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There is increasing evidence of a strong association between intrauterine growth
and subsequent development of chronic disease in adult life. Birth size and
growth trajectory have been demonstrated to have an impact on cardio-
metabolic health, both in childhood and adult life. Hence, careful observation
of the children’s growth pattern, starting from the intrauterine period and the first
years of life, should be emphasized to detect the possible onset of cardio-
metabolic sequelae. This allows to intervene on them as soon as they are
detected, first of all through lifestyle interventions, whose efficacy seems to be
higher when they are started early. Recent papers suggest that prematurity may
constitute an independent risk factor for the development of cardiovascular
disease and metabolic syndrome, regardless of birth weight. The purpose of the
present review is to examine and summarize the available knowledge about the
dynamic association between intrauterine and postnatal growth and cardio-
metabolic risk, from childhood to adulthood.
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1 Introduction

The switch in the worldwide pattern of diseases from infectious illnesses towards
chronic disorders has been of special concern for several decades in developed countries,
but it is becoming relevant also in developing nations, which are facing an epidemiological
transition towards an emerging epidemic of chronic diseases (1). Of note, it is becoming
increasingly evident the strong connection between birth weight and subsequent
development of chronic diseases in adult life (2-5). Namely, there is evidence from
several studies that individuals born small for gestational age (SGA) are more likely to
present cardio-metabolic complications in later life (6-8). Birth weight is not only
determined by genetic factors, but it is also influenced by the prenatal environment (9,
10). It has been reported that unfavourable intrauterine environment and compromised
fetal growth play a part in the development of atherosclerosis and adult cardiovascular
disease (1). Therefore, greater attention should be given to a healthy lifestyle for women,
especially in the months before conception and during pregnancy (11, 12). There is recent
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evidence that also prematurity may be an independent risk factor
for the onset of cardiovascular disease and metabolic syndrome,
regardless of birth weight (13).

While some studies indicate intrauterine undernutrition as the
main factor in the determination of chronic disease, other authors
highlight the crucial role of growth trajectory in the postnatal period
as the most important determinant in later expression of chronic
diseases, primarily cardiovascular and cerebrovascular (14-18).
Likewise, careful observation of the children’s growth pattern,
since the first years of life, should be emphasized. Furthermore, it
is important to monitor the onset of the cardio-metabolic
consequences linked to those growth patterns in order to
promote strategies that contribute to health improvement (19,
20). The challenge is to intervene on cardio-metabolic risk factors
as soon as they are detected, first of all through lifestyle
interventions, whose efficacy seems to be higher when they are
started early (21, 22).

Therefore, the purpose of the present review is to examine and
abridge the available knowledge about the dynamic association
between birth size as well as growth trajectory and cardio-
metabolic risk in the subsequent extrauterine life, starting from
childhood into adulthood.

An ample literature search was conducted through the main
databases, including PubMed, UpToDate and Scopus, in order to
examine the available data about definitions, pathogenesis, and
consequences of being born SGA and/or preterm as well as the
clinical management and approach to prevent and/or postpone
future health problems. The following search terms were used:
preterm birth, premature, SGA, birth size, cardio-metabolic risk,
cardiovascular risk, diabetes and hypertension. Reference list of
retrieved records was also checked out. The search was limited to
the English language papers and was updated on May 1, 2023.

2 Definitions

The terms used in this review are the following: intrauterine
growth restriction (IUGR), SGA, prematurity, low-, very low- and
extremely low-birth weight (LBW), catch-up growth, overweight,
obesity, and metabolic syndrome.

Overall, birth weight is influenced by a variety of determinants,
including genetics, ethnicity, maternal nutrition before and during
pregnancy, maternal obesity, smoking, and diabetes (23). The
mechanisms responsible for impaired fetal growth can be
classified as fetal, utero-placental, and maternal (such as
malnutrition, low maternal body mass index (BMI) before
pregnancy and insufficient gestational weight gain) (7, 24).

Although IUGR is often used as a synonym for SGA, this
acronym refers to a condition where the fetus is not able to reach its
growth potential because of underlying pathological conditions (7).
Thus, the term IUGR should be used only in reference to the fetus
and can be estimated from fetal sonographic measurements,
through which a diminished growth velocity can be detected on
serial ultrasounds (25). This growth pattern can be distinguished in
early IUGR, when recognized before 32 weeks of gestation, and in
late TUGR, if detected at 32 weeks of gestation or beyond (25). Many

Frontiers in Endocrinology

10.3389/fendo.2023.1187261

fetuses with IUGR may be born SGA, depending on timing of the
intrauterine insult and its severity, but not all of them. On the other
hand, many SGA newborns have not experienced IUGR (24, 26).

The term SGA is used to describe infants having a birth weight
and/or length below the expected range for gestational age. While
neonatologists tipically define SGA as a newborn with birth weight
lower than the 10 percentile for gestational age (24), for pediatric
endocrinologists SGA is defined as a birth weight and/or length at
least 2 standard deviations (SDs) beneath the mean for gestational
age and sex, derived from reference populations data (24, 27).
Namely, the definition of the 10™ percentile is relevant to evaluate
morbidity and mortality in the neonatal period (24, 28), while the
cut-off point of -2 SDs may help recognizing those infants who need
careful and ongoing growth monitoring (22, 29). Infants can be
subcategorized into the following three groups: SGA for weight,
SGA for length and SGA for weight and length (26, 30). In order to
obtain an accurate classification of SGA, it is recommended to use
national growth charts or, as an alternative, the most appropriate
ones for the region- and ethnic-specific population (26).

According to the World Health Organization (WHO), preterm
birth is defined as a birth happening before 37 completed weeks of
gestation, or less than 259 days after the first day of the last
menstrual period preceding the pregnancy (31). Preterm birth can
be further categorized into extremely preterm (< 28 weeks), very
preterm (28 to < 32 weeks), and moderate (32 to < 34 weeks) to late
preterm (34 to < 37 weeks) (32). The worldwide rate of preterm
birth is about 11%, corresponding approximately to 15 million
babies born preterm every year (32, 33). Preterm birth can be
intended as an adverse pregnancy outcome (where the fetus is
unable to achieve the growth potential inside maternal uterus) or a
preferred outcome (where a miscarriage or non-viable prematurity
has been avoided). Unfortunately, a proportion of babies can be
born preterm even in low-risk pregnancies of healthy women (34).

WHO defines LBW as a weight at birth < 2500 g. This definition
embraces both preterm infants who usually have appropriate size
for their gestational age and infants born at term with poor birth
weight (24). Very low- and extremely low-birth weight are specified
as birth weight < 1500 and < 1000 g, respectively (22).

Catch-up growth is defined as an accelerated growth velocity in
weight and/or height during early life that compensates the poor
intrauterine growth in children born SGA. Indeed, approximately
90% of children born SGA undergo catch-up growth before the age
of two (35, 36). This compensatory growth has been linked to positive
effects in children born SGA, mainly on cognitive abilities and adult
height (35). However, recent literature is increasingly focusing on the
idea that growth patterns in the first years of life might influence long-
term health (37-39). Catch-up growth, primarily in weight, has been
proven to have an effect on cardio-metabolic risk factors, including
overweight, obesity, and insulin resistance both in childhood and, to a
greater extent, in adulthood, independently of birth weight (20, 35, 36).
Rapid catch-up growth in the postnatal period is more common in
newborns with LBW, which makes them more prone to chronic
diseases in adult life (11). These findings underline the importance of
a regular growth monitoring in these children.

WHO’s definition of overweight and obesity in children
younger than 5 years refers to a weight-for-height index > 2 and
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3 SDs above the WHO Child Growth Standards median,
respectively. In older children and adolescents the definition is
based on the BMI-for-age score, distinguishing overweight when >
1 and obesity when > 2 SDs over the WHO Growth Reference
median. For adults, overweight and obesity are defined by WHO as
a BMI > 25 kg/m” and 30 kg/m?, respectively (40).

Lastly, according to Cook’s criteria, metabolic syndrome is
defined as the co-existence of three or more of the five following
components: abdominal circumference > 90™ percentile, blood
pressure > 90" percentile, fasting glycemia > 100 mg/dl, HDL
cholesterol < 40 mg/dl and triglycerides > 110 mg/dl (41). In 2014 a
definition of metabolic syndrome for prepubertal children was
proposed by the IDEFICS study, which used values obtained from
18.745 European children to determine age-specific and sex-specific
percentiles (height-specific when considering blood pressure), from
which to establish cutoffs for the metabolic syndrome components
in children with age between 2 and 11 years: waist circumference (>
90t percentile); triglycerides (> 90 percentile); HDL cholesterol (<
10™ percentile); blood pressure (systolic > 90™ percentile or
diastolic = 90™ percentile); glucose metabolism (insulin > 9ot
percentile or fasting glucose > 90™ percentile). In accordance
with this last definition, a careful and strict follow-up is required
when three or more of the risk factors overcome the 90™ percentile
(< 10 percentile for HDL cholesterol); intervention is
recommended if three or more risk factors exceed the 95™
percentile (< 5th percentile for HDL cholesterol) (42, 43).

3 Pathogenesis of cardio-metabolic
sequelae

There is evidence that birth size and growth trajectory can be
related to an increased cardio-metabolic risk. Namely, a link has
been shown with the following health issues: glucose-insulin
metabolism derangement, overweight/obesity, blood pressure
alterations, endothelial dysfunction, lipidic profile modifications,
and metabolic syndrome (22) (Figure 1).

Barker was the first epidemiologist who suggested the correlation
between LBW and cardiovascular disease and metabolic syndrome in
later life (22, 44). Several hypotheses have been proposed to clarify this
unfavorable association. The “fetal origins hypothesis” was formulated
as a theory for the origin of type 2 diabetes (T2D), suggesting that
glucose and insulin metabolism are programmed already in fetal life by
factors able to affect also fetal growth, primarily maternal nutrition (45).
According to the “fetal insulin hypothesis” genetically determined
insulin resistance results in an impaired insulin-mediated growth in
the fetus and in the development of insulin resistance in adulthood.
Therefore, LBW, insulin resistance, glucose intolerance, diabetes and
hypertension could all be phenotypes of the same insulin-resistant
genotype (46). Indeed, the correlation observed between monogenic
diseases that alter glucose tolerance or increase insulin resistance with
impaired fetal growth supports the previous theory (46, 47).
Afterwards, the “thrifty phenotype hypothesis” proposed that when a
fetus endures insufficient nutrition during gestation the growth and
development of vital organs, such as the brain, is guaranteed at the
expense of other “less noble” tissues, such as the muscle and the
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FIGURE 1
Cardio-metabolic consequences linked to intrauterine and
postnatal growth.

endocrine pancreas. Of importance, the metabolism is able to adapt to
a condition of limited nutrition, being programmed to take advantage
when facing similar conditions in postnatal life (48). This last
hypothesis was extended by the “predictive adaptive response
hypothesis™ the fetus dynamically interacts with the environment
and adapts to it (“developmental plasticity”) in order to survive
when exposed to hostile intrauterine conditions (3). However, this
“metabolic programming” becomes unfavorable when the fetus is
exposed to excessive nutrition postnatally (49). Lastly, in the “rapid
catch-up growth hypothesis”, LBW itself is not seen as a risk factor for
chronic diseases as only SGA newborns who experience a rapid catch-
up growth during the first years of life show an increased cardio-
metabolic risk (50-52). Thus, the “metabolic programming” for later
diseases starts before birth and continues throughout childhood (53).

Epigenetic changes (e.g., DNA methylation, histone
modification, and noncoding RNAs) have also been proven to
exert a pivotal role in the development of cardio-metabolic
diseases (54). A recent work hints that alterations at birth in
DNA methylation of specific imprinted genes (e.g., PLAGLI,
MEST, PEG10, and NNAT DMRs) are correlated with the risk of
obesity at the age of 1 and 3 years (55), supporting the findings from
a previous study in older children (56). In addition, birth weight has
itself been linked to epigenetic modifications. Namely, DNA
methylation at several CpG sites at birth has been associated with
birth weight, and this association has been partly observed also in
childhood (57).

Overall, it can be assumed that the susceptibility to cardio-
metabolic disease originates from a combination of both genetic
and environmental factors.

4 Glucose-insulin metabolism
derangement

The correlation between birth weight and increased risk of
developing T2D has been demonstrated in both children and adults
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(58, 59) (Table 1). Namely, most of the studies reported an inverse
relationship of birth weight with: i) fasting glucose and insulin
levels; ii) glucose levels two hours after a glucose tolerance test; iii)
prevalence of T2D; and iv) insulin resistance, regardless of sex. In
addition, these relationships are present whether or not adjustment
for current size was carried out, providing indirect support for the
“fetal origins hypothesis” (45).

It has been reported that children born SGA have an increased risk
of T2D than peers born appropriate-for-gestational-age (AGA) since
school-age (59). It is well known that overweight and obesity, mostly in
combination with a central distribution of adipose tissue, are associated
with hyperinsulinism (60, 61). Nevertheless, glucose metabolism has
been found altered independently of fatness in children born SGA (62).
Insulin sensitivity, assessed by intravenous glucose tolerance test, has
been found lower in SGA children than AGA peers and, as a
consequence, the former group compensate by almost tripling the
acute insulin response in the attempt to maintain a normal glucose
tolerance (62). In children with obesity, being born SGA increases
insulin resistance when compared to being born AGA (63). Although
several studies have observed an increase in insulin levels and greater
insulin resistance in SGA children compared to AGA peers, not all of
them have found a consensual increase in fasting glucose levels (64).

Besides birth weight, accelerated early weight gain also
contributes to increase the risk of insulin resistance in childhood,
with the long-term effects of insulin resistance extending into
adulthood (65-69). As a matter of fact, rapid infancy weight gain
has been shown to be a strong predictor of fat accumulation during
adult life (70), while another study reported only a feeble effect of
rapid infancy weight gain on insulin levels in young adulthood (69).

Greater insulin resistance has been found also in children born
preterm (71). Namely, 7-year-old children born prematurely have
been found to be more insulin-resistant than controls having the
same age; the effect of prematurity was independent of intrauterine
growth (71). Another study involving 6-year-old children born
preterm showed increased basal insulin and C-peptide levels in
those with birth weights lower than the 10™ percentile (72). In a
recent systematic review and meta-analysis, an association between
preterm birth and higher homeostatic model assessment for insulin
resistance (HOMA-IR) levels, a surrogate marker of insulin
resistance, has been observed, together with increased fasting
glucose and insulin levels. It was concluded that preterm birth is
strongly related with many metabolic syndrome components and
cardiovascular disease in adult life, although the results were not
differentiated between individuals born AGA and those born SGA

TABLE 1 Glucose-Insulin Metabolism Derangement.

GLUCOSE-INSULIN METABOLISM DERANGEMENT

10.3389/fendo.2023.1187261

(73). It must be emphasized that infants born very preterm differ
from full term ones in the postnatal growth curve, which shows an
initial slowing of growth speed followed by a later catch-up growth
(i.e. at approximately 4 years of age) (74, 75). Higher fasting
concentrations of 32-33 split proinsulin, a marker of insulin
resistance, have been reported in children born preterm aged 13-
16 years with rapid postnatal weight gain compared to those
without (76). In adults born prematurely, altered glucose
tolerance test and increased risk for cardiovascular disease were
reported when compared to adults born at term; however, it must be
highlighted that the preterm group included subjects who were born
SGA or with LBW (13). Another study, conducted in a quite wide
population of individuals born very preterm, demonstrated that
accelerated weight gain in the first three months of age predicted
higher insulin levels at age 19, although the association was weak.
Furthermore, fat accumulation strongly correlated with higher
insulin and C-peptide levels as well as increased HOMA-IR at 19
years of age. The impact of adult fat accumulation on these
parameters of insulin resistance was found to be conditioned by
birth weight SDs (69). In accordance with the previous findings, it
has been showed that HOMA-IR (77) was relatively high in men
and women born very preterm and that these subjects, already at the
age of 19 years, showed some centralization of fat distribution
compared with a reference population (69).

Some wide population studies showed that both SGA and
preterm birth can be risk factors for T2D onset in children (78,
79). The query of whether adults born very preterm, especially if SGA
at birth and subsequently becoming overweight, experience an early
onset of T2D is still open and needs to be further evaluated (69, 80).

Of note, while preterm birth has been described as a risk factor
for type 1 diabetes (79), being born SGA seems to have a protective
effect on this disease onset (81). These observations suggest different
repercussions of SGA and preterm birth on glucose-insulin
metabolism (82).

Overall, as there is a tracking of glucose-insulin metabolism
derangement from childhood to adulthood, healthcare professionals
should promptly recognize glucose-insulin alterations in subjects
born SGA and/or preterm, especially in presence of early weight gain.

5 Overweight and obesity

Overweight and obesity are clearly related to cardio-metabolic
risk factors. Thus, early preventive strategies need to be applied

«Birth weight is related to increased risk of T2D in children and adults
«Children born SGA have lower insulin sensitivity and increased risk of T2D

eAccelerated early weight gain increases insulin resistance in childhood and adulthood

«Children born preterm have greater insulin resistance and the effect of prematurity is independent of intrauterine growth

«Preterm birth is associated with higher HOMA-IR, increased fasting glucose and insulin levels

«Adults born prematurely have altered OGTT, increased cardiovascular risk and centralization of fat distribution
«Preterm birth may be a risk factor for T1D, while being born SGA seems to be protective for T1D

Healthcare professionals should promptly recognize glucose-insulin alterations in subjects born SGA and/or preterm, especially in presence of early weight gain

HOMA-IR, HOmeostatic Model Assessment - Insulin Resistance; OGTT, Oral Glucose Tolerance Test; SGA, Small for Gestational Age; T1D, Type-1 Diabetes; T2D, Type-2 Diabetes.
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given that worldwide the prevalence of overweight and obesity has
remarkably increased in the pediatric population, even in early
childhood, and many of these preschoolers maintain obesity also in
adolescence and adulthood (19, 20) (Table 2).

In 2018 a longitudinal study starting at birth and extended to the
whole first decade of life analyzed the connection of birth weight and
current size with cardio-metabolic risk factors. The main finding was
that the impact of current body size on cardio-metabolic parameters
amplified over the years, partially numbing the potential effect of
birth weight. Indeed, obesity at 5 years of age was directly related to
birth weight, increased by maternal obesity and partially mitigated by
breastfeeding, whereas at 10 years of age maternal obesity was the
only factor related to obesity in children (20).

Children born SGA have an increased risk for obesity already
during childhood and adolescence (7, 83). As there is clear evidence
that rapid early weight gain predisposes to visceral adiposity (22), it
is mandatory to promptly recognize those children born SGA who
experience rapid catch-up growth, as they can develop visceral
adiposity since pre-pubertal stage, even without overweight (84).

Furthermore, a reduced total fat mass with a lower amount of
subcutaneous fat has been observed in SGA children, determining
an increased visceral to subcutaneous fat ratio (85, 86). The role of
body composition in cardio-metabolic risk is a relevant point to be
addressed. Indeed, considering that regional body fat distribution is
a well-known determinant of cardiovascular risk, body composition
has acquired a prognostic significance (87). Visceral adipose tissue
has been associated with insulin resistance and metabolic syndrome
in adults (88) and, compared to subcutaneous fat, visceral fat is
related to a less favorable adipokyne and inflammatory profile,
leading to a significant reduction in insulin sensitivity (88, 89).
Several studies have associated visceral fat to insulin resistance and
metabolic derangement both in children and adolescents (90-95).
Studies examining subcutaneous adipose tissue independently of
total and visceral adipose tissue in obese adolescents showed that its
effect may be neutral or even protective towards insulin resistance
(90, 95). Indeed, subcutaneous fat may behave as a buffer and
prevent lipotoxicity in other tissues, in consonance with the
“adipose tissue expandability” hypothesis (88, 89). All these
observations underline the importance of considering the impact
of body composition in the SGA group.

TABLE 2 Overweight and obesity.

OVERWEIGHT AND OBESITY

10.3389/fendo.2023.1187261

Of importance, overweight and obesity may develop later in
those born SGA (96). Puberty is another time of substantial
metabolic and hormonal modifications, which may magnify the
metabolic abnormalities. This has remarkable implications for
adolescents with obesity, as evidence shows puberty as one of the
prominent risk factors for transition from metabolically healthy to
unhealthy obesity (97, 98). Notably, many studies reported a strong
association between LBW and overweight in adolescence (99), and
the risk for obesity remains high even in adult life in individuals
born SGA (7, 83).

A more rapid weight gain after preterm birth has been
associated with altered body composition (higher fat mass
percentage, fat mass index and waist circumference) in
childhood (100).

In adults born preterm a higher percentage of total body fat
mass and a greater risk for cardiovascular disease have been
reported when compared to individuals born at term, although
results were not differentiated between adults born SGA and those
born AGA (13, 73).

Given that overweight and obesity represent a risk for later
cardio-metabolic disease (101), it is essential to carry a regular
growth evaluation in these high-risk groups of children to guarantee
early and appropriate interventions. As a matter of fact, counseling
in nutrition, physical activity and sleep routine addressed to the
whole family may improve their future cardio-metabolic health.

6 Blood pressure alterations

Unsatisfactory intrauterine growth has been correlated with
elevated systolic blood pressure in children, adolescents, and adults
(8) (Table 3). The relationship between birth weight and blood
pressure in childhood may be partly explained by the effect of birth
weight on childhood overweight (102), although many authors
found an independent correlation between weight at birth and
blood pressure during childhood and adolescence (103). Maternal
preeclampsia has also been related to higher systolic and diastolic
blood pressure in children, and being born SGA after a pre-
eclamptic pregnancy increases the risk of developing hypertension
in childhood and young adulthood (104, 105). Nevertheless,

«Children born SGA have increased risk for obesity, already in childhood and adolescence

+Rapid early weight gain predisposes to visceral adiposity

«Children born SGA show a reduced total fat mass with normal quantity of visceral fat but lower amount of subcutaneous fat

«Visceral fat is associated with IR and metabolic derangement both in children and adolescents

«Subcutaneous adipose tissue may have a neutral or even protective effect towards IR

«Puberty is a time of hormonal modifications, which may magnify the metabolic abnormalities
«In obese adolescents, puberty is an important risk factors for transition from metabolically healthy to unhealthy obesity
«A more rapid weight gain after preterm birth is associated with altered body composition in childhood (higher fat mass percentage, fat mass index and waist

circumference)

«Adults born preterm have a higher percentage of total body fat mass and greater risk for cardiovascular disease

Overweight and obesity represent a risk for later cardio-metabolic disease

Regular growth evaluationis mandatory to guarantee early and appropriate interventions

Counseling in nutrition, physical activity and sleep routine for the whole family

IR, Insulin Resistance; SGA, Small for Gestational Age.
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TABLE 3 Blood Pressure Alterations.

10.3389/fendo.2023.1187261

BLOOD PRESSURE ALTERATIONS

«Unsatisfactory intrauterine growth is correlated with elevated SPB in children, adolescents and adults

«Maternal preeclampsia is related to higher SBP and DBP in children

«Being born SGA after a pre-eclamptic pregnancy increases the risk of hypertension in childhood and young adulthood
«At birth BP is related to birth weight, but overtime it becomes progressively more dependent on body size, while the impact of birth weight gradually reduces

«Current weight is the main determinant of childhood hypertension
«Early catch-up growth also amplifies the risk of hypertension in childhood

«Children born very preterm have higher systolic and diastolic mean values and the BP increase is even more meaningful in individuals born preterm who experienced

early rapid weight gain

«Children born preterm, especially with accelerated weight gain, have higher BP in adolescence

«Adults born preterm have elevated BP and increased risk for cardiovascular disease

Elevated BP in childhood rises the risk for cardiovascular disease in adulthood
It is crucial to provide proper interventions as soon as possible

BP, Blood Pressure; DBP, Diastolic Blood Pressure; SBP, Systolic Blood Pressure; SGA, Small for gestational age.

although at birth blood pressure is related to birth weight, overtime
it becomes progressively more dependent on body size, while the
impact of birth weight gradually reduces (106, 107). Indeed, current
weight has been recognized as the main determinant of childhood
hypertension. An early catch-up growth also amplifies the risk of
hypertension with onset in childhood (8, 108). As elevated blood
pressure in childhood rises the risk for cardiovascular disease in
adulthood, it is crucial to provide proper interventions as soon as
possible (109, 110).

Considering a more long-term risk, a population-based study
including over 11.000 women who were born SGA found an
increased risk of severe preeclampsia during future pregnancies
(26, 111).

Of note, a recent study including toddlers born very preterm
demonstrated a significant blood pressure increase in both systolic and
diastolic mean values compared to a term-born cohort (112). The
worrying detection of these alterations already during the toddler
period could indicate an increased risk of cardiovascular diseases in
adulthood for this population. Moreover, the blood pressure increase
was even more meaningful in individuals born preterm who
experienced rapid weight gain in early life (112). Indeed, children
born preterm, especially those who experience a more rapid weight
gain in childhood, have been found to have higher blood pressure in
adolescence (100). In adults born preterm elevated arterial blood
pressure and increased risk for cardiovascular disease have been
observed when compared to individuals born at term (13).

TABLE 4 Endothelial disfunction and lipidic profile modifications.

7 Endothelial disfunction and lipidic
profile modifications

Some authors have described an association between birth
weight and impaired endothelial function in childhood (113, 114)
and adulthood (115) (Table 4).

Prenatal growth restraint has been reported to result in
cardiovascular remodeling. This may intensify the predisposition
for future cardiovascular disease (116). Aortic and carotid intima-
media thickness (IMT), which are markers of preclinical
atherosclerosis, were found increased in SGA subjects both in
childhood and young adulthood (117, 118). In SGA children,
increased carotid IMT has been detected already at the age of 3-6
years (119). In a population comprehensive of SGA and AGA
children, excessive weight gain between 3 and 6 years of age turned
out to be an independent predictor of carotid IMT (119, 120).
Obesity-related increase of carotid IMT has been reported since
childhood and adolescence, and it persists in adulthood if obesity is
not corrected on time (121).

Higher IMT has been associated also with preterm birth (73). In
addition, homocysteine and heart-type fatty acid-binding protein,
well known markers of myocardial and vascular impairment in
adults (122, 123), have been found altered in preterm fetuses with
IUGR (124). However, the significance of these markers in
apparently healthy SGA infants with catch-up growth is still
controversial (125, 126).

ENDOTHELIAL DISFUNCTION AND LIPIDIC PROFILE MODIFICATIONS

«Birth weight is associated with impaired endothelial function in childhood and adulthood

«Prenatal growth restraint results in cardiovascular remodeling, and this may intensify the predisposition for future cardiovascular disease

«Aortic and carotid IMT are increased in SGA children and adults

«Excessive weight gain between 3 and 6 years of age is an independent predictor of carotid IMT
«Obesity-related increase of carotid IMT has been reported since childhood and adolescence, and it persists in adulthood if obesity is not corrected on time

«Higher IMT is associated also with preterm birth

«Dyslipidemia has an important impact on cardio-metabolic health

«Being born SGA is related to an unfavorable lipid profile in childhood and adolescence

«Poor catch-up growth in height is associated with high levels of total cholesterol in adolescence

«LBW has been associated with onset of dyslipidemia also in adulthood

Preterm birth is associated with higher triglycerides levels in childhood and higher total cholesterol levels in adult life

IMT, Intima-Media Thickenss; LBW, Low-Birth Weight; SGA, Small for Gestational Age.

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2023.1187261
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cauzzo et al.

Dyslipidemia has an important impact on cardio-metabolic
health (127), and many authors have tried to understand the
effect of birth weight on lipid levels in childhood. Some studies
suggested a relationship between being born SGA and an
unfavorable lipid profile both in childhood and adolescence (128,
129). Besides, poor catch-up growth in height has been associated
with high levels of total cholesterol in adolescence (129). LBW has
been associated with onset of dyslipidemia also in adulthood (14).

A recent work described an association between preterm birth
and total cholesterol levels in adult life, but results were not
differentiated between those born AGA and SGA (73).

Beyond the effects of BMI percentile, children born preterm in
the fifth grade had significantly higher triglycerides levels than peers
born at term (128).

8 Metabolic syndrome

A systematic review focusing on the relationship between LBW
and rapid catch-up growth with metabolic syndrome displayed that,
in the largest number of studies including SGA-born children,
adolescents and adults, both LBW and catch-up growth were
associated with some aspects of metabolic syndrome in
subsequent life (11). However, it was unclear which one between
LBW and catch-up growth played the dominant role in leading to
metabolic syndrome (11, 130) (Table 5).

An adverse cardio-metabolic profile, defined on the basis of
clinical and biochemical parameters (BMI; systolic blood pressure;
HOMA-IR; triglycerides and triglycerides:HDL ratio), was detected
in children born SGA compared to AGA peers, with a worsening of
this profile during adolescence. These data suggest a progression of
insulin resistance and the overall cardiovascular risk from
childhood to adolescence in SGA population (131).

A recent study compared metabolic syndrome parameters between
very preterm and term children who were born AGA (41). The main
finding was that some parameters were altered already in prepubertal
age: namely, the proportion of children with low HDL-cholesterol
concentrations and elevated blood pressure was higher in the very
preterm group. A similar distribution of overweight and obesity was
observed in both very preterm and term children. It is important to

TABLE 5 Metabolic syndrome.

10.3389/fendo.2023.1187261

notice that, even though the two groups had similar BMIs, a stronger
association with metabolic syndrome parameters was found in infants
born very preterm (41). Accelerated weight gain during the first years
of life may be a critical contributor to the development of obesity later
in life in children born preterm (132). In another study involving
adults, blood pressure was shown to be altered in 57.5% of those born
very preterm, and elevated blood pressure was the most prevalent
parameter of metabolic syndrome in this group. In addition, the mean
value of HDL-cholesterol was significantly lower in adults born very
preterm than in peers born at term (133).

Animal studies showed that accelerated weight gain amplifies
the risk of metabolic disease, even in the absence of intrauterine
growth restriction, and the effects of LBW on adult phenotype can
be reversed with prevention of postnatal acceleration in weight.
These observations support the concept that accelerated postnatal
weight gain is a key independent risk factor for subsequent
metabolic disease (26, 134).

9 Clinical management

Recently, an international consensus guideline clarified the main
aspects and indications for SGA-born patients management from
infancy to early adulthood. In this document, the authors stress out
that children born SGA should be monitored during their first years of
life, initially by a neonatologist and afterwards by a pediatrician to
carefully evaluate their growth and weight gain (26). Namely, it is crucial
to prevent excessive postnatal weight gain given its association with a less
favorable cardio-metabolic profile in adult life. To do so, the authors
recommend to avoid additional nutrition for healthy infants in the first 6
months of life, unless they endure malnutrition (26) (Table 6).

Furthermore, in these guidelines a few high-risk populations are
pointed out: very preterm or severely SGA-born children (birth
weight and/or length < -3 SDs for gestational age), infants with
complicated perinatal period, small head circumference, or with a
syndrome causing growth impairment. These groups of children
should be monitored more carefully, with shorter time intervals and
early referred to a pediatric endocrinologist (26).

In the first two years of life, clinical management should focus on
optimal nutrition to guarantee correct catch-up growth and to prevent

METABOLIC SYNDROME

«LBW and catch-up growth are associated with MS in later life
oIt is not clear if LBW or catch-up growth plays the dominant role in leading to MS

«Children born SGA have an adverse cardio-metabolic profile (BMI, SBP, HOMA-IR, triglycerides and triglycerides:HDL ratio) with a worsening of this profile during

adolescence

«Children born very preterm have low HDL-cholesterol concentrations and elevated BP

eAccelerated early weight gain may contribute to the development of obesity in children born preterm
«In animal studies accelerated weight gain amplifies the risk of MS, even in absence of intrauterine growth restriction, and the eftects of LBW on adult phenotype can be

reversed by preventing postnatal acceleration in weight

Progression of IR and overall cardiovascular risk from childhood to adolescence in SGA population-> Accelerated postnatal weight gain is a key independent risk factor for

subsequent MS

BMI, Body Mass Index; BP, Blood Pressure; HDL, High Density Lipoprotein; HOMA-IR, HOmeostatic Model Assessment - Insulin Resistance; IR, Insulin Resistance; LBW, Low-Birth Weight;

MS, Metabolic Syndrome; SBP, Systolic Blood Pressure; SGA, Small for Gestational Age.
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TABLE 6 Clinical management recommendations.

10.3389/fendo.2023.1187261

CLINICAL MANAGEMENT RECOMMENDATIONS

1. Evaluate weight, length, head circumference, and BMI every 3 months in the first year, every 6 months in the second year, and once a year thereafter

2. Plot growth parameters on appropriate growth chart
3. Breastfeeding is the ideal nutrition

4. Avoid additional nutrition for healthy infants in the first 6 months, unless malnourished

5. Recommend age-appropriate balanced diet

6. Infants born very preterm, severely SGA or with a syndrome causing growth impairment should be monitored more carefully and early referred to a pediatric

endocrinologist

7. Avoid excessive weight gain in school years, recommending healthy lifestyle (balanced diet + regular physical activity)

8. Evaluate pubertal onset and progression

9. Evaluate metabolic parameters (FPG, OGTT, lipid profile) in children with overweight or obesity, family history of T2D, or clinical signs suggestive of metabolic disease

BMI, Body Mass Index; FPG, Fasting Plasma Glucose; OGTT, Oral Glucose Tolerance Test; SGA, Small for Gestational Age; T2D, Type-2 Diabetes.

excessive weight gain, as well as to exclude a possible genetic cause (26,
135). Recent works involving SGA-born children with a long-term follow-
up agreed on the importance of breastfeeding in promoting adequate
growth without causing unfavorable body composition or impaired insulin
sensitivity and represent, therefore, the ideal nutrition for infants born SGA
(26, 136, 137). Age-appropriate balanced diet containing macro- and
micronutrients is recommended for optimal growth (26).

Early growth pattern evaluation is a crucial tool in the clinical
management of these newborn and children. Weight, length, head
circumference, and BMI should be monitored every 3 months during
the first year of life, every 6 months in the second year of life, and
afterwards once a year until the achievement of genetic target height.
Growth parameters should be plotted on an appropriate growth chart
and the obtained curve should be assessed (26).

In the following years of life, other than nutrition and growth,
clinical management also focuses on pubertal onset and
progression, and metabolic profile (26, 29). Metabolic parameters
evaluation (fasting plasma glucose, oral glucose tolerance test, lipid
profile) is not routinely indicated, but should be performed in
children with overweight or obesity, family history of T2D, or
clinical signs suggestive of a metabolic disease (26). Excessive
weight gain (change in weight-for-length > 0.67 SDs), particularly
in early childhood and during school years, should be avoided (35).
It is essential to recommend a healthy lifestyle, comprehensive of a
balanced diet and regular physical activity (26).

10 Supplementary considerations for
economically developing nations

In developing nations approximately up to 50-60% of infants
born SGA show satisfying catch-up growth in height and/or weight,
and in these situations of poor nutrition and low protein dietary
intake catch-up growth may be delayed up to the age of 5 years
(138, 139).

Many factors may be involved in this negative outcome,
primarily poor maternal nutrition, insufficient hygiene, infections,
and low socioeconomic status (138). Therefore, in order to reduce
SGA births in these countries and obtain a sufficient catch-up
growth, it is crucial to improve nutrition, hygiene, and antenatal
care during pregnancy, as well as to exclude subclinical
hypothyroidism and to prevent and treat malaria where it is
endemic (26).

Frontiers in Endocrinology

Local reference growth charts should be used to monitor
children born SGA (140). Given that many healthy children are
below the 3™ percentile for both height and weight considering
WHO charts and that this phenomenon is emphasized in SGA,
clinician should focus on the whole growth trajectory rather than on
a single height and/or weight evaluation (26, 140).

Therefore, close monitoring of the growth trajectory is
mandatory to prevent on one hand failure to thrive and on the
other excessive catch-up in weight. Breastfeeding has been related
with less rapid catch-up and growth lower fasting insulin and
glucose concentrations both in infancy and childhood (141), with
a protective effect against later obesity in numerous studies (142-
144). Hence, WHO recommends exclusive breastfeeding or
standard formulas rather than nutrient-enriched formulas during
the first 6 months of life. Nevertheless, in LBW infants living in
extremely poor regions, the priority is the avoidance of malnutrition
and failure to thrive (145).

11 Conclusions

This review highlights how alterations in intrauterine growth
have been associated with long-term cardiovascular and metabolic
consequences. Children born SGA, particularly if they have
experienced accelerated catch-up in weight in early life and/or
obesity in later life, are at risk for insulin resistance and central
adiposity since early childhood (51, 146, 147). They are also at risk
for cardiovascular dysfunctions in later life (146). Additionally,
growth trajectory in the first period of life is important in
establishing risk for cardio-metabolic health across the lifespan
(148). Thus, a careful observation of the children’s growth pattern,
since the intrauterine period and the first years of life, should be
emphasized, together with appropriate family counseling (22, 149).
Notably, a healthier lifestyle for women in their fertility age,
primarily while pregnant, is highly important to promote the
offspring’s future health and wellbeing (11, 12), with a special
focus on the first thousand days of life (19, 20).
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