
Chapter 1
General introduction

General introduction 1

http://hdl.handle.net/1765/135550

General introduction



2 Erasmus Medical Center Rotterdam



INTRODUCTION

In 2012 our research group started the Sophia Pluto Study, investigating growth, detailed 
body composition and feeding patterns in healthy, term-born infants during the first two 
years of life, with a focus on finding determinants of adiposity programming in early life. This 
thesis describes the results of six new studies embedded in the Sophia Pluto Study.

This introduction describes the current knowledge concerning the influence of infant growth 
on adult health and the potential factors that might influence infant body composition. In 
addition, the objectives of the studies presented in this thesis are described.

Infant weight gain influencing adult health

Accelerated weight gain during early life has been associated with an increased risk for adult 
diseases (1-4). In the PROGRAM-study, initiated in 2002, our research group showed that 
rapid gain in weight-for-length during the first months of life was associated with higher 
body fat percentage, increased serum levels of total cholesterol, triglycerides, low density 
lipoprotein cholesterol (LDL) and higher systolic and diastolic blood pressure in early adult-
hood (5). These findings suggested the presence of a critical window for adiposity program-
ming in the first postnatal months and indicated that accelerated weight-for-length standard 
deviation score (SDS) should be avoided to reduce the risk for obesity, type 2 diabetes and 
cardiovascular diseases in later life (5-7). Others also showed that the first postnatal months 
are important for adiposity programming (8).

In 2019, ~13% of the Dutch children between age 4 and 17 years was overweight. At age 
2 years already ~8% of the infants had moderate or severe overweight (9). Obesity dur-
ing childhood is associated with short-term morbidity, such as asthma and psychological 
problems. It has also been associated with an increased risk for adolescent and adult obesity 
(10-13), as most adolescents with obesity will have excessive adiposity during adulthood. 
This in turn puts them at risk for later cardiovascular diseases and cancer (13).

Over the last years, progress has been made in unraveling the genetics and epigenetics of 
obesity (14), but only a low proportion of the heritability of obesity has now been explained 
(15). The established loci, the position of genes on a chromosome, involved in obesity 
development explain only a small part of the variance and can only poorly predict obesity 
(16). It can, therefore, not be clinically used as a predictive tool (15). Since obesity has a 
multifactorial etiology (13), single treatment strategies are not likely to be effective for all 
obesity patients.

In addition, obesity later in life requires lifelong treatment (13). Treatment options range 
from nutritional diet with increased physical activity to drugs and surgery (14), but the 
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success rate is generally very low in obtaining and maintaining a healthy weight. It is, there-
fore, crucial to elucidate which factors influence adiposity programming in early life as this 
will help to develop prevention strategies for childhood obesity in the future.

Infant body composition

There is increasing evidence that excessive weight gain in early life increases the risk of more 
fat mass in childhood and in later life. It is important to specify weight gain in terms of gain 
in fat mass and fat-free mass in early life. Most studies, however, have mainly focused on 
longitudinal anthropometric outcomes like weight-for-length SDS, BMI and skinfold mea-
surements as proxy for adiposity during infancy (17). As the first 1000 days, from conception 
until age 2 years, are an important period for the development of the body and brain of 
the infant (18, 19), it is crucial to obtain longitudinal values of fat mass and fat-free mass 
during the first 2 years of life. Nowadays, there are various tools to measure detailed body 
composition in infants.

Methods for measuring infant body composition
For many years weight and the ponderal index after birth, calculated based on birth weight 
and birth length, were used as a proxy for body composition. These measures, however, do 
not reflect actual body composition (20). Techniques to determine body composition by the 
multi-component model for quantifying fat, water, mineral and protein or by magnetic reso-
nance imaging (MRI) have been applied in infancy and childhood (21-23). These methods  
can accurately determine body composition, but are very expensive and cannot be used 
routinely in large studies.

Body composition by air-displacement 
plethysmography
Body composition in infants can nowadays be as-
sessed by air-displacement plethysmography (PEA 
POD, Infant Body Composition System, COSMED, 
Italy). ADP assesses fat mass (FM), fat mass percent-
age (FM%), fat-free mass and fat-free mass percent-
age by direct measurements of body mass and body 
volume, based on the whole-body densitometry 
principle (24). Body mass is measured on the in-
tegrated scale of the PEA POD and body volume is 

measured inside the closed test chamber by applying pertinent gas laws that relate pressure 
changes to volumes of air. Details of the principle and operating procedure of the PEA POD 
have been described (25, 26). Studies have shown that ADP is a valid, non-invasive and fast 
technique for measuring body composition in infants from birth until the upper limit of ap-

Figure 1. PEA POD by Cosmed. derived 
from the brochure on www.cosmed.com.
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proximately 8 kg (27-29). Another ADP system, BOD POD, is available from approximately 
2-3 years onward (30), but there are no ADP systems for children between age 6 months (± 
8 kg) and 2 years, which complicates obtaining longitudinal body composition by ADP during 
the important first 2 years of life.

Body composition by dual-energy X-ray Absorptiometry
Dual-energy X-ray absorptiometry (DXA) is an alternative 
measurement technique for body composition in infants 
(29, 31-33). DXA has good reproducibility in infants in case 
of a successful scan (31), but successful measurements 
are extremely difficult to obtain of infants, especially be-
tween the age of 1 and 2 years, due to movement artifacts 

(34-36). Also, it has been reported that DXA might overestimate FM (35). Reference values 
for body composition measured by DXA scan only exist from age 4 years onwards (37).

As abovementioned, obtaining successful 
measurements of infant body composition 
by DXA scan is limited due to movement ar-
tifacts. The use of a vacuum cushion might 
be a solution in preventing movement 
during DXA scan, which might improve the 
chance of obtaining successful measure-
ments. It was unknown if this would indeed 
be the case. An evaluation of the use of a 
vacuum cushion was, therefore, required.

In addition, it was unknown whether measurements of body composition by ADP and DXA, 
either with or without a vacuum cushion, would be comparable at the transition point at age 
6 months. This is essential for using longitudinal measurements of body composition during 
infancy by ADP and DXA.

Abdominal subcutaneous and visceral fat mass by ultrasound
Not only the total amount of fat mass, but also the location 
of fat mass is important. Particularly increased abdominal vis-
ceral FM has been associated with an unfavorable metabolic 
health profile during childhood and later on (38, 39).
Ultrasound is a non-invasive method to estimate abdominal 
fat mass. Ultrasound measurements of subcutaneous and 

Figure 2. DXA https://www.acertys.
com/nl/producten/ge-lunar-prodigy

Figure 3. DXA with vacuum cushion. Photo depicted 
with permission from parents.

Figure 4. Visceral fat mass thick-
ness by ultrasound.
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visceral fat mass thickness are reliable and reproducible estimates of abdominal subcutane-
ous fat mass and intra-abdominal (visceral) fat mass (40, 41).

Body composition – potential influencing factors
Several factors might influence the development of infant body composition (Figure 5), 
which are explained point-by-point below.

Boys and girls
Sex differences in body composition development during the first 2 years of life might be 
present due to different sex hormone levels in boys and girls in early life. It was already 
known that girls have higher fat mass and lower fat-free mass compared to boys after birth 
and we previously described higher fat mass in girls at age 6 months (27, 42-44), but the fat 
mass development until age 2 years was unknown.

Maternal characteristics
Maternal pre-pregnancy body mass index (BMI) and gestational weight gain are determi-
nants of fetal growth, infant birth weight and fat mass percentage at birth (45-47). Associa-
tions between these maternal factors and body composition in infants and children were not 
found during the postnatal period until age 6 months (48, 49), but independent relationships 
of maternal early pregnancy BMI with childhood BMI and adiposity have been found at age 
6 years (50). However, little is known about the effect of maternal pre-pregnancy BMI and 
gestational weight gain on early infant body composition trajectories.

Figure 5. Potential influencing factors of infant body composition development.
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Infant feeding
Breastfeeding and formula feeding are two types of infant feeding. Breastfeeding is consid-
ered the gold standard infant feeding, as it can result in health benefits for mother and child 
(51). Breastfeeding lowers the risk for adiposity during childhood (52-56) and is a protective 
factor against several infections (51), asthma development (57), eczema and allergic rhinitis 
(58) by supporting the development of the immune system and microbiota (59). For moth-
ers, breastfeeding lowers the risk of breast cancer (51).
Breastfeeding is, however, not always possible, for example due to maternal disease and/
or use of medication or is not desired by parents. In such cases, formula feeding is another 
option. Differences between breastfeeding and formula feeding exist in macronutrient com-
position and bioactive factors (60). In addition, there are also different formula feeding 
options, in brand and compound (61). Formula feeding has been associated with altered 
body composition in infancy compared to breastfeeding, as shown in small cohorts and 
short-term follow-up periods (60).

Human milk is composed of macronutrients, micronutrients and bioactive factors (62). Dif-
ferent techniques exist for analyzing macronutrient composition, with infrared human milk 
analyzers (HMA) being a method to estimate this composition. These methods are mainly 
used for optimizing feeding for preterm infants. It is, however, unknown to what extent 
human milk macronutrients might be involved in early adiposity programming, since studies 
investigating human milk macronutrients in association with (changes in) body composition 
in early life are very limited.

Rapid weight gain in early life
Accelerated gain in weight-for-age SDS during the first postnatal months has been associ-
ated with an increased risk for overweight and obesity in childhood and adulthood (63-67), 
unfavorable metabolic health profiles in young adults (6, 7, 68) and cardiovascular diseases 
in later life (4, 69). In addition, associations between early weight gain and childhood obesity 
have been described (55, 70, 71).
We have previously shown that newborns with similar weight and weight-for-length SDS 
might have different fat mass (72). Until now, data on associations between gain in fat mass, 
instead of gain in weight, and body composition trajectories in early life do not exist.
Longitudinal reference values for FM% until the age of 2 years are also lacking due to the 
different measurement techniques at different ages. Obtaining these longitudinal measure-
ments is of great importance as this period in early life is important for infant development 
(18, 19). In addition, it is important to compare body composition during the first 6 months 
of life, a critical window for adiposity programming, with the period from 6 months to 2 
years. These data are of interest since two studies showed that fat mass accretion until age 
6 months associated with higher fat mass index at age 4 years and that fat mass accretion 
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until age 8 months associated with overweight/obesity at age 6-11 years in a small group of 
children (73, 74).

Appetite regulating hormones
Appetite regulating hormones (ARH) are involved in the regulation of food intake through 
specific brain centers. The hypothalamus plays a key role in controlling glucose and energy 
homeostasis and food intake (75, 76). Active ghrelin, a stimulating hormone, increases food 
intake, while other hormones like leptin and PYY decrease food intake and increase meta-
bolic rate and adiponectin increases the uptake of fatty acids and carbohydrates (76, 77). 
Furthermore, the (active) ghrelin/PYY ratio is a marker of orexigenic drive (78, 79).
Data on ARH trajectories during early life are very limited. ARH have been associated with 
later growth and adiposity, but most studies used cord blood (80-85) instead of blood 
samples obtained during early infancy and specifically during the first 6 postnatal months. 
Investigating ARH and their trajectories in early life is of interest as they might play a role in 
adiposity programming.
Three studies compared ARH levels between breastfed and formula fed infants and reported 
different ARH levels in early life between both groups (86-88), but associations of ARH with 
human milk macronutrients, infant appetite and body composition have not been reported.

Figure 6. Appetite regulating hormones (partly adapted from www.sigmanutrition.com).
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Leukocyte telomere length
Telomeres are non-coding repetitive DNA sequences located at the end of chromosomes, 
protecting DNA in maintaining stability (89). Leukocyte telomere length (LTL) is a marker 
of biological aging as shortening occurs over time, because DNA polymerase is not able to 
fully replicate the end of chromosomes. When telomeres are reduced to a critical length, 
cells enter a state of arrest (90). By using a quantitative PCR technique, telomere length can 
be measured in leukocytes (90, 91). Shorter LTL has been associated with adiposity and a 
higher risk of cardiovascular diseases (92, 93). Until now, only one study has investigated 
longitudinal LTL during the first two years of life (94), which is an important period for infant 
development (18). Their first LTL measurement, however, was at a mean age of 8.6 months, 
thus not during the critical window for adiposity programming until age 6 months. It is 
important to specifically investigate LTL during this period in early life in association with 
changes in body composition until the age of 2 years.

Figure 7. Telomere shortening (adapted from http://www.wholehealthinsider.com/newsletter/2012/a-genet-
ic-solution-to-slowing-aging-and-preventing-disease/ and thesis Lin Smeets: Silver-Russell Syndrome & Small 
for Gestational Age – long-term health perspectives.)

HypOTHeses

We hypothesized that a rapid increase in fat mass percentage in the first 6 postnatal months 
leads to a higher fat mass percentage at the age of 2 years. We also hypothesized that infant 
feeding, milk macronutrient composition, leukocyte telomere length and appetite regulating 
hormones associate with adiposity development in the first two years of life.
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The Sophia Pluto Study birth cohort

The Sophia Pluto Study was initiated in 2012 to prospectively identify determinants of adi-
posity programming in early life in healthy, term-born infants during the first 2 years of life. 
The in- and exclusion criteria are described in Appendix A.

Aims of the studies

This thesis presents the results of 6 studies in healthy, term-born infants participating in the 
Sophia Pluto Study.
1. Longitudinal body composition assessment in early life
 To evaluate the reliability of using a vacuum cushion during dual-energy X-ray absorpti-

ometry (DXA) to prevent movement artifacts and to compare fat mass (FM) measured by 
DXA with FM measured by air-displacement plethysmography (ADP).

 To construct sex-specific longitudinal body composition values and charts from age 1 
month until 2 years.

2. Rapid increase in fat mass in early life and later body composition
 To investigate in which postnatal months a change in FM% is associated with FM% at age 

2 years
 To investigate whether a rapid increase in FM% in the first months of life is associated 

with higher trajectories of body fat mass during the first 2 years of life.
3. Human milk macronutrients, body composition and appetite
 To investigate human milk macronutrients at age 1 and 3 months in association with 

body composition and appetite until age 2 years in healthy, term-born infants.
4. Leukocyte telomere length and body composition
 To obtain longitudinal LTL measurements and determine the shortening of LTL during 

the first 2 years of life in healthy, term-born infants and to associate LTL shortening with 
potential stressors and body composition.

5. Appetite regulating hormones and body composition until age 6 months
 To investigate longitudinal serum ghrelin (acylated), PYY, ghrelin/PYY ratio and leptin lev-

els until age 6 months and their associations with body fat mass, infant feeding, human 
milk macronutrient composition and infant appetite until age 6 months.

6. Appetite regulating hormones and body composition until age 2 years
 To investigate longitudinal appetite regulating hormone levels from age 3 months to 2 

years in association with FM parameters at age 2 years and their predictive value for FM 
development until age 2 years.

 To investigate associations of appetite regulating hormone trajectories until 6 months 
and from 6 months to 2 years with trajectories of FM parameters in the same periods.
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AppeNDIx A

The Sophia Pluto Study cohort

The Sophia Pluto Study birth cohort was initiated based on the outcomes of the PROGRAM 
study, to prospectively identify determinants of adult disease in early life.

Subjects

Healthy infants are included in the Sophia Pluto Study. The inclusion into this study is still 
ongoing and the total number will be 1250 infants.

Inclusion criteria

• Gestational age of 37 weeks or more
• Age < 28 days
• Uncomplicated neonatal period without signs of severe asphyxia (defined as an Apgar 

score below three after five minutes), sepsis or long-term complication of respiratory 
ventilation

Exclusion criteria

• Known congenital or postnatal disease that could interfere with body composition devel-
opment

• Confirmed intra-uterine infection
• Maternal use of corticosteroids or significant maternal medical condition that could 

interfere with infant’s body composition development (e.g. diabetes)

Study design

The Sophia Pluto Study is a prospective, observational follow-up study of a birth cohort. The 
infants were included before age 28 days and visited the outpatient clinic at age 1, 3, 6, 9 
months and 1 year, 18 months and 2 years. During the visits, anthropometrics, body com-
position and various other parameters were measured and blood samples were collected. 
Until and including age 6 months, FM% was measured by air-displacement plethysmography 
(PEA POD) and from 6 months onward by DXA-scan. Abdominal subcutaneous and visceral 
fat mass were measured by abdominal ultrasound.

General introduction 11



ReFeReNCes

 1. Lucas A, Fewtrell MS, Cole TJ. Fetal origins of adult disease-the hypothesis revisited. BMJ. 
1999;319(7204):245-9.

 2. Singhal A. Long-Term Adverse Effects of Early Growth Acceleration or Catch-Up Growth. Ann Nutr 
Metab. 2017;70(3):236-40.

 3. Ong KK, Ahmed ML, Emmett PM, Preece MA, Dunger DB. Association between postnatal catch-up 
growth and obesity in childhood: prospective cohort study. BMJ. 2000;320(7240):967-71.

 4. Eriksson JG, Forsen T, Tuomilehto J, Winter PD, Osmond C, Barker DJ. Catch-up growth in childhood 
and death from coronary heart disease: longitudinal study. Bmj. 1999;318(7181):427-31.

 5. Leunissen RW, Oosterbeek P, Hol LK, Hellingman AA, Stijnen T, Hokken-Koelega AC. Fat mass accu-
mulation during childhood determines insulin sensitivity in early adulthood. J Clin Endocrinol Metab. 
2008;93(2):445-51.

 6. Leunissen RW, Kerkhof GF, Stijnen T, Hokken-Koelega A. Timing and tempo of first-year rapid growth in 
relation to cardiovascular and metabolic risk profile in early adulthood. JAMA. 2009;301(21):2234-42.

 7. Kerkhof GF, Hokken-Koelega AC. Rate of neonatal weight gain and effects on adult metabolic health. 
Nat Rev Endocrinol. 2012;8(11):689-92.

 8. Wells JCK. Body composition in infants: Evidence for developmental programming and techniques for 
measurement. Reviews in Endocrine and Metabolic Disorders. 2012;13(2):93-101.

 9. Struijs J dVE, Suijkerbuijk A, Molenaar J, Scheefhals Z, Baan C. Monitor Kansrijke Start 2019. Invoering 
van het actieprogramma en een meting van de uitgangssituatie. Bilthoven: RIVM. 2019.

 10. Singh AS, Mulder C, Twisk JW, van Mechelen W, Chinapaw MJ. Tracking of childhood overweight into 
adulthood: a systematic review of the literature. Obes Rev. 2008;9(5):474-88.

 11. Tsiros MD, Coates AM, Howe PR, Grimshaw PN, Buckley JD. Obesity: the new childhood disability? 
Obes Rev. 2011;12(1):26-36.

 12. Reilly JJ. Obesity in childhood and adolescence: evidence based clinical and public health perspec-
tives. Postgrad Med J. 2006;82(969):429-37.

 13. Cardel MI, Atkinson MA, Taveras EM, Holm J-C, Kelly AS. Obesity Treatment Among Adolescents: A 
Review of Current Evidence and Future Directions. JAMA pediatrics. 2020;174(6):609-17.

 14. Sun X, Li P, Yang X, Li W, Qiu X, Zhu S. From genetics and epigenetics to the future of precision treat-
ment for obesity. Gastroenterol Rep (Oxf). 2017;5(4):266-70.

 15. Goodarzi MO. Genetics of obesity: what genetic association studies have taught us about the biology 
of obesity and its complications. The Lancet Diabetes & Endocrinology. 2018;6(3):223-36.

 16. Loos RJF. Genetic determinants of common obesity and their value in prediction. Best Practice & 
Research Clinical Endocrinology & Metabolism. 2012;26(2):211-26.

 17. Roy SM, Spivack JG, Faith MS, Chesi A, Mitchell JA, Kelly A, et al. Infant BMI or Weight-for-Length and 
Obesity Risk in Early Childhood. Pediatrics. 2016;137(5).

 18. Pietrobelli A, Agosti M, MeNu G. Nutrition in the First 1000 Days: Ten Practices to Minimize Obesity 
Emerging from Published Science. Int J Environ Res Public Health. 2017;14(12):1491.

 19. Hu J, Aris IM, Lin P-ID, Rifas-Shiman SL, Perng W, Woo Baidal JA, et al. Longitudinal associations of 
modifiable risk factors in the first 1000 days with weight status and metabolic risk in early adoles-
cence. The American Journal of Clinical Nutrition. 2020.

 20. Villar J, Puglia FA, Fenton TR, Cheikh Ismail L, Staines-Urias E, Giuliani F, et al. Body composition at 
birth and its relationship with neonatal anthropometric ratios: the newborn body composition study 
of the INTERGROWTH-21(st) project. Pediatr Res. 2017;82(2):305-16.

12 Erasmus Medical Center Rotterdam



 21. Butte NF, Hopkinson JM, Wong WW, Smith EO, Ellis KJ. Body composition during the first 2 years of life: 
an updated reference. Pediatr Res. 2000;47(5):578-85.

 22. Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composition of reference children from birth to age 
10 years. Am J Clin Nutr. 1982;35(5 Suppl):1169-75.

 23. Harrington TA, Thomas EL, Frost G, Modi N, Bell JD. Distribution of adipose tissue in the newborn. 
Pediatr Res. 2004;55(3):437-41.

 24. COSMED. Pea Pod Brochure ENGLISH
 25. Ellis KJ, Yao M, Shypailo RJ, Urlando A, Wong WW, Heird WC. Body-composition assessment in infancy: 

air-displacement plethysmography compared with a reference 4-compartment model. Am J Clin Nutr. 
2007;85(1):90-5.

 26. Urlando A, Dempster P, Aitkens S. A new air displacement plethysmograph for the measurement of 
body composition in infants. Pediatr Res. 2003;53(3):486-92.

 27. Hawkes CP, Hourihane JOB, Kenny LC, Irvine AD, Kiely M, Murray DM. Gender- and Gestational Age–
Specific Body Fat Percentage at Birth. Pediatrics. 2011;128(3):e645-e51.

 28. Mazahery H, von Hurst PR, McKinlay CJD, Cormack BE, Conlon CA. Air displacement plethysmography 
(pea pod) in full-term and pre-term infants: a comprehensive review of accuracy, reproducibility, and 
practical challenges. Matern Health Neonatol Perinatol. 2018;4:12.

 29. Zanini RdV, Santos IS, Chrestani MAD, Gigante DP. Body Fat in Children Measured by DXA, Air-
Displacement Plethysmography, TBW and Multicomponent Models: A Systematic Review. Maternal 
and Child Health Journal. 2015;19(7):1567-73.

 30. COSMED. Bod Pod Brochure ENGLISH
 31. Godang K, Qvigstad E, Voldner N, Isaksen GA, Froslie KF, Notthellen J, et al. Assessing body compo-

sition in healthy newborn infants: reliability of dual-energy x-ray absorptiometry. J Clin Densitom. 
2010;13(2):151-60.

 32. de Knegt VE, Carlsen EM, Bech Jensen JE, Lade Rasmussen AM, Pryds O. DXA performance in a pe-
diatric population: precision of body composition measurements in healthy term-born infants using 
dual-energy X-ray absorptiometry. J Clin Densitom. 2015;18(1):117-23.

 33. Koo WW, Walters JC, Hockman EM. Body composition in human infants at birth and postnatally. J Nutr. 
2000;130(9):2188-94.

 34. Demerath EW, Fields DA. Body composition assessment in the infant. Am J Hum Biol. 2014;26(3):291-
304.

 35. IAEA. Body composition assessment from birth to two years of age. International Atomic Energy 
Agency Human Health Series Vienna, Austria. 2013;22.

 36. Fields David A, Demerath Ellen W, Pietrobelli A, Chandler-Laney Paula C. Body Composition at 6 
months of Life: Comparison Of Air Displacement Plethysmography and Dual-Energy X-Ray Absorpti-
ometry. Obesity. 2012;20(11):2302-6.

 37. van der Sluis IM, de Ridder MA, Boot AM, Krenning EP, de Muinck Keizer-Schrama SM. Reference data 
for bone density and body composition measured with dual energy x ray absorptiometry in white 
children and young adults. Arch Dis Child. 2002;87(4):341-7; discussion -7.

 38. Ferreira AP, da Silva Junior JR, Figueiroa JN, Alves JG. Abdominal subcutaneous and visceral fat thickness 
in newborns: correlation with anthropometric and metabolic profile. J Perinatol. 2014;34(12):932-5.

 39. Gishti O, Gaillard R, Durmus B, Abrahamse M, van der Beek EM, Hofman A, et al. BMI, total and 
abdominal fat distribution, and cardiovascular risk factors in school-age children. Pediatr Res. 
2015;77(5):710-8.

 40. De Lucia Rolfe E, Modi N, Uthaya S, Hughes IA, Dunger DB, Acerini C, et al. Ultrasound estimates of 
visceral and subcutaneous-abdominal adipose tissues in infancy. J Obes. 2013;2013:951954.

General introduction 13



 41. Stolk RP, Wink O, Zelissen PM, Meijer R, van Gils AP, Grobbee DE. Validity and reproducibility of ultra-
sonography for the measurement of intra-abdominal adipose tissue. Int J Obes Relat Metab Disord. 
2001;25(9):1346-51.

 42. Simon L, Borrego P, Darmaun D, Legrand A, Roze JC, Chauty-Frondas A. Effect of sex and gestational 
age on neonatal body composition. Br J Nutr. 2013;109(6):1105-8.

 43. Fields DA, Krishnan S, Wisniewski AB. Sex differences in body composition early in life. Gend Med. 
2009;6(2):369-75.

 44. Breij Laura M, Kerkhof Gerthe F, De Lucia Rolfe E, Ong Ken K, Abrahamse-Berkeveld M, Acton D, et al. 
Longitudinal fat mass and visceral fat during the first 6 months after birth in healthy infants: support 
for a critical window for adiposity in early life. Pediatric Obesity. 2017;12(4):286-94.

 45. Au CP, Raynes-Greenow CH, Turner RM, Carberry AE, Jeffery H. Fetal and maternal factors associated 
with neonatal adiposity as measured by air displacement plethysmography: a large cross-sectional 
study. Early Hum Dev. 2013;89(10):839-43.

 46. Hull HR, Thornton JC, Ji Y, Paley C, Rosenn B, Mathews P, et al. Higher infant body fat with excessive 
gestational weight gain in overweight women. Am J Obstet Gynecol. 2011;205(3):211 e1-7.

 47. Hull HR, Dinger MK, Knehans AW, Thompson DM, Fields DA. Impact of maternal body mass index on 
neonate birthweight and body composition. Am J Obstet Gynecol. 2008;198(4):416 e1-6.

 48. Breij LM, Abrahamse-Berkeveld M, Acton D, De Lucia Rolfe E, Ong KK, Hokken-Koelega ACS. Impact 
of Early Infant Growth, Duration of Breastfeeding and Maternal Factors on Total Body Fat Mass and 
Visceral Fat at 3 and 6 Months of Age. Ann Nutr Metab. 2017;71(3-4):203-10.

 49. Ay L, Van Houten VA, Steegers EA, Hofman A, Witteman JC, Jaddoe VW, et al. Fetal and postnatal 
growth and body composition at 6 months of age. J Clin Endocrinol Metab. 2009;94(6):2023-30.

 50. Dalrymple KV, Thompson JMD, Begum S, Godfrey KM, Poston L, Seed PT, et al. Relationships of mater-
nal body mass index and plasma biomarkers with childhood body mass index and adiposity at 6 years: 
The Children of SCOPE study. Pediatr Obes. 2019;14(10):e12537.

 51. Victora CG, Bahl R, Barros AJ, Franca GV, Horton S, Krasevec J, et al. Breastfeeding in the 21st century: 
epidemiology, mechanisms, and lifelong effect. Lancet. 2016;387(10017):475-90.

 52. Sagodi L, Solyom E, Kiss-Toth E. [Relationship of infant feeding on childhood obesity. A literature 
review]. Orv Hetil. 2017;158(24):938-43.

 53. Rzehak P, Oddy WH, Mearin ML, Grote V, Mori TA, Szajewska H, et al. Infant feeding and growth trajec-
tory patterns in childhood and body composition in young adulthood. Am J Clin Nutr. 2017;106(2):568-
80.

 54. Ejlerskov KT, Christensen LB, Ritz C, Jensen SM, Molgaard C, Michaelsen KF. The impact of early growth 
patterns and infant feeding on body composition at 3 years of age. Br J Nutr. 2015;114(2):316-27.

 55. de Beer M, Vrijkotte TG, Fall CH, van Eijsden M, Osmond C, Gemke RJ. Associations of infant feeding 
and timing of linear growth and relative weight gain during early life with childhood body composi-
tion. Int J Obes (Lond). 2015;39(4):586-92.

 56. Haschke F, Binder C, Huber-Dangl M, Haiden N. Early-Life Nutrition, Growth Trajectories, and Long-
Term Outcome. Nestle Nutr Inst Workshop Ser. 2019;90:107-20.

 57. Klopp A, Vehling L, Becker AB, Subbarao P, Mandhane PJ, Turvey SE, et al. Modes of Infant Feeding and 
the Risk of Childhood Asthma: A Prospective Birth Cohort Study. J Pediatr. 2017;190:192-9 e2.

 58. Lodge CJ, Tan DJ, Lau MX, Dai X, Tham R, Lowe AJ, et al. Breastfeeding and asthma and allergies: a 
systematic review and meta-analysis. Acta Paediatr. 2015;104(467):38-53.

 59. O’Sullivan A, Farver M, Smilowitz JT. The Influence of Early Infant-Feeding Practices on the Intestinal 
Microbiome and Body Composition in Infants. Nutr Metab Insights. 2015;8(Suppl 1):1-9.

14 Erasmus Medical Center Rotterdam



 60. Gale C, Logan KM, Santhakumaran S, Parkinson JR, Hyde MJ, Modi N. Effect of breastfeeding com-
pared with formula feeding on infant body composition: a systematic review and meta-analysis. Am J 
Clin Nutr. 2012;95(3):656-69.

 61. Mennella JA, Papas MA, Reiter AR, Stallings VA, Trabulsi JC. Early rapid weight gain among formula-fed 
infants: Impact of formula type and maternal feeding styles. Pediatr Obes. 2019:e12503.

 62. Ballard O, Morrow AL. Human milk composition: nutrients and bioactive factors. Pediatr Clin North 
Am. 2013;60(1):49-74.

 63. Monteiro PO, Victora CG. Rapid growth in infancy and childhood and obesity in later life--a systematic 
review. Obes Rev. 2005;6(2):143-54.

 64. Woo Baidal JA, Locks LM, Cheng ER, Blake-Lamb TL, Perkins ME, Taveras EM. Risk Factors for Child-
hood Obesity in the First 1,000 Days: A Systematic Review. Am J Prev Med. 2016;50(6):761-79.

 65. Ekelund U, Ong KK, Linne Y, Neovius M, Brage S, Dunger DB, et al. Association of weight gain in infancy 
and early childhood with metabolic risk in young adults. J Clin Endocrinol Metab. 2007;92(1):98-103.

 66. Ekelund U, Ong K, Linne Y, Neovius M, Brage S, Dunger DB, et al. Upward weight percentile crossing in 
infancy and early childhood independently predicts fat mass in young adults: the Stockholm Weight 
Development Study (SWEDES). Am J Clin Nutr. 2006;83(2):324-30.

 67. Zheng M, Lamb KE, Grimes C, Laws R, Bolton K, Ong KK, et al. Rapid weight gain during infancy and 
subsequent adiposity: a systematic review and meta-analysis of evidence. Obes Rev. 2018;19(3):321-
32.

 68. Druet C, Stettler N, Sharp S, Simmons RK, Cooper C, Smith GD, et al. Prediction of childhood obesity by 
infancy weight gain: an individual-level meta-analysis. Paediatr Perinat Epidemiol. 2012;26(1):19-26.

 69. Chomtho S, Wells JC, Williams JE, Davies PS, Lucas A, Fewtrell MS. Infant growth and later body 
composition: evidence from the 4-component model. Am J Clin Nutr. 2008;87(6):1776-84.

 70. Sacco MR, de Castro NP, Euclydes VL, Souza JM, Rondó PH. Birth weight, rapid weight gain in infancy 
and markers of overweight and obesity in childhood. Eur J Clin Nutr. 2013;67(11):1147-53.

 71. Chandler-Laney PC, Gower BA, Fields DA. Gestational and early life influences on infant body composi-
tion at 1 year. Obesity (Silver Spring). 2013;21(1):144-8.

 72. Breij LM, Steegers-Theunissen RPM, Briceno D, Hokken-Koelega ACS. Maternal and Fetal Determi-
nants of Neonatal Body Composition. Horm Res Paediatr. 2015;84(6):388-95.

 73. Admassu B, Wells JCK, Girma T, Belachew T, Ritz C, Owino V, et al. Body composition during early 
infancy and its relation with body composition at 4 years of age in Jimma, an Ethiopian prospective 
cohort study. Nutr Diabetes. 2018;8(1):46.

 74. Koontz MB, Gunzler DD, Presley L, Catalano PM. Longitudinal changes in infant body composition: 
association with childhood obesity. Pediatr Obes. 2014;9(6):e141-4.

 75. Heijboer AC, Pijl H, Van den Hoek AM, Havekes LM, Romijn JA, Corssmit EP. Gut-brain axis: regulation 
of glucose metabolism. J Neuroendocrinol. 2006;18(12):883-94.

 76. Maric G, Gazibara T, Zaletel I, Labudovic Borovic M, Tomanovic N, Ciric M, et al. The role of gut hor-
mones in appetite regulation (review). Acta Physiol Hung. 2014;101(4):395-407.

 77. Volberg V, Heggeseth B, Harley K, Huen K, Yousefi P, Davé V, et al. Adiponectin and Leptin Trajectories 
in Mexican-American Children from Birth to 9 Years of Age. PLOS ONE. 2013;8(10):e77964.

 78. Gumus Balikcioglu P, Balikcioglu M, Muehlbauer MJ, Purnell JQ, Broadhurst D, Freemark M, et al. 
Macronutrient Regulation of Ghrelin and Peptide YY in Pediatric Obesity and Prader-Willi Syndrome. 
The Journal of clinical endocrinology and metabolism. 2015;100(10):3822-31.

 79. Rigamonti AE, Bini S, Piscitelli F, Lauritano A, Di Marzo V, Vanetti C, et al. Hedonic eating in Prader-Willi 
syndrome is associated with blunted PYY secretion. Food Nutr Res. 2017;61(1):1297553.

General introduction 15



 80. Mantzoros CS, Rifas-Shiman SL, Williams CJ, Fargnoli JL, Kelesidis T, Gillman MW. Cord blood leptin 
and adiponectin as predictors of adiposity in children at 3 years of age: a prospective cohort study. 
Pediatrics. 2009;123(2):682-9.

 81. Karakosta P, Roumeliotaki T, Chalkiadaki G, Sarri K, Vassilaki M, Venihaki M, et al. Cord blood leptin 
levels in relation to child growth trajectories. Metabolism. 2016;65(6):874-82.

 82. Sindiani AM, Obeidat R, Jbarah O, Hazaimeh E. Relationship between newborn leptin levels and 
selected growth parameters. J Int Med Res. 2019;47(6):2591-7.

 83. Ashley-Martin J, Karaceper M, Dodds L, Arbuckle TE, Ettinger AS, Fraser WD, et al. An examination of 
sex differences in associations between cord blood adipokines and childhood adiposity. Pediatr Obes. 
2019.

 84. Simpson J, Smith AD, Fraser A, Sattar N, Lindsay RS, Ring SM, et al. Programming of Adiposity in Child-
hood and Adolescence: Associations With Birth Weight and Cord Blood Adipokines. J Clin Endocrinol 
Metab. 2017;102(2):499-506.

 85. Schneider CR, Catalano PM, Biggio JR, Gower BA, Chandler-Laney PC. Associations of neonatal 
adiponectin and leptin with growth and body composition in African American infants. Pediatr Obes. 
2018;13(8):485-91.

 86. Savino F, Fissore MF, Grassino EC, Nanni GE, Oggero R, Silvestro L. Ghrelin, leptin and IGF-I levels in 
breast-fed and formula-fed infants in the first years of life. Acta Paediatr. 2005;94(5):531-7.

 87. Vásquez-Garibay E, Larrosa-Haro A, Guzmán-Mercado E, Muñoz-Esparza N, García-Arellano S, Muñoz-
Valle F, et al. Appetite-regulating hormones and anthropometric indicators of infants according to the 
type of feeding. Food science & nutrition. 2020;8(2):993-1000.

 88. Breij LM, Mulder MT, van Vark-van der Zee LC, Hokken-Koelega ACS. Appetite-regulating hormones in 
early life and relationships with type of feeding and body composition in healthy term infants. Eur J 
Nutr. 2017;56(4):1725-32.

 89. Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and interactive factor in aging, 
disease risks, and protection. Science. 2015;350(6265):1193-8.

 90. Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, et al. Identification of seven loci affect-
ing mean telomere length and their association with disease. Nat Genet. 2013;45(4):422-7, 7e1-2.

 91. Cawthon RM. Telomere measurement by quantitative PCR. Nucleic Acids Res. 2002;30(10):e47.
 92. Zhan Y, Hagg S. Telomere length and cardiovascular disease risk. Curr Opin Cardiol. 2019;34(3):270-4.
 93. Price LH, Kao HT, Burgers DE, Carpenter LL, Tyrka AR. Telomeres and early-life stress: an overview. Biol 

Psychiatry. 2013;73(1):15-23.
 94. Bosquet Enlow M, Kane-Grade F, De Vivo I, Petty CR, Nelson CA. Patterns of change in telomere length 

over the first three years of life in healthy children. Psychoneuroendocrinology. 2020;115:104602.

16 Erasmus Medical Center Rotterdam


