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Abstract

Background

Birth order and having at least one sibling are known to be associated with an increased risk

for development of overweight. However, there are no studies assessing pre- and postnatal

factors for developing overweight within families. Therefore, the present study aimed to ana-

lyse the association of the mother’s weight gain during pregnancy, prepregnancy BMI, moth-

er’s age at birth, breastfeeding, age gap between siblings, and physical activity together

with sibling-related characteristics on the development of overweight in children and

adolescents.

Methods

Data were obtained from the longitudinal LIFE Child cohort. The study sample included n =

1932 children, stratified into first-born (n = 578), second-born (n = 608), third-or-later-born

single-born siblings (n = 162), only children (n = 526), and twin children (n = 58). Children

with chronic or syndromic diseases, born prematurely or from mothers with gestational dia-

betes were excluded. Data were adjusted for multiple children per family using mixed mod-

els. Pregnancy weight gain, prepregnancy BMI and mother’s age were considered prenatal

co-variates. Postnatal factors included the duration of breastfeeding and the children’s phys-

ical activity level.

Results

Particularly until the onset of puberty, the BMI-SDS differed between single-born siblings,

only children and twins, and increased with birth order. Compared to children with siblings,

only children exhibited a strong increase in BMI-SDS starting at age nine. A higher age gap

between siblings was associated with a higher BMI-SDS in second- and third-or-later-born

children. Single-born siblings had the highest rate and duration of breastfeeding. Physical

activity was highest in twins and third-or-later-born children and lowest in only children. In a
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multivariate model, being an only child showed a highly significant association with BMI-

SDS.

Conclusion

The present study demonstrated that siblings had a lower BMI-SDS than only children did.

For single-born siblings, the association between birth order and increased BMI-SDS

seemed to persist only up to 11 years of age.

Introduction

Childhood obesity is among the most serious health challenges of this century [1]. In 2016,

over 158 million children and adolescents aged 5–19 years were living with obese worldwide

[2]. Moreover, nearly 90% of children with obesity by age 3 and more than half (60%) of pre-

pubertal children with overweight will have overweight in early adulthood [3], demonstrating

the importance of childhood for the development of obesity and the formation of habits to pre-

vent it. Therefore, there is an urgent medical need to identify the precise risk factors for the

development of obesity and to give recommendations to families at high risk.

Siblings living together in a family have a similar genetic background and grow up in the

same social environment. Likewise, the family determines the food environment, including

eating habits, and the level of physical activity until adolescence [4, 5]. Nevertheless, each fam-

ily member has an individual health status, which is reflected, for example, in differences in

BMI between siblings [6].

Yet, there is still a lack of knowledge on the underlying processes that lead to BMI differ-

ences between siblings, focussing on pre- and postnatal risk factors. In the pre- and perinatal

period, maternal prepregnancy weight and weight gain during pregnancy are important, both

of which may directly impact children’s birth weight [7]. Thereby, a higher birth weight is

directly associated with a higher BMI later on, while a lower birth weight appears to be associ-

ated with increased central obesity [8].

In the postnatal phase, overweight and obesity depend on the interaction between the indi-

vidual predisposition and environmental factors stemming from an imbalance between energy

intake and energy consumption. Both individual and environmental factors are intertwined

with the family’s health behaviour. For example, studies have shown that breastfed children

are at lower risk for overweight and obesity than their never-breastfed peers [9], with this effect

lasting into adolescence [10]. Further, more physical activity (PA) in everyday life promotes

weight loss and decreased risk of overweight [11]. Here, the low or high PA of family members

and peers can influence a child’s PA negatively as well as positively. Similarly, changes in fam-

ily structure, such as an increase in the number of siblings and the timing of becoming a sib-

ling, have been shown to affect later BMI [12, 13].

Most of the previous studies that analysed pre- or postnatal risk factors for childhood obe-

sity focused on the role of socioeconomic status. Only a few studies have considered the associ-

ation of siblings and birth order on weight status [14, 15], but even those do not consider the

intra-family setting. In addition, results vary across different regions and time periods [16, 17].

Previous studies also failed to analyse BMI development over the entire period into adulthood

for each location in the birth order. Instead, they usually focused on specific age groups and

the total number of siblings [18, 19]. Thus, there is still a research gap regarding pre- and
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postnatal factors that might cause differences in BMI of siblings and whether there are birth

order-specific dependencies.

Therefore, the present study compared the BMI in different sibling constellations by con-

sidering the child’s individual family membership. Our aim was to analyse weight differences

between siblings, variations in BMI at different ages, and risk factors that might be associated

with these differences. In addition, we differentiated well-known pre- and postnatal risk fac-

tors related to birth order, such as pregnancy-related factors, the age gap, breastfeeding, and

children’s PA. Our research hypothesis postulated that having siblings significantly affect

BMI-SDS, and first-born children have the lowest risk of developing overweight.

Methods

Study population

Data were obtained from the LIFE Child study, an ongoing longitudinal cohort study con-

ducted in Leipzig, Germany, and the surrounding area [20, 21]. The LIFE Child study aims to

monitor child development from birth into adulthood. Since 2011, participants have been

recruited between the 24th week of pregnancy and 16 years of age, with subsequent annual fol-

low-ups.

Since participants were examined between one and eight times depending on their duration

of study participation, the longitudinal design of this study is combined with cross-sectional

analysis in certain cases. The overall average number of BMI measurements in the present

study was 3.6 times; for only children, the average was 3.4.

In addition to the general exclusion criteria of LIFE Child, such as chronic, chromosomal

or syndromal diseases, the present study excluded 95 children which were born prematurely

or born to mothers diagnosed with gestational diabetes (irrespective of which pregnancy) or

who had taken drugs during pregnancy (n = 18). Besides this, 101 children with missing values

on gestational age and 5 triplet children were excluded. 212 half- and step-siblings (but not

their families as a whole) were excluded because the sample sizes did not allow for correcting

for different genetic relationships. The final study sample included n = 1932 children from

1194 families. Children were assigned to one of three subgroups: only children (children with-

out siblings, n = 526), full siblings from single pregnancies (single-born siblings, n = 1348),

and twin children (n = 58). Siblings were ranked as first-, second-, third-or-later-born and

were additionally classified as having an age gap of�3 years or more than 3 years.

Measurements

Values for body weight and height were collected at the LIFE Child Study Centre by trained

staff during each study visit. Birth weight and length were obtained from the children’s medi-

cal records (well-child check-ups). The body length of children up to one year of age was deter-

mined using the stadiometer “Dr. Keller II” and body weight using the infant scale “seca 752”.

Height and body weight of older children were assessed using the stadiometer “Dr. Keller I”

and the scale “seca 701”, respectively. The body mass index (BMI) was calculated by dividing

the weight by height squared and is given in kg/m2. Weight, height and BMI data were trans-

formed into gender- and age-adjusted standard deviation scores (SDS) according to the Ger-

man Working Group on Childhood and Adolescent Obesity (AGA) using German growth

standards by Kromeyer-Hauschild [22, 23]. The overweight group consisted of children with a

BMI-SDS� 1.282 (90th percentile) and included children with obesity: BMI-SDS� 1.881

(>97th percentile) [23].

The number of younger and older siblings, parents’ year of birth, socioeconomic status

(SES), physical activity (PA) and breastfeeding were reported by the parents via online
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questionnaires. The Winkler Index, which is based on household income, parental education

and occupational prestige, was used to classify SES as low, medium or high [24]. Maternal edu-

cation level was stratified into two groups: at least a 10th grade completion certificate (94% of

all participating mothers, n = 1077), equivalent to a high school diploma for students not seek-

ing to attend university, and 6% with a lower level of education (n = 70).

The duration of breastfeeding is based on the mother-reported values collected at each visit

as long as the mother was breastfeeding. The last report given by the mother regarding dura-

tion of breastfeeding was used in the analysis. For children included in the study later, after

ablactation, the duration of breastfeeding was collected at the first visit. Breastfeeding was

recorded as the number of months of exclusive breastfeeding, and in addition, the total dura-

tion of breastfeeding.

Week of delivery, mother’s weight before pregnancy, mother’s weight during pregnancy

and maternal height were taken from the mother’s medical records. Pregnancy weight gain

was calculated as the difference between the weight recorded during the last visit before deliv-

ery and prior to pregnancy. Weight gain was included in the analysis only if the last measure-

ment was obtained fewer than 21 days before the expected delivery date. If maternal

prepregnancy weight was missing, the earliest weight measured before the end of week 12 of

pregnancy was used as a substitute.

The age gap was defined as the age difference between a child and his or her next older sib-

ling. For first-borns, the gap to the second-born was used.

Physical activity was assessed with three questions: 1. How often do you play outdoors? 2.

How often do you participate in organised physical activity (e.g., a sports team)? 3. How often

do you participate in non-organized physical activity? Five answer categories were available:

“never”, “less than once a week”, “1 to 2 times a week”, “3 to 5 times a week”, and “almost

every day”. For analysis, these were aggregated to 1) Never, 2) Up to 2 times/week and 3) 3–7

times/week.

Statistical analysis

Descriptive statistics were reported as mean and standard error for continuous variables and

counts and percentages for categorical variables.

The family was included as a random effect in all models to account for the dependency

structure imposed by having multiple children per family. Moreover, to adjust for multiple

measures per child, the child was also included as a random factor nested within the family.

Therefore, it was possible to model the outcomes longitudinally. First, gestational age, birth

length, birth weight, BMI-SDS, maternal and paternal age, maternal prepregnancy BMI, preg-

nancy weight gain and breastfeeding were each assessed depending on the birth order in sepa-

rate univariate models. Second, the effects on BMI-SDS were each modelled in separate

univariate analysis depending on the birth weight, maternal prepregnancy BMI, pregnancy

weight gain, maternal age, breastfeeding, and physical activity. Furthermore, a multivariate

analysis was carried out to analyse the joint effects on BMI-SDS by the factors birth order,

birth weight, ever breastfed, child play outdoors and participation in organised PA. Calcula-

tions using mixed models can be stored in a special SAS item store. The effect plots were gen-

erated based on the content of the respective SAS item stores in a statistical post-fitting

analysis. In the univariate models, birth order was set as the dependent variable and “first-

born” as the reference category. For all other analysis, the category with the highest number of

available cases was set as the reference.

For calculated percentages of birth weight group, low parental SES and low maternal educa-

tion, statistical significance were analysed with a chi-squared test and Fisher’s Exact Test
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(twins). All other analyses were conducted and visualised using SAS Studio Version 3.8 (SAS

Institute, Cary, NC, USA). A p-value < 0.05 was considered statistically significant. The analy-

sis code is published at the following address: https://osf.io/kn8zc/.

Ethical considerations

Written informed consent was obtained from all parents and all children older than age 12.

The study and all procedures were in accordance with the ethical standards of the institutional

and national research committee and with the Declaration of Helsinki (1964) and its later

amendments. The study was approved by the local ethics committee (Reg. No. 264-10-

19042010) and was registered in the National Clinical Trial Register (NCT02550236). Confi-

dentiality was maintained during data analysis. The data were fully anonymized before inter-

pretation. Applicable legal requirements and informed consent obtained allow public sharing

of aggregated data only. For further information, LIFE Child (research@life-child.de) can be

contacted directly.

Results

The total analysed cohort consisted of n = 1932 children, 73% of whom were siblings and 27%

only children. Birth year and gender distribution were comparable between the two groups

(Table 1). The mean birth weight increased with birth order, with first-borns weighting ~180 g

less than third-or-later-born children. Furthermore, first-borns had the smallest length at birth

Table 1. Sample characteristics by sibling status.

Characteristics Only child First-born Second-born Third-or-later-born Twins

Participants (n, %) 526 (27.2%) 578 (29.9%) 608 (31.5%) 162 (8.4%) 58 (3%)

Gestational age (weeks) 39.5±0.1� (n = 526) 39.7±0.0 (n = 578) 39.7±0.0 (n = 608) 39.5±0.1 (n = 162) 37.7±0.1��� (n = 58)

Gender male % 51.52 51.9 51.64 53.09 48.28

Birth year range 1994–2015 1994–2013 1994–2016 1995–2016 1998–2019

Birth length (cm) ± SEM 50.3±0.1 (n = 526) 50.4±0.1 (n = 567) 50.8±0.1��� (n = 604) 50.8±0.2�� (n = 159) 47.5±0.3��� (n = 58)

Birth length-SDS -0.44 (n = 524) -0.40 (n = 557) -0.22��� (n = 598) -0.24�� (n = 159) -1.66��� (n = 58)

Birth weight (kg) ± SEM 3.43±0.02 (n = 525) 3.46±0.02 (n = 575) 3.59±0.02��� (n = 606) 3.64±0.04��� (n = 161) 2.69±0.04��� (n = 58)

Birth weight SDS 0.16 (n = 523) 0.23 (n = 565) 0.51��� (n = 600) 0.62��� (n = 160) -1.36��� (n = 56)

Birth weight group (%) a SGA 5��� (n = 28) 6 (n = 32) 2��� (n = 10) 2 (n = 3) 47��� (n = 14)

AGA 84��� (n = 439) 81 (n = 456) 78��� (n = 466) 72 (n = 115) 53��� (n = 16)

LGA 11��� (n = 56) 14 (n = 78) 21��� (n = 124) 26 (n = 42) 0��� (n = 0)

Overweight or obese aged 0–18 years

(%)b
24 12 14 19 9

BMI-SDS 0.13��� (n = 1811) -0.05 (n = 2072) 0.03 (n = 2151) 0.15� (n = 616) -0.18 (n = 205)

Low parental SES (%) 13��� (n = 62) 5 (n = 26) 5 (n = 32) 13��� (n = 21) 4 (n = 2)

Low maternal education (%)c 6 (n = 31) 5 (n = 26) 4 (n = 26) 13��� (n = 20) 0 (n = 0)

n = number of available cases; values are expressed as mean or mean ± SEM
a LGA: birth weight-SDS� 1.28, AGA: birth weight-SDS� −1.28 to 1.28, SGA: birth weight-SDS< −1.28
b BMI-SDS of 1.282 or more, a child who exceeded this value at least once is counted one time in the statistics
c Percentage of mothers with less than a 10th grade education. Significance in birth weight, low parental SES and low maternal education were analysed using a chi-

squared test and Fisher’s exact test for twins. Means were significantly different from those in the reference group of first-borns

� p<0.05

�� p<0.01

��� p<0.001. Abbreviations: SDS, standard deviation score; SEM, standard error of the mean; LGA, large for gestational age; AGA, appropriate for gestational age; SGA,

small for gestational age.

https://doi.org/10.1371/journal.pone.0271676.t001
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compared to second- and third-born children. BMI-SDS and percentage of children with over-

weight at ages 0–18 also showed a dependence on the birth order, with a strong positive trend

from first-born to third-or-later-born children. First-born and only children had a comparable

birth weight and height. However, only children showed the highest BMI-SDS and percentage

of overweight at ages 0–18. Twins had the lowest birth weight, birth length and lowest

BMI-SDS among all groups. Only children and third-or-later-born children had the highest

percentages of low parental socio-economic status (SES) and low maternal education.

Siblings and birth order is associated with BMI

The group of “Total siblings” included first-born, second-born, third-or-later-born children and

twins to assess if siblings have an effect on BMI-SDS (Fig 1). In early childhood, at age of 0–6

years, no significant difference in BMI-SDS between siblings and only children was observed. In

contrast, at ages 7–18, the BMI-SDS was significantly higher in only children than in siblings.

We then specified the association between BMI-SDS and sibling status by evaluating annual

measurements at 0–15 years of age and stratifying siblings according to their birth order (Fig

2). At 0–8 years of age, only children and first-borns had a comparable BMI-SDS. From 9

years of age on, the BMI-SDS of only children increased steadily, while this was not found in

siblings. At around 15 years of age, the average BMI-SDS of only children was 0.9 SDS higher

than the reference values. Up to ten years of age, third-or-later-born children showed the high-

est BMI-SDS, twins the lowest values. From eleven years of age onwards, the BMI-SDS of sib-

lings and twins was comparable and was in a healthy range, about 0.1 SDS higher than the

reference values. The increase in only children’s BMI could be mainly attributed to an increase

in weight, as the height-SDS was comparable to first-borns (Fig 3).

Fig 1. BMI-SDS by age range and sibling status. In each age range, the statistical reference group was “total siblings”. Significant

differences between only children and children with siblings are presented as means with a vertical error indicator (standard error

of the mean): ���p<0.001. Abbreviations: SDS, standard deviation score.

https://doi.org/10.1371/journal.pone.0271676.g001
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Effect of risk factors on BMI-SDS

Initially, we reviewed known factors for overweight for their risk potential among our

study population. A high birth weight and high maternal prepregnancy BMI were signifi-

cantly associated with the child’s BMI-SDS (Fig 4). Maternal pregnancy weight gain and

maternal age at birth did not show significant associations with the child’s BMI-SDS in

univariate analyses.

In the postnatal state, BMI-SDS can be affected by the duration of breastfeeding and by

physical activity. BMI-SDS was 0.5 SDS higher in children who were never breastfed. Particu-

larly in the first months of life, breastfeeding appeared to be associated with a lower BMI-SDS,

with a significant difference (p<0.001) from 0–1 months to> 9 months (Fig 5). Each of the

three PA categories showed a trend in which increased time spent at play or engaged in sports

was associated with lower BMI-SDS.

Risk factors of overweight differentiated by birth order

Prenatal risk factors. Mothers of first-born children had the lowest prepregnancy BMI

(Table 2). As previously shown [25], maternal pregnancy weight gain was significantly lower

(p<0.001) with increasing birth order. The prepregnancy BMI of mothers of only children,

second- and third-or-later-born children was comparable. Twins showed the highest maternal

prepregnancy BMI and maternal weight gain.

Age gap between siblings. To test whether a larger age gap between siblings is associated

with BMI-SDS, we divided the siblings into two groups: children in the first group had an age

gap of�3 years (n = 795 children), and those in the second group had an age gap of>3 years

(n = 521 children) to their next-oldest sibling. The average age gap was about 4 years. An age

Fig 2. BMI-SDS by age and sibling status. BMI standard deviation scores at 1-yearintervals are shown according to sibling status: first-born, second-born,

third-or-later-born, twins and only children. The values are means with a vertical error indicator (standard error of the mean). The number of measurements

per age and sibling status is shown in the table.

https://doi.org/10.1371/journal.pone.0271676.g002
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gap>3 years increased the BMI-SDS for second- and third-or-later-born children, without

reaching significance (Table 3). The BMI-SDS for first-borns remained almost the same

regardless of age gap. However, independent of the age gap, the overall dependence of

BMI-SDS on birth order was still present. A bivariate statistical model with birth order as

covariate did not reveal a significant relationship between age gap and BMI-SDS (p = 0.29).

Postnatal risk factors. Single-born siblings had the highest rates and longest time periods

of breastfeeding (Table 4). Exclusive and total duration of breastfeeding were significantly

lower for only children and twins compared to single-born siblings. Total duration of breast-

feeding was significantly associated with birth order. Third-or-later-born children were

breastfed two months longer than other birth order groups.

Compared to the sibling groups, only children had the lowest PA, with the highest percent-

age selecting "never" and the lowest percentage selecting “3–7 times/week” in all three activity

categories. Twins and third-or-later-born children had the highest percentages of “3–7 times/

week” in all three categories. For single-born siblings, PA seemed to be dependent on birth

order: first-born children were less active, followed by second-born. The most active group

were third-or-later-born children (Fig 6).

Simultaneous analysis of significant risk factors on BMI

We next used multivariate analysis to adjust for confounding factors on BMI-SDS (Table 5).

Birth weight, ever being breastfed and playing outdoors showed highly significant associations

with BMI-SDS. The largest difference was found between only children and first-borns, with

beta = 0.6, p<0.001.

Discussion

The present study showed for the first time that in an intra-family setting, the BMI of siblings

at different locations within the birth order becomes comparable in later childhood and lies

within the healthy range. Although parameters at birth did not differ between only children

and first-borns, BMI-SDS was significantly higher in only children in later childhood.

Fig 3. Height-SDS by age and sibling status. Height standard deviation scores in 1-yearintervals are shown according to sibling status: first-born, second-

born, third-or-later-born, twins and only children. The values are means with a vertical error indicator (standard error of the mean).

https://doi.org/10.1371/journal.pone.0271676.g003
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In early childhood up to age 11, children with siblings had lower BMI, particularly first-

and second-born children. Of all siblings, third-or-later-born children had the highest

BMI-SDS, which is in line with several previously published studies [18, 26]. These results con-

firmed our proposed research hypothesis, but only up to 11 years of age and not for the entire

period up to adulthood. With an age gap of more than three years between siblings, higher

BMI-SDS was shown in second-born and third-or-later-born children. One possible explana-

tion is that children with a larger gap between births might grow up under slightly different

family conditions, which may have an association with BMI at later stages in life [27]. Twins,

with the smallest age gap, had only a slight difference in birth weight and BMI compared to

single-born siblings [28].

The negative association between BMI and lacking siblings could be clearly observed in

only children, who tended to gain much more weight, particularly in later childhood. Our

results are consistent with previous studies demonstrating an increased risk of overweight in

only children [29].

Fig 4. Effect plots of risk factors on BMI-SDS. Predicted values of BMI standard deviation score plotted against one continuous covariate/risk factor: a) birth

weight; b) maternal prepregnancy BMI; c) maternal pregnancy weight gain; and d) maternal age. The calculations were made with mixed models, with the

results stored in a special SAS item store; based on this calculation, the effect plots were generated in a statistical post-fitting analysis. 95% confidence intervals

are shown as blue shade. Significance levels are shown in the plot for each respective risk factor. Significance was reached when: ��� p<0.001.

https://doi.org/10.1371/journal.pone.0271676.g004
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So far, there are only a few studies stating a specific time point at which only children start

to have an increased risk of obesity. We showed for the first time that the BMI of only children

increased significantly and steadily beginning at 9 years of age, and remained higher than that

of siblings from that time onwards. Ikeda et al. [30] support the present findings by demon-

strating that the excess risk of obesity among children living with no siblings increased

between kindergarten and Grade 8. In a multivariate model, we were able to clarify that being

an only child was an independent risk factor for an increased BMI-SDS, independent of the

pre- or postnatal factors breastfeeding and physical activity.

By nature, prenatal conditions are similar for first-born and only children. In our study, the

lowest maternal prepregnancy BMI and lowest birth weights were recorded for first-born and

only children. Both parameters were also confirmed as risk factors for overweight, which is in

line with previous studies [31, 32]. Further studies have shown that maternal pregnancy weight

gain is positively associated with the infant’s birth weight and BMI-SDS [33, 34]. However, we

have previously shown that with birth order, birth weight increases and the mother gains less

weight during pregnancy [25]. Further, a univariate analysis showed no significant association

between maternal pregnancy weight gain and BMI in general. Badon et al. partially support

Fig 5. Relation between BMI-SDS and breastfeeding and physical activity. Associations between two categories of breastfeeding and three categories of

physical activity with BMI standard deviation scores. The values are means with a vertical error indicator (standard error of the mean). The labelling of the bars

represents the respective number of cases analysed. Statistically significant difference in means was considered as �p<0.05, ���p<0.001 using mixed models.

The statistical reference category was the group with the highest number of answers: “Up to 2 times/week” for the categories “Participation in organised

physical activity” and “Participation in non-organised physical activity”; “3–7 times/week” for the category “Playing outdoors”.

https://doi.org/10.1371/journal.pone.0271676.g005

Table 2. Parental characteristics by sibling status.

Characteristics Only child First-born Second-born Third-or-later-born Twins

Maternal age (years) 29.3±0.2��� (n = 450) 28.0±0.2 (n = 547) 31.3±0.2��� (n = 576) 33.9±0.3��� (n = 158) 32.0±0.7��� (n = 58)

Paternal age (years) 32.6±0.3��� (n = 436) 30.4±0.2 (n = 547) 33.9±0.2��� (n = 576) 37.1±0.5��� (n = 158) 33.9±0.7��� (n = 56)

Maternal prepreg-nancy BMI (kg/m2) 23.3±0.3 (n = 268) 22.7±0.2 (n = 286) 23.5±0.2��� (n = 355) 23.3±0.5��� (n = 68) 25.4±1.3 (n = 27)

Maternal pregnan-cy weight gain (kg) 15.0±0.3 (n = 221) 14.7±0.3 (n = 272) 13.3±0.3��� (n = 284) 12.9±0.5��� (n = 63) 16.4±1.5 (n = 8)

The table contains the parental characteristics stratified by sibling status. Values are means ± standard error of the mean. The numbers in parentheses correspond to the

respective available number of cases. Significance was tested univariately with a mixed model, with first-born children as the reference group. Significant differences

were marked with ��� p<0.001.

https://doi.org/10.1371/journal.pone.0271676.t002
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our findings by comparing siblings and showing that maternal gestational weight gain was

associated with a higher birth weight, but not with the child’s BMI [35].

Most likely, factors other than prenatal factors and birth weight could have contributed to

the BMI differences between siblings and only children. Postnatal risk factors seem to have a

stronger association with BMI-SDS difference between first-borns and only children in adoles-

cence. We therefore investigated two known postnatal factors individually by birth order to

clarify their influence on BMI: breastfeeding and physical activity. The duration of breastfeed-

ing was significantly lower for only children compared to single-born siblings. Exclusive

breastfeeding and duration of breastfeeding were also positively associated with birth order.

Breastfed children were generally about 0.52 SDS thinner than non-breastfed children, sup-

porting previous findings [36]. How specific alkylglycerols (AKG), which are only present in

breast milk, prevent the formation of lipid-storing white adipose tissue has already been

described previously [37]. A longer breastfeeding duration therefore also enables the intake of

these AKGs over a longer period of time, which reduces overweight [38] and could lead to a

lower risk of having overweight as an adult [39]. Thus, the approach of BMI-SDS of third-or-

later-born children was likely achieved because they had the longest breastfeeding period, of

almost eleven months, and the highest physical activity.

Studies have shown that children with siblings generally have higher activity levels [40], par-

ticularly children with older siblings [41]. Siblings can be playmates and encourage active par-

ticipation in sports. Siblings also act as additional caregivers, which sometimes makes active

play possible in the first place. It is therefore not surprising that having fewer siblings is associ-

ated with reduced physical activity [6]. The results of our study confirm these findings, as only

children had the lowest activity. A general decrease in activity levels among children from age

7 onwards [42] may have additionally contributed to the steady increase in BMI among only

children. Twins, along with third-born children, tended to participate in physical activity very

Table 3. Relationship between BMI-SDS and age gap of siblings.

Age gap�3 years Age gap >3 years

First-born -0.03±0.03 (n = 926) -0.04±0.04 (n = 535)

Second-born 0.03±0.03 (n = 900) 0.06±0.04 (n = 643)

Third-or-later-born 0.06±0.06 (n = 245) 0.24±0.08 (n = 189)

The table compares two groups, stratified according to birth order, in which siblings have an age difference of less or

more than 3 years. Values are means ± standard error of the mean. The numbers in parentheses corresponds to the

respective number of cases. First-born children served as the statistical reference group for each age gap group. SDS,

standard deviation score.

https://doi.org/10.1371/journal.pone.0271676.t003

Table 4. Duration of breastfeeding by sibling status.

Process parameters Only child First-born Second-born Third-or-later-born Twins

Ever breastfed (%) 95.1 (n = 526) 95.8 (n = 577) 97.4 (n = 606) 96.3 (n = 162) 91.7 (n = 48)

Exclusive breastfeeding (months) 3.8��� (n = 501) 4.6 (n = 572) 4.6 (n = 583) 4.8 (n = 156) 2.4��� (n = 38)

Total duration of breastfeeding (months) 7.2��� (n = 489) 8.8 (n = 553) 8.9 (n = 575) 10.6� (n = 153) 5.8� (n = 42)

Values are means ± standard error of the mean. The numbers in parentheses correspond to the respective available number of cases. First-born children served as the

statistical reference group, significant difference of means was considered

�p<0.05

��p<0.01

���p<0.001. SDS, standard deviation score.

https://doi.org/10.1371/journal.pone.0271676.t004
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often. As twins start with a low birth weight, one might assume that their later BMI is also low.

Nevertheless, the BMI of twins approached that of single-born children with siblings. The neg-

ative association between a short breastfeeding period and BMI could also contribute here,

while the positive association with having a sibling should also be considered.

Fig 6. Assessment of physical activity in three categories by sibling status. The graph shows the percentage of children per sibling status selecting the three

activity categories “Child plays outdoor”, “Participation in non-organised physical activity” and “Participation in organised physical activity”. The answer

categories were aggregated into three groups: 1) Never, 2) Up to 2 times/week and 3) 3–7 times/week.

https://doi.org/10.1371/journal.pone.0271676.g006

Table 5. Multivariate analysis of the effect size order of postnatal risk factors on BMI-SDS.

Confounder Estimate (Standardised

Beta Coefficient)

p-Value

Birth order Only child 0.64 <0.001���

First-born 0 Reference

Second-born -0.01 0.9

Third-or-later-born -0.01 0.9

Twins 0.36 0.3

Birth weight 0.20 <0.001���

Ever breastfed -0.11 <0.001���

Child plays outdoors -0.03 0.002��

Participation in organised physical activity -0.02 0.1

Means were significant at

�� p<0.01

��� p<0.001.

https://doi.org/10.1371/journal.pone.0271676.t005
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However, some studies also relate physical activity to socioeconomic status (SES). In the

present study, the highest percentage of low parental SES was found among only children and

third-or-later-born children, with only children the least physically active and third-or-later-

born children the most active group. In contrast, a Swedish study showed that children from

low-SES families were more physically active, but also twice as likely to have overweight as

children from high-SES families [43]. Low parental education, an indicator of SES, is known to

have a significant positive association with BMI-SDS, with the effect strongest for children

with the highest BMI-SDS [44]. These data are in line with the present study’s findings. How-

ever, the findings of the Swedish study were not confirmed here for third-born children, even

though a high percentage of them grew up in families with low SES, as third-or-later-born chil-

dren developed a healthy BMI in later childhood. Thus, including the family as a random effect

led to more differentiated results in the present study. We thus conclude that controlling for

sibling distribution is advisable in further studies.

Among the strengths of this large sample size study was the reduction of potential heritable

and socio-cultural confounders. However, this required the exclusion of half- and step-sib-

lings, which depended on the accuracy of parents’ reports. Including children ranging in age

from 0–18 years enables a differentiated assessment of weight development over the entire

infancy, childhood and adolescent periods. Further, examining only children in a separate

group made it possible to compare them with first-borns with regard to both pre- and postna-

tal risk factors.

The present study also has some limitations: Like other observational studies, the results

may be biased by factors that were not directly observed. For example, we did not control for

maternal smoking during pregnancies. Children whose mothers smoked have a lower birth

weight SDS, and through a catch-up process, eventually have a higher BMI-SDS compared to

the children of non-smoking mothers [45]. However, we excluded children who were born

prematurely, which often occurs in mothers who smoke. Postnatally, children’s eating habits

after breastfeeding were not studied. For example, maternal snack offers might differ accord-

ing to birth order [46]. Furthermore, the influence of half- and step-siblings on pre- and post-

natal risk factors were not analysed. We might speculate that older half-siblings with the same

mother may change the prenatal influences or breastfeeding duration due to the birth order.

Likewise, other children in the household, older or younger, can influence the physical activity

and eating habits of all children. Further, the need for voluntary and active participation in the

present cohort studies shifted the cohort towards a higher socio-economic status. This is

underlined by the fact that 93% of all participating mothers had at least a 10th grade comple-

tion certificate. However, third- or later-born children had the significantly highest percent-

ages of low parental socioeconomic status (SES) and lower maternal educational attainment,

which may contribute to the increased BMI of this group.

In conclusion, the results of the present study demonstrated that children’s BMI strongly

depended on sibling status. We found support for our proposed hypothesis that siblings have a

significant impact on BMI-SDS, and first-born children had the lowest risk up to 11 years of

age. At older ages, children with siblings had a lower BMI than only children, and BMIS-SDS

only slightly differed by birth order. Postnatally, the longer breastfeeding duration and higher

physical activity of single-born siblings may have contributed to their healthier BMI compared

to only children. For only children, postnatal factors were associated with a strong increase in

BMI. The data from the present study could be useful for preventing or treating obesity in fam-

ilies at high risk. Growing up as an only child could be considered a novel risk factor for an

increased BMI and later obesity.
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