
Research paper

Associations of birth size with BMI trajectories and fluctuation across 
adolescence and adulthood: A longitudinal study of two Finnish 
twin cohorts

Alvaro Obeso a,b,*, Aline Jelenkovic b, Gabin Drouard c, Jaakko Kaprio c, Karri Silventoinen a

a Helsinki Institute for Demography and Population Health, University of Helsinki, Helsinki, Finland
b Department of Genetics, Physical Anthropology and Animal Physiology, Faculty of Science and Technology, University of the Basque Country (UPV/EHU), Bilbao, 
Spain
c Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Helsinki, Finland

A B S T R A C T

Introduction: The influence of intrauterine conditions on later weight gain remains unclear. We examined the associations of birth size characteristics (weight, length, 
and ponderal index (PI)) with body mass index (BMI) trajectories and fluctuation in adolescence and adulthood using a twin design, which provides insights into the 
role of genetic and environmental factors.
Data and methods: Data from two Finnish twin cohorts including 9850 twin individuals (48 % males) were used. Weight and length or height were measured at birth 
and at different ages during adolescence and adulthood (11.5–37 years in FinnTwin12; 16–34 years in FinnTwin16). BMI trajectories across different stages of 
adolescence and adulthood were calculated as the difference in BMI divided by the time elapsed between measurements. BMI fluctuation was assessed as the variance 
of BMI trajectories at each stage. Linear regression models were used to examine the associations of birth size characteristics with BMI trajectories and fluctuation in 
adolescence and adulthood. Interactions between baseline BMI and birth characteristics were assessed. Within-pair analysis was performed to assess whether the 
identified associations persist while controlling for genetic effects.
Results: BMI trajectories during early adolescence were positively associated with birth PI and negatively with birth weight and length. BMI trajectories during middle 
adolescence were positively associated with birth length and negatively with birth weight. PI showed a negative association with BMI trajectories in late adolescence. 
Moreover, BMI fluctuation in adulthood was negatively associated with birth weight and length. No significant interactions were found between birth size char
acteristics and baseline BMI in explaining BMI trajectories and fluctuation at different stages of adolescence and adulthood. Among the identified associations, none 
remained significant in within-pair analysis.
Conclusion: Our findings suggest that birth size has a long-term influence on BMI development. However, these associations may not be due to the intrauterine 
environment but may rather indicate the role of shared genetic factors.

1. Introduction

According to the World Health Organization, the prevalence of 
obesity has nearly tripled over the past 40 years, with approximately 
3.12 billion people (around 40 % of the global population) classified as 
overweight or obese [1,2]. Body mass index (BMI) is a widely used 
measure to assess weight status and is strongly associated with various 
health issues and cause-specific mortality [3]. BMI is influenced by a 
variety of factors such as biological, developmental, environmental, and 
behavioral factors, as well as their mutual interactions [4]. The rele
vance and extent to which these factors contribute may vary during 
distinct life stages [5,6].

Several studies have suggested the importance of the intrauterine 

environment for the development of obesity in later life mediated by 
various mechanisms [7,8]. Factors such as prenatal maternal stress 
[9,10], maternal BMI [11], and placental characteristics like weight 
[12,13], volume, and surface area [12] can influence the fetal envi
ronment, affecting birth size characteristics and, consequently, BMI later 
in life [14–17]. Direct measures of fetal size during pregnancy are rarely 
available, but birth size characteristics can be used as proxy indicators of 
prenatal conditions. While birth length has been found to be positively 
associated with BMI during childhood, such association has been re
ported to be negative during adolescence and adulthood [18]. Studies 
indicate that birth weight is positively associated with BMI in later years 
[19,20]. Similarly, ponderal index (PI) at birth has been found to be 
positively associated with BMI in later stages [19,21]. Together, these 
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studies indicate that different birth size characteristics may be associ
ated differently with later body weight and that these associations may 
vary throughout the life course.

However, the challenge in analyzing the effects of intrauterine con
ditions on later body weight lies in distinguishing these conditions from 
the effect of the maternal genotype, which is partly inherited by the 
offspring. Maternal genetic variants explained 22 % of the birth weight 
variation in women of European descent [13]. Another study showed 
that placental weight and fetal growth share genetic factors, with ge
netic correlations ranging from 0.2 to 0.6 [22]. Previous research has 
reported heritability estimates of 23–32 % for birth length, 17–23 % for 
birth weight, and 9–17 % for PI [23]. Genetic factors also play a sig
nificant role in explaining individual differences in BMI, as shown by 
twin [5,6] and genome-wide association studies [24–27]. Furthermore, 
gestational age as a key determinant of birth size characteristics can 
contribute to these associations. Previous studies have explored the 
relationship between gestational age and BMI in childhood [28,29], 
adolescence [30], and adulthood [31,32], reporting a positive associa
tion in childhood, no significant relationship in adolescence, and mixed 
findings in adulthood.

Twin pregnancies offer a unique opportunity to examine how spe
cific intrauterine conditions influence the associations between birth 
size characteristics and later BMI trajectories and fluctuation. Twins 
have the same gestational age, largely experience the same postnatal 
environment, and in the case of monozygotic (MZ) twins, share practi
cally the same DNA sequence. However, each fetus develops under 
unique fetoplacental conditions, including variations in nutrient and 
oxygen supply, which can differ significantly between co-twins [33]. 
These conditions are influenced by the type of placenta (monochorionic 
or dichorionic), which can further affect intrauterine development. In 
monochorionic twins, where both fetuses share a single placenta, there 
is a greater likelihood of unequal nutrient and oxygen distribution be
tween the twins, potentially leading to discordant growth patterns [34]. 
In contrast, dichorionic twins, with separate placentas, are less likely to 
experience such disparities [35]. Consequently, comparing within-pair 
associations in MZ twins, who include both monochorionic and 
dichorionic pregnancies, and dizygotic (DZ) twins, who are all dichor
ionic, can provide information on the effects of intrauterine conditions, 
placental type, and genetic factors on the association between birth size 
characteristics and later BMI development.

Twin design has been previously used to analyze the associations 
between birth size characteristics and later BMI [24]. However, less is 
known about the associations between birth size characteristics and 
subsequent weight gain, as well as BMI fluctuation across different life 
stages. Understanding patterns of BMI change over time provides valu
able insight into developmental and health-related processes. A large 
positive BMI trajectory—indicating a rapid increase in BMI across a 
specific developmental stage—may reflect excessive weight gain, which 
has been linked to an increased risk of obesity-related metabolic disor
ders such as insulin resistance, type 2 diabetes, and cardiovascular dis
ease [36,37]. In addition to the overall direction of BMI change, BMI 
fluctuation—captured through variance or successive differences in BMI 
over time—can reflect instability in weight regulation. High fluctuation 
may indicate underlying physiological dysregulation, such as poor 
metabolic control or hormonal imbalances, and has been associated with 
inconsistent health behaviors (e.g., irregular eating patterns, physical 
activity, or psychological stress), as well as increased risk for adverse 
cardiometabolic outcomes [38–40]. Therefore, analyzing both BMI 
trajectories and fluctuations allows for a more detailed understanding of 
how weight patterns across key developmental periods relate to later 
health outcomes.

We aimed to address these gaps by investigating associations be
tween birth size characteristics and BMI trajectories at various stages of 
adolescence and adulthood, as well as fluctuation across two broader life 
stages (adolescence and adulthood) using two Finnish twin cohorts. The 
twin design allowed us to examine the contribution of intrauterine 

conditions to these associations while controlling for genetic factors. We 
also explored interactions between baseline BMI and birth size charac
teristics to analyze in more detail how these traits act together in 
shaping BMI trajectories and fluctuation.

2. Data and methods

2.1. Cohorts

The study cohort was derived from two independent Finnish popu
lation based, longitudinal twin studies. The FinnTwin12 (FT12) cohort 
included all twins born in Finland during 1983–1987. The measure
ments were taken at approximate ages of 11.5, 14, 17.5, 24, and 37 years 
(response rates: 43 % – 92 %; maximum N = 5362) [41–43]. The 
FinnTwin16 (FT16) cohort included all twins born in Finland during 
1974–1979. The measures were taken at approximate ages of 16, 17, 18, 
25, and 34 years (response rates: 72 % – 95 %; maximum N = 5659) 
[44,45]. In each wave, the participants self-reported their current 
weight and height used for the calculation of BMI (kg/m2). Subsets of 
twin pairs were enrolled in laboratory protocols for which DNA was 
obtained and zygosity was confirmed. When DNA was unavailable, 
zygosity was based on responses about physical similarities from the 
baseline questionnaire. This method was evaluated for 395 same-sex 
twin pairs from the FT12 study, and 97 % of the zygosity classifica
tions based on the questionnaire were confirmed by DNA testing, indi
cating high reliability [45].

Separate questionnaires were sent to the parents of the twins, who 
provided information on birth length and weight used for the calculation 
of PI (kg/m3). The parents also reported the gestational age of the twin 
pregnancy and whether there were one or two placentas. All DZ pairs are 
dichorionic, while MZ pairs were classified as mono- and dichorionic 
based on the parental reports. Among MZ pairs, 80 % were classified as 
monochorionic, which is probably an overestimate as a single placenta 
can be hard to distinguish from a conjoined placenta. Nearly 8 % of 
parents could not recall the gestational age. The mean reported gesta
tional age was 36.9 (SD 2.6) weeks, with a distribution similar to that in 
the Birth Registry of Finland [46].

Initially, participants with at least two BMI measures in a specific 
stage of adolescence or adulthood were included, resulting in 9992 twin 
individuals. Impossible values and outliers for BMI trajectories, fluctu
ation, and birth size characteristics were checked through visual in
spection of scatter plots leading to a final sample of 9850 twin 
individuals. For association analyses, individuals with their co-twin (N 
= 8900) and without their co-twin (singletons) (N = 950) were included. 
The number of individuals included in the association analyses varied by 
developmental stage and outcome. Specifically, for the association an
alyses with BMI trajectories, 4277 individuals were included for early 
adolescence, 9056 for middle adolescence, 4949 for late adolescence, 
6358 for emerging adulthood, and 4542 for early adulthood. For the 
association analyses of BMI fluctuation, 8663 individuals were included 
for adolescence and 4344 for adulthood. For within-pair analyses, only 
complete twin pairs were included (N = 4450 pairs).

2.2. BMI trajectories and fluctuation calculation

The BMI trajectories were calculated using a delta method, which 
subtracts the BMI values at two timepoints and then divides the results 
by the time elapsed between the two measurements. BMI trajectories 
were calculated for three stages of adolescence (early adolescence: from 
11 to 14 years old; middle adolescence: from 14 to 17 years old; late 
adolescence: from 17 to 18 years old) and two stages of adulthood 
(emerging adulthood: from 17.5 or 18 to 24 years old; early adulthood: 
from 24 to 34/37 years old) based on previous studies [47]. The last 
measure of each stage was the first measure of the subsequent stages. 
The selected age ranges correspond to key periods of growth, puberty, 
and maturation that influence BMI development. During early 
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adolescence (11–14 years), growth is rapid due to the hormonal changes 
of puberty [48]. In middle adolescence (14–17 years), most physical 
growth is complete, though brain development continues [48]. In late 
adolescence (17–18 years), major life transitions (especially those 
related to home, school, work, and personal identity) become more 
prominent while males may continue physical development [48]. 
Emerging adulthood (18–24 years) represents peak physiological func
tioning, including strength, sensory abilities, and cardiovascular health 
[49]. Additionally, this period has been identified as a high-risk period 
for excess weight gain, with several studies reporting the greatest in
crease in obesity prevalence occurring during this life stage [50,51]. 
Finally, early adulthood (24–37 years) is more stable but may involve 
gradual weight increase related to aging and lifestyle. The stage-specific 
approach allowed us to examine the rates of BMI change during key 
developmental transitions, reflecting potentially sensitive periods for 
growth and weight gain.

To calculate BMI fluctuation, we calculated the variance of BMI 
trajectories across two different stages. The BMI fluctuation in adoles
cence were defined based on BMI trajectories in early, middle, and late 
adolescence. The BMI fluctuation in adulthood was defined based on 
BMI trajectories of emerging adulthood and early adulthood. To 
examine the robustness of our BMI fluctuation measure, we additionally 
calculated BMI fluctuation using the Root Mean Square of Successive 
Differences (RMSSD), a method that captures the magnitude of succes
sive BMI changes over time and that has been previously used for BMI 
[53] as well as other body composition measures [54]. We then assessed 
the correlation between RMSSD and our originally proposed approach. 
These results are presented in Supplementary Table 1. These analyses 
were conducted using the R software (version 4.2.3) and packages lme4 
(version 1.1–34), lmerTest (version 3.1–3), modelsummary (version 
1.4.3), dplyr (version 1.1.4) and optimx (version 2023–10.21).

2.3. Association and interaction analysis

First, the associations between: (i) birth size characteristics (length, 
weight, and PI) with BMI trajectories at different stages of adolescence 
and adulthood and (ii) birth size characteristics with BMI fluctuation in 
adolescence and adulthood were quantified. The analysis focused on 
specific developmental stages, rather than modeling BMI changes 
continuously across the entire lifespan. BMI trajectories were treated as 
distinct outcome variables, since they represent summary measures 
rather than repeated observations. Second, significant associations were 
analyzed for interaction analysis to determine if baseline BMI at each 
specific stage influences the associations between BMI trajectories at the 
same stage and the birth size characteristics. Linear regression models 
with individual-specific BMI trajectories and BMI fluctuation as depen
dent variables, and individual-specific birth size characteristics, sex, 
zygosity, stage-specific baseline BMI, stage-specific baseline age, and 
cohort identifier as independent variables were used. Interactions be
tween stage-specific baseline BMI and birth size characteristics were 
included in the model. To account for the non-independence of obser
vations within twin pairs, a family identifier was used as a clustering 
variable, and the model was estimated using cluster-robust standard 
errors to address within-family correlations. The analyses were con
ducted with and without sex stratification. Interactions between sex and 
the birth size characteristics were tested to investigate potential differ
ences between males and females.

Sensitivity analysis was conducted to account for the potential in
fluence of gestational age and placenta type on intrauterine conditions, 
which may confound the associations between birth size characteristics 
and BMI trajectories and fluctuation in adolescence and adulthood. 
Gestational age and placenta type were used as independent variables in 
the linear regression models along with the interaction of birth size 
characteristics with zygosity and type of placenta. Before carrying out 
sensitivity analysis, individuals with no data or impossible data for 
gestational age and placenta type were removed. These analyses were 

performed using the R software (version 4.2.3) and the R packages dplyr 
(version 1.1.4), modelsummary (version 1.4.3), sandwich (version 
3.0–2) and lmtest (version 0.9–40).

2.4. Within-pair analysis

To control for the potential influence of genetic factors on the 
identified associations, within-pair analysis was performed using linear 
regression models [24]. We calculated within-pair differences (Δ) be
tween the BMI trajectories, BMI fluctuation, and the birth size charac
teristics from previously found significant associations. We also 
calculated the mean of the baseline BMI values for each pair. Then, we 
performed linear regression models with within-pair birth size charac
teristics difference as the independent variable and within-pair BMI 
trajectories and fluctuation differences as the outcome variable. The 
specific models are displayed in the caption of the corresponding table. 
Initially, all complete twin pairs (a total of 4450 pairs) were included, 
followed by stratification by zygosity (1514 MZ pairs and 2936 DZ 
pairs). MZ twins share virtually identical DNA sequences, while DZ 
twins share 50 % of genetic variance. Differences in birthweight and 
later BMI within MZ pairs can only be influenced by environmental 
factors that are unique to individuals (i.e. the intrauterine conditions), 
whereas differences within DZ pairs can also be influenced by genetic 
factors [52,53]. Therefore, a stronger association in DZ than in MZ twins 
may indicate that the relationship between birthweight and later BMI 
development is confounded by genetic factors. To test whether the dif
ferences between MZ and DZ twins in effect sizes may be due to sample 
error, interactions between zygosity and birth size characteristics were 
calculated. These analyses were performed using the R software (version 
4.2.3) and the R packages dplyr (version 1.1.4), modelsummary (version 
1.4.3), sandwich (version 3.0–2) and lmtest (version 0.9–40).

Differences between co-twins may be small, especially for traits 
strongly influenced by genetic factors, potentially leading to low sta
tistical power in within-pair models. To evaluate the range of variability 
in trait differences, we identified twin pairs whose absolute difference in 
BMI trajectory exceeded 0.1 units across the previously defined age in
tervals of 11–14 (N = 111 discordant MZ pairs and 252 discordant DZ 
pairs), 14–17 (N = 185 and 447, respectively), 17–18 (N = 93 and 216, 
respectively), 18–24 (N = 235 and 609, respectively), and 24–34/37 
years (N = 208 and 492, respectively). The variances of the trait dif
ferences per zygosity groups are reported in Supplementary Table 6. 
These findings suggest significant variability in trait differences, indi
cating that within-pair models are likely adequately powered to detect 
associations, except for birth length, where differences between co-twins 
were minimal (< 1 cm).

3. Results

Table 1 presents the descriptive statistics of birth size characteristics, 
BMI trajectories, and BMI fluctuation during adolescence and adulthood 
by sex and cohort. In both cohorts, birth characteristics were greater in 
boys than in girls. BMI trajectories were higher in males in all stages of 
adolescence and adulthood in the FT16 cohort, while in the FT12 cohort, 
females had higher values in early adolescence (11–14 years of age) and 
early adulthood (24–37 years of age), and males in the other stages. For 
BMI fluctuation, in the FT12 cohort, females had higher values in 
adolescence while males had higher values in adulthood. In the FT16 
cohort, the BMI fluctuation values were higher in males in adolescence 
and adulthood. We observed sex differences in both cohorts for BMI 
trajectories at all stages and for BMI fluctuation in adulthood.

The distribution of gestational age and chorionicity in the FT12 and 
FT16 cohorts reveals similar patterns. In both cohorts, the majority of 
individuals were born at term, with a peak in gestational ages between 
36 and 38 weeks. The FT12 cohort showed a higher proportion of twin 
births at these gestational ages, especially for males and females born at 
38 weeks. The FT16 cohort also followed this trend, with a similar 
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distribution but slightly higher counts for twin births at 38 weeks 
(Supplementary Table 2). Regarding the type of placenta, both cohorts 
predominantly comprised dichorionic twins (72 % in both cohorts) 
(Supplementary Table 3).

The associations of birth characteristics with BMI trajectories and 
fluctuation in the pooled data from the FT12 and FT16 cohorts are 
shown in Table 2. In the pooled data of males and females, all birth 
characteristics (length, weight, and PI) were significantly associated 
with BMI trajectories in early adolescence: greater birth length and 
weight were associated with lower BMI trajectories, while higher PI was 
associated with higher BMI trajectories (length: β = − 12.93; 95 % CI: 
− 16.50 to − 2.10; weight: β = − 0.28; 95 % CI: − 0.53 – -0.17; PI: β =
0.09; 95 % CI: 0.02–0.19). Birth length was positively associated with 
BMI trajectories in middle adolescence (β = 9.19; 95 % CI: 0.03–15.40) 
and negatively associated with BMI fluctuation in adulthood (β = − 3.31; 
95 % CI: − 7.81 to − 0.46 for the variance-based method and β = − 1.60; 
95 % CI: − 2.58 to − 0.62 for the RMSSD method). Birth weight was also 
associated with BMI fluctuation in adulthood (β = − 0.17; 95 % CI: 
− 0.48 to − 0.05 for the variance-based method and β = − 27.10; 95 % CI: 
− 45.52 to − 8.69 for the RMSSD method) and BMI trajectories in early 
adulthood (β = − 0.13; 95 % CI: − 0.37 – -0.02). Higher PI was also 
associated with lower BMI in late adolescence (β = − 0.03; 95 % CI: 
− 0.18 – -0.02). The interactions between sex and birth size character
istics were not statistically significant (p-value: 0.09–0.97), indicating 
no evidence of different associations between males and females.

The sensitivity analysis including gestational age and type of 
placenta showed that five from the previously found significant associ
ations remained significant after these adjustments. The interactions 
between (i) zygosity and birth size characteristics and (ii) placenta type 
and birth size characteristics were not statistically significant (Supple
mentary Table 4). We then conducted an interaction analysis between 
birth size characteristics and baseline BMI for BMI trajectories and 
fluctuation for all significant associations. However, none of these in
teractions were statistically significant (Table 3).

Finally, we conducted within-pair analysis for the significant asso
ciations of BMI trajectories and fluctuation with birth size characteristics 
(Table 4). The associations were calculated first including all complete 
twin pairs and then stratified by zygosity. None of the previously found 
eight significant associations remained significant. Moreover, we 
observed no statistically significant interaction with zygosity. Alongside 
the within-pair analysis results, intra-pair mean differences for birth size 
characteristics are presented in Table 4. For all three birth size charac
teristics, within-pair differences were smaller in DZ twin pairs compared 
to MZ twin pairs.

4. Discussion

The present study examined the associations between BMI trajec
tories at five life stages (three over adolescence and two over adulthood) 
and fluctuation at two broader life stages (adolescence and adulthood) 
with birth size characteristics (length, weight, and PI). The results were 
largely similar in males and females, and no evidence for sex differences 
in these associations was found. When pooling males and females, eight 
significant associations were identified between BMI trajectories and 
fluctuation with birth characteristics (three of them with birth length, 
three with birth weight, and two with PI). However, no interactions 
between birth size characteristics and BMI at baseline in explaining 
variability in BMI trajectories or fluctuation were found. Finally, none of 
the eight identified associations remained statistically significant in the 
within-pair analysis. This suggests that the intrauterine environmental 
factors differing between co-twins, such as nutrient supply through 
different vascularization, may not explain the associations between 
birth size and BMI development. Furthermore, no interaction between 

Table 1 
Means and standard deviations (SD) of birth characteristics and BMI trajectories 
and fluctuation across different stages of life in FT12 and FT16 cohorts by sex.

Males Females Sex differences 
(p-value)

Mean SD Mean SD

FinnTwin12 N = 2579 N = 2528
Birth characteristics
Length (m) 0.48 0.02 0.47 0.01 0.18
Weight (kg) 2.71 0.53 2.66 0.53 0.25
Ponderal Index (kg/m3) 25.78 1.80 25.25 1.91 0.98

BMI trajectories (kg/m2 

per year)
Early adolescence (11–14 

years old)
0.64 0.63 0.70 0.73 5.12e-03

Middle adolescence 
(14–17 years old)

0.67 0.60 0.45 0.61 <2.00e-16

Late adolescence (17–18 
years old)

– – – – –

Emerging adulthood (17/ 
18–24 years old)

0.35 0.37 0.24 0.35 2.36e-13

Early adulthood (24–40 
years old)

0.16 0.22 0.22 0.26 5.78e-04

BMI fluctuation (kg/m2 

per year)
Adolescent (11–18 years 

old)
0.46 0.97 0.47 0.89 0.76

Adulthood (18–40 years 
old)

0.10 0.21 0.08 0.17 7.43e-03

FinnTwin16 N = 2749 N = 2970
Birth characteristics
Length (m) 0.49 0.03 0.47 0.03 0.29
Weight (kg) 2.67 0.55 2.65 0.53 0.17
Ponderal Index (kg/m3) 25.31 2.45 24.26 5.28 0.81

BMI trajectories (kg/m2 

per year)
Early adolescence (11–14 

years old)
– – – – –

Middle adolescence 
(14–17 years old)

0.70 1.34 0.27 1.18 <2.00e-16

Late adolescence (17–18 
years old)

0.50 0.93 0.22 0.88 <2.00e-16

Emerging adulthood (17/ 
18–24 years old)

0.34 0.37 0.23 0.39 <2.00e-16

Early adulthood (24–40 
years old)

0.20 0.25 0.18 0.29 1.04e-05

BMI fluctuation (kg/m2 

per year)
Adolescent (11–18 years 

old)
1.63 4.38 1.34 3.98 0.67

Adulthood (18–40 years 
old)

0.13 0.34 0.12 0.36 4.02e-08

Caption: The BMI trajectory estimates were obtained by Delta slope method 
based on BMI at two consecutive points, while fluctuation were derived from 
standard deviation of different BMI trajectories. The sex difference was studied 
using linear regression models (for ages: Age at n wave ~ Sex + Zygosity. For 
birth size characteristics: Birth size characteristics ~ Sex + Zygosity + Twin 
order. For BMI: BMI at n wave ~ Age at n wave + Sex + Zygosity + Birth length 
+ Birth weight. For BMI trajectories during adolescence: BMI trajectories during 
adolescence ~ BMI intercept for adolescence + Adolescence age baseline +
Zygosity + Sex + Birth weight. For BMI trajectories during adulthood: BMI 
trajectories during adulthood ~ BMI intercept for adulthood + Adulthood age 
baseline + BMI trajectories during adolescence + BMI intercept for adolescence 
+ Zygosity + Sex + Birth weight. For BMI fluctuation during adolescence: BMI 
fluctuation during adolescence ~ BMI intercept for adolescence + BMI trajec
tories during adolescence + Zygosity + Sex. For BMI fluctuation during adult
hood: BMI fluctuation during adulthood ~ BMI intercept for adulthood + BMI 

trajectories during adolescence + Zygosity + Sex. Abbreviations: SD: standard 
deviation, BMI: body mass index.
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birth size characteristics and baseline BMI in explaining BMI trajectories 
and fluctuation was found. Previous studies have reported positive 
phenotypic associations between different birth size characteristics and 
BMI in adolescence and adulthood [19,20,54,55]. However, to the best 
of our knowledge, no previous studies on the association of birth size 
characteristics and BMI trajectories and fluctuation have been 
published.

Our results provide evidence of the heterogeneous nature of associ
ations between birth size characteristics and longitudinal BMI outcomes 
across different life stages. While larger birth size (in terms of birth 
weight and length) was positively associated with BMI during adoles
cence and adulthood [19], the associations with BMI trajectories and 
fluctuation were negative. This suggests that individuals born larger 
may experience slower increases in BMI over time, particularly during 
adolescence, in contrast to those born smaller, who may show faster or 
more pronounced BMI trajectories. This discrepancy underscores the 
complexity of the relationship between early life factors and later 
growth patterns, suggesting that birth size characteristics may have a 

differential effect on static BMI measures compared to dynamic BMI 
trajectories and fluctuation.

The diverse and occasionally opposing associations between birth 
size and BMI trajectories probably stem from intricate growth and 
developmental processes. Early growth patterns, such as catch-up or 
catch-down growth, can impact BMI differently depending on the timing 
during development [56]. Changes in gene expression throughout 
development may affect how genetic and environmental factors shape 
growth trajectories [57]. Environmental factors like nutrition and 
physical activity also have varying impacts across different life stages 
[58,59]. These biological and environmental mechanisms underscore 
the dynamic and stage-specific nature of how birth size influences BMI 
trajectory and fluctuations over time.

In the sensitivity analysis, including gestational age and placenta 
type as additional covariates along with the interactions of birth size 
characteristics with zygosity and type of placenta, the associations 
observed between BMI trajectories and birth size characteristics were 
largely consistent with the main analysis, with no substantial changes in 

Table 2 
Associations of birth characteristics with BMI trajectories per 10 years across different stages of the adolescence and adulthood and fluctuation per 10 years across two 
stages of life by sex.

Variables of study
All 
(N = 9850)

Males 
(N = 4723)

Females 
(N = 5127)

Birth size characteristic-sex 
interaction

β 95 % CI β 95 % CI β 95 % CI p-value

LL UL LL UL LL UL

Birth length
BMI trajectories in early adolescence − 12.93 − 16.50 − 2.10 − 9.12 − 17.30 2.80 − 15.44 − 21.70 − 0.30 0.77
BMI trajectories in middle 

adolescence 9.19 0.03 15.40 9.45 − 3.60 20.10 8.84 − 2.58 16.94 0.43
BMI trajectories in late adolescence − 5.01 − 11.31 7.38 − 5.30 − 15.90 12.06 − 3.83 − 12.24 12.18 0.22
BMI trajectories in emerging 

adulthood − 4.32 − 6.73 0.21 − 2.50 − 7.43 2.86 − 4.43 − 8.71 − 0.03 0.93
BMI trajectories in early adulthood − 2.07 − 4.81 0.83 − 2.39 − 5.95 1.77 − 1.55 − 5.73 2.08 0.65
BMI fluctuation1 in adolescence 3.32 − 24.46 14.92 7.56 − 36.93 18.64 − 3.26 − 27.64 28.55 0.47
BMI fluctuation2 in adolescence 0.20 − 0.10 0.60 0.23 − 0.10 0.29 − 0.07 − 0.11 0.08 0.51
BMI fluctuation1 in adulthood − 3.31 − 7.81 − 0.46 − 2.36 − 8.57 2.86 − 5.19 − 9.92 − 0.16 0.90
BMI fluctuation2 in adulthood − 1.60 − 2.58 − 0.62 − 0.89 − 3.26 1.30 − 3.88 − 6.12 − 0.07 0.92

Birth weight
BMI trajectories in early adolescence − 0.28 − 0.53 0.17 − 0.17 − 0.63 0.46 − 0.36 − 1.63 0.87 0.97
BMI trajectories in middle 

adolescence 0.67 0.27 1.07 0.69 0.07 1.31 0.63 0.02 1.06 0.32
BMI trajectories in late adolescence − 0.23 − 0.72 0.23 − 0.61 − 1.09 2.37 0.10 − 0.91 0.81 0.09
BMI trajectories in emerging 

adulthood − 0.16 − 0.36 0.01 − 0.03 − 1.66 1.24 − 0.29 − 0.41 − 0.03 0.08
BMI trajectories in early adulthood − 0.13 − 0.37 − 0.02 − 0.10 − 1.15 0.68 − 0.19 − 0.47 − 0.06 0.79
BMI fluctuation1 in adolescence 0.27 − 1.36 0.73 0.07 − 2.54 1.67 0.51 − 1.60 2.16 0.66
BMI fluctuation2 in adolescence − 0.70 − 8.03 6.50 − 0.05 − 1.80 0.89 − 1.24 − 2.24 − 0.96 0.70
BMI fluctuation1 in adulthood − 0.17 − 0.48 − 0.05 − 0.01 − 1.76 0.96 − 0.34 − 0.63 − 0.16 0.35
BMI fluctuation2 in adulthood − 27.10 − 45.52 − 8.69 − 3.45 − 7.80 3.24 − 34.80 − 48.20 − 16.65 0.42

Ponderal Index
BMI trajectories in early adolescence 0.09 0.02 0.19 0.08 0.07 0.23 0.11 − 0.07 0.28 0.58
BMI trajectories in middle 

adolescence 0.03 − 0.06 0.19 0.08 − 0.26 0.11 − 0.01 − 0.17 0.12 0.17
BMI trajectories in late adolescence − 0.03 − 0.18 − 0.02 − 0.05 − 2.06 − 0.23 − 0.01 − 0.12 0.10 0.26
BMI trajectories in emerging 

adulthood 0.01 − 0.09 0.07 0.02 − 0.05 0.09 − 0.01 − 0.09 0.04 0.21
BMI trajectories in early adulthood − 0.01 − 0.08 0.02 0.01 − 0.03 0.08 − 0.02 − 0.14 − 0.02 0.41
BMI fluctuation1 in adolescence 0.02 − 0.06 0.05 − 0.06 − 0.21 0.20 0.11 − 0.31 0.20 0.26
BMI fluctuation2 in adolescence 0.06 − 0.01 0.10 − 0.09 − 0.23 0.21 0.08 − 0.17 0.19 0.32

BMI fluctuation1 in adulthood
− 3.72e- 
03 − 0.08 0.03 0.02 − 0.04 0.12 − 0.02 − 0.10 0.06 0.12

BMI fluctuation2 in adulthood − 0.01 − 0.20 0.06 0.04 − 0.06 0.14 − 0.04 − 016 0.10 0.18

Caption: Linear regression model examining the association of BMI trajectories and fluctuation (obtained by variance method [1] and Root Mean Square of Successive 
Differences [2]) at different stages and birth size characteristics are displayed along with robust standard errors clustered by family ID (using the HC3 estimator) to 
account for within-family correlations at the twin family level. The model has as an outcome BMI trajectories and fluctuation in different stages and includes covariates 
for Birth size characteristics, Twin order, Cohort ID, Baseline BMI, Age baseline, Zygosity and Sex when including all the individuals. The interaction between birth size 
characteristic and sex was included as a covariate when checking for sex interactions. Finaly, sex was dropped as a covariate when analyzing males and females 
separately. Abbreviations: BMI: Body mass index; β: Association estimate; CI: Confidence interval; LL: Lower limit; UL: Upper limit.
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direction or strength. The inclusion of gestational age and placenta type 
did not significantly alter the relationships, indicating that these intra
uterine conditions had minimal impact on the overall findings. Never
theless, other intrauterine conditions, such as maternal nutrition [60], 
placental function [12,13,61], and hormonal environment [62], may 
play a crucial role in shaping both birth size characteristics and subse
quent BMI development. These early-life influences could contribute to 
the observed differences in BMI trajectories, potentially affecting 
metabolic programming and growth regulation mechanisms that persist 
in adolescence and adulthood.

Finally, no associations between birth characteristics and BMI tra
jectories remained significant in within-pair analysis, suggesting that 
intrauterine environmental factors that differ between twin fetuses do 
not contribute to this association. While environmental factors under
pinning the correlations between birth size characteristics and later BMI 
have been reported in previous studies [54], to our knowledge, the 
current study is the first to investigate how environmental effects may 
underpin associations between birth size characteristics and BMI tra
jectories and fluctuation. It is possible that genetic factors, rather than 
environmental ones, primarily influence the relationship between birth 

Table 3 
Linear regression model results to assess interactions between birth variables and BMI baseline affecting the trajectories and fluctuation in BMI per 10 years when 
pooling males and females data from FT12 and FT16.

Birth size characteristic BMI baseline Birth size characteristic: BMI baseline

β 95 % CI β 95 % CI β 95 % CI

LL UL LL UL LL UL

Birth length
BMI trajectories in early adolescence 41.10 − 8.83 91.10 0.63 − 0.70 1.96 − 2.91 − 5.76 0.1
BMI trajectories in middle adolescence − 29.62 − 84.35 25.10 − 1.66 − 2.95 0.37 1.85 − 0.87 4.59
BMI fluctuation in adulthood 24.68 − 6.87 56.27 0.87 − 0.17 1.57 − 1.31 − 2.79 0.16

Birth weight
BMI trajectories in middle adolescence − 1.61 − 4.44 1.22 − 1.09 − 1.48 − 0.70 0.11 − 0.03 0.25
BMI trajectories in early adulthood − 0.95 − 1.99 0.07 − 0.16 − 0.28 − 0.03 0.03 − 0.01 0.10
BMI fluctuation in adulthood 0.39 − 1.22 2.01 0.32 0.01 0.52 − 0.02 − 0.10 0.05

Birth Ponderal Index
BMI trajectories in early adolescence − 7.71e-03 − 0.46 0.44 − 0.08 − 1.55 − 0.21 4.83e-03 − 0.02 0.03
BMI trajectories in late adolescence − 0.24 − 0.90 0.41 − 0.70 − 1.50 0.10 9.70e-03 − 0.02 0.04

Caption: Linear regression model examining the association of BMI trajectories and fluctuation at different stages and birth size characteristics are displayed along 
with robust standard errors clustered by family ID (using the HC3 estimator) to account for within-family correlations at the twin family level. The model has as an 
outcome BMI trajectories and fluctuation in different stages and includes covariates for Birth size characteristics, Twin order, Cohort ID, Baseline BMI, Age baseline, 
Zygosity, Sex and the interaction between Birth size characteristics and Baseline BMI. Abbreviations: β: Association estimate; LL: Lower limit; UL: Upper limit; CI: 
Confidence interval; BMI: body mass index.

Table 4 
Within pair analysis for previously found significant associations between birth size characteristics and BMI trajectories per 10 years in different stages of adolescence 
and adulthood and fluctuation in two stages of life.

All twin pairs 
(N = 4450 pairs)

Monozygotic twin pairs 
(N = 1514 pairs)

Dizygotic twin pairs 
(N = 2936 pairs)

Birth size characteristic-zygosity 
interaction

β 95 % CI β 95 % CI β 95 % CI

LL UL LL UL LL UL p-value

All participants
Birth length
Intrapair differences − 0.01 − 0.02 − 5.69e-03 –
BMI trajectories in early adolescence − 8.45 − 39.37 28.74 − 7.41 − 27.55 12.73 − 5.29 − 27.23 19.44 0.84
BMI trajectories in middle 

adolescence
3.58 − 29.19 31.31 6.79 − 10.03 24.46 − 15.87 − 37.42 5.68 0.85

BMI fluctuation in adulthood − 2.50 − 15.16 25.02 4.45 − 9.68 18.38 − 10.93 − 24.44 2.58 0.57

Birth weight
Intrapair differences − 8.4e-04 − 1.80e-03 − 3.50e-04 –
BMI trajectories in middle 

adolescence
0.40 − 1.69 1.30 0.39 − 0.58 1.48 − 0.63 − 1.74 0.74 0.39

BMI trajectories in early adulthood − 0.07 − 1.28 0.14 − 0.18 − 0.61 0.24 − 0.39 − 0.99 0.18 0.13
BMI fluctuation in adulthood − 0.03 − 0.30 1.05 0.21 − 0.57 0.97 − 0.41 − 0.98 0.15 0.40

Birth Ponderal Index
Intrapair differences 5.36e-03 5.16e-03 5.46e-03 –
BMI trajectories in early adolescence − 0.02 − 0.39 0.20 − 0.01 − 0.21 0.12 − 0.08 − 0.27 0.11 0.52
BMI trajectories in late adolescence − 0.01 − 0.24 0.10 − 0.01 − 0.13 0.10 − 0.15 − 0.36 0.09 0.60

Caption: Within-pair analysis was conducted using linear regression models in which each twin's outcome was regressed on the difference in exposure variables within 
the twin pair. The models used were: Δ BMI trajectory ~ Sex of the pair + Zygosity + Mean Baseline BMI + Baseline Age + Δ Birth size characteristic + Twin order of 
the pair + Cohort ID + Family ID when including all twin pairs. The interaction between Δ Birth size characteristic and zygosity was included as a covariate in the 
previous model when checking for zygosity interactions. Finaly, zygosity was dropped as a covariate from the initial model, when analyzing MZ and DZ separately. 
Abbreviations: β: Association estimate; LL: Lower limit; UL: Upper limit; CI: Confidence interval; BMI: body mass index.
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size characteristics and BMI across the lifespan. Alternatively, the 
environmental factors acting at the individual level may differ from 
those influencing twins, particularly in a shared environment. In twin 
pairs, both genetic and environmental factors are more tightly 
controlled, which could mean that the unique environmental factors 
(those experiences or exposures that differ between individuals within 
twin pairs) may play a more subtle role in shaping BMI trajectories. On 
the other hand, the shared environmental factors, such as maternal 
health behavior or socioeconomic conditions, may be more important 
for the associations between birth size characteristics and BMI trajec
tories and fluctuation later in life.

The current study has several strengths and limitations. We used 
population-based data collected over two decades, covering a period 
from puberty to early adulthood and including five measurement time 
points in two different cohorts. Examination of BMI change rates during 
distinct developmental stages allowed us to focus on specific periods 
that may be more sensitive to early-life influences. Calculating BMI 
trajectories based on changes between two consecutive time points per 
stage provided localized estimates of growth, yielding valuable insights 
into developmental BMI dynamics that might be missed by modeling 
overall trajectories alone. However, two or three measurements may be 
insufficient to capture accurate BMI trajectories and fluctuation. This 
limitation could lead to an underestimation of true variations, particu
larly for individuals who experience rapid weight loss or gain over short 
periods. To assess the effect of these sparse measurements on the ac
curacy of fluctuation estimates, we conducted additional sensitivity 
analyses using alternative methods. This involved calculating the stan
dard deviation of available BMI measures and examining their correla
tions (Supplementary table 5). These analyses indicated that BMI 
fluctuation estimates may differ depending on the number of available 
measurements, especially during adolescence. This underscores the 
importance of more frequent assessments to accurately capture the dy
namics of BMI fluctuation.

It is important to note that the use of a shared measurement point 
between two stages to obtain BMI trajectories in consecutive stages and 
BMI fluctuation in consecutive stages may have increased the associa
tion estimates and their significance. BMI alone does not provide in
formation about body composition, so including other indicators, such 
as body fat percentage, would be beneficial. While we controlled for 
some intrauterine conditions such as gestational age and type of 
placenta, we did not have information for other potential intrauterine 
conditions that may influence birth size characteristics and subsequent 
BMI development. Except for parental education [63], we lack infor
mation on childhood socioeconomic status, dietary habits, and physical 
activity during critical developmental periods. These factors are known 
to influence long-term BMI trajectories and may partially explain asso
ciations attributed to shared environmental influences in our study. 
Participant attrition over time represents another limitation. In FT12, 
the participation rate was 87 % in the first wave and declined over 
subsequent surveys, reaching 43 % in the final survey; in FT16, the 
participation rate started at 90 % and even though it increased in the two 
subsequent surveys, it decreased in the final survey, reaching 72 %. This 
may have affected the generalizability and reliability of the findings. 
Another limitation is that 80 % of the MZ twins appeared to consist of 
monochorionic twins, which is likely to be an overestimate. Finally, the 
relatively small sample size may have reduced the statistical power to 
detect significant associations and subtle interaction effects. This may be 
particularly true for within-pair models, where statistical power was 
likely limited, especially in analyses involving birth length. Thus, it 
would be valuable to replicate these analyses in larger samples, which 
could provide a clearer understanding of how different factors interact 
in shaping BMI trajectories and fluctuation over time.

In conclusion, our findings suggest that birth size characteristics 
have a long-term influence on BMI trajectories and fluctuation in 
adolescence and adulthood. However, these associations are driven by 
genetic factors or environmental factors, both intrauterine and 

postnatal, that are common for both twins rather than those differing 
during pregnancy. Since the effect sizes were small, these results should 
be replicated in other cohorts. The results emphasize the need for further 
research on early-life factors influencing later weight gain.
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