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ABSTRACT

Background: Childhood obesity has become a major public health problem
because its prevalence is increasing in the entire world and it is associated with
adulthood obesity and other chronic diseases. As childhood obesity may start in
prenatal periods, identifying modifiable early life risk factors could help prevent
development of childhood obesity. Early prevention is crucial, because once

obesity is established it is harder to reverse it.

Main objective: The main objective of this thesis was to investigate the
prospective association between potentially modifiable early life factors in
pregnancy and infancy, and offspring development of childhood obesity.

Methodology: We used data from two birth cohort studies, the INMA project
(Spain) and Project Viva (USA). We included women at their 1% prenatal visit and
follow them and their offspring until the 7-year visit.

The prenatal risk factors included were maternal smoking in pregnancy, maternal
sugar-sweetened beverage intake in pregnancy, adherence to the Mediterranean
diet (measured using relative Mediterranean Diet score (rMED)) in pregnancy,
gestational weight gain and gestational diabetes. We also included perinatal and
postnatal risk factors: cesarean section, infant breastfeeding duration, age at
introduction of solid foods, sleep duration in infancy and infant rapid weight gain
in the first 6 months. The outcomes evaluated at 4 years were: age- and sex-
specific body mass index (BMI) z-scores, waist circumference, risk of overweight
and abdominal obesity, cardiometabolic risk score (including HDL, triglycerides,
systolic and diastolic blood pressure and waist circumference), lipid score
(including HDL, triglycerides and BMI z-score) and other age, sex and cohort
specific biomarkers: leptin, C-peptide, adiponectin, Apo A-1, Apo B, C-reactive
protein and interleukin 6. We also assessed the longitudinal child growth
trajectories from birth to 4 years. At 7-year assessment, the outcomes were BMI
z-scores, waist-to-height ratio (WHtR), and fat mass index and fat-free mass
Index.

Multivariable linear, logistic and multinomial analyses were performed to assess

the association of modifiable early-life risk factors and childhood obesity
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development. In addition, we used prediction models to assess to what extent the

combination of early-life risk factors were associated with childhood obesity.

Results: Excessive gestational weight gain, short infant sleep duration and rapid
infant weight gain were associated with offspring BMI z-score in both cohorts.
Gestational diabetes mellitus and rapid infant weight gain were associated with
offspring WHtR at age 7.

Rapid infant weight gain from birth to 6 months was the strongest early life risk
factor of BMI, WHtR, fat mass index and fat-free mass index with estimates
ranging from 0.27 to 1.57.

Prediction models suggested that only 6-7 of the 9 prenatal and postnatal risk
factors of childhood obesity in the USA cohort also predicted adiposity in the
Spanish setting. Discrepancies were found in cesarean section, sugar-sweetened
beverage intake, short breastfeeding duration and early introduction of solid
foods.

Maternal adherence to the Mediterranean Diet during pregnancy was not
associated with BMI z-score at 4 years, but was inversely associated with
offspring waist circumference (B: -0.57; 95%CI:-1.07, -0.07; p for trend =
0.024), a marker of abdominal obesity.

Maternal rMED showed no association with cardiometabolic risk, with blood
pressure or other biomarkers at 4 years of age. However, rMED was positively
associated with Apo A-1 (B 0.30; 95%CI: 0.08, 0.51; p for trend = 0.007).
Maternal rMED at 3™ trimester was associated with lower risk of developing a
detrimental longitudinal growth pattern in childhood (Relative Risk 0.65; 95%CI:
0.43, 0.98; p for trend = 0.055), characterized by higher birth size and
accelerated growth compared with the reference growth pattern (average birth

size and slower growth).

Conclusions: During the prenatal and postnatal periods, modifiable early life risk
factors play an important role in the development of childhood obesity. According
to our findings, the combination of modifiable risk factors that predicted higher
obesity differed across settings and populations. However, rapid infant weight
gain was a common risk factor for general and abdominal obesity in childhood.
Another of the risk factors studied, the Mediterranean Diet during pregnancy,
may have a protective effect on childhood health because it decreased the risk of
higher birth size and accelerated growth, and waist circumference. It also

increased the circulating Apo A-1 in 4-year-old children. However, this dietary
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pattern did not show an association with body mass index, cardiometabolic risk,
or other biomarkers.

Early life interventions focused on pregnant women, including modifiable risk
factors, may be effective to prevent the development of childhood obesity.
Further research in this field is needed with a longer follow-up and direct

measures of adiposity.
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Introduction

1. INTRODUCTION

1.1 Epidemiology of childhood obesity

Obesity is defined as a chronic disorder and represents an abnormal or excessive
fat accumulation that can impair health [1].

Obesity is a complex disorder, with several causes, and it was often attributed to
genetic causes and the imbalance between the energy intake and the energy
expended with physical activity. However, it has been lately considered caused by a
combination of exposure to an obesogenic environment and inadequate biological

and behavioral responses to that obesogenic environment [2, 3].

Childhood overweight and obesity has been increasing dramatically in the last
decades, and even though the rise in the prevalence seems to be slowing down in
the last years, obesity has become a serious public health burden in developed and
developing countries. According to the World Health Organization (WHQO) in 2014,
more than 1.9 billion adults and 41 million children under 5 years old were
overweight (including obesity) [4]. If the current trend continues, the expected
prevalence of overweight or obesity for children under 5 years old will be 70 million
for 2025 [4].

Childhood obesity has a big impact on the quality of life of children, on their
physical and mental health, given that obesity causes gastrointestinal,
musculoskeletal, cardiovascular, metabolic and orthopedic morbidities and also
mental disorders such as depression, eating disorders, and social problems and
stigmatization [4, 5]. Furthermore, obesity generates significant direct and indirect

costs, for the individual, the family and the whole society [6].

Some authors are starting to identify the metabolic syndrome as a pediatric
condition, when it has been traditionally considered an exclusive condition of the
adulthood. This syndrome is characterized by the presence of glucose intolerance,
insulin resistance, dyslipidemia, central obesity and hypertension. A study
conducted by Friend et al. estimated a prevalence of metabolic syndrome in
childhood of 3.3%, and this prevalence was higher in overweight children (11.9%)
and obese children (29.2%) [7].
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The increase of the prevalence of childhood obesity and the metabolic syndrome is
likely to be the cause of the 30% increase of type 2 diabetes prevalence among
children and youth in the last 2 decades, disease that was rarely seen in children
before [8, 9].

Moreover, childhood obesity represents a significant predictor of later obesity,
because childhood obesity tracks to adolescence and then into adulthood [10, 11].
Childhood obesity is also a predictor of other disorders and diseases in adulthood,
such as hypertension, dyslipidemia, insulin resistance and type 2 diabetes, asthma,
musculoskeletal disorders, some cancer and cardiovascular disease (mostly

coronary heart disease and stroke), and premature death [4, 5, 12-16].

1.2 Measures and definition of childhood growth, obesity and metabolic

syndrome

In the following sections, we present the measures and definitions of childhood
growth, childhood obesity and metabolic syndrome.

1.2.1 Childhood growth

Two periods of childhood growth are differentiated, the prenatal and postnatal

period.

In the prenatal period, fetal growth is measured usually by ultrasound methods,
and biometric measurements are taken and compared to expected measures for

gestational age. These methods depend of an accurate pregnancy dating.

To detect abnormal fetal growth, estimated fetal weight or abdominal
circumference are commonly used and values below to a certain percentile (for
instance 5" or 10'™") are considered as indicators of “fetal growth restriction”. There
are other index and methods, like estimated fetal ponderal index, or 3D
ultrasonopgraphy, but biometry remains the most common method and the gold
standard [17].

In the postnatal period there are 2 periods of interest for childhood growth, at birth

and during the first months of life.

During decades, birth weight has attracted most of the attention, this is the most
common measure at birth and it is usually correlated with the birth weight of the

mother.
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Birth weight can vary between populations, in Spain the average birth weight in
boys at term is 3,300.41 (Standard Deviation (SD) 396.85) g and in girls 3,185.00
(SD 372.08) g, whereas in UK the average birth weight among white infants was
3,420 g in the Millennium Cohort [18, 19].

Furthermore, birth weight may vary due to ethnic reasons, maternal height, weight
and age and also due to other modifiable factors, such as smoking during
pregnancy. There are also variations due to the season of delivery; the babies born

in autumn are heaviest and the ones in winter are lightest.

There are different classifications of babies depending of their birth weight (Table
1).

Table 1. Classification system for describing infant size at birth

Classification Birth weight

Normal birth weight 2500-4000 g

Low birth weight < 2500 g at term

High birth weight > 4000 g at term

Appropriate for gestational age > 10" and < 90™ centiles for gestational
age

Small for gestational age (SGA) <10"™ for gestational age

Intrauterine growth restriction < 2 SD for gestational age

Large for gestational age (LGA) > 90" or >97" for gestational age

Macrosomia > 4000 g or > 90™

Adapted from McArdle et al. [20]

As observed in Table 1, some of the definitions do not have into account the
gestational age at birth, such as the WHO definition of low birth weight (< 2500 g).
That may be a problem, due to the heterogeneity of the definition because it
includes babies born preterm and babies at term with small for gestational age
(SGA). It is recommendable to use birth weight for gestational age [17]. In this
sense there are growth charts available, international and national, that have into
account gestational age. From these growth charts, percentiles can be used. In the
table we included definitions that used the percentile 10™, but some authors use

other percentiles (for instance the 3™ and the 5™).

There international fetal growth standards were created with information at birth of
healthy children by the WHO, based on data from 6 different countries [21]. There
are also national growth reference, for instance in Spain, that are based in a cross
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sectional study including 9362 babies born between the 26" and the 42" weeks of
gestation [18, 22].

Lower birth weight occurs usually due to inadequate intrauterine conditions that

lead to abnormal fetal development.

On the other hand, higher birth weight usually indicates a more favorable
environment in utero, except in some cases, like macrosomic babies born of
diabetic mothers [23].

Birth weight may not be the best method to assess adiposity in the neonate,
because with the same birth weight different populations may differ in their
percentage of fat mass and fat-free mass. Therefore, birth weight is considered as
a crude estimate of adiposity in children. For this reason some researches use other
measures of adiposity at birth, like abdominal, chest and thigh circumferences, and
skinfold thickness [24-26]. Some studies include a direct measure of adiposity,
such as air displacement plethysmography [27, 28].

Measures of birth size have been widely used as a surrogate of nutritional
environment and the conditions experienced in utero, especially birth weight. It has
usually been considered as an outcome for assessment of several factors during
pregnancy, such as gestational diabetes. Some authors suggest that birth weight
may be a mediator between pregnancy and childhood obesity. It has been
considered also a surrogate of obesity and also a risk factor of later cardiovascular
disease (for example the works by Barker et al.). The role of birth weight as a risk
factor of childhood obesity will be discussed in the section 1.6.2.

After birth, there is a period called infancy (from birth to 24 months) considered of
rapid growth compared with other periods of life. The growth involves length,
weight gain and also brain growth (and other physiological processes and organ
growth), but not all the babies develop at the same pace.

Linear growth is influenced mostly by genetic reasons, for instance height is
determined by the gens, with a small variation due to nutrition and disease. During
infancy, body length increases steadily to reach about the 75% of half the final
adult height [29]. However, weight increases above the 2.5-fold, and this
represents approximately the 20% of the final adult weight. The brain size
increases from 25% at birth to reach the 80% of adult brain size [30].
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Growth during infancy also implies an increment of body fat; babies have around
15% of body fat at birth, increasing up to 25% at 6 months and 30% at 12 months
[31].

If this growth is restricted (in weight or/and length) or it is excessive is considered
of concern, because it may lead to health consequences in later life (see section
1.6.3). Regarding the monitoring of infancy growth, growth charts are used. The
rate and pattern of growth over time is more relevant that the exact weight or
height at a particular time. The pattern is expected to be steady following a line

curving in the same way, and within the centile lines in the chart.

As mentioned before, it is of interest to detect the presence of excessive infant
weight gain (also called “catch-up”), for this purpose, weight-for-length is an
adequate measurement. Furthermore, the Centers for Diseases Control and
Prevention (CDC) 2000 growth standards and the WHO growth standards (more
detail about growth charts in the following section) can be used to assess the linear
and ponderal growth. Experts discourage the use of ‘overweight’ and/or ‘obesity’ in
this age [32].

Instead of centiles, age and sex- specific z-scores can also be used. The z-score is
an index that is calculated as it follows:

_ {observed values) — (median reference value of a population)

4 score =

Standard deviation of a reference population

A z-score of 0 is equivalent to the median (or 50" centile); a z-score of +1.00 SD
is approximately equivalent to the 84™ percentile; a z-score of +2.00 SD to the
98" percentile and a z-score +2.85 SD to >99"" percentile [33].

Other measures of rapid growth used in infancy are the change of z-score of
weight-for-age and height-for-age during a period of time. In this sense, there is a
lack of consensus of the definition of rapid growth, but several authors adopted the
definition of rapid growth in infancy suggested by Ong et al, that considers rapid
growth as a gain in weight greater of 0.67 z-score between two separate

evaluations [34].
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1.2.2 Obesity

Obesity is defined as the accumulation and storage of excess body fat that can
impair health [1, 35]. In the following sections we differentiate between general
obesity and central obesity.

1.2.1.1 General obesity

Body Mass Index (BMI, kg/m?), also called Quetelet’s index, is commonly used as a
measure of excessive body fat in clinical and epidemiological settings. This
classification based on weight and height is used because of the lack of a
consensus criterion to define childhood obesity based on an excessive body adipose

tissue and also for its simplicity.

Body composition changes with normal growth. The BMI usually decreases after
birth, and it is followed by a rapid increase during the first year of life. Then, the
BMI decreases until five to seven years of age, where it reached the minimum, and
then increases gradually until adolescence and adulthood [36]. The decrease of BMI
also is a decrease of subcutaneous fat and percentage of body fat. This second
period when the BMI curve increase is called adiposity rebound [32].

In adults (>18 years old) BMI is categorized based on international standards cut-
offs that are age- and sex- independent (table 2) [37].

Table 2. International classification of Body Mass Index (BMI) in adults

according to World Health Organization

Classification BMI (kg/m?)
Underweight <18.50
Normal weight 18.50-24.99
Overweight >25.00
Obese >30.00

In children, BMI distribution changes with age and sex; therefore, age- and sex-
specific values of BMI (percentiles and z-scores) are used, rather than raw values
of BMI [35].

There are several reference standards for evaluating childhood BMI and different
cut offs for classification of BMI into ‘normal weight’, ‘overweight’ and ‘obesity’.
These definitions are based on anthropometric measurements for practical reasons.
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The US Centers for Diseases Control and Prevention (CDC) developed growth
charts with specific age- and sex- references for ages 2 to 18. These growth charts
were not developed as health-related standards; instead, these are percentiles
developed based on data from nationally representative surveys conducted in
United States between 1963 and 1980. These growth charts are the most
commonly used in United States. The cut-offs to classify overweight and obesity
are >85™ and >95"™ percentiles, respectively. Before 2010, the cut offs were >85%
‘at risk of overweight’ and >95th ‘overweight’. Currently the CDC recommends the
use of the WHO growth standards for infants and children from 0 to 2 years, and

the CDC growth charts from 2 to 18 years for the American population [38].

In other countries, the standards of the World Health Organization (WHO) are
more common. Previously the WHO recommended the use internationally of the
CDC reference growth charts (1995); between 1997 and 2003 a study of
approximately 8500 children in different locations with different ethnic backgrounds
was conducted (Brazil, Ghana, India, Norway, Oman and the USA). These growth
standards provided international standards for all children from 0 to 5 years old
and have become a model for growth, since they are based on a sample of healthy
breastfed children [21]. Since their release many countries have implemented
them [39]. The cut-offs for obesity classification are based on sex and age-specific
centiles (overweight > 85™ percentile and obesity >95™ percentile) and also on
standard deviations: BMI > 2SD (overweight) and BMI > 3SD (obesity) [40].

The WHO recommends the use of the WHO growth reference 2007 for children
from 5 to 19 years old, which are a reconstruction of the 1977 CDC/WHO
references. They are the original values supplemented with data from the WHO
standards (from 0 to 5 years). The definition of overweight and obesity according
these reference are overweight (BMI > 1SD) and obesity (BMI>2 SD) [41].

In 1999, an expert committee of the International Obesity Task Force (IOTF)
recommended the use of BMI to define overweight and obesity. Due to the lack of a
specific cut-off in children related to an increase health risk, this committee
recommended age- specific cut-offs based on the adult cut-offs (=25 kg/m? for
overweight and >30 kg/m? for obesity). Cole et al. used data from 6 reference
populations (Brazil, Great Britain, Netherlands, Hong Kong, Singapore and the USA)
and derived percentile curves that pass through the points of 25 and 30 kg/m? at
age 18 and centiles and z-scores are also available [40]. These references are
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international; however, some authors argue that they not represent adequately the

non-Western populations.

Some countries, including UK, France, and Denmark have developed their own age-

and sex- specific BMI reference charts using local data [42-45].

In Spain, there are also specific growth curves and cut-off points; these were
published by the Faustino Orbegozo Foundation. They consist in 3 different
tables, the first was by Hernandez et al. (1988), and included children from 6
months to 9 years of age. The cut-offs to establish overweight and obesity were
>90-91" and >97-98" percentiles, respectively. In 2004, Sobradillo et. used data
from 2 studies, and proposed the percentile 85" for overweight and the 95% for
obesity. Few years after (2008), Carrascosa et al. used data from a greater sample
size (approximately 32,000 children and young adults from birth to 24 years). In
the latest tables, they used the following cut-offs: overweight (>85" percentile)
and obesity (>90" percentile) [18]. In 2011, they included the definition of
overweight and obesity following the methodology proposed by IOTF, the new cut-
offs are based on the curves that pass through an equivalent BMI of 25 and 30 at
18 years of age, specific for sex [22].

Some researchers have compared the prevalence of overweight and obesity when
using different growth charts and cut-offs. When assessing overweight, the
prevalence are similar, for the prevalence of obesity, the IOTF gives lower
prevalence than the use of CDC [33]. One study conducted in Canada reported
19% of overweight/obesity among boys between 2 and 5 years old when using the
IOTF reference, whereas the prevalence was 37% with the WHO definition [46].
Another study compared the prevalence of childhood overweight and obesity using
French national reference, the WHO standards and the IOTF, and found that there
were a moderate agreement between the 3 references, but the WHO reference
reported higher prevalence [47]. To face this disparity, more authors include the
prevalence with both international standards in their works.

There are also some limitations on the use of BMI charts, because in some cases
the charts are derived from a single population, and when using them there is the
assumption that the individual is comparable to the reference population. Another
limitation is to identify the charts as a representation of an ideal population, and

not a reference population. This may be particularly problematic if in order to

10
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develop the growth charts, the population of reference chosen has a high

prevalence of obesity [33].

BMI has been validated against other methods of direct measurement of body
adiposity and, although it is not an ideal method, it is recommended in the use of
screening for childhood and adolescent obesity [33].

BMI is a simple measurement to identify overweight or obese children, but it does
not identify children with abdominal obesity. Also it has its limitations to identify
body fat, and discriminate between lean and fat mass. For example within the
same category of BMI there is a trend for people to have more adiposity and less
lean mass than previous generations [4, 48], and also BMI may reflect different
body fat content in different racial and ethnic groups. This measure shows some
limitations, and although excess body fatness cannot be measured directly from
weight and height, and BMI may be particularly inaccurate for children with other
ethnic characteristics like Asian (for the given body fat composition there may be
difference in BMI), there is a high correlation between fat mass and BMI among

children, and BMI is recommended as a first screening tool.

Other indirect methods to assess adiposity are weight-for-height and skin-fold
thickness. Weight-for-height is commonly used to assess undernutrition in
developing countries, and this measure is not useful in adolescents. Even though it
has into account weight and height as BMI, an expert committee (with members
from the American Medical Association, the CDC, and the Maternal and Child Health
Bureau from US government) recommends the use of BMI over weight-for-height,

because BMI correlates better with body fat with acceptable accuracy.

To assess adiposity, the use of skin-fold thickness is more common. There are
different skin-folds (such as triceps and subscapular), and from them we can
estimate fat mass and percentage of fat mass with prediction equations. This
method has been widely used because it is noninvasive and can measure
subcutaneous fat [32]. However, one of the limitations of this method is related to
the equations used, since these equations need to be validated for different age,
sex and ethnic groups. Furthermore, it needs a trained technician, and the intra
and inter-observer reliability is low [33, 49].

There are other methods to measure adiposity, which are direct: Dual-energy X-ray
absorptiometry (DXA), computerized tomography, bioelectrical impedance analyses

and magnetic resonance imaging.

11
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We can derive Fat Mass Index (FMI) and Fat-Free Mass Index (FFMI) from DXA.
This method is based on the principle that transmitted X-rays are differentiated by
bone tissue and soft tissue. With the use of equations the soft tissue can be divided
in fat and lean tissue. Although DXA is an expensive method and needs an
experienced technician, it is preferred than the computerized tomography because

delivers lower radiation.

Computerized tomography uses X-ray, and allows the identification of total,
abdominal and subcutaneous body fat and the calculation of percentage body fat
mass. As mentioned before, this method deliver radiation, and it is not suitable for

children.

A less invasive method is bioelectrical impedance. This method is based on the
conductivity, and assumes that it reflects the fat-free mass. With the use of
equations, fat mass and fat-free mass can be calculated. This method has some
limitations, there are different equations used, it relies on hydration status and it
may vary with different ethnic status [33].

Few studies use magnetic resonance imaging because total body fat, fat mass, and
percentage fat mass can be estimated. This method can differentiate abdominal
and subcutaneous fat. However, this method is very expensive and it is not
adequate for younger children, because the child need to lie still for a prolonged

time.

Other methods exist but are less common and/or not adequate for children,
because they take time and need the cooperation of the child, such as hydro-

densitometry and air-displacement plethysmography.
1.2.2.2 Abdominal obesity

Central obesity is also called central or visceral obesity, and it is characterized by
the presence of excessive abdominal fat around the stomach and abdomen.

There are different indirect measurements to evaluate the presence of abdominal
obesity. The most common is waist circumference (in cm or inches), but there are
others like waist-to-height ratio (waist circumference in cm/height in cm), and

waist to hip ratio (waist circumference in cm/hip in cm).

Waist circumference is measured at the minimum circumference between the iliac
crest and the rib cage using a non elastic anthropometric tape. It an easy, non

expensive with good reliability and validity method commonly used in clinical

12
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practice, and in epidemiology. There is a lack of consensus about cut-offs to
classify the children at low or high risk of abdominal obesity according their waist
circumference. There are national reference charts developed for waist
circumference classification (in the UK), but non international charts or cut-offs.
Most of the researchers use internal sex-specific percentiles to dichotomize their
population at risk and without risk, for example the 90" percentile of the sample
[33].

Some authors suggest that waist circumference depends not only on the sex, but
also on the ethnicity and height, and for this reason the waist-to-height ratio was
proposed for adults and children. A cut-off of 0.50 seems to discriminate the adults
with central obesity, independently of their sex, ethnicity or height. In children, this
cut-off has been proposed, but has some limitations, and its capacity to identify
children with higher cardiovascular risk is not clear [50].

Another measure proposed is waist-to-hip ratio. But some authors argue that the
use of this ratio may not be appropriate because it is age dependent, and may
attenuated some of the associations that are stronger with waist and hip

circumference separately [51].

A study conducted in children aged 3-19 years that evaluated and compared the
use of these measurements as screening tools for fat mass, found that waist
circumference is a good screening tool of central obesity [51]. When comparing
these tools with direct measures of abdominal adiposity, waist circumference is
more correlated with abdominal fat, than waist-to-hip ratio [33]. However, a study
conducted in 2339 children and adolescents (from 8 to 19 years) from USA found
that waist-to-height ratio was a better predictor of adiposity than BMI or waist
circumference [52].

When comparing with BMI some studies show that waist circumference in children
provides a better estimate of visceral adipose tissue, and also that it is more
efficient in its ability to predict insulin resistance, blood pressure, cholesterol and

triglycerides levels [32].

Other direct methods exist that are able to identify central obesity, such as
computerized tomography and magnetic resonance imaging. These methods are
described in the previous section (1.2.2.1). These methods are considered the gold
standard for assessing central fat distribution in adults, but they are expensive,
need the collaboration of the participant and computer tomography involve
radiation, therefore they are not adequate for young children [51].

13
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DXA is able to measure trunk fat mass, and it has a strong correlation with
abdominal fat measured with the previous mentioned methods. Some authors used
trunk fat mass as an estimate of abdominal obesity [51].

Central obesity is highly correlated with cardiovascular biomarkers, adverse
lipoprotein concentrations and blood pressure, even in childhood and adolescence.
Visceral obesity is also correlated with hyperinsulinemia in children [33]. When
comparing BMI and waist circumference, the latest is more efficient in predicting
insulin resistance, blood pressure, serum cholesterol and triglycerides [53-55].
However, one study conducted in Spain that found similar ability of BMI, waist
circumference and skinfold thickness to identify children with metabolic syndrome
[56].

In this sense, abdominal obesity is considered one of the earliest signs of metabolic
dysregulation. If abdominal adiposity appears early in childhood (before 10 years of
age) is strongly associated with the development of glucose intolerance and
dyslipidemia and later risk of developing type 2 diabetes mellitus [57]. The
mechanism behind may be related to the proinflammatory status conferred by
excess visceral adipose tissue. This process seems to be involved in the
development of insulin resistance [58].

1.2.3 Metabolic syndrome

Childhood overweight and obesity may be relevant promoters of independent risk
factors for cardiovascular disease, as recently shown in a study published in the
New England Journal of Medicine [5]. Some researchers suggest that beyond
general obesity, the increase body fat percentage or central obesity may play an
important role in increasing the prevalence of the metabolic syndrome cardio-
metabolic biomarkers.

In this section a selection of the cardio-metabolic biomarkers related to obesity and
the metabolic syndrome is presented:

1.2.3.1 Dyslipidemia

Dyslipidemia is defined as an abnormal amount of lipids in the blood. The lipid
fraction is constituted mostly by triglycerides, cholesterol and lipoproteins. The
lipoproteins more common are low-density lipoprotein (LDL), very low-density
lipoprotein and high-density lipoprotein (HDL) [59]. The increase levels of these

lipids are considered hyperlipidemia, this can be due for an increase of cholesterol
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(hypercholesterolemia), triglycerides (hypertriglyceridemia) or lipoproteins
(hyperlipoproteinemia (usually LDL)). Low levels of HDL are considered also
dyslipidemia. In adults there are standards cut-offs, but there is not agreement in
children and adolescents. Some guidelines recommend 10 years of age, as a stable
time for lipid assessment, because during puberty there is a normal decrease of
triglycerides and LDL cholesterol (about 10%) [60].

Values for plasma lipids and lipoproteins according the National Cholesterol
Education Program Expert Panel on Cholesterol Levels in Children are presented in
the table 3 [60].

Table 3. Plasma lipid, lipoprotein and apolipoprotein concentrations for children and

adolescents

Note: Values given are in mg/dL. To convert to Sl units, divide the results for total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and non-HDL-C by 38.6; for
triglycerides (TG), divide by 88.6.

Category Acceptable Borderline High+
TC <170 170-199 > 200
LDL-C <110 110-129 >130
Non-HDL-C <120 120-144 > 145
ApoB <90 90-109 >110
TG

0-9 years <75 75-99 > 100

10-19 years <90 90-129 >130
Category Acceptable Borderline Low+
HDL-C >45 40-45 <40
ApoA-1 > 120 115-120 <115

* Values for plasma lipid and lipoprotein levels are from the National Cholesterol Education Program (NCEP) Expert Panel on Cholesterol Levels in Children. Non-HDL-C values from
the Bogalusa Heart Study are equivalent to the NCEP Pediatric Panel cutpoints for LDL-C. Values for plasma ApoB and ApoA-1 are from the National Health and Nutrition
Examination Survey IIl.

+ The cutpoints for high and borderline high represent approximately the 95th and 75th%iles, respectively. Low cutpoints for HDL-C and ApoA-1 represent approximately the
10th%ile.

Adapted from Expert panel on Cholesterol [60]

Overweight and obese children have more risk of having dyslipidemia, especially if
they have a high body fat percentage or central obesity [36]. This phenotype
usually presents high triglyceride levels and low HDL levels. In some cases also

present a normal-to-mild elevation in LDL cholesterol level.

Moreover, elevated lipid levels tracks from childhood and adulthood, and also some
studies have found relationship between LDL cholesterol and apolipoproteins
measured in children and youths with measures of atherosclerosis in adulthood.
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The atherosclerosis is a process that begins with the accumulation of abnormal
lipids in the vascular intima, and can lead to thrombosis, vascular rupture or acute

ischemic syndromes [60].

Other lipoproteins are measured but some studies suggest that the screening of
apolipoprotein B (Apo B) and apolipoprotein A-1 (Apo A-1) not give additional
advantage, comparing with cholesterol HDL, LDL and triglycerides screening [60,
61]. However, other studies suggested that are good indicators of cardiovascular

disease in adults [62].

1.2.3.2 Blood pressure

Some epidemiological studies show that the levels of blood pressure have increased
in the last 20 years, and also the prevalence of hypertension among children and
adolescents [60]. This increase could be explained partially by the increase of
obesity prevalence, since obese children are three times more likely to have
hypertension when compared to non-obese children. Furthermore, prehypertension
and hypertension in childhood usually tracks into adulthood [36, 60].

For the screening of high blood pressure, an expert committee suggested an
algorithm based on age, sex and height, and the presence of other risk factors. The
most common practice is the definition of high blood pressure when is above of a
specific percentile, for example above of the 95 percentile of the reference tables
for age, sex and height [5, 63]. In some epidemiological studies, they used intern

cut-offs instead of reference tables.
1.2.3.3 Glucose homeostasis

Higher BMI is associated with higher insulin levels as seen in the Bogalusa Heart
Study [64]. Hyperinsulinemia and insulin resistance may lead to Type 2 diabetes
mellitus (T2DM) [36].

T2DM is characterized by hyperglycemia caused by insulin resistance and/or
defects in insulin secretion. T2DM is a risk factor for early cardiovascular disease.
There is an increasing prevalence among children and adolescents, usually

asymptomatic and with mild-to-moderate hyperglycemia [60].

The American Diabetes Association recommended screening children for T2DM and
Prediabetes when they are overweight and have 2 or more risk factors such as
family history of T2DM, maternal history of gestational diabetes mellitus or signs of
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insulin resistance and when they are older than 10 years old (or at onset of puberty

if occurs at a younger age) [65, 66].

There are various methods used in children to define disturbed glucose metabolism
such as the oral glucose tolerance test, with a good reliability when compared with
intravenous glucose tolerance test, and more commonly the fasting insulin level,
the fasting glucose/insulin ratio and the quantitative insulin-sensitivity check index.
Some studies use the glycated hemoglobin levels and the fasting glucose to
consider the children at risk of diabetes. The American Diabetes Association
recommends the following definitions for abnormal values >5.7% for glycated
hemoglobin and =5.6 mmol per liter for fasting glucose [67]. One of the methods
more used in pediatric population with a high reliability is the HOMA-IR index
(homeostasis model assessment), this is a validated formula that gives an estimate
of insulin resistance, following this equation: HOMA—-IR=Fasting insulin (pU/mL) x
Fasting glucose (mg/dL) /405 [68].

1.2.3.4 Definition of metabolic syndrome

Usually the metabolic syndrome definition is the clustering of several risk factors,
some of them previously mentioned in this section: dyslipidemia, high blood
pressure and disturbed glucose metabolism. Obesity, and especially abdominal
obesity, is also one of the considered items of the metabolic syndrome. This
syndrome increases the risk of cardiovascular disease and type 2 diabetes mellitus,
also when the metabolic syndrome is present in childhood, as shown by some

longitudinal studies with a follow-up of 25 years [69].

The definition and criteria of the included items differed according different
organizations, for adults there are these main definitions shown in Table 4.

17



UNIVERSITAT ROVIRA I VIRGILI
EARLY LIFE FACTORS AND CHILDHOOD OBESITY DEVELOPMENT

Silvia Ferndndez Barrés,
Introduction

Table 4. Components of the metabolic syndrome in adults

WHO IDF ATTPIII AACE
Triglycerides = 150 mg/dL X X X X
HDL < 40 mg/dL in men and < 50 X X X X
mg/dL in women
Blood pressure > 130/85 mmHg X X X X
Insulin resistance (IR) X
Fasting glucose > 100 mg/dL X X X
Glucose 2 hours: 140 mg/dL X
Abdominal adiposity X X
High Body Mass Index X X
Microalbuminuria X
Risk factors and diagnostic > 2 Abdominal 3 plus IR Clinical

adiposity criteria

WHO: World Health Organization; IDF: International Diabetes Federation; ATTPIII: National
Cholesterol Education Program Adult Treatment Panel III; ACCE: American Association of Clinical
Endocrinologists; HDL: High Density Lipoprotein cholesterol

Adapted from Lizarzaburu [70]

There is a lack of consensus for a definition of metabolic syndrome in children and
youth. In the table 5 there is a summary of different definitions of metabolic

syndrome in children used in epidemiologic studies.
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Table 5. Differing criteria used to define metabolic syndrome in children and

adolescents

IDF criteria NCEP ATP IIII

o criteria
WHO criteria (10-16 years
old)
Glucose (mmol/L) Insulin resistance or diabetes Fasting <5.6 Fasting <6.1
Triglycerides (mmol/L) =1.7 =1.7 >1.7
HDL-C (mmol/L) <0.91 boys, 1.0 girls <1.03 <1.0
Systolic blood pressure =140 =130 =130
(mmHg)
BMI (kg/m?) >30 -
Waist circumference Waist-to-hip ratio >0.9 >90™ centile Boys 102 cm,
(cm) (boys), >0.85 (girls) girls 88 cm
Insulin (pmol/L) Insulin resistance -

BMI: body mass index; HDL-C: high-density lipoprotein cholesterol; IDF: International Diabetes
Federation; NCEP ATP IIII: National Cholesterol Education Program’s Adult Treatment Panel; WHO:
Word Health Organization.

Adapted from Titmuss and Srinivasan [71].

Table 5 includes the new definition of metabolic children of The International
Diabetes Federation (IDF) for children and adolescents, this definition is available
for children 6 years old or older, but the IDF recommends not to use the diagnosis
of metabolic syndrome in children younger than 10 [72]. For children older than 16
years old, IDF recommends the use of the existing IDF criteria for adults.

Even thought the IDF definition exists, it is considered that theirs is a lack of
unified definition of the pediatric metabolic syndrome. For this reason, many
authors are still confused about which definition is the most appropriate. Some
authors preferred the use of internal cut-offs (quantiles), or a score, to evaluate
the risk of cardiometabolic disease. Moreover, screening for metabolic syndrome is
not widely used clinically in young ages, for its complexity, since there is the need
of having measures for all the components of the metabolic syndrome [58]. For
these reasons and the lack of a clear definition, a panel of expert committee
recommended “not to considered the metabolic syndrome as a separate risk
factors”, and to screen and prevent the single components of these syndrome [60].
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The etiology of the metabolic syndrome is not fully understood, but it is likely to be
caused by the expression of genotypes modified by environmental interactions, and
it may be mediated through abdominal obesity and insulin resistance [60].

Even thought there is a vast evidence of the role of obesity on cardio-metabolic
risk, research suggests that general obesity is not essential for a higher cardio-
metabolic risk, since there is also a metabolically obese but normal-weight
phenotype in pediatric age, and as mention earlier, abdominal obesity may have a
more relevant role in this association [73].

1.2.3.5 Other cardiometabolic biomarkers

Other obesity related biomarkers have been proposed but they are not widely used,
such as C-reactive protein, adiponectin and leptin [74]. C-reactive protein (CRP)
has been suggested because in adults, it seems clear the association between
obesity and inflammation, and C-reactive protein is an unspecific biomarker of low-
grade chronic inflammation. In adults CRP levels >3 mg/L suggest low chronic
inflammation and >10 mg/L acute infection. However, there are at not specific cut-
offs for children. CRP levels in adulthood and childhood are slightly increased when
there is a higher BMI, higher waist circumference, and adiposity [58, 75, 76].

Furthermore, higher levels of C - reactive protein have been associated with the
risk for cardiovascular disease and type 2 diabetes mellitus in adults. But the utility
of this protein for screening in children and adolescents is not clear yet, because
only few studies have explored the association between this protein and clinical
outcomes, and this biomarker presents some limitations [58, 77].

Another novel biomarker is adiponectin. This hormone can increase the insulin
sensitivity. Some studies show that lower levels of adiponectin are associated with
higher BMI and fat mass percentage, and also can predict the risk of developing
metabolic syndrome over a 6 years period [58].

Another biomarker related to several cardiometabolic risk factors in adults and
children is leptin. This hormone controls metabolism, controlling food intake and
stimulating energy expenditure and obese children tend to have higher leptin
levels. Some authors suggest that leptin may be used as a marker of metabolic
syndrome in children and adolescents [74].
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1.3 Developmental Origins of Health and Disease (DOHaD)

The fetal origins hypothesis suggests that one of the causes of childhood obesity
and cardiometabolic risk may be the exposure in early life to environmental factors.
This hypothesis also called the Barker’s hypothesis started with articles published in
The Lancet by Barker and colleagues [78-80].

In the first of these studies, Barker studied the geographic distribution of diseases
across England and Wales and showed a positive geographic correlation for infant
mortality (between 1921 and 1925) and ischemic heart disease from 1968 to 1978.
This correlation suggested that the origins of cardiovascular disease are in early
life. Barker et al was the first to report an association between low birth-weight for
gestational age (considered “as a surrogate marker for an adverse intrauterine
environment”) and increased susceptibilities for metabolic and other complex
diseases later in life [81]. This hypothesis was tested in a second study carried out
in Hertfordshire, with participants born between 1911 and 1930, and death rates
from coronary heart disease decreased when increasing birth weight. This
association was also found in several studies conducted in Europe, North America,
China and in developing areas in Latin America and India [57, 82].

One of the most famous studies supporting this hypothesis is based on the Dutch
famine: a cohort study of 2000 participants who were born in Netherlands between
1943 and 1947. During the II World Word, pregnant women had available 400-800
kcal/day during the winter of 1944-1945 due to an embargo and the problems for
the food supply. The researchers could study the effect of starvation in the first,
second and third trimesters of pregnancy, and compare the data with the children
born before and after this critical period. The offspring of women who suffered the
famine during pregnancy had higher risk of glucose intolerance, impaired insulin
secretion and hypertension; among them, the offspring exposed to famine during
early gestation had the worst effects, because they had also more risk of other
conditions such as atherogenic lipid profile, obesity or coronary heart disease [57,
83-85]. Other famines showed similar patterns, for example people born in Nigeria
during the Biafra famine (1968-1970) had a substantial higher risk for obesity and
other diseases [86].
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Figure 1. Timing of in utero nutritional deprivation and different later-life
disease outcomes. Based on the Dutch famine birth cohorts.
Adapted from Boekelheide et al. [87]

One of the components of the Fetal Origins hypothesis is the “thrifty phenotype”
hypothesis proposed in 1992 by Hales & Barker that suggests that undernutrition
in intrauterine period program an adaptation of the fetal metabolism for potential
adverse postnatal environments [81].

Gillman in 2005 reported about the paradigm of “Developmental origins of health
and disease (DOHaD)”. This paradigm gave a greater perspective of prenatal
origins of adult disease, beyond the previous studies focused on birth weight and
later cardiovascular health [88]. Currently, this paradigm is the name of a Society
and a Journal, and what is commonly agreed between its members is that there are
sensitive time windows during early life for development of specific tissues, in
preconception, in utero and in postnatal life, and that during this period
environmental factors can have long-lasting effects by the programming effect, and
can include changes in vascular structure and function, insulin secretion, renal
development, and glucose and cholesterol metabolism [89]. The effect may
increase the prevalence of chronic diseases o nhon-communicable diseases, such as
obesity, cardiovascular and metabolic diseases and also respiratory diseases and

neurodevelopmental disorders.
1.4 Biological Mechanism

This section describes potential biological mechanisms that could support the
paradigm of DOHaD and specifically explain the association between early life
exposures to environmental factors and childhood obesity and cardiometabolic risk.

There are different “critical windows” of development, which are periods of

development when particular organs are more sensitive to nutritional, hormonal
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and metabolic environment [90]. The periods of differentiation and proliferation of
cells are organ-specific. These periods of development may be sensitive to
environmental exposures, these may interfere with organogenesis and as a result
the morphology and functionality of the organ may be altered for the rest of the life
because the exposures alter normal tissue and organ development [81]. Some
animals models have been used to study this theory and few studies in humans
[91-93].

The mechanisms by which fetal development is influenced by environmental
factors, for instance nutrition, are not completely understood. Different biological
mechanism have been suggested, some mechanism are based on the concept of
“developmental plasticity” [94, 95]. The plasticity is the ability of a single genotype
to produce more than one alternative form of structure (several phenotypes),
physiological state or behavior in response to environmental conditions. These
several phenotypes depending of the environmental exposures can be beneficial for
the offspring, because they enable a better match of the individual to his postnatal
environment than would be possible if there would be the same phenotype for all
the environments. Plasticity can be also described as the ability of the fetus to
adapt tissue structure when environmental changes occur. When this adaptation
occurs and has long term consequences, it is described as a “programming” or
“metabolic imprinting”. These processes are defined as any situation “where a
stimulus during a critical period of development, results in long-term changes in

the structure or function of the organism” [96].
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This programming effect could be caused by epigenetic modifications of the gene
expression; these are heritable changes in the gene expression not caused by
changes in the DNA sequences. The epigenetic modifications can result in
persistent changes in gene regulation and pathways [97, 98]. These changes are
heritable but not fixed through all the life, since they can be altered during
different life stages: embryogenesis, fetal development, and also later in life.
Sometimes these effects can be reversible, but usually they conduct to
irreversible processes affecting the differentiation and organogenesis, and also
may affect the homeostatic process. The epigenetic mechanisms include
methylation, modification of histone proteins and microRNAs [99]. It is generally
assumed that epigenetic modifications may mediate the gene-environment
interaction. Therefore by epigenetic modifications, individuals with similar DNA
but exposed to different environmental signal, express different phenotypes, and
may have different predisposition to chronic diseases [81, 82].

Few transgenerational studies with animal models support this epigenetic
hypothesis, such as a study conducted by Dunn and Bale, that showed that in
utero exposure to a high-fat diet resulted in increased body size in the 3™
generation female offspring [100].

The telomere attrition has been also proposed as a potential mechanism of fetal
programming of cardiovascular disease [101]. Telomeres are nucleoproteins
included in the chromosomes, they are repetitive DNA sequences and they
protect the chromosome from fusion and degradation [102]. The length of

telomeres can be decreased by oxidative stress.

Another potential biological mechanism is based on the disruption of the
endocrine environment, for instance alteration of the supply of glucocorticoids,
which can lead to changes in gene regulation [103].

Some studies suggest that hormones are involved in this process, and they are
environment-dependent organizers of the endocrine system, this system has a
special role regulating all the fundamental processes of life. One hypothesis is
that high concentrations of hormones, which are non-physiological and are
caused by an altered early life environmental exposure, can malprogram the
neuroendocrine system and it may lead to developmental disorders and chronic
diseases in later life. The hormones identified are cortisol, leptin, insulin and
ghrelin, but there may be other hormones involved in this process [96].
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Insulin may play an important role in obesity development and other metabolic
disorders, as proposed by Freinkel et al. (1980) that suggested the concept “fuel-
mediated teratogenesis”. This theory proposed that overnutrition (“increased
nutrients”), specifically glucose levels and insulin have a positive correlation with
increase body weight and impaired glucose tolerance in the offspring of diabetic
mothers and also of mother with mild glucose intolerance [96]. To face this
maternal hyperglycemia, the fetal pancreas and liver are stimulated to segregate
insulin and insulin-like growth factors, leading to a macrosomic infant [104].
Another effect could be that the pancreas can be affected and the number of
functional beta-cells could be reduced [105]. Insulin may also have an effect on
hypothalamic controllers, thus high concentration of insulin in the immature
hypothalamus may lead to a permanent dysplasia of central nervous regulating
metabolism and body weight. In animal models, insulin in neonates induces to
morphological alterations in hypothalamic structures that can lead to the
development of obesity and adult hyperinsulinemia [81, 96].

There is another theory link to insulin, the fetal insulin hypothesis that was
proposed by Hattersley and Tooke, and it describes a process where poor fetal
nutrition induces metabolic adaptations. These adaptations are beneficial for the
fetus during pregnancy but have lasting negative effects that can lead to obesity
and metabolic diseases in later life [57, 106].
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1.5 Prenatal factors influencing the risk of later obesity in childhood

Some of the prenatal environmental factors that have been considered potential
predictors of childhood obesity are presented in the following sections. We focus
our attention on risk factors that are potentially modifiable and related to
lifestyle.

1.5.6 Maternal obesity

One of the prenatal factors of childhood obesity more studied is maternal obesity.
Several cohort studies have found a positive association between maternal
obesity and childhood obesity and cardiometabolic risk. A recent meta-analyses
by Yu et al. showed that pre-pregnancy overweight/obesity had an increased risk
of offspring obesity (Odds Ratio (OR) 3.06; 95%CI: 2.68, 3.49; P<0.001)
compared to pre-pregnancy normal weight [107].

Some authors suggest that maternal obesity per se may not be the primary cause
of childhood obesity; rather, other factors related to maternal obesity during
pregnancy like hyperglycemia, dyslipidemia and hypertension are more likely to
be the causal factors [57]. Some hypothesized mechanisms are that the high
intrauterine glucose concentrations, may lead to an excessive insulin secretion by
fetal pancreatic B cells. This process may result in a stimulation of fetal growth,
because insulin is a growth hormone [57]. Some studies have explored this
hypothesis, for example a study conducted in the Greek cohort RHEA that showed
that pre-pregnancy overweight/obesity was associated with a higher risk of
offspring overweight (Relative Risk (RR): 1.83; 95%CI: 1.19, 2.81), central
adiposity (RR: 1.97; 95%CI: 1.11, 3.49) and greater fat mass compared with
offspring of normoweight mothers [108]. These associations were not mediated

by gestational diabetes.

The association of maternal obesity with childhood obesity may be explained by
shared environmental, lifestyle and genetic characteristics, and also by
intrauterine mechanisms (some of them are described in Figure 3, adapted from
Gaillard [109]), or a combination of all of them [108]. Some studies have tried to
disentangle the effect of maternal obesity on childhood obesity, studying the
maternal and also paternal BMI and their relation with childhood obesity. For
instance, in the Cohort study ALPAC they hypothesized that “a stronger
association between maternal-offspring than paternal-offspring pairs would imply
an intrauterine effect”. They argued that their lack of difference in strength
between the maternal and paternal associations with the childhood obesity
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suggested that maternal obesity may be caused by shared genetic and
environmental characteristics rather than intrauterine effects [110]. Few other
studies support this argument, as reported in the 2013 review by Patro et al. and
and also from other studies not included in this review conducted in Norway and
India. They suggest that diet may be one of the plausible contributors [111-114].

Although shared environment seems to be the major predictor of childhood
obesity, some of the association between parental obesity and offspring obesity
may be driven by genetic variation [115]. One of the genes associated with
obesity development that has given rise to more interest is FTO [116, 117]. This
gene is related to regulation of energy consumption, and some studies suggest
that children with specific alleles of FTO may have greater food consumption and
reduced satiety [35].
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1.5.2 Gestational weight gain

Another maternal factor that has attracted much attention is gestational weight
gain. The Institute of Medicine (IOM) defines excessive gestational weight gain as
shown in table 6, taking into account the pre-pregnancy BMI [118].

Table 6 Institute of Medicine (IOM) recommendations for Total and Rate of weight gain
during pregnancy, by pre-pregnancy Body Mass Index (BMI)

Total weight gain Rate of weight gain
Classification BMI (kg/m?) Range in kg Mean (range) in kg /week
Underweight <18.50 12.5 - 18 0.51 (0.44 - 0.58)
Normal weight 18.50-24.99 11.5-16 0.42 (0.35 - 0.50)
Overweight =225.00 7-11.5 0.28 (0.23 - 0.33)
Obese >30.00 5-9 0.22 (0.17 - 0.27)

Based on IOM recommendations [118]

The IOM recommends gaining optimal weight during pregnancy because gaining
excessive gestational weight may have short and long term effects on the
maternal health and also on the infant health, such as gestational diabetes,
preeclampsia and cesarean delivery [118]. Furthermore, the offspring of women
who gained excessive weight may have higher risk of developing obesity as
shown by several studies [119, 120]. In this sense, a meta-analysis conducted
by Mamun et al. (2014) found that offspring of women who gained excessive
weight during pregnancy had a 40 % higher risk of childhood obesity, when

compared with offspring of adequate gestational weight gainers [121].

Moreover, some studies showed that excess gestational weight gain is also

associated with higher fat mass and central adiposity in the offspring [122-124].

The mechanism involved in this relationship are not fully understood, some of the
hypothesized mechanisms are that the offspring may inherit the maternal genetic
predisposition to gain weight, and for this reason they would have higher risk of
obesity, and another mechanism would be the shared lifestyle between mother
and child. There is also the hypothesis that high gestational weight gain could
lead to excessive fat deposition that could cause a high transmission of free fatty
acids to the fetus and causes higher offspring adiposity. These free fatty acids
could be transformed into glucose, and the exposure to a maternal
hyperglycemia could lead to a higher fetus development, as suggested by the

fetal insulin hypothesis [125, 126]. It has also been proposed that the excessive
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free fatty acid and glucose supply could lead to an alteration of the development

of fetal fat cells, and to a long term increment of adipose tissue [120].

1.5.3 Gestational diabetes

Gestational diabetes screening is a common practice worldwide, since gestational
diabetes is a well known risk factor of developing diabetes in later life for the
pregnant women [127]. In the last decades, the evidence of the detrimental
impact of gestational diabetes also on the infant has further supported this
screening practice [128].

Animal models showed that the presence of maternal gestational diabetes can
lead to a higher risk of gestational diabetes, T2DM, obesity and cardiovascular
disease in the offspring [129, 130]. Human studies supported these findings that
offspring exposed to maternal gestational diabetes have an increased risk of
developing general obesity, central adiposity, metabolic syndrome and also T2DM
[119, 131-136]. However, some authors argue that the effect of gestational
diabetes on childhood obesity risk, especially general obesity, is highly driven by
maternal pre-pregnancy obesity. In this sense, the substantially attenuation of
the association between gestational diabetes and obesity when controlling by
maternal pre-pregnancy BMI could support this hypothesis [137, 138].

The mechanism of action follows the hyperinsulinemia hypothesis suggested by
Pedersen, that a maternal hyperglycemia status could lead to intrauterine over
nutrition and fetal hyperinsulinemia [139]. This could cause excessive fetal
growth and metabolic dysregulation [140]. Some longitudinal studies explored
this potential mechanism, assessing whether maternal glucose was associated
with childhood BMI. Some of them found that there was a positive association in
gestational diabetic women and non diabetic women, and this association
remained significant after adjusting for maternal BMI [140].

Few studies have assessed the effect of an optimal treatment of maternal
hyperglycemia on childhood obesity, and have found that treatment improved
offspring insulin sensitivity but not childhood obesity risk [141, 142]. According
the current evidence, the effects of maternal gestational diabetes could be
considered a vicious cycle given that the offspring of a diabetic mother has a high
risk of obesity and T2DM. Offspring will have a higher risk of perpetuating the
cycle if they become obese and develop Diabetes Mellitus. The interaction
between the phenotype and the later exposure to an unhealthy lifestyle (for
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instance: sedentary and high-fat diet) may modulate the risk of the offspring and

can contribute to maintain this vicious cycle [143].

1.5.4 Smoking

Smoking during pregnancy is a lifestyle factor that it is potentially modifiable and
it has been associated with adverse pregnancy outcomes including childhood
obesity. Several longitudinal cohort studies have assessed the effect of smoking
during pregnancy and childhood obesity, and they found a positive association
between them [119, 144-146].

In fact, two meta-analyses found that children exposed to maternal smoking in
utero had an increased odds of 50 % of having obesity, even after adjusting for
other lifestyle factors and sociodemographic characteristics [145, 147].

The potential detrimental effect of smoking on central obesity and metabolic
syndrome in childhood is not clear. Some animal studies indicate that animals
exposed to nicotine in utero have a decreased B cell function, impaired glucose
tolerance and increased metabolic syndrome risk [148-151]. Evidence from
human studies is scarce, and further longitudinal studies are needed [115, 152].

The mechanisms that could explain this association are not fully understood, one
of the most common hypothesis is that smoking lead to low birth weight and
rapid infant growth could lead to childhood obesity [145]. However, some studies
have controlled their analyses by birth weight and rapid infant growth and still
found an independent effect of smoking on obesity risk. Another plausible
hypothesis is that smoking increases body fat accumulation. This increase could
be caused by nicotine that can cross the placenta, and cause fetal hypoxia and

long term cardiovascular consequences [147].
1.5.5 Diet

Many studies have explored the potential influence of maternal diet on offspring
obesity development. Different approaches have been used, like the study of
macro- and micronutrient intake, or the consumption of single foods and dietary
patterns. In the following sections we will review the current literature on this

topic.
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1.5.5.1 Macro and micronutrients

Several studies have focused their interest on the study of macro and
micronutrient intake during pregnancy and childhood obesity development.

Some animal models have been developed to explore the association between
maternal diet and childhood obesity. The most common model has tested the
effect of a high-fat diet (western diet) on the offspring obesity risk, and has
found a positive association in rats, mice and ewes [153-156]. Traditionally,
maternal obesity was considered necessary in this association, but some studies
suggest that maternal obesity is not a requirement, and a high-fat diet may have
an effect per se [157-159]. Other models have been used, like high-sugar diet;
in fact a study showed that male offspring from dams fed with high-sugar diet
had increased adiposity, triglyceride, and LDL concentrations, when compared to
standard fed rodents [160].

There are few studies in humans that explored the association between
macronutrient intake and childhood obesity with disparities in their findings. One
of these studies, conducted in Ireland on 585 pregnant women, found that
mothers with higher intakes of sugar and saturated fatty acids (SFA) had an
increase OR of having overweight/obese children at 5 years of age (OR: 4.57;
95%CI: 1.01, 20.69 and OR: 3.35; 95%CI: 0.97, 11.57, respectively) compared
to mothers with low intakes. However, total fat and total carbohydrate intake did
not show any effect [161].

Another cohort study in the UK investigated the association between maternal
energy intake and grams of carbohydrates, proteins and fats during pregnancy
and offspring fat mass and fat-free mass at 10 years of age. There was no
significant association between the maternal and paternal energy and
macronutrient intake and childhood adiposity [162]. However, they found an
interesting association between maternal protein and fat intakes and the
offspring intakes, even when adjusting by paternal intakes, and this association
was stronger than the paternal-offspring association, suggesting that maternal
diet may influence the offspring diet via intrauterine mechanisms, and not for
shared environment. According to this hypothesis, maternal diet during
pregnancy could program the development of dietary preference and appetite
regulation of the offspring. That is of special importance, because child dietary
intakes of protein and fat were also associated with adiposity [162].
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Maslova et al. also found that protein intake during pregnancy was associated
with offspring overweight at 20 years of age, especially when proteins were from
animal sources. In this study conducted in Denmark with a sample of 684
mother-child pairs, they also explored the association between protein intake and
waist circumference and biomarkers (concentrations of adiponectin, leptin, IGF-1,
insulin, glucose, glycated hemoglobin, cholesterol and triglycerides). They found
no significant associations [163]. However, maternal protein intake may play a
role in the development of blood pressure, as found by researchers of the
Women and Their Children’s Health Study. They observed that maternal low
protein-to-carbohydrate ratio was associated with higher systolic blood pressure
in their offspring at age four [164]. These authors suggested that an optimal

ratio of macronutrients intake may exist.

Regarding fatty acids, Vidakovic et al. in 2016 explored the association between
polyunsaturated fatty acid (PUFA) concentrations during pregnancy and offspring
general and abdominal adiposity at 6 years of age in the Generation R study.
Lower maternal n-3 PUFA concentrations and higher n-6 PUFA concentrations
during pregnancy were associated with a higher body fat percentage, and
abdominal adiposity in the offspring [165]. There was no association between
PUFA during pregnancy and offspring BMI and results from previous cohort
studies have been inconsistent [166-169].

In this line, one meta-analysis that included 6 randomized controlled trials found
no association between supplemental n-3 PUFA during pregnancy and offspring
BMI in preschool age (Standardized mean difference (SMD): 0.07; 95%CI: -0.22,
0.36) and school age (SMD: 0.12; 95%CI:-0.06, 0.30) [170].

Like with proteins, PUFA intake may have an impact on cardiovascular health,
especially on blood pressure. That is what a study conducted in 129 Australian
mother-child pairs found, i.e. higher intake of PUFA and Omega 6 in pregnancy
were associated with higher systolic blood pressure of the offspring (at age 4)
[164].

Some researchers have used the micronutrient approach to study their influence
on childhood obesity development. One of the micronutrient that has generated
more interest in the last years is Vitamin D. Several studies conducted in children
and adolescents have shown an inverse association between vitamin D status
(defined by serum concentration of 25-hydroxyvitamin D (25(OH)D) and BMI and
other adiposity outcomes [171, 172]. In this line, a study conducted in the

34



UNIVERSITAT ROVIRA I VIRGILI
EARLY LIFE FACTORS AND CHILDHOOD OBESITY DEVELOPMENT

Silvia Fernandez Barrés .
Introduction

Spanish cohort INMA found that maternal deficit of vitamin D concentrations
increased the offspring risk of overweight and the BMI at 1 year of age. However,
the association did not remain at 4 years of age [173].

A study conducted in the birth cohort study Southampton Women’s Survey used
repeated direct measured of adiposity as child fat mass by DXA. This study
showed an association between a low Vitamin D status during pregnancy and
offspring higher fat mass at birth and at age 6. Similar to INMA cohort, the
association was attenuated at age 4 [174].

In contrast, other recent studies are in disagreement because they report a lack
of association of vitamin D and offspring obesity development (neonatal
adiposity, at 5 years and 9.5 years old) [175, 176].

Fewer studies have investigated the intake of other micronutrients during
pregnancy and their impact on childhood obesity, and they found null
associations for folate intake and supplements of multivitamins [177, 178].
Yaknik et al. found that in the Pune Maternal Nutrition cohort conducted in India,
mothers with low vitamin B12 and high folic acid levels had children with more
insulin resistance, higher body fat percentage and higher abdominal fat at age 6
[179].

One of the cohorts with more publications about maternal diet and its influence
on the offspring is the British ALPAC. Although their lack of studies focused on
obesity in the offspring, they have studied the influence of several maternal
intakes of micronutrients and their influence in growth and cardiometabolic
factors. They report a null association between maternal intake of any
micronutrient and blood pressure at age 7 and 15, a weak association between
iron and magnesium intake and height and between magnesium, potassium, and

folate with the bone density at 9.9 years of age [111].

1.5.5.2 Foods

Some studies have used another approach, and have focused their attention on
specific food intake. They explored the potential influence of maternal food intake
during pregnancy on the development of childhood obesity, in order to design
guidelines with food specific recommendations. The number of studies in humans
is low, but there is some evidence that certain foods consumed during pregnancy

may increase the risk of the offspring for obesity.
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One of the food items that could increase obesity risk is meat and meat products.
Maslova et al. found that these diet components increased the risk of overweight
in the female offspring (Q4 of meat intake compared to Q1, Relative Risk (RR):
2.47; 95%CI: 1.09, 5.60; p = 0.03). In the same publication, they also found
that a high consumption of cereals and cereal product decreased risk of
overweight in offspring at 20 years of age (Q4 compared to Q1, RR: 0.27;
95%CI: 0.12, 0.62; p = 0.002). These associations were observed only in female
offspring. No other food group included (fish, milk, vegetables and fruits) was
associated with BMI or overweight risk at 20 years [163].

Other animal products, like fish intake, have been associated with increased risk
of childhood obesity, as found in a multicohort study [180].

Other studies have taken into account milk intake, but they have not explored
yet the association with obesity development, instead they focused their
attention on birth outcomes like abdominal adiposity, finding a positive
association [181].

Similar situation happens with vegetable and fruit intake during pregnancy, the
evidence is limited to birth outcomes and no study has yet explored their
influence in obesity development [182].

Interest has risen recently to study the effect of artificial sweeteners intake
during pregnancy and childhood obesity. There is evidence on animal models that
these sweeteners may influence the development of obesity and metabolic
syndrome in the offspring. Moreover, a recent study has been published that
explores this association, and it has found that daily consumption of artificially
sweetened beverages was associated with a higher risk of infant overweight at 1
year of age compared with offspring of mothers who not consumed these
beverages (adjusted OR: 2.19; 95%CI: 1.23-3.99). Surprisingly, there was a null
association with sugar-sweetened beverages [183]. In contrast with two previous
studies that found a modest effect on childhood anthropometry in infancy [184,
185].
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1.5.5.3 Dietary patterns

The study of dietary patterns gives a broader picture of the overall diet of a
person, compared to the study of nutrients or single foods. Furthermore, dietary
patterns may be more useful to study the association between diet and disease
[186].

Since foods and nutrient interact between each other, and they are highly
interrelated, it is difficult to separate out the specific effect of single foods or
nutrients in relation to childhood obesity.

Few studies have assessed the influence of dietary patterns and later risk of
obesity; most of the studies have focused their interest in pregnancy and birth
outcomes [187-194].

One of the dietary patterns considered a healthy dietary pattern is the
Mediterranean Diet. This diet is characterized by a high content of fiber, mono-
and poly-unsaturated fatty acids and antioxidants. The low adherence to the
Mediterranean Diet during pregnancy has shown an association with risk factors
of childhood obesity, such as neonatal insulin resistance [195].

Some studies have explored the association between the glycemic index and
glycemic load during pregnancy and offspring outcomes. The glycemic index is
defined as “a measure of the change in blood glucose following ingestion of
carbohydrate-containing foods (...). It is a mean of quantifying the relative blood
glucose response to carbohydrates in individual foods, comparing them on a
weight-for-weight basis (i.e., per gram of carbohydrate)”. While the glycemic
load “of a particular food is the product of the glycemic index of the food and the
amount of carbohydrate in a serving. By summing the glycemic load contributed
by individual foods, the overall glycemic load of a meal or the whole diet can be
calculated” [196].

Some cohort studies showed a positive association between the glycemic load
and the glycemic index during pregnancy and offspring adiposity measures. A
study conducted in the prospective cohort Southampton Women's Survey found
that per each 10-unit increment of glycemic index in early pregnancy there was
an increase of 0.43 of child fat mass (95%CI: 0.06, 0.80) at 4 years of age, and
per 50-unit glycemic load increase B: 0.43 (95%CI: 0.19, 0.67). These estimates
were slightly attenuated at 6 years of age [197]. These findings were at early

pregnancy, no association was found when the glycemic index and load was
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assessed in the late pregnancy. There was no association with neonatal adiposity.
In agreement with a previous randomized controlled trial the ROLO study, after
the intervention with a low glycemic index diet, there were no difference between
the groups, except for a moderate difference in the thigh circumference (15.9 +
1.7cmvs. 16.6 £ 1.5cm; P = 0.04) [198].

In contrast, a pilot randomized controlled trial explored the effect of a low-
glycemic index diet during pregnancy in women at risk of gestational Diabetes
Mellitus on the offspring adiposity, and found that adherence to a low-glycemic
index was associated with a lower birth weight and length, but not with adiposity

at birth or at one year of age [199].

Moreover, it has been hypothesize that the glycemic index and glycemic load
could be associated with abdominal adiposity and cardiometabolic risk. One study
conducted in Denmark explored these associations and found that maternal
glycemic index (not glycemic load), was positive associated with HOMA-IR,
insulin and leptin concentrations in the offspring at 20 years of age [200].

This study found also a positive association between glycemic load and with waist
circumference, but this difference was only found in girls. In contrast, there was
no association between glycemic index and load on other biomarkers, such as
total cholesterol, HDL, LDL, triglycerides and other outcomes as systolic and
diastolic blood pressure [200].

The mechanism that underlies the associations is not fully understood, but it may
be related to the exposure to a maternal hyperglycemia and the consequences
that this exposure produces, like fetal hyperinsulinemia, appetite control
dysregulation, and change in the endocrine system.
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1.6 Postnatal influence on childhood obesity

Recently, not only the gestation period but also the 2 years after delivery has
been considered key moments of development, based mostly on animal

experiments.

In the following sections we exposed some risk factors that are suspected to be

associated with childhood obesity development.

1.6.1 Birth Type

Birth type is a perinatal factor that has raised much attention in the last years.
One proof of that, it is the publication of several studies exploring the relation

between birth type and child health.

A meta-analyses including 19 cohort and case-control studies observed that
cesarean section was associated with a 34 % increased risk of childhood obesity
[201]. This finding is in line with two reviews and meta-analyses conducted
previously that found similar positive associations [202, 203].

Even thought cesarean section was suspected to influence metabolic risk factor in
the offspring, a recent cohort study that included 2063 young Brazilians, found
that cesarean section was associated with higher BMI but not with metabolic risk
factors [204].

The potential biological mechanism is not fully known, some theories indicate
that cesarean delivery may affect the normal developing of gut microbiota in
infants, and microbiota is associated with inflammatory status that could lead to
childhood obesity [205]. Another theory suggests that cesarean delivery may
affect childhood obesity by DNA methylation [206]. Another potential mechanism
could be related to maternal obesity, since obese women are more likely to have
a cesarean section, and their babies are more likely to be obese [207].

1.6.2 Birth weight

In the following section we will discuss the role of birth weight as a postnatal risk
factor of childhood obesity and cardiometabolic risk.
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Several studies have found an association between low birth weight and higher
body mass index later in life in UK cohorts [208-210]. In a Spanish study, lower
birth weight was associated with lower lean body mass and greater central
obesity (waist-to-hip ratio and skinfold thickness) in adults [211]. However,
other studies focused on the association between low birth weight and other
measures of fat mass, have shown no association or a weaker association [212-
214]. This lack of association is also supported by a systematic review and meta-
analysis that found that low birth weight (< 2500g) was not associated with
increased risk of obesity.

Low birth weight may have an effect on the cardiometabolic risk factors. In fact,
several longitudinal studies have observed associations between birth weight and
blood pressure, and coronary heart disease in adulthood. As shown in previous
section 1.3, the Barker hypothesis suggests that birth weight is an indicator of
fetal programming in utero, and it is associated with later disease. However,
some authors suggest that women who delivery low birth weight babies,
themselves have a higher risk of coronary heart disease. This fact may contradict
the fetal programming theory, and support that there is a genetic cardiovascular
susceptibility that increase the risk of vascular complications during pregnancy.
Furthermore, it increases the risk of having preterm or low birth weight infants
that inherit a susceptibility to heart disease [17].

Furthermore, low birth weight has been considered historically as a surrogate for
poor intrauterine growth, but some authors considered that birth weight is a poor
index of intrauterine growth, because it does not consider genetic growth
potential and does not differentiate fat mass and fat-free mass [215]. To face
this limitation, using direct measures of fat and fat-free mass would be more

adequate.

On the other hand, high birth weight, especially macrosomic deliveries (birth
weight > 90thcentile) are positive associated with a higher risk of later BMI in
childhood and adulthood [23]. This finding and also several authors suggest that
the association between birth weight and obesity have a J or U shape, with a
higher prevalence of obesity observed for the lowest and the highest birth weight
(Figure 4) [216, 217].
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Figure 4. J- or U- shaped relationship between birth weight
and the propensity to develop obesity in adulthood.
Adapted from Parlee and MacDougald [218]

Some reviews have supported this hypothesis of higher risk in both ends of the
birth weight spectrum [219, 220], but the few studies that used direct measures
of adiposity found that birth weight was not only positively associated with higher
BMI, but also with higher fat-free mass. This indicates that bigger babies will
have more lean mass in the future, rather than fat mass [221, 222]. This theory
was not supported by a study conducted in the UK cohort ALSPAC that found that
higher birth weight was associated with higher fat mass [223]. For these reasons
direct measurement of fatness at birth are necessary.

Despite the effect on childhood obesity, a study conducted by Boney et al. found
that children born large for gestational age had an increased risk of metabolic
syndrome during childhood when exposed to an adverse intrauterine
environment (maternal obesity or gestational diabetes mellitus). This suggests an
interaction between in utero environment, birth weight and later development of
disease [224]. Other studies found that higher birth weight was associated with
later risk of T2DM, hypertension, coronary heart disease, stroke and even some
types of cancers [23, 225-232].

The potential mechanism behind this association is that maternal overnutrition

leads to fetal hyperglycemia and hyperinsulinemia that may promote excessive
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fat deposition during the third trimester. Another explanation is related to the

increased levels of growth factors in utero (insulin and IGF) [23].

1.6.3 Rapid infant weight gain

As argued in the previous section (1.2.1) sometimes infant weight gain has been
considered an outcome and also a mediator factor in the relation between
maternal exposures and offspring obesity. In this section, we present the
evidence supporting the role of rapid infant weight gain as an independent risk
factor of later general and abdominal obesity, and also its role in the onset of

cardiovascular disease.

Several definitions and measurements of infant weight gain are used in

epidemiological studies and they are described in the previous section (1.2.1).

Rapid weight gain during infancy has been found to be predictive of later obesity
in several observational studies. One study that assessed the influence of rapid
weight gain during the first 3 years of life found that it was associated with
higher BMI, fat mass and waist circumference at 17 years of age [32, 233].
These findings are in line with other studies that found that rapid infant weight
gain from birth to 6 months was associated with later childhood obesity [145]. A
review conducted by Mendez et al. found that out of the 46 studies included, 45
showed a positive association between rapid weight gain and childhood obesity
[146]. Other reviews and meta-analyses conducted later are in agreement with
these findings.

Low birth weight (and/or SGA) and rapid postnatal growth may play together a
detrimental role in childhood obesity development and also for other metabolic

conditions, such as Type 1 diabetes mellitus and metabolic syndrome [234-238].

This growing evidence that infants who rapidly grow are more likely to be obese
children and obese adults, and also to have higher risk of metabolic disorders
exists even in subjects who are born with optimal birth weight [36, 239].
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1.6.4 Breastfeeding

The role of breastfeeding on childhood health has raised a lot of interest in the
last decades. Some researchers include in their analyses type of breastfeeding

and duration of breastfeeding.

Despite the growing number of publications, there are inconclusive results about
the protective effect of breastfeeding on childhood obesity. There are two meta-
analyses that tried to address these questions: a meta-analyses of 17 studies
conducted by Harder et al. found that there was a dose-response effect, each
month of breastfeeding was associated with a 4% decrease in risk of obesity
[240]; a recent meta-analysis of 18 studies found that children breastfed for
more than 7 months were less likely to have obesity (OR: 0.79; 95%CI: 0.70,
0.88) compared to children breastfeed less time [241]; there are other studies
that found null associations between breastfeeding and childhood obesity [242,
243]. Some authors argue that these discrepancies may respond to residual
confounding, because other sociodemographic and lifestyle factors may play a
role in these associations.

Some researchers suggest that people breastfed had cardiovascular benefits, like
lower cholesterol levels and lower prevalence of T2DM, based on some long-term
follow-up studies [244]. Furthermore, it may have an effect lowering the risk of
blood pressure, and metabolic syndrome [245].

Moreover, formula feeding may play a role in the development of childhood
obesity, specifically, the types of formula milk [246]. One trial compared the
growing patterns of infants fed lower protein formula and higher protein cow’s
milk formula and, and they found that the last grew more rapidly, and the low-
protein formula had a lower BMI later in life [247].

The mechanism underlying the association between breastfeeding and formula
feeding and childhood obesity could be related to the protein intake, as
suggested by the Early Protein Hypothesis [248]. This theory suggests that a
high-protein intake in early stages of life may increase the levels of insulin-
realizing amino acids; these may lead to an increased secretion of IGF-1, which
stimulates growth and activity of adipogenes. That could be translated to a rapid
weight gain and a later risk of obesity development.
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1.6.5 Introduction of solid foods and infant feeding practices

Related to breastfeeding there are other postnatal factors that could have an
impact on childhood obesity development: timing of solid foods introduction and

infant feeding practices.

Few studies have assessed the association of early introduction of solid foods and
childhood obesity with inconsistent results. Huh et at conducted an analyses in
the Viva cohort study and found that early introduction of solids (before 4
months of age) increased the odds of obesity at 3 years of age (OR: 6.3; 95%CI:
2.3, 6.9) among the children who were formula-fed compared with later
introduction of solids [249]. Other studies found similar results [146]; on the
other hand, there are other studies that found null associations between timing
of introduction of solids and childhood obesity [250, 251].

Few studies have taken into account quality of infant feeding and its association
with obesity development. One of these studies was conducted in 536 children,
and found that children with higher adherence to a “infant guideline score”
(characterized by high consumption of fruit, vegetables and home-prepared
foods) had lower fat mass at 4 years of age (assess by DXA) compared to infants
with lower adherence. However, there was no association with BMI at 4 years of
age. Similar results were described by Okubo et al., children with higher quality
of diet at 6 and 12 months of life, had lower fat mass at 6 months of age but not
difference in BMI.

A review conducted by Pearce et al. tried to explore this question, and found that
high intakes of energy and protein (especially animal and milk protein) could lead
to an increased BMI and body fat [252].

The mechanism underlying these associations are uncertain, one explanation
could be that the quality of the infant diet is an indicator of the quality of his diet
in later periods, since dietary preferences could track intro childhood and
adulthood. Other explanation is that a higher quality of diet may be related with
a healthier parental lifestyle and also with other sociodemographic characteristics

that may act as confounders in these associations.
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1.6.6 Sleep duration

There is a growing interest in the role of sleep duration as a predictor of health
and disease outcomes, both in adults and children. Recently, infant sleep
duration has been considered a potential determinant of later childhood obesity
risk.

Several reviews and meta-analyses have reported an inverse association
between sleep duration and obesity [253-255]. The Ilatest meta-analyses
published, included 22 longitudinal studies and showed that children and
adolescent who slept fewer hours had an OR of 2.51 (95%CI: 1.64, 2.81) for
being overweight or obese compared to subjects who slept enough hours [256].

The proposed mechanism for this association is that short duration of sleep may
increase energy intake and decrease its expenditure by altering hormonal
responses, mostly leptin and ghrelin. These hormones play an important role on
satiation and food intake, reducing food intake and stimulating it, respectively
[257-259]. Another potential explanation is that sleeping is part of the lifestyle,
and short sleeping can be associated with other lifestyle related to obesity (low
physical activity for instance) [256, 260].
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2. RATIONALE

Childhood obesity prevalence is increasing in the entire world, and given that it is
associated with adulthood obesity and other chronic diseases, it has become one
of the main public health problems. Despite this, the reasons for the increase in
childhood obesity prevalence are uncertain. Some of the attributed causes are
the greater availability and affordability of food, the decrease of physical activity
and also a genetic predisposition to obesity. However, these causes would not
fully explain the rapid increase in childhood obesity, and other environmental
causes may have a role in the early stages of the disease. It is believed that
childhood obesity starts in prenatal periods, thus identifying early life risk factors
could help to prevent childhood obesity. Early prevention of childhood obesity is
crucial, because once obesity is established is very unlikely to reverse it, given
the modest effect observed after many interventions. And even if the obesity is
addressed through weight reduction, the presence of childhood obesity may leave
an imprint in the adult health, and may maintain an increased risk of other
comorbidities [4].

Some of the risk factors associated with childhood obesity are non-modifiable,
but others are potentially modifiable such as smoking during pregnancy or
gestational weight gain or in infancy like sleeping duration. One of the modifiable
factors that has been poorly studied is maternal dietary pattern during pregnancy
and its impact on childhood obesity development. Only few longitudinal birth
cohort studies have focused their attention on maternal diet, and this type of
studies enable us to investigate potential causal associations for their prospective
design.

This doctoral thesis describes a study of the early life modifiable factors involved
in the development of childhood general and abdominal obesity and
cardiometabolic risk based on longitudinal prospective birth cohort studies. The
aim of this thesis is that the results could contribute to the knowledge of
childhood obesity etiology, and they might be helpful in the design of public

health programs and interventions for the prevention of childhood obesity.
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3. HYPOTHESIS AND OBJECTIVES

Hypothesis

Modifiable maternal and infant early life factors could influence childhood general
and abdominal obesity development. Specifically maternal dietary patterns could
be associated with general and abdominal obesity development in childhood and

with related cardiometabolic biomarkers.

Objectives

The main objective of this thesis was to investigate the prospective association
between potentially modifiable early life factors and offspring childhood obesity

development.

The specific objectives of this study were:

1. To identify potential modifiable early life risk factors for offspring

childhood general and abdominal obesity at mid-childhood.

2. To examine the extent to which combination of modifiable prenatal and
postnatal risk factors predict childhood general and abdominal obesity at
mid-childhood in two different populations in USA and Spain.

3. To examine the association between maternal adherence to the
Mediterranean Diet during pregnancy and risk of general and abdominal

obesity at pre-school age.

4. To evaluate the association between maternal adherence to the
Mediterranean Diet during pregnancy and cardiometabolic biomarkers a

at pre-school age.

5. To evaluate the association between maternal Mediterranean Diet during
pregnancy and child longitudinal growth trajectories from birth to up to 4

years.
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4. MATERIAL AND METHODS

n this section, we provide description of the different methods used to assess the
aims of the doctoral thesis.
4.1 Study design

Data from two birth cohort studies were used in the present thesis:

INMA Project

The population-based INMA Project (“INfancia y Medio Ambiente”-Environment
and Childhood) is a network of 7 prospective birth cohorts in Spain:

There are three old cohorts, already ongoing when the network was created, in
the region of Ribera d’Ebre (n=102), Menorca (n=530) and Granada (n=668)
and four new cohorts with a common protocol in Sabadell (n=777), Valencia
(n=855), Asturias (n=494) and Gipuzkoa (n=638) (Figure 5). The main aim of
the INMA Project is to study the role of environmental pollutants in air, water and
diet during pregnancy and early childhood in relation to child growth and

development. Details of the study design are described by Guxens et al. [261].

Asturias Guipuzkoa
9 °
Sabadell

[ ]

Ribera d’Ebre
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Figure 5. Cohorts included in the INMA Project.

The inclusion criteria for pregnant women were being =16 years, intention to

deliver at the reference hospital, ability to communicate in Spanish or regional
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languages, singleton pregnancy, no assisted conception. Pregnant women were
recruited during prenatal visits in the first trimester of pregnancy at public health
care centers or hospitals. From 45% to 98% of the eligible women agreed to
participate in the study.

All procedures were in accordance with the ethical standards for human
experimentation established by the Declaration of Helsinki and all women
provided written informed consent, and institutional review boards of

participating institutions in each region approved the studies.

The mother and their children have been followed up from pregnancy to
adolescence. Each cohort had a different period of recruitment, and follow-up,
but they all performed the follow-up assessment at the main time-points
(pregnancy, birth, and 4 years) (Figure 6).

For the present thesis we used data from the new cohorts, Sabadell, Valencia,
Asturias and Gipuzkoa. The recruitment of pregnant women in Sabadell was from
July 2004 to July 2006, in Valencia from November 2003 to June 2005.
Recruitment in Asturias took place from May 2004 to July 2007 and in Gipuzkoa
from April 2006 to January 2008. Most women from all the new cohorts were
recruited at their first prenatal visit (10 - 13 weeks of gestation), except for 120

women of Sabadell cohort who were recruited at delivery.

We conducted in-person study visits with participants in the 1t and 3™ trimesters
of pregnancy. Trained INMA staff followed mother-child pairs at birth, and at
child ages 6, 14 months, 4 and 7 years. They performed interviews, physical
examinations, ultrasound scans, and they obtained measurements and biological

samples from the mother- child pairs, and collect data from medical records.
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Follow-up periods of INMA cohorts.
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Figure 6. Follow-up periods of INMA cohorts. Adapted from Guxens et al. [261]
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Project Viva is a longitudinal pre-birth cohort aimed to examine the extent to
which events during early development affect health outcomes over a lifetime.
Recruitment of women took place at their first prenatal visit (median 9.9 weeks of
gestation) from April 1999 to November 2002 from a multi-specialty group
practice in eastern Massachusetts (Atrius Harvard Vanguard Medical Center in
Massachusetts (USA)).

Eligibility criteria included fluency in English, gestational age < 22 weeks at the
initial prenatal clinical appointment, and singleton pregnancy. Full details of the
study are described by Oken et al.[262].

All procedures were in accordance with the ethical standards for human
experimentation established by the Declaration of Helsinki and all participants
provided written informed consent, and institutional review boards of participating
institutions approved the study protocol.

We recruited 2670 women (64% of those who were asked for participation), of
those 2128 were still enrolled at birth and deliveried a live infant.

The mother and their children have been followed up from pregnancy to
adolescence. Viva trained staff performed in-person study visits with participants
at 1t and 2" trimesters of pregnancy, and with mothers and children the first
days after delivery, in infancy at 6 months, in early childhood (median 3.2 years)
and mid-childhood (median 7.7 years). Mothers completed mailed questionnaires
at 1, 2, 4, 5 and 6 years. Viva trained staff performed interviews and collected
samples, and assessed anthropometry, blood pressure and cognitive
development.

Participant flow of Project Viva from pregnancy to mid-childhood is described in
Figure 7.
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4102 pregnant
women
approached for

participation

2670 (64%)
women recruited
at <22 weeks
gestation

* 93 disenrolled*
before infancy
visit

329 became ineligible

® 115 moved out of
study area

* 19 multiple gestation

® 195 stillbirths or
miscarriages

2341 women
remained eligible
i ® 372 disenrolled*
E before early
o 11 lost to follow-up | childhood visit
o 195 withdrew :

e 7 other reason, not
specified

© 420 disenrolled*
before mid-
childhood visit

* Cumulative number disenrolled from birth to visit
¥ Ineligible at early childhood visit because the mother
provided no information on diet in pregnancy
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2035 pairs
eligible for
infancy
visit

338 no data at
infancy visit

* 2 unable to trace
© 336 declined

1579 pairs
eligible for
early childhood
visit

130 no data at early
childhood visit

* 18 unable to trace

® 112 declined

1708 pairs
eligible for
mid-childhood
visit

429 no data at mid-

childhood visit

* 55 unable to trace

® 374 declined

© 1697 pairs with any
data at infancy visit
o 1124 in-person data
0573 questionnaire

only

1497 completed
an annual
mailed
questionnaire
ages 1-2 years

o 1449 pairs with any
data at early
childhood visit
0 1294 in-person data
= 815 child bloods
= 294 dust samples

o 155 questionnaire
only

1338 completed
an annual
mailed
questionnaire
ages 4-6 years

© 1279 pairs with any
data at mid-
childhood visit
o 1116 in-person data
= 701 child bloods
o 163 questionnaire
only

Figure 7. Participant flow from recruitment through

mid-childhood in the Project Viva cohort.

Adapted from Oken et al. [262]
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4.2 Participants

We used different study samples to assess the objectives of this thesis and they
are described as follow:

In order to identify potential modifiable early life risk factors for offspring
childhood general and abdominal obesity at mid-childhood (15t objective) and to
examine the extent to which combination of modifiable prenatal and postnatal
risk factors predict childhood general and abdominal obesity at mid-childhood

(2™ objective), we used data from participants in INMA project and Project Viva.

In INMA project, we used data from Sabadell (n=657, women recruited at birth
were not included (n=120)) and Valencia (n=855), since they were the only INMA
cohorts with available data on the exposure and outcome variables of interest.
We included 981 mother-child pairs who attended pregnancy visits and the 7 year
visit. We excluded participants diagnosed with diabetes mellitus prior pregnancy.
The final analysis sample was 979 (64.7% of initially enrolled) pairs of mothers
and children.

In Project Viva, we recruited 2128 women who delivered a live singleton infant;
we included 1116 participants who provided information during pregnancy and at
the 7-10 years visit. We excluded participants with diabetes mellitus prior
pregnancy. The final analytic sample was 1108 (52.1% of initially enrolled)
mother-child pairs.

We used only data from INMA project at 4 years for the 3 remaining objectives:
to examine the association between maternal adherence to the Mediterranean
Diet during pregnancy and risk of general and abdominal obesity (3™ objective),
cardiometabolic risk score and biomarkers at pre-school age (4" objective) and

early life growth trajectories (5'" objective).

We included participants from 4 INMA cohorts Sabadell (n=777), Valencia
(n=855), Asturias (n=494) and Gipuzkoa (n=638). Of those we limited our
analyses to those who had data on the exposure variables (adherence to the

Mediterranean Diet) and the outcome variables.
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To accomplish our 3™ objective, we included 1906 (69% of initially recruited)
and further we excluded 79 babies who babies who were born preterm (< 37
weeks of gestation) because preterm babies may follow different catch-up growth
curves. The final analytic sample was 1827 (66.1% of initially enrolled) pairs of
mothers and children.

To accomplish our 4" objective, we included 968 (35.0% of initially recruited)
and we excluded mothers who were diagnosed of diabetes prior pregnancy. The
final analytic population included was 964 (34.9% of initially recruited) pairs of
mothers and children.

For the 5" objective we included 2762 participants and we excluded the ones

without available data on exposure or outcome variables. The final analytic
population was 2244 (81.2% of initially recruited).
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4.3 Instruments
4.3.1 Exposure assessment
4.3.1.1 Smoking during pregnancy

Data on smoking habits at the beginning of pregnancy was collected through
questionnaires at 1% and 3™ trimesters in INMA Project and 1%t and 2" trimester
in Project Viva. For the analyses, we categorized the variable as women who
smoked during pregnancy versus women who never smoked or quit before

pregnancy.
4.3.1.2 Gestational weight gain

We asked mothers to report their pre-pregnancy weight and we collected all
weights measured during prenatal visits from medical records. We calculated
gestational weight gain by subtracting the pre-pregnancy weigh from the last
prenatal weight before delivery.

We classified women into excessive gestational weight gain versus inadequate or
adequate gestational weight gain according to US Institute of Medicine guidelines
[263].

4.3.1.3 Gestational diabetes mellitus

We obtained information about gestational diabetes mellitus from medical
records, clinicians routinely screened women using a glycemic challenge test, that
consisted in blood samples 1 hour after an oral glucose load of 50 g. If the blood
glucose was >140 mg/dL, they conducted a fasting 3-h 100-g oral glucose
tolerance test.

The cut-off for diagnoses of gestational diabetes mellitus differed in the two
studies. In INMA Project, following the Spanish Society of Obstetrics and
Gynecology recommendations women were considered with impaired glucose
tolerance with one abnormal value and diagnosed with gestational diabetes
mellitus if two or more of the oral glucose tolerance test glucose levels exceeded
the National Diabetes Data Group criteria: fasting >105 mg/dL, 1-hour >190
mg/dL, 2-hour >165 mg/dL or 3-hour >145mg/dL [264]. For the analyses we
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dichotomized the variable as gestational diabetes mellitus versus not gestational

diabetes mellitus (including impaired glucose tolerance or normal glucose).

In Project Viva, abnormal oral glucose tolerance test results were blood glucose
>95 mg/dL at baseline, >180 mg/dL at 1h, >155 mg/dL at 2h, or >140 mg/dL at
3h based on Carpenter and Coustan [265, 266]. We categorized women with 2 or
more abnormal values as having gestational diabetes mellitus and one abnormal

value as impaired glucose tolerance [267].

In a previous analysis conducted in Project Viva, male offspring of gestational
diabetes mellitus mothers had increased adiposity, whereas female offspring of
impaired glucose tolerance (but not gestational diabetes mellitus) mothers had
increased adiposity [268]. For this reason in the current analyses for Viva
participants we considered abnormal glucose as gestational diabetes mellitus for
mothers of male offspring, and impaired glucose tolerance for mothers of female
offspring.

4.3.1.4 Maternal Dietary assessment

Maternal diet was assessed using a food-frequency questionnaire specific for each
cohort study. We provided a description of the food-frequency questionnaire for
each study:

In INMA project, we used a 101-item food-frequency questionnaire. The
questionnaire was an adapted version of Willett's questionnaire developed and
validated for use among adults and pregnant women living in Spain with
satisfactory coefficients for validity and reproducibility [269].

At the 1% trimester, we asked mother about their diet during the last 3 months
(from last menstrual period to week 12 of pregnancy) and at the 3™ trimester
about their diet from the 1t visit up to the 3™ trimester (from week 12 to week
32 of pregnancy). Standard units and serving sizes were specified for each food
item. The questionnaire included 9 possible answers to determine frequency of
intake, ranging from ‘never or less than once per month’ to ‘six or more times per
day’. The response to each food item was converted to average daily intake for
each participant. Nutrient values and total energy intake were obtained from the
US Department of Agriculture food composition tables and other published
sources [270, 271]. We calculated nutrient intakes by multiplying the frequency

of consumption for each food item by the nutrient composition of the portion size

65



UNIVERSITAT ROVIRA I VIRGILI
EARLY LIFE FACTORS AND CHILDHOOD OBESITY DEVELOPMENT
Silvia Fernandez Barr

Materiafsand methods

specified on the food frequency questionnaire and by addition across all foods to

obtain total intake of each nutrient for each individual.

In Project Viva, we used a semiquantitative food frequency questionnaire adapted
for pregnancy from the same questionnaire from which INMA project adapted its
questionnaire, calibrated during pregnancy by comparing dietary intakes obtained
using the questionnaire against blood levels of several nutrients [272-274].

The food frequency questionnaire included 146 questions about the average
frequency of consumption of specified foods. The food frequency questionnaire
was administered in the 1% and 2" trimester of pregnancy, to assess their intake
in the 1% trimester, we asked women about their intake from the woman'’s last
menstrual period until she completed the food frequency questionnaire, and for
the 2" trimester, we asked for the intake in the previous 3 months.

Standard units and serving sizes were specified for each food item. To calculate
nutrient intakes, we multiplied the frequency of use of each food by the nutrient
composition of specified portions. We then summed the nutrients across all foods
to obtain a total nutrient intake for each participant. To obtain estimates of
nutrients, we used our nutrient composition database that is based primarily on
US Department of Agriculture food composition tables and is continually
supplemented by other published sources and personal communications from

laboratories and manufacturers [270].
4.3.1.4.1 Mediterranean Dietary pattern

Mediterranean Dietary pattern was derived using a priori technique. We used the
relative Mediterranean Diet Score (rMED), a variation of the original
Mediterranean Diet score [275, 276], developed in a Spanish population to assess
the adherence to the Mediterranean Diet [277].

The rMED was constructed with the average dietary data from the 1% and 3™
trimester of pregnancy, in order to represent long term dietary habits in
pregnancy. The score is calculated based on the consumption of 9 typical
components of the Mediterranean Diet (Table 7). To adapt the score to pregnant
women, the component on alcohol consumption was removed because the
recommendation is to avoid alcohol consumption during pregnancy and most of
the women did not consumed it in our study; hence only 8 food groups were
considered. The consumption of vegetables (excluding potatoes), fruits & nuts,
cereals, legumes, fish, olive oil, total meat (including red and processed meat)
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and dairy products were measured as grams per 1,000kcal/day and were divided
into tertiles. A value of 0, 1, and 2 was assigned to the intake tertiles, positively
scoring higher intakes for the 6 components presumed to fit the Mediterranean
Diet. The scoring was reversed for 2 components presumed not to fit the
Mediterranean Diet (meat and dairy) positively scoring lower intakes. After
summing-up scores of each component, the final score range was 0-16; It was
further divided into tertiles to identify those with low, medium and high

adherence to the Mediterranean Diet.

Table 7. Relative Mediterranean Diet Score (rMED)
components and scoring

Components Scoring

Vegetables +

Fruits and nuts

Cereals

Legumes
Fish

+ |+ |+ |+ |+

Olive oil

Total meat -

Dairy products -

4.3.1.4.2 Sugar-sweetened beverages

We obtained information on sugar-sweetened beverages (SSB) from the
previously described food frequency questionnaires. For the analyses, the
definition and categorization of the variable of sugar-sweetened beverages
differed between cohorts and they are described as follows:

In INMA Project, we defined sugar-sweetened beverages as sugar-sweetened
soda. The food frequency questionnaire included questions about juice
consumption including fruit drinks and 100% juice together, but we could not
differentiate between them. Therefore, we included only soda intake in the
definition of sugar-sweetened beverages. We categorized the variable as >1
versus <1 SSBs/day the mean between 1%tand 3™ trimester.

In Project Viva, we defined sugar-sweetened beverages intake as sugar-
sweetened soda and fruit drink intake. Since the sugar-sweetened beverage is

more frequent in US population and we included fruit drinks in the definition, the
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cut-off was higher in this cohort. We categorized the variable as =2 versus <2
SSBs/day in the 2" trimester.

4.3.1.5 Cesarean section

We obtained information about type of delivery from electronic hospital records.
In these analyses, we categorized type of delivery as cesarean section versus

vaginal delivery.
4.3.1.6 Breastfeeding duration

We collected information on breastfeeding duration through questionnaires
administered at 6 and 14 months in INMA project and 6, 12 and 24 months in
Project Viva. We asked mothers whether they were still breastfeeding, and if they
had stopped, the children’s age at cessation.

We categorized duration of any breastfeeding as <12 months versus =12 months,
according the recommendations of the American Academy of Pediatrics [278].

4.3.1.7 Age at introduction of solid foods

We collected age at introduction of solid foods through questionnaires
administered to the mothers at 14 months in INMA project, and 6 and 12 months
in Project Viva. For the analyses the categorization of the variable of age at
introduction of solid foods differed between cohorts and they are described as

follows:

In INMA project, we categorized age at introduction of solid foods based on the
WHO that recommended breastfeeding for at least 6 months. Therefore, short
breastfeeding was considered < 6 months versus = 6 months [279].

In Project Viva, we categorized early solid food introduction as <4 months

(among the formula feed) vs. =24 months in Project Viva (including breastfeed

infants), based on the findings of a previous study from Project Viva [249].
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4.3.1.8 Daily infant sleep

We assessed infant sleep duration by parental questionnaires at 2 years of age (in
INMA project) and 6 and 12 months (in Project Viva). We asked parents to
quantify the average daily sleep hours of their children.

We categorized the variable of daily infant sleep at the 1 year: <12 hours/day
versus =12 hours/day in Project Viva, and <11 hours/day versus =11 hours/day
in INMA project at 2 years of age. These are the minimum hours recommended
by the National Sleep Foundation (USA) for these ages [280].

4.3.1.9 Rapid infant weight gain

In INMA project, we used repeated weight measures from birth to 6 months of
age extracted from medical records. For children without weight measurement
available within+14 days of their exact 6-month anniversary (10.2% of children),
we used preexisting sex-specific growth models developed to predict weight at 6
months of age [281]. We used age- and sex- specific z-scores for weight-for-age
at birth and at 6 months of age using the WHO referent [21]. We calculated the
difference between weight-for-age z-score at birth and at 6 months.

In Project Viva, trained staff weighed infants at 6 months with a digital scale
(Seca Model 881; Seca Corporation, Hamburg, Germany) and measured length at
birth and 6 months with a Shorr measuring board (Shorr Productions, Olney,
MD). We calculated the difference between weight-for-age z-scores at birth and
at 6 months from the US CDC growth chart data [282].

In these analyses, we ranked the variable infant weight gain in cohort-specific
quartiles, and considered the highest quartile as rapid infant weight gain.
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4.3.2 Outcome assessment
4.3.2.1 Child Anthropometry
4.3.2.1.1 Body Mass Index and obesity risk

Study trained staff measured child weight (nearest gram) and height (nearest 0.1
cm) at 4 and 7 years of age using standard protocols (without shoes and in light
clothing), with an electronic scale and calibrated stadiometer.

We used 2 time points as an outcome for the different objectives:

At 4 years, we used data only in participants of INMA project. We used data on
age and sex-specific child BMI (weight/lenght?) based on the WHO referent [283].
Overweight was defined as a BMI equal to or above the 85" percentile, and
obesity as BMI z-score equal or above the 95 percentile.

At 7 years, we used data of both cohorts (INMA project and Project Viva). We

calculated age- and sex-specific BMI z-scores using CDC growth standards [282].
4.3.2.1.2 Waist circumference and abdominal obesity risk

Study trained staff measured waist circumference at the nearest 0.1 cm using an
inelastic tape (SECA model 201; SECA, Hamburg, Germany in INMA project and
Harpendem HSK-BI, CE-0120 in Project Viva), at the midpoint between the lowest
rib margin and the iliac crest, in a standing position and after a gentle expiration,
using standard protocols. This measurement was obtained at 4 years of age only
in INMA, and at 7 years of age in both cohorts. This measurement was not
obtained in the INMA-Gipuzkoa cohort, and hence Gipuzkoa was excluded from
the analyses using waist circumference.

We used 2 time points as an outcome for the different objectives:

At 4 years, we used sex-specific z-scores of waist circumference based on our
sample distribution. Waist circumference >90th sex-specific percentile (of the
sample distribution) was considered increased risk for abdominal obesity [284].
In sensitivity analysis we used waist-to-height ratio (WHtR; i.e. waist
circumference in cm/height in cm) and the cut-off WHtR >0.5 as increased risk
for abdominal obesity [285].
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At 7 years, we calculated WHtR multiplied by 100 in both cohorts, in order to

better interpretation of the results.

4.3.2.1.3 Fat mass index and fat-free mass index

Trained staff measured total body fat with DXA (Hologic model Discovery A) in
Project Viva at 7 years of age. In INMA project, no data on body composition
(with DXA) were available.

We calculated fat mass index (FMI: kg/m?) and fat-free mass index (FFMI;
kg/mz). We calculated sex-specific internal z-scores for FMI and FFMI.

4.3.2.2 Cardiometabolic risk and related biomarkers

We used data on cardiometabolic risk and related biomarkers only from INMA

project. The methods are described as follows:

4.3.2.2.1 Blood pressure

Study trained personnel measured systolic and diastolic blood pressure at 4 years
once after five minutes of rest at the primary health center, using a digital
automatic monitor (OMRON CPII) and a special cuff adjusted to the upper right
arm size of the children. We calculated the age, sex, height and cohort specific z-
score systolic and diastolic blood pressure, since the measures may vary
according to child age, sex and height. The measures were standardized for INMA
specific cohorts (Sabadell, Valencia, Asturias, but not available in Gipuzkoa) to
account for the regional differences in the INMA project [286]. We calculated
blood pressure using the average of z-score diastolic and systolic blood pressure
[287].

4.3.2.2.2 Lipids

Trained staff measured lipid levels using non-fasting blood samples at 4 years of
age in INMA project. The lipids we measured were: high-density lipoprotein (HDL)
and triglycerides (TG) using standard analytical techniques (ABX-Pentra 400;
Horiba Medical; Japan). We calculated the age, sex and cohort specific z-scores
for these biomarkers, to account for potential variations between age, sex and

cohorts. We used these variables as continuous.

71



UNIVERSITAT ROVIRA I VIRGILI
EARLY LIFE FACTORS AND CHILDHOOD OBESITY DEVELOPMENT
Silvia Fernandez Barr

Materiafsand methods

4.3.2.2.3 Other biomarkers

Trained staff measured other child biomarkers of interest at 4 years of age in
specific INMA cohorts.

Leptin, a hormone secreted by adipocytes, was assessed in two INMA cohorts, in
Sabadell by Luminex method and a subsample by ELISA methods and in Gipuzkoa
by ELISA method. We found high correlations between samples analyzed by both
methods in Sabadell (r=0.84; p-value<0.001). We calculated sex, age and

cohort specific leptin z-scores in order to standardize the data.

C-peptide is a pancreatic peptide in the proinsulin molecule, and it was
measured in two INMA cohorts, in Sabadell by Luminex and in Gipuzkoa by ELISA
method. We calculated sex, age and cohort specific c-peptide z-scores.

We measured adiponectin (antidiabetic hormone) in Sabadell cohort using
standard analytical techniques (Luminex). We calculated sex and age specific

adiponectin z-scores.

The apolipoproteins Apo A-1 and Apo B were measured in Sabadell by using
standard analytical techniques (ABX-Pentra 400; Horiba Medical; Japan). We

calculated sex and age specific z-scores.

The inflammatory biomarker Interleukin 6 (IL-6) was measured in two cohorts:
Sabadell by Luminex method and in Gipuzkoa by ELISA method. We calculated
sex, age and cohort specific IL 6 z-scores.

We measured C-reactive protein (CRP), an inflammatory biomarker, in the four
new INMA cohorts by using turbidimetry, except for Sabadell that we used ABX-
Pentra 401. In all the cohorts we measured high sensitivity CRP, except for
Valencia that was standard CRP. We calculated sex, age and cohort specific CRP

Z-scores.

4.3.2.2.4 Cardiometabolic risk score

We assessed the metabolic risk at 4 years of age by calculating a continuous
cardiometabolic risk score. We calculated our cardiometabolic risk score using

the IDEFICS study definition because they have a study population similar to ours
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(i.e. European and in early and mid-childhood) [287]. To be as consistent as
possible with Ahrens et al. 2014 we used the sum of the age, sex and cohort
specific z-scores for the individual metabolic risk score components: waist
circumference, blood pressure and lipids. In the risk score we used waist
circumference as an indicator of central adiposity. The blood pressure z-score
(additionally adjusted by height) was used as an indicator of blood pressure (see
previous section 4.3.2.2.1) and the mean of TG and of the inverse of HDL
(because a higher HDL is a favorable outcome) as an indicator of lipid levels. We
did not have information on glucose or insulin levels so we could not include this
parameter in our score. We only calculated the cardiometabolic risk score in the
population with available data for waist circumference, blood pressure, TG and
HDL at 4 years of age (n=958). Population from Gipuzkoa co