobin.

An alternative explanation for part of the observed association is
reverse causation. In some cases, intrauterine fetal death may pre-
cipitate disseminated intravascular coagulation, leading to antepar-
tum hemorrhage and acute maternal blood loss, which could lower
maternal hemoglobin concentration close to delivery. However, this
mechanism is unlikely to fully explain our findings. We adjusted for
antepartum hemorrhage and placental abnormalities in multivari-
able analyses, observed a clear dose-response relationship across
hemoglobin categories, and found no evidence that the association
differed by birth status (live birth versus stillbirth). Furthermore, in a
sensitivity analysis excluding women with antepartum hemorrhage,
the hemoglobin-SVN association remained nearly unchanged, with
similar effect sizes across hemoglobin categories.

The observed relationship between low maternal hemoglobin
and increased odds of having a SVN baby demonstrates a strength
of association and consistency with previous studies.??26:33-35
Additionally, the biological gradient was evident with lower hemo-
globin levels associated with higher odds of SVN. Plausible causal
mechanisms include preterm labor induced by altered placental pro-
duction of nitric oxide and increased production of prostaglandin
F2a, cortisol, and oxytocin from the mother and fetus in response to
stress from maternal anemia.3® Additionally, fetal growth restriction

85U80|7 SUOWWIOD @A eaI 8|qeo![dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUE-SWLBY/LICD" A3 | 1M ATe1q 1[BUI [UO//SANY) SUORIPUOD PUe S8 1 8y} 88S *[920Z/0T/ET] Uo Akeiqiauliuo AB|1m ‘(-ouleande ) aqnopesy Aq 90€T. 0B/1/200T 0T/10p/u0o A8 i Areiq1puljuo uABgoy/:sdny wouy pepeoumoq ‘0 ‘6.7€6.8T



OCHOLAET AL.

TABLE 4 Adjusted estimates of the odds ratio for maternal
hemoglobin-small vulnerable newborn association estimated by
logistic regression (N=14444).

Variable cOR (95% Cl) aOR (95% CI)? P-value®
Maternal hemoglobin level (g/L)
90-99 1 1 <0.0001
80-89 1.10 (1.02-1.20) 1.06 (0.97-1.16)
70-79 1.37 (1.24-1.51) 1.27(1.15-1.41)

60-69 1.68(1.49-1.91)
50-59 2.45(2.03-2.95)
<50 3.46(2.59-4.63)

1.44 (1.26-1.64)
2.00(1.64-2.43)
2.51(1.85-3.41)
Abbreviations: aOR, adjusted odds ratio; Cl, confidence interval; cOR,
crude odds ratio.

20dds ratio adjusted for age group, parity group, previous cesarean
section, placental abnormalities, antepartum hemorrhage, country,
pre-birth body mass index groups, presence of current infections,
hypertension in pregnancy, and diabetes in pregnancy.

bp-value from likelihood ratio test for adjusted association.

may result from reduced oxygen delivery, increased oxidative stress
and inflammation affecting placental function, and impaired placen-

tal angiogenesis, impacting fetal growth‘8'37’38

5 | CONCLUSIONS

This study demonstrates a clear gradient between maternal
hemoglobin concentration and the odds of giving birth to a small
vulnerable newborn among women with moderate or severe anemia
in sub-Saharan Africa and South Asia. Lower hemoglobin levels were
associated with progressively higher odds of adverse outcomes,
supporting a clinically meaningful association between the severity
of maternal anemia and newborn vulnerability.

These findings highlight the importance of preventing and ef-
fectively managing maternal anemia during pregnancy and provide
evidence to inform future research on whether improving maternal
hemoglobin concentrations can reduce the burden of SVNs. Further
research should evaluate whether targeted management of severe
anemia can reduce the burden of SVNs and stillbirths. Studies in-
corporating repeated hemoglobin measurements across pregnancy
would help to clarify temporal relationships and strengthen causal
inference.

AUTHOR CONTRIBUTIONS

HO, AB, JLei, and EW planned the analyses. HO, AB, JLei, EW,
JLaw, and HB drafted the manuscript with input from all authors.
HO performed the statistical analyses and generated the figures.
All authors interpreted the data. IR and HSS were the co-lead
investigators of the WOMAN-2 trial. RC was the lead coordinating
investigator in Pakistan. FAB and OO were the lead coordinating
investigators in Nigeria. PM was the lead coordinating investigator
in Tanzania. AKay and KJ managed the trial in Pakistan. EB was
responsible for overall study management. DP managed the data

collection. All members of the writing committee were involved in
the development of the original manuscript and read and approved
the final version submitted. All members of the writing committee

had final responsibility for the decision to submit for publication.

ACKNOWLEDGMENTS

We thank the women who participated in the WOMAN-2 trial and
the clinical, research, and data management teams at participating
sites in Nigeria, Pakistan, Tanzania, and Zambia, who generated the
primary trial data used in this secondary analysis. We acknowledge
the WOMANS-2 trial coordinating team at the London School of
Hygiene & Tropical Medicine for facilitating access to the trial
dataset and for their support. We also thank the WOMAN-2 Trial
Steering Committee and Data Monitoring Committee for their

oversight of the parent trial.

FUNDING INFORMATION
This study was supported by funding from the Wellcome Trust
(WT208870/Z/17/Z) and the Gates Foundation (INV-007787).

CONFLICT OF INTEREST STATEMENT
The authors have no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the WOMAN-2 trial investigators and the London School of Hygiene
& Tropical Medicine, but restrictions apply to the availability of
these data, which were used under licence for the current study
and are therefore not publicly available. Data are, however, available
from the authors upon reasonable request and with permission of
the WOMAN-2 Trial Steering Committee.

CONSENT FOR PUBLICATION
The authors confirm this work is original and has not been published
elsewhere in part or in whole.

DECLARATIONS
Writing committee: Henry Ochola (Chair), lan Roberts (Chief
Investigator), Emily Webb, Judith Lieber, Joy Lawn, Hannah
Blencowe, Rizwana Chaudhri, Aasia Kayani, Kiran Javaid, Oladapo
Olayemi, Folasade Adenike Bello, Projestine Muganyizi, Mwansa
Ketty Lubeya, Bellington Vwalika, Haleema Shakur-Still (Chief
Investigator), Eni Balogun, Danielle Prowse, Amy Brenner.
WOMAN-2 Trial Sites and investigators: Pakistan—Aziz-un-Nisa
Abbasi, Ruqgia Sultana, Shehla Noor, Ansa Islam, Sadia Bibi, Sundus
Khan, Wajeeha Khurshid (Ayub Teaching Hospital units A, B and C);
Shahida Husain Tarar, Rizwana Khalid, Aasia Kayani, Naheed Fatima,
Bushra Sher Zaman, Sohail Mahmood Chaudhry, Shakila Yasmin,
Khiaynat Sarwar Hashmi, Nadia Babar (Bahawal Victoria Hospital
Bahawalpur Units 1 & 2), Shagufta Saeed Sial, Humera Noreen
(Benazir Bhutto Shaheed Hospital); Naila Ehsan, Aisha Siddiga, Uzma
Suhail Afridi, Nosheen Sikandar, Rehana Kamaal (Bolan Medical

Complex [Sandeman Provincial Hospital] Units 1 and 2); Najma

85U80|7 SUOWWIOD @A eaI 8|qeo![dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUE-SWLBY/LICD" A3 | 1M ATe1q 1[BUI [UO//SANY) SUORIPUOD PUe S8 1 8y} 88S *[920Z/0T/ET] Uo Akeiqiauliuo AB|1m ‘(-ouleande ) aqnopesy Aq 90€T. 0B/1/200T 0T/10p/u0o A8 i Areiq1puljuo uABgoy/:sdny wouy pepeoumoq ‘0 ‘6.7€6.8T



OCHOLAET AL.

Ghaffar, Rakhshanda Mushtaq, Safa Bibi (Bolan Medical Complex Unit
3 and 4); Shahida Magsi, Basma Zia (Chandka SMBBMU Shaikh Zaid
Women Hospital Unit 1); Fouzia Kashif, Shaista Hifaz Abro, Javeria
Abro (Chandka SMBBMU Shaikh Zaid Women Hospital Unit 2 and 3);
Fouzia Perveen, Nusrat Shah Kamal, Riffat Jaleel, Sarah Kazi, Aruna
Hira, Pushpa Makhija (Civil Hospital Karachi Units 1 and 3); Naila Israr
(Federal Government Polyclinic); Rizwana Chaudhri, Humaira Bilgis
(Holy Family Hospital Unit 1); Nabeela Waheed, Khansa Igbal (Holy
Family Hospital Unit 2); Arif Tajammul, Alia Bashir, Farah Siddique
(Jinnah Hospital Lahore); Haleema Yasmin, Khadija Bano, Saba Khan
(Jinnah Postgraduate Medical Centre Unit 1/ ward 8 and Unit 2/ward
9); Mubashra Samina, Sana Ishfaque (Koohi Goth Hospital Karachi);
Syeda Batool Mazhar, Nasira Tasnim, Saera Afghan, Mussarat Batool,
Sobia Lugman (MCH PIMS Unit 1 and 2); Shehla Baqai, Asifa Siraj
(Military Hospital Rawalpindi); Huma Quddusi, Hajira Masood, Syeda
Ali, Asma Akhter (Nishtar Hospital Unit 1); Mehnaz Khakwani, Rashida
Perveen (Nishtar Hospital Unit 2); Shahid Irshad Rao, Uzma Shaheen
(Nishtar Hospital Unit 3); Rubina Sohail, Shehla Kanwal (Services
Hospital Unit 1); Tayyiba Wasim, Natasha Rasool (Services Hospital
Unit 2); Shamsa Humayun, Zohra Khanum, Noreen Akmal, Shamila ljaz
Munir, Sofa Manzoor, Khola Yousaf, Misbah Kausar, Yasmeen Waqas
(Sir Ganga Ram Hospital Units 1-4). Nigeria—Oladipo Aremu, Kehinde
Ogundairo (Adeoyo Maternity Hospital); Mojisola Mobolaji-Ojibara,
Michael Babalola (llorin General Hospital); Owa Olorunfemi Oludele
(Mother & Child Hospital Akure); Iman Usman (Muhammad Abdullahi
Wase Specialist Hospital Kano); Oyewole Tunde Aremu (State Hospital
Oyo). Tanzania—Enid Simon Chiwanga, Lazaro Y. Madeha (Dodoma
Regional Referral Hospital); France John Rwegoshora, Delfna Mkenda
(Mbeya Zonal Referral Hospital); Francis Ngimwichi Joseph, Evelyne
Ludovick (Mount Meru Regional Referral Hospital); Vincent Tarimo,
Alfred Secha (Muhimbili National Hospital); Luzango Maembe, Julius
Nyambarino (Mwananyamala Regional Referral Hospital). Zambia—
Mwansa Ketty Lubeya, Kenneth Chanda (Women and Newborn
Hospital); Bellington Vwalika (University Teaching Hospital Lusaka,
University of Zambia).

Trial coordination: Eni Balogun, Danielle Prowse, Danielle
Beaumont, Monica Arribas, Collette Barrow, Charlotte Fleming, Llion
Roberts, Amber Geer, Julio Gil-Onandia, Madeleine Cargill, Andrew
Thayne, Petula Buck, Raoul Mansukhani, Tim Collier, Katharine Ker,
Mbwana Mohammed, Amy Brenner, Myriam Benyahia, Haleema
Shakur-Still, lan Roberts (London School of Hygiene & Tropical
Medicine).

ORCID

Henry Ochola " https://orcid.org/0009-0005-0164-3918

REFERENCES

1. United Nations. Sustainable Development Goals [cited 2025 30th
March]. Available from: https://sdgs.un.org/goals/goal3#targets_
and_indicators.

2. United Nations Inter-Agency Group for Child Mortality Estimation
(UN IGME), UNICEF, World Health Organisation, et al. Levels &
Trends in Child Mortality, Report 2023.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Million Death Study C, Bassani DG, Kumar R, et al. Causes of neo-
natal and child mortality in India: a nationally representative mor-
tality survey. Lancet. 2010;376(9755):1853-1860.

Katz J, Lee AC, Kozuki N, et al. Mortality risk in preterm and small-
for-gestational-age infants in low-income and middle-income coun-
tries: a pooled country analysis. Lancet. 2013;382(9890):417-425.
Lawn JE, Ohuma EO, Bradley E, et al. Small babies, big risks:
global estimates of prevalence and mortality for vulnerable
newborns to accelerate change and improve counting. Lancet.
2023;401(10389):1707-1719.

Ashorn P, Ashorn U, Muthiani Y, et al. Small vulnerable newborns-
big potential for impact. Lancet. 2023;401(10389):1692-1706.
Hofmeyr GJ, Black RE, Rogozinska E, et al. Evidence-based an-
tenatal interventions to reduce the incidence of small vulner-
able newborns and their associated poor outcomes. Lancet.
2023;401(10389):1733-1744.

Hunter PJ, Awoyemi T, Ayede Al, et al. Biological and pathologi-
cal mechanisms leading to the birth of a small vulnerable newborn.
Lancet. 2023;401(10389):1720-1732.

Erchick DJ, Hazel EA, Katz J, et al. Vulnerable newborn types:
analysis of subnational, population-based birth cohorts for 541
285 live births in 23 countries, 2000-2021. BJOG. 2025;132(Suppl
8):520-536.

Suarez-ldueta L, Yargawa J, Blencowe H, et al. Vulnerable newborn
types: analysis of population-based registries for 165 million births
in 23 countries, 2000-2021. BJOG. 2025;132(Suppl 8):S5-519.
Suarez-ldueta L, Blencowe H, Okwaraji YB, et al. Neonatal mortal-
ity risk for vulnerable newborn types in 15 countries using 125.5
million nationwide birth outcome records, 2000-2020. BJOG.
2025;132(Suppl 8):S37-S47.

Hazel EA, Erchick DJ, Katz J, et al. Neonatal mortality risk of vulner-
able newborns by fine stratum of gestational age and birthweight
for 230 679 live births in nine low- and middle-income countries,
2000-2017. BJOG. 2025;132(Suppl 8):560-S72.

Hazel EA, Erchick DJ, Katz J, et al. Neonatal mortality risk of
vulnerable newborns: A descriptive analysis of subnational,
population-based birth cohorts for 238 203 live births in low- and
middle-income settings from 2000 to 2017. BJOG. 2025;132(Suppl
8):548-S59.

Christian P, Lee SE, Donahue Angel M, et al. Risk of childhood
undernutrition related to small-for-gestational age and preterm
birth in low- and middle-income countries. Int J Epidemiol.
2013;42(5):1340-1355.

Arcangeli T, Thilaganathan B, Hooper R, Khan KS, Bhide A.
Neurodevelopmental delay in small babies at term: a systematic
review. Ultrasound Obstet Gynecol. 2012;40(3):267-275.

Liao L, Deng Y, Zhao D. Association of low birth weight and pre-
mature birth with the risk of metabolic syndrome: a meta-analysis.
Front Pediatr. 2020;8:405.

James RC, Mathew JH, Gale C, Santhakumaran S, Modi N. Preterm
birth and the metabolic syndrome in adult Life: a systematic review
and meta-analysis. Pediatrics. 2013;131:€1240-e1263.

World Health Organisation. Worldwide prevalence of anaemia:
2006-2011. 2015.

Bryce E, Gurung S, Tong H, et al. Population attributable fractions
for risk factors for spontaneous preterm births in 81 low- and
middle-income countries: A systematic analysis. J Glob Health.
2022;12:04013.

Gurung S, Tong HH, Bryce E, et al. A systematic review on esti-
mating population attributable fraction for risk factors for small-
for-gestational-age births in 81 low- and middle-income countries.
J Glob Health. 2022;12:04024.

World Health Organisation. Haemoglobin Concentrations for the
Diagnosis of Anaemia and Assessment of Severity. World Health
Organisation; 2011.

85U80|7 SUOWWIOD @A eaI 8|qeo![dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUE-SWLBY/LICD" A3 | 1M ATe1q 1[BUI [UO//SANY) SUORIPUOD PUe S8 1 8y} 88S *[920Z/0T/ET] Uo Akeiqiauliuo AB|1m ‘(-ouleande ) aqnopesy Aq 90€T. 0B/1/200T 0T/10p/u0o A8 i Areiq1puljuo uABgoy/:sdny wouy pepeoumoq ‘0 ‘6.7€6.8T


https://orcid.org/0009-0005-0164-3918
https://orcid.org/0009-0005-0164-3918
https://sdgs.un.org/goals/goal3#targets_and_indicators
https://sdgs.un.org/goals/goal3#targets_and_indicators

23.

24.

25.

26.

27.

28.

29.

30.

31

OCHOLAET AL.

Young MF, Oaks BM, Tandon S, Martorell R, Dewey KG, Wendt AS.
Maternal hemoglobin concentrations across pregnancy and mater-
nal and child health: a systematic review and meta-analysis. Ann N
Y Acad Sci. 2019;1450(1):47-68.

Dewey KG, Oaks BM. U-shaped curve for risk associated with ma-
ternal hemoglobin, iron status, or iron supplementation. Am J Clin
Nutr. 2017;106(Suppl 6):1694S-1702S.

Ker K, Roberts I, Chaudhri R, et al. Tranexamic acid for the pre-
vention of postpartum bleeding in women with anaemia: study
protocol for an international, randomised, double-blind, placebo-
controlled trial. Trials. 2018;19(1):712.

Zhou LM, Yang WW, Hua JZ, Deng CQ, Tao X, Stoltzfus RJ.
Relation of hemoglobin measured at different times in pregnancy
to preterm birth and low birth weight in Shanghai, China. Am J
Epidemiol. 1998;148(10):998-1006. doi:10.1093/oxfordjournals.
aje.a009577

Ohuma EO, Jabin N, Young MF, et al. Association between maternal
haemoglobin concentrations and maternal and neonatal outcomes:
the prospective, observational, multinational, INTERBIO-21st fetal
study. Lancet Haematol. 2023;10(9):e756-e766.

Bell S, Sweeting M, Ramond A, et al. Comparison of four meth-
ods to measure haemoglobin concentrations in whole blood do-
nors (COMPARE): A diagnostic accuracy study. Transfus Med.
2021;31(2):94-103.

Patel AJ, Wesley R, Leitman SF, Bryant BJ. Capillary versus venous
haemoglobin determination in the assessment of healthy blood do-
nors. Vox Sang. 2013;104(4):317-323.

Villar J, Cheikh Ismail L, Victora CG, et al. International standards
for newborn weight, length, and head circumference by ges-
tational age and sex: the newborn cross-sectional study of the
INTERGROWTH-21st project. Lancet. 2014;384(9946):857-868.
Ali SA, Tikmani SS, Saleem S, et al. Hemoglobin concentrations and
adverse birth outcomes in south Asian pregnant women: findings
from a prospective maternal and neonatal health registry. Reprod
Health. 2020;17(Suppl 2):154.

Savitz DA, Terry JW Jr, Dole N, Thorp JM Jr, Siega-Riz AM, Herring
AH. Comparison of pregnancy dating by last menstrual period,
ultrasound scanning, and their combination. Am J Obstet Gynecol.
2002;187(6):1660-1666. doi:10.1067/mob.2002.127601

32.

33.

34.

35.

36.

37.

38.

Broere-Brown ZA, Baan E, Schalekamp-Timmermans S, Verburg
BO, Jaddoe VWYV, Steegers EAP. Sex-specific differences in fetal
and infant growth patterns: a prospective population-based cohort
study. Biol Sex Differ. 2016;7:65.

Figueiredo A, Gomes-Filho IS, Silva RB, et al. Maternal anemia and
low birth weight: A systematic review and meta-analysis. Nutrients.
2018;10(5):601.

Rahman MM, Abe SK, Rahman MS, et al. Maternal anemia and risk
of adverse birth and health outcomes in low- and middle-income
countries: systematic review and meta-analysis. Am J Clin Nutr.
2016;103(2):495-504.

Kozuki N, Lee AC, Katz J, Child Health Epidemiology Reference
Group. Moderate to severe, but not mild, maternal anemia is asso-
ciated with increased risk of small-for-gestational-age outcomes. J
Nutr. 2012;142(2):358-362.

Mahajan SD, Singh S, Shah P, Gupta N, Kochupillai N. Effect of ma-
ternal malnutrition and anemia on the endocrine regulation of fetal
growth. Endocr Res. 2004;30(2):189-203.

Wu G, Bazer FW, Cudd TA, Meininger CJ, Spencer TE. Maternal
nutrition and fetal development. J Nutr. 2004;134(9):2169-2172.
Wu G, Imhoff-Kunsch B, Girard AW. Biological mechanisms for
nutritional regulation of maternal health and fetal development.
Paediatr Perinat Epidemiol. 2012;26(Suppl 1):4-26.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Ochola H, Roberts I, Webb EL, et al.
Severity of maternal anemia and the risk of giving birth to a
small vulnerable newborn: A cohort analysis of the
WOMAN-2 trial in four countries. Int J Gynecol Obstet.
2026;00:1-10. doi:10.1002/ijgo.71306

85U80|7 SUOWWIOD @A eaI 8|qeo![dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUE-SWLBY/LICD" A3 | 1M ATe1q 1[BUI [UO//SANY) SUORIPUOD PUe S8 1 8y} 88S *[920Z/0T/ET] Uo Akeiqiauliuo AB|1m ‘(-ouleande ) aqnopesy Aq 90€T. 0B/1/200T 0T/10p/u0o A8 i Areiq1puljuo uABgoy/:sdny wouy pepeoumoq ‘0 ‘6.7€6.8T


https://doi.org//10.1093/oxfordjournals.aje.a009577
https://doi.org//10.1093/oxfordjournals.aje.a009577
https://doi.org//10.1067/mob.2002.127601
https://doi.org/10.1002/ijgo.71306

	Severity of maternal anemia and the risk of giving birth to a small vulnerable newborn: A cohort analysis of the WOMAN-2 trial in four countries
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study design, data source, and study population
	2.2  |  Variables and measurements
	2.3  |  Statistical analysis
	2.4  |  Ethics

	3  |  RESULTS
	3.1  |  Study participants
	3.2  |  Maternal hemoglobin levels
	3.3  |  Small vulnerable newborns
	3.4  |  Association between hemoglobin levels and SVN risk
	3.5  |  Sensitivity analysis

	4  |  DISCUSSION
	4.1  |  Main findings
	4.2  |  Strengths and limitations
	4.3  |  Interpretation

	5  |  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	CONSENT FOR PUBLICATION
	DECLARATIONS
	ORCID
	REFERENCES


