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Objective: To examine the association of gestational weight gain (GWG) among
women with pre-pregnancy overweight or obesity with infant weight and BMI z-
score at birth.
Methods: This study is a secondary analysis of a randomized controlled trial
including data from 208 infants at birth born by mothers with pre-pregnancy
BMI between 28 and 45 kg/m2 who completed the APPROACH study
(randomized to a high-protein low-glycemic index diet or a moderate-protein
moderate-glycemic index diet). This analysis pooled the two diet treatment
groups together and data were analyzed using a linear mixed model.
Results: Limiting GWG by 1 kg was associated with lower birthweight (−16 g, P=
0.003), BMI z-score (−0.03SD, P=0.019), weight z-score (−0.03SD, P=0.004),
and infant abdominal circumference (−0.06 cm, P= 0.039). Infants born by
mothers whose GWG was ≤9 kg weighed less (122 g, 95% CI: 6–249, P=
0.040), had similar BMI z-score (0.2SD, 95% CI: −0.06 to 0.55, P=0.120), and
lower incidence of emergency cesarean deliveries (11.5% vs. 23.1%, P= 0.044)
compared to infants born by mothers whose GWG was >9 kg. When women
were classified into GWG quartiles, women in Q1 (GWG range: −7.0 to 3.2 kg)
gave birth to smaller infants (3,420 g, P=0.015) with lower BMI z-score
(−0.5SD, P=0.041) than women in Q2 (3.3–7.1 kg), Q3 (7.2–10.9 kg) and Q4
(11.1–30.2 kg).
Conclusions: Limiting GWG among women with pre-pregnancy overweight or
obesity was associated with lower infant weight, BMI z-score, weight z-score,
and abdominal circumference at birth. Moreover, GWG below the Institute of
Medicine guideline of a maximum of 9 kg was associated with lower birthweight
and fewer emergency cesarean deliveries.
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Introduction

Maternal obesity before pregnancy is positively associated with increased risk of

developing serious complications related to pregnancy and childbirth (1, 2) as well as an

increased risk of infant and child obesity (3). In addition to pre-pregnancy weight,

excessive gestational weight gain (GWG) is also directly associated with increased risk of

high birthweight (4) and subsequent obesity during childhood and adulthood (5–7).
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Having overweight or obesity during the early years of life tracks

into having obesity later in life (8, 9) and increases the risk for

cardiovascular disease (10) and diabetes (11) in adulthood. To

prevent complications related to maternal and infant outcomes,

the Institute of Medicine (IOM) recommends women with

normal body weight before pregnancy to gain between 11.5–

16 kg during pregnancy, women with overweight to gain 7–

11.5 kg whereas women with obesity to gain 5–9 kg (12).

Nevertheless, despite this recommendation, about 58% of women

in the Danish National Birth Cohort with pre-pregnancy obesity

gained 10 kg or more (13).

Lifestyle interventions during pregnancy that focus on limiting

GWG generally produce only small reductions in GWG and have

no significant effects on infant and maternal health (14–17).

Therefore, the objective of this analysis was to evaluate the

relationship between GWG among women with pre-pregnancy

overweight or obesity (dichotomized according to IOM

recommendations; categorized in quartiles; or treated as a

continuous variable) and infant weight and BMI z-score at birth.

We hypothesized that limiting GWG, particularly below 9 kg,

would be associated with lower infant birthweight and BMI z-

score compared with GWG above 9 kg.
Materials and methods

Study design

This study is a secondary analysis of the APPROACH (an

optimized programming of healthy children) study, which was a

randomized controlled trial conducted from January 2014 to

December 2017 at a public hospital in the Greater Copenhagen

Area (Copenhagen University Hospital Herlev-Gentofte,

Denmark). The APPROACH study aimed to assess the effects of

a high protein low glycemic index (HPLGI) diet compared to a

moderate-protein moderate-glycemic index (MPMGI) diet on

GWG, birthweight, and risk of gestational complications in

pregnant women with obesity. No significant differences between

the HPLGI diet and the MPMGI diet were found in birthweight

and other anthropometric outcomes of infants at birth (18);

therefore, infants born by mothers following the two

experimental diets were pooled for this analysis. All study

procedures were conducted in accordance with the Helsinki II

Declaration. Women participating in the study received both

written and oral information about the study before signing an

informed consent. The APPROACH study was approved by the

Ethical Committee of the Capital Region of Denmark (H-3-2013-

119) and was registered at ClinicalTrials.gov (NCT01894139). A

more detailed description of the APPROACH study design and

methodology can be found elsewhere (18).
Participants

In the APPROACH study, singleton pregnant women (from

11 + 4 to 13 + 6 weeks of gestation) were recruited at their trans-
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nuchal scan. They were eligible to participate in the APPROACH

study if they were older than 18 years of age and had a pre-

pregnancy BMI between 28 and 45 kg/m2. Women were

excluded if they: had multiple pregnancies, were allergic or

intolerant to dairy products or fish, had a weight loss of >10 kg

during the past year, had excessive alcohol consumption (>14

units of alcohol per week), or drug abuse, had underlying

disorders that were evaluated to interfere with the intervention or

had gestational diabetes mellitus.
Intervention

The women were randomized in a 1:1 ratio to one of two

experimental diets: (i) a diet high in protein content and low in

glycemic index (HPLGI), or (ii) a diet that followed the Nordic

Nutritional Recommendations with no instructions on the

glycemic index (MPMGI). During pregnancy, women

randomized to the HPLGI diet consumed 25% of their energy

from protein with a low glycemic index (∼45 units) whereas

those randomized to the MPMGI diet consumed 18% of their

energy from protein with a moderate glycemic index (∼54 units).

Both the HPLGI diet and the MPMGI diet were consumed ad

libitum and the recommended food servings were based on the

individual calorie requirements for limiting GWG. Calorie

requirements were estimated as basal metabolic rate, calculated

by the Harris-Benedict equation (19), multiplied by a physical

activity level of 1.3. During the study, participants received seven

group-based dietary sessions and two individual dietary

consultations. Dietary intake was assessed by a 24-hour recall

during gestational weeks 21 and 32 and by a food frequency

questionnaire during gestational weeks 15, 28, and 36.
Clinical measurements

Maternal measurements
Gestational weight gain was calculated as the last measured

body weight before birth (up to 7 days before birth) using a

medical scale (Tanita, Illinois, USA) minus pre-pregnancy

weight. Pre-pregnancy weight was self-reported or obtained from

the first weighing by the women’s general practitioner. Height

was measured at the screening visit to the nearest 0.5 cm on a

wall-mounted stadiometer (Seca, Germany). Parity information

was obtained by questionnaires, and data on pregnancy

complications were obtained from the medical registry.

Infant anthropometric measurements
Anthropometric measurements of the infants were obtained by

midwives at birth. The length was measured to the nearest 0.5 cm

by using a non-elastic measuring tape, body weight was measured

to the nearest 10 grams by a medical beam scale (Tanita, Illinois,

USA), and head-, abdominal-, upper arm- and thigh

circumferences were measured to the nearest 0.1 cm by using a

non-elastic measuring tape. Z-scores were calculated according to

World Health Organisation 2009 standards (20) for sex-specific
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BMI-for-age, weight-for-age, and length-for-age. Gestational age

was calculated as the number of days estimated from ultrasound

fetal biometrics at their nuchal translucency scan (in gestational

weeks+ days: 11 + 4 to 13 + 6) to birth determined by the date of

delivery.

Complications
Pre-eclampsia was defined as systolic blood pressure

≥140 mmHg or diastolic blood pressure ≥90 mmHg in

combination with proteinuria. Pregnancy-induced hypertension

was defined as systolic blood pressure ≥140 mmHg or diastolic

blood pressure ≥90 mmHg. The mode of delivery was defined as

vaginal delivery, planned cesarean delivery, or emergency

cesarean delivery.

Predefined neonatal outcomes included (i) gestational age at

delivery earlier than 37 weeks or later than 41 weeks of gestation,

(ii) low birthweight ≤2.5 kg or high birthweight ≥4.0 kg.
The incidence of pregnancy complications (pre-eclampsia,

pregnancy-induced hypertension, and cesarean delivery) and the

incidence of neonatal outcomes (preterm delivery, prolonged

pregnancy delivery, small-for-gestational-age, and large-for-

gestational-age) was described as pregnancy complications in this

study. Small-for-gestational-age was defined as birthweight less

than the standard 10th percentile of birthweight for sex and

gestational age and large-for-gestational-age was defined as

birthweight above the standard 90th percentile of birthweight for

sex and gestational age (21).
Statistical analysis

The primary outcomes were infant weight and BMI z-score at

birth. In the Danish healthcare system, midwives measure infant

body weight, length, and abdominal circumference at birth. Head

circumference, arm circumference, and thigh circumference were

additional measurements for the APPROACH study, which

resulted in incomplete data for these parameters due to the

priority of tasks and time availability of midwives at the hospital.

We reported previously that the HPLGI diet did not

significantly affect infant birthweight and other anthropometric

outcomes at birth relative to the MPMGI diet (18). Therefore,

this analysis pooled the two diet treatment groups together and

focused on the relationship of GWG with infant birthweight and

anthropometric outcomes at birth.

Available case analyses were carried out. Data were tested for

normality, and analyzed by using linear mixed models using the

statistical program R, version 3.6.1 (22). Descriptive

characteristics are presented as means (SD) or as adjusted means

(SE). We conducted three types of analyses: (i) grouping women

into those whose GWG was above or below the IOM

recommended maximum of 9 kg, (ii) grouping women into

GWG quartiles based on observed data to identify a potential

threshold other than the recommended, and (iii) treating GWG

as a continuous variable. Pregnancy complications were evaluated

using a chi-square test. All analyses were adjusted for maternal

pre-pregnancy BMI, parity, infant sex (except for the z-scores
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differences between the GWG quartiles, analysis of covariance

was used (ANCOVA) with Tukey’s post-hoc tests.

Mean differences between groups and their 95% confidence

intervals (95% CI) were computed and a significance level of 0.05

was used.
Results

A total of 830 eligible pregnant women signed the informed

consent and received both written and oral information about

the study. A total of 279 women were enrolled and 209 (75%)

completed the study and gave birth to 208 infants (one stillborn).

Women who completed the study and gave birth to an infant

had a pre-pregnancy BMI [mean (SD)] of 34.0 (3.9) kg/m2.

Gestational weight gain ranged from −7.0 to 30.2 kg, with a

mean of 7.3 kg and a median of 7.1 kg. A total of 20 women had

weight loss during pregnancy with a mean of −2.3 (1.7) kg.
Gestational weight gain above or below
9 kg

Of 208 women, 78 women (38%) gained >9 kg, on average

(SD) 13.2 (3.7) kg, while 130 women (62%) gained ≤9 kg, on
average 3.8 (3.6) kg (Table 1).

Infants born by women with GWG ≤9 kg weighed 122 g (95%

CI: 6–249; P = 0.040) less at birth, but there were no significant

differences in BMI or length z-scores (Table 1).

A total of 176 pregnancy complications were registered, which

included neonatal outcomes. Women with GWG ≤9 kg had a

lower incidence of emergency cesarean delivery compared with

women gaining >9 kg (11.5% vs. 23.1% respectively; P = 0.044),

but there was a higher number of planned cesarean deliveries

(9.2% vs. 1.3%, respectively; P = 0.046). There were no significant

differences in the incidence of total cesarean delivery between

groups or the frequency of other pregnancy complications

(Table 1).
Gestational weight gain quartiles

Characteristics of the infants across maternal GWG quartiles

are presented in Table 2. Infants born by mothers with GWG

<3.3 kg (Q1) had a significantly lower birthweight, weight z-

score, and BMI z-score compared with infants born by mothers

who gained >3.3 kg and up to 30.2 kg during pregnancy (Q2,

Q3, and Q4). Nevertheless, there were no significant differences

between Q2, Q3, and Q4. Moreover, infants born by women in

Q1 had significantly lower abdominal circumferences compared

with those born by women in Q4. 11.5% of infants in Q1 were

born small-for-gestational age which was significantly more

compared to Q2 and Q4 (1.89%, P = 0.047 and 0%, P 0.012)

(Table 2).
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TABLE 1 Infant outcomes and incidence of complications according to gestational weight gain (GWG) below or above the recommended maximum
amount of 9 kg.

GWG≤ 9 kg
(N = 130)

GWG > 9 kg
(N = 78)

Difference (GWG > 9 kg - GWG≤ 9 kg) P-value

Maternal GWG, mean (SD), kg 130 3.8 (3.6) 78 13.2 (3.7) 9.4 (8.3;10.4) <0.001

GWG range, min;max, kg 130 −7.0;9.0 78 9.1;30.2

Pre-pregnancy BMI, mean (SD) 130 34.5 (4.1) 78 33.1 (3.3) −1.49 (−2.6;0.41) 0.007

Parity, % 130 0.6 (0.7) 77 0.5 (0.7) 0.506

0 74 57 41 53

1 21 32 30 39

≥2 15 11 6 8

Infant outcomes
Gestational age, mean (SE), days 130 278 (1.3) 78 281 (1.7) 3.0 (−2.2;7.2) 0.165

Sex, no. (%), girls 130 59 (45) 78 35 (45)

Length, mean (SE), cm 129 51.6 (0.2) 78 51.9 (0.2) 0.2 (−0.3;0.8) 0.402

Weight, mean (SE), g 129 3,503 (37) 78 3,631 (49) 122 (6;249) 0.040

Length z-score, mean (SE), SD 129 1.12 (0.1) 78 1.25 (0.1) 0.13 (−0.17;0.42) 0.400

Weight z-score, mean (SE), SD 129 0.39 (0.1) 78 0.63 (0.1) 0.24 (−0.01;0.50) 0.059

BMI z-score, mean (SE), SD 129 −0.31 (0.1) 78 0.06 (0.1) 0.2 (−0.06;0.55) 0.120

Head circumference (cm), mean (SE), cm 124 34.7 (0.1) 77 34.9 (0.2) 0.2 (−-0.2;0.6) 0.294

Abdominal circumference, mean (SE), cm 118 33.2 (0.2) 74 33.7 (0.2) 0.5 (−0.1;1.2) 0.089

Arm circumference, mean (SE), cm 77 11.5 (0.1) 45 12.2 (0.2) 0.7 (0.2;1.2) 0.004

Thigh circumference, mean (SE), cm 79 16.6 (0.2) 45 16.8 (0.3) 0.3 (−0.4;0.9) 0.398

Incidence of pregnancy complications
Pre-eclampsia, no. (%) 123 1 (0.8) 75 1 (1.3) 1.000

Pregnancy-induced hypertension, no. (%) 130 1 (0.8) 78 0 (0.0) 1.000

Pre-term delivery <37 weeks, no. (%) 122 7 (5.4) 75 3 (3.8) 0.858

Prolonged pregnancy >41 weeks, no. (%) 130 39 (30.0) 78 23 (29.4) 1.000

Emergency cesarean delivery, no. (%) 130 15 (11.5) 78 18 (23.1) 0.044

Planned cesarean delivery, no. (%) 130 12 (9.2) 78 1 (1.3) 0.046

Total cesarean delivery, no. (%) 130 27 (20.8) 78 19 (24.4) 0.666

Large-for-gestational-age (90th percentile), no (%) 129 25 (19.4) 78 22 (28.2) 0.194

Small-for-gestational-age (10th percentile), no (%) 129 7 (5.4) 78 1 (1.3) 0.230

High birthweight >4,000 g, no (%) 129 21 (16.3) 78 17 (21.8) 0.419

Low birthweight <2,500 g, no (%) 129 6 (4.7) 78 3 (3.9) 1.000

Data are presented as indicated in the first column, except for differences between groups, which are presented as means with 95% confidence intervals. The analysis is

adjusted for maternal pre-pregnancy BMI, parity, and infant gestational age and sex (except for z-scores, which are not adjusted for sex as z-scores are already stratified by

sex).

Mogensen et al. 10.3389/fped.2023.1142920
Associations between gestational weight
gain and birth outcomes

Gestational weight gain was positively associated with infant

birthweight and BMI z-score. Every 1 kg increase in GWG was

associated with 16 g greater birthweight (95% CI: 5.34–26.04; P =

0.003) and 0.03 SD greater BMI z-score (95% CI: 0.01–0.06; P =

0.019) (Table 3). However, the relationship between GWG and

BMI z-score was rather weak, with GWG explaining <3% of the

total variance in BMI z-score (Figure 1). Additionally, every 1 kg

increase in GWG was associated with increased abdominal

circumference by 0.06 cm (95% CI: 0.00–0.11; P = 0.039) and

0.03 SD greater weight z-score (95% CI: 0.01–0.05; P = 0.004).
Discussion

The main finding of our research is that women with pre-

pregnancy overweight or obesity who limited their GWG below
Frontiers in Pediatrics 04
the IOM recommendation of a maximum of 9 kg gave birth to

infants with lower birthweight but similar BMI z-score compared

with women exceeding the IOM recommendations. Additionally,

a GWG within the IOM recommendation reduced the incidence

of emergency cesarean among women with pre-pregnancy

overweight or obesity.

The mean GWG among the women who met the IOM-

recommended maximum of 9 kg was 3.8 kg. When women were

classified into quartiles based on the observed GWG, those in Q1

experienced much lower GWG (range from −7.0 to 3.2 kg; mean

0.2 kg) and gave birth to infants with lower birthweight, BMI z-

score, weight z-score, and abdominal circumference compared

with women in Q2, Q3, and Q4. However, the incidence of

small-for-gestational-age was significantly higher in Q1 compared

with Q2 and Q4, but not Q3. We did not find any significant

differences in infant outcomes born by mothers who gained from

3.3 kg up to 30.2 kg (i.e., women in Q2, Q3, and Q4) and, in

fact, all infants were, on average, within −1 and +1 SD in BMI-

for-age and weight z-scores. Thus, in this high-risk group of

prospective mothers, focusing on eating a healthy diet during
frontiersin.org
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TABLE 2 Infant outcomes and incidence of complications according to gestational weight gain (GWG) quartiles.

Q1 Q2 Q3 Q4 P-value
N 52 53 51 52

Maternal GWG, mean (SD), kg 0.2 (2.4) 5.2 (1.3) 9.1 (1.0) 14.8 (3.5) <0.001

GWG range, min;max, kg −7.0;3.2 3.3;7.1 7.2;10.9 11.1;30.2

Infant outcomes
Gestage, mean (SE). days 275 (2.1)c 280 (2.1)a 280 (2.1)b 283 (2.1)c 0.013

Sex, no. (%), girls 26 (50) 19 (36) 25 (49) 24 (46) 0.827

Length, mean (SE), cm 51.5 (0.3) 51.7 (0.3) 51.8 (0.3) 51.9 (0.3) 0.290

Weight, mean (SE), g 3,420 (59.7)a,b,c 3,564 (58.2)a 3,586 (59.8)b 3,636 (59.3)c 0.015

Length z-score, mean (SE), SD 1.1 (0.1) 1.2 (0.1) 1.2 (0.1) 1.3 (0.1) 0.288

Weight z-score, mean (SE), SD 0.2 (0.1)a,b,c 0.5 (0.1)a 0.6 (0.1)b 0.6 (0.1)c 0.018

BMI z-score, mean (SE), SD −0.5 (0.2)a,b,c −0.2 (0.1)a −0.1 (0.2)b 0.0 (0.1)c 0.041

Head circumference mean (SE), cm 34.5 (0.2) 34.9 (0.2) 34.8 (0.2) 35.0 (0.2) 0.156

Abdominal circumference mean (SE), cm 32.7 (0.3)c 33.6 (0.3)a 33.4 (0.3)b 33.7 (0.3)c 0.040

Arm circumference mean (SE), cm 11.4 (0.2)c 11.5 (0.2)a 12.1 (0.2)b 12.2 (0.2)c 0.005

Thigh circumference mean (SE), cm 16.5 (0.3) 16.4 (0.3) 17.0 (0.3) 16.7 (0.3) 0.401

Incidence of pregnancy complications
Pre-eclampsia, no. (%) 0 (0.0) 1 (2.0) 1 (2.0) 0 (0.0) 0.576

Pregnancy-induced hypertension, no. (%) 1 (2.0) 0 (0.0) 0 (0.0) 0 (0.0) 0.389

Pre-term delivery <37 weeks, no. (%) 4 (7.7) 3 (5.7) 2 (4.0) 1 (2.0) 0.565

Prolonged pregnancy >41 weeks, no. (%) 11 (21.2) 21 (39.6) 12 (23.5) 18 (34.6)

Emergency cesarean delivery, no. (%) 5 (9.6) 8 (15.1) 8 (15.7) 12 (23.1) 0.312

Planned cesarean delivery, no. (%) 4 (7.7) 5 (9.4) 3 (5.9) 1 (1.9) 0.428

Total cesarean delivery, no. (%) 9 (17.3) 13 (24.5) 11 (21.6) 13 (25.0) 0.768

Large-for-gestational-age (90th percentile), no (%) 7 (13.5) 13 (24.5) 10 (20.0) 17 (32.7) 0.122

Small-for-gestational-age (10th percentile), no (%) 6 (11.5) a,c 1 (1.9) a 1 (2.0) b 0 (0.0) c 0.010

High birthweight >4,000 g, no (%) 6 (11.5) 12 (22.6) 7 (14.0) 13 (25.0) 0.219

Low birthweight <2,500 g, no (%) 4 (7.7) 2 (3.8) 2 (4.0) 1 (1.9) 0.534

Data are presented as indicated in the first column, except for differences between groups, which are presented as means with 95% confidence intervals. The analysis is

adjusted for maternal pre-pregnancy BMI, parity, and infant gestational age and sex (except for z-scores, which are not adjusted for sex as z-scores are already stratified by

sex).

Quartiles that have the same superscript are significantly different from each other.

TABLE 3 Associations between GWG and infant anthropometric
outcomes.

N Estimate (95% CI) P-value
Length (cm) 207 0.04 (0.0;0.08) 0.108

Weight (g) 207 15.69 (5.34;26.04) 0.003

Length z-score 207 0.02 (0.00;0.05) 0.108

Weight z-score 207 0.03 (0.01;0.05) 0.004

BMI z-score 207 0.03 (0.01;0.06) 0.019

Head circumference (cm) 201 0.03 (0.00;0.07) 0.082

Abdominal circumference (cm) 192 0.06 (0.00;0.11) 0.039

Arm circumference (cm) 122 0.06 (0.02;0.10) 0.004

Thigh circumference (cm) 124 0.02 (−0.03;0.08) 0.312

Data are presented as regression coefficients with 95% confidence intervals (95%

CI). The analysis is adjusted for maternal pre-pregnancy BMI, parity, and infant

gestational age and sex (except for z-scores, which are not adjusted for sex as

z-scores are already stratified by sex).
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pregnancy may be more important for infant outcomes than

focusing on GWG per se.

High birthweight has been associated with an increased risk of

obesity and diabetes later in life (11). Our study found positive

associations of GWG with infant birthweight, BMI z-score,

weight z-scores, and abdominal circumference. In particular, for

every 1 kg increase in maternal GWG, infant birthweight

increased by 16 g. This is in line with the Agency for Healthcare
Frontiers in Pediatrics 05
Research and Quality review, which found that for every 1 kg

increase in GWG, birthweight increased by 16.7–22.6 g across all

BMI categories (23). However, only one study among women

with obesity was included in that review, which found that a 1 kg

increase in GWG was associated with an 11 g increase in

birthweight (24). Similar results were obtained in a cohort study

including 146,894 Swedish mothers and their sons (5) finding a

positive association between GWG and birthweight, with the

association being stronger for women with normal BMI than

those with overweight (increased birthweight by 30 g vs. 17 g,

respectively, per 1 kg greater GWG) (5). In two cohort studies (6,

25) including infants born by women with normal body weight,

greater GWG was also associated with increased infant

birthweight. These findings collectively indicate that the strength

of the association between GWG and anthropometric outcomes

of infants at birth in the present study is in line with what has

been observed previously among women with overweight or

obesity.

Despite several reviews concluding that excessive GWG is

associated with an increase in infant birthweight, recent large

and well-designed randomized controlled trials of lifestyle

interventions during pregnancy aiming at reducing GWG have

all consistently failed (26) or demonstrated only a small

reduction in birthweight, despite achieving a significant reduction
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FIGURE 1

Relationship between GWG and infant BMI-for-age Z-score. The linear regression model is unadjusted.
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in GWG (by 1–2 kg) (27). This implies either that the reduction in

GWG was not large enough to drive favorable changes in infant

anthropometric outcomes, or that such interventions may need

to be initiated earlier, i.e., before pregnancy. It is important to

note that women with overweight or obesity in these studies still

gained considerably more weight during pregnancy than the

IOM recommendations (25).

Only 38% of the women participating in our study had a GWG

above the IOM recommended maximum of 9 kg, which is

considerably lower than the 58% reported in the general

population of Danish women with pre-pregnancy obesity (13).

We speculate this is likely because women who participated in

our study received group-based dietary sessions and individual

dietary consultations during pregnancy with a focus on a healthy

diet, regardless of the randomization arm.

We found a lower incidence of emergency cesarean in women

with GWG below the maximum recommended of 9 kg compared

with those with GWG above 9 kg. However, the incidence of

small-for-gestational-age was significantly higher in women with

GWG less than 3.3 kg. Most previous studies report a lower

incidence of cesarean deliveries and pre-eclampsia among women

with obesity who gain less weight than the IOM guidelines or, in

fact, lose weight during pregnancy; but either no or small effects

in the incidence of infants who have low birthweight or are

small-for-gestational-age (28–32). Observational studies

repeatedly provide evidence of a strong association between lower

GWG and increased risk of small-for-gestational-age, especially

among women with underweight or normal weight; and also of a

strong association between higher GWG and increased risk of

large-for-gestational-age, particularly among women with

overweight or obesity (12). In our study, we did not observe an

association between higher GWG and increased risk of large-for-

gestational-age, which is likely because women ate healthy diets

and overall restricted their weight gain during pregnancy to

∼7 kg, i.e., within IOM recommendations.
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Our results and their interpretation are not without limitations.

Our study is a secondary analysis of a randomized controlled trial

and thus cannot establish causal relationships between maternal

GWG and infant anthropometric outcomes. Moreover, the

number of participants may influence the outcome as the study

was powered for the APPROACH trial. Maternal pre-pregnancy

weight was based on self-reported measurements, which can lead

to errors in the estimation of GWG. However, validation studies

of pre-pregnancy weight and BMI suggest that self-report is a

reasonably accurate source of information (33). In the evaluation

of GWG, we did not assess for edema, however, none of the

women reported edema as an adverse event during the study(18).

Furthermore, we analyzed data from singleton pregnant women

with overweight or obesity (BMI 28–45 kg/m2), who participated

in a diet intervention study during pregnancy. Participants

received dietary consultations focused on limiting their GWG

and may therefore have been actively interested and invested in

better pregnancy outcomes than the average free-living pregnant

women with obesity. Furthermore, both diets in the APPROACH

study were lower in terms of the glycemic index than the usual

diets at baseline for a Danish population (34), which limits the

generalizability of the results of our study.
Conclusion

In conclusion, our results indicate that GWG below the

maximum IOM-recommended GWG for women with overweight

or obesity was associated with lower birthweight. However,

limiting GWG below the IOM recommended range was

associated with even lower birthweight, BMI z-score, weight z-

score, and infant abdominal circumference. Longitudinal studies

of body composition and adiposity indices from infancy to

childhood and adulthood are necessary to better understand the

importance of GWG in affecting the health of future generations.
frontiersin.org

https://doi.org/10.3389/fped.2023.1142920
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Mogensen et al. 10.3389/fped.2023.1142920
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving human participants were reviewed and

approved by Ethical Committee of the Capital Region of

Denmark (H-3-2013-119). The patients/participants provided

their written informed consent to participate in this study.
Author contributions

NRWG and AA conceptualized the study and acquired

funding. NRWG led the study and was responsible for data

collection. Data analysis was led by CSM and assisted by FM.

CSM, NRWG, and FM drafted the manuscript with all authors

providing critical revision of the manuscript for important

intellectual content and approval of the final submitted version.

NRWG is the guarantor of this work and, as such, had full

access to all the data in the study and takes responsibility for the

integrity of the data. The corresponding author attests that all

listed authors meet authorship criteria and that no others

meeting the criteria have been omitted. All authors contributed

to the article and approved the submitted version.
Frontiers in Pediatrics 07
Funding

The Novo Nordisk Foundation funded this study. The

APPROACH study was funded by The Nordea Foundation,

Danish Pork Levy Foundation, Danish Agriculture & Food

Council and Danish Dairy Foundation and has received products

from LEGO Charity, PharmaNord and Pharma Vital. The

funders had no role in the study design, data collection, data

analysis, interpretation, or writing of the manuscript. The

corresponding author had full access to all data in the study and

had final responsibility for the decision to submit for publication.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Cnattingius S, Bergström R, Lipworth L, Kramer MS. Prepregnancy weight and
the risk of adverse pregnancy outcomes. N Engl J Med. (1998) 338:147–52. doi: 10.
1056/NEJM199801153380302

2. Ramachenderan J, Bradford J, McLean M. Maternal obesity and pregnancy
complications: a review. Aust N Z J Obstet Gynaecol. (2008) 48:228–35. doi: 10.
1111/j.1479-828X.2008.00860.x

3. Heslehurst Id N, Vieira R, Id ZA, Id HB, Slack E, Ngongalah L, et al. The
association between maternal body mass index and child obesity: a systematic
review and meta-analysis. PLoS Med [Internet]. (2019) 16(6):1–20. doi: 10.1371/
journal.pmed.1002817

4. Ludwig DS, Currie J. The association between pregnancy weight gain and
birthweight: a within-family comparison. Lancet. (2010) 376:984–90. doi: 10.1016/
S0140-6736(10)60751-9

5. Lawlor DA, Lichtenstein P, Fraser A, Långström N. Does maternal weight gain in
pregnancy have long-term effects on offspring adiposity? A sibling study in a
prospective cohort of 146,894 men from 136,050 families. Am J Clin Nutr. (2011)
94:142–8. doi: 10.3945/ajcn.110.009324

6. Schack-Nielsen L, Michaelsen KF, Gamborg M, Mortensen EL, Sørensen TIA.
Gestational weight gain in relation to offspring body mass index and obesity
from infancy through adulthood. Int J Obes. (2010) 34:67–74. doi: 10.1038/ijo.
2009.206

7. Ludwig DS, Rouse HL, Currie J. Pregnancy weight gain and childhood body
weight: a within-family comparison. PLoS Med. (2013) 10(10):1–9. doi: 10.1371/
journal.pmed.1001521

8. Monasta L, Batty GD, Cattaneo A, Lutje V, Ronfani L, Van Lenthe FJ, et al. Early-life
determinants of overweight and obesity: a review of systematic reviews. Obes Rev. (2010)
11:695–708. doi: 10.1111/j.1467-789X.2010.00735.x

9. Yu ZB, Han SP, Zhu GZ, Zhu C, Wang XJ, Cao XG, et al. Birth weight and
subsequent risk of obesity: a systematic review and meta-analysis. Obes Rev. (2011)
12:525–42. doi: 10.1111/j.1467-789X.2011.00867.x
10. Umer A, Kelley GA, Cottrell LE, Giacobbi P, Innes KE, Lilly CL. Childhood
obesity and adult cardiovascular disease risk factors: a systematic review with meta-
analysis. BMC Public Health. (2017) 17(1):683–707. doi: 10.1186/s12889-017-4691-z

11. Wei JN, Li HY, Sung FC, Lin CC, Chiang CC, Li CY, et al. Birth weight correlates
differently with cardiovascular risk factors in youth. Obesity. (2007) 15:1609–16.
doi: 10.1038/oby.2007.190

12. Institute of Medicine, N. reseach council. Weight Gain During Pregnancy:
Reexamining the Guidelines. (2009).

13. Nohr EA, Vaeth M, Baker JL, Sørensen TI, Olsen J, Rasmussen KM. Combined
associations of prepregnancy body mass index and gestational weight gain with the
outcome of pregnancy. Am J Clin Nutr. (2008) 8:1705–9. doi: 10.3945/ajcn.2008.26939

14. International Weight Management in Pregnancy Collaborative Group, T. Effect
of diet and physical activity based interventions in pregnancy on gestational weight
gain and pregnancy outcomes: meta-analysis of individual participant data from
randomised trials. Br Med J. (2017) 358:j3119. Available from: https://www.bmj.
com/lookup/doi/10.1136/bmj.j3119

15. Dodd JM, McPhee AJ, Deussen AR, Louise J, Yelland LN, Owens JA, et al.
Effects of an antenatal dietary intervention in overweight and obese women on 6
month infant outcomes: follow-up from the LIMIT randomised trial. Int J Obes.
(2018) 42:1326–35. doi: 10.1038/s41366-018-0019-z

16. Raab R, Michel S, Günther J, Hoffmann J, Stecher L, Hauner H Associations
between lifestyle interventions during pregnancy and childhood weight and growth:
a systematic review and meta-analysis. Int J Behav Nutr Phys Act. (2021) 18:1–14.
doi: 10.1186/s12966-020-01075-7

17. Tanentsapf I, Heitmann BL, Adegboye ARA. Systematic review of clinical trials
on dietary interventions to prevent excessive weight gain during pregnancy among
normal weight, overweight and obese women. BMC Pregnancy Childbirth. (2011)
11:11–81. doi: 10.1186/1471-2393-11-81

18. Rw Geiker N, Magkos F, Zingenberg H, Svare J, Chabanova E, Thomsen HS,
et al. A high-protein low-glycemic index diet attenuates gestational weight gain in
frontiersin.org

https://doi.org/10.1056/NEJM199801153380302
https://doi.org/10.1056/NEJM199801153380302
https://doi.org/10.1111/j.1479-828X.2008.00860.x
https://doi.org/10.1111/j.1479-828X.2008.00860.x
https://doi.org/10.1371/journal.pmed.1002817
https://doi.org/10.1371/journal.pmed.1002817
https://doi.org/10.1016/S0140-6736(10)60751-9
https://doi.org/10.1016/S0140-6736(10)60751-9
https://doi.org/10.3945/ajcn.110.009324
https://doi.org/10.1038/ijo.2009.�206
https://doi.org/10.1038/ijo.2009.�206
https://doi.org/10.1371/journal.pmed.1001521
https://doi.org/10.1371/journal.pmed.1001521
https://doi.org/10.1111/j.1467-789X.2010.00735.x
https://doi.org/10.1111/j.1467-789X.2011.00867.x
https://doi.org/10.1186/s12889-017-4691-z
https://doi.org/10.1038/oby.2007.190
https://doi.org/10.3945/ajcn.2008.26939
https://www.bmj.com/lookup/doi/10.1136/bmj.j3119
https://www.bmj.com/lookup/doi/10.1136/bmj.j3119
https://doi.org/10.1038/s41366-018-0019-z
https://doi.org/10.1186/s12966-020-01075-7
https://doi.org/10.1186/1471-2393-11-81
https://doi.org/10.3389/fped.2023.1142920
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Mogensen et al. 10.3389/fped.2023.1142920
pregnant women with obesity: the “an optimized programming of healthy children”
(APPROACH) randomized controlled trial. Am J Clin Nutr. (2022) 115:970–9.
doi: 10.1093/ajcn/nqab405

19. Roza AM, Shizgal HM. The harris benedict equation reevaluated: resting energy
requirements and the body cell mass. Am J Clin Nutr. (1984) 40:168–82. doi: 10.1093/
ajcn/40.1.168

20. World Health Organization. WHO AnthroPlus for personal computers Manual:
Software for assessing growth of the world’s children and adolescents. Geneva,
Switzerland (2009).

21. Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman DG, et al.
International standards for newborn weight, length, and head circumference by
gestational age and sex: the Newborn Cross-Sectional Study of the INTERGROWTH-
21st project. Lancet. (2014) 384:857–68. doi: 10.1016/S0140-6736(14)60932-6

22. The R Foundation. R: The R Project for Statistical Computing. (2018). https://
www.r-project.org/

23. Viswanathan M, Siega-Riz AM, Moos MK, et al. Outcomes of Maternal Weight
Gain - NCBI Bookshelf. (2008).

24. Edwards LE, HellerstedtWL, Alton IR, StoryM, Himes JH. Pregnancy complications
andbirthoutcomes inobese andnormal-weightwomen:effects ofgestationalweight change.
Obstet Gynecol. (1996) 87:389–94. doi: 10.1016/0029-7844(95)00446-7

25. O'Higgins AC, Doolan A, McCartan T, Mullaney L, O'Connor C, Turner MJ. Is
birth weight the major confounding factor in the study of gestational weight gain?: an
observational cohort study. BMC Pregnancy Childbirth. (2018) 18(1):1843-9. doi: 10.
1186/s12884-018-1843-9

26. Louise J, Poprzeczny AJ, Deussen AR, Vinter C, Tanvig M, Jensen DM, et al. The
effects of dietary and lifestyle interventions among pregnant women with overweight
or obesity on early childhood outcomes: an individual participant data meta-analysis
from randomised trials. BMC Med. (2021) 19:128. doi: 10.1186/s12916-021-01995-6
Frontiers in Pediatrics 08
27. Bennett CJ, Walker RE, Blumfield ML, Ma J, Wang F, Wan Y, et al. Attenuation
of maternal weight gain impacts infant birthweight: systematic review and
meta-analysis. J Dev Orig Health Dis. (2019) 10:387–405. doi: 10.1017/
S2040174418000879

28. Kiel DW, Dodson EA, Artal R, Boehmer TK, Leet TL. Gestational weight gain
and pregnancy outcomes in obese women: how much is enough? Obstet Gynecol.
(2007) 110:752–8. doi: 10.1097/01.AOG.0000278819.17190.87

29. Beyerlein A, Schiessl B, Lack N, von Kries R. Optimal
gestational weight gain ranges for the avoidance of adverse birth weight
outcomes: a novel approach. Am J Clin Nutr. (2009) 90:1552–8. doi: 10.3945/
ajcn.2009.28026

30. Blomberg M. Maternal and neonatal outcomes among obese women with weight
gain below the new institute of medicine recommendations. Obstet Gynecol. (2011)
117:1065–70. doi: 10.1097/AOG.0b013e318214f1d1

31. Oken E, Kleinman KP, Belfort MB, Hammitt JK, Gillman MW. Associations of
gestational weight gain with short- and longer-term maternal and child health
outcomes. Am J Epidemiol. (2009) 170:173–80. doi: 10.1093/aje/kwp101

32. Johnson J, Clifton RG, Roberts JM, Myatt L, Hauth JC, Spong CY, et al.
Pregnancy outcomes with weight gain above or below the 2009 institute of
medicine guidelines. Obstet Gynecol. (2013) 121:969–75. doi: 10.1097/AOG.
0b013e31828aea03

33. Natamba BK, Sanchez SE, Gelaye B, Williams MA. Concordance between self-
reported pre-pregnancy body mass index (BMI) and BMI measured at the first
prenatal study contact. BMC Pregnancy Childbirth. (2016) 16(1):187–95. doi: 10.
1186/s12884-016-0983-z

34. Larsen TM, Dalskov SM, van Baak M, Jebb SA, Papadaki A, Pfeiffer AFH, et al.
Diets with high or low protein content and glycemic Index for weight-loss maintenance
A bs t r ac t. N Engl J Med. (2010) 363:2102–15. doi: 10.1056/NEJMoa1007137
frontiersin.org

https://doi.org/10.1093/ajcn/nqab405
https://doi.org/10.1093/ajcn/40.1.168
https://doi.org/10.1093/ajcn/40.1.168
https://doi.org/10.1016/S0140-6736(14)60932-6
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/0029-7844(95)00446-7
https://doi.org/10.1186/s12884-018-1843-9
https://doi.org/10.1186/s12884-018-1843-9
https://doi.org/10.1186/s12916-021-01995-6
https://doi.org/10.1017/S2040174418000879
https://doi.org/10.1017/S2040174418000879
https://doi.org/10.1097/01.AOG.0000278819.17190.87
https://doi.org/10.3945/ajcn.2009.28026
https://doi.org/10.3945/ajcn.2009.28026
https://doi.org/10.1097/AOG.0b013e318214f1d1
https://doi.org/10.1093/aje/kwp101
https://doi.org/10.1097/AOG.0b013e31828aea03
https://doi.org/10.1097/AOG.0b013e31828aea03
https://doi.org/10.1186/s12884-016-0983-z
https://doi.org/10.1186/s12884-016-0983-z
https://doi.org/10.1056/NEJMoa1007137
https://doi.org/10.3389/fped.2023.1142920
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Gestational weight gain in women with pre-pregnancy overweight or obesity and anthropometry of infants at birth
	Introduction
	Materials and methods
	Study design
	Participants
	Intervention
	Clinical measurements
	Maternal measurements
	Infant anthropometric measurements
	Complications

	Statistical analysis

	Results
	Gestational weight gain above or below 9 kg
	Gestational weight gain quartiles
	Associations between gestational weight gain and birth outcomes

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


