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Abstract

Obijective: Extremes of prepregnancy maternal BMI increase neonatal mortality and
morbidity at term. They also increase the risk of extremely preterm (EP, i.e.,
<27 weeks’ gestational age) births. However, the association between maternal BMI
and outcomes for EP babies is poorly understood.

Methods: We used a cross-country design, bringing together the following three
population-based, prospective, national EP birth cohorts: EXPRESS (Sweden, 2004 -
2007); EPICure 2 (UK, 2006); and EPIPAGE 2 (France, 2011). We included all single-
ton births at 22 to 26 weeks’ gestational age with a live fetus at maternal hospital
admission. Our exposure was maternal prepregnancy BMI, i.e., underweight, refer-
ence, overweight, or obesity. Odds ratios (OR) for survival without severe neonatal
morbidity to hospital discharge according to maternal BMI were calculated using
logistic regression.

Results: A total of 1396 babies were born to mothers in the reference group, 140 to
those with underweight, 719 to those with overweight, 556 to those with obesity,
and 445 to those with missing BMI information. There was no difference in survival
without major neonatal morbidity (reference, 22%; underweight, 26%, OR, 1.31, 95%
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Cl: 0.82-2.08; overweight, 23%, OR, 1.00, 95% Cl: 0.77-1.29; obesity, 19%, OR,
0.94, 95% Cl: 0.70-1.25).

Conclusions: No associations were seen between maternal BMI and outcomes for

EP babies.

INTRODUCTION

Overweight and obesity are major public health problems affecting all
population groups, including pregnant women. Prevalence has been
increasing in the United States and Europe over the past 50 years
[1, 2]. In 2020, the proportion of women with obesity (body mass
index [BMI] = 30 kg/m?) of childbearing age (between ages 18 and
44 years) in the United States was estimated to be 31%, increased
from 9% in 1990 [3, 4]. In Europe, in 2015, this proportion varied from
7.8% (Croatia) to 25.6% (Wales) [5]. Despite efforts to address the
obesity epidemic, current predictions suggest that, by 2025, more
than 21% of women in the world will have obesity [1]. Underweight
women (BMI < 18.5 kg/m?) also constitute an important proportion of
women of childbearing age, i.e., 7.5% in France and higher in low-
income countries. Notably, obesity, overweight (BMI between 25 and
30 kg/m?), and underweight are more prevalent among socially disad-
vantaged groups [2, 5, 6].

Compared with women starting pregnancy with a normal weight,
women who have underweight, overweight, or obesity face increased
risks of pregnancy complications and adverse outcomes. Maternal
underweight is linked to nutritional deficiencies that may affect mater-
nal well-being and fetal growth and development [6, 7]. Clinically, this
translates into higher risks for maternal death, fetal malformations,
intrauterine growth restriction, and offspring malnutrition later in life
[6, 7]. Increased BMI has been linked with metabolic changes, inflam-
mation, and oxidative stress [8]. In pregnant women, these biological
mechanisms affect placental structure, thereby leading to altered func-
tion and chronic hypoxia, impacting both maternal health and fetal
development [9, 10]. A chronic sub-inflammatory state increases fetal
brain sensitivity to hypoxic-ischemic injury and alters brain develop-
ment [10, 11]. Metabolic changes can be passed on to the fetus, upre-
gulating growth and influencing future biological functions through
epigenetic mechanisms [11]. These chronic changes may also increase
the risk of mechanical difficulties at birth due to excess fetal weight [8].
Consequently, increasing BMI is associated with gestational diabetes,
pregnancy-induced hypertension, preeclampsia, instrumental delivery,
cesarean section, stillbirth, macrosomia, fetal malformations, admission
to a neonatal intensive care unit (NICU), and infant mortality at term [3,
8, 12-14]. Furthermore, both women with underweight and over-
weight or obesity show an increase in preterm birth (<37 weeks’ gesta-
tional age [GA]) [15], particularly in extremely preterm (EP,
i.e.,, <28 weeks’ GA) birth, with a relative risk of 1.19 for underweight
patients and up to 2.07 for patients with BMI 2 40 kg/m? [16].

Although there is robust evidence that maternal BMI affects the
outcomes of term infants and increases the risk of EP birth, whether it

affects outcomes for EP infants is unclear. These children are more

Study Importance
What is already known?

o Extremes of prepregnancy maternal BMI increase maternal,
fetal, neonatal, and child mortality and morbidity among
term births. They also increases the risk of extremely pre-
term (EP, i.e., <27 weeks' gestational age) births.

o Existing data regarding outcomes of EP babies according
to maternal prepregnancy BMI provide inconsistent
results. Some studies have found no links between mater-
nal BMI and survival or neonatal outcomes, whereas
others have reported higher risks of mortality and

complications.

What does the study add?

e Using a cross-country design with three population-based,
national, prospective EP birth cohorts that included 5273
singleton fetuses alive at maternal hospital admission, no
associations were seen between prepregnancy maternal
BMI and survival without major neonatal morbidity (refer-
ence, 22%; underweight, 26%; overweight, 23%; obe-
sity, 19%).

e In secondary analyses, no associations were seen with
either survival to discharge or individual neonatal

morbidities.

How might these results change the direction of
research or the focus of clinical practice?

e When counseling patients and their families about poten-
tial outcomes following EP birth, maternal prepregnancy
BMI should not be considered as a factor with an impor-
tant impact on survival without major morbidity.

e The focus for improving outcomes of children born to
women with extremes of prepregnancy BMI should be on
the prevention of EP birth, as well as trying to mitigate
any consequences on longer-term neurodevelopment for

those who are born EP.

fragile than those born at term or less preterm but have reduced expo-
sure time to the potentially deleterious effects of oxidative stress,
inflammation, and metabolic changes. Existing data provide inconsistent

results, and most studies only include infants admitted to NICUs.
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The objective of this study was to compare survival without any
major morbidity at hospital discharge of infants born EP in relation to
maternal BMI in three European EP birth cohorts. By investigating this
question across diverse settings, we sought to identify universal asso-
ciations that may indicate biological effects as opposed to associated
cultural or socioeconomic factors. We hypothesized that survival
without major morbidity would be lower among EP infants of mothers
with underweight, overweight, or obesity compared with infants born
to mothers with normal weight. If true, this knowledge is important
for discussions regarding the prognosis of these infants and for orga-

nizing their follow-up.

METHODS
Data sources

We combined data from three prospectively collected, national,
population-based European cohort studies. All studies comprised
births between 22 and 26 completed weeks’ GA (i.e., up to 26 weeks
and 6 days). The EXPRESS study included births occurring in Sweden
between April 1, 2004, and March 31, 2007 (1011 births) [17]. The
EPICure 2 study included births in England between January 1 and
December 31, 2006 (3133 births) [18]. The EPIPAGE 2 study included
births in 25 French regions: 21 of the 22 metropolitan regions and
4 overseas regions between March 28 and December 31, 2011 (2205
births) [19].

Study population

We included all singleton fetuses alive at maternal hospital admission
who were subsequently born between 22 and 26 completed weeks’
GA. We excluded multiple births because outcomes may be influ-
enced by pregnancy type. We also excluded fetuses delivered follow-
ing termination of pregnancy because of differences among nations
regarding late terminations (e.g., not allowed in Sweden) and practices
related to detection of fetal anomalies, such as timing of the second

semester ultrasound.

Harmonization

We used variables that were previously harmonized among the three
cohorts (Table S1 in the Supplement) [20]. Additional variables were
identified from the cohorts’ data dictionaries and harmonized
(Table S2 in the Supplement).

Exposure

The exposure was maternal prepregnancy BMI, derived from obstetric
records (either self-reported or measured at the first antenatal visit).

Ol A O - WILEYL 3

Mothers were categorized into the following four groups using the
standard World Health Organization (WHO) classification: under-
weight (<18.5 kg/m?); normal weight (18.5-24.9 kg/m?); overweight
(25-29.9 kg/m?); or obesity (230 kg/m?).

Outcomes

The primary outcome was survival without severe neonatal morbidity
at hospital discharge. Severe neonatal morbidity was defined as the
presence of at least one of the following complications: intraventricu-
lar hemorrhage grade Il or IV [21]; cystic periventricular leukomala-
cia [20]; surgical treatment for necrotizing enterocolitis or persistent
ductus arteriosus; severe bronchopulmonary dysplasia (BPD,
i.e., supplemental oxygen or ventilatory support at 36 weeks' post-
menstrual age) [22]; and severe retinopathy of prematurity (i.e., stage
4 or 5 of the international classification and/or treated retinopa-
thy) [23]. Secondary outcomes were survival to hospital discharge
and, among survivors, presence of any severe morbidity, as well as
each morbidity individually. We also report breastfeeding status at

discharge.

Other variables

Maternal baseline characteristics included cohort of origin, age
(<20 years, 20-24 years, 25-29 years, 30-34 years, and 235 years),
presence of diabetes (either type 1 or 2) or hypertension before preg-
nancy, parity (nulliparous or multiparous), smoking during pregnancy
(yes or no), gestational diabetes, and preeclampsia. Data on socioeco-
nomic circumstances (e.g., education level, local deprivation indices)
and maternal ethnicity or country of birth were not available for all
cohorts and were therefore not included in our analyses.

Obstetric characteristics comprised antenatal transfer, antenatal
steroid administration (any or none), tocolytics administration (any or
none), type of preterm birth (preterm premature rupture of membrane
[PPROM], spontaneous onset without PPROM, or medically indicated
except PPROM,), placental abruption, level of neonatal care provided
at the delivery hospital (three categories), and mode of delivery (vagi-
nal or cesarean).

Infant characteristics were GA at birth (in completed weeks), sex,
birth weight z score (in three categories, defined using Hadlock’s for-
mula according to GA and birth weight: <—2 standard deviations [SD],
between —2 and 2 SD, and >2 SD), and presence of major congenital

anomalies (categorized in accordance with cohort guidelines).

Statistical analysis

We first conducted a descriptive analysis. Maternal BMI distribution
was studied in the overall population and separately in each cohort
and then compared using Pearson ¥? test. Baseline characteristics

were compared across the four BMI categories and those missing

85UB017 SUOWIWOD BAITeRID 9|gedl(dde au Ag peusenob ae el VO ‘8sn Jo Se|n Joy Al auluQ A8]IAA UO (SUOIIPUOD-pUe-SWLB) W0 A8 1M Afe1q 1 BU1|UO//:SANY) SUONIPUCD Pue swie | 8y} 8es *[520z/c0/y0] Uo ArigiTauliuo A8|IM ‘St ouL Aq Tiyzyez Aqo/z00T OT/I0p/wod A8 im Akelq i puljuoy/:sdny wouy pepeojumod ‘0 ‘X6€.0E6T



MATERNAL BM AND NEONATAL OUTCOMES

* IWILEY_ SISO

maternal BMI information. All variables were categorical and were
therefore described using percentages.

We used logistic regression to assess the relations between
maternal prepregnancy BMI and the primary and secondary out-
comes. Based on a literature search [3, 8, 18, 19, 24], we used a
directed acyclic graph (Figure 1) to guide our models. Baseline
characteristics that had been associated with both survival without
neonatal morbidity in EP infants and maternal prepregnancy BMI
were considered as potential confounders: maternal age; parity;
smoking; and cohort of origin. Other baseline characteristics,
including maternal conditions and pregnancy complications that are
potentially triggered by an abnormal maternal BMI, were consid-
ered potential mediators. GA at birth can be a consequence of
obesity but could also be a surrogate for factors that were not
measured such as socioeconomic status, thus meaning that it might
act as a confounder. It is also a known strong risk factor for neo-
natal morbidity. We therefore adjusted for maternal confounders
and built the following two final models: without GA (considered
as a mediator); and with GA (considered as a potential
confounder).

Because exclusions due to missing data may lead to selection bias,
all analyses were performed after imputing missing values using multi-
ple imputation with chained equations (Table S3; details in online Sup-
porting Information). Univariate analysis and adjusted models were
run for the full sample and separately for each cohort in a stratified
analysis. These models made it possible to compare outcomes among
the cohorts given differences in BMI distribution and outcomes [20].
The reference group was always the normal weight group. Statistical
significance was defined by a p value < 0.05. We report odds ratios
(OR) and 95% confidence intervals (Cl).

MEASURED MATERNAL
CONFOUNDERS:
- Maternal parity
- Maternal age
- Maternal smoking
- Country of origin (cohort)

EXPOSURE:

Because BMI was missing for more than 10% of the mothers, we
performed a sensitivity analysis using only complete cases. We also
performed a hierarchical analysis including multiple pregnancies to
account for the shared environment of these babies using complete
cases.

All analyses were performed in R (version 4.1.2, R Project for Sta-
tistical Computing) and reported according to the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) guide-
lines (Table S4).

Ethics

All three cohorts were approved by national ethics committees. Per-
mission for transfer and use of the anonymized datasets was provided
by the Regional Research Ethics Board (Lund University, Lund,
Sweden) for the EXPRESS data and by their respective data owners
and study sponsors for the EPICure 2 data and the EPIPAGE 2 data.

RESULTS
Descriptive analysis

A total of 5273 fetuses were alive at maternal hospital admission and
subsequently born between 22 and 26 completed weeks’ GA in the
three cohorts (Figure 2). After exclusions, 2811 (86.3%) of the 3256
fetuses had known maternal prepregnancy BMI: 1396 (49.7%) were
born to mothers in the reference group; 140 (5.0%) were born to
mothers with underweight; 719 (25.6%) were born to mothers with

MEASURED FOETAL
57 MEDIATORS: N
’ - Multiple birth i

- Gestational age at birth \

- Congenital anomalies !

N - Birth weight y
~ - Antenatal care: steroids, transfer ’

5~ _ - Delivery by Caesarean section <7

OUTCOME:
INFANT SURVIVAL Tim?|

MATERNAL BMI

NON MEASURED MATERNAL
CONFOUNDERS:

- Maternal socio-economic background

- Maternal ethnicity

and NEONATAL
MORBIDITIES

MEASURED MATERNAL ~ i
MEDIATORS: S b
- Diabetes (gestational or not)) A ’
- High blood pressure / Pre-eclampsia ) ’
- Chorioamnionitis /
- Preterm labour and type of preterm birth P ’
- Medically assisted reproduction s ’

& NON MEASURED ~
MATERNAL MEDIATORS: )
~._ - Obstructive sleep apnoea  _

FIGURE 1 Directed acyclic graph representing the relation between maternal prepregnancy BMI and neonatal outcomes of infants born

extremely preterm.
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INCLUSION:

- Birth between 22+0 and 26+6 weeks GA
- Foetus alive at maternal admission to hospital
- Included in one of the 3 cohorts

[5273 assessed for eligibilityj

EXPRESS EPICure 2 EPIPAGE 2
769 2957 1547
EXCLUDED: EXCLUDED: EXCLUDED:
R 647 TOP > 188 TOP

0 TOP
169 multiple births 589 multiple births 424 multiple births

600
(18.5%)

1721
(52.8%)

935
(28.7%)

3256 analysed

Missing BMI: 445 (13.7%)

EXPRESS: 66/600 (11.0%)
EPICure-2: 241/1721 (14.0%)
EPIPAGE-2: 138/935 (14.7%)

Known BMI: 2811 (86.3%)
140 (5.0%) Underweight
1396 (49.7%) Reference
719 (25.6%) Overweight

556 (19.7%) Obese

FIGURE 2 Flowchart of the study population. GA, gestational age; TOP, termination of pregnancy.

overweight; and 556 (19.7%) were born to mothers with obesity
(Figure 2). The BMI distributions were different among the three
cohorts (p < 0.001; Figure 3). EPIPAGE 2 included 70 (8.8%) fetuses
who were born to mothers with underweight, whereas EXPRESS
included only 14 (2.6%). Over one-half of the mothers in EPICure
2 had overweight (29.9%) or obesity (21.9%).

When comparing baseline characteristics between participants
with and without maternal BMI available, no major differences were
seen for maternal characteristics, but fetuses with missing maternal
BMI were less likely to have received corticosteroids antenatally and
to have a congenital malformation and were more likely to have been
born in a level 1 hospital (Table 1). Maternal baseline characteristics
differed among the four BMI groups (Table 1). Women with under-
weight were younger and smoked more. Mothers who had over-
weight or obesity were older and were more likely to present with
prepregnancy diabetes, prepregnancy high blood pressure, gestational
diabetes, and preeclampsia. When stratifying by cohort (Tables S5-
S7), mothers who had overweight or obesity were more likely than
the reference group to be primigravidas in EPICure 2 (52.6% and
52.7%, respectively), but not in EXPRESS (38.3% and 32.3%, respec-
tively) or EPIPAGE 2 (49.3% and 42.5%, respectively). In EXPRESS,

mothers with obesity were more frequently smokers (18.0%) than
those in the reference group (8.6%), which was not seen in the other
two cohorts (15.3% and 30.1% in EPICure 2 and 15.5% and 24.2% in
EPIPAGE 2, respectively). Birth characteristics were also compared
according to the BMI groups (Table 1). Women with underweight
were more likely to have received antenatal tocolytics and to be trea-
ted for PPROM. Mothers who had overweight or obesity were more
likely to deliver for medical reasons. Infant characteristics, including
GA at birth or birth weight, did not differ according to maternal BMI
(Table 1). There were few differences in neonatal outcomes by mater-
nal prepregnancy BMI group (Table 2), although infants born to
mothers with obesity were less likely to be breastfed at discharge.

Primary outcome

The univariate analysis did not find any differences in survival without
severe morbidity at discharge among the reference group and the
mothers with underweight (OR, 1.22, 95% Cl: 0.81-1.80), overweight
(OR, 1.03, 95% Cl: 0.83-1.28), or obesity (OR, 0.85, 95% CI: 0.66-

1.08). These results did not vary when adjusting for cohort and
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16.7%
N =133

FIGURE 3 BMldistribution among the three cohorts. [Color figure can be viewed at wileyonlinelibrary.com]

potential confounders (i.e., maternal age, parity, and smoking) or when
also adjusting for GA (underweight, OR, 1.40, 95% Cl: 0.88-2.19;
overweight, OR, 1.07, 95% CI: 0.84-1.37; obesity, OR, 0.94, 95% Cl:
0.71-1.24). No differences were seen when using complete cases in
the univariate analysis or after adjustment for cohort, potential con-
founders, and GA. Full results are shown in Table 3; the sensitivity
analysis including multiple births yielded consistent results (data avail-
able on request).

When stratifying by cohort, the mothers with underweight in
EXPRESS had higher survival without morbidity than the reference
group in the univariate analysis and after adjustment for maternal
confounders (OR, 3.27, 95% Cl: 1.12-10.04). There were no dif-
ferences for the mothers with overweight (OR, 1.31, 95% CI:
0.73-2.36) or obesity (OR, 1.14, 95% Cl: 0.62-2.11). In EPICure
2, estimates were similar across groups (underweight, OR, 0.79,
95% CI: 0.37-1.68; overweight, OR, 0.97, 95% Cl: 0.79-1.34;
obesity, OR, 0.96, 95% Cl: 0.67-1.37). In EPIPAGE 2, the mothers
with obesity had lower survival without severe morbidity when
compared with the reference group, but Cl included one (OR,
0.60, 95% Cl: 0.35-1.03) when adjusted for maternal confounders.
Full results by cohort are shown in Tables S8-5S10.

Secondary outcomes

There were no statistically significant differences seen among mater-
nal BMI groups aside from a higher risk of severe BPD in the mothers

with obesity (OR, 1.42, 95% Cl: 1.05-1.93) and a lower risk of severe
retinopathy of prematurity in the mothers with underweight (OR,
0.34, 95% CI: 0.12-0.95). However, these differences were only
observed in the unadjusted analysis, not after adjustment for potential
confounders (Table 4).

DISCUSSION
Principal findings

Among infants born before 27 weeks’ GA included in these three
European prospectively collected national cohorts, there were no con-
sistent associations between maternal prepregnancy BMI and survival
to discharge without severe neonatal morbidity or between maternal
prepregnancy BMI and survival to discharge or any of the individual
neonatal morbidities.

Strength and limitations

This study included high-quality data from three large, national, pro-
spective EP birth cohorts. The diversity of the patient populations and
the settings was a strength, as we hypothesized a biological associa-
tion between maternal BMI and neonatal outcomes that we expected
to observe in all contexts [8, 11]. We were able to include all fetuses
alive at hospital admission as opposed to only live births or babies
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TABLE 1 Baseline characteristics according to BMI of mothers with singleton pregnancies whose fetuses were alive at maternal hospital
admission, from three prospective national cohort studies conducted in Sweden (EXPRESS, 2004-2007), England (EPICure 2, 2006), and France

(EPIPAGE 2, 2011).

Mother
Maternal age, y
<20
20-24
25-29
30-34
35+
Nulliparity
Smoking
Prepregnancy diabetes
Gestational diabetes
Prepregnancy high BP
Preeclampsia
Obstetrics
Antenatal transfer
Antenatal steroids
Antenatal tocolytics
Type of prematurity
PPROM
Spontaneous
Medically indicated
Placental abruption
Level of birth hospital
1
2
3
Mode of delivery
Vaginal
Cesarean section
Infant
GA, wk
22
23
24
25
26
Sex, female
Birth weight zscore®

<-2SD

Between —2 and 2 SD

>2 SD

Congenital anomalies

Complete cases, n = 2811

BMI < 18.5,
n =140

20/140 (14.3)
43/140 (30.7)
41/140 (29.3)
27/140 (19.3)
9/140 (6.4)
60/139 (43.2)
43/134 (32. 1)
0/137 (0.0
1/132 (O 8)
2/140 (1.4)

(

4/140 (2.9)

44/137 (32.1)
86/134 (64.2)
63/136 (46.3)

47/132 (35.6)
71/132 (53.8)
14/132 (10.6)
11/136 (8.1)

10/137 (7.3)
29/137 (21.2)
98/137 (71.5)

99/137 (72.3)
38/137 (27.7)

18/140 (12.9)
18/140 (12.9)
25/140 (17.9)
42/140 (30.0)
37/140 (26.4)

(52.1)

73/140 (52.1

15/137 (10.9)

120/137 (87.6)
2/137 (1. 5)

2/139 (1.4

BMI 18.5-24.9,
n = 1396

123/1393(8.8)
266/1393 (19.1
399/1393 (28.6
332/1393 (23.8
273/1393 (19.6
628/1388 (45.2
319/1352 (23.6,
8/1370 (0.6)
8/1334 (0.6)
21/1396 (1.5)
101/1396 (7.2)

)
)
)
)
)
)

439/1362(32.2)
942/1367 (68.9)
571/1376 (41.5)

411/1319 (31.2)
727/1319 (55.1)
181/1319 (13.7)
132/1365 (9.7)

95/1382 (6.9)
393/1382 (28.4)
894/1382 (64.7)

1002/1385 (72.3)
383/1385 (27.7)

146/1396 (10.5)
218/1396 (15.6)
287/1396 (20.6)
354/1396 (25.4)
391/1396 (28.0)
617/1392 (44.3)
137/1379 (9.9)
1225/1379 (88.8)
17/1379 (1.2)
56/1375 (4.1)

BMI 25-29.9,
n=719

33/718 (4.6)
128/718 (17.8)
206/718 (28.7)
178/718 (24.8)
173/718 (24.1)
353/715 (49.4)
166/692 (23.9)
6/713 (
10/697 (
23/719 (
(

0.8)
1.4)
3.2)
67/719 (9.3)

203/708 (28.7)
503/709 (70.9)
251/710 (35.4)

199/696 (28.6)
394/696 (56.6)
103/696 (14.8)

54/710 (7.6)

54/710(7.6)
203/710 (28.6)
453/710 (63.8)

537/719 (74.7)
182/719 (25.3)

85/719 (11.8)
104/719 (14.5)
152/719 (21.1)
166/719 (23.1)
212/719 (29.5)
(

345/719 (48.0)

90/715 (12.6)
613/715 (85.7)
12/715(1.7)
21/702 (3.0)

BMI > 30,
n =556

14/555 (2.5)
83/555(15.0
152/555 (27.4
156/555 (28.1
150/555 (27.0
254/548 (46.4
86/540 (15.9
17/552(3.1)
18/542 (3.3)
47/556 (8.5)
62/556 (11.2)

)
)
)
)
)
)

159/550 (28.9)
371/547 (67.8)
198/551 (35.9)

135/534 (25.3)

300/534 (56.2)
99/534 (18.5)
38/548 (6.9)

41/555(7.4)
144/555 (25.9)
370/555 (66.7)

383/551 (69.5)
168/551 (30.5)

79/556 (14.2)
90/556 (16.2)
112/556 (20.1)
135/556 (24.3)
140/556 (25.2)
259/555 (46.7)
73/550 (13.3)
469/550 (85.3)
8/550 (1.5)
23/549 (4.2)

Missing
BMI, n = 445

38/440 (8.6
89/440 (20. 2)
118/440 (26.8)
103/440 (23.4)
92/440 (20.9)
206/435 (47.4)
72/338 (21. 3)

4/427 (0.9
5/412 (1.
12/445 (2.
39/445 (8.

2)
7)
8)

134/434 (30.9)
252/413 (61.0)
154/429 (35.9)

113/408 (27.7)
227/408 (55.6)
68/408 (16.7)
25/423 (5.9)

26/439 (5.9)
136/439 (31.0)
277/439 (63.1)

312/436 (71.6)
124/436 (28.4)

53/445 (11.9)
84/445 (18.9)
81/445 (18.2)
107/445 (24.0)
120/445 (27.0)
(

198/443 (44.7)

46/436 (10.6)
383/436 (87.8)
7/436 (1. )
11/432 (2.5

Total, = 3256

228/3246 (7.0)
609/3246 (18.8)
916/3246 (28.2)
796/3246 (24.5)
697/3246 (21.5)
1501/3225 (46.5)
686/3056 (22.4)
35/3199 (1.1)
42/3117 (1.3)
105/3256 (3.2)
273/3256 (8.4)

979/3191 (30.7)
2154/3170 (67.9)
1237/3202 (38.6)

905/3089 (29.3)
1719/3089 (55.6)

465/3089 (15.1)

260/3182 (8.2)

226/3223 (7.0)
905/3223 (28.1)
2092/3223 (64.9)

2333/3228 (72.3)
895/3228 (27.7)

381/3256 (11.7)
514/3256 (15.8)
657/3256 (20.2)
804/3256 (24.7)
900/3256 (27.6)
1492/3249 (45.9)

361/3217 (11.2)

2810/3217 (87.3)
46/3217 (1.4)
113/3197 (3.5)

Note: Data given as n/N (%). Abbreviations: BP, blood pressure; GA, gestational age; PPROM, preterm premature rupture of membranes.
2Calculated with Hadlock’s formula: z score = (birth weight — Mean)/SD, where mean = exp(0.578 + 0.332 x GA — 0.00354 x GA?) and SD = 0.127 x
(exp[0.578 + 0.332 x GA — 0.00354 x GA?)).
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MATERNAL BM AND NEONATAL OUTCOMES
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TABLE 2 Descriptive analysis of outcomes according to BMI of mothers with singleton pregnancies whose fetuses were alive at maternal
hospital admission, from three prospective national cohort studies conducted in Sweden (EXPRESS, 2004-2007), England (EPICure 2, 2006), and
France (EPIPAGE 2, 2011)

Complete cases

BMI
BMI < 18.5 18.5-24.9 BMI 25-29.9 BMI > 30 Missing BMI  Total
Fetuses alive at maternal hospital admission n =140 n=1396 n=719 n =556 n = 445 n = 3256
Survival at discharge without any severe 36/140 309/1396 163/719 108/556 88/445 (20) 704/3256
morbidity® (25.7) (22.1) (22.7) (19.4) (21.6)
Survival at discharge 65/140 677/1396 361/719 255/556 204/445 1562/3256
(46.4) (48.5) (50.2) (45.9) (45.8) (48.0)
Among survivors at discharge n=65 n=677 n =361 n =255 n =204 n= 1562
Any severe morbidity® 29/65 (44.6) 368/677 198/361 147/255 116/204 858/1562
(54.4) (54.8) (57.6) (56.9) (54.9)
IVH
0 34/65(52.3) 338/674 191/359 134/254 108/203 (53)  805/1555
(50.1) (53.2) (52.8) (51.8)
1 5/65 (7.7) 126/674 64/359 41/254 32/203 268/1555
(18.7) (17.8) (16.1) (15.8) (17.2)
2 14/65 (21.5) 120/674 55/359 49/254 32/203 270/1555
(17.8) (15.3) (19.3) (15.8) (17.4)
3 6/65(9.2) 34/674 (5.0) 20/359 (5.6) 11/254 (4.3) 14/203 (6.9) 85/1555 (5.5)
4 6/65(9.2) 56/674 (8.3) 29/359 (8.1) 19/254 (7.5) 17/203 (8.4) 127/1555 (8.2)
cPVL 4/65 (6.2) 29/676 (4.3) 18/359 (5.0) 14/254 (5.5) 12/204 (5.9) 77/1558 (4.9)
NEC: surgically treated 3/65 (4.6) 38/676 (5.6) 17/361 (4.7) 12/255 (4.7) 16/200 (8.0) 86/1557 (5.5)
PDA: surgically treated 10/64 (15.6) 148/669 70/357 48/249 37/202 313/1541
(22.1) (19.6) (19.3) (18.3) (20.3)
BPD
None/mild 32/61(52.5) 270/642 123/342 84/245 79/196 588/1486
(42.1) (36.0) (34.3) (40.3) (39.6)
Moderate 13/61(21.3) 180/642 106/342 68/245 53/196 420/1486
(28.0) (31.0) (27.8) (27.0) (28.3)
Severe 16/61(26.2) 192/642 113/342 93/245 64/196 478/1486
(29.9) (33.0) (38.0) (32.7) (32.2)
ROP (stages)
0 28/54 (51.9) 227/602 130/335 87/242 68/185 540/1418
(37.7) (38.8) (36.0) (36.8) (38.1)
1 7/54 (13.0) 102/602 62/335 45/242 45/185 261/1418
(16.9) (18.5) (18.6) (24.3) (18.4)
2 13/54 (24.1) 140/602 73/335 60/242 31/185 317/1418
(23.3) (21.8) (24.8) (16.8) (22.4)
3 6/54 (11.1) 129/602 67/335 50/242 39/185 291/1418
(21.4) (20.0) (20.7) (21.1) (20.5)
4 0/54 (0.0 2/602 (0.3) 2/335 (0.6) 0/242 (0.0) 1/185(0.5) 5/1418 (0.4)
5 0/54 (0.0) 2/602 (0.3) 1/335(0.3) 0/242 (0.0) 1/185 (0.5) 4/1418 (0.3)
ROP (treated) 4/26(15.4) 97/393 (24.7) 54/207 36/153 26/112 217/891 (23.2)
(26.1) (23.5) (23.2)
Breastfeeding at discharge 24/56 (42.9) 312/641 158/354 91/241 72/195 657/1487
(48.7) (44.6) (37.8) (36.9) (36.9)

Note: Data given as n/N (%). Abbreviations: BPD, bronchopulmonary dysplasia; cPVL, cystic periventricular leukomalacia; IVH, intraventricular hemorrhage;
NEC, necrotizing enterocolitis; PDA, persistent ductus arteriosus; ROP, retinopathy of prematurity.

2Severe neonatal morbidity: severe neurological injury (severe IVH grade Ill or IV using the Papille et al. classification and/or cPVL according to de Vries

et al.), surgical treatment for NEC, surgical treatment for PDA, severe BPD (use of supplemental oxygen at 36 weeks’ postmenstrual age), and severe ROP
(stage 4 or 5 of the international classification and/or treated).
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TABLE 3 Primary outcome of survival without any severe neonatal morbidity® of fetuses alive at maternal hospital admission, from three
prospective national cohort studies conducted in Sweden (EXPRESS, 2004-2007), England (EPICure 2, 2006), and France (EPIPAGE 2, 2011),

according to BMI of mothers.

With adjustment for maternal
confounders® and cohort
(when not stratified)

Univariate analysis

With adjustment for maternal
confoundersb, cohort
(when not stratified), and GA at birth

BMI OR 95% CI aOR
Imputed data, n = 3256
18.5-24.9 Ref Ref
<185 121 0.80-1.81 1.27
25-29.9 1.00 0.80-1.26 1.03
230 0.87 0.67-1.12 0.89
Complete cases, n = 2811 n = 2693
18.5-24.9 Ref Ref
<18.5 1.22 0.81-1.80 1.34
25-29.9 1.03 0.83-1.28 1.10
230 0.85 0.66-1.08 0.90
Imputed data: EXPRESS, n = 600
18.5-24.9 Ref Ref
<18.5 341 1.12-10.04 3.27
25-29.9 141 0.87-2.29 1.33
230 1.18 0.69-1.99 1.14
Imputed data: EPICure 2, n = 1721
18.5-24.9 Ref Ref
<18.5 0.79 0.37-1.68 0.78
25-29.9 0.97 0.70-1.34 0.96
230 0.96 0.67-1.37 0.92
Imputed data: EPIPAGE 2, n = 935
18.5-24.9 Ref Ref
<185 1.22 0.69-2.17 1.30
25-29.9 0.96 0.61-1.50 0.92
230 0.60 0.36-1.03 0.60

95% ClI aOR 95% ClI
Ref

0.83-1.92 131 0.82-2.08

0.82-1.30 1.00 0.77-1.29

0.68-1.15 0.94 0.70-1.25
n= 2693
Ref

0.88-2.01 1.40 0.88-2.19

0.87-1.37 1.07 0.84-1.37

0.69-1.15 0.94 0.71-1.24
Ref

1.04-10.20 2.94 0.86-10.10

0.81-2.19 131 0.73-2.36

0.66-1.98 1.14 0.62-2.11
Ref

0.36-1.67 0.85 0.37-1.91

0.69-1.32 0.86 0.61-1.23

0.64-1.32 0.97 0.65-1.43
Ref

0.72-2.34 1.35 0.69-2.64

0.59-1.45 1.06 0.64-1.76

0.35-1.03 0.67 0.37-1.22

Abbreviations: aOR, adjusted odds ratio; GA, gestational age; OR, odds ratio; Ref, reference group.

2Severe neonatal morbidity: severe neurological injury (severe intraventricular hemorrhage grade Ill or IV using the Papille et al. classification and/or cystic
periventricular leukomalacia according to de Vries et al.), surgical treatment for necrotizing enterocolitis, surgical treatment for persistent ductus arteriosus,
severe bronchopulmonary dysplasia (use of supplemental oxygen at 36 weeks’ postmenstrual age), and severe retinopathy of prematurity (stage 4 or 5 of

the international classification and/or treated).
bMaternal confounders were age, parity, and smoking.

admitted to NICUs. This is important for comparative research given
the highly variable proportions of intrapartum and labor ward deaths
that occur at these gestations [20].

Limitations include the age of the data that were collected over
10 years ago, as standards of care have changed in the interim. How-
ever, the pathophysiological mechanisms underlying our hypotheses
would not be affected by this. A further limitation is missing maternal
BMI for more than 10% of infants. We imputed missing data, and
results between imputed and complete case analyses were consistent.
In our study, due to harmonization difficulties, we were unable to
adjust for ethnicity or socioeconomic background, but including these

factors would most likely reduce differences further among the BMI

groups [2, 6, 8]. Moreover, the impact of social factors on EP neonatal
outcomes is not pronounced [25], and this lack of adjustment is
unlikely to obscure an existing biological impact. Finally, we made
multiple comparisons among a large number of secondary outcomes,

and results should therefore be interpreted cautiously.

Comparison with literature

Some studies have reported higher risks of resuscitation in the deliv-
ery room [26], mortality [27], severe asphyxia-related complica-
tions [28], intraventricular hemorrhage [29], and BPD [30]. On the
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TABLE 4 Secondary outcomes using imputed data (n = 3256) for fetuses alive at maternal hospital admission, from three prospective
national cohort studies conducted in Sweden (EXPRESS, 2004-2007), England (EPICure 2, 2006), and France (EPIPAGE 2, 2011), according to

BMI of mothers.

Univariate analysis

With adjustment for maternal
confounders® and cohort

BMI OR 95% Cl aOR 95% ClI
Survival at discharge

18.5-24.9 Ref Ref

<185 0.91 0.64-1.28 1.08 0.75-1.54

25-29.9 1.07 0.90-1.28 1.05 0.88-1.26

230 0.92 0.76-1.12 0.90 0.73-1.10
At least one severe morbidity® at discharge®

18.5-24.9 Ref Ref

<185 0.68 0.41-1.15 0.74 0.43-1.26

25-29.9 1.06 0.81-1.39 1.00 0.76-1.32

>30 1.13 0.84-1.52 1.05 0.78-1.43
Severe intraventricular hemorrhage: grade Il or IV©

18.5-24.9 Ref Ref

<185 1.37 0.70-2.69 1.58 0.79-3.17

25-29.9 1.00 0.69-1.45 0.86 0.59-1.26

230 0.86 0.55-1.32 0.73 0.46-1.13
Cystic periventricular leukomalacia®

18.5-24.9 Ref Ref

<18.5 1.42 0.49-4.10 1.59 0.54-4.70

25-29.9 1.14 0.63-2.08 1.04 0.56-1.91

>30 1.26 0.65-2.44 1.23 0.63-2.42
Severe necrotizing enterocolitis: surgically treated®

18.5-24.9 Ref Ref

<185 0.80 0.24-2.67 0.76 0.22-2.57

25-29.9 0.92 0.52-1.64 0.88 0.49-1.60

230 0.89 0.45-1.73 0.88 0.44-1.73
Severe persistent ductus arteriosus: surgically treated®

18.5-24.9 Ref Ref

<185 0.71 0.36-1.39 0.75 0.75-1.49

25-29.9 0.87 0.64-1.19 0.95 0.95-1.30

230 0.84 0.59-1.20 0.88 0.88-1.27
Severe bronchopulmonary dysplasia®

18.5-24.9 Ref Ref

<185 0.84 0.47-1.52 0.87 0.48-1.60

25-29.9 1.16 0.88-1.53 1.07 0.80-1.43

230 1.42 1.05-1.93 1.31 0.96-1.80
Severe retinopathy of prematurity: stage 4 or 5 and/or treated®

18.5-24.9 Ref Ref

<185 0.34 0.12-0.95 0.44 0.151.27

25-29.9 1.07 0.74-1.55 0.99 0.68-1.46

230 1.04 0.68-1.61 0.95 0.61-1.51

With adjustment for maternal
confounders?, cohort, and GA at birth

aOR 95% ClI
Ref

1.01 0.70-1.46
1.05 0.87-1.27
0.97 0.79-1.20
Ref

0.75 0.43-1.29
1.03 0.77-1.38
1.04 0.76-1.43
Ref

1.61 0.80-3.23
0.87 0.59-1.28
0.72 0.46-1.13
Ref

1.60 0.54-4.75
1.04 0.57-1.92
1.23 0.63-2.41
Ref

0.76 0.23-2.60
0.89 0.49-1.60
0.87 0.44-1.71
Ref

0.77 0.38-1.57
0.96 0.69-1.34
0.85 0.58-1.25
Ref

0.89 0.48-1.64
1.10 0.82-1.47
1.30 0.94-1.80
Ref

0.47 0.16-1.37
1.04 0.70-1.55
0.96 0.60-1.54

Abbreviations: aOR, adjusted odds ratio; GA, gestational age; OR, odds ratio; Ref, reference group.
#Maternal confounders include age, parity, and smoking.

bSevere neonatal morbidity: severe neurological injury (severe intraventricular hemorrhage grade Il or IV using the Papille et al. classification and/or cystic
periventricular leukomalacia according to de Vries et al.), surgical treatment for necrotizing enterocolitis, surgical treatment for persistent ductus arteriosus,
severe bronchopulmonary dysplasia (use of supplemental oxygen at 36 weeks’ postmenstrual age), and severe retinopathy of prematurity (stage 4 or 5 of

the international classification and/or treated).
“Among survivors at discharge.
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other hand, two studies of maternal BMI and EP neonatal outcomes
found no links between maternal BMI and survival [31] or neonatal
outcomes [32], and many other studies have had consistency with our
results in finding no association [27, 32, 33]. Extremes of BMI may
have more impact on neonatal outcomes of later preterm or term
infants [3, 8] because they are exposed to adverse biological condi-
tions for longer. For example, a critical part of fetal brain development
occurs in the third trimester, by which point EP children have already
been born. Furthermore, the strong impact of EP birth itself on mor-
tality and morbidity risks [18, 19, 24] may obscure less-pronounced
vulnerabilities due to maternal BMI. Additionally, studies on 10-year
outcomes for EP infants have shown altered neurological develop-
ment in those born to mothers with obesity [34, 35]. However,
because we found no link between maternal obesity and neonatal
morbidity and mortality at hospital discharge for EP infants, the poor
long-term neurodevelopment of these neonates may be associated
with factors that do not affect their immediate development and

survival.

Implications

In the context of EP birth, children are at very high risk of mortality and
morbidity [36]. Active management and intensity of care are usually dis-
cussed before and after the birth by the medical team and with the par-
ents [37]. An understanding of prognostic factors is central to informed
decision-making. Our results provide further confirmation that maternal
BMI should not weigh in the balance when considering neonatal out-
comes of children born EP. We did note lower survival and morbidity in
infants born to mothers with obesity in France, which was not seen in
the other cohorts. This raises the possibility that clinical beliefs, i.e., that
maternal BMI has a deleterious effect, may affect active management
decisions in some settings. Further research exploring management of
births after 26 weeks in the French cohort according to maternal BMI
could shed more light on this hypothesis.

Studies investigating maternal BMI and longer-term EP outcomes
are scarce but have consistently reported worse neurodevelopmental
outcomes in children born to mothers with obesity [34, 35], which is
also the case for children born at term [8, 14]. It is necessary to under-
stand when and why such differences appear in childhood to allow for
prevention and early intervention. Finally, although maternal BMI and,
in particular, obesity did not affect neonatal outcomes among EP
infants, overweight and obesity are linked to higher rates of EP birth
[15, 16], and this risk should be taken into account when caring for

such patients.

CONCLUSION

In this large, prospectively collected, multinational, population-based
European cohort study, we did not find any association between
maternal prepregnancy BMI and survival without severe morbidity

among infants born EP, in contrast with findings in infants born at

Ol A D - WILEYLl *

term. In order to improve outcomes of children born to women with
extreme prepregnancy BMI, public health policies should focus on
preventing EP birth and mitigating the adverse consequences of EP

birth for longer-term neurodevelopment.O
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