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Abstract 
 

Intrauterine growth restriction (IUGR) is defined as the condition in which a fetus is 
unable to achieve its genetically determined potential size. We currently know that poor 
fetal growth and small size at birth are followed by increased risk of coronary heart 
disease, stroke, hypertension, type-2 diabetes and osteoporosis, suggesting that these 
disorders originate in part through unbalanced nutrition in utero and during infancy. The 
development of validated tools for non-invasive measurement of cardiovascular disease 
has the potential to identify vascular dysfunction or aberrant vascular growth long before 
the atherosclerosis process becomes clinically apparent. This review focuses on the 
available data concerning measurable alterations in the developing vascular tree of 
neonates, children and adolescents with intrauterine growth restriction or born small for 
gestational age (SGA). 
 
 

Introduction 
 
Normal fetal growth is a critical component of a healthy pregnancy and influences the 

long-term health of the offspring [1-3]. However, defining normal and abnormal fetal growth 
has been a long-standing challenge in clinical practice and research [4]. Intrauterine growth 
restriction (IUGR) is defined as the condition in which the fetus is unable to achieve its 
genetically determined potential size.  
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Therefore, the term suggests a reduced growth velocity during fetal life [5]. Small for 
gestational age (SGA) is most commonly used to describe a newborn birth weight below the 
10th percentile or 2 standard deviations below the mean value of growth curves according to 
sex and gestational age and is a definition that can be applied after birth [5, 6]. The American 
College of Obstetricians and Gynaecologists (ACOG) however, defines IUGR as a fetus with 
an estimated weight below the 10th percentile for gestational age [7]. 

The terms SGA and IUGR are not always interchangeable; not all fetuses and infants that 
are born SGA are pathologically growth restricted and, in fact, may be simply small because 
of constitutional factors. Similarly, not all fetuses that have not met their genetic growth 
potential are born with a weight which is less than the 10th percentile for gestational age [6].  

The definitive diagnosis of IUGR presupposes that one can calculate the growth potential 
of the fetus, current fetal size, fetal and placental health, and fetal growth velocity. However, 
as IUGR has a multifactorial aetiology, none of these factors alone seems able to discriminate 
between constitutionally and pathologically small fetuses with great certainty [4]. Therefore, 
in most clinical and epidemiologic research concerning the long term morbidity associated 
with IUGR, authors have tended to use the term "small for gestational age," or "SGA," for a 
fetus who has failed to achieve a specific and arbitrary anthropometric or weight threshold by 
a specific gestational age [4].  

The IUGR neonate is at risk for a variety of neonatal complications such as perinatal 
asphyxia, respiratory distress due to meconium aspiration, persistent pulmonary hypertension 
or pulmonary haemorrhage, abnormalities of glucose regulation, temperature instability and 
polycythaemia [8]. Several epidemiologic studies have shown that poor fetal growth and 
small size at birth are followed by increased risk of coronary heart disease, stroke, 
hypertension, type-2 diabetes and osteoporosis. This is currently called the ‘developmental 

origins hypothesis’ suggesting that these disorders originate through unbalanced nutrition in 
utero and during infancy [1-3].  

The mechanisms and pathways that mediate the fetal programming of hypertension, 
although currently incompletely understood, are likely to be multiple. Three major organs or 
systems have been extensively investigated: the kidney (through reduction of nephron 
number, activation of the renin-angiotensin system, and increase in renal sympathetic nerve 
activity), the neuroendocrine system (via up-regulation of the hypothalamic-pituitary-adrenal 
axis and altered adaptation to stress), and the vascular network which plays a key role in the 
pathophysiology of hypertension [9].  

There is sufficient evidence indicating that atherosclerotic cardiovascular disease begins 
in childhood, resulting in progressive changes in the structure and function of the arterial tree. 
The development of validated tools for non-invasive measurement of early atherosclerotic 
disease has the potential to identify vascular dysfunction or aberrant vascular growth long 
before vascular damage becomes clinically apparent, thus giving the option for early 
intervention [10, 11].  

Using these techniques various alterations in the developing vascular tree of neonates, 
children and adolescents with intrauterine growth restriction concerning arterial structure and 
dimensions, arterial stiffness, endothelial function, capillary density and microvascular 
architecture have been documented. 
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1. Arterial Structure: Carotid and Aortic  

Intima- Media Thickness 
 
The assessment of carotid intima-media thickness (cIMT) with high-resolution B-mode 

ultrasonography is considered as one of the more powerful tools for the evaluation of 
subclinical atherosclerosis. In adults, increased cIMT is associated with coronary artery 
disease and is predictive of future cardiovascular events, including stroke and myocardial 
infarction [11].  

The individual layers of the carotid artery wall can be distinguished by 2-dimensional 
ultrasound in several locations, given the relatively superficial location and limited movement 
of the vessel. Newer ultrasound systems with high-frequency transducers allow easy 
identification of the lumen-intima interface and intima-adventitia interface and thus easy and 
reliable measurement of cIMT. Far-wall cIMT accurately represents the intima-media 
thickness compared with direct histological examination [11].  

Carotid intima-media thickness varies with age and normal values have been published 
both for the adult and the paediatric population. To evaluate early, subclinical disease, 
assessment of cIMT has been used extensively in children and adolescents with known risk 
factors for cardiovascular disease. Most paediatric studies have focused on assessment of the 
carotid artery far wall in assessing cIMT, particularly the far wall of the common carotid 
artery segment; however, the specific sites and number of sites included for analysis vary 
significantly from study to study [11]. 

 

 
 

 

Figure 1. Abdominal aortic intima-media thickness (AoIMT) was defined from the leading edge of the dorsal 
arterial media-adventitia interface to the leading edge of the blood-intima interface. Increased aIMT thickness 
has been measured at the 3rd-5th day of life in IUGR (Panel B) compared to healthy AGA neonates (Panel A). 
(Figure courtesy Dr S Fouzas) AoID: aortic internal diameter. 
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Table 1. Intima-media thickness in neonates, children and adolescents with IUGR 

 
Reporting 
author(s) 

Publication Examination age 
(Number of 
IUGR) 

Gestational 
age 

Arterial segment 
examined 

Method 
applied 

Increased 
intima-media 
thickness in 
IUGR 

Koklu E et al. [17] Horm. Res. 2006  Newborn (N=40) Term Abdominal aorta  Ultrasound Yes 

Skilton MR et al. 
[18] 

Lancet 2005 Newborn (N=24) Term Abdominal aorta  Ultrasound Yes 

Koklu E et al. [19] Pediatr. Res. 
2007 

Newborn (N=40) Term Abdominal aorta  Ultrasound Yes 

Cosmi E et al. 
[20] 

Obstet. Gynecol. 
2009 

18 months 
(N=25) 

Not stated Abdominal aorta  Ultrasound Yes 

Zanardo V et al. 
[21] 

Kidney Int. 2010 18 months 
(N=23) 

Term and 
preterm 

Abdominal aorta  Ultrasound Yes 

Trevisanuto D  
et al. [22] 

Arch. Dis. Child 
2010 

3-5 years (N=22) Not stated Abdominal aorta 
left and right 
carotid  

Ultrasound No 

Crispi F et al. [23] Circulation 2010 5 years (N=80) Term and 
preterm 

Common carotid  Ultrasound Yes 

Jouret B et al. [24] Horm. Res. 
Paediatr. 2011 

7-13 years 
(N=60) 

Not stated Common carotid  Ultrasound No 

 
It is not known, however, whether some of the changes in cIMT that occur with age 

represent normal vascular adaptation or a pathological change. It has been reported in adults 
that at lower degrees of cIMT thickening reflect adaptation that leads to a balance between 
pressure and flow, but beyond a certain level, cIMT indicates true atherosclerotic changes 
[12]. 

In addition to cIMT, a few paediatric studies have measured intima-media thickness in 
the aorta (aIMT), as abdominal aorta represents the territory of the human arterial tree, where 
the earliest pathologic evidence of atherosclerosis becomes apparent [13]. In the Muscatine 
offspring study, cardiovascular risk factors were associated with aIMT and cIMT in a similar 
pattern, however it appeared that the strength of associations may be greater for aIMT than 
for cIMT in those <18 years of age, suggesting that measurement of aIMT may allow 
detection of the atherosclerotic process at an earlier age than cIMT [14]. 

Aortic intima-media thickness can be measured reproducibly in neonates and young 
children. However, increased aIMT in the newborn may not always signal the beginning of a 
disease process. Thickening of the aortic intima occurs in healthy newborn infants as a 
structural adaptation to decreased aortic blood flow resulting from the cessation of the 
umbilical and placental circulations and is thought be a transient and physiological effect 
[15].  

We have measured aIMT thickness at the 3rd-5th day of life in 30 IUGR and 30 healthy 
neonates matched for gestational age and have found increased aIMT thickness in the IUGR 
group (Figure 1). The increased aIMT in the IUGR neonates compared to controls (median 
0.55 mm, range 0.39–0.78 mm versus 0.36 mm, range 0.14–0.56, p<0.0001; Karatza AA and 
Fouzas S, unpublished data) may be a sign of precocious vascular dysfunction or alternatively 
a transient effect, representing delayed structural adaptation of the aortic wall to the postnatal 
environment. Therefore, measuring of the aortic intimal thickening morphometrically is 
needed to explore the significance of these relationships in the neonatal period [15]. 
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The abdominal aorta was first identified in the upper abdomen using a 7.5-MHz 
paediatric phased array transducer, and was used as an aid to locate the aortic intima-media 
complex with a 12-MHz linear array transducer. For the assessment of aIMT, the image was 
focused on the dorsal arterial wall, and gain settings were used to optimize image quality. 
Images were magnified using a resolution box function. At least 3 images taken at end-
diastole, co-incident with the ECG R-wave were captured and stored digitally for subsequent 
off-line analysis [16]. A total of eight published studies have tested for an association 
between IUGR and aortic or carotid intima-media thickness in the paediatric population [17-
24]. In support of an inverse relation, six studies have reported a thicker aIMT in neonates 
and children with IUGR, suggesting that early intima-media thickening occurs in the aorta in 
conjunction with poor fetal growth (Table 1). 

On the contrary, two studies have failed to show any association between IUGR and 
cIMT in children aged 3-5 and 7-13 years, respectively [22, 24]. In addition, coronary intima-
media thickening is not present at autopsy of sick neonates [25]. Atherosclerosis begins in 
childhood and has a latency period of several decades before cardiovascular complications 
become clinically apparent. The first signs of the atherosclerotic process include lipid 
deposits, resulting in fatty streaks in the intima of systemic arteries. The earliest lesions affect 
the dorsolateral aorta just before the bifurcation into the iliac arteries [16]. Involvement of the 
coronary and carotid arteries occurs later in life [26].  

 
Table 2. Arterial dimensions in neonates, children and adolescents with IUGR 

 
Reporting 
author(s) 

Publication Examination age 
(Number of 
IUGR) 

Gestational 
age 

Arterial segment 
examined 

Method 
applied 

Decreased 
arterial 
dimensions 

Mori A et al. [31] Pediatrics 2006 Newborn (N=47) Term and 
preterm 

Common carotid and 
abdominal aorta 

Ultrasound No 

Akira M et al. [32] J. Pediatr. 2006 Newborn (N=51) Term and 
preterm 

Abdominal aorta Ultrasound No 

Koklu E et al. [19] Pediatr. Res. 
2007 

Newborn (N=40) Term Abdominal aorta Ultrasound No 
(increased) 

Cosmi E et al. 
[20] 

Obstet. Gynecol. 
2009 

18 months 
(N=25) 

Not stated Abdominal aorta Ultrasound No 

Bonamy AK et al. 
[37] 

Acta Paediatr. 
2008 

7-12 years 
(N=20) 

Preterm Common carotid Ultrasound No 

Bradley TJ et al. 
[33] 

J. Pediatr. 2010 8-13 years 
(N=39) 

Term and 
preterm 

Ascending aorta Ultrasound Yes 
 

Halvorsen CP et 
al. [34] 

J. Intern. Med. 
2006 

8 years (N=9) Term and 
preterm 

Common carotid and 
abdominal aorta 

Ultrasound Yes 
(carotid) 

Franco MC et al. 
[39] 

Hypertension 
2006 

8-13 years 
(N=42) 

Term Brachial Ultrasound No 

Ley D et al. [36] Acta Paediatr. 
1997 

9 years (N=68) Term Abdominal aorta Ultrasound Yes 

Martin H et al. 
[38] 

Circulation 2000 9 years (N=22) Term Common carotid and 
abdominal aorta 

Ultrasound No 

Jiang B et al. [35] Pediatrics 2006 9 years (not 
stated) 

Term and 
preterm 

Aorta and coronary Ultrasound Yes 

Brodszki J et al. 
[41] 

Circulation 2005 Adolescents 
(N=21) 

Term Carotid, abdominal 
aorta and popliteal 

Ultrasound Yes (aorta 
and 
popliteal) 

Singhal A [40] Lancet 2001 Adolescents 
(N=72) 

Preterm Brachial Artery Ultrasound No 
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The lack of association between IUGR and carotid or coronary intima-media thickness in 
childhood is in line with the evolution of atherosclerosis in humans; carotid and coronary 
lesions may emerge later in subjects who were IUGR. Indeed, increased cIMT has been 
documented both in young adulthood (27-30 years) and at middle age (49-51 years) in 
subjects who were small at birth [27, 28]. 

 
 

2. Dimensions of Large Elastic  

and Muscular Arteries 
 
Knowledge of the normal dimensions of arterial segments is essential for correct 

diagnosis and management of vascular disease. Nomograms for the diameter of the aorta at 
various levels have been reported for conventional angiography, cardiovascular magnetic 
resonance, echocardiography and postmortem examinations in children and the values 
obtained showed good agreement among the techniques applied [29]. The existing 
information for understanding the relationship between somatic growth and cardiovascular 
development suggests that the growth of these structures is best expressed by using a linear 
relationship between the diameter of the vessel or cavity measured and the square-root of 
body surface area [30]. 

Therefore, small babies are expected to have smaller arterial diameters, but if vessel size 
does not increase in proportion to the rest of the growing body and arterial narrowing ensues, 
it could have implications for later risk of cardiovascular disease. With ageing, a slow and 
natural loss of intraluminal space will inevitably take place in the arterial tree. If arterial 
dimensions are already significantly reduced at the start of this process, the critical point at 
which blood flow will be insufficient to avoid tissue ischaemia will be reached sooner than 
expected [15].  

A number of studies have explored the relationship between the diameters of elastic  
or muscular arteries in children with IUGR compared to those with normal fetal growth  
[18, 19, 31-41] (Table 2).  

In neonates and infants similar abdominal aortic and common carotid dimensions have 
been found between the two groups [18, 19, 31, 32]. In children (8-13 years old) four studies 
[33-36] have reported reduced aortic, common carotid and coronary artery diameters in 
subjects with IUGR, whereas another three have failed to show any difference [37-39]. The 
only two available studies in adolescents revealed that individuals exposed to IUGR have 
smaller vessel diameters in central elastic arteries (abdominal aorta and common carotid 
artery) and in the muscular popliteal artery in proportion to their body size than individuals 
with normal fetal growth [40].  

On the contrary, in the brachial artery, which is also a muscular artery, the diameter was 
not affected [41]. This is in accordance with a recent publication denoting that the popliteal 
artery, although a muscular artery, appears to have elastic wall properties and behaviour 
similar to a central elastic artery [42]. Possibly, normal age-dependent growth of elastic 
arteries is more sensitive to effects of restricted fetal growth than is the growth of muscular 
arteries. This could be mediated by a reduction in the deposition of elastin in the arterial wall, 
as proposed by Martyn and Greenwald [43]. This theory will be discussed in more detail in 
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the section considering the association of intrauterine growth restriction with precocious 
arterial stiffness.  

In severely growth-restricted fetuses, reduced blood flow to the peripheral circulation and 
lower blood flow velocities and flow volume are seen in the descending aorta [44]. It is well 
known that in fetal life the volume and pattern of flow through a developing structure, either 
cavity or vessel influences its growth [45].  

Thus, changes in fetal haemodynamics present in subjects with IUGR may have formed 
the substrate for ‘hypotrophic’ remodeling of the vascular system resulting in decreased 
arterial diameters in later life. 

 
Table 3. Capillary network and microvascular architecture in neonates,  

children and adolescents with IUGR 

 
Reporting 
author(s) 

Publication Examination age 
(Number of 
IUGR) 

Gestational 
age 

Organ/tissue 
examined 

Method applied Abnormality 

D’Souza R et al. 
[47] 

Hypertension 
2011 

Newborn (N=11) Term Skin capillary 
density  

Orthogonal 
polarized 
spectroscopy  

No 

Goh KL et al. [48] Diabetes Care 
2001  

3 months (N=17) Term Skin capillary 
density  

Laser Doppler 
perfusion 
imager  

No 

Irving RJ et al. 
[49] 

Hypertension 
2004 

6-16 years 
(N=42) 

Not stated Skin capillary 
density  

Video 
capillaroscopy  

No 

Mitchell P et al. 
[51] 

Circulation 2008 6 years (N=83) Preterm Retinal 
arteriolar caliber  

Digitized 
photographs  

Yes 

 
 

3. Capillary Density and Microvascular 

Architecture 
 
A reduction in capillary density is a hallmark of essential hypertension and is present in 

high risk normotensive individuals, suggesting that rarefaction is likely to be a primary 
structural abnormality [46]. Early reduction of the capillary network has been put forward as 
a possible explanation for the increased risk for arterial hypertension observed in subjects 
who were small at birth, as decreased capillary density contributes to increased peripheral 
vascular resistance [15].  

The capillary network of the skin has been investigated in IUGR children and its density 
has been compared to that of children that had appropriate fetal growth (Table 3). Similar 
dermal capillary density has been documented in children of low-birth weight compared to 
appropriately grown ones [47-49]. These findings do not exclude the possibility that capillary 
density in other vascular beds may be influenced by low birth weight, or that functional 
changes in the microcirculation are programmed by events in early life. Indeed, microvascular 
abnormalities in the nail folds of children with low birth weight have been reported. The 
recruitment of capillaries to perfusion after ischemia was increased even though basal 
capillary numbers were not different [50]. Also, skin maximal hyperemic response to heat 
was lower in low birth weight infants, despite similar capillary density [48]. The mechanisms 
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for these changes remain to be elucidated, but they appear to reflect functional rather than 
structural changes in the capillary network. 

 
Table 4. Arterial stiffness in neonates, children and adolescents with IUGR 

 
Reporting 
author(s) 

Publication Examination 
age (Number 
of IUGR) 

Gestational 
age 

Arterial segment 
examined 

Method applied Increased 
arterial 
stiffness 

Akira M et al. [32] J. Pediatr. 2006 Newborn 
(N=51) 

Term and 
preterm 

Abdominal aorta  Arterial 
diameter change 
(local arterial 
stiffness)  

Yes  

Mori A et al. [31] Pediatrics 2006 Newborn 
(N=47) 

Term and 
preterm 

Common carotid 
and  
abdominal aorta  

Arterial 
diameter change 
(local arterial 
stiffness)  

Yes 

Cheung YF et al. 
[60] 

The Lancet 2000 9 months 
(N=6) 

Term and 
preterm 

Brachioradial  Pulse wave 
velocity 
(regional arterial 
stiffness)  

Yes 

Halvorsen CP et 
al. [34] 

J. Intern. Med. 
2006 

8 years (N=31) Term and 
preterm 

Common carotid 
and  
abdominal aorta  

Arterial 
diameter change 
(local arterial 
stiffness)  

No  

Cheung YF et al. 
[61] 

Arch. Dis. Child 
2004 

8 years (N=15) Preterm Brachioradial  Pulse wave 
velocity 
(regional arterial 
stiffness)  

Yes  
 

Martin H et al. 
[38] 

Circulation 2000 9 years (N=22) Term Common carotid 
and  
abdominal aorta  

Arterial 
diameter change 
(local arterial 
stiffness)  

No 

Ley D et al. [36] Acta Paediatr. 
1997 

9 years (N=68) Term Abdominal aorta  Arterial 
diameter change 
(local arterial 
stiffness)e  

No 

Bonamy AK et al. 
[37] 

Acta Paediatr. 
2008 

7-12 years 
(N=20) 

Preterm Common carotid  Arterial 
diameter change 
(local arterial 
stiffness)  

No 

Bradley TJ et al. 
[33] 

J. Pediatr. 2010 8-13 years 
(N=39) 

Term and 
preterm 

Aortic arch  Arterial 
diameter change 
Pulse wave 
velocity (local 
and regional 
stiffness)  

Yes 

Chan PY et al. 
[63] 

Int J Pediatr 
2010 

Preadolescent 
(N=21) 

Term and 
preterm 

Radial artery  Aortic pressure 
waveform 
(systemic 
arterial stiffness)  

Yes 

Brodszki J et al 
[ 41] 

Circulation 2005 Adolescents 
(N=21) 

Term Carotid, 
abdominal aorta 
and popliteal  

Arterial 
diameter change 
(local arterial 
stiffness)  

No 

Rossi P et al. [62] J. Adolesc. 
Health 2011 

Adolescents 
(N=24) 

Term Carotid-radial  Pulse wave 
velocity 
(regional arterial 
stiffness)  

No 
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Figure 2. Transit time (TT) is estimated beat-by-beat, as the delay between the start of the systolic upswing in 
the signal of the pulse wave between the proximal and the distal probe site. The mean TT value is used to 
calculate pulse wave velocity (PWV), as the distance between the two probes in mm divided by TT. 

It has been hypothesised that low birth weight may have an adverse impact on 
microcirculatory architecture possibly initiating a cascade of arteriolar narrowing and 
vasoconstriction that ultimately leads to the development of hypertension. Clinical studies 
testing this hypothesis, however, are limited by the difficulty in assessing arteriolar structure 
in vivo. The development of computer-based techniques allows reliable measurement of 
retinal microvascular caliber from digitised photographs. Using this technology narrowing in 
the retinal arterioles of children with low birth weight has been documented [51] (Table 3). 
This finding is of particular relevance because retinal arteriolar narrowing is a known target 
end-organ effect of blood pressure and may be a preclinical marker of hypertension and 
cardiovascular risk [52]. Although these alterations in microvascular architecture do not 
imply that low birth weight itself causes vascular changes, they support the idea that 
suboptimal intrauterine environment of which low birth weight is a consequence, may result 
in structural circulatory changes, which are adaptive in fetal life but maladaptive in 
adulthood, and subsequently predispose individuals to cardiovascular disease. 

 
 

4. Arterial Stiffness 
 
Arterial stiffness describes the rigidity of the arterial wall and is primarily determined by 

structural components of the arterial wall, vascular smooth muscle tone, and transmural 
distending pressure. Although both compliance and distensibility can be used as measures of 
stiffness, they individually represent different facets of arterial structure and function. 
Distensibility is a measure of the elastic properties of an artery, whereas compliance is a 
measure of the local vessel capacity to respond to changes in blood volume [11]. Arterial 
stiffness is the reciprocal of distensibility. Arterial stiffening increases the velocity at which 
the pulse wave travels, resulting in an earlier return of the reflected wave from peripheral sites 
[53]. Arterial stiffness is a marker of vascular disease and its estimation has emerged as an 
important predictor of cardiovascular events in the adult population [54, 55].  

A number of non-invasive methods have been developed to determine systemic arterial 
stiffness and are increasingly applied both in medical research and clinical practice [10, 11, 
53, 56]. The application of these techniques can assess: 
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1. Local or cross sectional stiffness at a particular site in the artery. 
2. Regional stiffness along the length of an arterial segment. 
3. Systemic or whole-body arterial stiffness. 
 

Local arterial stiffness is assessed by relating changes in arterial diameter or  
cross sectional area to distending pressure at the site of interest [53]. Up-to now eight studies 
have investigated the association of IUGR with local arterial stiffness of the aorta or common 
carotid artery in neonates, children and adolescents [31-34, 36-41]. The results were 
inconsistent as half of these studies give support for increased arterial stiffness in conjunction 
with fetal growth restriction, whereas the opposite conclusion was drawn from the remaining 
studies (Table 4). 

Measuring pulse wave velocity (PWV) over the segment of interest assesses stiffness 
along the length of an arterial segment or regional stiffness [10, 11, 53, 56, 57]. The arterial 
pulse wave is recorded at a proximal, as well as at a more distal artery. The distance travelled 
by the pulse wave is measured over the body surface and PWV is then calculated as 
distance/transit time (m/s) (Figure 2). Pulse-wave velocity is a measure of arterial stiffness, 

based on the principle that the pressure pulse, generated by ventricular ejection, is propagated 
along the arterial tree at a speed determined by the geometric and elastic properties of the 
arterial wall [10, 11]. 

The elastic properties of the arteries depend largely on the presence of elastin in the 
vessel wall. The deposition and organisation of elastin develops early in fetal life and rates of 
synthesis in blood vessels increase to a maximum in the perinatal period. The turnover of 
elastin is extremely slow (its half-life is approximately 40 years) and there is no appreciable 
synthesis in adult life.  

It would not be surprising if haemodynamic changes, occurring at a time of rapid 
vascular development may influence the rates of elastin synthesis and relative deficiency of 
elastin, leading to a reduction in arterial compliance [43, 58]. Over time, the gradual loss of 
elastin that accompanies ageing and its replacement with rigid collagen may amplify the 
expected increase in blood pressure [59].  

Four studies have investigated the hypothesis that IUGR is associated with increased 
arterial stiffness in infancy, childhood and adolescence [33, 60-62]. In support of this 
assumption, increased pulse wave velocity in the brachioradial axis, the carotid segment and 
the aortic arch has been, suggesting altered mechanical properties of both elastic and 
muscular arteries in IUGR subjects from a young age (Table 4).  

Pulse contour analysis of the peripheral arteries has been used to assess systemic or 

whole-body arterial stiffness noninvasively [10, 11, 53, 56]. However, as no single arterial 
segment has identical viscoelastic properties, it is impossible to extrapolate segmental arterial 
properties to the whole arterial tree [56].  

In a cohort of adolescent children, increased whole body arterial stiffness has been 
documented in association with IUGR, but the abnormal findings were limited only in those 
born both preterm and IUGR. This is in line with a recent systematic review denoting that 
poor fetal growth and preterm birth may produce different patterns of altered vascular system 
development, with different implications for adult cardiovascular health [63]. 
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5. Endothelial Function Measurement 
 
The endothelium is a monolayer of cells covering the inner surface of all vessels  

and constitutes a physical barrier between blood flow and the surrounding tissues.  
The endothelium inhibits clot formation in the vessel lumen, controls permeability and 
regulates vascular growth [15]. Endothelial dysfunction is considered to be an early 
pathophysiological event in atheroma formation, which precedes overt cardiovascular disease 
[64]. Impaired flow mediated dilation can predict adverse cardiovascular events in adults with 
coronary artery disease, but also correlates with cardiovascular risk factor levels in 
asymptomatic individuals [65]. 

Endothelium-dependent or flow mediated dilation (FMD) measures the nitric  
oxide-mediated vasodilation produced by increased flow after a period of ischaemia of the 
brachial artery [10]. Non–endothelium dependent dilation (NED) measures vascular reactivity 
induced by the administration of a sublingual dose of nitroglycerin, which reflects 
predominantly the smooth muscle response [11]. 

Four studies have investigated the association of IUGR with large artery endothelial 
dysfunction in children and adolescents and low birth weight has been related to impaired 
flow mediated dilation of the brachial artery in 3 out of 4 publications [23, 39, 41, 66]  
(Table 5). As endothelial function can be modified by appropriate interventions, these 
observations emphasise the need for early identification of at-risk paediatric patients 
including children exposed to IUGR, because reduction of classic risk factors of adult life 
style may have a limited impact on the long-term cardiovascular outcome. 

 
 

6. Effect of Vascular Factors on Blood Pressure 

and Risk of Hypertension in Childhood 
 
Epidemiological studies have found higher blood pressure and greater risk of 

hypertension in IUGR subjects studied in young adult life and middle age. In addition, there 
are several reports of a negative relationship between birth weight and raised blood pressure 
in childhood and adolescence [67].  

In 1996, a systematic review describing the relationship between blood pressure and birth 
weight since 1956 based on 34 studies involving more than 66.000 persons of aged 0-71 years 
identified a negative relationship between birth weight and systolic blood pressure in 
childhood and adulthood. This relationship was independent of body size at time of blood 
pressure measurement, and its magnitude tended to increase with age. Studies of adolescents 
were inconsistent and the findings were attributed to the growth dynamics during this phase 
of human growth [68]. 

Another systematic review of all the papers that were published from 1996 to 2000 
concerning blood pressure in children and adults, in association with birth weight was 
subsequently conducted by the same group. The majority of the studies in children, 
adolescents and adults reported that blood pressure fell with increasing birth weight, the size 
of the effect being approximately 2 mm Hg/kg. In this review, the inverse relationship of birth 
weight with blood pressure was present in adolescence, but was attenuated compared to both 
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the pre- and post-adolescence periods [69]. Rapid postnatal catch-up growth is a strong 
determinant of blood pressure levels in IUGR children [70]; its adverse effect on paediatric 
blood pressure levels has been documented and these results have been replicated in adults 
who were born SGA [71]. However, most studies in humans are observational, and there are a 
few randomised studies with long-term prospective follow-up that can inform the optimal 
nutritional management of infants born SGA.  

 
Table 5. Endothelial function in neonates, children and adolescents with IUGR 

 
Reporting author(s) Publication Examination age 

(Number of 
IUGR) 

Gestational 
age 

Arterial segment 
examined 

Method applied Endothelial 
dysfunction 

Jouret B et al. [24] Horm. Res. 
Paediatr. 2011 

7-13 years 
(N=60) 

Not stated Brachial artery  Flow mediated 
dilation  

Yes 

Franco MC et al. [39] Hypertension 
2006 

8-13 years 
(N=42) 

Term Brachial artery  Flow mediated 
dilation  

Yes 

Leeson CP et al. [66] Circulation 
1997 

9-11 years Not stated Brachial artery  Flow mediated 
dilation  

Yes 

Brodszki J et al. [ 41] Circulation 
2005 

Adolescents 
(N=21) 

Term Brachial artery  Flow mediated and 
non-endothelium 
dependent dilation  

No 

 
In a recently published randomised prospective experimental study targeted to investigate 

the effect of early nutrition of SGA neonates on long-term cardiovascular health, it was found 
that a nutrient-enriched diet increased blood pressure at 6-8 years of age [72]. Promotion of 
growth in infancy may be detrimental for later cardiovascular risk. Therefore, IUGR children 
should be followed routinely from infancy to prevent excessive weight gain and subsequent 
blood pressure elevation. 

Small increases in blood pressure documented at a young age are of clinical importance, 
as blood pressure measurements track and may ultimately progress to hypertension. Even by 
20-30 years the prevalence of hypertension is much higher in subjects who although 
normotensive in childhood, had blood pressure measurements in the top quintile [73]. 
Hypertension is a potent cardiovascular risk factor and its prompt treatment reduces 
cardiovascular morbidity and mortality [74]. 

 
 

7. Proposed Mechanisms Linking Intrauterine 

Growth Restriction to Alterations in the 

Developing Vascular Tree 
 
The growth and regulation of conduit arteries and peripheral vascular network are 

determined during intrauterine life and in early infancy [75-76]. These processes can be 
altered by responses of the fetus to a suboptimal environment including reduction in the 
provision of essential nutrients during ‘critical windows’ of development, particularly in the 

last trimester of pregnancy [75].Technological advances now allow us to examine the effects 
of placental dysfunction on the fetal vascular tree [76]. 
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Fetal constraint during the period of rapid cell division and neuro-hormonal maturation 
leads to important adaptations resulting in a phenotype (the ‘thrifty phenotype’) which 

optimises survival chances in the predicted postnatal environment sometimes in the expense 
of later functional and adaptive responses [76]. If the prediction is inappropriate, the risk of 
later disease increases. The model of “predictive adaptive responses” proposes that the degree 

of risk depends on the level of disparity between the predicted and the actual postnatal 
environment. In this model the prediction usually anticipates a worse outcome than exists and 
this further increases the mismatch [2, 3, 77]. The vascular endothelium is a key target for 
such processes as it mediates between blood flow and organ and tissue growth [77]. 

There are several possible mechanisms by which sub-optimal fetal nutrition and growth 
may result in increased blood pressure and cardiovascular disease in late life. As previously 
described, it is possible that the structure of the arterial wall is permanently altered by  
sub-optimal fetal nutrition (such as a insufficient elastin content) resulting in reduced arterial 
impedance and increased loading conditions on the heart [58]. Secondly, abnormal fetal flow 
patterns may alter vascular sheer stress and endothelial function and reset baroreceptors, thus 
permanently altering an individual's response to changes in flow [75]. Additionally, the 
regulation of the renin angiotensin system may be affected resulting in alteration in vascular 
responses accompanied by myocardial hypertrophy and fibrosis. Modifications in myocyte 
function and changes in the structure of the arterial walls, both contribute to abnormal 
ventricular-vascular coupling, as the heart attempts to match its workload to the varying 
circulatory after load in the growth restricted fetus [78]. A combination of these mechanisms 
and additional neuro-endocrine pathways are likely to act together to determine an 
individual's later vascular health [75]. 

 
 

8. Animal Data in Experimental Intrauterine  

Growth Restriction 
 
Experimental animal studies have investigated the role of perinatal nutrition, oxidative 

stress and inflammation, glucocorticoids, transgenerational programming and epigenetic 
changes as potential mechanisms involved in the developmental programming of blood 
pressure [79]. These pathways may exert their effects through alterations in the development 
and function of sensitive target organs that play a principal role in the regulation of  
blood pressure. 

There are several known animal models for IUGR categorised by surgical, environmental 
or genetic induction, representing models for maternal, placental and fetal aetiology of IUGR. 
These models, although insightful of potential mechanisms underlying intrauterine growth 
restriction, are limited in that they do not reflect human caUSlity [80]. 

One of the most frequently used methods to induce fetal growth restriction is bilateral or 
unilateral uterine artery ligation in pregnant rats or guinea pigs. The induced uteroplacental 
insufficiency is characterised by hypoxia, decreased growth factor availability and 
hypoglycaemia. These studies have demonstrated altered levels of vasoactive substances such 
as an increase in angiotensin converting enzyme and increased levels of renal angiotensin II 
that produce altered responses to adverse stimuli [75]. Other reported long-term consequences 
for the offspring are increased fibrosis in the heart, aortic wall thickening, hypertension and 
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alteration in endothelium-dependent vascular reactivity in conductance vessels such as the 
aorta [79-80]. 

Reduction in placental nutrient transfer may be also performed directly by providing 
different maternal diets or restricting caloric intake. In a rat model of maternal  
caloric restriction, hypertension is induced both in the male and female offspring, 
endothelium-dependent responses in aortas are altered and endothelial dysfunction is 
associated with decreased in expression and activity of the endothelial nitric oxide synthase in 
the male offspring [81]. Others have reported altered thrombogenic induced contraction of the 
femoral arteries in rats born to mothers that have undergone nutritional restriction in 
pregnancy [75]. 

Also, administration of a low protein but isocaloric diet to pregnant rats induces left 
ventricular interstitial fibrosis, but does not affect the media/lumen ratio of intramyocardial 
arterioles or myocardial capillarisation [82]. On the contrary, offspring of protein deprived 
dam rats show reduced muscular capillary density which could be explained by inhibition of 
vascular endothelial growth factor expression in microvascular endothelial cells and 
significant remodelling of the extra-cellular matrix of the aorta resulting in increased arterial 
stiffness [80]. However, programming events occurring in response to alterations in maternal 
diet often occur without affecting offspring size, indicating that fetal growth restriction is not 
necessarily a caUSl pathway between prenatal dietary exposures and postnatal outcomes [83]. 

Studies of rodent models that under- or over-express a particular gene have contributed to 
the investigation of genetic pathways involved in metabolic diseases. As an example the mast 
cell-deficient Sl/Sl(d) mice have significantly higher mean aortic wall thickness than their 
normal littermates, and aortic thickness is increased in both genotypes after a 17-day high-fat 
regimen [84]. However, the application of such models to test the Developmental origins of 
Health and Disease Hypothesis has been quite limited [83]. 

The term epigenetics has been defined as the study of heritable changes in genome 
function that occur without alterations to the DNA sequence [2]. Early evidence is emerging 
from small- and large-animal models that early-life nutrition may impact on both methylation 
and histone acetylation and this may explain why some individuals exposed to similar stimuli 
show a more or less extreme response [76, 83].  

As an example, in a maternal low protein diet rat model of programming, the proximal 
promoter of type 1b angiotensin receptor gene in the adrenal is significantly undermethylated 
resulting in persistent up-regulation of gene expression, a modification that may contribute to 
the subsequent development of hypertension [85]. 

Epigenetic changes have been shown to be stably inheritable, thus offering a fascinating 
explanation of how environmental exposures in a single generation can impact on subsequent 
generations [83].  

 
 

Conclusion 
 
Low birth weight may be due to preterm birth, intrauterine growth restriction or a 

combination of both. The relative importance of these entities is unknown; however most 
studies have investigated the association of intrauterine growth restriction with the subsequent 
risk of coronary heart disease, stroke, hypertension, type-2 diabetes and osteoporosis [1-3]. 
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On the contrary, most long-term follow-up of very preterm infants has focused on 
neurodevelopmental and respiratory outcomes, with little attention paid to long-term 
cardiovascular or metabolic consequences. Considering the increasing survival of extremely 
preterm infants this should no longer be the case [86, 87].  

We know that suboptimal intrauterine nutrition may alter fetal programming during 
critical periods of growth, causing permanent changes in metabolism and cardiovascular 
development. Early postnatal growth restriction, common in very preterm babies and may be 
as important in the development of later organ dysfunction as IUGR at a similar gestational 
age [88, 89].  

This early postnatal period may also represent a ‘critical window’ in human development 
and if abnormal programming occurs postnatally in extremely preterm infants due to 
iatrogenic malnutrition, similar consequences in the developing vascular tree may be expected 
and urgent modification of clinical practises need to be implemented. Indeed, immaturity at 
birth has been associated with higher blood pressure and increased risk of hypertension in 
young adults of both sexes [90, 91].  

The developmental programming of atherosclerotic cardiovascular disease and arterial 
hypertension can significantly impact the future health of subjects exposed to intrauterine 
growth restriction [92]. Mechanistic pathways are multiple and still unclear, but vascular 
structural and functional changes probably play a pivotal role. The endothelium, a key 
regulator of vessel homeostasis and angiogenesis is involved early, through various 
mechanisms which include arterial stiffness, endothelium-dependent vasodilation, and 
vasculogenesis. Further clinical and experimental research will help us identify the molecular 
pathways involved in early vascular remodelling and dysfunction in intrauterine growth 
restriction. The relative contribution of extreme prematurity, early postnatal catch-up growth 
and adult lifestyle, such as physical inactivity and increased intake of high-calorie high-salt 
foods in the subsequent risk of cardiovascular disease also needs to be clarified [93-94].  
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