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Abstract
Fetal growth restriction (FGR), or intrauterine growth restriction (IUGR), is a complication of pregnancy where the fetus does not achieve its genetic growth potential. FGR is characterized by a pathological retardation of intrauterine growth velocity in the curve of intrauterine growth. However, the FGR definition is still debated, and there is a lack of a uniform definition in the literature. True IUGR, compared to constitutional smallness, is a pathological condition in which the placenta fails to deliver an adequate supply of oxygen and nutrients to the developing fetus. Infants with IUGR, compared to appropriately grown gestational age infants, have a significantly higher risk of mortality and neonatal complications with long-term consequences. Several studies have demonstrated how suboptimal fetal growth leads to long-lasting physiological alterations for the developing fetus as well as for the newborn and adult in the future. The long-term effects of fetal growth retardation may be adaptations to poor oxygen and nutrient supply that are effective in the fetal period but deleterious in the long term through structural or functional alterations. Epidemiologic studies showed that FGR could be a contributing factor for adult chronic diseases including cardiovascular disease, metabolic syndrome, diabetes, respiratory diseases and impaired lung function, and chronic kidney disease. In this review we discussed pathophysiologic mechanisms of FGR-related complications and potential preventive measures for FGR.
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Core Tip: Fetal growth restriction (FGR) is a common complication of pregnancy where the fetus does not achieve its genetic growth potential. It is well known that FGR appears to be a contributing factor for adult chronic diseases including cardiovascular disease, metabolic syndrome, diabetes, dyslipidemia, and hypertension. Several studies demonstrated how suboptimal fetal growth leads to long-lasting physiological alterations for the developing fetus as well as for the newborn and adult in the future. Preventive measures and treatments should be assessed and adopted to prevent chronic diseases in FGR patients.

INTRODUCTION
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Fetal growth restriction (FGR), or intrauterine growth restriction (IUGR), is a complication of pregnancy where the fetus does not achieve its genetic growth potential[1]. In FGR, intrauterine growth velocity is delayed, expressed by a characteristic kink in intrauterine curve of growth. Several definitions have been proposed and used in clinical practice. FGR has been defined as fetus with an estimated fetal weight or abdominal circumference of less than the 10th percentile for the specific gestational age[1]. There is variation among international society guidelines, with some including abdominal circumference thresholds < 10th or ≤ 5th percentile alone as a diagnostic criteria[2-4]. Based on a survey of expert opinion, FGR is defined by a birth weight < 3rd percentile or the combination of three criteria: (1) Birth weight < 10th percentile; (2) Head circumference < 10th percentile; (3) Birth length < 10th percentile (4) Antenatal FGR diagnosis; and (5) Prenatal risk factors associated with FGR[5]. Frequently, FGR results in the birth of a small for gestational age (SGA) infant. However, an infant can be SGA without having FGR, and some growth restricted infants can have a birth weight above the 10th percentile. In the literature, IUGR and SGA were often used as interchangeable terms even though often used improperly.
Several factors are involved in the development of FGR, such as genetic abnormalities, intrauterine infections, fetal structural anomalies, multiple gestations, and ischemic placental diseases[6]. According to the various definition of FGR, almost 9% pregnancies in wealthy countries and almost 30% in poor countries are prone developing FGR[7,8]. 
FGR is well known to contribute to adult chronic diseases including cardiovascular disease (CVD), metabolic syndrome, diabetes and chronic kidney disease[9]. Several studies have demonstrated how suboptimal fetal growth leads to long-lasting physiological alterations for the developing fetus as well as for the newborn and adult in the future. The primary cause of fetus growth restriction is a decreased oxygen and nutrient supply, which causes chronic hypoxia. As a response, the fetus redistributes the cardiac output to the brain, the heart, and the adrenals in order to preserve function in these vital organs[10] (Figure 1). Potentially, all the organs may be affected by growth restriction.
This review focuses on the long-term impacts of FGR on the cardiovascular, metabolic, and respiratory systems and discusses pathophysiologic mechanisms and preventive measures for FGR.

LONG-TERM METABOLIC IMPLICATIONS OF FGR
Several studies have reported the association between FGR and subsequent development of disease, like obesity, metabolic syndrome, CVD and cancer. A possible explanation has been proposed by developmental origin of health and disease concept[9]. According to this hypothesis, fetuses developing in an adverse intrauterine environment adapt through changing their endocrine-metabolic status to save energy and redirect nutrients to essential organs. The reprogramming at hepatic level predisposes to future dyslipidemia, vascular modifications induce endothelial damage and future hypertension, and insulin resistance contributes to the development of metabolic syndrome (dyslipidemia, fatty liver, arterial hypertension, and type 2 diabetes mellitus)[11].
The proposed pathophysiologic factors underlying these changes include epigenetic modifications of the expression of genes[12]. These modifications could induce appetite dysregulation and increase food intake and adipogenesis, resulting in future obesity and cardiovascular risk. The increased risk of metabolic syndrome and CVD may also be found during childhood, particularly in cases of rapid weight gain during infancy[13,14]. In a recent study from Singapore, a rapid weight gain from 0 to 2 years, with or without prior fetal growth deceleration, was associated with unfavorable cardiometabolic markers at 3 years of life[15]. Similarly, Norris et al[16] reported that the adverse consequences of rapid infant weight gain in the first 2 years of life may occur regardless of FGR occurrence.
Other important determinants of adult anthropometric and inflammatory alterations are fetal growth trajectories, as reported in a relatively small Australian cohort[17]. A relationship between small fetal head and abdominal circumference and higher adult blood pressure was described, independent of confounding variables, such as adult adiposity[17]. In a later report, a significant association between fetal growth patterns and markers of adiposity [body mass index (BMI), waist circumference] and inflammation [C-reactive protein (CRP)] was found in 27-year-old subjects. Good growth in early gestation had a protective effect on adiposity in later life, whereas reduced early growth was associated to adiposity. For example, a very-low-to-rising femoral length trajectory was associated with higher adult BMI, as confirmed by other studies in different populations[18].
Average or above-average abdominal growth from early-mid pregnancy with later deceleration was associated with lower adult BMI and abdominal circumference. Decreased waist circumference during gestation was related to higher CRP level in adulthood, while increased abdominal and head circumference was associated with lower CRP, even after adjustments for several factors, including postnatal lifestyle factors and maternal and pregnancy covariates. These effects were more pronounced in females than in males. However, it should be noted that obesity is a complex phenomenon involving multiple genetic and environmental factors, and the reported observations do not clarify the pathophysiology of adult obesity in former FGR individuals.
Potential preventive measures and treatments for the onset of metabolic complications include breastfeeding, adequate nutrition and physical exercise starting from early childhood, growth hormone, and metformin[10]. However, the studies have included small numbers of patients and need to be replicated in larger cohorts. Moreover, in the follow-up of FGR children, pediatricians should perform routine blood pressure monitoring, advice on healthy diet, and encourage physical activity.

LONG-TERM CARDIOVASCULAR IMPLICATIONS OF FGR
FGR compared to normal growth is associated with a significantly higher incidence of CVD later in life[19]. FGR is also associated with metabolic syndrome and the effect of IUGR on cardiovascular system may be mediated by diabetes, dyslipidemia, or hypertension. An increased risk of high systolic blood pressure, arterial stiffness, and reduced renal functional reserve have been described in young adults born after FGR[20]. Hypertension, coronary disease, cardiomyopathy, and heart failure have been found extensively in adulthood and older age[21]. However, growing evidence suggests that FGR is the direct cause of cardiovascular alterations independently from pre-existing metabolic disease[22], which can increase the level of mortality and morbidity among IUGR patients.
Several studies have examined the relationship between FGR and the development of CVD later in life[9,19]. Leon et al[23] were the first to conduct a large epidemiological study of about 15000 births in Sweden and reported a statistically significant relationship between low birth weight and mortality from CVD in male individuals aged > 65 years. Moreover, another cohort study showed an inverse correlation between birth weight and systolic pressure in 50-year-old patients in the United Kingdom[24].
Cardiovascular impairment may already exist in growth restricted children preclinically in childhood, before the clinical development of CVD in adulthood. Long-term exposure to hypoxemia may be associated with permanent alterations in the structure and function of the cardiovascular system. To date, available evidence suggests that chronic hypoxemia in utero induces physiological modifications of autonomic nervous system function, oxidative stress, impaired secretion of hormones, and functional and structural modifications of the blood vessels[25]. A more spherical shape is typically evident in the heart of a restricted fetus, which can evolve into hypertrophy in the most severe cases[26]. Furthermore, prenatal echocardiography shows reduced longitudinal myocardial motion, abnormal transmitral E/A ratios (a marker of left ventricular function and late diastolic filling), prolonged isovolumic relaxation time, and decreased diastolic annular peak velocities. These modifications are functional to ensure an efficient stroke volume output and tolerance to pressure overload[27].
Interestingly, biomarkers of cardiac dysfunction and damage, such as B-type natriuretic peptide and troponin[27,28], have been found to be increased in the cord blood of FGR fetuses, potentially explaining the cardiac impairment caused by a suboptimal intrauterine environment. The altered prenatal echocardiographic findings were also confirmed in the 1st days after birth[29]. In fact, decreased absolute “E” and “A2 wave velocities”, higher “E/A” ratio, a prolonged isovolumic relaxation time, and reduced contractility and cardiac output have been described in these neonates, leading to increased blood pressure and both diastolic and systolic dysfunction[30].
The same findings were also identified by other studies including infants from FGR pregnancies aged 3-4 months[31]. Interestingly, a prospective study of 150 infants conducted by Crispi et al[32] compared cardiovascular morphology of 3-year-old to 6-year-old FGR infants with a control group. The authors showed that FGR children were more likely to present globular-shaped hearts, increased cardiac output, and left ventricular thickening. Similar findings were found by Rodríguez-López et al[33] in children aged 8-12 years. Altered vascular elastin and collagen content, extracellular matrix remodeling, and endothelial dysfunction are some of the prenatal circulatory modifications found in growth restricted offspring[25]. Multiple molecular mechanisms are involved in the pathogenesis of endothelial dysfunction in FGR patients such as the disruption in placental-mTORC and transforming growth factor beta signaling cascades, and changes in expression of endothelial nitric oxide synthase, as clearly explained in a recent review by Amruta et al[34]. Vascular changes may persist after birth and cause early onset preclinical atherosclerosis in children. For example, carotid artery thickness was found by Martin et al[35] in 3-year-old to 6-year-old children, and this evidence was confirmed by autopsy studies[36]. 
It is important to underline that other factors may influence the development of CVD in FGR patients. For example, pre-eclampsia, obesity, maternal diabetes, and prematurity are independent risk factors of hypertension during childhood.
To summarize, even if epidemiologic studies showed an association between FGR and late complications, the underlying mechanisms may be numerous. Some of these have recently been described and may coexist. Finally, there is an urgent need for studies for the evaluation of preventive measures in the FGR population.

LONG-TERM RESPIRATORY IMPLICATIONS OF FGR
Lung development occurs through several stages, namely embryonic, pseudoglandular, canalicular, saccular, and alveolar[37]. In many growth restricted infants, placental insufficiency occurs in late pregnancy in parallel with distal lung development (acinar and alveolar structures), suggesting that FGR may especially impact distal lung development[38]. Clinical observations in newborns show that SGA infants have a more severe early respiratory course and increased risk of developing bronchopulmonary dysplasia[39,40].
The long-term effects of FGR may be due to adaptations to poor oxygen exposure and nutrient supply that might result in structural or functional alterations[41]. FGR impacts lung function through molecular and cellular events, involving parenchyma, airway, and vasculature[38]. In fact, evidence showed that perinatal undernutrition changed the hormonal environment, which has an important impact on lung development and function, conditioning a higher risk for lung pathology in adulthood. Particularly, a deficit of retinol, cholecalciferol, leptin, ghrelin, and GLP-1 could be present in undernutrition in pregnancy and play a role in lung development, suggesting a correction of these deficiencies with diet supplementation during gestation[42,43].
Epidemiological studies showed that changes in lung development impacted both lung function and respiratory disease in early life, as well as in adulthood, particularly reduced forced expiratory volume in 1 s (FEV1) and chronic obstructive lung disease[38,44].
Much of our understanding of the relationship between FGR and lung development comes from animal studies. Maritz et al[45] showed that structural alterations induced by growth restriction during fetal lung development were still evident in adult sheep and were similar both qualitatively and quantitatively to those observed at 8 weeks, suggesting that restricted growth may induce permanent alterations in the morphology of the offspring's lungs as well as faster lung aging[46]. Adult FGR animals have fewer alveoli (larger than in controls), thickening of the interalveolar septa and basement membrane due to the accumulation of extracellular matrix[46], and inhibition of surfactant maturation[47]. FGR rats experienced significant pulmonary arterial hypertension and pulmonary vascular remodeling secondary to epigenetic mechanisms and pulmonary artery endothelial cell dysfunction[48]. Another study in sheep demonstrated that chronic placental insufficiency and subsequent FGR during late gestation resulted in alveolar simplification after birth, without concomitant alteration in lung weight and reduced septation[49]. This observation was in contrast to a previous study from the same group[50] in which lungs were inspected for a short time after the onset of placental insufficiency and FGR, supporting the concept that prolonged exposure to chronic hypoxia negatively influences lung growth, whereas exposure for short time did not.
Other studies have evaluated the relationship of FGR and functional respiratory values. A recent study showed a lower FEV1 Z-score in subjects aged 8-15 years who were born preterm and with a diagnosis of FGR, suggesting a worse conducting airway function. In this study, confounding factors, potentially contributing themselves to the lung function impairment, were prematurity and bronchodysplasia[51]. The study of Nikolajev et al[52] showed that FGR has its most pronounced effect on airway dynamics. Particularly, no differences were found in FEV1 or peak expiratory flow between FGR children and controls, but mid-expiratory flow measurements were significantly lower, suggesting that FGR has a more pronounced effect on airway development than on lung volumes. FGR has an impact on lung function not fully understood, as current evidence is mainly based on studies in children born SGA or low birth weight but not necessarily with FGR.
In a recent systematic review, different lung function trajectories were described, and low birth weight was associated with subnormal lung function trajectories[53]. Karmaus et al[54] described a relationship between ‘low’ FEV1 trajectories in both genders and ‘low’ FEV1/forced vital capacity (FVC) trajectories in females between ages 10 years and 26 years, whereas other authors reported ‘low’ FEV1, FVC, and FEV1/FVC trajectories in FGR individuals aged 15 to 22[55]. However, other studies found only modest associations for low birth weight[56]. Stein et al[57] studied the potential association between fetal growth and adult lung function in South India. They found an association between low birth weight/small head circumference at birth and reduced FEV1, independent from age and current stature; FVC was similarly associated with low birth weight. Canoy et al[58] followed a large population from fetal period until adulthood showing that adult FEV1 and FVC increased linearly with birth weight, and that the reduction in lung function was more pronounced in adults with lower birth weight.
Several studies showed that low birth weight is an important determinant for later development of chronic obstructive pulmonary disease[59,60]. On the other hand, a meta-analysis reported a significant association between birth weight and adult FVC, indicative of restrictive pattern, and weaker evidence for airflow obstruction[61].
A crucial point to investigate is the relationship between FGR and the subsequent risk of asthma. Källén et al[62] found that FGR is associated with an increased risk of asthma, even if a stronger predisposing factor is prematurity. A study evaluated the association between fetal growth and childhood asthma, showing that it is independent of gestational age, familial context, and genetic factors[63]. In fact, a cohort study of twins described the association between lower birth weight and increased risk of asthma, suggesting that this association is not influenced by shared environmental or genetic factors as twins are theoretically exposed to the same factors[64].
Further studies are required to evaluate the impact of FGR, based on a consensus-defined definition, and long-term pulmonary outcomes. In fact, the confusion between IUGR, SGA, and low birth weight confound the interpretation of the literature, and there is the risk of over/underestimating the relationship between the two entities. Several animal studies demonstrated the impact of FGR on both short-term and long-term structure and function of the lung. The association between FGR and impaired functional respiratory values is controversial, and it is still not clear whether the impairment, if any, is mainly due to a restrictive or obstructive pattern.

PREVENTIVE MEASURES
Several preventive measures have been identified and considered to promote long-term health in former FGR individuals (Table 1). A useful antenatal measure is an improved identification of subjects with increased risk of complications (i.e. earlier/more frequent ecographic growth assessment). Other strategies could include the promotion of dietary modifications during gestation to facilitate normalization of body weight, micronutrient levels, glycemia and blood pressure, lifestyle measures (i.e. avoidance of alcohol and smoke, enhancement of maternal education, reduction of stress and exposure to pollution), and control of chronic diseases. Some of these are currently being evaluated by clinical studies[65-68].
Postnatal early-life interventions include: Breastfeeding promotion, provision of adequate nutrition and growth, follow-up of high risk patients, and appropriate resource distribution[41]. Maternal and offspring microbiota modifications (i.e. dietary supplementation with docosahexaenoic acid and arachidonic acid to improve neurodevelopmental outcomes)[65], pre-probiotics are a potential interventions needing further studies. Lactoferrin and stem cell administration are under investigation.

CONCLUSION
In this review, we reported the most important complications of FGR with their proposed pathophysiology, according to the most recent literature. FGR is not only a complication of pregnancy but a condition with relevant short- and long-term unfavorable outcomes for children and adults. Potential benefits from the research in this area could include reduced stillbirths and neonatal deaths and improved outcomes in pregnancies affected by FGR. Moreover, the prevention, detection, and treatment of FGR might have important positive reflections on public health worldwide, and it is expected that these themes will be on the next research agenda. Indeed, in recent years a number of government agencies extensively funded research studies in this area (i.e. European Commission’s 7th Framework Programme, United States National Institutes of Health, among others).
Moreover, the interplay between FGR and other environmental exposures (i.e. microbiome, smoking, pollution, malnutrition, etc.) will be another interesting area of research likely to be covered by future studies.
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Figure 1 Long-term implications of fetal growth retardation.

Table 1 Potential preventive measures to avoid chronic diseases in fetal growth restriction patients
	Prenatal interventions
	Postnatal interventions

	Early detection of fetal growth restriction
	Breastfeeding

	Dietary modifications/supplementations during pregnancy
	Adequate nutrition in childhood

	Normalization of body weight, glycemia and blood pressure control during pregnancy
	Growth follow-ups and blood pressure monitoring

	Lifestyle measures (i.e. avoidance of alcohol and tobacco, maximization of maternal education, reduced stress)
	Lifestyle measures (i.e. avoidance of alcohol and tobacco, reduced stress, avoid overweight)

	Management of maternal chronic diseases
	Pharmacological interventions: Growth hormone, metformin
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