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1. INTRODUCTION

The impact of placental disease in maternal and neonatal vasculature was the main scope of
this thesis. Subclinical vascular changes, assessed at placental disease diagnosis, could
reflect increased risk of future cardiovascular disease (CVD). Thus, identification of mothers
and neonates at risk of adverse long term cardiovascular outcome could provide an
opportunity for lifestyle and risk factors’ modification with the aim of reducing morbidity and
mortality. We therefore planned to assess various structural and functional vascular indices
in mothers and neonates affected by placental disease. Confirmation of our hypothesis could

also improve our understanding of common and distinct features of the disease components.

1.1CARDIOVASCULAR DISEASE

1.1.1 Prevalence and risk factors of cardiovascular disease

Cardiovascular disease is the main cause of death worldwide, representing 30% of all
deaths. The World Health Organization (WHO) estimated a total of 17.3 million deaths from
CVD in 2008, and this number is steadily increasing. Coronary heart disease and stroke
account for the 3/4 of deaths and affect people in their mid-adult life. The remaining 1/4 of
deaths can be attributed to other causes, such as rheumatic heart disease, peripheral arterial
disease, pulmonary embolism and congenital heart disease.” Behavioral risk factors, such as
tobacco use, unhealthy diet and obesity, physical inactivity, high blood pressure, diabetes
and raised lipids account for 80% of coronary disease and stroke and are generally
modifiable."? Consequently, the burden of CVD can be reduced by prioritizing and

addressing them first. On the other side, determinants of CVD such as globalization,



population ageing, poverty, stress and genetic require implementation of social, economic

and cultural measures.”

1.1.2 Cardiovascular disease in women

The risk of dying due to CVD is largely underestimated in women.’This is in part due to
gender-related differences in risk factors, symptoms, and treatment.* In 2004, the American
Heart Association expanded its focus on female-specific clinical recommendations. Updates
have been issued on 2007 and 2011 focusing on more gender-specific analyses and
publishing more definitive recommendations. In 2007 the panel emphasized that pregnancy
represents a unique opportunity to identify women’s lifelong cardiovascular risk.’ But, it was
not until the 2011 review when the list of recommendations implicated pregnancy
complications at the evaluation of cardiovascular risk.® The expert panel was based on recent
reports of literature elucidating that pregnancy complications such as gestational
hypertension, preeclampsia (PE) and fetal growth restriction (FGR) are associated with

maternal CVD morbidity and mortality later in life.”"?

It suggested that a woman’s careful
history should always include information on pregnancy complications and that these women
should be appropriately referred by obstetricians to a primary care physician or cardiologist in

the postpartum period.®
1.1.3 Cardiovascular disease in offspring and fetal programming

Apart from lifestyle and pregnancy risk factors, considerable data link low birth weight, due to
intrauterine growth restriction, to increased offspring risk of vascular disease in later adult life.
This is considered to be the result of programming through processes associated with low
rates of fetal and infant growth such as adult blood pressure, glucose tolerance, plasma
concentrations of fibrinogen, factor VII, and apolipoprotein B." The developmental origins of

adultl disease model, proposed by Barker has been confirmed in recent studies™® but



certainly needs further clarification in the context of defining effective diagnostic and

preventive interventions to improve CVD outcomes.

1.2 PLACENTAL DISEASE AND LONG-TERM CARDIOVASCULAR
OUTCOME

1.2.1 Placental disease definition

Although PE, FGR, and preterm labour may differ in their clinical manifestations, recent
studies suggest that they may be considered as a single disease process." '® Restricted
endovascular invasion is the chief mechanism involved together with chronic hypoxia, and
placental ischemia.” Placental histologic findings support indeed the classification of PE,
FGR, and preterm labour under the scheme of ischemic placental disease. Lesions
characteristic of placental ischemia such as hemosiderin deposition, necrosis, and atherosis,
are commonly found in placentas of pregnancies complicated by PE'*?° and FGR.2>% The
common pathophysiology of these entities is further supported by epidemiological studies
demonstrating their link to increased risk for CVD later in life. Specifically, Smith et al. in a
well-organized retrospective observational study reported that PE, preterm birth and
birthweight in the lowest quintile for gestational age, were all significantly associated with an
increased risk of CVD or death during the subsequent 19 years.?® Their associations
remained significant after adjusting by maternal diet and lifestyle.?® Similarly, Pell and al.
demonstrated that FGR, preterm birth, and a history of spontaneous abortion are all
associated with an increased risk of subsequent cerebrovascular disease in the mother.?*
Follow up data spread between 14-19 years and there were significant independent
associations with all three conditions after adjustment for the potential confounding effects of

maternal age, height, socioeconomic status, and preeclampsia.?*
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1.2.2 Long-term cardiovascular outcome

The positive association between preeclampsia and later life cardiovascular disease has
been attributed to shared cardiovascular risk factors.'>?*?’Thus, the same conditions that
have been implicated in the pathogenesis of preeclampsia are also strong risk factors for
future development of CVD, including insulin resistance, diabetes mellitus, obesity, chronic
hypertension and renal disease.®lt is also possible that the hypertensive pregnancy disorder
itself could induce irreversible vascular and metabolic changes that are associated with
increased risk of CVD.?® Yet, a recent prospective population study from Norway suggested
that cardiovascular risk factors that are present before a hypertensive pregnancy are more
important determinants of subsequent cardiovascular risk factors than the hypertensive

pregnancy itself."?

The existing evidence for the common pathophysiology and outcomes of PE and FGR led us

to investigate whether they also share vascular structural and functional changes.

1.3 PREECLAMPSIA

1.3.1 Definition of preeclampsia

Preeclampsia (PE) is a multisystem disorder complicating 5-10% of pregnancies and is
unique to human pregnancies.?® PE is featuring as a leading cause of maternal mortality (15-
20% in developed countries), morbidity (short and long term), preterm birth, perinatal
mortality and fetal growth restriction (FGR).** Namely, the clinical manifestations of PE are
characterized by a maternal component (hypertension and proteinuria with and without
multisystem involvement) and a fetal component (FGR).* Diagnostic criteria of PE have not
been standardized until 2000-1.>"*? PE is defined according to the International Society
Study of the Hypertension in Pregnancy as a resting blood pressure of = 140/90 mm Hg on 2
occasions at least 4 hours apart and proteinuria of 2 300 mg/L or a 2+ urine dipstick beyond

20 weeks of gestation in a previously normotensive woman.*"*?

11



1.3.2 Pathophysiology and classification of preeclampsia

The precise pathophysiology of preeclampsia remains a subject of extensive research, but it
is likely to be multifactorial. Superficial placentation plays a crucial role in the development of
preeclampsia, driven possibly by immune maladaptation with subsequently hypoxia and
reduced concentration of angiogenic factors in the maternal circulation.®® The final
preeclamptic phenotype is further modulated by preexisting maternal cardiovascular and
metabolic risk factors and results in pronounced inflammatory responses.**The onset,

severity, and progression is significantly affected by the maternal response.®

Previous studies have supported that classifying PE into early and late-onset disease
differentiates two distinct clinical forms with pathophysiological specific features. Thus, early
PE is commonly associated with placental insufficiency, intrauterine growth restriction and
adverse maternal and perinatal outcomes.***** Conversely, late-onset PE is associated with
minor placental involvement and milder clinical disease.*****Intrinsic placental factors are

33,34
E,

more frequently altered in early P while late PE is usually associated with predisposing

maternal factors.*
1.3.3 Maternal cardiac adaptations in preeclampsia

Recently, interesting data indicate that early PE is associated with stage B heart failure
(asymptomatic left ventricular dysfunction/hypertrophy), a high prevalence of essential
hypertension and an increased cardiovascular risk status within few years postpartum.®
Conversely, global diastolic dysfunction was detected more frequently in late PE, while the
observed left ventricular remodeling was considered an adaptive response to maintain
myocardial contractility.*® These findings suggest that women with a history of hypertensive
disorders in pregnancy could benefit from earlier intervention to prevent premature
CDV.?The first specific aim of this thesis was to investigate if a cohort of preeclamptic
women stratified according to gestational age at diagnosis presents distinct types of vascular

structural and functional changes already at the time of diagnosis.
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1.4 FETAL GROWTH RESTRICTION

1.4.1 Definition and classification of fetal growth restriction

Appropriate fetal growth depends on the fetal genetic growth potential and is further
regulated by fetal, maternal health and placental function. If any of these prerequisites is not
fulfilled, fetal growth is challenged.**Yet, the precise mechanism of how various conditions
affect fetal growth potential still remains unclear. FGR is one of the most common conditions
affecting ongoing pregnancies.**The actual diagnostic assessment of growth is based on the
fetal biometry. Concurrent measurement of the head circumference, abdominal
circumference, and femur length allows quantification of the estimated fetal weight (EFW). An

EFW below the 10™ percentile for gestational age is considered FGR.*

There is a current tendency to distinguish between early and late FGR if it occurs before or
after 32 weeks gestation.*' The importance of gestational age at diagnosis is reflected on the
severity of placental dysfunction and the prognosis. Early FGR is mainly characterized by
severe placental insufficiency expressed by abnormal umbilical artery.***' On the other hand,
late FGR is associated with a milder placental dysfunction, illustrated merely by brain

redistribution and abnormal uterine arteries.***

1.4.2 Maternal cardiac and metabolic outcomes of fetal growth restriction

Recent findings suggest that early PE and preterm severe FGR could share similar maternal

cardiovascular responses such as impaired myocardial relaxation and left ventricular diastolic

dysfunction.** Both conditions present also lipid profile alterations and insulin resistance.* In

addition, late FGR present minor maternal cardiac dysfunction,*® changes in lipid and glucose

7

metabolism,*” as well as signs of minor endothelial dysfunction.®**® Maternal long-term

cardiovascular outcome is more severe in PE than in FGR, #4454950

as mediated by
metabolic, inflammatory, angiogenic and cardiac parameters.****>*'** The second aim of this

thesis was to investigate if pregnant women with normotensive FGR, stratified according to

13



gestational age at diagnosis, present distinct types of vascular structural and functional

changes.
1.4.3 Intrauterine adaptations to fetal growth restriction

FGR fetuses showed echocardiographic and biochemical signs of cardiac dysfunction
compared with appropriate for gestational age (AGA) fetuses from early stages.’*>*® The fetal
cardiovascular adaptation to hypoxia and undernutrition is thought to represent a central

°"%8 and vascular remodeling ">'® that persists

adaptive mechanism and induces both cardiac
until childhood.® Furthermore early FGR children present neurocognitive difficulties and
neurobehavioral impairment.”® Recent evidence has demonstrated that also late FGR
fetuses, often referred as term small for gestational age (SGA) due to normal umbilical artery,
are characterized by subtle cardiovascular remodeling.”>®® These cases have worse
cardiovascular®’ and also neurodevelopmental®® outcomes in postnatal life. Over recent years
several prognostic factors, including abnormal cerebroplacental ratio®® and uterine artery
Doppler,*’and birth weight below the 3rd centile,** have been identified as predictors of poor
neonatal outcome, and consequently as surrogate markers of true growth restriction among
near term SGA fetuses. Although these factors are associated with poorer neonatal outcome,
they don’t characterize well fetal cardiac changes®' and it is unknown whether they also
classify well the risk of abnormal vascular outcome. The third aim of this thesis was to
investigate if vascular assessment is feasible in FGR neonates. The forth aim was to

evaluate vascular structural and functional changes in late FGR neonates stratified according

to stages of severity.

1.5 VASCULAR ASSESSMENT

1.5.1 Vascular remodeling

Vascular remodeling is a physiologic vascular process occurring as a result of hemodynamic

changes and plays a major role in the clinical manifestation of cardiovascular disease. This
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phenomenon was first described by Glagov in 1987 in a postmortem study of human
coronary arteries.®® Glagov and colleagues observed that the lumen area of atherosclerotic
human coronary arteries was effectively maintained constant until stenosis exceeded 40%.
Since then, coronary arteries are viewed as structures modifying shape and size to adapt
plaque accumulation. Although the mechanism was initially described in atherosclerosis, a
wide range of pathophysiological conditions, such as angioplasty, hypertension, and flow
diversion are associated with vascular remodeling.?® Remodeling in our studies is defined as
the modification of arterial shape and size (intima media thickness and lumen diameters) to

adapt to hemodynamic changes.®’
1.5.2 Vascular intima media thickness

Intima Media Thickness (IMT) measurement is an important non-invasive imaging technique
for the prediction for human cardiovascular disease.®® Carotid IMT evaluation is considered
the most useful tool for refining CVD risk in patients at intermediate CVD risk and identifying
asymptomatic patients at high risk who might benefit from timely intervention.’® IMT is
measured by means of B-mode ultrasound scanning preferably in the far wall of the
investigated vessel and stretches between the two echogenic lines that correspond to the
lumen-intima and the media-adventitia interfaces (Figure 1).%° There is a strong association
between coronary risk factors and increased IMT, including associations with smoking,
diabetes, age, sex, total cholesterol, low density lipoprotein, hypertension and peripheral

vascular disease.”

Measurement of carotid IMT during pregnancy may provide useful information about the
cardiovascular and metabolic profile of women. Cardiovascular risk factors are present for
years before pregnancy and suggest that unfavorable metabolic profiles predisposing to PE

are in place early in life.”’
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Figure1.The left image depicts a pathology picture of a cross section of an aorta of a growth restricted
neonate. The tunicas media, and intima layers are denoted in black, while aortic lumen is denoted in
red (hematoxylin-eosin stain; 10xmagnification) (Courtesy of Dr. Alfons Nadal). The right image shows

the corresponding ultrasound B-mode depiction of intima media thickness

Interface lumen-intima

AORTIC LUMEN

Since the first description of developmental origins of adult disease model in 1989 by
Barker,” clinical data has confirmed associations between FGR and aortic IMT adaptations

in newborns.'®

Furthermore, young children of 5 years of age, born FGR were found to
present different cardiac shape , subclinical systolic and diastolic dysfunction and also
increased carotid IMT. Studies in neonates have targeted mostly aortic IMT. However, no
information was available on carotid IMT during neonatal age, although carotid arteries are
technically more accessible than aorta in newborns as they lie superficially in the nuchal

area. Moreover, no information exists on aorta and carotid IMT reproducibility in neonatal

period, and if vascular changes in FGR neonates are consistent with severity criteria.

1.5.3 Arterial stiffness indices

The concept of aortic stiffness entails an understanding of the heterogeneity along the
arterial tree. The elastic properties of conduit arteries vary with more elastic proximal arteries

and stiffer distal arteries.” Arterial stiffness is known to be an independent risk factor for

16



cardiovascular events irrespective of previous cardiovascular diseases, age, and diabetes.
lts assessment is becoming increasingly used in clinical examinations.” Increased arterial
stiffness is one of the earliest detectable manifestations of adverse functional changes within
the vessel wall.”* Arterial stiffness can either be estimated locally at specific arterial sites
(carotid, radial, brachial) or regionally over a given arterial segment length (carotid-
aorta).”’Local estimates of arterial stiffness can be described in terms of distensibility and
wall stress coefficients, and are usually obtained through measurement of arterial changes in
diameter and local distending pressure by means of ultrasound imaging.”*"®They are
indicated for mechanistic analyses in pathophysiology.”*Carotid stiffness may be of particular

interest, since in that artery atherosclerosis is frequent.73

Information on arterial stiffness is essential in order to complete vascular assessment and
improve stratification of cardiovascular risk. Cardiovascular morbidity has been assessed by
several arterial stiffness indices such as pulse wave velocity, augmentation index,
distensibility and circumferential wall stress.”®’""® PE has been associated with increased
augmentation index and pulse wave velocity, especially the early form.**® In neonates
arterial stiffness has been less frequently evaluated. In a recent study, a decrease of aortic
distensibility in the compromised preterm FGR infants suggests that the structure of the
aortic wall is altered.®In our studies, the term arterial stiffness is used interchangeably with
the terms vascular function and responsiveness, which is considered a more generic term

applied to both arterial structural and functional changes.

1.5.4 Inferior vena cava evaluation

Venous compliance, the capacity to accommodate plasma volume, is one of the most
prominent features of normal venous system. Inferior vena cava is a compliant vein reflecting
venous responsiveness to haemodynamic changes.?®%The concept of venous dysfunction

in PE consists on a blunted venous adaptation that may persist postpartum.®**The growing
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evidence that venous maladaptation could be part of the altered maternal haemodynamics in
hypertensive pregnancies® is a new research subject that could enhance our understanding

of the pathophysiology of placental disease.

1.6 CLINICAL RELEVANCE OF VASCULAR STUDIES IN
PLACENTAL DISEASE

Cardiovascular disease is the main cause of death worldwide with coronary heart disease
and stroke accounting for the vast majority of deaths. Although it affects people in their mid-
adult life, scientists are identifying risk factors earlier in life. Normal pregnancy constitutes a
metabolic and cardiovascular stress test as it entails increase in arterial stiffness,* altered

" and impaired glucose tolerance.®® Furthermore, pregnancy

lipid and lipoprotein profiles,?
complications attributed to placental disease such as PE"®""% and FGR""572%9" gre now
considered cardiovascular risk factors. Although PE and FGR seem to be heterogeneous
entities, they could actually represent a single disease process. One reason is that they
share defective placentation as a common etiology. Moreover, both entities are similarly
characterized by maternal and fetal sequelae. PE is a major cause of short and long term
maternal mortality and morbidity, preterm birth, perinatal mortality and FGR. FGR affects not
only fetal wellbeing but also increases maternal risk for cardiovascular disease.”*** The
vascular structural index of IMT and arterial stiffness functional indices are standard
diagnostic procedures in assessing cardiovascular risk in asymptomatic adults and can be
easily applied in clinical practice.®®"*"®’" However, their clinical application in neonatal period

has been limited until now.'>'®

The main aim of this thesis was to identify patterns of vascular changes, in mothers and
neonates affected by placental disease that could possibly enable the stratification of
vascular risk as partr of public health screening programs. To achieve this aim, four projects
were designed. Two projects encompassed maternal vascular assessment in PE (project 1)

and in FGR (project 2). The further two projects involved vascular assessment in neonatal

18



period with the aim to describe first its clinical feasibility and reproducibility (project 3) and

subsequently its ability to classify FGR cases in stages of severity (project 4).

19



2. HYPOTHESIS

2.1 MAIN HYPOTHESIS

The main hypothesis of the thesis was that placental disease affects vascular

structure and function in mothers and offspring.

2.2 SPECIFIC HYPOTHESES

2.2.1 Early and late PE present distinct maternal vascular structural and functional

changes already at the time of diagnosis

2.2.2 Maternal vascular adaptations are present in FGR, mainly in early FGR, already

at the time of diagnosis

2.2.3 Stages of placental insufficiency in SGA neonates classify the risk of abnormal

vascular outcome

20
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3. OBJECTIVES

3.1 MAIN OBJECTIVE

The general aim of this thesis was to evaluate vascular structure and function in

mothers and offspring affected by placental disease

3.2 SPECIFIC OBJECTIVES

3.2.1 To evaluate maternal carotid IMT, distensibility and circumferential wall stress
together with inferior vena cava collapsibility in early- and late-onset preeclamptic
women

3.2.2 To evaluate maternal blood pressure, carotid IMT, distensibility, circumferential
wall stress and inferior vena cava collapsibility in FGR pregnancies with and without
PE, also 2subclassified into early and late disease

3.2.3 To assess carotd and aortic IMT reproducibility in neonates

3.2.4 To assess blood pressure and carotid/aortic IMT in late-onset growth restricted

newborns classified by surrogate markers in different stages of severity

22
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4. METHODS

4.1 POPULATIONS’ DESCRIPTION AND DEFINITIONS

The prospective cohort studies of antenatal maternal vascular assessment, carried out over a
3 year period from April 2010 to October 2012 at the Department of Maternal-Fetal Medicine
in Hospital Clinic (Barcelona), included 100 preeclamptic pregnancies and 64 normotensive
pregnancies affected by FGR and a total of 110 normally grown and normotensive control
pregnancies. The prospective cohort study of neonatal vascular assessment, carried out
simultaneously as the previous studies, included 67 term newborns prenatally diagnosed as
SGA and 134 appropriate for gestational age control neonates. The local Ethics Committee
of the Hospital Clinic of Barcelona approved all studies, and informed written consent was
obtained from each pregnant woman included in the studies and from the parents of each

participating neonate.

PE was defined according to the International Society Study of the Hypertension in
Pregnancy as a resting blood pressure of 2 140/90 mm Hg on 2 occasions at least 4 hours
apart and proteinuria of = 300 mg/L or a 2+ urine dipstick beyond 20 weeks of gestation in a
previously normotensive woman.*’ FGR or SGA were defined as EFW and confirmed

birthweight below 10th centile.*®
4.1.1 Populations included in study 1

The pregnant women with PE were recruited and evaluated at or after 24h of diagnosis while
admitted to the hospital. Preeclamptic pregnancies were subdivided into: A) 50 cases of
early-onset PE defined as PE occurring before the 34th week of gestation and B) 50 cases of
late-onset PE occurring after the 34th week of gestation. Additionally, 100 normotensive
controls, attending antenatal clinic with uncomplicated pregnancies, were matched 1 to 1 by

maternal age and gestational age at exploration to preeclamptic women. Only healthy non-
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smoking women, not affected by current or anterior pregnancy complications or intrauterine

growth restriction, were included in the control group.
4.1.2 Populations included in study 2

This prospective cohort study included 110 normally grown and normotensive control
pregnancies, 64 normotensive pregnancies affected by FGR and 60 FGR pregnancies
complicated with PE. Normotensive FGR cases were further subclassified into early-onset
(<32 weeks of gestation at clinical onset) or late onset (>32 weeks of gestation).*'FGR
pregnancies were recruited and evaluated at the time of diagnosis. Women with diabetes

mellitus, renal and connective tissue disease were excluded from the study.
4.1.3 Populations included in study 3

This study included 23 neonates to assess the interobserver reproducibility of carotid and
aortic IMT in neonates. Furthermore, the intraobserver reproducibility was evaluated in the

whole sample of 201 neonates.
4.1.4 Populations included in study 4

Cases and controls were identified in fetal life and evaluated in the neonatal period during
their first week of life. This prospective cohort study included: A) 35 SGA with signs of
severity defined by EFW and confirmed birth weight below 3rd percentile or abnormal
uterine artery mean pulsatility index (Pl) (above 95th percentile) or cerebro-placental ratio
(below 5th percentile); B) 32 SGA without signs of severity defined by EFW and birth weight
between 3rd and 10th percentile together with normal uterine artery mean Pl and cerebro-
placental ratio; and C) 134 controls defined by EFW and confirmed birth weight above 10th
percentile with no pregnancy complications. Controls were matched 2 to 1 with cases by
gender and gestational age at delivery (1 week). Exclusion criteria were chromosomal or

genetic disorders, monochorionic twin pregnancy and evidence of infection.
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4.2. BASELINE DATA COLLECTION

Maternal information was obtained on age, reproductive history, smoking habits, medical
history and medications in the interview at the day of the scan and through medical history
notes. Height and weight were measured and body mass index (BMI) was calculated in

kg/m?.

Gestational age was defined as completed weeks of gestation based on the first trimester
routine ultrasound dating. Feto-placental Doppler examination included uterine arteries,
umbilical artery and middle cerebral artery. Cerebro-placental ratio was calculated as a
simple ratio of the middle cerebral artery pulsatility index divided by the umbilical artery

pulsatility index.

Pregnancy outcome such as gestational age at delivery, mode of delivery, birth weight, birth
weight centile, Apgar score and umbilical pH were also recorded. Fetal and neonatal weight

centile were calculated according to local reference curves.*®

4.3 MATERNAL VASCULAR ASSESSMENT

The maternal vascular exploration was performed in a quiet environment with the pregnant
women in a supine position with slight hyperextension and rotation of the neck in an opposite
direction to the probe. The assessment protocol included initially blood pressure
measurement by a validated ambulatory automated Omron 5 Series device. Carotid
ultrasound assessment was subsequently performed by a single experienced investigator
using a Siemens Sonoline Antares (Siemens Medical Systems, Malvern, PA, USA).
Longitudinal clips of the far wall of both carotid arteries were obtained approximately 1 cm
proximal to the bifurcation using a 13-MHz linear-array transducer. Carotid IMT
measurements were performed offline according to a standardized protocol based on a trace
method with the assistance of a computerized program (Siemens Syngo Arterial Health
Package). To obtain IMT, three end- diastolic frames were selected across a length of 10 mm

and analyzed for mean and maximum IMT in end-diastole, and the average reading from
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these three frames was calculated. Simultaneous electrocardiogram (ECG) recording

ensured an accurate R-wave still frame selection
were acquired at the sites corresponding at the |

offline with the same computerized program at end

. Systolic and diastolic arterial diameters
MT measurements. They were evaluated

systole and end diastole.

Table 1. Parameters included in the maternal arterial assessment

Distance between leading
s|edge of the adventitia media
interface to the leading edge

of intima lumen interface

2-D ultrasound measurement

lumen during systole

measurement of arterial

2-D ultrasound measurement

lumen during diastole

measurement of arterial

arterial stiffness index

2-D ultrasound measurement

2*(systolic artery diameter-diastolic
artery diameter)/ (diastolic artery

diameter)*(brachial pulse pressure)

Vascular distensibility

Mean blood pressure * diastolic lumen
diameter/2*IMT

arterial stiffness index

IVCe-IVCi

Vascular distensibility
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Arterial distensibility was calculated as 2*1000*(systolic carotid artery diameter-diastolic
carotid artery diameter)/ (diastolic carotid artery diameter)*(brachial pulse pressure).** Pulse
pressure denotes the difference between systolic and diastolic blood pressure and was
converted from millimeters of mercury to kilopascals (kPa; 1 mm Hg=0.133 kPa).
Circumferential Wall Stress was calculated as: CWS = MBP x dD/2xcIMT where MBP
denotes mean blood pressure and was also converted from millimeters of mercury to

kilopascals, dD diastolic diameter and cIMT carotid intima-media thickness.”

IVC diameter changes were evaluated during the respiratory cycle by ultrasound M-Mode as
depicted in Figure 2. All examinations were performed in the supine position with 6-MHz
curvilinear transducer placed in a subxyphoid plane. Sagittal sections of the upper part of IVC
behind the liver were obtained. Respiratory variations of the vessel diameter were evaluated
offline during inspiration (IVCi) and expiration (IVCe) with Siemens Syngo Arterial Health
Package. The difference between IVCe and IVCi is defined as collapsibility and collapsibility

index is the ratio [VCe-IVCi/ IVCe.*"#2#

Figure 2.Anatomical relations of inferior vena cava as depicted in 2-D ultrasound. lllustration of the

inferior vena cava respiratory variations by ultrasound M-mode. IVC denotes inferior vena cava
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4.4 NEONATAL VASCULAR ASSESSMENT

Neonatal vascular assessment included blood pressure measurement and ultrasound
assessment of aorta and carotid artery. A controlled environment contributed to the

achievement of all neonatal measurements.

Figure 3.Neonatal vascular assessment

-

Blood pressure

Blood pressure was obtained from brachial artery using a validated ambulatory automated
Omron 5 Series device. An appropriate cuff size covering the 40 percent of the arm
circumference was used to ensure accurate measurement.*® Each newborn’s blood pressure

was evaluated twice during quiescence and the average was determined.

Carotid and aorta ultrasound assessment was performed by skilled sonographers using a
Siemens Sonoline Antares (Siemens Medical Systems, Malvern, PA, USA). Longitudinal
clips of the far wall of both carotid arteries were obtained approximately 1 cm proximal to the
bifurcation using a 13-MHz linear-array transducer (Figure 4). Longitudinal clips of the far
wall of the proximal abdominal aorta were obtained in the upper abdomen by a 10-MHz linear
probe (Figure 5). Carotid and aorta IMT measurements were performed offline according to a
standardized protocol based on a trace method with the assistance of a computerized
program (Siemens Syngo Arterial Health Package). To obtain IMT, three end-diastolic frames
were selected across a length of 10 mm and analyzed for mean and maximum IMT, and the
average reading from these three frames was calculated. Systolic and diastolic arterial
diameters were acquired at the sites corresponding at the IMT measurements in end-

diastole.
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Figure 4.ldentification of common carotid artery and delineation of intima media thickness in the far

arterial wall. B denotes carotid bifurcation, IC internal carotid artery, EC external carotid artery

Figure 5.ldentification of abdominal aorta and delineation of intima media thickness in the far arterial
wall beyond diaphragm. TA denotes thoracic aorta, AA denotes abdominal aorta and D diaphragm
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Table 2. Parameters for neonatal arterial assessment

Distance between leading edge

of the adventitia media interface

to the leading edge of intima
lumen interface

2-D ultrasound measurement

| Intima media thickness adjusted
) IMT/neonatal weight
by neonatal weight

Intima media thickness adjusted y
. IMT/carotid diastolic lumen
by diameter

Distance between leading edge
of the adventitia media interface
to the leading edge of intima

lumen interface

2-D ultrasound measurement

atall Intima media thickness adjusted

. IMT/neonatal weight

by neonatal weight
Intima media thickness adjusted

by diameter

IMT/aortic diastolic lumen

4.5 VASCULAR WALL THICKNESS REPRODUCIBILITY

Intra-observer variability was determined for neonatal mean and maximum IMT by comparing
data from three measurements of the same sonographer. Inter-observer variability for the
same parameters was similarly evaluated by comparing data from two sonographers at one

occasion.

4.6 STATISTICAL ANALYSIS

The analyses were carried out using the statistical package SPSS version 17 (SPSS Inc.,
Chicago, IL, USA). All statistical tests were performed at the 2-sided 5% level of significance.
Normality was evaluated by the Shapiro-Wilk test. Results are presented as median
(interquartile range) or as percentage after checking parametric assumptions by Kolmogorov-

Smirnov test. One way analysis of variance based on log transformed data adjusted with
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Bonferroni post-hoc test and Pearson chi square were used to compare quantitative and
qualitative data respectively. Feto-placental Doppler ultrasound measurements were

converted into Z-scores. %7

4.6.1 Statistical analysis in study 1

Sample size was calculated for detecting a 10% difference in maternal cIMT. For a 90%
power and 5% type | error level, the estimated sample size was 41 women per study group
and therefore we finally decided to include 50 pregnant women per group. Results are
presented as median (interquartile range) or as percentage. Comparisons of vascular
parameters among study groups were performed by regression analysis adjusting by
maternal age, maternal body mass index and gestational age at evaluation. Additionally,
polynomial orthogonal contrasts were constructed in order to test for linear trends of
parameters across severity groups. Finally, in order to assess potential confounders, data

was analyzed after excluding smokers and chronic hypertensive cases
4.6.2 Statistical analysis in study 2

Sample size was calculated for detecting a 15% difference in carotid IMT.30 For an 80%
power and 5% type | error level, the estimated sample size was 20 women per study group
and therefore we finally included at least 20 pregnant women per group. Comparisons of
vascular parameters among study groups were performed by multiple linear regression
analysis adjusting by maternal age, maternal body mass index maternal smoking and

gestational age at evaluation.
4.6.3 Statistical analysis in study 3

The intra-observer reproducibility was assessed by calculating the intra class correlation
coefficients and coefficients of variation (CV). The inter-observer reproducibility was

assessed by calculating the CV for each parameter.®
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4.6.4 Statistical analysis in study 4

Sample size was calculated taking into account comparison between control and SGA
neonates both with and without signs of severity. We used balanced ANOVA type of analysis
for 2 factors and 3 groups, considering standard deviation (SD) of 0.08 mm'® and detectable
contrast of 0.07 for both factors (cIMT and alMT). An estimated sample size of 32 women per

study group was achieved for a power of more than 90% and 5% type | error level.*
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5. STUDIES
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5.1 STUDY 1

Patterns of maternal vascular remodeling and responsiveness in

early versus late onset preeclampsia

Stergiotou |, Crispi F, Valenzuela-Alcaraz B, Bijnens B, Gratacos E.

Am J Obstet Gynecol 2013;209:558.e1-558.e14.

Impact factor: 3.877
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Patterns of maternal vascular remodeling and
responsiveness in early- versus late-onset preeclampsia

losifina Stergiotou, MD; Fatima Crispi, MD, PhD; Brenda Valenzoela-Alcaraz, MIx

Gart Bijnens, MD, PhD; Eduard Gratacs, MD, Phir

OBJECTIVE: We soughl b sssess vasoulsr shudure and funchion i
sary- and als-onset preedampsia (PE) & the tme of disgnosis.

STUDY DESIGN: We evaluated 100 PE cases subdivided imlo 50 eary-
and 50lak-omzel cases acconding 1o geshtional age al onssl [« /=34
wesks), and 100 controls paired by malemal age and gestational age
gt scan with cases. Carolid intima-media thickness (IMT), dekns-
bility, and circumferential wall stress togsther with inferior vena cava
{VC) cotapshiiity were assessed by ullrasound,

RESULTS: Earty PE was chamcterired by incressed canotid IMT di-
amgters, and arferial glitness with no significant changss in IVC pa-
rameters as compared 1o nomolengve pregrancies. Late PE was

characterzed by significantly increased carofd IMT and luman di-
ameters 25 compared 10 controis whils srierial stithess, 43 expressed
by disiensbility, did not provide pronounced changes. A sionificant
decregse o NC aollapshifty indsx was also dsenved in late PE a5
compared b controls,

CONCLUSION: The currenl das suggest hal defnet vasoulsr adap-
tations in earty and lak PE could reflect difierent pathophysidogic
mechanzms. Fulue studies are wamanied 1o lurther assess the
compie stiologies and clinical expressions of the 2 enlities,

Key words: caobid inbma-media thickness, groumienential wal
stess, distensibidy, inferior vena cava oflapaibiitty, presclampeis

Gte this articla as: Stergiotou |, Crizspi F, Valerzusda-Alcaraz B, ot al. Patternz of matemal vamuler mmodeling and meponsivenass in aarly- varsus late-onest
preaciampsia Am J Ohabat Gynecal 2013208 xax-rax.

reechmpsia (PE) is a multisystem

disorder complicating 5-1{8%  of
pregnandes and a leading cauwse of
maternal mortality and morbiditg” A
substantial body of literatore has eluci-
dated in recemt years that PE is a
ardiovascular risk - factor, predictive
of subsequent @rdiovascubr disese
and death” ™ Two recent mictaanalyses
established a 3-fold nsk for hypertension
and a 2-fold risk of ischemic heart dis-
cmie and sroke In owomeén with a
history of PE.™" The positive association

between PE and later-life cardiovascular
disease has bem attrbuted to shared
cardiovascular risk Factors.™ Canfiovas-
cular morbidily & currently assessed by
carntid mma-maedia thicknss" (IMT)
and arterial stiffness indices such as pulse
wave velodty, augmentation index, dis-
tmshiLi.'l'?', and circumferential wall stress
(CWS)"™ Additionally, infrior vena
cava (IVC) s a compliant vein reflecting
VenoUus rsponsivencss to hemodynamic
changes' " Evaluation of these param-
etersin preeclampicwomen has provided

con fflicting results, which could possibly
be expliined by the hetervpencity of FE
syndrome, 7

Recent data have sup ported that clas-
sifying PE into early- and late-omset dis-
ease dif ferentiates 2 disina chnical forms
with pathophysiological specific features,
Thus, early PE is commmnly associated
with placental insufficiency, intrauterine
grivwth restriction, and adverse maternal
and perinatil outcomes.™ ™ Conversely,
late-omset PE 15 assocated with mmor
placental involwment and milder dinical
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dieme, ~ IntAmk placental (oo ae
muote frequently ahered in eady FE=-
while late PE 8 waally sssociated with
prodisposing materal factors.””

[n feis shedy, we hypotedzed that
eafdyand late PE preent distinc types of
vascular siructural and functional changes
already at dhe tite of diagnosis, Thus, we
sought to comprehemsively describe ca-
rotd TMT, carotid distensbality CWS,
and VE collapsilslity in normotensive,
eafdv-omet preeclamptic, and bite-omset
preeclampic wormen i explore the exis-
tence of these differenas.

MaTertars anp MErnoDs

Study population

This prospective cobort stidy indided
1) pormolensve and 100 preeclamptic
pregnancies PE was defined aconding to
the Intera thomal Sockety for the Study of
the Hypertension in Pregnancy as a
resting blood pressure of = 10090 mm
Hg on 2 ooasion ol least 4 hours apan
apd proteinuria of =300 mgl or a 2+
wrne dipstick > 24 weeks of gestation in
a previomly normotensive woman™
Funher, the affeded pregnancies were
subdivided into: (1) 50 caes of eady-
onset PE defined ax PE occurdng < 34th
week of gestation; and (2] 50 cases oflate-
onsl PE occurndng >=3d4th week of
gestation,

The pregnant woinen with PE were
recryited amd evaluated within =24 lours
of disgnosis while admited to the
Dheparttmentof Obstetrics at e Hospital
Clinie, University of Barcelona. All were
receiving intravenows Quids and anticen-
vobive: amndior anthypertersive medi-
cathorn. Wormen without oonfinmed his-
toary of PE, diabetes mdlitug and mnal
and  connective  thsue  disesie  were
tndlmded in the stndv Smokes and
womsen with history of chronic hype-
tenslimn were corsiderad initially elighle.
Women were comsidered  as huning
chrome  hypertersion  if  hypertension
(Bood pressure of 14000 mm Hgl
predated pregrancy or developed < 20th
week of pregrancy ™

The normdalersive group ommnpried
wininen attendivg antenatal dink with
u el icated pregrancies maiched 1 o
1 by maternal age and geatation age a
exploration 10 presclamplic  wimen.

Only bealthy stonimoking womses, Bl
affevted by current or antedar pregrancy
complications or intruledne growth
pestrction, wene bistluded i the contral
group.

Diaforrmation qin mater il demograp hic
chamcieristics, repmductive istory, ami
currenl pregnancy dinical dats was ob-
tadived in the ilervew at the day aof
the scan and throwegh medical history
notes. Fetoplacental Doppler exansing-
tiom ind ded uterine arte ries, wmbilical
artery, and mlddle cerebiral artery. Cer-
ebroplacental ratio wis caloulated = a
simple ratio of the middle cerebral artery
pulsatility index divided by the wmhili-
cal artery pulsrility b e, ™ Pre grancy
outoome such & gestational age at de-
livery, mode of delivery, birthweighr,
birthweight centile, Apgar soore, and
uimbilical pH were réconded a posie don.
In al] pregroncies gestational age was
calculsted based on the crown-rump
length &t first-idmester ultmsound”’
Fetal and neomatal weight centile wene
calculded aoonding to kecal teference
curves, ™ Eiliies ap proval was mecefved by
the local research ethics committes amd
written infonmed consent form was ol-
tained from patien s

Vascular assessmen

The sty wes desigried o eval uate soveral
compotents of vascular strectore ad
funcion. Bemodeling is defined & the
modificatton of areril shape and i
UIMT and lumen dimeters] o adapt to
hemodymantic changes.™ Arerisl diten-
aibility and OWS am meaiure of arterial
stiffess and  oomsequently of arterial
function. IVC collapaibility is defived =
venows deemability in mspons 10 le-
modyrunic  changes.  Amd fimally,
“repomivenes” s comiddered a generic
term applied to both arerid and venow
structural and functionsl change.

The exploration war performed in a
quiet environment with the pregmant
woimnen in asupine position with shght
hyperexension and rotation of the neck
iri an op posiizd irection to the probe. The
amesmment pristocol incleded Amitially
blood presiure messurement by o vali-
dated ambulstory automated Ommn 5
Series devide [Ohmron Health care, Kyoto,
fapan}, Carotid wlrsowm] ssesmen

wal subseguently perfonmed by 3 single
wiperienced investigator msing a Skemens
Somnling Anlares [ Seme s Medical Sym-
tetns, Malvern, PA). Longtudinal dipsof
the Gar wall of both canstid arteries wene
onbvtia e ap proinsatel y 1 em prosd il to
the bifurcation wang a 15-MHz Lnear-
array trarcducer, Carotid TMT mwasore-
e s were performed offline according
o & standandired pootace]l baed on a
trace fethod with the asitanee of &
computerized program | Semems Syigoe
Arterial Health Package: Siemend Medical
Svstenss). To obtain IMT, 3 end- disynlic
frames wene seleded across a length of
10 mm ad amalyesd for mean and
muaxtimuin [IMT in end-dlastole, and the
averagse neading from fwese 3 frames was
calculated,  Simultaneons  electiocandio-
pram  peording  esomed an aocurte
H-wave sill-frame selecion. Swtolc and
disstolic aneril darmeters wene acyuired
al e sites correspomding ai the TMT
mexsarerents. They weee evaluaed off-
lire witls the sarme commputerized program
at end-syitole and end-distole.

Anerial distersdility was calculated s
2 = L0 = (systolie camotid artery
diameter = disstolic camtid artery
diameter i (disstolic carmotld  artery
diameter] = {brachial pulse presume).™
Pubie premume denotes the difference
between astolic and disstolic  blood
presure and wa cofverted fFom mili-
e e of mercury to kilopaical (kP 1
mm Hg = 0,133 kPa). CW5S was calen-
labed ax: CW5 = MBP = A2 = carotid
IMT, where MBP denotes mean Dlood
presure amd was abo comerted From
millimeters of merury o kilopascals,
and dDdénotes diastolic diameter."

IVC diameter changes were evaluatad
during the respiratory cvcle by olira-
sound M-mode as depicted bn Figure 1.
Al examirations were performed i the
supine potition with 6-MEz curvilinear
transducer placed in asubxyphoid plaine.
Sapittal sections of the upper part of ['VC
behind s Hver were oblained. Respi-
tabiory varisbions af the vesel dameter
were evalus ted offli ne d uring insp iration
(IVCH) aml expication | PVCe) with Se-
mens - Svage Arterial Health Package
The diference between Ve and TV s
define d s collapsibil it v atd colla psibility
indewis the ratio IWCe = IVO/TWVC e 4
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MMmﬂ regpiratory variations by ultrasound M-mode
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Sintistical analysis

The analyses were camied out wsing a
statitical pxl_!._m' [SPSS, verion 17 IBM
Corp, Armonk, WYL All statitical tests
wene perforimed &t the 2 -sided 5% level of
significance. Sample ste was calculated
fior detecting a 10% differena in cavtid
IMT, For a b power amd 5% type |
error kevel, the estimated sample sie was
41 women per study groupand herfore
we firally decided to include 54 pregrant
wornen per group. Results are presented
a5 median (imerquardle ramge) or o
percentage and Eioplacentsl Doppler ul-
trasund mseaiurenen 15 wene comvertad
i E-scnres” " Ope-way aalysis of
vartance based on log-transfirmnsed data
adjusted with Bomfernom post loc test
and Peamon ¥ were wed o ootipare
guanfitative and gualitative dels, reipec-
IJ'w:]!.'. erIJ]]J_I risains of vascular paranse-
Lers aimisng stisdy groups were perfonsad
by mepression amabsis sdjusting by ma
ter il ape, mater ol oy naa indes, and
gostations apeatevalnation Additionally,
pdvmomial orthogenal contrasts wene
constructed 1o test for linear trends of
param ders acrions severity groups. Finally,

b as s potenitisl confounders, data wepe
-!.I1.I]!.'.-'.ﬂ3 after 1'_'A'EJLI|I3.iI1._I{ smiiken and
chronic hypertemive cases (Appendi
Supplensentary datal.

Resvirs

Sludy populations

Clinical and perinatal data are prese nied
in Talile |. Maternal characierisiics wene
sirnilar I
rl'.‘!.ﬂll::ill'_l.',, preaterizl age, 'EL]]I:I.i-LiI.!.‘, and
henatoorit, which B maor [Goior of
blsod vhomity,. However, there was a
cluster of traditional risk factors that
were fpund to be incrased in the pre-

among the  study

eclamplic sbsdy groups Body s in-
e wias dgilican tly ine reased in the late
FE growp and both systolic and distolic
fit-trimester Prsgure  wWene
higher in preeclamptic groups. Further-
RFLhle s te woas an increaied pr-u-:'.'.:]-an;'.e

Talsend

of nullipanty, smoking, clinme lyper-
tersion, previows FE, and profeinuriain
both preeclimptic grous & oompared
o controk. As expected, casés, mainly
winmeen with early PE, had worse B
pheental Doppler and pednatal out-

Corines a coimpared To comtbrols.
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Wascolar assessmant

Pl s o v ulai parameters aredlvwi
in Talde 2 and Figure 3. By definition,
bloed pressure values were signlficantly
incremed in preadamptic groups as
compared Lo bormdalendive oontmls
T did not differ
sigiificantly between eady preaclamp tic
0 was

Mean  canotid

ard normotensive women Dl
sigiificantly creased in late PE as
compared o control (mesn camotid
IMT: w5 mum [SE QU] per eady
PE, P =.142 and mvean carotid IMT:
0037 mm [SE Qu612] per late FE, P =
A2, respectively | There was & signifi-
cant limear tendency for higher mean
carotld IMT values acros B s (P
Al ). WEsd i MT  was
stgtificantly increased in both early and
late presdamptic e 8 compared o
cofitiols [P = {0 and P < 01, respec-
tively), Similerly to mean carotid TMT, 2
linear trend for higher values scmss
groups was observed (P (L),
Regarding: hanven systolic and dimtolic
pobed  dgmificantly
incressed dlameters in baoth carly andlate
PE as compared b bommsotemive sub-
jects. Furthermore, both systolic and
diastolic dlameters wens  significantly
increxed ineady PE a5 oo ropared tolate

canolid

diameten, we

PE even afier adjusting by maternal age,
muaternal body mas index and gesta-
tiirmal age at eval wation (P =
P < W, mspectively). Reparding are
rial atiffnes, carotd ditensibiliy was
reduced significantly in early PE when
Lt p..lru_:- o controls { P = .13, while
this reduction did not reach statstical
sigmificance in late PE (P = _262). How-
ever, a dimificant linear tremd demaon-
strated differenmcst among groups (P =
MR W S sgrnd Reantly increased in
both preecamptic groups a3 compared
tos controk oth early and late PE P =
AR 1, Stmilarly 1o arterial diste nsibility,
it slwrwed a Hiwear trerd for differences
ac v sty grouips { P < 0601),

Hesults on IV mapimtory vanation
are also presented i Talde 2. Although
thie vesel diameters were similar atmsang

035 and

study groups during IVOL and IVCe
ithere wan a significant decrease in
collapaibility and collapaibdity ndex in
late as compared to eady PE (P = {4
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Baseling characteristics and pennatal outcomes of study groups
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Wite efwicity, n ) 62 {60 a1 gad} 20 8a) Ja3
ih mec PyperEnzion, (%) 0 9 (18" BilEr om
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Dby datn
iGestatonal a0e atdEgnogs, wi - A0 24 < 10
lestabonal age atdelwery, wh 393 (25) e KPR < 0
Leezarean sachan, 0t 1& (16] &7 e 42 e < 0N
Mata ser, 0 %) 28 £24) 24 ) 17 (34 A
Hrimaaight, g I550 {1250 1405 | A5 Ea” < 01
et Deenoen The 50 1 i7" < 0l
MmN Apgar are 1000 a8 10 {0 <
Lim Dicall artery pi 725 j0E) 12300110 726 {010 A3
DS i BB, 1 (36 28 67 (04" 14 (281 < 00

[y oo presanitsd o Taxkan oot miga) o peraartaga ) A COppier [T s o [ Aanted a0 TS0

HF, hinod prossunn. SGL noon el | non S cang nk, PE p o ampei P p st Ty in oo

10 06 s companad B contro; © Pyvsis calouatend by |y anuysts of wrkanon of P 1 met

et Myt vem el e e v an=lye ve Letrrrart geveclergesn. o [ Qe Crmercad 274

amd P = (M3, mespectively). Furtler- Finally to msem potentil ocm- CoMMERT
more, late PE was chamcterised by 2 founders, data were snalyeed after Thia saudy provides svidence  that

decrease  in collapsibility index 2
comipared to controds (P =_00%]. A sig-
nificant lisear decreate was obderved

acness study groups (P = 02a)

excluding smoken and chronic lyper-
te rasive cases, showing dmilar results for
eady and late PE in il paramelers
| Eupplr:nxl:ll.u ¥ FLETE N

rsaternal vascular chamcterstics ol pre-
eclumplic women differ between early-
and late-omset PE, Fu:n.-\.i]ﬂy disr 1o the
disting pathogenssis of the 2 entitie
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Results on maternal vascular assessment among study groups
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Dezmeter 51 cxpeation, mm 9950 (538 10600 269 1L750 [1.55) Ais
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Eatly PE was characterzed by i noreased
carotid IMT, hamsen diameters and arte-
rigl stiffress, b with 5o significant
changes in IVC callapaibility a3 compared
o monnolemive pregnancies. The in-
crease in carothd IMTand anerid stiffness
s constiient with previow swadie,” ™
The relase of Bewrs from an wsdea-
perfived plaenta in eady FE=* may
cawse  vasculsr dvsfunction  and  high
Blood pressure. Enlarged IMT could
pamsibly represent an sdaptive response
o preserve the artedal wall siresy
Fumhernsore, distofanos in endothe-
lial function may affect arterisl elasticity
and consequenty enhance stiffnese™
Alematively, high ldosd pressure s
congidered 3 predisposing factor for
{meressed artedal $ifnes.” " [0 acon-
dance b recently pulsl Blsed s M umen
diameters in eady PE are significantly
tncreased a8 compared 1o controls The

interpretation of the finding is chal-
lerging & luma dismeter depends on
the comples interaction of paturseters
such & cardiac oulpul, blosd volume,
heart rate, and vessel diameter. Eabenst-
ingly, cardiac output was found 1o be low
at muidpestabon i untrested women
destived 1o develop early FE™' hut
nomualized afier treatment™ Thuos, the
significant increase of cardiac output in
ea tly PE after initiation of trestisent could
possibly esplain our ohservation. To
evalmie vemnon FLIJJ{'LiUI:III:Iﬁ_ in PE, we
asesied IVC allapebility Despite pre-
vioms  evidence of meduced wenows
disternafilityin the Dreanm in eady PE
IV collapsiblity was  simsilar o
compared  with  control  pregnasce
Venpus distensihility differs in disting
vascular beds? and our fnding sy be
exphaned by the lack of hisiory of
maieriial vasoular maladspiation. In any
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cade, the 9-fold incease i cardionascular
mortality’ In eady preechamplic women
could be posiibly stinibuted o the car-
divvaicular change olbserved in e
patients.”

Uin the other hand, lae PE was char-
acterired by more profmiment camibd
IMT but by ks pronounced charges in
lumen diame tes and artecid stifnes as
compared to early FE. A significam
decrase of IVE collapaibility wa also
ohserved in late PE. Carotid IMT was
expected 1o present com parzble val sesin
ently and late PE due to olserved similar
hlood presure. However, osean camtid
IAT woas fiona i to b i Cree d i Late PE.
This finding suggests that an eadier
va ular impaimment, posibly doe o
nzaternal predispodiion, hs sccurred.
In scoordance to previous data # A4 gl
despile similar bleod viscosty e -
teristics such & hematperin,™ arterial
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Carotid IMT measurement by uitrasound in control and in early and late

PE subjects
Contral

1N Inin- e hickn e, PE e spic

firgnim, Mabr=al yoxsde sonadeliep Syeaty v biis o pranchogan. Am [ it Sl S0 3

stiffnes was incressed Do late PEbul toa
lesser depres ai compared o eady PE
siice & significant linear lendency for
boith parameters was observed. Inler-
estingly, it has been previowsly described
that arterial stiffness could be dmilsr or
even decreased in hypertensive a com-
pared 1o normotensve patients.’* The
hypothesis that timely artenal hyper-
trophy could favor 3 "structural” increase
in complhance by decreasing the relative
amtount of connective tasue has been
postulsted. Decreased  collapadhility
index In late PE, suggesting reduced
Veniis Feserve capacity is in suppon of
the concept of maternal preexiting
vascular maldspiation. Reganfing arte-
rial diarme ters, lew promiment ibcreaein
camitid dlameters in late PE & conoor-
dant with milder changes in candiac
putput ascompared to earlv PE** o this
context, the development of less proo-
nent vaeular disorders i late PE a
cormpared with early PE could provide
suppart to the concepl of a mikder
(2 -fold) increased nsk for cardiovasoular
diseass.

Crur dats are b sgreemen Uwith current
nivTins sugeesting differe nees in the eti-
ology and pathogenesis of early and late
PE Early PE i3 comsiderad essentially a
placental-mediated disase, when the
rode of material predisposition 15 much
lower in comepanson with late PE. Inearly
PE, the release of factors oo the ngwncic
placents may initisle a segquence of
endothelial dwfnction amd damsge A
lower prevalence of subclinical previcos
disease in this subset of patients with PE is
dupported by our finding ofa lower ca-
rothd IMT. Furthermsore, the lower arte-
rial susceptibidity in eady omset PE a
found in this study alo supports that the
vascilar imsult is ofa moreacule naturein
these patients Increased arterial stiffress
may excerhate the syiolie porton of
presure wave leading 1o severe svstalic
and distolic dysfunciion amd i could be
one of the mecankms to exphin
increased saverity of hypertensve deae
in early PE*Y Comvemely, late PE s
mel probably ssocated with maiemal
constiational  factos. amd  a
prlacental imaslvermssnt. =7 Owr finding

borwer

ol aliear tendency for different stiffness
mudgl i reflect differe nces in the severty of
dlisease. Hiwerer, it could a5 well reflect
changes due o 4 higher prevalence of
chmde clinical or subdinicsl vatcular
adlisease i women with late PE LT this was
&4, preddsting suseptibility for candio-
vascular disesie might explin a better
rria berrn | adaptaton and therefore mider
reslting. o lower
distengbidity fwdes Thos, owr dats sup-
port that maternal benwsdynamie re-
s ivetes murhi be better preserved in
late PE, which 8 1 lire with the relaiively
better candiovasailar outmine as i
pared with early PE.

The stvergth of e present study wasd
moabnly s evaluate for the fimt time
vamular strocture and function in pre-

vawcular  diseae

eclamsptic women at dagnods diferen-
tiating between eady and late FE. We
acknowledge that owr atudy low Himdia-
thors due to the lmited sppeoach of
candivvascular physiology. It is evident
that understanding the mechanism of
crculatory adaplations in preedamsptic
pregrances implies consdering all as-
pects of candiac, arterlal, and venous
structure atd function, Forthernware, we
acknowledge that our sample sze could
oot have been sufficient enough 1o
e freinius tra e Statistical significant results
fior all parametes, despite perfomming &
power cal culation. The inclusio nof cases
of preechimptic women with history of
smoking  amd  cwonic  hypertension
could raize concems due 1o their po-
tenitia] confounding infiue nee, However,
we dor it belleve that is the cate, 2 mos
paramseters show similar results in early

and late-oruet PE even after excluding
smokers and chronic hypertemsive pa

tients [data shown in Appendiz). D
wolld have been also - interesting o
include preconceptional and postpar-
tuim evaluation of our sample. As PE s
fow considerad 8 cardiovascular Ak
fac por, Rarther lmestigation on it im

plicationd is mandatory.

In sumimary, the curent data suggest
that distinet vascular sdaprations in eady
and late PE reflect different etiohngies
and dinical expressions. Futume studies
are warranted o amess the complex
pathophysiolegic mechanisms al PE amd
thepotential utility ol sur measurerents
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o slect mothers at higher risk who
may benefit from tmely diagnosks and
reatin enl. L
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CONDENSATION

Normotensive FGR presents similar changes in maternal vascular thickness as

compared to PE possibly due to a common placental etiology

SHORT VERSION OF TITLE

Maternal vascular remodeling in fetal growth restriction and preeclampsia.

48



ABSTRACT
Objective: To assess maternal vascular structure and function in fetal growth
restriction (FGR) pregnancies with and without preeclampsia (PE) at the time of

diagnosis.

Study design: We evaluated 124 pregnant women with FGR subdivided in 60 FGR
with and 64 FGR without PE, together with 110 controls. The group of FGR without
PE was further subdivided according to the gestational age at diagnosis into early (<
32 weeks) or late-onset (232 weeks). Maternal carotid intima-media thickness (IMT),
blood pressure (BP), carotid artery distensibility (CAD) and circumferential wall stress
(CWS), and inferior vena cava (IVC) collapsibility were assessed by ultrasound at the

time of FGR diagnosis.

Results:

FGR cases with PE showed increased carotid IMT, blood pressure and CWS,
together with reduced CAD and IVC collapsibility. FGR without PE had as a whole
increased IMT and blood pressure, but similar CAD and ICV collapsibility to controls.
When subclassified according to gestational age, only early-onset FGR had

significantly increased IMT and CWS, but both groups had increased BP.

Conclusion: FGR without PE shares some subclinical vascular features with PE,
which further reinforces the notion that, at least in a proportion of cases, there is a

common placental disease that influences maternal cardiovascular features.

KEYWORDS: Carotidintima media thickness; fetal growth restriction; preeclampsia;

vascular remodeling.
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INTRODUCTION

Fetal growth restriction (FGR) refers to the failure of the fetus to achieve its growth
potential. It remains one of the main causes of poor perinatal outcome, affecting 5-8
% of ongoing pregnancies.”” FGR is commonly associated to preeclampsia (PE) as
both entities are attributed to poor placental implantation and may be considered a
similar disease process, mainly the early-onset form.*® Early-onset FGR is
associated with PE in about 50-70% of cases’ and is characterized by severe
placental insufficiency.®® Late-onset FGR presents milder placental involvement and

maternal disease,®"" while less than 10% of cases are complicated by PE.’

The common pathophysiology of PE and FGR is further supported by long-term
maternal cardiovascular complications in both entities.’*'® Recent findings suggest
that early PE and FGR could share similar maternal cardiac responses, such as
impaired myocardial relaxation and left ventricular diastolic dysfunction.” Both
conditions present also lipid profile alterations, such as increased cholesterol
concentrations and a trend for insulin resistance."” Late-onset PE and FGR are also

18,19

characterized by changes in maternal metabolism, cardiac and endothelial

function.® 10"

Vascular structural and functional changes are considered independent risk factors
for long-term cardiovascular events.?®** Vascular structural remodeling can be
evaluated by carotid intima-media thickness (IMT)® and lumen diameters, while
vascular function can be assessed by arterial stiffness indices such as pulse wave
velocity, augmentation index, distensibility (CAD) and circumferential wall stress
(CWS).%% Inferior vena cava compliance is also reflecting venous responsiveness to

haemodynamic changes.”*' These parameters have been previously applied to

assess susceptibility to cardiovascular morbidity in women with prior or index
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preeclamptic pregnancies.”* However, vascular responsiveness in normotensive

FGR pregnancies has not been yet evaluated.

In this study, we hypothesized that normotensive women with FGR might present
maternal vascular structural and functional changes similar to those with PE. Thus,
we sought to comprehensively describe maternal carotid IMT and CAD, CWS and
IVC collapsibility in a prospective cohort study including FGR pregnancies with and

without PE, subclassified into early and late disease.

MATERIALS AND METHODS

Study population

This was a prospective cohort study of antenatal maternal vascular assessment,
carried out over a 3 year period from July 2010 to October 2012, including 110
normally grown and normotensive control pregnancies, 64 normotensive pregnancies
affected by FGR and 60 FGR pregnancies complicated with PE. Pregnant women
were recruited while attending the antenatal clinic of Hospital Clinic in Barcelona. The
control group comprised women attending routine antenatal clinic with uncomplicated
pregnancies and with EFW and birthweight above 10™ centile. Only healthy non-
smoking women, not affected by current or anterior pregnancy complications were
included in the control group. FGR was defined as estimated fetal weight and
confirmed birthweight below 10" centile. In order to assess potential differences
according to different subsets of FGR, normotensive FGR cases were further
subclassified into early-onset (<32 weeks of gestation at clinical onset) or late onset
(>32 weeks of gestation).?**’PE was defined according to the International Society
Study of the Hypertension in Pregnancy as a resting blood pressure of = 140/90 mm

Hg on 2 occasions at least 4 hours apart and proteinuria of = 300 mg/L or a 2+ urine
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dipstick beyond 20 weeks of gestation in a previously normotensive woman.* Eighty
percent of preeclamptic women included in this study were also recruited for a
previous study from our group.?* Cases were evaluated at the time of diagnosis.
Women with diabetes mellitus, renal and connective tissue disease were excluded

from the study.

Information on maternal demographic characteristics, reproductive history and
current pregnancy clinical data including first trimester maternal blood pressure was
obtained in the interview at the day of the maternal vascular evaluation and through
medical history notes. In all preghancies gestational age was calculated based on the
crown-rump length at first trimester ultrasound.**All pregnancies underwent a feto-
placental Doppler examination including uterine arteries, umbilical artery and middle
cerebral artery. Cerebro-placental ratio was calculated as a simple ratio of the middle
cerebral artery pulsatility index divided by the umbilical artery pulsatility
index.**Pregnancy outcome such as gestational age at delivery, mode of delivery,
birth weight, birth weight centile, Apgar score and umbilical pH were also recorded.
Fetal and neonatal weight centile were calculated according to local reference
curves.*® Ethics approval was received by the local Research Ethics Committee and

written informed consent form was obtained from patients.
Maternal vascular assessment

Maternal vascular assessment was performed during third trimester for normotensive
controls and at diagnosis for FGR cases with or without PE. The exploration was
performed in a controlled environment with the pregnant women in a decubitus
position. The assessment protocol included initially blood pressure measurement by
a validated ambulatory automated Omron 5 Series device (Omron Healthcare, Kyoto,
Japan). Carotid ultrasound assessment was subsequently performed with slight

hyperextension and rotation of the neck in an opposite direction to the probe by a
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single experienced investigator using a Siemens Sonoline Antares (Siemens Medical
Systems, Malvern, PA, USA). Longitudinal clips of the far wall of both carotid arteries
were obtained approximately 1 cm proximal to the bifurcation using a 13-MHz linear-
array transducer. Carotid IMT measurements were performed offline according to a
standardized protocol based on a tracemethod with the assistance of a computerized
program (SiemensSyngo Arterial Health Package, Siemens Medical Systems). To
obtain IMT, three end-diastolicframes were selected across a length of 10 mm and
analyzed for mean and maximum IMT in end-diastole, and the average reading from
these three frames wascalculated. Simultaneous electrocardiogram (ECG) recording
ensured reliable detection of R-wave and therefore reliable clinically evaluation.
Systolic and diastolic arterial diameters were acquired at the sites corresponding at
the IMT measurements. They were evaluated offline with the same computerized

program at end systole and end diastole.

Arterial distensibility was calculated as CAD = 2 x 1000 x (systolic carotid artery
diameter-diastolic carotid artery diameter) / (diastolic carotid artery diameter) x
(brachial pulse pressure).*” Pulse pressure denotes the difference between systolic
and diastolic blood pressure and was converted from millimeters of mercury to
kilopascals (kPa; 1 mm Hg=0.133 kPa). Circumferential Wall Stress was calculated
as: CWS = MBP x dD/2 x cIMT where MBP denotes mean blood pressure and was
also converted from millimeters of mercury to kilopascals, dD diastolic diameter and

cIMT carotid intima-media thickness.?’

IVC diameter changes were evaluated during the respiratory cycle by ultrasound M-
Mode as depicted in Figure 1. All examinations were performed in the supine position
with 6-MHz curvilinear transducer placed in a subxiphoid plane. Sagittal sections of
the upper part of IVC behind the liver were obtained. Respiratory variations of the

vessel diameter were evaluated offline during inspiration (IVCi) and expiration (IVCe)

53



with Siemens Syngo Arterial Health Package. The difference between IVCe and IVCi

29-31

is defined as collapsibility and collapsibility index is the ratio IVCe-IVCi/ IVCe.
Statistical analysis

The analyses were carried out using the statistical package SPSS version 17 (SPSS
Inc., Chicago, IL, USA). All statistical tests were performed at the 2-sided 5% level of
significance. Sample size was calculated for detecting a 15% difference in carotid
IMT. For an 80% power and 5% type | error level, the estimated sample size was 20
women per study group. Results are presented as median (interquartile range) or as
percentage and feto-placental Doppler ultrasound measurements were converted
into Z-scores.**** One way analysis of variance based on log transformed data
adjusted with Bonferroni post-hoc test and Pearson chi square were used to compare
quantitative and qualitative data respectively. Comparisons of vascular parameters
among study groups were performed by multiple linear regression analysis adjusting
by maternal age, maternal body mass index, maternal smoking and gestational age
at evaluation. Additionally, polynomial orthogonal contrasts were constructed in order

to test for linear trends of parameters across severity groups.
RESULTS
Study populations

Clinical and perinatal data of the study populations are presented in Table 1. As
expected, FGR cases with or without PE demonstrated a higher prevalence of
maternal smoking and assisted reproductive technologies. In addition, FGR cases
with PE had higher maternal BMI, paternal age and prevalence of nulliparity. First
trimester maternal blood pressure was higher in both FGR groups with significantly
higher values in the cases that later developed PE.As expected, FGR cases had a
lower birthweight centile together with worse feto-placental Doppler and perinatal

outcome, especially in those cases complicated by PE.
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Maternal vascular assessment in FGR and PE

Results on maternal vascular parameters in FGR and PE are shown in Table 2. Both
FGR cases with or without PE had a significant increase of maternal blood pressure,
carotid IMT and CWS at third trimester as compared to controls. In addition,
normotensive FGR had a non-significant tendency to higher CAD and IVC
collapsibility index together with similar arterial diameters as compared to controls.
On the contrary, FGR cases with PE showed significantly lower CAD and non-
significant lower IVC collapsibility index with increased diameters as compared to

controls and normotensive FGR.

Results in early- and late-onset FGR

Results of fetal ultrasound and maternal vascular characteristics in normotensive
FGR cases, subdivided into early and late-onset, are presented in Table 3. As
expected, both FGR groups had worse feto-placental Doppler parameter results.
Both early and late-onset normotensive FGR had significantly increased first and
third trimester blood pressure values as compared to controls. Early-onset
normotensive FGR was associated with significantly increased carotid IMT and CWS
with no significant changes in CAD and collapsibility index as compared with
controls. Late-onset normotensive FGR showed similar results as compared with

controls for both structural and functional maternal vascular parameters.
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COMMENT

This study provides evidence that normotensive FGR pregnant women present signs
of vascular remodeling similar to those observed in PE. These adaptations were

more prominent in early-onset FGR cases.

The most relevant result of this study is the significant increase of carotid IMT and BP
in normotensive FGR as compared to controls. Despite similar structural changes
however, vascular function, reflected by CAD and IVC collapsibility index, differed
considerably between FGR and PE. Our data, along with previous reports,
contributes to a better understanding of the shared and distinct features of FGR and
PE. Both entities present signs of placental and endothelial dysfunction,® as well as
similar structural cardiac adaptations.®'*“° In this context, increased carotid IMT and
BP could possibly represent a subclinical manifestation of the maternal disease in
FGR. The preservation or even the increase of vascular distensibility in FGR could
be attributed to less pronounced cardiovascular impairment and a timely maternal
adaptation in FGR.®" Conversely, severe maternal systemic disease in PE
enhances arterial and venous stiffness that could lead to cardiovascular
decompensation and injury.*’ Thus, the minor vascular dysfunction in normotensive
FGR could support the concept of a milder (2-fold) increased risk for cardiovascular

disease as compared with the markedly higher 8-fold risk for early PE.">"®

Maternal responses in early and late normotensive FGR were further assessed in our
study. Early FGR presented increased BP, carotid IMT and CWS, while in late FGR
less prominent adaptations occurred with only BP showing significant differences.
Interestingly, first and third trimester maternal BP was significantly increased in both
early and late FGR as compared with controls. The disparity in maternal BP values in

7,10,12

FGR among our and previous results could be explained by differences in FGR

definition and study populations. Overall, these results indicate that early and late
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FGR share common pathophysiologic traits, but the observed differences imply that
they might be distinct clinical diseases. Actually, the very severe early-onset FGR
with abnormal umbilical artery demonstrated similar vascular behavior as early PE
(supplemental data). Our findings are in keeping with previous studies reporting
different cardiovascular responses for early and late FGR'"'? that might possibly
encompass distinct future cardiovascular outcomes. Epidemiologic studies have
indeed provided evidence of worst cardiovascular outcome in women with history of

early rather than late FGR.%""1842

The main strength of the present study was to evaluate for the first time maternal
vascular structure and function in FGR pregnant women at diagnosis, distinguishing
among different subsets of normotensive FGR. Overall, our data suggest that
vascular features in the normotensive FGR could be attributed to placental
involvement, which further induces subclinical maternal vascular adaptations.
Whether vascular IMT could be used as a prognostic imaging biomarker to improve
stratification of long term maternal cardiovascular outcome in FGR needs to be

further investigated in large prospective studies.

This study has some limitations. Studying mainly the circulatory and not cardiac
adaptations could account as a limitation of our study. Furthermore, we acknowledge
that our sample size couldnot have been sufficient enough mainly women comparing
different subsets of FGR, as demonstrated by several trends not reaching statistical
significance. We also acknowledge that several potential confounders such as
smoking could have affected our maternal vascular results. However, all analyses
were adjusted by maternal age, smoking and body mass index in order to minimize
this effect. Finally, as FGR is emerging as a cardiovascular risk factor, further

postpartum follow up is warranted to be confirmed in long term studies.
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In summary, pregnancies with FGR presented subclinical signs of maternal vascular
remodeling, which is relevant with long term increased cardiovascular risk. Distinct
vascular adaptations in early and late FGR could reflect different etiologies and
clinical expressions. Future studies are warranted to assess the complex
pathophysiologic mechanisms of FGR and the potential utility of our measurements
to select to mothers at higher risk that may benefit from timely diagnosis and

treatment.
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Table1. Baseline characteristics and perinatal outcomes of the study groups.

Characteristic Controls Normotensive FGR with | P-value®
FGR PE

N 110 64 60

Parental baseline characteristics

Maternal age (years) 32.0 (6) 33.0(7) 34.0 (8) 0.081

Paternal age (years) 34.0 (7) 34.0 (7) 37.0 (9)° 0.004

Maternal body mass index | 5 4, 21.7 (4.0) 24 (857 | 0.001

(kg/m?)

Paternal body mass index | 5 5 4 24.9 (4) 259(5) | 0.027

(kg/m?)

Nulliparity (%) 55 (50) 40 (62) 41 (68)° 0.093

White ethnicity (%) 66 (60) 50 (78)* 34 (57)° 0.069

Smoking (%) 0 (0) 15 (23)? 8 (12.5) <0.001

ART (%) 0 (0) 5 (8)? 11 (18)° <0.001

Maternal first trimester BP

First trimester systolic 110 (15) 112 (17) 121 (25)* | <0.001

BP(mmHg)

First trimester diastolic 65 (13) 71 (14)° 80 (21)* | <0.001

BP(mmHg)
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First trimester mean BP 80 (13) 85 (13)° 95 (21)® | <0.001
(mmHg)
Third trimester fetal ultrasound
Gestational age at fetal 33.5(2.1) 35.0(7.7)? 32.0 (4.7) 0.025
scan (weeks)
Uterine artery mean Pl (z- -0.68 2.98
0.18 (2.23) ) <0.001
scores) (0.30) (2.47)?
Umbilical artery PI (z- -0.89 0.55
0.56 (1.66) 0.051
scores) (0.64) (2.12)
Middle cerebral artery PI 0.19 -1.16
-0.39 (1.78)? . <0.001
(z-scores) (2.08) (1.66)°
Cerebro-placental ratio (z- 0.37 -1.38
-0.29 (2.97)? <0.001
scores) (0.04) (2.36)°
Delivery data
Gestational age at delivery | 40.0 (1.6) 36.0 (2.6)° 33.1 <0.001
(weeks) (4.8
Caesarian section (%) 24(22) 8(36)° 50(83)%° <0.001
Birth weight (g) 3450 2500 (645)° 1670 <0.001
(520) (850)%
Birth weight percentile 53 (30) 1(5) 2 (3)° <0.001
5-min Apgar score 10(0) 10(0) 10(1)? <0.001
7.25 7.23 (0.09) 7.24 0.089
Umbilical artery pH
(0.08) (0.11)
Days in NICU (%) 0 (0) 6 (15) 18 (22)° <0.001

Data are presented as median (interquartile range) or percentage (N).

All Doppler parameters are presented as Z-scores.

¥P<0.05 as compared to controls.

®P<0.05 as compared to normotensive FGR

°P value calculated by one-way ANOVA or Pearson’s chi-square test

PE, preeclampsia; IVF, in vitro fertilization; PI, pulsatility index; NICU, neonatal intensive care unit.




Table 2. Results on maternal vascular assessment among the study groups

. Controls Normotensive FGR with PE P-value®

Characteristic
FGR

N 110 64 60
Gestational age at maternal 34.4(3) 35.4(7) 32.4(5) 0.485
evaluation (weeks)
Blood pressure
Systolic BP at examination 110 (14) 114 (20)* 145 (17)® <0.001
(mmHg)
Diastolic BP at 69 (12) 73 (14)? 91 (15)®° 0.004
examination (mmHg)
Mean BP at examination 82 (12) 88 (14)* 109 (15)® <0.001
(mmHg)
Maternal carotid arteries ultrasound
Mean cIMT(mm) 0.409 (0.04) 0.436 (0.08)? 0.425 (0.10)? 0.008
Maximum cIMT(mm) 0.504 (0.06) 0.535 (0.07)? 0.542 (0.11)? <0.001
Carotid systolic diameter 6.000 (0.450) | 6.000 (0.680) | 6.750 (0.740)* 0.701
(mm)
Carotid diastolic diameter | 5.550 (0.550) | 5.470 (0.550) 6.150 (0.840)® 0.773
(mm)
Carotid Distensibility 31.97 (15.73) | 34.94 (17.62) | 25.30 (18.94)*®° 0.656
(kPa™107)
Circumferencial Wall 12.236 (3.07) | 14.006 (3.36)* | 19.785 (5.72)® 0.001
Stress ( kPa)
Maternal inferior Vena Cava ultrasound evaluation
Diameter at inspiration 8.700 (5.10) 6.600 (3.10) 9.750 (2.60) 0.135
Diameter at expiration 9.900 (4.60) 7.600 (4.10) 10.600 (2.75)*° 0.169
Collapsibility 0.950 (0.50) 0.900 (0.85) 0.800 (0.57) 0.646
Collapsibility Index 0.105 (0.06) 0.120 (0.08) 0.073 (0.04)° 0.146
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Data are presented as median (interquartile range).

@P<0.05 as compared to controls calculated by regression adjusted by maternal age, body mass index, smoking and

gestational age at evaluation.

®P<0.05 as compared to FGR without PE calculated by regression adjusted by maternal age, body mass index,

smoking and gestational age at evaluation.

°P calculated by linear trends across severity groups

FGR, fetal growth restriction; PE, preeclampsia; BP, blood pressure; cIMT, carotid intima-media thickness

Table 3. Results on maternal vascular assessment among the normotensive FGR
study cases subclassified by gestational age to early- and late- onset FGR

Normotensive

Normotensive

(mmHg)

Characteristic Controls P-value®
late FGR early FGR

N 110 44 20

Fetal ultrasound evaluation

Gestational age at fetal 33.5(2.1) 38.1(2.5) 28.5 (4.1)® <0.001

scan (weeks)

Uterine artery mean PI -0.68 (0.30) 0.10 (1.93) 1.21 (1.95) 0.353

(z-scores)

Umbilical artery PI (z- -0.89 (0.64) 0.32 (1.49)° 1.95 (3.13)° <0.001

scores)

Middle cerebral artery PI 0.19 (2.08) -0.01 (1.68) -1.25 (1.51)? 0.001

(z-scores)

Cerebro-placental ratio 0.37 (0.04) -0.84 (1.60)? -2.38 (1.96)® <0.001

(z-scores)

Maternal BP

First trimester Systolic 110 (15) 115 (20) 123 (14)® 0.009

BP (mmHg)

First trimester Diastolic 65 (13) 66 (10)° 71 (17)° 0.021

BP (mmHg)

First trimester mean BP 80 (13) 84 (11)° 90 (14)° 0.006

66




Systolic BP at 110 (14) 115 (19)° 114 (19)° 0.005
examination (mmHg)

Diastolic BP at 69 (12) 73 (13) 73 (14)° 0.081
examination (mmHg)

Mean BP at examination 82 (12) 88 (14)* 89 (14)? 0.015
(mmHg)

Maternal carotid arteries

Mean cIMT (mm) 0.409 (0.04) 0.417 (0.08) 0.476 (0.10)® <0.001
Maximum cIMT (mm) 0.504 (0.06) 0.532 (0.06) 0.560 (0.16)* <0.001
Carotid systolic | 6.000 (0.450) 6.000 (0.590) 5.975 (0.660) 0.789
diameter (mm)

Carotid diastolic | 5.550 (0.550) 5.475 (0.580) 5.475 (0.590) 0.423
diameter (mm)

Carotid Distensibility | 31.97 (15.73) 32.79(17.35) 37.29 (16.29) 0.121
(kPa™107)

Circumferencial Wall | 12.236 (3.07) 13.590(3.41) 14.549(5.26)* <0.001
Stress ( kPa)

Inferior Vena Cava

Diameter at inspiration 8.700 (5.10) 7.250 (2.50) 5.700 (1.40)? 0.055
Diameter at expiration 9.900 (4.60) 8.350 (3.35) 6.500 (1.80)? 0.036
Collapsibility 0.950 (0.50) 1.000 (1.15) 0.800 (0.20) 0.363
Collapsibility Index 0.105 (0.06) 0.124 (0.10) 0.120 (0.08) 0.385

Data are presented as median (interquartile range).

@P<0.05 as compared to controls calculated by regression adjusted by maternal age, body mass index, smoking and

gestational age at evaluation

®P<0.05 as compared to normotensive late FGR calculated by regression adjusted by maternal age, body mass index,

smoking and gestational age at evaluation

°P calculated by linear trends across severity groups

FGR, fetal growth restriction; BP, blood pressure; c/MT, carotid intima-media thickness
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ABSTRACT

Objective: To assess carotid and aortic intima-media thickness {IMT) in term growth
resfricted newboms with and without prenatal signs of severity.

Methods: This was a prospective study compriging 67 cases diagnosed prenatally
and 124 nomally grown newborns. Cases were sub-classified into small-for-
gestational age (SGA) with no signs of severily and those with signs of severnity,
defined as a birth weight below 3™ percentile, or abnormal uterine artery Doppler or
cerebro-placental ratio. Blood pressure and vascular IMT were evaluated.

Results: 5GA newboms showed a trend for higher values of blood pressure. IMT
values were significantly increased in SGA, with and without signs of severity, as
compared with controlz. The magnitude of the increase was higher in SGA with signs
of severity.

Conclusions: Vascular IMT was increased in SGA imespective of the presence or
absence of prenatal signs of severity. The resulis challenge the notion of
“constitutionally small® SGA, and support that the majority of S:A represent forms of

true growth restriction and suffer fetal cardiovascular programming.
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INTRODUCTION

Fetal growth resiriction (FGR) iz one of the most common conditions affecting
ongoing pregnancies . A substantial body of evidence has reported a wide spectrum
of unfavorable perinatal and lifelong effects associated with FGR™. The
pathophysiology linking growth restriction to the adverse short and long term
outcomes could be possibly atiributed to the profound changes in fetuses'
metabolism”, cardiovascular system®® and brain structure'®. The fetal cardiovascular
adaptation to hypoxia and undemutrition is thought to represent a central adaptive

mechanism and induces both eardiac >

and vascular remodeling'™". Vascular
inima-media thickness (IMT) iz a standard diagnostic procedure in assessing
cardiovascular risk in asymptomatic adults'®. Recently, an inverse relation between
aortic IMT'™", arterial stifiness'™"® and low birth weight is reported.

There iz a cument tendency to distinguish between early and late FGR if it occurs
before or after 32 weeks gestation'”. The importance of gestational age at diagnosis
i reflected on the severnty of placental dysfunction and the prognosis. Early FGR is
mainly characternzed by severe placental insufficiency expressed by abnormal
umbilical artery’™"®. On the other hand, late FGR is associated with a milder
placental dysfunction, illustrated merely by brain redistribution and abnormal uterine
arteries™ . Recent evidence has demonstrated that late FGR fetuses, often refemed
a5 term small for gestaional age (SGA) due to nomal umbilical artery, are
characterized by subtle cardiovascular remodeling®®'. These cases have worse
cardiovascular— and neum::leveln-pmentala outcomes in posinatal life than initally
anficipated. Over recent years several prognostic factors, including abnormal
cerebroplacental ratio™ and uterine artery Doppler'®, and birth weight below the 2rd

centile™, have been identified as prediciors of poor necnatal outcome, and

This article is protected by copyright All rights reserved.
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consequently as surmogate markers of true growth restriction among near term SGA
fetuses. Although these factors are assocated with poorer necnatal outcome, it is
unknown whether they also classify well the risk of abnormal vascular outcome.
We hypothesized that vascular structure and function in SGA neonates could be
Q) similaly anticipated by the aforementioned prognostic factors of placental
pe{ insufficiency. We explored this hypothesis by conducting a prospective cohort study
O to assess bipod pressure and vascular IMT in late-onset growth restricted newboms
o == classified by surrogate markers in different stages of severity.

—

H METHODS
< Study population
This was a prospective cohort study including 201 term newboms prenatally
"U diagnosed as small or appropriate for gestational age and delivered after 37 weeks,
subdivided into: A) SGA with signs of severnty defined by estimated fatal weight
4_) (EFW) and confirmed birth weight below 3™ percentile or abnormal uterine artery
mean pulsatility index (P1) (above 957 percentile) or cerebro-placental ratio (below
5™ percentile); B) SGA without signs of seventy defined by EFW and birth weight
G.) between 37 and 107 percentile together with normal uterine artery mean Pl and
O cerebro-placental ratio; and C) controls defined by EFW and confirmed birth weight
O above 10™ percentile with no pregnancy complications. Prenatal ultrasonographic
examination was performed using a Siemens Sonoling Antares (Siemens Medical
Systems, Malvem, PA, USA) with a 6-MHz cunvilinear transducer. Feto-placental
Doppler examination before delivery was considered and inciuded uterine artenes,
umbilical artery and middle carsbral antery. Cersbro-placental ratio was calculated as
a simple ratio of the middle cerebral artery P! divided by the umbilical artery PI*%.

This article is prosected by copyright All nights reserved.
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Information on matemal demographic characteristics, reproductive history and

pregnancy outcome was obtained in the interview at the day of the scan and a

posterion through medical history notes. Gestational age at delivery, mode of

delivery, birth weight, birth weight centile, Apgar score and umbilical pH were akso

G) recorded. Cases and controls were identified in fetal life among pregnancies
pmmmm  gttended in the Department of Matemal-Fetal Medicine in Hospital Clinic (Barcelona)
O and evaluated in the neconatal period during their first week of life. Controls were

# pms  maiched 2 to 1 with cases by gender and gestational age at delivery (£1 week).

Sl

= Exclusion criteria were chromasomal or

genetic disorders, monochorionic twin pregnancy and evidence of infection. In all
pregnancies gestational age was calculated based on the crown-rump length at first
@ trimester ultrasound™”. Fetal and necnatal weight centile were calculated according
G) to local reference curves™. The study received ethical approval by the local
Research Ethics Commitiee and written informed consent form was obtained from
Qparmts
MHeonatal vascular assessment
A confrolled environment contributed to the achievement of all neonatal
O measurements. Blood pressure was obtained from brachial artery using a validated
O ambulatory automated Omron S Series device. An appropriate cuff size covering the
40 percent of the am circumference was used to ensure accurate measurement™.
Each newbom’s blood pressure was evaluated twice during guiescence and the
average was determined. Due to the lack of recently published blood pressure
nomal values for our population of healtthy newboms, systolic and diastolic blood

pressure percentiles were calculated using local standards (supplemental data).
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Carotid and aorta ultrazsound assessment was performed by skilled sonographers
using a Siemens Sonofine Antares (Siemens Medical Systems, Malvemn, PA, USA)L
Longitudinal clips of the far wall of both carctid arteries were obtained approximately
1 cm proximal to the bifurcation using a 13-MHz linear-amay fransducer. Longitudinal
clips of the far wall of the proximal abdominal aora were obtained in the upper
abdomen by a 10-MHz linear probe. Carctid and sorta IMT measurements were
performed offine according to a standardized protocol based on a trace method with
the assistance of a computerized program (Siemens Syngo Arterial Health Package),
as depicted in Figure 1. To obtain IMT, three end-diastolic frames were selected
across & length of 10 mm and analyzed for mean and maximum IMT, and the
average reading from these three frames was calculated. Systolic and diastolic
arterial diameters were acquired at the sites comesponding at the IMT
measurements in end-diastole.

Vascular wall thickness reproducibility

Intra-observer variability was determined for each parametsr by comparing data from
three measurements of the same sonographer and inter-observer varability by
comparnng data from two sonographers at one occasion.

Statistical analysis

The intra-obzerver reproducibility was asseased by calculating the infra class
comelation coefficients and coefficients of vanation (CV). The inter-chserver
reproducibility was assessed by calculating the CV for each parameter™.

Sample zize was calculated taking into account comparison between control and
SGA neonates both with and without =igns of seventy. We used balanced ANOVA
type of analysis for 2 factors and 3 groups, considering standard deviation (SD) of

0.08 mm" and detectable contrast of 0.07 for both factors (cIMT and alMT). An
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estimated sample size of 32 women per study group was achieved for a power of

more than 90% and 5% type | emor levei®' . Results are presented as median
(interguartile range) or as percentage after checking parametnc assumpbons by
Kolmogonov-Smimoy test. One way analysis of variance based on log transformed

G) data adjusted with Bonfermoni post-hoc test and Pearson chi square were used to
pees| compare guantitztive and gualitative data respectvely. Doppler ultrasound
o measurements were converted into Z-scores™ " Models for vascular resuits were
» peel sdjusted by multiple linear regression by gender, gestational age at birth, age at
.4; evaluation. Additionally, potynomial orthogonal contrasts were constructed in order to
test for linear trends of parameters across severnty groups. Al statisfical tests were
performed at the 2-sided 5% level of significance. The analyses were camed out

using the statistical package SPSS version 17 (SPSS Inc., Chicago, IL, USA)

Q) RESULTS

+_) Study populations

Qﬁﬁ:ﬂﬂ'ﬂpﬂfﬁtﬂlﬂﬂﬂmmnlﬂdin'rﬂtﬂe 1. Matemal charactenstics were
similar among the study groups with the excepton of a higher prevalence of

q') nulliparity and smokers in the SGA group with signs of sevenly as compared to

O confrols. Median birthweight of control neonates was 3350g (ménimum 2530g and

O maximum 4400g). By definition, both SGA groups had a lower birth weight,; median
birthweight for SGA without signs of seventy was 2603g (minimum 2190g and
maxmum 2920g), while median birthweight for S5GA with signs of seventy was
2200g (minimum 1630g and maximum 2650g). SGA cases with signs of severity had
worse prenatal Doppler as compared to controls. Most of SGA with signs of seventy

were characierized by EFW <pd and only 30% of them presented abnomal uterine
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artery Doppler or cerebroplacental ratio. As expected, SGA cases with signs of
aeverity had a higher prevalence of cesarean section and admission to the neonatal
intansive care unit.
Neonatal vascular assessment
G) Resuits on intra- and inter-observer reproducibility are presented in tables 2 and 3.
i Results on vascular parameters are shown in table 4 and figure 2.
O Biood pressure values were similar among groups with a non-significant tendency
@ pe==d for higher values in SGA without and with signs of severity.

Mean and maximum canstid anery were significantly increasad in both SGA cases
as compared to controls (mean ¢IMT: 0.017 mm [SE 0.008], P=0.041 and maximum
eIMT: 0.035 mm [SE 0.011), P=0.002 per SGA without signs of saverity; mean clMT:
0.023 mm [SE 0.010], P=0.028 and maximum ciMT: 0.026 mm [SE 0.013], P=0.050

"O per SGA with signs of severity). These differences remained significant after

G.) normalizaton of IMT values by neonatal weight and vessel diameter, Thare was a

“H significant linear tendency for higher values across groups (P<0.001, P=0.001 for

Qmmmmwmim.m}.mmlmﬁmn'ﬁamsmﬁm

trend for higher values between controls and SGA cases (mean alMT: 0.023 mm [SE

G') 0.017], P=0.194 per SGA without signs of severity, mean alMT: 0.026 mm [SE

o 0.018], P=0.055 per SGA with signs of severity), that became significantly different

o after adjusting by neonatal weight and vessel diamater. Furthermore, maximum

< aorta IMT was significantly incréased in both SGA cases as compared o controis

(maximum alMT: 0.055 mm [SE 0.018], P=0.003 per SGA without signs of severity

and maximum alMT: 0.05T mm [SE 0.022], P=0.010 per SGA with signs of severity).

Similarty to previous parameters, the association remained significant after
normalization of IMT values by neonatal weight and vessal diameter,
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DISCUSSION

This study demonsirates that term SGA cases with and without signs of severity
show increased vascular IMT, imespective of the absence of signs of severity.

Mo significant differences for both systolic and diastolic blood pressure within
groups were demonstrated in our study. However, a tendency for higher values in
SGA newboms with signs of severity was shown as compared to SGA without signs
of severity. No prior studies aimed at analyzing blood pressure of neonates with late-
onsat growth restriction. Yet, it is well documented that cases with growth restriction
have higher blood pressure values than controls in childhood!"*2%. Nevertheless,
our results are concordant with previous data showing no differences between
preterm controls and eary-onsst growth restricted neonates’®. The non significant
tendency to higher blood pressure values in our neonates could be explained by our
limited sample size or selection of a different postnatal age at examination. The lack
of differences in the neonatal period could akzo be explained by an infrinzic imitation
of measuring biood pressure in the neonatal period.

Vascular IMT was increased in growth restricted neonates imespective whether
they presented signs of severity or not. The differences in both 3GA cases were
statistically significant after adjusting by necnatal weight and vessel diameter. Thess
results are in agreement with previous data demonsirating associations between low
hirth weight and aortic IMT adaptations in newboms and young children'™™. We
showed a significant linear trend for higher values of IMT in relation to growth
restriction severity. Although thers was a tendency to worse values in SGA cases
with signs of severnity, SGA neonates without signs of severity alzo presented clear
changes suggesting vascular remodeling, without though significant differences

among the two groups. This association challenges the notion of “constifutionally
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small" SGA, and suggests that SGA contain a substantial proportion of cases

representing forms of true fetal growth restricion. The observed changes in SGA

neonates without signs of seventy suggest that severity markers, which are useful to

predict adverse perinatal oufcome, such as uterine arery pulsatility index,

G) cerebroplacental ratio, estimated fetal weight less than the 3rd percentile’® ™=, fail

pummsl {0 predict @ normal postnatal cardiovascular outcome. These results are in line with

o previous studies evaluating postnatal long term cardiac function in SGA™. Thus, the

o pum eed to develop biomarkers allowing the detection of long term cardiovascular

ﬁ outcome in term low birth weight subjects could not be overemphasized. Whether

vascular IMT could be used as a prognostic imaging biomarker, to improve

stratification of risk among term growth restricted newboms, needs to be further
investigated in large prospective studies.

@ In order to complete vascular assessment with further information, additional

vascular parameters were included in our study (provided in the supplemental data).

_*_) Arterial tensile stress, a major determinant of arterial hemeodynamic forees™®, and

Qaﬂ‘eﬁm distensibility showed comparable values betwesn cases and controls. The

interpretation of these results is challenging. Theoretically, these findings were not

G') anticipated when considering the previously reported increased afterload and arterial

stiffness in fetuses and preterm growth restricted neonates when evaluated shortly

o after delivery'"'""". However, as previously mentioned the necnatal period is a

{ transitional pathophysiological state for cardiovascular regulafion. The wvascular

behavior in our cohort would support the hypothesis that high placental resistance

and subsequently increasaed afterload and raised blood pressure occur meraly during

fetal life'""**"_ In the immediate postnatal period however, the multiple stimuli that

are responsible for the aforementicned changes would cease to exert their influence.
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Consequently, tensile stress would show a behavior similar to blood pressure during
thiz penod. Thiz assumption could be in line with our previously published results in
3-6 years old children with late-onzet growth restriction without signs of sewverity.
These children showed a non significant trend for higher values of nomalized mean
cIMT wvalues and significant linear tendency for this parameter across stages of
severity™. It seems therefore that despite normalization of hemodynamic conditions
in the early neonatal period, mild changes sfill persiat in childhood.

Thiz study has strengths and limitations. To our knowledge, it was the first time to
focus on structural and functional parameters of carotid and aorta as distinct
components of the vascular tree®®™®. Furthermore, the thorough classification of
neonates according to their prenatal data in stages of severity has allowed obssrnving
vascular remodeling in all growth restricted neonates. The adjustment of results by
both neonatal weight and lumen diameter further confirmed this finding. On the other
side, our relatively limited =ample size could account for the non significant trend for
higher values in blood pressure. We also acknowledge that the different prevalence
of matemal smoking among groups could have partly affected our results. Finally,
long term pediatric follow up of our cohort is warranted in order to betier understand
the pathophysiology of cardiovascular remodefing in growth resfricion and
subsequently implement preventive strategies.

In conclusion, our study suggests that SGA neonates, both with and without signs
of severity, demonsirate similar changes in vascular structure and function. These
rezsults challenge the notion of “constitutionally small® 5GA, and support that the
majority of SGA represent forms of true growth restriction and suffer fetal
cardiovascular programming. ldenfifying thesze neonates at risk of vascular

remodeling could make a significant contribution to screening public health

This artcle is protected by copyright All rghts reserved.

79



Accepted Article

programs=, given that growth restriction occurs in 10% of general matemity

population.
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Table1. Basefine characteristics and perinatal outcomes of the study groups.

Accepted Article

SGA
SGA with
Characteristics Controls without — P value®
signs of gn
severity severity
N 134 32 a5
Marternal characteristics
Maternal age (years) 320(8.3) 325(11) 31.0(9) 0.820
Body mass index (kg/m®) 228(38) | 230(5.1) | 21.4(4.5) 0.190
Nulliparity (%) 78 (56.0) | 20(625) | 27 (77.1) 0.132
White ethnicity (%) 74 (55.2) | 18(56.6) | 22(6248) 0.906
Smoking (%) 22(164) | B(250) | 13(37.1) 0.028
Prenatal ultrascund
Gestational age at prenatal ) .
34.1(4.0) ITT(20) | 376 (1.3) =0,007
scan (weeks)
Uterine artery mean Pl (z- D72
-0.93 (2.56) | 0.36 (1.29) 0.050
sSCcores) (1.22)
0.19
Umbilical artery Pl (z-scores) | -0.04 (0.42) | 0.06 (0.67) 0,040
{1.29)
Middile cerebral artery Pl (z- -0.39
1.06 (1.10) | 0.48(1.18) 0.345
scores) (1.94)
Cerebro-placental ratio (z-| -0.29 (1.48) | -0.31 D71
0.353

‘This article is promcted by copyright. All rights reserved.
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SCOTEs) (1.10) [(2.18)
Delivery data
Gestational age at delivery .
l = 395(1.8) | 38.7(15) | 385(1.2) 0.012
Caesarian section (%) 22(16.0) | B(1B.T) | 15(42.5) 0.006
Caesarian section for non 5
4 (2.9) 2(6.2) 5 (14.2) 0.033
reassuring fetal status (%)
Male gender (%) 78 {58) 19 (58) 20 (57) 0.983
7603 7200
Birth weight (g} 3350 (545) . ) <0,001
(273) (290)

" Birth weight percentile 55 (50) 4(3) (1) <0,001
5.min Apgar score 10 (0) 10 (0) 10 (0) 0.4654
Umbilical artery pH 7.24 (0.10) | 7.26 (0.09) | 7.25 (0.08) | 0.346

Days in MICU 0 (0) 0(0) 213 <0,001

Data are presanted as madian (interquartile range) or percentage (N).

'P<0.05 as compared to controls.

1 value calculated by ons-way ANOVA or Pearson's chi-square fest

Al Doppler paramaters are presented as Z-scores.

SGA, small-for-gestational age; PI, pulsatility index;

NICU, neonatal intensive care unit.
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Table 2. Intra-cbaerver reproducibility of neonatal carctid and aortic antenss ntima-
media thickness evaluation.

Cormrelation coefficient Cosfficient of variation

g CV %
Mean right cIMT 0.827 (0.790-0.859) 2.7%
Mean left cIMT 0.870 (0.842-0.895) 26%
Masximum right cIMT  0.908 (0.887-0.926) 2.8%
Maximum laft cIMT 0.921 (0. 903-0.937) 26%
Mean alMT 0.861 (0.530-0.887) 2.6%
Maximum alMT 0.934 {0.919-0.947) 2.1%

p indicates infraclass comelaton coefficent (Lower bound-higher bound ), CV,
coefficient of variation; cIMT, carotid artery intima-media thickness; alMT, aortic
intima-media thickness,

This arncle i proteced by copyright All righty reserved.
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Tabile 3. Inter-chserver reproducibility of neonatal aorfic and carotid arteries intima-

media thickness evaluabon.

Accepted Article

Coefficient of vanation

CV, %
Mean right cIMT 1.3%
Mean left ciMT 1.5%
Macimum right ciMT 1.2%
Madmum left ciMT 1.0%
Mean alMT 7.6%
Maodmum alMT 4.5%

CV, coefficient of varialion; ciMT, carofid ariery intima-media thickness; alMT, aortic

intima-media thickness.
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Table 4. Results on neonatal vascular assessment in the study groups.

s SGA  with Linear
without _ § 1
Characteristic Controls KRGO signs  of | tendency
: severity P-value®
severity
N 134 32 5
Blood pressure
Systolic BP (mmHg) 82(17) 85 (20) 86 (13) 0.143
Systolic BP percentile 57 (50) 57 (48) 62 (48) 0.420
Diastolic BP (mmHg) 45 (15) 48 (15) 52(16) 0.107 |
Diastolic BP percentile 44 (53) 53 (50) 65 (51) 0.324
Carotid arteries
0.247 0.265
Mean cIMT(mm) 0.226 (0.06) <0.001
(0.05) (0.08)
Mean cIiMT [ neonatal 0.050 0.0%0
0.067 (0.02) . . <0001
weight (mm/kg) {0.02) (0.03)
0.094 (D.04) [ 0.717 (0.03) | 0.112 (0.03) =0.007
Mean cIMT | diameter
0.336 0.341
Maximum cIMT(mm) 0.303 (0.08) ) . 0.001
{0.08) (0.10)
Maximum cIMT | neonatal 0.122 0.120
0.020 (0.02) . . <0.007
weight (mm/kg) (0.02) (0.04)
0.148 -
Max cIMT / diameter .1
0.126 (0.04) (0.05) (0.04) =0.007
Aorta

This ardecle is prosected by copymight All nghts reserved.
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Mean alMT{mm) D.419(0.10) [ 0.493 (0.20) | 0.446 (012) [ <0.007
Mean alMT |/ neonatal 0.183 0.210
0.127 (0.03) : - <0.001
weight (mmikg) (0.08) {0.06)
0.104
Mean alMT [ diameter 0.085 (0.03) . 0113 {D.04) <0007
(0.05)
0.622 0.604
Maximum alMT {mm) 0.547 {0.11) . ) 0,003
(020} (0.15)
Maximum alMT / neonatal 0222 D.284
0165 {D.05) . - <0007
weight (mm/kg) (0.08) (0.09)
Maximum alMT  /aortic 0.128 0.141
0.111 (0.02) . _ 0,001
diameter (0.07) {0.05)

pted Article

Data are presented as median (interguartile range).

‘P=005 as compared to controls calculated by regression adjusted by gender,
gestational age at birth, age at evalualion and group

TP=().05 as compared to SGA without signs of severity calculated by regression adjusted
by gender, gestational age at birth, age at evaluation and group

FP=0.05 calculated by linear trends across seventy groups

SGEA, small-for-gestational age; BP, blood pressure;

ciMT, carctid intima-media thickness; aiMT, aorlic intima-media thicknezs.
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Figure 1. lllustration of the mean carotid and aoric intima-media thickness (IMT)
aszesament by ultrasound in controf, small-for-gestationzsl age neonates without

signs of severity and small-for-gestational age neonates with signs of severnty.
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Figure 2. Vascular intima-media thickness (IMT) in controls, late-onset growth
restricted neonates without signs of severity and late-onset growth restricted
neonates with signs of severity. Data are presented as mean (35% CI), *P<0.05 as
compared o controls adjusted by gender, gestational age at birth, age at evaluation
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6. RESULTS

Overall, our results demonstrated that vascular parameters presented structural and
functional adaptations depending on the degree and early or late-onset of placental
disease. Regarding maternal vascular changes, both PE and FGR presented
significant alterations, with distinct patterns among early and late-onset disease.
Regarding neonatal assessment, SGA newborns presented vascular remodeling

irrespective of the severity of placental affectation.

6.1. Maternal vascular characteristics in PE (study 1)

Baseline characteristics were similar among the study populations (controls, early
and late PE) included in study 1, with similar maternal age, ethnicity and hematocrit,
which is major factor of blood viscosity. However, maternal body mass index was
significantly increased in the late PE group and both systolic and diastolic booking
blood pressures were higher in both preeclamptic groups. Furthermore, there was an
increased prevalence of nulliparity, smoking, chronic hypertension, previous PE,
proteinuria in both preeclamptic groups as compared to controls. As expected, cases,
mainly women with early PE, had worse feto-placental Doppler and perinatal

outcomes as compared to controls.

Results on vascular parameters are shown in table 3 and figure 6. By definition,
blood pressure values were significantly increased in preeclamptic groups as
compared to normotensive controls. Mean carotid artery IMT did not differ
significantly between early preeclamptic and normotensive women but it was
significantly increased in late PE as compared to controls (mean cIMT: 0.015 mm
[SE 0.010] per early PE, P=0.142 and mean cIMT: 0.037 mm [SE 0.012] per late PE,
P=0.002, respectively). There was a significant linear tendency for higher mean

carotid IMT values across groups (P<0.001).
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Table 3. Results on maternal vascular assessment among the study groups.

34.1 (4) 31.0 (4)a 36.5(3) <0.001

110 (13) 145 (15)° 143 (15 <0.001
70 (11) 90 (1) 90 (1) <0.001
83 (11) 109 (13) 108 (11)e <0.001
0.408 (0.06) 0.425 (0.09) 0.439 (0.08) <0.001
0.505 (0.07) 0.530 (0.08)2 0.558 (0.08)2 <0.001
5.950 (0.600) 7.100 (0.750) 6.525 (0.720)% 0004
5.450 (0.630) 6.500 (0.850)2 5.975 (0.740) G
32.14 (15.06) 23.85 (14.75) 27.80(21.53) 0,008
12.470(2.99) 20.183(4.85) 18.625(5.81)* <0.001
8.750 (5.78) 9,550 (2.55) 10.000 (1.80) 0. 207
9.950 (5.38) 10.600 (2.68) 10.750 (1.55) 0.315
0.950 (0.50) 0.900 (0.83) 0.700 (0.53)° 0.082
1.0 (7) 9.4 (B) 6.6 (4)® 0.026
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Maximum carotid artery IMT was significantly increased in both early and late
preeclamptic cases as compared to controls (P=0.01 and P<0.01, respectively).
Similarly to mean carotid artery IMT, a linear trend for higher values across groups
was observed (P<0.001). Regarding lumen systolic and diastolic diameters, we noted
significantly increased diameters in both early and late PE as compared to
normotensive subjects. Furthermore, both systolic and diastolic diameters were
significantly increased in early PE as compared to late PE even after adjusting by
maternal age, maternal body mass index and gestational age at evaluation (P=0.035
and P<0.001, respectively). Regarding arterial stiffness, carotid distensibility was
reduced significantly in early PE when compared to controls (P=0.013), while this
reduction did not reach statistical significance in late PE (P=0.262). However, a
significant linear trend demonstrated differences among groups (P=0.008).
Circumferential wall stress was significantly increased in both preeclamptic groups as
compared to controls (both early and late PE P<0.001).Similarly to arterial

distensibility, it showed a linear trend for differences across study groups (P<0.001).

Results on inferior vena cava respiratory variation are also presented in Table 3.
Although the vessel diameters were similar among study groups during inspiration
and expiration, there was a significant decrease in collapsibility and collapsibility
index in late as compared to early PE (P=0.044 and P=0.043, respectively).
Furthermore, late PE was characterized by a decrease in collapsibility index as
compared to controls (P=0.029). A significant linear decrease was observed across

study groups (P=0.026).
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Figure 6. lllustration of the carotid intima-media thickness (IMT) measurement by ultrasound

in control, early and late preeclamptic (PE) subjects.

Control

Carotid IMT = 0.377 mm

6.2 Maternal vascular characteristics in FGR (study 2)

FGR cases with or without PE demonstrated a higher prevalence of maternal
smoking and assisted reproductive technologies. In addition, FGR cases with PE had
higher maternal BMI, paternal age and prevalence of nulliparity. First trimester
maternal blood pressure was higher in both FGR groups with significantly higher
values in the cases that later developed PE. As expected, FGR cases had a lower
birthweight centile together with worse feto-placental Doppler and perinatal outcome,

especially in those cases complicated by PE.

Results on maternal vascular parameters in FGR and PE are shown in Figure 7 and

Table 4.
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Both FGR cases with or without PE had a significant increase of maternal blood
pressure, carotid IMT and CWS at third trimester as compared to controls. In
addition, normotensive FGR had a non-significant tendency to higher CAD and IVC
collapsibility index together with similar arterial diameters as compared to controls.
On the contrary, FGR cases with PE showed significantly lower CAD and non-
significant lower IVC collapsibility index with increased diameters as compared to

controls and normotensive FGR.

Results of fetal ultrasound and maternal vascular characteristics in normotensive
FGR cases, subdivided into early and late-onset, are presented in Table 5. As
expected, both FGR groups had worse feto-placental Doppler parameter results.
Both early and late-onset normotensive FGR had significantly increased first and
third trimester blood pressure values as compared to controls. Early-onset
normotensive FGR was associated with significantly increased carotid IMT and CWS
with no significant changes in CAD and collapsibility index as compared with
controls. Late-onset normotensive FGR showed similar results as compared with

controls for both structural and functional maternal vascular parameters.
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Table 4. Results on maternal vascular assessment among the study groups

110 (14)

35.4(7)

114 (20)2

32.4(5)

145 (17)e

69 (12)

73 (14p

91 (15)*

0.004

82 (12)

0.409 (0.04)

88 (14)p

0.436 (0.08)°

109 (15)*®

0.425 (0.10)2

0.504 (0.06)

0.535 (0.07)

0.542 (0.11)?

6.000 (0.450) 6.000 (0.680) 6.750 (0.740) 0.701
5.550 (0.550) 5.470 (0.550) 6.150 (0.840)° 0.773
31.97 (15.73) 34.94 (17.62) 25.30 (18.94) 0.656
12.236 (3.07) 14.006 (3.36)° 19.785 (5.72)%® 0.001
8.700 (5.10) 6.600 (3.10) 9.750 (2.60) 0.135
9.900 (4.60) 7.600 (4.10) 10.600 (2.75)® 0.169
0.950 (0.50) 0.900 (0.85) 0.800 (0.57) 0.646

0.105 (0.06)

0.120 (0.08)
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Table 5. Results on maternal vascular assessment among the normotensive FGR study
cases subclassified by gestational age to early- and late- onset FGR
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335 (2.1) 38.1 (2.5) 28.5 (4.1y®
-0.68 (0.30) 0.10 (1.93) 1.21 (1.95) 0.353
-0.89 (0.64) 0.32 (1.49) 1.95 (313 <0.001
0.18 (2.08) -0.01 (1.68) -1.25 (1.51)p 0.001
0.37 (0.04) -0.84 (1.60) -2.38 (1.96) <0.001
110 (15) 115 (20) 123 (14)® 0.009
65 (13) 66 (10 71(17p 0.021
80 (13) 84 (11 90 (14) 0.006
110 (14) 115 (19)° 114 (19 0.005
69 (12) 73 (13) 73 (14 0.081
82 (12) 88 (14 89 (14) 0.015
0.409 (0.04) 0.417 (0.08) 0.476 (0.10) <0.001
0.504 (0.06) 0.532 (0.06) 0.560 (0.16)° <0.001
6.000 (0.450) 6.000 (0.590) 5.975 (0.660) 0.789
5.550 (0.550) 5.475 (0.580) 5.475 (0.590) 0.423
31.97 (15.73) 32.79(17.35) 37.29 (16.29) 0.121
12.236 (3.07) 13.590(3.41) 14.549(5.26) <0.001
8.700 (5.10) 7.250 (2.50) 5.700 (1.40) 0.055
9.900 (4.60) 8.350 (3.35) 6.500 (1.80)° 0.036
0.950 (0.50) 1.000 (1.15) 0.800 (0.20) 0.363
0.105 (0.06) 0.124 (0.10) 0.120 (0.08)




Figure7.lllustration of the carotid intima-media thickness (IMT) measurement and inferior
vena cava respiratory variations by ultrasound in control, normotensive early FGR,

normotensive late FGR and FGR with PE

Control Late FGR

Carotid IMT = 0.407 mm Carotid IMT = 0.417 mm

R P P .
IVC Collapsibility index = IVC Collapsibility index =
0.101 0.124
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6.3 Reproducibility of neonatal IMT measurement (study 3)
Results on intra- and inter-observer reproducibility are presented in tables 6 and 7,

figures 8 and 9.

Table 6.Intra-observer reproducibility of neonatal carotid and aortic arteries intima- media

thickness evaluation.

Correlation coefficient Coefficient of varation

P CV, %
Mean right ciMT 0.827 (0.720-0.859) 27%
Mean left ciMT 0.870 (0.842-0.893) 26%
Maximum right cIMT  0.908 (0.667-0.926) 2.8%
Maximum left ciIMT 0.921 (0. 903-0.937) 2.6%
Mean alMT 0.861 (0.830-0.887) 2.6%
Maximum alMT 0.934 (0.919-0.947) 2.1%

p indicates intraclass comrelation coefficient (Lower bound-higher bound ), CV,
coefficient of variation; cIlMT, carotid artery intima-media thickness; alMT, aortic

intima-media thickness.

Table 7.Inter-observer reproducibility of neonatal aortic and carotid arteries intima- media

thickness evaluation.

Coefficient of variation
CV, %
Mean right cIMT 1.3%
Mean left cIMT 1.5%
Maximum right cIMT 1.2%
Maximum left cIMT 1.0%
Mean alMT 7.6%
Maximum alMT 4.5%

CV, coefficient of variation; cIMT, carotid artery intima-media thickness; alMT, aortic

intima-media thickness.
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Figure 8.Bland—Altman plots of the difference versus the mean of the paired measurements
between observers of mean carotid IMT (A) and max carotid IMT (B)
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Figure 9.Bland—Altman plots of the difference versus the mean of the paired measurements
between observers of mean aortic IMT (A) and max aortic IMT (B)
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6.4 Neonatal vascular characteristics in FGR (study 4)

In study 4, the maternal characteristics were similar among the study groups with the
exception of a higher prevalence of nulliparity and smokers in the SGA group with
signs of severity as compared to controls. By definition, both SGA groups had a
lower birth weight. SGA cases with signs of severity had worse prenatal Doppler as
compared to controls. Most of SGA with signs of severity were characterized by EFW
<p3 and only 30% of them presented abnormal uterine artery Doppler or
cerebroplacental ratio. As expected, SGA cases with signs of severity had a higher

prevalence of cesarean section and admission to the neonatal intensive care unit.
Results on vascular parameters are shown in table 8 and figure 10.

Blood pressure values were similar among groups with a non-significant tendency for

higher values in SGA without and with signs of severity.

Mean and maximum carotid artery were significantly increased in both SGA cases as
compared to controls (mean cIMT: 0.017 mm [SE 0.008], P=0.041 and maximum
cIMT: 0.035 mm [SE 0.011], P=0.002 per SGA without signs of severity; mean cIMT:
0.023 mm [SE 0.010], P=0.028 and maximum cIMT: 0.026 mm [SE 0.013], P=0.050
per SGA with signs of severity). These differences remained significant after
normalization of IMT values by neonatal weight and vessel diameter. There was a
significant linear tendency for higher values across groups (P<0.001, P=0.001 for
mean and maximum IMT, respectively). Mean aortic IMT showed a non-significant
trend for higher values between controls and SGA cases (mean alMT: 0.023 mm [SE
0.017], P=0.194 per SGA without signs of severity; mean alMT: 0.036 mm [SE
0.018], P=0.055 per SGA with signs of severity), that became significantly different
after adjusting by neonatal weight and vessel diameter. Furthermore, maximum aorta
IMT was significantly increased in both SGA cases as compared to controls

(maximum alMT: 0.055 mm [SE 0.018], P=0.003 per SGA without signs of severity
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and maximum alMT: 0.057 mm [SE 0.022], P=0.010 per SGA with signs of severity).
Similarly to previous parameters, the association remained significant after

normalization of IMT values by neonatal weight and vessel diameter.

Table 8.Results on neonatal vascular assessment in the study groups.

82 (17)

57 (50)

57 (48)

62 (48)

0.420

46 (15)

48 (15)

52 (16)

0.107

44 (53)

0.226 (0.06)

0.247 (0.05)2

0.268 (0.08)

0.067 (0.02) 0.090 (0.02) 0.090 (0.03)° <0.001
0.094 (0.04) 0.117 (0.04) 0.112 (0.03) <0.001
0.303 (0.08) 0.336 (0.08) 0.341 (0.10)° 0.001
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Figure 10.Vascular intima-media thickness (IMT) in controls, late-onset growth restricted neonates
without signs of severity and late-onset growth restricted neonates with signs of severity. Data are
presented as mean (95% ClI). *P<0.05 as compared to controls adjusted by gender, gestational age at
birth, age at evaluation and group.
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7. DISCUSSION

The main aim of this work was to investigate the vascular adaptations characterizing
mothers and offspring affected by placental disease. We considered both vascular
structure and vascular function, in order to perceive potential distinct clinical features.
Our findings provided evidence that both PE and FGR presented maternal vascular
remodeling while vascular function was restricted to the preeclamptic patients. The
subclassification into early and late disease allowed us to recognize a common
etiology but distinct pathophysiologic paths. Regarding offspring affectation,
increased carotid and aortic IMT were present in both SGA with and without signs of

severity.

7.1 Maternal vascular changes in early and late PE (study 1)
This study provides evidence that maternal vascular characteristics of preeclamptic

women differ between early and late-onset PE.

Early PE was characterized by increased carotid IMT, lumen diameters and arterial
stiffness, but with no significant changes in IVC collapsibility as compared to
normotensive pregnancies. The release of factors from an underperfused

33:34.3536h early PE may cause vascular dysfunction and high blood pressure.

placenta
Enlarged IMT may represent an adaptive response to preserve arterial wall stress.'®
Disturbances in endothelial function may affect arterial elasticity.” Lumen diameters
in early PE are significantly increased as compared to controls. The significant
increase of cardiac output in early PE after initiation of treatment may explain this

53,101

observation. IVC collapsibility was similar as in control pregnancies. Our finding

may be explained by the lack of history of maternal vascular maladaptation.

Carotid IMT was expected to present comparable values in early and late PE due to

observed similar BP. However, mean carotid IMT was found to be increased in late
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PE. This finding suggests that an earlier vascular impairment, possibly due to
maternal predisposition, has occurred.Arterial stiffness was increased in late PE but
to a lesser degree than in early PE and timely arterial hypertrophy has been
postulated.”®Preexisting maternal vascular maladaptation could also be supported by
the decreased collapsibility index in late PE. The less-prominent increase found in
carotid diameters in late PE is concordant with milder changes in cardiac output as

compared to early PE.*

Maternal predisposition plays a considerably less important role in early PE than in
late PE. The release of factors from the hypoxic placenta may initiate endothelial
dysfunction. Lower arterial susceptibility in early PE supports that the vascular insult
in these patients is of more acute nature. Late PE is probably associated with
maternal constitutional factors and less placental involvement. Our finding of different
levels of stiffness may reflect differences in the severity of disease. Alternatively, it
may reflect changes caused by the greater prevalence of chronic vascular disease in
late PE, resulting in milder vascular disease and therefore better cardiovascular

outcome.

The strength of the present study was mainly to evaluate for the first time vascular
structure and function in preeclamptic women at diagnosis differentiating between
early and late PE. We acknowledge that our study has limitations due to the limited
approach of cardiovascular physiology. Furthermore, we acknowledge that our
sample size could not have been sufficient enough to demonstrate statistical
significant results for all parameters, despite performing a power calculation. The
inclusion of cases of preeclamptic women with history of smoking and chronic
hypertension could raise concerns due to their potential confounding influence.
However, we do not believe that is the case, as most parameters show similar results
in early and late-onset PE even after excluding smokers and chronic hypertensive

patients. It would have been also interesting to include preconceptional and
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postpartum evaluation of our sample. As preeclampsia is now considered a

cardiovascular risk factor, further investigation on its implications is mandatory.

7.2 Maternal vascular changes in FGR (study 2)

The most relevant result of this study is the significant increase of carotid IMT and BP
in normotensive FGR as compared to controls. Despite similar structural changes
however, vascular function, reflected by CAD and IVC collapsibility index, differed
considerably between FGR and PE. Our data, along with previous reports,
contributes to a better understanding of the shared and distinct features of FGR and
PE. Both entities present signs of placental and endothelial dysfunction,® as well as
similar structural cardiac adaptations.***¢'%|n this context, increased carotid IMT and
BP could possibly represent a subclinical manifestation of the maternal disease in
FGR. The preservation or even the increase of vascular distensibility in FGR could
be attributed to less pronounced cardiovascular impairment and a timely maternal
adaptation in FGR.***Conversely, severe maternal systemic disease in PE
enhances arterial and venous stiffness that could lead to cardiovascular
decompensation and injury.” Thus, the minor vascular dysfunction in normotensive
FGR could support the concept of a milder (2-fold) increased risk for cardiovascular

disease as compared with the markedly higher 8-fold risk for early PE."""%®

Maternal responses in early and late normotensive FGR were further assessed in our
study. Early FGR presented increased BP, carotid IMT and CWS, while in late FGR
less prominent adaptations occurred with only BP showing significant differences.
Interestingly, first and third trimester maternal BP was significantly increased in both
early and late FGR as compared with controls. The disparity in maternal BP values in

FGR among our and previous results*¢:1%

could be explained by differences in FGR
definition and study populations. Overall, these results indicate that early and late
FGR share common pathophysiologic traits, but the observed differences imply that

they might be distinct clinical diseases. Actually, the very severe early-onset FGR
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with abnormal umbilical artery demonstrated similar vascular behavior as early PE
(supplemental data). Our findings are in keeping with previous studies reporting
different cardiovascular responses for early and late FGR**® that might possibly
encompass distinct future cardiovascular outcomes. Epidemiologic studies have
indeed provided evidence of worst cardiovascular outcome in women with history of

early rather than late FGR 46:47:48.105

The main strength of the present study was to evaluate for the first time maternal
vascular structure and function in FGR pregnant women at diagnosis, distinguishing
among different subsets of normotensive FGR. Overall, our data suggest that
vascular features in the normotensive FGR could be attributed to placental
involvement, which further induces subclinical maternal vascular adaptations.
Whether vascular IMT could be used as a prognostic imaging biomarker to improve
stratification of long term maternal cardiovascular outcome in FGR needs to be

further investigated in large prospective studies.

This study has some limitations. Studying mainly the circulatory and not cardiac
adaptations could account as a limitation of our study. Furthermore, we acknowledge
that our sample size could not have been sufficient enough to compare different
subsets of FGR, as demonstrated by several trends not reaching statistical
significance. We also acknowledge that several potential confounders such as
smoking could have affected our maternal vascular results. However, all analyses
were adjusted by maternal age, smoking and body mass index in order to minimize
this effect. Finally, as FGR is emerging as a cardiovascular risk factor, further

postpartum follow up is warranted to be confirmed in long term studies.

7.3 Reproducibility of neonatal IMT measurements (study 3)
Results on intra- and inter-observer reproducibility of carotid and aortic IMT

demonstrated that both parameters are feasible to measure in neonates. As
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expected, carotid IMT presents lower coefficients of variation than aorta. Carotid
arteries are located superficially in the neck and can be easily visualized by
ultrasound. Their ultrasonic assessment does not require any sophisticated
technique and is feasible in an outpatients department setting. On the other hand,
aorta is located beneath the liver and ultrasound resolution can sometimes be poorer
due to intestinal gas. However, high resolution ultrasound technology allowed us to
complete the examination in the vast majority of neonates. Thus, good results on
reproducibility for both carotid and aortic IMT and good tolerance level on behalf of

the neonates allowed to recruit more newborns in order to perform our forth study.

7.4 Carotid and aortic IMT changes in term SGA neonates
(study 4)

This study demonstrates that term SGA cases with and without signs of severity

show increased vascular IMT, irrespective of the absence of signs of severity.

No significant differences for both systolic and diastolic blood pressure within
groups were demonstrated in our study, similarly to previous data on preterm
controls and early-onset growth restricted neonates.’* However, a tendency for
higher values in SGA newborns with signs of severity was shown as compared to
SGA without signs of severity. Our results could be explained by our limited sample
size, the selection of a different postnatal age at examination or the intrinsic limitation

of measuring blood pressure in the neonatal period.

Vascular IMT was increased in growth restricted neonates irrespective whether
they presented signs of severity and after adjusting by neonatal weight and vessel
diameter. We showed a significant linear trend for higher values of IMT in relation to
growth restriction severity, without though significant differences among the two SGA
groups. This association suggests that SGA contain a substantial proportion of cases
representing forms of true fetal growth restriction and that well-established severity

markers, such as uterine artery pulsatility index, cerebroplacental ratio, estimated
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fetal weight less than the 3rd percentile*?®*%fail to predict a normal postnatal

cardiovascular outcome.

Arterial tensile stress, a major determinant of arterial hemodynamic forces,' and
arterial distensibility were also evaluated and showed comparable values between
cases and controls. Theoretically, these findings were not anticipated when
considering the previously reported increased afterload and arterial stiffness in
fetuses and preterm growth restricted neonates when evaluated shortly after
delivery.*®®1% The vascular behavior in our cohort would support the hypothesis that
high placental resistance and raised blood pressure occur merely during fetal
life.*®%%1% |n the immediate postnatal period however, the multiple stimuli that are
responsible for the aforementioned changes would cease to exert their influence.
Consequently, tensile stress would show a behavior similar to blood pressure during
this period. This assumption could be in line with our previously published results in
3-6 years old children with late-onset growth restriction without signs of severity.
These children showed a non-significant trend for higher values of normalized mean
cIMT values and significant linear tendency for this parameter across stages of
severity.?'lt seems therefore that despite normalization of hemodynamic conditions in

the early neonatal period, mild changes still persist in childhood.

This study has strengths and limitations. To our knowledge, it was the first time to
focus on structural and functional parameters of carotid and aorta as distinct
components of the vascular tree.®®”*'%” Furthermore, the thorough classification of
neonates according to their prenatal data in stages of severity has allowed observing
vascular remodeling in all growth restricted neonates. The adjustment of results by
both neonatal weight and lumen diameter further confirmed this finding. On the other
side, our relatively limited sample size could account for the non-significant trend for
higher values in blood pressure. We also acknowledge that the different prevalence

of maternal smoking among groups could have partly affected our results. Finally,
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long term pediatric follow up of our cohort is warranted in order to better understand
the pathophysiology of cardiovascular remodeling in growth restriction and

subsequently implement preventive strategies.

115



8. CONCLUSIONS

1. Distinct maternal vascular structural and functional adaptations in early and late

PE reflect different etiologies and clinical expressions

2. Normotensive FGR pregnant women, especially the early-onset FGR cases,

present signs of vascular remodeling similar to those observed in PE.

3. Vascular IMT is a feasible and reproducible measurement in the neonatal period

4. FGR neonates, both with and without signs of severity, demonstrate similar

changes in vascular structure and function.
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