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. SUMMARY

Background

Fetal growth restriction (FGR), with a prevalence of 5-10% in newborns, is
associated with increased cardiovascular mortality in adulthood, but the
pathophysiological links of this relationship are only partially understood. The main
hypothesis of this thesis was that FGR induces primary cardiac dysfunction and
remodelling in utero that persists postnatally and leads to increased cardiovascular

risk in adulthood.

Methods

Cardiovascular function was assessed in a cohort of FGR fetuses and correlated to
the severity stages of FGR, presence of preeclampsia and also perinatal data in
order to evaluate its potential utility in the clinical management of these fetuses.

Finally, cardiac and vascular function was also assessed in childhood.

Results

In utero, FGR fetuses showed signs of subclinical cardiac dysfunction measured by
echocardiography (increased E/A ratios and isovolumic times with normal cardiac
output) from early stages. Cardiac dysfunction deteriorated further with the
progression of fetal compromise, together with the appearance of biochemical signs
of cell damage (increased heart-fatty acid binding protein concentrations in cord
blood). Preeclampsia per se was not associated to cardiac function in FGR fetuses.

Cardiac function parameters, such as ductus venosus and myocardial performance
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index, were independently associated with perinatal death in preterm FGR.
Therefore, a combination cardiac parameters may be useful in the clinical
management of preterm FGR by stratifying the estimated probability of death.
Children with FGR showed changes in cardiac shape (more globular morphology),
subclinical cardiac dysfunction (increased heart rate and reduced stroke volume and
myocardial peak velocities) and vascular remodelling (increased blood pressure and

carotid intima-media thickness).

Conclusions

FGR present cardiovascular dysfunction in utero that persists postnatlly. These
findings suggest that fetal growth restriction induces primary cardiac changes which
could explain the increased predisposition to cardiovascular disease in adult life.
Given its high prevalence in the general population, this might have to be taken into

account in assessing cardiovascular risk factors and treatment.
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II. INTRODUCTION

Fetal programming of cardiovascular disease in adulthood

Cardiovascular disease is the main cause of mortality in developed countries,
with an estimated 23% of all the disease burden and over 4 million deaths yearly in
Europe.! It is widely accepted that cardiovascular disease undergoes a long
subclinical phase decades before the onset of clinical symptoms, which in a
substantial proportion of individuals started from childhood.?® Aside from well-
described lifestyle factors and genetic predisposition, increasing evidence points to
the notion that in a proportion of cases predisposition to cardiovascular disease has
its origins in prenatal life.* Historical cohort studies® and animal models® have
demonstrated associations between small size at birth and increased adult
cardiovascular mortality, together with unfavorable effects on blood pressure,
glucose tolerance, blood lipids and coagulation factors in both children and adults.
Recent studies further confirm that this association is entirely mediated through fetal
growth restriction (FGR),® and thus it is independent of low birth weight if this was
caused by premature delivery. However, the precise mechanisms underlying of the
relationship between FGR and cardiovascular disease remains elusive.” The main
hypothesis of this thesis was that FGR induces cardiac dysfunction and remodelling
in utero that persists postnatally and leads to increased cardiovascular risk in
adulthood. In order to test this hypothesis, four different projects with specific aims

were designed. This introduction explains and justifies each specific objective.

10
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Fetal growth restriction and cardiac dysfunction in utero

FGR, caused by placental insufficiency, affects up to 10% of all pregnancies
and is a main cause of perinatal mortality and severe morbidity.® The heart is a
central organ in the fetal adaptive mechanisms to placental insufficiency and hipoxia.
Several studies have shown an association between FGR and cardiac dysfunction in
utero.>"® Elevated fetal levels of atrial and B-type natriuretic peptides and significant
differences in echocardiographic parameters have been reported in small-for-date
babies.>'® However the onset and progression of fetal cardiac dysfunction across
stages of severity in FGR have not been established. Aside from cardiac function, it
is unknown whether myocardial cell damage occurs at any stage of fetal
deterioration. Cord blood troponin levels are within normal values in most fetuses
with severe FGR, which suggests that cell necrosis may be uncommon.'®'*
However, in adults with heart failure, biomarkers of myocardial cell damage such as
heart-fatty acid binding protein have been demonstrated to be more sensitive than
troponins.’®'® Additionally, high sensitivity C-reactive protein, a marker of tissue
injury and inflammation, is being associated increasingly with chronic cardiac disease
and damage in adults.’®?° These cardiovascular biomarkers have not been evaluated
in relation with fetal cardiac function in FGR. The first specific aim of this thesis was
to characterize in utero cardiac dysfunction and eventual myocardial cell damage in a

cohort FGR stratified into severity stages (PROJECT 1).

A potential concern in the interpretation of studies on fetal cardiovascular
function in FGR is the common association with preeclampsia (PE).?'">> Most studies

on cardiovascular assessment in FGR have included without distinction pregnancies

11
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with and without this condition.®' PE is characterized by dysfunction of the maternal
vascular endothelium, which leads to increased systemic vascular resistance and
maternal hemodynamic changes.?*?® Several studies have shown that PE is
associated with features of endothelial dysfunction also in the fetus.?*° It is unknown
to which extent these changes have any influence in fetal cardiovascular function.
Our second aim was to evaluate whether the association with PE has any impact on

cardiovascular function in preterm FGR fetuses (PROJECT 2).

Fetal cardiac function and prediction of perinatal outcome in FGR

Prediction of perinatal outcome is critical for clinical management in preterm
FGR fetuses. As the heart is a central organ in the fetal adaptive mechanisms to
placental insufficiency and hypoxia, monitoring of cardiac function has been
proposed as an adjunct to current methods to predict adverse outcome and death in
FGR.*' However, suitable parameters remain to be established. In a recent large
multicenter study,®* ductus venosus emerged as a strongest predictor for poor
perinatal outcome. However, its sensitivity for fetal and neonatal death is still 40 to 70
%.323* Over the last years, new cardiovascular parameters such as aortic isthmus

%538 and myocardial performance index'®'*%%%° have been proposed for fetal

flow
assessment. However, no attempt has been made to estimate the potential
contribution of these parameters alone or in combination with other Doppler indices
as predictors of perinatal mortality. The third aim of this thesis was to evaluate the
predictive value of cardiac function parameters for perinatal outcome in FGR.

Moreover, the best combination of several currently available cardiovascular indices

for the prediction of perinatal mortality in preterm FGR fetuses and the performance

12



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

of a clinical decision algorithm including the previously selected parameters was

explored (PROJECT 3).

FGR and cardiovascular disease postnatally

Epidemiological evidence has long suggested a link between low birth weight
and increased cardiovascular mortality in adulthood.* It is widely accepted that the
association between FGR and cardiovascular mortality occurs through fetal
programming.” Adaptive changes to a chronic adverse environment in a critical
moment of human development lead to epigenetic changes that eventually persist
into childhood and adulthood. A link between prenatal cardiovascular dysfunction and
permanent cardiac changes postnatally would seem obvious, but this hypothesis has
not been demonstrated and the mechanistic pathways underlying the relationship
between FGR and cardiovascular risk still remain unsolved.” A number of studies
support that it might be partially explained by fetal metabolic programming leading to
diseases associated with cardiovascular disease, such as obesity, diabetes and
hypertension.” However, it remains unclear whether FGR induces primary changes in
the heart which might predispose to cardiovascular dysfunction later in life.

It has recently been reported that newborns®' with FGR have significant
changes in cardiac function parameters and natriuretic peptides, in spite of normal
cardiac output. In addition, newborns with FGR have an increase in aortic intima-

media thickness,***

supporting the existence of preclinical atherosclerosis. Animal
studies suggest that subclinical cardiovascular abnormalities in fetuses exposed to
growth restriction persist into adulthood,5 but it is unknown whether this effect occurs

in humans. The fourth aim of this thesis was to evaluate the hypothesis that

13
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adaptation to growth restriction induces persistent cardiovascular changes in children

(PROJECT 4).

Clinical relevance of fetal cardiac programming of cardiovascular disease

Most factors leading to chronic cardiovascular disease are already present in
childhood,?® and the importance of early identification and intervention in pediatric
cardiovascular risk factors is now well recognized.** FGR is not listed among the
conditions presumed to increase cardiovascular risk in current consensus
guidelines.*** However, primary cardiac programming might be one of the causes of
increased cardiovascular mortality in adults born with FGR, and, if confirmed, this
may open new opportunities for monitoring and intervention in newborns and children
affected with this condition. Since FGR affects 5-10% of all newborns, strategies to
establish detect cardiovascular programming and assess the risk in these children

might benefit thousands of children yearly.

14
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. METHODS

[11.0. GENERAL HYPOTHESIS AND OBJECTIVE:

Main hypothesis: FGR induces cardiac dysfunction and remodelling in utero that
persists postnatally and leads to increased cardiovascular risk in adulthood

Main objective: To assess cardiac function and structure in FGR fetuses and
children

To achieve this main objective, four different projects were planned and performed as
explained bellow:

SPECIFIC PROJECTS:

[lI.1. Project 1. FGR and cardiac dysfunction and damage in utero

Hypothesis: FGR induces cardiac dysfunction and myocardial cell damage in utero

Objective: To characterize cardiac dysfunction and myocardial cell damage in

growth restricted fetuses

Study design: prospective cohort study (three paired cohorts)

Study populations: fetuses classified as:
a/ FGR defined as birth weight below 10th percentile together with abnormal
umbilical artery pulsatility index (>2SD) delivering or dying between 24 and 34
weeks of gestation. Sub classified into severity stages according to umbilical
artery end-diastolic flow: stage 1, present; stage 2, absent; and stage 3,
reversed.
b/ Appropriate for gestational age (AGA) fetuses delivering at term defined
as birth weight above 10th percentile delivering after 37 weeks of gestation

(paired with FGR by gestational age at ultrasound)

15
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c/ AGA fetuses delivering preterm defined as birth weight above 10th
percentile delivering between 24 and 34 weeks of gestation (paired with FGR
by gestational age at cord blood collection)

Interventions:

-Signature of consent form.

-Functional echocardiography.

-Maternal and cord blood samples collection at delivery and posterior biomarkers
analysis.

-Collection of perinatal data from the hospital database or by parental questionnaire.

-Data analysis

Measures:

-Functional echocardiography: ductus venosus (DV), myocardial performance index
(MPI), isovolumetric contraction time (ICT), ejection time (ET), isovolumetric
relaxation time (IRT), left and right E/A ratios, cardiac output, cardiac index.

-Biomarkers of cardiac function: B-type natriuretic peptide (BNP).

-Biomarkers of myocardial cell damage: troponin |, heart-fatty acid binding protein (H-
FABP), high sensitivity C-reactive protein (hsCPR).

-Perinatal data: prenatal (pregnancy complications, gestational age ultrasound,
estimated fetal weight, prenatal feto-placental Doppler, intrauterine mortality),
perinatal (gestational age at delivery mode and indication of delivery, gender,
birth weight, birth weight percentile, Apgar score, cord arterial and venous pH)
and neonatal (days in neonatal intensive care, mechanical ventilation, need for
O2, neonatal morbidity and mortality) data.

Predictive variables: presence of FGR, stages of severity.

16
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Outcome variables: presence of cardiac dysfunction (as measured by DV, MPI,
ICT, ET, IRT, left and right E/A ratios, cardiac output, cardiac index, cord blood levels
of BNP) and myocardial cell damage (as measured by cord blood levels of troponin |,

H-FABP, hsCPR).

[11.2. Project 2: Potential impact of PE on fetal cardiac function in FGR

Hypothesis: Maternal preeclamptic symptoms affect fetal cardiac function in FGR

Objective: To assess cardiac function in FGR fetuses with and without PE

Study design: prospective cohort study (four paired cohorts)

Study populations: fetuses classified as:
a/ Normotensive FGR: defined as birth weight below 10th percentile together
with abnormal umbilical artery pulsatility index (>2SD) delivering or dying
between 24 and 34 weeks of gestation; together with maternal normotension.
b/ PE + FGR: defined as in the previous group, together with PE defined as
maternal hypertension (systolic blood pressure 2 140 mmHg and/or diastolic
blood pressure =2 90 mmHg measured in two occasions 4 hours apart) and
proteinuria (proteinuria = 300 mg in 24 hours urine)
c/ AGA fetuses delivering at term defined as birth weight above 10th
percentile delivering after 37 weeks of gestation (paired with FGR by
gestational age at ultrasound)
d/ AGA fetuses delivering preterm defined as birth weight above 10th
percentile delivering between 24 and 34 weeks of gestation (paired with FGR
by gestational age at cord blood collection)

Interventions:

17
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-Signature of consent form.

-Functional echocardiography.

-Maternal and cord blood samples collection at delivery and posterior biomarkers
analysis.

-Collection of perinatal data from the hospital database or by parental questionnaire.

-Data analysis

Measures:

-Functional echocardiography: DV, aortic isthmus flow index (IFl), MPI, left and right
E/A ratios, cardiac output.

-Biomarkers of cardiac function: BNP.

-Perinatal data: prenatal (pregnancy complications, gestational age ultrasound,
estimated fetal weight, prenatal feto-placental Doppler, intrauterine mortality),
perinatal (gestational age at delivery mode and indication of delivery, gender,
birth weight, birth weight percentile, Apgar score, cord arterial and venous pH)
and neonatal (days in neonatal intensive care, mechanical ventilation, need for
O,, neonatal morbidity and mortality) data.

Predictive variables: presence of PE.

Outcome variables: presence of cardiac dysfunction (as measured by DV, IFI, MPI,

left and right E/A ratios, cardiac output, cardiac index, cord blood levels of BNP).

[11.3. Project 3: Cardiovascular indices in the prediction of mortality in FGR

Hypothesis: Fetal cardiac function parameters are useful to predict perinatal

outcome in FGR

18



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

Objective: To evaluate the predictive value of cardiac function parameters for

perinatal outcome in FGR

Study design: prospective cohort study (one cohort).

Study populations: FGR defined as birth weight below 10th percentile together with

abnormal umbilical artery pulsatility index (>2SD) delivering or dying between 24 and

34 weeks of gestation.

Interventions:

-Signature of consent form.

-Functional echocardiography.

-Collection of perinatal data from the hospital database or by parental questionnaire.

-Data analysis

Measures:

-Functional echocardiography: DV, MPI, IFI.

-Perinatal data: prenatal (pregnancy complications, gestational age ultrasound,
estimated fetal weight, prenatal feto-placental Doppler, intrauterine mortality),
perinatal (gestational age at delivery mode and indication of delivery, gender,
birth weight, birth weight percentile, Apgar score, cord arterial and venous pH)
and neonatal (days in neonatal intensive care, mechanical ventilation, need for
O,, neonatal morbidity and mortality) data.

Predictive variables: DV, MPI, IFI.

Outcome variables: perinatal mortality (defined as intrauterine + neonatal mortality).

19
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[11.4. Project 4. FGR and cardiovascular remodelling in childhood

Hypothesis: Cardiac dysfunction in FGR persists postnatally and induces cardiac

remodelling

Objective: To evaluate cardiac shape and function in children with FGR

Study design: prospective cohort study (three paired cohorts)

Study populations: one to five years-old children classified as:
a/ mild FGR children defined as birth weight below 10th percentile together
with normal umbilical artery pulsatility index (<2SD)
b/ severe FGR children defined as birth weight below 10th percentile together
with abnormal umbilical artery pulsatility index (>2SD)
c/ AGA children defined as birth weight above 10th percentile (paired with
FGR by gender and gestational age at delivery)

Interventions:

-Signature of parental consent form.

-Collection of epidemiological and perinatal data from the hospital database or by

parental questionnaire.

-Echocardiography.

-Vascular assessment (blood pressure and carotid wall thickness measurement).

-Blood samples collection and posterior biomarkers analysis.

-Data analysis

Measures:

-Epidemiological data: maternal (age, body mass index, smoking and socioeconomic

status, parity, ethnicity, history), paternal (age, body mass index, smoking and

socioeconomic status) and dietary patterns (questionnaire by parents).

20
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-Perinatal data: prenatal (pregnancy complications, exposure to glucocorticoids,
prenatal Doppler and echocardiography, gestational age at delivery, mode and
indication of delivery) and neonatal (gender, birth weight, birth weight percentile,
Apgar score, cord arterial and venous pH, base excess, pO,, days in neonatal
intensive care, mechanical ventilation, need for O,, neonatal morbidity,
breastfeeding) data.

-Echocardiography: left and right ventricle morphometry (base-to-apex length and
basal diameter), septal and left posterior wall thickness, left ejection fraction,
cardiac output, cardiac index, MPI, left and right E/A ratios, E deceleration time,
mitral and tricuspid motion by M-mode, myocardial peak velocities by tissue
Doppler imaging, E/E’ ratios.

-Vascular assessment: systolic and diastolic blood pressure, carotid intima-media
thickness (cIMT), circumferential wall stress.

-Biomarkers of cardiac function: BNP.

-Others cardiovascular biomarkers: C-reactive protein, glucose, triglycerides, total
cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL).

Predictive variables: presence of FGR, stages of severity.

Outcome variables: presence of cardiac remodelling (as measured by left and right

ventricle morphometry), cardiac dysfunction (as measured by left ejection fraction,

cardiac output, cardiac index, MPI, left and right E/A ratios, E deceleration time,
mitral and tricuspid motion by M-mode, myocardial peak velocities by tissue Doppler
imaging, E/E’ ratios, BNP) and vascular impairment (as measured by blood pressure

and cIMT).

21
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IV. RESULTS

IV.1. Project 1: FGR and cardiac dysfunction and damage in utero

1*6 and

The results of this project have been published in an international journa
have been presented at the 28th Annual Meeting of The Society for Maternal-Fetal
Medicine the 2nd February 2008 in Dallas (USA) (oral communication: Crispi F,
Hernandez-Andrade E, Pelsers MM, Benavides-Serralde JA, Eixarch E, Acosta J,
Gratacos E. Biomarkers for cardiac dysfunction and cell damage across different
stages of hemodynamic deterioration in intrauterine growth restricted fetuses)

receiving the award of research excellence of The Society of Maternal-Fetal

Medicine.

Results

Study populations

The study included 80 term AGA, 40 preterm AGA and 81 FGR cases (26 at stage 1
of severity, 28 at stage 2 and 27 at stage 3). FGR fetuses from severity stages 2 and
3 showed lower 5-minute Apgar scores and umbilical artery pH values and higher

rates of adverse perinatal outcome, compared with AGA fetuses.

Cardiac function

Results are shown in Figure 1. MPI was significantly higher in stage 1 and showed a
progressive increase through further stages of deterioration. All time periods that
were used for calculation of the MPI (ICT, ET and IRT) were significantly different in

FGR fetuses. E/A values in both atrioventricular valves were significantly higher from

22
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stage 2 onwards. Cardiac output values were similar in control subjects and in FGR
fetuses at all severity stages. BNP levels were significantly higher in fetuses at stage
1 and increased further across the stages of severity.

The statistical analysis for trend showed a significant tendency to different results

with increasing stages of FGR for all parameters with the exception of cardiac output

Figure 1. Cardiac function parameters in AGA and FGR fetuses at different stages of severity
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Myocardial cell damage

Results are shown in Figure 2. H-FABP values were significantly increased in FGR
fetuses at stage 3 together with a significant linear increment across severity stages.
Troponin | values were similar in AGA and in FGR fetuses. Hs-CPR levels were
significantly lower in FGR fetuses at stages 2-3, compared with preterm AGA.
Moreover, all biomarkers with the exception of troponin | showed a significant

tendency to different results with increasing stages of FGR.

Figure 2. Myocardial cell damage markers in AGA and FGR fetuses at different stages of

severity
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Association to perinatal death

MPI and E/A ratios and cord blood BNP, H-FABP and troponin | were significantly
increased in FGR fetuses who died, in comparison with survivors (survivors vs.
deaths: MPI z-scores median 1.7 (interquartile range 3) vs 2.5 (2), P=0.027; left E/A
z-scores 0.8 (2.2) vs 2.4 (2.2), P=0.045; right E/A z-scores 1 (2.1) vs. 2.3 (5.2),
P=0.002; BNP (pg/mL) 64 (127) vs 350 (456), P=0.029; H-FABP (ug/L) 11 (11) vs 23

(103) P<0.001; Tnl (ng/mL) 0.02 (0.02) vs 0.07 (1.14) P=0.002).

Conclusions
FGR fetuses showed signs of cardiac dysfunction from early stages. Cardiac
dysfunction deteriorates further with the progression of fetal compromise, together

with the appearance of biochemical signs of cell damage.

25
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IV.2. Project 2: Potential impact of PE on fetal cardiac function in FGR

The results of this project have been accepted for publication in an
international journal*’ and have been presented at the 17th World Congress on
Ultrasound on Obstetrics and Gynecology (8th October 2007, Firenze, Italy) (oral
communication: Rabanal A, Crispi F, Hernandez-Andrade E, Benavides-Serralde JA,
Gomez O, Comas M, Figueras F, Gratacés E. Evaluation of the impact of the
presence or absence of preeclampsia on fetal cardiac function in intrauterine growth
restricted fetuses). And it has also been presented in a national congress (F Crispi, E
Hernandez-Andrade, E Eixarch, E Gratacos. Progresion de marcadores de
disfuncion cardiaca y dafio miocardico en sangre de corddon de fetos CIR. XXV
Congreso Nacional de la Seccion de Ecografia de la Sociedad Espafiola de

Ginecologia y Obstetricia, Murcia, 2 de octubre del 2008).

Results

Study populations

The study included 31 normotensive FGR, 31 FGR+PE and 120 controls AGA
fetuses (80 term AGA and 40 preterm AGA). All perinatal and Doppler parameters
were similar among FGR and FGR+PE cases. A non-significant trend to higher

perinatal mortality was observed in FGR as compared with FGR+PE.
Cardiac function

Results are shown in Figure 3 and 4. All measurements (DV, IFI, right and left E/A,

and MPI) with the exception of cardiac output were significantly different in FGR

26



Fatima Crispi Brillas

PhD thesis

Barcelona, September 2009

fetuses (with or without PE) as compared to term AGA. However, there were no

differences in FGR as compared with FGR+PE.

BNP levels were significantly higher in FGR with or without PE as compared to AGA.

However, BNP concentrations were similar among FGR cases with or without PE.

Figure 3. Echocardiographic results in AGA and FGR fetuses with and without PE

ILEERFE

Cv-Pl
o &
‘EE" 5
|
5
T
& 1
1=
Tadmni AGS LIGER
Right Ei&

a

Fighl EF& -:.I:-Hzmris:-

a

ir
* i
— .

Teimn &G4 ILAER IU=R+PE

Mad-MPI

i

E]

Fesd- WP | i2- mcioas

Tedm AGA  |UGR

ILEERPE

| 3 R |

lalt B& -mcorgs

ST mImin' Kg)

-B5

4.0

-15

27

IF

Torm &34 1M=H

MGER+PE

Laft E/A

=

i
Tem&TA LIGA

i

IM=R-PE

CCD
TemAGA  IUGR

—_—

ILEER+FE




Fatima Crispi Brillas PhD thesis Barcelona, September 2009

Figure 4. Cord blood BNP results in AGA and FGR fetuses with and without PE
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Conclusions
FGR fetuses showed echocardiographic and biochemical signs of cardiac

dysfunction. PE per se does not influence cardiac function in FGR fetuses.
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IV.3. Project 3: Cardiovascular indices in the prediction of mortality in FGR

The results of this project have been accepted for publication in an
international journal®® and have been presented at the 18th World Congress on
Ultrasound on Obstetrics and Gynecology (27th August 2008, Chicago, USA) (oral
poster: Crispi F, Hernandez-Andrade E, Benavides-Serralde JA, Plasencia W,
Eixarch E, Acosta-Rojas R, Figueras F, Nicolaides KH, Gratacos E. Independent and
combined contribution of cardiovascular Doppler parameters to short-term prediction
of mortality in severe FGR. Ultrasound Obstet Gynecol 2008;32:358) receiving the
award at the best oral poster presentation. It has also been presented in a national
congress (F Crispi, E Hernandez-Andrade, E Eixarch, F Figueras, E Gratacos.
Contribucion de parametros cardiovasculares en la prediccion de mortalidad de fetos
CIR severos (OP). XXV Congreso Nacional de la Seccion de Ecografia de la
Sociedad Espafiola de Ginecologia y Obstetricia. Murcia. 2 de octubre del 2008)

receiving the award Prof. Bonilla-Musoles for the best oral communication.

Results

Study population

A total of 97 preterm FGR cases were included. The median gestational age at
delivery was 30 weeks and the median birth weight 956g. The overall perinatal
mortality was 22% including 8 intrauterine and 14 neonatal deaths.

Prediction of perinatal mortality

Univariate analysis demonstrated that all Doppler indices (DV-PI, P<0.0001; UA-PI,
P<0.0001; MPI, P<0.0001; IFI, P<0.0001) with the exception of MCA-PI (P=0.068)

were significantly associated with perinatal mortality. Multivariate analysis identified
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UA-PI (estimated odds ratio = 3.01, P=0.02), DV-PI (estimated odds ratio = 3.69,
P=0.008) and MPI (estimated odds ratio = 1.39, P=0.02) as statistically significant
independent predictors for perinatal mortality. IFI did not show any significant
contribution to the explanation of perinatal mortality.

When gestational age was included in the model and variables were dichotomized to
normal/abnormal, only gestational age (below 28 weeks), DV atrial flow (RAV) and
MPI (abnormal) significantly and independently accounted for perinatal mortality.
According to this model, risk was stratified for each combination of predictive

variables (Figure 5) and a simplified score was modelled.

Figure 5. Estimated probability of death in FGR fetuses.
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Conclusions
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MPI is an independent predictor of perinatal death in preterm FGR with accuracy
similar to DV. A combination of DV with MPI may better stratify the estimated
probability of death. IFI does not add to the prediction of perinatal death when used

in combination with DV.
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IV.4. Project 4: FGR and cardiovascular remodelling in childhood
The results of this project have been submitted for publication in an

international journal®®.

Results

Study populations

The study included 80 children with FGR (40 mild and 40 severe FGR) and 120
controls AGA (80 term and 40 preterm AGA). FGR children had higher occurrence of
pregnancy complications, worse prenatal Doppler ultrasound findings, lower birth
weight percentile, umbilical artery pH and longer admittance in neonatal intensive
care unit. At the time of FGR children showed a linear tendency to lower height and
weight values with similar results on body mass index as compared to AGA.
Nutritional parameters and lipid/glucose profile showed similar values among all

study groups.

Cardiac morphometry

Results are shown in Figure 6. Cardiac shape was significantly altered, with the left
and right longitudinal-transverse ratios significantly decreased in mild and severe
FGR children. Interventricular septum and left posterior wall thickness showed a

significant linear trend to decreased values across FGR severity groups.

Cardiac function

Results are shown in Figure 6.
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While cardiac index, left ejection fraction and BNP, were similar among the study
groups, stroke volume was significantly changed, compensated by a significantly
increased heart rate to maintain output in severe FGR children, with a significant
tendency across the FGR severity groups.

Systolic mitral and tricuspid ring displacements were significantly decreased in mild
and severe FGR cases as compared with AGA. Severe FGR children showed
significantly lower longitudinal S’ in mitral lateral, mitral septal and tricuspid annulus
as compared to AGA, with a significant linear tendency to lower values across FGR
severity stages.

While mitral and tricuspid E/A ratios and IVRT were similar among study groups,
mitral E deceleration time was significantly increased in mild and severe FGR with
respect to controls. Tricuspid E deceleration time was significantly increased in
severe FGR children, although there was a significant linear tendency across severity
groups. Severe FGR children showed significantly lower longitudinal E’ in mitral
lateral, mitral septal and tricuspid annulus as compared to AGA with a significant
linear tendency to lower values across FGR severity stages. Mitral lateral and septal
E/E’ ratios were significantly higher in severe FGR as compared to AGA, with a

significant linear trend to higher values across severity stages.
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Figure 6. Cardiac results in controls and FGR children.
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Vascular assessment

Systolic and diastolic blood pressure were significantly higher in mild and severe
FGR groups, with a linear tendency to higher values in more severe forms of FGR.
cIMT was significantly increased in severe FGR children, with a significant linear

trend across severity stages. Circumferential wall stress values were significantly

PhD thesis

higher both in mild and severe FGR groups.

Figure 7. Vascular results in controls and FGR children
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Conclusions
Children with FGR show changes in cardiac shape, subclinical cardiac dysfunction
and vascular remodelling. For most parameters analyzed, the associations increased

linearly with the severity of growth restriction.
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V. DISCUSSION

This work provides evidence to support the concept that FGR induces cardiac
dysfunction and remodelling in utero that persists postnatally. The results showed
that cardiac dysfunction is present in utero from early stages and further deteriorates
with the progression of fetal compromise, together with the appearance of myocardial
cell damage in FGR. These changes seem not to be influenced by PE and may help
to improve clinical management of FGR by estimating their probability of death.
Finally, children with FGR showed changes in cardiac shape, subclinical cardiac
dysfunction and vascular remodelling. These findings support the existence of direct
cardiac programming in FGR and suggest a new mechanistic pathway for the

association between fetal growth and cardiovascular disease.

V.1. Project 1. FGR and cardiac dysfunction and damage in utero

Cardiac dysfunction

The results provide evidence that subclinical cardiac dysfunction is an early and
progressive event in severe FGR. Echocardiographic parameters and cord blood
levels of BNP indicate that cardiac dysfunction increased progressively across the
stages of fetal compromise.

MPI has been reported previously to be increased in FGR fetuses.'>3%°%1 |n this
study we further described that MPI was elevated in fetuses at initial stages of
hemodynamic compromise and progressed further with fetal deterioration. The
progressive increment in MPI values was at the expense of all time periods that were
involved in the calculation of this index, which suggests the existence of both systolic

and diastolic subclinical dysfunction.
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E/A ratio evaluates ventricular filling during the diastole. Fetuses with overt heart
failure have been reported to have increased E/A ratios.>® In FGR, earlier studies
described unchanged or reduced E/A values,®'"* but most recent studies found the
ratios to be increased significantly with respect to control subjects.'®'? We also
observed a considerable increase in E/A values in fetuses with FGR in both
atrioventricular valves, which was present from stage 2 and increased further with
fetal Doppler deterioration. Increased E/A values were at the expense of reduced
peak velocity in the A wave (data not shown). Fetal hypoxia is associated with a
reduced diastolic compliance in the right ventricle, thus resulting in higher pressures
during atrial contraction. The reduction in peak A wave velocity is consistent with the
reduction/reversion of flow velocity occurring during atrial contration in venous
vessels, such as ductus venosus or inferior cava vein, in hypoxic fetuses.

Finally, this study confirmed previous observations that indicated that normalized
cardiac output is maintained within normal values, even in most severe clinical
stages of FGR."%*

The progressive increase of BNP cord blood levels in FGR fetuses was consistent
with that observed for echocardiographic parameters. BNP is a natriuretic peptide
synthetized directly by myocardial cells as a response of wall tension or hipoxia. In

5 serum levels are

adults, BNP is a gold standard biomarker for heart failure;’
elevated in early stages of subclinical diastolic dysfunction and increase in proportion
to severity.® Our data in human fetuses with FGR are in agreement with those of
Girsen et al."® who demonstrated that NT-pro-BNP was elevated in fetuses with

growth restriction and increased across fetoplacental Doppler stages of fetal

compromise. In another study, Leipala et al.*' showed increased levels of BNP in
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preterm FGR neonates during the first days of life, which points to a persistence of

cardiac dysfunction postnatally.

Myocardial cell damage

The integrated evaluation of myocardial cell and tissue damage biomarkers offers
new information for the understanding of fetal cardiac disease in FGR. Advanced
fetal Doppler deterioration was associated with a significant increase in H-FABP
levels, which supports the existence of myocardial cell damage, but to such a small
extent that it could not be detected by cord blood levels of troponin I. H-FABP cord
blood levels showed a significant linear increase across stages and were increased
significantly in fetuses with reverse flow in the umbilical artery, which suggests the
presence of myocardial cell damage in advanced stages of fetal deterioration. H-
FABP is a cytosolic protein involved in the transport of fatty acids with a small size
which results in early release into circulation in the presence of myocardial damage
that confers a high sensitivity to detect myocardial cell damage.’ It has proved not
only to be an excellent marker for the early detection of cardiac injury in acute
coronary syndromes but also showed to be sensitive enough for the detection of
chronic minor myocardial injury in heart failure.’"” On the other hand, troponins are
structural proteins attached to myofilaments that have been proved to be a well-
established marker for myocardial infarction. However, 94% of cardiac troponin is
bound to myofibrillar structures, and it has first to dissociate from its matrix before it is
released (Figure 8). This explains a time delay for raised levels in plasma and a
lower sensitivity to subtle cell damage, compared with H-FABP."® Consistent with this

notion, the observed elevation of H-FABP in this study occurred in the absence of
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Figure 8. A) H-FABP are cytosolic proteins and troponins structural proteins attached to
myofilaments. B) H-FABP are rapidly released to circulation in the presence of cell damage.
C) Troponins have first to dissociate from their matrix before they are released to circulation.
This explains a time delay for raised levels in plasma and a lower sensitivity to subtle cell
damage of troponins as compared to H-FABP.
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significant changes in mean troponin levels. The latter finding is in line with previous
studies that measured troponin in FGR."™'>%" |t must be noted that, despite of the
absence of overall differences, this and previous studies have observed individual
cases of severe fetal growth restriction with high cord blood troponin values,' >’
which suggests that extended cell damage may occur in very advanced stages of the
disease. In this study, fetuses who died had significantly higher levels of troponin,
compared with survivors.

Finally, we could not demonstrate any increase in hsCPR cord blood levels in severe
FGR fetuses, compared with preterm AGA. On the contrary, there was a significant
decrease of cord blood hsCPR in FGR stages 2 and 3, compared with preterm AGA,
but not with term AGA fetuses. These differences could be explained by an abnormal
increase in hsCPR levels in preterm AGA because of the accidental inclusion of
cases with subclinical prenatal infection. Alternatively, it could reflect a true decrease
in hsCPR levels in most severe forms of FGR that we cannot explain. HsCPR is a
well-established acute marker for tissue injury, and the lack of elevation in severe
FGR fetuses is consistent with the results that have been observed for troponin. On
the other hand, hsCPR has also been described as a marker of chronic inflammation
that leads to cardiovascular disease.'®?® Thus, our data do not support the
implication of this pathophysiologic mechanism in fetal cardiac disease that is related
to growth restriction. The results in hcPCR are in disagreement with a recent study
that described an increase in hsCPR levels in near-term small-for-gestational age
fetuses.* Although the population is not comparable with that of the present study in
terms of gestational age or in severity, we cannot find an explanation for the

differences between both studies.
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Association with perinatal death

The association between the risk of adverse outcome or perinatal death and the
presence of abnormal echocardiographic parameters has been reported
previously.>"? In this study, we confirm previous reports and further describe that
those fetuses who died in utero or postnatally had significantly increased levels of H-
FABP and troponin.'* Ultrasonographic assessment of cardiac function could be
integrated into clinical practice to improve the short-term prediction of fetal death.
This information is essential to guide clinical decisions of fetuses with severe growth
restriction, but no single Doppler ultrasound parameter has been demonstrated to
have sufficient predictive value.*'*?*" |n the present study, MPI and E/A were higher
in fetuses who died, but their predictive value for perinatal death in FGR remains to
be evaluated in further studies (project 3).

Limitations

This study has several limitations. First, there was an elapsed period between the
last ultrasound measurement and cord blood sampling. Although this did not exceed
48 hours, we acknowledge that, in a small number of cases, the severity stratification
based on ultrasound parameters might have changed at the time of blood sampling.
Second, sufficient cord blood for analysis could not be retrieved in approximately
20% of cases because of the inherent difficulty in obtaining samples from extremely
preterm and small FGR fetuses. Furthermore, cord blood was not available in all
intrauterine deaths. This may have biased the results by attenuating the differences
on the levels of biomarkers between control subjects and FGR fetuses. Third, most
biomarkers that were evaluated in this study are not fully cardio specific. This may

raise concern for the interpretation of H-FABP data. This protein is expressed

42



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

abundantly in cardiomyocytes, but to a lesser extent also in skeletal muscle, distal
tubular cells of the kidney, specific parts of the brain, lactating mammary glands, and
placenta.'’"%® Although we postulate that cardiac damage is the most plausible
reason for the observed increase in this study, we acknowledge that this concept
cannot be demonstrated completely. Although the placenta can also produce
HFABP, reduced maternal levels in FGR pregnancies support that placental
production is unlikely to account for the observed increases in fetal blood. Future
studies in animal models might help to clarify the origin of H-FABP in growth
restricted fetuses. Finally, it is unknown whether the association with maternal
preeclamptic symptoms has any effect on fetal cardiac function. This potential

confounding effect is being investigated in further studies (project 2).

Conclusions

In summary, this study provides evidence that cardiac dysfunction is an early event in
FGR and that its magnitude increases in proportion to the severity of the fetal
condition. Thus, subclinical cardiac dysfunction is present in fetuses with FGR and
mild degrees of Doppler deterioration, which currently is considered to have an
overall good long-term outcome.?*'? The data further suggest that advanced stages
of fetal deterioration are associated with myocardial cell damage. It is tempting to
speculate that the degree and duration of cardiac dysfunction and damage might be
associated with distinct effects on fetal programming of cardiovascular function and
disease in adulthood. The impact in long-term cardiovascular outcome of the
changes described in this project will be established in long-term follow-up studies

(project 4).
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V.2. Project 2: Potential impact of PE on fetal cardiac function in FGR

This study provides evidence that FGR fetuses with and without PE had a
similar degree of cardiovascular dysfunction. Since the study groups were
comparable in terms of the degree of growth restriction and Doppler deterioration, the
data support the concept that PE per se does not have an influence in the presence

of cardiovascular dysfunction in FGR.

Cardiac function in FGR

The findings confirm previous studies reporting clear evidence of the existence of
abnormal cardiovascular function in FGR. As expected and previously described,
334659 DV was significantly increased in both study groups. DV reflects to a great

extent myocardial impaired relaxation®®"

and it is the strongest predictor of perinatal
mortality and morbidity severe FGR.****° Aside from DV, several ultrasound
measurements, including IFIl, E/A ratios and MPI, and cord blood BNP levels were
abnormal in both study groups. Previous clinical series have reported that FGR
fetuses with aortic isthmus reversed diastolic flow have a deterioration of cardiac
function® and a poorer perinatal outcome.***"*" Aortic isthmus has a dynamic role in
connecting the right and left circulatory systems of the fetus and has been proposed
as a potential monitoring tool for FGR fetuses.***"*! Left and right E/A ratios have
recently been described to be significantly increased in FGR with respect to

controls, 101246

supporting the existence of abnormal ventricular filling during diastole.
MPI, a combined index of systolic and diastolic function, has been described to be
elevated in FGR fetuses.”>*°* BNP is a gold standard marker for heart failure in

adults® and children®® that has been demonstrated to be increased in FGR from
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early stages of fetal deterioration.'®*® Of interest, the study confirmed previous
observations indicating that cardiac output is maintained within normal values in

FGR.10'46’54

Doppler in FGR with and without PE

Concerning umbilical artery and middle cerebral artery Doppler indices, similar
differences with respect to controls were observed between study groups. Several
studies have evaluated feto-placental Doppler parameters in FGR fetuses with and
without PE. Harrington et al.®*** showed a similar pattern of changes in UA and MCA
in preterm small for gestational age fetuses with or without PE. More recently, Mari et
al.%® showed that FGR fetuses without PE undergo a series of well-defined Doppler
changes until fetal deterioration occurs or the fetus is delivered because non-
reassuring testing. On the contrary, FGR fetuses with PE were often delivered for

maternal indication before the full range of Doppler changes occur.®®

Perinatal outcome in FGR with and without PE

Although perinatal outcome was similar in FGR with or without PE, a non significant
trend to higher perinatal mortality in normotensive FGR fetuses was observed in this
study. This finding is consistent with a previous report by Piper et al.%® including 1012
preterm small for gestational age and showing that perinatal mortality was
significantly higher in the normotensive than in the hypertensive group, even after
controlling for potentially confounding factors. Recently, Mari et al.®® also described

an increased rate of fetal demise in FGR without PE. This may be explained by an
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earlier diagnosis and elective delivery in those FGR cases with severe maternal

symptoms.

Limitations

This study has several limitations. Firstly, although the fetuses were followed
longitudinally, only the data of the last ultrasound before delivery were analyzed. This
prevented to assess the potential existence of a different temporal sequence on
cardiac changes in isolated FGR with respect to FGR with PE. We and others have
previously reported that cardiac function parameters in FGR become abnormal from
very early stages of fetal deterioration.’®'?% Therefore the existence of such
longitudinal differences between FGR with and without PE may seem unlikely,
although we acknowledge it can not be excluded it conclusively. Secondly, the study
mostly included severe preterm FGR. Again, although we would suggest it is unlikely,
the potential influence of PE in less severe forms of FGR later in pregnancy can not
completely be excluded. Finally, it was impossible to construct a study group with a
meaningful sample size of isolated preterm PE defined by PE with normally grown
fetuses together with normal umbilical and middle cerebral artery Doppler evaluation.
Identification of such cases at the gestational ages covered by this study proved to
be a challenge, since in most instances PE is associated with some degree of FGR

and/or fetal Doppler deterioration.
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Conclusions
In conclusion, FGR fetuses with and without PE showed a similar degree of
cardiovascular dysfunction. These results support the concept that PE per se is not

causally related with the presence of cardiovascular dysfunction in FGR fetuses.
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V.3. Project 3: Cardiovascular indices in the prediction of mortality in FGR
This study confirms that DV, together with gestational age at delivery, is a

major determinant for perinatal mortality in FGR cases,?*>*

and further suggests that
the combination of several cardiovascular parameters may improve prediction by
stratifying FGR cases according to their estimated probability of death. Actually, DV
and MPI were the only Doppler parameters with an independent association with

perinatal mortality in our study population of preterm FGR cases.

Figure 9. Doppler parameters predictive of perinatal mortality in FGR (multivariate analysis).

increased MPI (>p95)

Prediction of perinatal mortality in FGR

With the exception of MCA, all Doppler indices evaluated in this study showed a
significant association with perinatal mortality as isolated parameters. However, only
UA, DV and MPI remained as independent predictors of mortality in a multivariate
analysis. When variables were dichotomized to explore their predictive value in
clinical practice, only reversed atrial flow in DV and abnormal MPI showed an
independent association with perinatal mortality, which persisted after adjusting for

gestational age, so they could be used to construct a clinical-decision algorithm. Our
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results are in line with previous studies integrating several Doppler indices and
showing DV as the best predictor for perinatal death in preterm FGR.**3* The data
are also in agreement with previous studies on UA and MCA, where a lack of
improvement in prediction of mortality after adjustment for other Doppler parameters
and gestational age was shown.’?337%8 Finally, as previously reported,®>*

gestational age at delivery was so strongly influencing perinatal outcome that the

explored algorithm had to incorporate this variable to obtain meaningful results.

Myocardial performance index

This study first reports that MPI is independently associated with perinatal mortality
and that its combination with DV could improve the predictive value of current fetal
Doppler evaluation. MPI is cardiac parameter that evaluates both systolic and
diastolic function by including isovolumetric and ejection times® (Figure 10).

Figure 10. Myocardial performance index
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In addition, the modified method to calculate MPI in fetuses (Mod-MPI), which
includes the Doppler recording of the clicks of the valves to estimate the time-
periods, enhances the reproducibility of the measurement,’”® MPI correlates with the
clinical hemodynamic deterioration of FGR fetuses and with progressively increased
levels of cardiac dysfunction biomarkers such as BNP.*® As with other fetal
cardiovascular parameters, MPl measurement requires specific training by the

examiner in order to be reproducible,”

and this may be a limitation for clinical
application. In addition, in the absence of purpose designed software, the ratio must
be manually calculated. Studies are underway to evaluate the predictive value of the

time periods used to calculate the index, as measured individually, in order to explore

ways to simplify its clinical application.

Aortic isthmus

The evaluation of IFl as an isolated parameter in this study was consistent with
previous series reporting that FGR cases with aortic isthmus reversed diastolic flow
have a deterioration of cardiac function®’ and a poorer perinatal outcome.®*3"'
However, the multivariate analysis demonstrated that IFl does not add to DV in the
prediction of mortality. These findings seem to be explained by an intrinsic correlation
of aortic isthmus with DV and other cardiovascular parameters.51 Furthermore, in a
longitudinal analysis of the evolution of the aortic isthmus and other Doppler indices

in preterm FGR, we demonstrated that the IFI becomes abnormal earlier than DV in

the sequence of fetal hypoxic deterioration (Figure 11).
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Figure 11. Deterioration pattern of Doppler indices in FGR (trend over time before delivery)
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This may also partially explain a lower predictive capacity of IFl as an acute marker
for a late event such as mortality. It must be noted that our findings do not preclude
the strong predictive value of IFI when used as an isolated parameter.®**"*' On the
other hand, this study focused on perinatal death, but not on neurological outcome.
IFI has been reported to constitute a strong predictor of morbidity, mainly long-term

neurodevelopmental adverse outcome,’ 8

an aspect not evaluated in this study.
Clinical algorithm to estimate probability of death in FGR

In the multivariate analysis using dichotomized variables to explore their predictive
value in clinical practice, only gestational age below 28 weeks, reversed atrial flow in
DV and abnormal MPI showed an independent association with perinatal mortality.
The combination of these three parameters permitted to construct a clinical-decision
algorithm to estimate the probability of death in FGR cases (Figure 5). As previously
reported, gestational age at delivery is the major determinant for perinatal outcome in

FGR cases. However, prematurity is not the only determinant factor in FGR fetuses.

DV and MPI allowed a more accurate stratification of cases according to their
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estimated probability of death. DV with present atrial flow together with normal Mod-
MPI yielded to a low probability of death (0.1% in cases above 28 weeks, and 18%
below 28 weeks), while both abnormal parameters yielded to much higher risk (45%
and 97%, respectively). Therefore, an algorithm as proposed in this study may
provide very useful information in clinical practice helping in the counseling and
monitoring of these fetuses.

Limitations

This study has several limitations. The managing clinicians were not blinded to UA,
MCA and DV results. Actually, reversed atrial flow in DV was a delivery criterion and
therefore we acknowledge that this may have distorted the expected perinatal
outcome. On the other hand, the study evaluated the predictive value of Doppler
indices, but the data were not combined with other proposed means for fetal
monitoring of preterm FGR, such as biophysical profile and computerized
cardiotocography, and this may limit clinical applicability of these findings in certain

clinical settings.

Conclusions

In conclusion, this study suggests that the combination of cardiovascular parameters
such as DV and MPI may refine considerably the short-term prediction of perinatal
mortality at different gestational ages at delivery in preterm FGR cases. Larger
prospective studies are required to further confirm these results and to evaluate its
potential clinical value. Additionally, its correlation and potential interaction with other
clinical parameters such as biophysical profile and computerized cardiotocography

remains to be ascertained in further studies.
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V.4. Project 4. FGR and cardiovascular remodelling in childhood

This study provides direct clinical evidence that FGR children show changes in
cardiac morphology, subclinical cardiac longitudinal dysfunction and arterial
remodelling, all of which increase linearly with the severity of growth restriction. The
findings support the existence of direct cardiac programming in FGR and suggest a
new mechanistic pathway for the association between fetal growth and

cardiovascular disease.

Cardiac remodelling

The most striking finding was that children with FGR have a distinct cardiac
geometry and shape, with less elongated and more globular ventricles.
Morphometrical measurements confirmed quantitatively an overall increase in
transverse cardiac diameters, leading to apparent dilatation of the ventricular cavities
with thinner walls. The data are in line with post-mortem studies in human FGR
describing hypoplasia in myocardial fibers.”® These findings are also in agreement
with our recent animal studies showing the persistence of dilated cardiomyopathy-
like features in utero into adulthood in chick model of FGR under chronic hypoxia.5
The globular cardiac shape with thinner ventricular walls observed in children with
FGR is most likely the result of changes in the cardiac development, induced by its
fetal working conditions. The intrauterine chronic hypoxic and under nutrition state,”
together with the increased placental vascular resistance,®® result in a combined
pressure and possibly volume overload of the fetal heart,®%? which induces

10,46,80

abnormal cardiac function and changes the wall stress on the developing

myocardial fibres.
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Figure 12. An example of cardiac shape changes in FGR as compared to AGA
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Myocardial wall stress is determined by the ventricular pressure, the local radius of
curvature and (inversely by) the wall thickness.®® Increased wall stress will result in a
tendency towards reducing this by myocardial remodelling. In acquired mild pressure
overload such as hypertension, (local) hypertrophy in the region of highest stress
(basal septum) results in a local stress normalisation.®* However, in the developing
heart under hypoxia and under nutrition, this locally increased wall stress could also
be compensated for by changes in the local radius of curvature (with a smaller
longitudinal curvature towards a more spherical the cavity).

The fetal alterations in shape are likely to induce a stabilised change in muscle fibre
architecture® in the ventricular wall since the resulting myocardial shape and fiber
orientation are importantly determined by the stress and strain conditions they are
exposed t0.2%%" Therefore, as observed in our study, children that were exposed to
important changes in fetal loading condition will have intrinsically differently shaped
hearts. When these hearts work under normal loading conditions after birth, they are

able to generate the required cardiac output without initial problems. However, the
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more globular shaped ventricle, with potentially a different architecture, is not as
efficient in generating the normal longitudinal displacement and stroke volume,®
resulting in the need for an increased heart rate to maintain cardiac output (as
observed). Since diastolic function depends on ventricular shape and torsion, as
generated by the normal fibre architecture,®® it is not unexpected to find additional
changes in diastolic parameters. Whereas the remodelled ventricles can
compensate for their lower efficiency in childhood, any additional changes in its
working conditions (hypertension, ischemia, arrhythmias) at later age will result in an
abnormally high increase in local wall stress and dilatation since the potential for
shape adaptation of the normal, ellipsoid, ventricle is not possible. Therefore, the
initial cardiac remodelling, resulting from FGR, might explain the increased risk of

cardiovascular disease described in epidemiological studies on FGR.*

Cardiac dysfunction

Regarding cardiac function, FGR children are asymptomatic and therefore as
expected and previously reported’? ejection fraction, cardiac index and BNP results
were similar to those of controls. However, consistent with cardiac geometry findings,
FGR children showed a subclinical decrease in longitudinal function as measured by
TAPSE and tissue Doppler showing a significant reduction in myocardial velocities
and increase in E/E’ and E deceleration time. Decreased myocardial velocities and
increased E/E’ ratio are a markers of early subclinical dysfunction and it has been
demonstrated to precede clinical cardiac dysfunction in a substantial number of

conditions.”’” Furthermore, cardiac function results in FGR are consistent with those
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of spherical heart geometry described in dilated cardiomyopathy, ischemic heart

disease and mitral regurgitation.”

Figure 13. An example of mitral atrioventricular filling waves and septal annular myocardial

velocities in AGA and FGR

AGA FGR

N

Systolic myocardial peak velocities

SEMEARER

Early diastolic myocardial peak velocities

Vascular remodelling
This study confirms and extends previous studies reporting significant increased

carotid wall thickness*?>™*?

in children suffering FGR. Increased cIMT had previously
been reported in newborns with FGR*?*** and our findings demonstrate that these
changes persist into childhood. Since the hearts of FGR children did not present
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hypertrophic changes, characteristic of hypertensive cardiomyopathy, the arterial
changes in children with FGR are primary and not secondary. The increased arterial
wall thickness is most likely the result of the overall pressure and possible volume
overload in the FGR fetal circulation, where vascular wall stress (pressure overload)
and increased shear stress (volume overload) induces hypertrophy of the intima-
media layer. In childhood, the remodelled arteries, now working under normal loading
conditions, will result in an increased peripheral resistance and an elevation in blood
pressure.®® Both blood pressure and cIMT are additional, accepted, risks factors for

future cardiovascular disease.

Figure 13. An example of carotid intima-media thickness in AGA and FGR

cIMT= 0386 mm cIMT = 0.434 mm

e S




Fatima Crispi Brillas PhD thesis Barcelona, September 2009

Limitations

There are several limitations and considerations in the present study. The changes
here reported are subclinical and the long-term association with adult cardiovascular
function and disease remains to be proven. The study was not designed to assess
the effect of other factors on cardiovascular function. In this study cardiac changes
were independent of obesity or abnormal lipid profile, but the prevalence of these risk
factors was very low in our setting. The existence of metabolic programming in FGR
is well demonstrated,” and the potential interactions between metabolic and cardiac
programming in the increased risk of cardiovascular disease in these patients
remains to be elucidated. The impact of gender was also addressed, and
cardiovascular differences were equally observed in males and females (data not
shown), but we acknowledge that we may have lacked statistical power to detect
subtle gender-associated differences. FGR children born preterm were compared
with cases born at similar gestational age. Our findings are in line with recent studies
that suggest that prematurity is not associated with fetal cardiovascular
programming.® Exposure to prenatal glucocorticoids was also similar, although the
influence of corticoids in cardiac function has recently been discarded in a large
cohort study.®’ Finally, other potential confounders, such as socioeconomic status,
race, familiar early cardiovascular history, breastfeeding, parity and parental smoking

were also similar among study groups.

Clinical relevance of fetal cardiac programming of cardiovascular disease
Primary cardiac programming might be one of the causes of increased

cardiovascular mortality in adults born with FGR, and this may open new
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opportunities for monitoring and intervention in newborns and children affected with
this condition. FGR affects 5-10% of all newborns and therefore the findings of this
study involve thousands of children yearly. The importance of early identification and
intervention in pediatric risk factors for cardiovascular disease is now well
recognized.** However, FGR is not listed among the conditions presumed to increase
cardiovascular risk in current consensus guidelines.***® We believe that the results of
this study merit further investigation in appropriately designed large cohort studies. If

44,92-93

these findings are confirmed, the impact of lifestyle strategies with beneficial

effects on cardiac remodelling should be explored in FGR children.

Conclusions

In summary, this study provides evidence of an association between FGR and
cardiac and vascular remodelling in childhood, which shows a linear increase with
the severity of growth restriction and is independent of gestational age at delivery,
lipid profile or body mass index. The findings support the existence of direct cardiac
programming in FGR and suggest a new mechanistic pathway for the association

between fetal growth and cardiovascular disease.

59



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

VI. CONCLUSIONS

1. In utero, FGR fetuses showed signs of cardiac dysfunction from early stages.
Cardiac dysfunction deteriorates further with the progression of fetal compromise,

together with the appearance of biochemical signs of cell damage.

2. PE does not have an influence per se on cardiac function in FGR fetuses.

3. MPI is an independent predictor of perinatal death in preterm FGR with an
accuracy similar to DV. A combination of DV with MPI may better stratify the
estimated probability of death. IFI does not add to the prediction of perinatal death

when used in combination with DV.

4. Children with FGR show changes in cardiac shape, subclinical cardiac dysfunction

and vascular remodelling. These findings support the existence of direct cardiac

programming in FGR.

60



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

VIl. REFERENCES

—

. European cardiovascular disease statistics 2008, European Heart Network.

Berenson GS. Childhood risk factors predict adult risk associated with subclinical

cardiovascular disease. The Bogalusa Heart Study. Am J Cardiol. 2002;90:3L-7L.

. Zieske AW, Malcom GT, Strong JP. Natural history and risk factors of

atherosclerosis in children and youth: the PDAY study. Pediatr Pathol Mol Med
2002;21:213-37.

Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth M. Growth in utero, blood
pressure in childhood and adult life, and mortality from cardiovascular disease.
BMJ 1989;298:564-567.

Tintu A, Rouwet E, Verlohren S, Brinkmann J, Ahmad S, Crispi F, van Bilsen M,
Carmeliet P, Staff AC, Tjwa M, Cetin |, Gratacds E, Hernandez-Andrade E,
Hofstra L, Jacobs M, Lamers WH, Morano |, Safak E, Ahmed A, le Noble F.
Hypoxia induces dilated cardiomyopathy in the chick embryo: mechanism,
intervention, and long-term consequences. PLoS ONE. 2009;4:e5155.

Kaijser M, Bonamy AK, Akre O, Cnattingius S, Granath F, Norman M, Ekbom A.
Perinatal risk factors for ischemic heart disease: disentangling the roles of
birthweight and preterm. Circulation. 2008;117:405-10.

Palinski W, Napoli C. Impaired fetal growth, cardiovascular disease, and the need
to move on. Circulation 2008;117:341-343.

Alberry M, Soothill P. Management of fetal growth restriction. Arch Dis Child Fetal

Neonatal Ed 2007;92:62-7.

61



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

9.

10.

11.

12.

13.

14.

15.

Hecher K, Campbell S, Doyle P, Harrington K, Nicolaides K. Assessment of fetal
compromiso by Doppler ultrasound investigation of the fetal circulation: arterial,
intracardiac, and venous blood flow velocity studies. Circulation 1995;91:129-38.
Girsen A, Ala-Kopsala M, Makikallio K, Vuolteenaho O, Rasanen J.
Cardiovascular hemodynamics and umbilical artery N-terminal peptide of proB-
type natriuretic peptide in human fetuses with growth restriction. Ultrasound
Obstet Gynecol 2007;29:296-303.

Figueras F, Puerto B, Martinez JM, Cararach V, Vanrell JA. Cardiac function
monitoring of fetuses with growth restriction. Eur J Obstet Gynecol Reprod Biol
2003;110:159-63.

Makikallio K, Vuolteenaho O, Jouppila P, Rasanen J. Ultrasonographic and
biochemical markers of human fetal cardiac dysfunction in placental insufficiency.
Circulation 2002;105: 2058-63.

Niewiadomska-Jarosik K, Lipecka-Kidawska E, Kowalska-Koprek U, et al.
Assessment of cardiac function in fetuses with intrauterine growth retardation
using the Tei index. Med Wieku Rozwoj 2005;9:153-60.

Chaiworapongsa T, Espinoza J, Yoshimatsu J, et al. Subclinical myocardial injury
in small-for-gestational-age neonates. J Matern Fetal Neonatal Med 2002;11:385-
90.

lacovidou N, Boutsikou M, Gourgiotis D, et al. Perinatal changes of cardiac
troponin-l in normal and intrauterine growth restricted pregnancies. Mediators

Inflamm 2007;2007:53921.

62



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Setsuta K, Seino Y, Ogawa T, Arao M, Miyatake Y, Takano T. Use of cytosolic
and myofibril markers in the detection of ongoing myocardial damage in patients
with chronic heart failure. Am J Med 2002;113:717-22.

Pelsers M, Hermens WT, Glatz JFC. Fatty acid-binding proteins as plasma
markers of tissue injury. Clin Chim Acta 2005;352:15-35.

Glatz JFC, Van der Putten RFM, Hermens VVT. Fatty acid-binding protein as an
early plasma marker of myocardial ischemia and risk stratification. In: Wu AHB,
editor. Cardiac markers. 2nd ed. Totowa (NJ): Humana Press; 2003:319-37.
Danesh J, Wheeler JG, Hirschfield GM, et al. C-reactive protein and other
circulating markers of inflammation in the prediction of coronary heart disease. N
Engl J Med 2004; 350:1387-97.

Pepys MB, Hischfield GM. C-reactive protein: a critical update. J Clin Invest
2003;111:1805-12.

Odegard RA, Vatten LJ, Nilsen ST, Salvesen KA, Austgulen R. Preeclampsia and
fetal growth. Obstet Gynecol 2000;96:950-955.

Xiao R, Sorensen TK, Williams MA, Luthy DA. Influence of pre-eclampsia on fetal
growth. J Matern Fetal Neonatal Med 2003; 13 :157-162.

Crispi F, Dominguez C, Llurba E, Martin-Gallan, Cabero L, Gratacos E. Placental
angiogenic growth factors and uterine artery Doppler findings for characterization
of different subsets in preeclampsia and in isolated intrauterine growth restriction.
Am J Obst Gynecol 2006:195:201-207.

Murphy DJ, Striate GM. Mortality and morbidity associated with early-onset
preeclampsia. Hypertens Pregnancy 2000;19:221-231.

Sibai B, Gus Dekker G, Kupferminc M. Pre-eclampsia. Lancet 2005;365:785-99.

63



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

26.

27.

28.

29.

30.

31.

32.

Crispi F, Llurba E, Dominguez C, Martin-Gallan P, Cabero L, Gratacos E.
Predictive value of angiogenic factors and uterine artery Doppler for early- versus
late-onset pre-eclampsia and intrauterine growth restriction. Ultrasound Obstet
Gynecol 2008;31:303-9.

Yulug E, Yenilmez E, Unsal MA, Aydin S, Tekelioglu Y, Arvas H. Apoptotic and
morphological fetaues of the umbilical artery endothelium in mild and severe
preeclampsia. Acta Obstet Gynecol Scand 2008;85:1038-45.

Schonfelder G, Fuhr N, Hadzidiakos D, John M, Hopp H, Paul M. Preeclampsia is
associated with loss of neuronal nitric oxide synthase expression in vascular
smooth muscle cells of the human umbilical cord. Histopathology 2004; 44:116-
128.

Afzal-Ahmed |, Mann GE, Shennan AH, Poston L, Naftalin RJ. Preeclampsia
inactivates glucose-6-phosphate dehydronegase and impairs the redox status of
erythrocytes and fetal endothelial cells. Free Radic Biol Med 2007; 42 :1781-
1790.

Hulstein JJ, van Runnard Heimel PJ, Franx A et al. Acute activation of the
endothelium results in increased levels of active von Willebrand factor in
hemolysis, elevated liver enzymes and low platelets (HELLP) syndrome. J
Thromb Haemost 2006;4:2569-2575.

Baschat AA, Harman CR. Venous Doppler in the assessment of fetal
cardiovascular status. Curr Opin Obstet Gynecol 2006;18:156-63.

Baschat AA, Cosmi E, Bilardo CM, Wolf H, Berg C, Rigano S, Germer U, Moyano
D, Turan S, Hartung Jm Bhide A, Muller T, Bower S, Nicolaides KH,

Thilaganathan B, Gembruch U, Ferrazzi E, Hecher K, Galan H, Harman CR.

64



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

33.

34.

35.

36.

37.

38.

Predictors of neonatal outcome in early-onset placental dysfunction. Obstet
Gynecol 2007; 109: 253-261.

Bilardo CM, Wolf H, Stigter RH, Ville Y, Baez E, Visser CHA, Hecher K.
Relationship between monitoring parameters and perinatal outcome in severe,
early intrauterine growth restriction. Ultrasound Obstet Gynecol 2004; 23: 119-
125.

Schwarze A, Gembruch U, Krapp M, Katalinic A, Germer U, Axt-Fliedner R.
Qualitative venous Doppler flow waveform analysis in preterm intrauterine growth-
restricted fetuses with ARED flow in the umbilical artery- correlation with short-
term outcome. Ultrasound Obstet Gynecol 2005; 25: 573-579.

Del Rio M, Martinez JM, Figueras F, Bennasar M, Olivella A, Palacio M, Coll O,
Puerto B, Gratacés E. Doppler assessment of the aortic isthmus and perinatal
outcome in preterm fetuses with severe intrauterine growth restriction. Ultrasound
Obstet Gynecol 2008; 31: 41-47.

Hidar S, Zaafouri R, Bouguizane S, Chaieb A, Jerbi M, Bibi M, Khairi H.
Prognostic value of fetal aortic isthmus Doppler waveform in intrauterine growth
retardation: prospective longitudinal study. J Gynecol Obstet Biol Reprod
2004;33:745-752.

Fouron JC, Gosselin J, Amiel-Tison C, Infante-Rivard C, Fouron C, Skoll A,
Veilleux A. Correlation between prenatal velocity waveforms in the aortic isthmus
and the neurodevelopment outcome between the ages of 2 and 4 years. Am J
Obstet Gynecol 2001;184:630-636.

Fouron JC, Gosselin J, Raboisson MJ, Lamoureux J, Tison CA, Fouron C, Hudon

L. The relationship between the aortic isthmus blood flow velocity index and the

65



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

39.

40.

41.

42.

43.

44,

postnatal neurodevelopment status of fetuses with placental circulatory
insufficiency. Am J Obstet Gynecol 2005;192:497-503.

Tsutsumi T, Ishii M, Eto G, Hota M, Kato H. Serial evaluation for myocardial
performance index in fetuses and neonates using a new Doppler index. Pediatrics
International 1999;41:722-727.

Ichizuka K, Matsuoka R, Hasegawa J, Shirato N, Jimbo M, Otsuki K, Sekizawa A,
Farina A, Okai T. The Tei index for evaluation of fetal myocardial performance in
sick fetuses. Early Hum Develop 2005; 81: 273-279.

Leipala JA, Boldt T, Turpeinen U, Vuolteenaho O, Fellman V. Cardiac
hypertrophy and altered hemodynamic adaptation in growth-restricted preterm
children. Pediatr Res 2003;53:989-93.

Skilton MK, Evans N, Griffiths KA, Harmer JA, Celermajer D. Aortic wall thickness
in newborns with intrauterine restriction. Lancet 2005;23:1484-1486.

Koklu E, Ozturk MA, Kurtoglu S, Akcakus M, Yikiimaz A, Gunes T. Aortic intima-
media thickness, serum IGF-I, IGFBP-3, and leptin levels in intrauterine growth-
restricted newborns of healthy mothers. Pediatr Res 2007;62:704-9.

Kavey RE, Allada V, Daniels S, Hayman L, McCrindle BW, Newburger J, Parekh
R, Steinberger J. Cardiovascular risk reduction in high-risk pediatric patients: a
scientific statement from the American Heart Association Expert Panel on
Population and Prevention Science; the Councils on Cardiovascular Disease in
the Young, Epidemiology and Prevention, Nutrition, Physical Activity and
Metabolism, High Blood Pressure Research, Cardiovascular Nursing, and the

Kidney in Herat Disease; and the Interdisciplinary Working Group on Quality of

66



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

45.

46.

47.

48.

49.

Care and Outcomes Research: endorsed by the American Academy of Pediatrics.
Circulation 2006;114;2710-2738.

Clayton PE, Cianfarani S, Czernichow P, Johannsson G, Rapaport R, Mogol A.
CONSENSUS STATEMENT: Management of the Child Born Small for
Gestational Age through to Adulthood: A Consensus Statement of the
International Societies of Pediatric Endocrinology and the Growth Hormone
Research Society. J Clin Endocrinol Metab 2007;92:804—-810.

Crispi F, Hernandez-Andrade E, Pelsers MAL, Plasencia W, Benavides-Serralde
JA, Eixarch E, Le Noble F, Ahmed A, Glatz JFC, Nicolaides KH, Gratacos E.
Cardiac dysfunction and cell damage across clinical stages of severity in growth-
restricted fetuses. Am J Obstet Gynecol 2008;199:254.e1-254.e4.

Crispi F, Comas M, Hernandez-Andrade E, Eixarch E, Gomez O, Figueras F,
Gratacos E. Does preeclampsia influence fetal cardiovascular function?
Ultrasound Obstet Gynecol 2009 (in press)

Hernandez-Andrade E, Crispi F, Benavides-Serralde JA, Plasencia W, Figueroa
Diesel H, Eixarch E, Acosta-Rojas R, Figueras F, Nicolaides K, Gratacés E.
Contribution of the myocardial performance index and aortic isthmus blood flow
index to refine prediction of mortality in preterm growth restricted fetuses.
Ultrasound Obstet Gynecol 2009 (in press).

Crispi F, Bijnens B, Figueras F, Bartrons J, Eixarch E, LeNoble F, Ahmed A,
Gratacos E. Fetal growth restriction results in remodelled and less efficient hearts

in children. Lancet 2009 (submitted).

67



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

50.

51.

52.

53.

54.

55.

56.

57.

Tsyvian P, Malkin K, Wladimiroff JW. Assessment of fetal left cardiac
isovolumetric relaxation time in appropriate and small-for-gestational age fetuses.
Ultrasound Med Biol 1995;21:739-43.

Makikallio K, Jouppila P, Rasanen J. Retrograde aortic isthmus net blood flow
and human fetal cardiac function in placental insufficiency. Ultrasound Obstet
Gynecol 2003;22:351-57.

Mahle WT, Rychik J, Tian ZY, et al. Echocardiographic evaluation of the fetus
with congenital cystic adenomatoid malformation. Ultrasound Obstet Gynecol
2000;16:620-4.

Rizzo G, Arduini D, Romanini C, Mancuso S. Doppler echocardiographic
assessment of atrioventricular velocity waveforms in normal and small-for-
gestational-age fetuses. BJOG 1988;95:65-9.

Kiserud T, Ebbing C, Kessler J, Rasmussen S. Fetal cardiac output, distribution to
the placenta and impact of placental compromise. Ultrasound Obstet Gynecol
2006;28:126-36

Doust JA, Pietrzak E, Dobson AJ, Glasziou PP. How well does B-type natriuretic
peptide predict death and cardiac events in patients with heart failure: systematic
review. BMJ 2005;330:625-39.

Trevisanuto D, Doglioni N, Altinier S, Zaninotto M, Plebani M, Zanardo V. High-
sensitivity C-reactive protein in umbilical cord of small-forgestational-age
neonates. Neonatology 2007;91:186-9.

Turan S, Turan OM, Berg C, et al. Computerized fetal heart rate analysis, Doppler
ultrasound and biophysical profile score in the prediction of acid-base status of

growth-restricted fetuses. Ultrasound Obstet Gynecol 2007;30: 750-6.

68



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

58. Biron-Shental T, Schaiff WT, Ratajczak CK, Bildirici I, Nelson DM, Sadovsky Y.
Hypoxia regulates the expression of fatty acid-binding proteins in primary term
human trophoblasts. Am J Obstet Gynecol 2007;197:516.e1-6.

59. Baschat AA. Arterial and venous Doppler in the diagnosis and management of
early onset fetal growth restriction. Early Hum Dev 2005;81:877-87.

60. Tchirikov M, Schroder HJ, Hecher K. Ductus venosus shunting in the fetal venous
circulation: regulatory mechanisms, diagnostic methods and medical importance.
Ultrasound Obstet Gynecol 2006;27:452-61.

61. Kiserud T, Kessler J, Ebbing C, Rasmussen S. Ductus venosus shunting in
growth-restricted fetuses and the effect of umbilical circulatory compromise.
Ultrasound 2006;28:143-9.

62. El Khuffash A, Molloy EJ. Are B-type natriuretic peptide (BNP) and N-terminal-
pro-BNP useful in neonates? Arch Dis Child Fetal Neonatal Ed 2007;92:F320-4.

63. Harrington K, Carpenter RG, Nguyen M, Campbell S. Changes observed in
Doppler studies of the fetal circulation in pregnancies complicated by pre-
eclampsia or the delivery of a small-for-gestational-age baby. I. Cross-sectional
analysis. Ultrasound Obstet Gynecol 1995;6:19-28.

64. Harrington K, Thompson MO, Carpenter RG, Nguyen M, Campbell S. Doppler
fetal circulation in pregnancies complicated by pre-eclampsia or delivery of a
small for gestational age baby: 2. Longitudinal analysis. Br J Obstet Gynaecol
1999;106:453-66.

65. Mari G, Hanif F, Kruger M. Sequence of cardiovascular changes in FGR in

pregnancies with and without preeclampsia. Prenat Diagn 2008;28:377-83.

69



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

66.

67.

68.

69.

70.

71.

72.

Piper J, Langer O, Xenakis EM, Mc Farland M, Elliot BD, Berkus MD. Perinatal
outcome in growth-restricted fetuses: do hypertensive and normotensive
pregnancies differ? Obstet Gynecol 1996;88:194-9.

Piazze J, Padula F, Cerekja A, Cosmi EV, Anceshi MM. Prognostic value of
umbilical-middle cerebral artery pulsatility index ratio in fetuses with growth
restriction. Int J Gynecol Obstet 2005; 91 : 233-7.

Dubiel M, Breborowicz GH, Gudmundsson S. Evaluation of fetal circulation
redistribution in pregnancies with absent or reversed diastolic flow in the umbilical
artery. Early Hum Dev 2003;71 :149-156.

Tei C, Nishimura RA, Seward JB, Tajik AJ. Noninvasive Doppler-derived
myocardial performance index: correlation with simultaneous measurements of
cardiac catheterization measurements. J Am Soc Echocardiogr 1997;10:169-78.
Hernandez-Andrade E, Lopez-Tenorio, Figueroa-Diesel H, Sanin-Blair J, Carreras
E, Cabero L, Gratacos E. A modified myocardial performance (Tei) index based
on the use of valve clicks improves reproducibility of fetal left cardiac function
assessment. Ultrasound Obstet Gynecol 2005;26:227-232.

Figueras F, Benavides A, Del Rio M, Crispi F, Eixarch E, Hernandez-Andrade E,
Gratacos E. Monitoring of fetuses with intrauterine growth restriction: longitudinal
changes of ductus venosus and aortic isthmus flow. Ultrasound Obstet Gynecol
2009;33:39-43.

Mikkola K, Leipala J, Boldt T, Fellman V. Fetal growth restriction in preterm

infants and cardiovascular function at five years of age. J Pediatr 2007;151:494-9.

70



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

73.

74.

75.

76.

77.

78.

De Backer J, Matthys D, Gillebert TC, De Paepe A, De Sutter J. The use of
Tissue Doppler Imaging for the assessment of changes in myocardial structure
and function in inherited cardiomyopathies. Eur J Echocardiogr. 2005;6:243-50.
Rathe M, Carlsen NL, Oxhgj H. Late cardiac effects of anthracycline containing
therapy for childhood acute lymphoblastic leukemia. Pediatr Blood Cancer.
2007;48:663-7.

Agricola E, Galderisi M, Oppizzi M, Schinkel AF, Maisano F, De Bonis M,
Margonato A, Maseri A, Alfieri O. Pulsed tissue Doppler imaging detects early
myocardial dysfunction in asymptomatic patients with severe mitral regurgitation.
Heart 2004;90:406-10.

Rybczynski M, Koschyk DH, Aydin MA,Robinson PN, Brinken T, Franzen O,
Berger J,Hofmann T, Meinertz T, von Kodolitsch Y, Tissue Doppler imaging
identifies myocardial dysfunction in adults with Marfan syndrome. Clin Cardiol.
2007;30:19-24.

Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers
FE, Marino P, Smiseth OA, De Keulenaer G, Leite-Moreira AF, Borbély A, Edes |,
Handoko ML, Heymans S, Pezzali N, Pieske B, Dickstein K, Fraser AG, Brutsaert
DL. How to diagnose diastolic heart failure: a consensus statement on the
diagnosis of heart failure with normal left ventricular ejection fraction by the Heart
Failure and Echocardiography Associations of the European Society of
Cardiology. Eur Heart J 2007;28:2539-50.

Takahashi N, Nishida H, Arai T, Kaneda Y. Abnormal cardiac histology in severe

intrauterine growth retardation infants. Acta Paediatr Jpn. 1995;37:341-6.

71



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

79.

80.

81.

82.

83.

84.

85.

86.

Soothill PW, Nicolides KH, Campbell S. Prenatal asphyxia, hyperlacticaemia,
hypoglycaemia, and erytroblastosis in growth retarded fetuses. Br Med J (Clin
Res Ed) 1987;294:1051-3.

Verburg BO, Jaddoe VW, WIladimiroff JW, Hofman A, Witteman JC, Steegers EA.
Fetal hemodynamic adaptive changes related to intrauterine growth: the
Generation R Study. Circulation. 2008;117:649-59.

Gardiner H, Brodszki J, Marsal K. Ventriculovascular physiology of the growth-
restricted fetus. Ultrasound Obstet Gynecol 2001;18:47-53.

Galan HL, Anthony RV, Rigano S, Parker TA, de Vrijer B, Ferrazzi E, Wilkening
RB, Regnault TRH. Fetal hypertension and abnormal Doppler velocimetry in an
ovine model of intrauterine growth restriction. Am J Obstet Gynecol
2005;192:272-9.

Grossman W, Jones D, McLaurin L. Wall stress and patterns of hypertrophy in the
human left ventricle. J Clin Invest 1975;56:56—64.

Baltabaeva A, Marciniak M, Bijnens B, Moggridge J, He FJ, Antonios TF,
MacGregor GA, Sutherland GR. Regional left ventricular deformation and
geometry analysis provides insights in myocardial remodelling in mild to moderate
hypertension. Eur J Echocardiogr. 2008;9:501-8

Greenbaum RA, Ho SY, Gibson DG, Becker AE, Anderson RH. Left ventricular
fibre architecture in man. Br Heart J 1981;45:248-63.

Taber LA. Mechanical aspects of cardiac development. Progress in Biophysics

and Molecular Biology 1998;69:237-255.

72



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

87.

88.

89.

90.

91.

92.

93.

Arts T, Prinzen FW, Snoeckx LH, Rijcken JM, Reneman RS. Adaptation of
cardiac structure by mechanical feedback in the environment of the cell: a model
study. Biophysical Journal 1994;66:953-961.

Blyakhman FA, Shklyar TF, Pavlov |IA, Sokolov SY, Grinko AA. Why the left
ventricle is not a sphere. Applied Bionics and Biomechanics 2004;1:101 -105
Notomi Y, Popovic ZB, Yamada H, et al. Ventricular untwisting: a temporal link
between left ventricular relaxation and suction. Am J Physiol Heart Circ Physiol
2008;294:H505-13.

Mzayek F, Hassig S, Sherwin R, Hughes J, Chen W, Srinivassan S, Berenson G.
The association of birthweight with developmental trends in blood pressure from
childhood through mid-adulthood. The Bogalusa Heart study. Am J Epidemiol
2007;166:413-420.

de Vries WB, Karemaker R, Mooy NF, Strengers JL, Kemperman H, Baerts W,
Veen S, Visser GH, Heijnen CJ, van Bel F. Cardiovascular follow-up at school
age after perinatal glucocorticoid exposure in prematurely born children: perinatal
glucocorticoid therapy and cardiovascular follow-up. Arch Pediatr Adolesc Med.
2008;162:738-44.

de Lorgeril M, Salen P, Martin JL, Monjaud |, Delaye J, Mamelle NMediterranean
diet, traditional risk factors, and the rate of cardiovascular complications after
myocardial infarction: final report of the Lyon Diet Heart Study. Circulation.
1999;99:779-85.

Meyer AA, Kundt G, Lenschow U, Schuff-Werner P, Kienast W.Improvement of
early vascular changes and cardiovascular risk factors in obese children after a

six-month exercise program. J Am Coll Cardiol. 2006;48:1865-70.

73



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

VIIl. ACKNOWLEDGMENTS

To my thesis director who first introduced me into research, has always look out my
career and encouraged me to improve myself and look for big scopes.

To all the coauthors of the attached papers, who had been indispensable to achieve
my thesis and from whom | could learnt. In particular to Edgar who trained me on
fetal cardiac function, to Eli whom | can always share illusions and deceptions, and to
Imma who is always ready to help with commitment.

To Elisa and Carmen whom | shared in my first projects and | could start learning
research.

Finally, a special mention to my family, particularly my husband and parents, who

have always supported and encouraged me.

Acknowledgements for financial support:

Fatima Crispi is supported by a Rio Hortega grant (CM07/00076) from the Carlos IlI
Institute of Health (Spain).

The Fetal and Perinatal Medicine Research Group (IDIBAPS) is founded by the
Centro de Investigacion Biomédica en Red de Enfermedades Raras (CIBERER,
ISCIII, Spain), and supported by grants from the Fondo the Investigacion Sanitaria
(P1/060347) (Spain), Cerebra Foundation for the Brain Injured Child (Carmarthen,
Wales, UK), Thrasher Research Fund (Salt Lake City, USA) and the European

Commission.

74



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

IX. APPENDICES

75



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

Letter of acceptance (paper project 2):

De: onbehalfof@scholarone.com [mailto:onbehalfof@scholarone.com] En
nombre de uog@isuog.org

Enviado el: jueves, 07 de mayo de 2009 19:23

Para: GRATACOS, EDUARD (ICGON); egratacos@meditex.es

CC: shatcher@isuog.org

Asunto: Accept - Manuscript UOG-2009-0016.R1

Date:07-May-2009
Ref.: UOG-2009-0016.R1

Dear Dr Gratacos
Thank you for submitting a revised version of your manuscript, "Does
preeclampsia influence fetal cardiovascular function?”. | am pleased to

inform you that it has now been accepted for publication in Ultrasound

in Obstetrics and Gynecology.

When the manuscript has been assigned an issue, it will be forwarded for
typesetting and you will receive the proof via e-mail containing a link

to a pdf file. Further instructions will be sent with the proof.

Thank you for choosing Ultrasound in Obstetrics and Gynecology for

publication of your work.

Yours sincerely

Kurt Hecher

Editor, Ultrasound in Obstetrics and Gynecology

76



Fatima Crispi Brillas PhD thesis Barcelona, September 2009

Letter of acceptance (paper project 3):

De: onbehalfof@scholarone.com [mailto:onbehalfof@scholarone.com] En nombre
de uog@isuog.org

Enviado el: lunes, 08 de junio de 2009 10:57

Para: GRATACOS, EDUARD (ICGON); egratacos@meditex.es

CC: shatcher@isuog.org

Asunto: Accept - Manuscript UOG-2008-0204.R2

Date:08-Jun-2009
Ref.: UOG-2008-0204.R2

Dear Eduard

Thank you for submitting a further amended version of your manuscript,
"Contribution of the myocardial performance index and aortic isthmus blood flow
index to refine prediction of mortality in preterm growth restricted fetuses.”. |
am pleased to inform you that it has now been accepted for publication in
Ultrasound in Obstetrics and Gynecology.

Please mail or fax a completed copyright transfer agreement (which can be
downloaded from the journal website http://www3.interscience.wiley.com/cgi-
bin/jabout/99020267/ForAuthors.html) to the address below.

Ultrasound in Obstetrics and Gynecology
4, Blythe Mews

Blythe Road

London W14 OHW

United Kingdom

Fax: 44 (0) 20 7471 9956

When the manuscript has been assigned an issue, it will be forwarded for
typesetting and you will receive the proof via e-mail containing a link to a pdf
file. Further instructions will be sent with the proof.

Thank you for choosing Ultrasound in Obstetrics and Gynecology for publication
of your work.

Yours sincerely

Yves Ville
Editor-in-Chief

77



SMFEM PAPERS

www.AJOG.org

Cardiac dysfunction and cell damage across clinical
stages of severity in growth-restricted fetuses
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OBJECTIVE: The purpose of this study was to assess cardiac function
and cell damage in intrauterine growth-restricted (IUGR) fetuses across
clinical Doppler stages of deterioration.

STUDY DESIGN: One hundred twenty appropriate-for-gestational-age and
81 IUGR fetuses were classified in stages 1/2/3 according umbilical artery
present/absent/reversed end-diastolic blood flow, respectively. Cardiac
function was assessed by modified-myocardial performance index, early-
to-late diastolic filling ratios, cardiac output, and cord blood B-type natri-
uretic peptide; myocardial cell damage was assessed by heart fatty acid—
binding protein, troponin-I, and high-sensitivity C-reactive protein.

RESULTS: Modified-myocardial performance index, blood B-type na-
triuretic peptide, and early-to-late diastolic filling ratios were increased

in a stage-dependent manner in IUGR fetuses, compared with appro-
priate-for-gestational-age fetuses. Heart fatty acid—binding protein lev-
els were higher in IUGR fetuses at stage 3, compared with control fe-
tuses. Cardiac output, troponin-l, and high-sensitivity C-reactive
protein did not increase in IUGR fetuses at any stage.

CONGLUSION: IUGR fetuses showed signs of cardiac dysfunction from
early stages. Cardiac dysfunction deteriorates further with the progres-
sion of fetal compromise, together with the appearance of biochemical
signs of cell damage.

Key words: cardiac function, Doppler ultrasound, heart fatty acid—
binding protein, intrauterine growth restriction, myocardial damage
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Severe intrauterine growth restric-
tion (IUGR) because of placental
insufficiency affects 1% of pregnancies
and contributes to 30% of total perina-
tal loss and severe morbidity.! The
heart is a central organ in the fetal

adaptive mechanisms to placental in-
sufficiency and hypoxia. Elevated fetal
levels of atrial and B-type natriuretic
peptides and significant differences in
echocardiographic parameters have
been reported in small-for-date ba-
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bies.?”® Monitoring of cardiac function
is proposed as an adjunct to current
methods to predict adverse outcome
and death in IUGR’; however, suitable
parameters remain to be established.
Furthermore, fetal cardiac dysfunction
might have important consequences in
fetal programming of postnatal cardiac
disease later in adulthood. Epidemio-
logic studies and animal models have
established that low-birthweight ba-
bies have an increased risk of cardio-
vascular disease later in life.®*
Clinically, IUGR fetuses are stratified
in stages of severity, according to the se-
quential deterioration of fetoplacental
Doppler patterns."'° However, the onset
and progression of fetal cardiac dysfunc-
tion across stages of severity in I[UGR
have not been established. Recently,
Girsen et al® evaluated cord blood atrial
and B-type natriuretic peptides in fetuses
at different stages of Doppler deteriora-
tion and suggested that subclinical car-
diac dysfunction might constitute an
early event in the course of the disease.
Aside from cardiac function, it is un-
known whether myocardial cell damage
occurs at any stage of fetal deterioration.


mailto:egratacos@clinic.ub.es

Baseline characteristics of the study populations

AGA IUGR?
Variable Term Preterm Stage 1 Stage 2 Stage 3
Patients (n) 80 40 26 28 27
Clinical characteristics
White (%) 96 71 88 81 84
Smoker (%) 12 27 27 44> 53°
Preeclampsia (%) 0 0 615 76°¢ 430
Current Doppler data®
Umbilical artery pulsatility index -0.3(1.3) 0(2 4.2 (1.7)>° 8.4 (3.9)>¢ 14.5 (19.2)°¢
Middle cerebral artery pulsatility index 0.1(1.3 -0.1(1.2) —2.1(1.4)°¢ —2.1(1)°¢ —2.4 (1.2
Cerebroplacental ratio 0(1.2) 0(1.2) —2.6(0.7)>¢ —3.2(0.9)>¢ —3.3(0.6)>
Ductus venosus pulsatility index 0(0.9) 0.2 (0.5) 1(1.9°° 1.6 (2.3)°° 4.3 (4.4)P°

#]UGR fetuses are classified according to the last ultrasound before delivery or death.

P < 01, compared with term AGA.
¢ P < .01, compared with preterm AGA.
9 Values are median (interquartile range).

Crispi. Cardiac dysfunction and cell damage. Am ] Obstet Gynecol 2008.

Cord blood troponin levels are within
normal values in most fetuses with severe
IUGR, which suggests that cell necrosis
may be uncommon.>"'* However, in
adults with heart failure, biomarkers of
myocardial cell damage (such as the re-
cently described heart-fatty acid binding
protein [H-FABP]) have been demon-
strated to be more sensitive than tro-
ponins.'>'> Additionally, high sensitiv-
ity C-reactive protein (hsCPR), a marker
of tissue injury and inflammation, is
being associated increasingly with
chronic cardiac disease and damage in
adults.'®'” These cardiovascular bi-
omarkers have not been evaluated in re-
lation with fetal cardiac function in
IUGR.

Here we document the evolution of
cardiac dysfunction and cell damage
across clinical stages of severity in [UGR
by conducting a longitudinal study that
integrated echocardiographic evidence
with biomarkers of cardiac dysfunction
and myocardial damage in a cohort of 81
fetuses with well-documented severe fe-
tal growth restriction.

MATERIALS AND METHODS
Study populations

Eligible cases were singleton pregnancies
that were selected from women who at-

tended the Maternal-Fetal Medicine De-
partment at Hospital Clinic and at Harris
Birthright Research Centre for Fetal
Medicine. The study protocol was ap-
proved by the Ethics Committee at each
participating institution, and patients
provided written informed consent.
TUGR was defined as an estimated fetal
weight below the 10th percentile accord-
ing to local reference curves'® together
with a Doppler pulsatility index in the
umbilical artery of >2 standard devia-
tions.'” For the purposes of this study
only, those IUGR infants who died or
were delivered between 24 and 34 weeks
of gestation were included. IUGR fetuses
were longitudinally followed-up with se-
rial ultrasound scans. At each examina-
tion fetuses were classified in stages of
severity according to the end-diastolic
flow (EDF) in the umbilical artery as:
stage 1 was defined by presence of EDF;
stage 2 was absence of EDF; and stage 3
reversed EDF. Ultrasound scans were
performed on a weekly basis for fetuses
in stage 1 and every 48-72 hours from
stage 2 onwards. If the IUGR fetus re-
mained in the same severity stage as de-
fined earlier during several examina-
tions, the median of each cardiac
parameter that was obtained at that stage
was considered to be the representative

value. Maternal and cord blood samples
were collected at delivery for biochemi-
cal marker analysis. Exclusion criteria
were birthweight >10th percentile, evi-
dence of fetal infection, or structural/
chromosomal abnormalities. Echocar-
diographic or biochemical data were not
available to the managing clinicians. Ad-
verse perinatal outcome was defined by
the presence of perinatal death,'® bron-
chopulmonary  dysplasia,®  hyaline
membrane disease, neonatal intraven-
tricular hemorrhage grade 3 or 4, necro-
tizing enterocolitis, sepsis, or retinopa-
thy grade 3 or 4.

Two different populations of appro-
priate-for-gestational age (AGA) fetuses
were selected as control subjects. Ultra-
sonographic measurements were per-
formed in 80 normal grown fetuses who
were delivered at term (term AGA)
matched for gestational age at enrolment
(2 weeks) with cases. In addition, ma-
ternal and cord blood biomarkers were
measured at delivery not only in 30 of
these control subjects who were deliv-
ered at term but also in 40 AGA fetuses
who were delivered preterm without
signs of infection (preterm AGA) and
matched for gestational age at delivery
(%2 weeks) with cases.
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TABLE 2
Perinatal outcomes of the study populations
Populations Term AGA Preterm AGA IUGR-s1 IUGR-s2 IUGR-s3
N (patients) 80 40 26 28 27
Cesarean section (%) 16 352 962° 10020 1002°
Gestational age at 39 (1) 30 (6)* 32 (32 30 (42 28 (3)2°
delivery (weeks)
Birth weight (g) 3110 (475) 1605 (1087)* 1160 (400)*° 980 (360)° 600 (352)2°
Birth weight percentile 45 (38) 50 (54) 0 (0.5)2° 0 (0.12° 0 (0.1)2°
5-min Apgar 10 (0) 10 (1) 10 (1) 9(2? 8 (2)2°
Umbilical artery pH 7.30 (0.07) 7.27 (0.08) 7.27 (0.13) 7.21 (0.07) 7.16 (0.1)2°
Intrauterine death 0% (0/80) 0% (0/40) 0% (0/26) 7% (2/28) 33% (9/27)*P
Neonatal death 0% (0/80) 3% (1/40) 4% (1/26) 0% (0/28) 26% (7/27)*°
Perinatal death 0% (0/80) 3% (1/40) 4% (1/26) 7% (2/28) 59% (16/27)>P
Adverse perinatal 0% (0/80) 32% (13/40) 36% (10/26)° 42% (12/28)° 78% (21/27)*°

outcome

IUGR fetuses are classified according to the last ultrasound before delivery or death.

Values are median (interquartile range) or proportions. Adverse perinatal outcome defined by the presence of perinatal death, bronchopulmonary dysplasia, hyaline membrane disease, neonatal

intraventricular haemorrhage grade 3 or 4, necrotizing enterocolitis, sepsis or retinopathy grade 3 or 4.

AGA, appropriate for gestational age; /UGR, intrauterine growth restriction; s7, stage 1; s2, stage 2; s3, stage 3; P/, pulsatility index.

2 P < 0.01 compared to term AGA.
b P < 0.01 compared to preterm AGA.

Crispi. Cardiac dysfunction and cell damage. Am ] Obstet Gynecol 2008.

Fetal echocardiography
Echocardiographic measurements in-
cluded left myocardial performance in-
dex (MPI), early and late diastolic filling
(E/A) ratios and cardiac output. We used
a modified MPI (Mod-MPI) that was
adapted to fetal assessment, which re-
sults in a substantial improvement in in-
terobserver variability.”' Mitral and tri-
cuspid peak velocities of E/A ratios were
estimated in an apical 4-chamber view,
with the Doppler sample volume just be-
low the atrioventricular valves.”” Left
and right cardiac outputs were calcu-
lated as 7 X (aortic or pulmonary valve
diameter)* X (aortic or pulmonary ar-
tery systolic time-velocity integral) X
heart rate. The combined cardiac output
was calculated as the sum of both.>*

Because of their correlation with ges-
tational age, all individual ultrasono-
graphic data were normalized by conver-
sion of the measurements into Z-scores
(standard deviation from the gestational
age mean), with the exception of cardiac
output, which was normalized by esti-
mated fetal weight.'>**

Biomarkers in fetal

and maternal blood

Fetal umbilical EDTA-treated blood
was obtained from the umbilical vein
after cord clamp at delivery. Maternal
samples were drawn from the cubital
vein at the time of fetal sampling. All
samples were processed within 1 hour.
Plasma was separated by centrifuga-
tion at 3000 rpm for 10 minutes at 4°C;
samples were stored immediately at
—80°C until assay.

Cord blood levels of B-type natriuretic
peptide (BNP) were measured with an
immunoassay system (ADVIA Centaur
BNP; Siemens Healthcare Diagnostics,
Deerfield, IL), as described previously.26
Plasma concentrations of H-FABP were
measured with a commercially available
assay (Hycult Biotechnology, Uden, The
Netherlands).?” Troponin I and hsCPR
levels were measured with commercially
available assays with Centaur CP (Sie-
mens Healthcare Diagnostics) troponin
I assay and ADVIA 2400 Chemistry sys-
tem (Siemens Healthcare Diagnostics),
respectively.

254.e3 American Journal of Obstetrics & Gynecology SEPTEMBER 2008

Data analysis

Data were analyzed with the SPSS sta-
tistical software (version 13.0; SPSS
Inc, Chicago, IL). Results were ex-
pressed as median * interquartile
range. Comparisons of perinatal out-
come among groups were performed
with analysis of variance based on log-
transformed data that were adjusted
with Bonferroni’s post-hoc test. Com-
parisons of cardiac parameters among
groups were performed with the use of
regression (robust variance) to take
into account repeated measurements
per subject, with stage as a categoric
variable. In addition, the Cuzick non-
parametric test for trend across or-
dered groups was used to assess the ex-
istence to progressively different
values within severity stages of
IUGR.?® Finally, the association of
variables with perinatal death was as-
sessed with the use of the last scan be-
fore delivery and cord blood biomar-
ker levels at delivery by T-test.
Differences were considered signifi-
cant with probability values of <.01.
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FIGURE 1

Cardiac function parameters in AGA and IUGR

fetuses at different stages of severity
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Data are given as mean = SEM. The asterisk denotes a probability value of <.01, compared with
AGA. ET, ejection time; /CT, isovolumetric contraction time; /RT, isovolumetric relaxation time; s7,

stage 1; s2 stage 2; s3, stage 3.

Crispi. Cardiac dysfunction and cell damage. Am ] Obstet Gynecol 2008.

RESULTS

Characteristics of the

study populations

Clinical and perinatal data are shown in
Tables 1 and 2. IUGR fetuses from sever-
ity stages 2 and 3 showed lower 5-minute
Apgar scores and umbilical artery pH
values and higher rates of adverse peri-
natal outcome, compared with AGA
fetuses.

Fetal echocardiography

A total of 62, 65, and 47 ultrasound ex-
plorations were performed in TUGR-
stages 1, 2, and 3, respectively. Values of
echocardiographic parameters in term
AGA and in IUGR fetuses are shown in
Figure 1. Mod-MPI was significantly
higher in stage 1 and showed a progres-
sive increase through further stages of
deterioration. All time periods that were

used for calculation of the MPI were sig-
nificantly different in IUGR fetuses. E/A
values in both atrioventricular valves
were significantly higher from stage 2
onwards. Cardiac output values were
similar in control subjects and in ITUGR
fetuses at all severity stages. The statisti-
cal analysis for trend showed a signifi-
cant tendency to different results with
increasing stages of IUGR for all param-
eters with the exception of cardiac out-
put (probability value of tendency: Mod-
MP], isovolumetric contraction, ejection
time, relaxation time, left E/A, and right
E/A, P <.001; cardiac output, P = .375).

Biomarkers in fetal blood

Maternal and cord blood samples were
collected in 59 IUGR, 40 preterm AGA,
and 30 term AGA fetuses. Data on cord
blood biomarker levels are shown in Fig-
ures 1 and 2. BNP levels were signifi-
cantly higher in fetuses at stage 1 and in-
creased further across the stages of
severity. H-FABP values were signifi-
cantly increased in IUGR fetuses at stage
3 together with a significant linear incre-
ment across severity stages. Troponin I
values were similar in AGA and in [UGR
fetuses. Hs-CPR levels were significantly
lower in IUGR fetuses at stages 2-3, com-
pared with preterm AGA. Moreover, all
biomarkers with the exception of tropo-
nin I showed a significant tendency to
different results with increasing stages of
IUGR (probability value tendency: BNP,
H-FABP, and hsCPR, P <.001; troponin
I,P=.154)

Biomarkers in maternal blood

All biomarkers showed similar maternal
plasma levels among AGA and IUGR at
any severity stage (BNP, P = .717; H-
FABP, P = .88; troponin I, P = .09;
hsCPR, P = .673). No significant corre-
lation was measured between maternal
and cord blood levels of any biomarker,
with the exception of hsCPR (BNP, R* =
—0.008, P = .754; H-FABP, R* = 0.012,
P = .129; troponin I, R* = —0.014, P =
.910; hsCPR, R* = .261, P = .025).

Association with perinatal death

Mod-MPI and E/A ratios and cord blood
BNP, H-FABP and troponin I were sig-
nificantly increased in IUGR fetuses who

SEPTEMBER 2008 American Journal of Obstetrics & Gynecology 254.e4
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died, in comparison with survivors (Ta-
bles 3 and 4).

COMMENT
This study documents the evolution of
cardiac dysfunction and cell damage in
fetal growth restriction in relation with
Doppler stages of severity that are used
widely in clinical practice. It provides ev-
idence that subclinical cardiac dysfunc-
tion is an early and progressive event in
severe IUGR. Echocardiographic pa-
rameters and cord blood levels of BNP
indicate that cardiac dysfunction in-
creased progressively across the stages of
fetal compromise. Advanced fetal Dopp-
ler deterioration was associated with a
significant increase in H-FABP levels,
which supports the existence of myocar-
dial cell damage, but to such a small ex-
tent that it could not be detected by cord
blood levels of troponin L.
Echocardiographic parameters that
indicate subclinical cardiac dysfunction
increased through the Doppler stages of
fetal deterioration that were defined in
this study. MPI has been reported previ-
ously to be increased in TUGR fetuses.>>’
In this study we further described that
Mod-MPI was elevated in fetuses at ini-
tial stages of hemodynamic compromise
and progressed further with fetal deteri-
oration. The progressive increment in
Mod-MPI values was at the expense of all
time periods that were involved in the
calculation of this index, which suggests
the existence of both systolic and dia-
stolic subclinical dysfunction. E/A ratio
evaluates ventricular filling during the
diastole; in adults, decreased values are
considered a sign of diastolic dysfunc-
tion. Contrary to adults, fetuses with
overt heart failure have been reported to
have increased E/A ratios.”® In TUGR,
earlier studies described unchanged or
reduced E/A values,” *?! but most recent
studies found the ratios to be increased
significantly with respect to control sub-
jects.>® We also observed a considerable
increase in E/A values in fetuses with
IUGR in both atrioventricular valves,
which was present from stage 2 and in-
creased further with fetal Doppler dete-
rioration. Finally, this study confirmed
previous observations that indicated that

FIGURE 2

Myocardial cell damage markers in AGA and IUGR
fetuses at different stages of severity
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cardiac output is maintained within nor-
mal values, even in most severe clinical
stages of [TUGR.%*?

The progressive increase of BNP cord
blood levels in IUGR fetuses was consis-
tent with that observed for echocardio-
graphic parameters. In adults, BNP is the

gold standard biomarker for heart fail-
ure’’; serum levels are elevated in early
stages of subclinical diastolic dysfunc-
tion and increase in proportion to sever-
ity.”® Our data in human fetuses with
TUGR are in agreement with those of
Girsen et al° who demonstrated that N-

4 \
TABLE 3
Echocardiographic parameters and perinatal deaths in IUGR fetuses

Survivors Perinatal deaths

Variable (n = 62) (n=19) P value
Mod-MPI 1.7(3) 2.5(2) 027
Isovolumetric contraction time 0(2.2) 0.2(2.7) .063
Ejection time -1.1(1.4) —2.1(1.6) 130
Isovolumetric relaxation time 1(3.1) 2.1(3.4) .067
Left E/A 0.8(2.2) 24(2.2) .045
Right E/A 1(2.1) 2.3(5.2) .002
Cardiac output (mL/min/kg) 750 (274) 816 (248) 484
Values are median (interquartile range). Doppler values are expressed in Z-scores, with the exception of cardiac outputs
normalized by fetal weight.
Crispi. Cardiac dysfunction and cell damage. Am ] Obstet Gynecol 2008.
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Cord blood cardiac biomarkers and perinatal death in IUGR fetuses

Survivors Perinatal deaths
Variable (n = 51) (n=28) P value
Cardiac function
BNP (pg/mL) 64 (127) 350 (456) .029
Myocardial cell damage
H-FABP (ng/L) 11 (11) 23 (103) <.001
troponin | (ng/mL) 0.02 (0.02) 0.07 (1.14) .002
hsCPR (ng/mL) 0.02 (0.04) 0.01 (0.02) 176

Values are median (interquartile range).

Crispi. Cardiac dysfunction and cell damage. Am ] Obstet Gynecol 2008.

terminal peptide of proBNP was elevated
in fetuses with growth restriction and in-
creased across fetoplacental Doppler
stages of fetal compromise. In another
study, Leipala et al>® showed increased
levels of BNP in preterm IUGR neonates
during the first days of life, which points
to a persistence of cardiac dysfunction
postnatally.

The integrated evaluation of myocar-
dial cell and tissue damage biomarkers
offers new information for the under-
standing of fetal cardiac disease in IUGR.
H-FABP cord blood levels showed a sig-
nificant linear increase across stages and
were increased significantly in fetuses
with reverse flow in the umbilical artery,
which suggests the presence of myocar-
dial cell damage in advanced stages of fe-
tal deterioration. H-FABP is a novel bio-
chemical marker with a relatively small
size that confers a high sensitivity to de-
tect myocardial cell damage."”” It has
proved not only to be an excellent
marker for the early detection of cardiac
injury in acute coronary syndromes but
also showed to be sensitive enough for
the detection of chronic minor myocar-
dial injury in heart failure.">'* On the
other hand, troponin is a well-estab-
lished marker for myocardial infarction.
However, 94% of cardiac troponin is
bound to myofibrillar structures, and it
has first to dissociate from its matrix be-
fore it is released. This explains a time
delay for raised levels in plasma and a
lower sensitivity to subtle cell damage,
compared with H-FABP."> Consistent
with this notion, the observed elevation
of H-FABP in this study occurred in the

absence of significant changes in mean
troponin levels. The latter finding is in
line with previous studies that measured
troponinin TUGR.>' "2 It must be noted
that, despite of the absence of overall dif-
ferences, this and previous studies have
observed individual cases of severe fetal
growth restriction with high cord blood
troponin values,”'"'? which suggests
that extended cell damage may occur in
very advanced stages of the disease. In
this study, fetuses who died had signifi-
cantly higher levels of troponin, com-
pared with survivors.

Finally, we could not demonstrate any
increase in hsCPR cord blood levels in
severe [UGR fetuses, compared with pre-
term AGA. On the contrary, there was a
significant decrease of cord blood hsCPR
in IUGR stages 2 and 3, compared with
preterm AGA, but not with term AGA
fetuses. These differences could be ex-
plained by an abnormal increase in
hsCPR levels in preterm AGA because of
the accidental inclusion of =1 cases with
subclinical prenatal infection. Alterna-
tively, it could reflect a true decrease in
hsCPR levels in most severe forms of
IUGR that we cannot explain. HsCPR is
awell-established acute marker for tissue
injury, and the lack of elevation in severe
IUGR fetuses is consistent with the re-
sults that have been observed for tropo-
nin. On the other hand, hsCPR has also
been described as a marker of chronic
inflammation that leads to cardiovascu-
lar disease.'®'” Thus, our data do not
support the implication of this patho-
physiologic mechanism in fetal cardiac
disease that is related to growth restric-

tion. The results in hcPCR are in dis-
agreement with a recent study that de-
scribed an increase in hsCPR levels in
near-term small-for-gestational age fe-
tuses.”* Although the population is not
comparable with that of the present
study in terms of gestational age or in
severity, we cannot find an explanation
for the differences between both studies.

This study has several limitations.
First, there was an elapsed period be-
tween the last ultrasound measurement
and cord blood sampling. Although this
did not exceed 48 hours, we acknowl-
edge that, in a small number of cases, the
severity stratification based on ultra-
sound parameters might have changed at
the time of blood sampling. Second, suf-
ficient cord blood for analysis could not
be retrieved in approximately 20% of
cases because of the inherent difficulty in
obtaining samples from extremely pre-
term and small TUGR fetuses. Further-
more, cord blood was not available in all
intrauterine deaths. This may have bi-
ased the results by attenuating the differ-
ences on the levels of biomarkers be-
tween control subjects and IUGR
fetuses. Third, most biomarkers that
were evaluated in this study are not fully
cardiospecific. This may raise concern
for the interpretation of H-FABP data.
This protein is expressed abundantly in
cardiomyocytes, but to a lesser extent
also in skeletal muscle, distal tubular
cells of the kidney, specific parts of the
brain, lactating mammary glands, and
placenta.'*?*> Although we postulate that
cardiac damage is the most plausible rea-
son for the observed increase in this
study, we acknowledge that this concept
cannot be demonstrated completely. Al-
though the placenta can also produce H-
FABP, reduced maternal levels in ITUGR
pregnancies support that placental pro-
duction is unlikely to account for the ob-
served increases in fetal blood. Future
studies in animal models might help to
clarify the origin of H-FABP in growth-
restricted fetuses. Finally, it is unknown
whether the association with maternal
preeclamptic symptoms has any effect
on fetal cardiac function. This potential
confounding effect is being investigated
in further studies.
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The association between the risk of ad-
verse outcome or perinatal death and the
presence of abnormal echocardio-
graphic parameters has been reported
previously.”'? In this study, we confirm
previous reports and further describe
that those fetuses who died in utero or
postnatally had significantly increased
levels of H-FABP and troponin. Ultra-
sonographic assessment of cardiac func-
tion could be integrated into clinical
practice to improve the short-term pre-
diction of fetal death. This information is
essential to guide clinical decisions of fe-
tuses with severe growth restriction, but
no single Doppler ultrasound parameter
has been demonstrated to have sufficient
predictive value.”'®’® In the present
study, MPI and E/A were higher in fe-
tuses who died, but their predictive value
for perinatal death in IUGR remains to
be evaluated. In a preliminary study, a
composite cardiovascular score that in-
tegrated MPI with other Doppler indices
improved the short-term prediction of
fetal death, compared with ductus veno-
sus Doppler alone.””

In summary, this study provides evi-
dence that cardiac dysfunction is an early
event in fetal growth restriction and that
its magnitude increases in proportion to
the severity of the fetal condition. Thus,
subclinical cardiac  dysfunction is
present in fetuses with IUGR and mild
degrees of Doppler deterioration, which
currently is considered to have an overall
good long-term outcome."”'” The data
further suggest that advanced stages of
fetal deterioration are associated with
myocardial cell damage. It is tempting to
speculate that the degree and duration of
cardiac dysfunction and damage might
be associated with distinct effects on fetal
programming of cardiovascular func-
tion and disease in adulthood. The im-
pact in long-term cardiovascular out-
come of the changes here described
remains to be established in long-term
follow-up studies. [
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EXPANDED METHODS

Delivery indications and perinatal
outcome definitions

The indications for delivery included de-
compensation of maternal disease (se-
vere preeclampsia), decelerative fetal
heart rate pattern, and deterioration of
fetal venous indices (absent or reversal of
atrial flow in the ductus venosus). When
delivery was indicated for fetuses with
gestational age of <26 weeks of gestation
or with estimated weights of <500 g, pa-
tients where counseled regarding the
high mortality rate and adverse sequelae,
and the option of expectant manage-
ment was contemplated. At delivery, ges-
tational age, birthweight, Apgar scores,
and umbilical pH were recorded. Perina-
tal death was defined as either intrauter-
ine death or neonatal death within the

first 28 days of life.'* Bronchopulmonary
dysplasia was defined by an oxygen de-
pendency at 36 weeks of corrected gesta-
tional age plus compatible clinical and
radiographic changes.”” Neonatal intra-
ventricular hemorrhage was defined ac-
cording to Papile’s criteria.’®*” Necro-
tizing enterocolitis was classified
according to modified Bell’s stages.”®
Adverse perinatal outcome was defined by
the presence of perinatal death, bron-
chopulmonary dysplasia, neonatal intra-
ventricular hemorrhage grade 3 or 4, or
necrotizing enterocolitis.

Ultrasonographic evaluation

The ultrasound studies were performed
with a Siemens Sonoline Antares system
(Siemens Medical Systems, Malvern, PA,
USA) or a Voluson 730 Expert system
(GE Medical Systems, Milwaukee, WI)
with 6-4 MHz linear curved array
probes. All estimations were done in the
absence of fetal corporal and respiratory
movements and with the mother in vol-
untary suspended respiration. The angle
of insonation was kept <30 degrees in all
measurements. The mechanical and
thermal indices were maintained at <1,
and the wall filter was set to 70 Hz. Rou-
tine ultrasound examination included
fetal weight calculation, amniotic fluid
index, and Doppler examination of the
umbilical artery in a free loop of the um-
bilical cord, middle cerebral artery in a
transverse view of the fetal skull at the
level of the circle of Willis, and ductus
venosus in a mid sagittal view of the fetal
abdomen before its entrance to the infe-
rior vena cava.

Echocardiographic measurements
Cardiac function was assessed by ultra-
sound with 2-dimensional and Doppler
ultrasound modes in 80 term AGA and 81

IUGR fetuses. For term AGA fetuses, only
1 ultrasound scan was performed. For
IUGR fetuses, there was a median of 3 ex-
aminations in the 2-week interval before
delivery. If the IUGR fetus remained in the
same severity stage as defined earlier dur-
ing several examinations, the median of
each cardiac parameter that was obtained
at that stage was considered as the repre-
sentative value.

Echocardiographic measurements in-
cluded left MPI, E/A ratios, and cardiac
output. Mod-MPI was obtained in a
cross-sectional image of the fetal thorax,
with the Doppler sample volume placed
on the medial wall of the ascending aorta
to include the leaflets of the aortic and
mitral valves.”” The clicks of the valves
that registered in the Doppler trim were
used as landmarks to calculate the iso-
volumetric contraction and relaxation
times and the ejection time. Mod-MPI
was calculated in the following manner:
(isovolumetric contraction + isovolu-
metric relaxation time)/ejection time.
Right and left E/A ratios were estimated
in an apical 4-chamber view with the
Doppler sample volume placed just be-
low the atrioventricular valves.”® Diam-
eters of the aortic and pulmonary valves
were measured 3 times in frozen real-
time images during systole by the lead-
ing-edge method and with the mean as
representative.® Aortic systolic time-ve-
locity integral was obtained in a long axis
of the left ventricle, and pulmonary ar-
tery systolic time-velocity integral was
obtained in a short-axis view of the fetal
heart. Then, left and right cardiac out-
puts were calculated in the following
manner: 7 X (aortic or pulmonary valve
diameter)* X (aortic or pulmonary ar-
tery systolic time-velocity integral) X
heart rate. The combined cardiac output
was calculated as the sum of both.'"*!
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OBJECTIVE. Increasing evidence shows that intrauterine growth restriction (IUGR)
is associated with fetal cardiac dysfunction. Most studies include altogether IUGR
with and without preeclampsia (PE). Our objective was to evaluate whether the
association with PE has any impact on cardiac function in IUGR fetuses

METHODS. 31 normotensive IUGR cases and 31 IUGR with preeclampsia
(PE+IUGR) below 34 weeks of gestation were included. IUGR was defined as a birth
weight below the 10 centile together with an umbilical artery pulsatility index above
2SD. Fetal cardiac function was assessed by measuring ductus venosus pulsatility
index, modified-myocardial performance index, aortic isthmus blood flow, E/A ratios
and cardiac output. Moreover, the presence of fetal cardiac dysfunction was also
assessed by measuring cord blood brain-natriuretic peptide (BNP) levels collected at
birth. Echocardiographic data were compared with those in 80 term appropriate for
gestational age (AGA) fetuses from normotensive mothers matched by gestational
age at ultrasound. Cord blood BNP levels were compared with those in 40 preterm
AGA matched by gestational age at delivery with IUGR cases.

RESULTS. All IUGR cases (with or without PE) showed echocardiographic and
biochemical signs of cardiac dysfunction compared to AGA. However, no differences
were observed between IUGR and PE+IUGR cases neither in echocardiographic or

in biochemical parameters. IUGR with or without PE had similar perinatal results.
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CONCLUSIONS. IUGR fetuses showed echocardiographic and biochemical signs of
cardiac dysfunction. Preeclampsia per se does not influence cardiac function in IUGR

fetuses.

KEY WORDS: IUGR, preeclampsia cardiovascular function, echocardiography, B-

type natriuretic peptide.
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INTRODUCTION

Intrauterine growth restriction (IUGR) affects 1-3% of all pregnancies and
constitutes an important cause of perinatal mortality and morbidity."? Increasing
evidence shows that IUGR is associated with fetal cardiovascular dysfunction.
Several studies have reported significant differences in echocardiographic
parameters, mainly related to diastolic function,®® and elevated fetal levels of B-type
natriuretic peptide (BNP).®’ The presence of abnormal cardiac function is associated

6,8-10

with poorer perinatal outcome in IUGR fetuses and this has prompted research

on new cardiovascular parameters which might improve in utero monitoring.”"'? In
addition, epidemiological studies and animal models have established that low birth
babies have an increased risk of developing cardiovascular disease later in life,
including hypertension and coronary disease."®'* Thus, characterization of fetal
cardiac dysfunction may be relevant for clinical management and for the
understanding of fetal cardiac programming.

A potential concern in the interpretation of studies on fetal cardiovascular function
in IUGR is the common association with preeclampsia (PE).">'® Most studies on
cardiovascular assessment in IUGR have included without distinction pregnancies
with and without this condition.*>?° PE is characterized by dysfunction of the
maternal vascular endothelium, which leads to increased systemic vascular
resistance and maternal hemodynamic changes.???*?* Several studies have shown
that PE is associated with features of endothelial dysfunction also in the fetus. 228 It
is unknown to which extent these changes have any influence in fetal cardiovascular
function.

The aim of this study was to evaluate whether the association with PE has any

impact on cardiovascular function in preterm IUGR fetuses.
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METHODS
Study populations

The study included 31 normotensive IUGR, 31 IUGR+PE and 120 controls
appropriate-for-gestational age (AGA) fetuses (80 term AGA and 40 preterm AGA).
The study protocol was approved by the local Ethics Committee and patients
provided their written informed consent. Exclusion criteria were
structural/chromosomal anomalies or evidence of fetal infection. All fetuses were
delivered or died below 34 weeks of gestation. In all pregnancies gestational age was
calculated based on the crown-rump length at first trimester ultrasound. IUGR was
defined as an estimated fetal weight below the 10™ centile according to local
reference curves® together with umbilical artery (UA) pulsatility index (PI) above 2
standard deviations.*® PE was diagnosed in the presence of hypertension associated
with proteinuria.®' Hypertension was defined as resting blood pressure = 140 mm Hg
(systolic) and/or = 90 mm Hg (diastolic) on two occasions at least 4 hours apart after
the 20™ week of gestation in women known to be normotensive beforehand.
Proteinuria was defined as excretion of 300 mg or more in a 24 hours specimen or a
2+ urine dipstick.®! Forty-three cases reported here have been included as part of a
previous study on IUGR.®

All cases underwent Doppler ultrasonographic examination of fetal
cardiovascular hemodynamics every 48 to 72 hours until their delivery or death.
Doppler and cardiovascular parameters obtained at the last examination before
death or delivery were used for statistical analysis. The ultrasound studies were
performed using a Siemens Sonoline Antares (Siemens Medical Systems, Malvern,

PA, USA) or a Voluson 730 Expert (GE Medical Systems, Milwaukee, WI, USA) with
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6-4 MHz linear curved array probes. All estimations were done in the absence of fetal
movements and, when required, with the mother in voluntary suspended respiration.
An angle of insonation of <30° between the vessel and the Doppler beam was
accepted for analysis. The mechanical and thermal indices were maintained below 1,
and the wall filter was set to 70Hz. Doppler parameters were obtained from three or
more successive waveforms in each vessel. Basic Doppler examination included UA
and middle cerebral artery (MCA). UA-PI was measured from a free loop of the
umbilical cord. MCA-PI was measured distally to the junction of the internal carotid
artery in a transverse view of the fetal skull at the level of the circle of Willis. The
cerebroplacental ratio was calculated as MCA-PI/UA-Pl. Complete
echocardiographic assessment was also performed at each ultrasound examination.
At delivery, gestational age, birth weight, birth weigh centile, Apgar scores and
umbilical pH were recorded. Perinatal mortality was defined as either intrauterine
death or neonatal death within the first 28 days of life.? Additionally, cord blood from
umbilical vein was also collected to measure the concentration of B-type natriuretic

peptide (BNP).

Echocardiographic assessment

Cardiovascular function was assessed by ultrasound using 2-D and Doppler
ultrasound modes. Cardiovascular measurements included ductus venosus (DV) PI,
aortic isthmus blood flow index (IFI), E/A ratios, modified-myocardial performance
index (Mod-MPI) and combined cardiac output (CCO).

DV-Pl was measured either in a mid sagittal view of the fetal thorax or in a
transversal plane through the upper abdomen prior to its entrance to the inferior vena

cava, positioning the Doppler gate at the DV isthmic portion.*? Aortic isthmus was
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sampled downstream of the left subclavian artery and just upstream of the ductus
arteriosus connection in a sagittal view simultaneously visualizing the aortic arch. IFI
was calculated by dividing the sum of the systolic and diastolic Doppler flow integrals
by the systolic flow integral.®® Atrioventricular flows were obtained from a basal or
apical four-chamber view placing the pulsed Doppler sample volume just below valve
leaflets. Right and left E/A ratios were estimated calculating the ratio between early
ventricular filling (E wave) to late ventricular filling (A-wave).** Mod-MPI was obtained
in a cross-sectional image of the fetal thorax placing the Doppler sample volume on
the medial wall of the ascending aorta and including the leaflets of the aortic and
mitral valves.®*® The clicks of the valves registered in the Doppler trim were used as
landmarks to calculate the following time-periods: isovolumetric contraction time
(ICT) from the closure of the mitral valve to the opening of the aortic valve, ejection
time (ET) from the opening to the closure of the aortic valve, and isovolumetric
relaxation time (IRT) from the closure of the aortic valve to the opening of the mitral
valve. Finally, the Mod-MPI was calculated as (ICT+IRT)/ET. Left and right cardiac
outputs were calculated as T x (aortic or pulmonary valve diameter)? x (aortic or
pulmonary artery systolic time-velocity integral) x heart rate. Then, CCO was
calculated as the sum of both.*”* Diameters of the aortic and pulmonary valves were
measured 3 times in frozen real-time images during systole by the leading-edge—to-
leading-edge method and their mean value was used for further analysis.?® Aortic
systolic time-velocity integral was obtained in a long axis of the left ventricle, and
pulmonary artery systolic time-velocity integral in a short-axis view of the fetal heart
and were calculated by planimetering the area underneath the Doppler spectrum.

Cord blood sampling and BNP assessment
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Cord blood samples were collected immediately after delivery. Plasma was
separated by centrifugation at 3000 rpm for 10 minutes at 4°C, and samples were
immediately stored at -80°C until assayed. Levels of BNP were measured using
Siemens ADVIA Centaur® BNP assay.*

Statistical analysis

A sample size of 31 patients in each study group was calculated by expecting
differences between cases and controls in MPIl and BNP above 20%, for a given 5%
alpha-error and 80% power. The case cohort was constructed by consecutive IUGR
cases attended at our institution between January 2006 to December 2007. For each
case of the IUGR group, the next patient in the cohort with the diagnosis of IUGR and
PE delivering within the same study period at the same gestational age (+/- 2 weeks)
was selected. Controls were randomly selected from our general population. Two
different control populations of AGA fetuses were selected. To compare
echocardiographic parameters, 80 AGA fetuses who delivered at term (term AGA)
were matched by gestational age at ultrasound (x 2 weeks) with cases. Finally, 40
AGA delivering preterm (preterm AGA) were matched by gestational age at delivery
(x 2 weeks) in order to compare cord blood levels of BNP.

Data were analyzed with the SPSS 13.0 statistical package (SPSS, Chicago,
lllinois, USA). Ultrasound measurements were converted into Z-scores (standard
deviation from the gestational age mean), with the exception of cardiac output which
was normalized by estimated fetal weight.3°-%234%:37 Results were expressed as
median and interquartile range (IQR). Comparisons among groups were performed
with analysis of variance based on log-transformed data adjusted with Bonferroni’s

post-hoc test. Differences were considered significant when P-values < 0.05.
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RESULTS
Characteristics of the study populations
The characteristics of the study populations are reported in Table 1. As
expected, IUGR cases with or without PE had higher UA-PI, and lower MCA-PI,
cerebroplacental ratio and birth weight percentile as compared to term and preterm
AGA. All perinatals and Doppler parameters were similar among IUGR and
IUGR+PE cases. A non-significant trend to higher perinatal mortality was observed in
IUGR as compared to IUGR+PE.
Echocardiographic assessment
Values of cardiovascular parameters are shown in Table 2 and Figure 1. All
measurements with the exception of cardiac output were significantly different in
IUGR fetuses (with or without PE) as compared to term AGA. However, there were
no differences in IUGR as compared with IUGR+PE.
Cord blood BNP
Data on cord blood BNP levels are shown in Figure 2. BNP levels were
significantly higher in IUGR with or without PE as compared to AGA. However, BNP

concentrations were similar among IUGR cases with or without PE.

CONCLUSIONS

This study provides evidence that IUGR fetuses with and without PE had a similar
degree of cardiovascular dysfunction, as measured by means of echocardiographic
and biochemical parameters. The study groups were comparable in terms of the

degree of growth restriction and Doppler deterioration. The data support the concept
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that PE per se does not have an influence in the presence of cardiovascular
dysfunction in IUGR.

The findings confirm previous studies reporting clear evidence of the existence of
abnormal cardiovascular function in IUGR. As expected and previously described,
64143 DV-PI was significantly increased in both study groups. DV-PI reflects to a

great extent myocardial impaired relaxation*"***°

and it is the strongest predictor of
perinatal mortality and morbidity severe IUGR.>*!*2 Aside from DV-PI, several
ultrasound measurements, including IFI, E/A ratios and MPI, and cord blood BNP
levels were abnormal in both study groups. Previous clinical series have reported
that IUGR fetuses with Aol reversed diastolic flow have a deterioration of cardiac
function*® and a poorer perinatal outcome.'®*¢*” Aortic isthmus has a dynamic role in
connecting the right and left circulatory systems of the fetus and has been proposed
as a potential monitoring tool for IUGR fetuses.'%“¢*’ Left and right E/A ratios have
recently been described to be significantly increased in IUGR with respect to
controls,”” supporting the existence of abnormal ventricular filling during diastole.
MPI, a Doppler index of combined systolic and diastolic function, has been recently
described to be elevated in IUGR fetuses.®*®*® BNP is a gold standard marker for
heart failure in adults®® and children®' that has been demonstrated to be increased in
IUGR from early stages of fetal deterioration.®” Of interest, the study confirmed
previous observations indicating that cardiac output is maintained within normal
values in IUGR.®"%’

Concerning umbilical artery and middle cerebral artery Doppler indices, similar
differences with respect to controls were observed between study groups. Several

studies have evaluated feto-placental Doppler parameters in IUGR fetuses with and

without PE. Harrington et al.***® showed a similar pattern of changes in UA and MCA
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in preterm small for gestational age fetuses with or without PE. More recently, Mari et
al.?! showed that IUGR fetuses without PE undergo a series of well-defined Doppler
changes until fetal deterioration occurs or the fetus is delivered because non-
reassuring testing. On the contrary, IUGR fetuses with PE were often delivered for
maternal indication before the full range of Doppler changes occur.?!

Although perinatal outcome was similar in IUGR with or without PE, a non
significant trend to higher perinatal mortality in normotensive IUGR fetuses was
observed in this study. This finding is consistent with a previous report by Piper et
al.>* including 1012 preterm small for gestational age and showing that perinatal
mortality was significantly higher in the normotensive than in the hypertensive group,

.27 also

even after controlling for potentially confounding factors. Recently, Mari et a
described an increased rate of fetal demise in IUGR without PE. This may be
explained by an earlier diagnosis and elective delivery in those IUGR cases with
severe maternal symptoms.

This study has several limitations. Firstly, although the fetuses were followed
longitudinally, only the data of the last ultrasound before delivery were analyzed. This
prevented to assess the potential existence of a different temporal sequence on
cardiac changes in isolated IUGR with respect to IUGR with PE. We and others have
previously reported that cardiac function parameters in IUGR become abnormal from
very early stages of fetal deterioration.>” Therefore the existence of such longitudinal
differences between IUGR with and without PE may seem unlikely, although we
acknowledge it can not be excluded it conclusively. Secondly, the study mostly
included severe preterm IUGR. Again, although we would suggest it is unlikely, the

potential influence of PE in less severe forms of IUGR later in pregnancy can not

completely be excluded. Finally, it was impossible to construct a study group with a
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meaningful sample size of isolated preterm PE defined by PE with normally grown
fetuses together with normal umbilical and middle cerebral artery Doppler evaluation.
Identification of such cases at the gestational ages covered by this study proved to
be a challenge, since in most instances PE is associated with some degree of IUGR
and/or fetal Doppler deterioration.

In conclusion, IUGR fetuses with and without PE showed a similar degree of
cardiovascular dysfunction. These results support the concept that PE per se is not

causally related with the presence of cardiovascular dysfunction in IUGR fetuses.
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Figure 1. Echocardiographic assessment in the study populations.

Data given as meant+SEM. *P<0.05 compared to term AGA. AGA, appropriate for
gestational age; IUGR, intrauterine growth restriction; PE, preeclampsia; DV-PI,
ductus venosus pulsatility index; IFl, aortic isthmus blood flow index; Mod-MPI,

modified myocardial performance index CCO, combined cardiac output.

Figure 2. Cord blood B-type natriuretic peptide (BNP) levels in the study populations.
Data given as mean+SEM. *P<0.05 compared to term AGA. AGA, appropriate for

gestational age; IUGR, intrauterine growth restriction; PE, preeclampsia.
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Table 1. Characteristics of the study populations.
Term AGA Preterm AGA IUGR IUGR+PE
N 80 40 31 31
Basic Doppler measurements
Gestacional age at
ultrasound ( weeks ) 29.(7) 30(6) 29 (6) 30(3)
Umbilical artery mean PI 0.01 (1.3) 0 (2.04) 7 (9)*t 8 (11.25)*f
-2.61
Middle cerebral artery Pl 0.1 (1.34) -0.01 (1.23) -2.53 (1)*t
(1.32)*t
Cerebroplacental ratio 0.07 (1.26) 0.03 (1.16) -3.54 (1.41)*t -3.08 (0.61)*t
Perinatal outcome
Gestational age at delivery
39 (1) 30 (6)* 31 (4) 30 (4)*
(weeks)
Birth weight (g) 3110 (475) 1605 (1087)* 1030 (470)*t 995 (274)*t
Birth weight percentile 45 (38) 50 (54) 1(1)*t 1(1)*t
5-min Apgar 10 (0) 10 (1) 9(1) 9(2)
Arterial cord pH 7.30 (0.07) 7.27 (0.08) 7.21 (0.07)* 7.22 (0.1)*
Perinatal mortality 0% 3% 19%*t 13%*

Data presented as median (IQR) or %. Doppler values expressed in Z-scores.

*P<0.05 as compared with term AGA. 1P<0.05 as compared with preterm AGA.

AGA, appropriate for gestational age; IUGR, intrauterine growth restriction; PE,

preeclampsia; Pl, pulsatility index.

John Wiley & Sons, Ltd.



Ultrasound in Obstetrics and Gynecology Page 22 of 24

22

Table 2. Echocardiographic parameters in the study populations.
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Term AGA IUGR IUGR+PE
N 80 31 31

Ductus venosus Pl 0.02 (1) 2.3 (4)* 2.1 (5"
Aortic isthmus flow index -0,1 (0.9) -1,7 (8.3) * -1.7 (7.1)*
Left E/A -0.3 (1.4) 0.8 (3.4)* 1.2 (2.9)*
Right E/A 0.1 (0.9) 1.6 (3.1)* 1.2 (1.4)*
Mod-MPI -0.4 (1.2) 1.8 (2.5)* 2.1 (3.4)*
CCO (ml/min/kg) 549 (56) 751 (279) 801 (178)

Doppler values are expressed

fetal weight.

in Z-scores with the exception of CCO normalized by

*P<0.05 compared to term AGA

AGA, appropriate for gestational age; IUGR, intrauterine growth restriction; PE,

preeclampsia; PI, pulsatility index; Mod-MPI, modified myocardial performance index; CCO,

combined cardiac output.
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ABSTRACT

Objectives: To evaluate the predictive value for perinatal death of myocardial
performance index (MPI) and aortic isthmus flow index (IFl), as isolated parameters
and in a combined model including currently used Doppler indices in preterm growth
restricted (IUGR) fetuses.

Methods: Umbilical artery, middle cerebral artery (MCA), ductus venosus (DV), IFI and
MPI were measured in a cohort of 97 preterm IUGR fetuses. Logistic regression was
performed to select those variables that were independently associated to perinatal
mortality, and an algorithm to estimate probabilities of death was constructed including
the best combination of parameters.

Results: With the exception of MCA, all Doppler indices were significantly associated
with perinatal death as isolated parameters, but only DV and MPI remained
independently associated after multivariate analysis. An algorithm combining DV atrial
flow (positive or absent-reverse) and MPI (normal or above 95" percentile) had a better
predictive accuracy than any single parameter. The risk for death in IUGR fetuses
below 28 weeks with: normal DV and normal MPI was 18%, with either abnormal 70-
73%, and with both abnormal, 97%. The risk for death in IUGR fetuses above 28
weeks was: with normal DV and normal MPI 0.1%:; with either abnormal 6-7%; and with
both abnormal 45%.

Conclusions: MPI is an independent predictor of perinatal death in preterm IUGR with
accuracy similar to DV. A combination of DV with MPI may better stratify the estimated
probability of death. IFI does not add to the prediction of perinatal death when used in

combination with DV.

John Wiley & Sons, Ltd.
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INTRODUCTION

Prediction of perinatal mortality is critical for decision-making in preterm
intrauterine growth restricted (IUGR) fetuses. While gestational age is a major predictor
for neonatal outcome'?, it needs to be combined with further parameters in order to
weight the risks of prematurity versus stillbirth. Several approaches have been
proposed to monitor these fetuses including arterial and venous Doppler™,
cardiotocography (CTG)>® and biophysical profile score (BPP)*’ but to date no
management standard for these cases has been established®'’. Longitudinal studies
have documented that ductus venosus (DV) deteriorates earlier than BPP and could be
a more sensitive parameter to predict perinatal mortality in IUGR cases''". In a recent
large multicenter study', DV emerged as the strongest predictor for poor perinatal
outcome. However, its sensitivity for fetal and neonatal death is still 40 to 70 %",

Over the last years, new cardiovascular parameters have been proposed for
fetal assessment. Several experimental and clinical studies have demonstrated the

13-14

association of aortic isthmus (Aol) flow pattern with adverse outcome and later

15-16

neonatal neurodevelopmental status in IUGR fetuses. Additionally, the myocardial

performance index (MPI), a Doppler index of combined systolic and diastolic function,

719 \ith a linear correlation with the

has shown to be increased in IUGR fetuses
hemodynamic severity stage?®?'. However, no attempt has been made to estimate the
potential contribution of these parameters either isolated or in combination with other
Doppler indices as predictors of perinatal mortality.

This study evaluated the predictive value for perinatal death of the Aol and MPI,
as isolated parameters and in a combined model including currently used Doppler
indices. Secondarily, we explored the best combination of currently available
cardiovascular indices for the prediction of perinatal mortality in preterm IUGR fetuses

and the performance of a clinical decision algorithm including the previously selected

parameters.

John Wiley & Sons, Ltd.
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METHODS
Study population

Eligible cases were singleton pregnancies prospectively selected from women
attending the Maternal-Fetal Medicine Department at Hospital Clinic (n=82), and at
Harris Birthright Research Centre for Fetal Medicine (n=15) from January 2006 to May
2008. The study protocol was approved by the Ethics Committee at each participating
institution, and patients provided their written informed consent. Thirty-seven cases
reported here have previously been included as part of a previous study on cardiac
function in IUGR*.IUGR was defined as an estimated fetal weight below the 10"
centile according to local reference curves**? together with a Doppler pulsatility index
(P1) in the umbilical artery (UA) above 95™ percentile®. For the purposes of this study
only those IUGR who died or were delivered between 24 to 34 weeks’ were included.
Exclusion criteria for the final analysis were birth weight >10th centile, evidence of fetal
infection or structural/chromosomal abnormalities.

Ultrasound assessment

Ultrasound (US) assessment was performed using a Siemens Sonoline Antares
(Siemens Medical Systems, Erlangen. Germany) or a Voluson 730 Expert (GE Medical
Systems, Milwaukee, WI, USA) with 6-4 or 6-2 MHz curved array probes. Routine US
examination included a complete morphological examination, fetal weight and amniotic
fluid index calculations.

All Doppler estimations were done in the absence of fetal body movements and,
if required, with maternal voluntary suspended respiration. The angle of insonation was
kept <30° and the wall filter set to 70Hz to avoid sound artefacts. The mechanical and
thermal indices were maintained below 1. Because of their correlation with gestational
age, all individual Doppler data were normalized by converting the measurements into
Z-scores (standard deviation from the gestational age mean)®*?. The following Doppler

parameters were recorded: UA, middle cerebral artery (MCA), DV, Aol and MPI (MPI).

John Wiley & Sons, Ltd.
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UA Pl and end-diastolic flow (EDF) were obtained from a free loop of the umbilical
cord. UA was dichotomized into three categories according to the EDF characteristics
as: present, absent (ADEF) and reversed (REDF). MCA Pl was measured in a
transverse view of the fetal skull at the level of its origin from the circle of Willis. DV PI
and atrial flow were obtained from a mid-sagittal or alternatively transverse section of
the fetal abdomen®. DV was dichotomized into three categories according to the PI
and atrial flow as: normal (Pl below 95" percentile), increased pulsatility (Pl above 95"
percentile) and absent/reversed atrial flow (RAV). Aol blood flow velocity index (IFI)
was obtained in a sagittal view of the fetal thorax with a clear visualization of the aortic
arch placing the Doppler sample volume between the origin of the left subclavian artery
and the confluence of the ductus arteriosus®. Alternatively IFl was also obtained in a
cross sectional view of the fetal thorax at the level of the 3-vessel and trachea view
placing the Doppler gate in the aorta just before the convergence of the arterial duct?’.
IFI was calculated as: (systolic+diastolic)/systolic velocity integrals®. Left MPI was
obtained in a cross sectional image of the fetal thorax and an apical 4-chamber view,
placing the Doppler sample volume on the medial wall of the ascending aorta including
the aortic and mitral valve as previously described”. The movements (clicks) of the
valves in the Doppler trim were used as landmarks to calculate the isovolumetric
contraction (ICT) and relaxation times (IRT), and the ejection time (ET). MPI was
calculated as (ICT+IRT)/ET. MPI was dichotomized into two categories as: normal (MPI
below 95" percentile) and abnormal (MPI above 95" percentile)?®.
For analysis only Doppler estimations recorded within the last 72 hours before delivery
or fetal demise were included.
Delivery criteria

The indications for delivery included deterioration of fetal venous indices
(absent or reversed atrial flow in the DV), decelerative CTG, persistent abnormal BPP

and maternal complications secondary to preeclampsia. When, according to these

John Wiley & Sons, Ltd.
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criteria, elective delivery was indicated for fetuses at gestational age earlier than 26
weeks, the option of expectant management was discussed with parents and accepted
if requested. The managing clinicians were blinded to the results of IFI and MPI. At
delivery, gestational age, birth weight, Apgar scores and umbilical pH were recorded.
Data analysis

Variables were log- or square-transformed to achieve normal distribution. The
diagnostic performance for perinatal mortality was evaluated by means of 2x2 tables
where standard cut-offs for predictive variables were used.

Logistic regression was used to explore the association of UA, MCA, DV, IFI,
MPI (as continuous variables) with perinatal mortality, defined as either intrauterine
death or neonatal death within the first 28 days of life. Assumptions for logistic
regression were checked by assessing the log-distribution of the residuals.

Additionally, a stepwise variable selection procedure was performed, where all
predictive variables were introduced categorized (normal/abnormal). Standard rules
were used for variable selection in the stepwise procedure®. Gestational age was also
included in the final model as it has been demonstrated to be the strongest predictor for
perinatal mortality in IUGR fetuses'. For each predictor, the cut-off best associated with
perinatal mortality on the univariate analysis was used. The model coefficients were
used to predict the mortality risk for each combination of the significant predictive
variables resulting in a score risk. From the final model, risks were stratified for each
combination of predictive variables for fetuses who delivered before and after 28
weeks.

Data were analyzed with the SPSS 13.0 statistical package (SPSS, Chicago,

lllinois, USA). Differences were considered significant when P-values < 0.05.

John Wiley & Sons, Ltd.
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RESULTS

Maternal characteristics, Doppler recordings and perinatal outcome of the study
population are shown in Tables 1 and 2. A total of 97 preterm IUGR cases were
included. The median gestational age at delivery was 30 weeks and the median birth
weight 956g. The indications for delivery were deterioration of fetal venous indices (49
cases), decelerative CTG (12 cases), persistently abnormal BPP (5 cases), maternal
complications secondary to preeclampsia (23 cases) and fetal death (8 cases). The
overall perinatal mortality was 22% including 8 intrauterine and 14 neonatal deaths. All
cases but 8 intrauterine deaths were delivered by cesarean section. Those IUGR
fetuses that died were delivered earlier, and had lower birth weight as compared with
survivors. All Doppler indices with the exception of MCA were significantly different in
those IUGR fetuses that died as compared to survivors.

Univariate analysis demonstrated that all Doppler indices (DV-PI, P<0.0001;
UA-PI, P<0.0001; MPI, P<0.0001; IFIl, P<0.0001) with the exception of MCA-PI
(P=0.068) were significantly associated with perinatal mortality (Table 3a). Multivariate
analysis identified UA-PI (estimated odds ratio = 3.01, P=0.02), DV-PI (estimated odds
ratio = 3.69, P=0.008) and MPI (estimated odds ratio = 1.39, P=0.02) as statistically
significant independent predictors for perinatal mortality (Table 3b). IFI did not show
any significant contribution to the explanation of perinatal mortality. The Hosmer &
Lemeshow statistic was performed as a measure of goodness-of-fit (Chi-square =
9.292; P=0.318).

When gestational age was included in the model and variables were
dichotomized to normal/abnormal, only gestational age (below 28 weeks), DV atrial
flow (RAV) and MPI (abnormal) significantly and independently accounted for perinatal
mortality (R®> Nagelkerke 50%) (Table 4). The Hosmer & Lemeshow statistic was
performed as a measure of goodness-of-fit (Chi-square = 2.135; P=0.545). Table 5

shows the diagnostic performance of different standard cut-offs of the predictive
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variables for perinatal mortality. According to this model, risk was stratified for each
combination of predictive variables (Figure 1) and a simplified score was modelled

(Table 6).

John Wiley & Sons, Ltd.
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DISCUSSION

This study evaluated the independent and combined contribution to the
prediction of mortality of cardiovascular parameters currently not integrated in clinical
practice. The findings confirmed that DV is the strongest Doppler predictor for perinatal
mortality in preterm IUGR'2. However, MPI showed an independent association with
perinatal death, with a predictive accuracy similar to DV. The data suggest that a score
combining DV and MPI might improve the predictive accuracy obtained with each
parameter alone. These findings support the notion that combination of several
cardiovascular indices may improve clinical management by better stratifying the
estimated probability of death.

With the exception of MCA, all Doppler indices evaluated in this study showed a
significant association with perinatal mortality as isolated parameters. However, only
UA, DV and MPI remained as independent predictors of mortality in a multivariate
analysis. When variables were dichotomized to explore their predictive value in clinical
practice, only DV-RAV and abnormal MPI showed an independent association with
perinatal mortality, which persisted after adjusting for gestational age, so they could be
used to construct a clinical-decision algorithm. Our results are in line with previous
studies integrating several Doppler indices and showing DV as the best predictor for
perinatal death in preterm IUGR'?. The data are also in agreement with previous
studies on UA and MCA, where a lack of improvement in prediction of mortality after
adjustment for other Doppler parameters and gestational age was shown'?3'%2
Finally, as previously reported', gestational age at delivery was so strongly influencing
perinatal outcome that the explored algorithm had to incorporate this variable to obtain
meaningful results.

This study first reports that MPI is independently associated with perinatal
mortality, and that its combination with DV could improve the predictive value of current

fetal Doppler evaluation. MPI is a global cardiac parameter that evaluates both systolic

John Wiley & Sons, Ltd.
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and diastolic function by including the measurement of isovolumetric and ejection
times™. Inclusion of the Doppler clicks of aperture and closure of the mitral and aortic
valves, to estimate the time-periods for MPI calculation, enhances the reproducibility of
the measurement®. In a recent study we showed that MPI correlates with the clinical
hemodynamic deterioration of IUGR fetuses and with progressively increased levels of
cardiac dysfunction biomarkers such as B-type natriuretic peptide?’.

The evaluation of IFIl as an isolated parameter in this study was consistent with
previous series reporting that IUGR cases with Aol reversed diastolic flow have a
deterioration of cardiac function** and a poorer perinatal outcome'*'***. However, the
multivariate analysis demonstrated that IFI does not add to DV in the prediction of
mortality. These findings seem to be explained by an intrinsic correlation of Aol with DV
and other cardiovascular parameters®®. Furthermore, in a longitudinal analysis of the
evolution of the Aol and other Doppler indices in preterm IUGR, we demonstrated that
the IFI becomes abnormal earlier than DV*’ in the sequence of fetal hypoxic
deterioration. This may also partially explain a lower predictive capacity of IFI as an
acute marker for a late event such as mortality. It must be noted that our findings do
not preclude the strong predictive value of IFI when used as an isolated parameter'®
1534 0On the other hand, this study focused on perinatal death, but not on neurological
outcome. IFl has been reported to constitute a strong predictor of morbidity, mainly

long-term neurodevelopmental adverse outcome'"®

, an aspect not evaluated in this
study.

This study has several limitations. The managing clinicians were not blinded to
UA, MCA and DV results. Actually, DV-RAV was a delivery criterion and therefore we
acknowledge that this may have distorted the expected perinatal outcome. However,

112 it would be unethical not to consider DV-RAV a

according to available evidence
delivery criterion, and this limitation is present in recent clinical studies evaluating

fetal/neonatal mortality’>. On the other hand, the study evaluated the predictive value

John Wiley & Sons, Ltd.
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of Doppler indices, but the data were not combined with other proposed means for fetal

monitoring of preterm IUGR, such as BPP and computerized CTG*"*, and this may

©CoO~NOUTA,WNPE

limit clinical applicability of these findings in certain clinical settings.

11 In conclusion, this study suggests that a combination of MPI with DV improves
13 the predictive value of these parameters alone. The results support the notion that
combined cardiovascular scores might refine considerably the prediction of perinatal
mortality at different gestational ages at delivery in preterm IUGR cases. Gestational
20 age remains the strongest predictor of mortality and any score should contemplate it.
22 Larger prospective studies are required to further confirm these results and to evaluate
24 its potential clinical value. Additionally, its correlation and potential interaction with

26 other clinical parameters such as BPP and computerized CTG remains to be assessed.
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Table 1. Maternal characteristics and perinatal outcome of the study

population ().

Maternal characteristics

Maternal age (years)

31 (28 to 36; 92)

Caucasians (%) 70 (65/92)
Smokers (%) 17 (15/88)
Primiparity (%) 58 (56/96)
Preeclampsia (%) 59 (57/97)
Doppler recordings

UA-PI 12 (5to 15; 97)
MCA-PI -2 (-3t0-2; 97)
DV-PI 3 (1to5;97)
IFI -3 (0 to -5; 97)
MPI 3 (0to 4, 97)
Delivery data

Gestational age at delivery (weeks)

Birth weight (g)
Birth weight’s percentile
5 min Apgar<7 (%)

Umbilical artery pH<7.20 (%)

Perinatal outcome

30 (28 to 32; 97)

956 (694 to 1170; 95)

1(0to1;95)
15 (13/86)
35(33/86)

Days in neonatal intensive care unit

32 (14 to 50; 86)

Perinatal death (%) 22 (22/97)
Bronchopulmonary displasia (%) 8 (7/87)
Intraventricular hemorrhage -1V (%) 6 (5/80)
Necrotizing enterocolititis (%) 3 (3/87)
Adverse outcome (%) 30 (29/97)

Data are median (interquartile range;N) or proportions (N). Doppler values are

expressed in z-scores

PI, pulsatility index; UA, umbilical artery; MCA, middle cerebral artery; DV, ductus
venosus; IFI, aortic isthmus flow index; MPI, myocardial performance index. Adverse

18

outcome was defined by the presence of perinatal death, bronchopulmonary dysplasia,

neonatal intraventricular haemorrhage grade 3 or 4, or necrotizing enterocolitis.
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Table 2. Doppler results and antenatal surveillance in intrauterine growth restriction
fetuses.

Doppler recordings Survivors (n=75) Perinatal deaths (n=22)
UA-PI 6.3 (4 to 10; 75) 17.1 (13 to 88; 22)*
MCA-PI -2.5(-3t0 -2; 75) -1.9 (-2 to -2; 22)
DV-PI 1.4 (0 to 3; 75) 6.7 (4 to 10; 22)*

IFI -1 (0 to 4; 75) -6 (210 9; 22)*
MPI 1.9 (0 to 4; 75) 3.3 (1to 4; 22)*
Delivery data

Gestational age at delivery (weeks)
Birth weight (g)

31 (29 to 32; 75)
1045 (794 to 1252; 75)

27 (26 to 28; 22)*
539 (400 to 590; 20)*

Birth weight’s percentile 0(0to1;75) 0 (0to 1; 20)
5 min Apgar<7 (%) 8 (6/73) 6 (8/13)*
Umbilical artery pH<7.20 (%) 31 (23/74) 80 (10/12)
Neonatal outcome

Bronchopulmonary displasia (%) 4 (3/75) 33 (4/12)*
Intraventricular hemorrhage IlI-1V (%) 6 (4/68) 8 (1/12)*
Necrotizing enterocolititis (%) 4 (3/75) 0 (0/12)

Data are median (interquartile range; N) or proportions (N). Doppler values in z-scores.

*P<0.05 compared to survivors.

PI, pulsatility index; UA, umbilical artery; MCA, middle cerebral artery; DV, ductus
venosus; IFI, aortic isthmus flow index; MPI, myocardial performance index.

John Wiley & Sons, Ltd.
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Table 3. Estimated odds ratio for perinatal mortality by logistic regression.

3a. Univariate analysis

Mean difference between

P-value
survivors and deaths
UA-PI 17.91 <0.0001
MCA-PI 0.54 0.068
DV-PI 5.23 <0.0001
IFI 3.94 <0.0001
MPI 2.32 <0.0001
3b. Multivariate analysis
Estimated odds ratio
P-value
(95% confidence interval)
UA-PI 3.01 (1.19-7.64) 0.02
MCA-PI - 0.072
DV-PI 3.69 (1.41-9.64) 0.008
IFI - 0.178
MPI 1.39 (1.05-1.82) 0.02

UA, umbilical artery; PI, pulsatility index; MCA, middle cerebral artery; DV, ductus
venosus; IFI, aortic isthmus flow index; MPI, myocardial performance index. Estimated
odds ratios represent the increase in likelihood for each increased unit of standard

deviation.

John Wiley & Sons, Ltd.
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Table 4. Estimated odds ratio for perinatal mortality by logistic regression after
dichotomizations of variables and inclusion of gestational age into the model.

Estimated odds ratio

P-value
(95% confidence interval)
Gestational age < 28 weeks 34.61 (6.58-182.04) <0.001
DV-RAV 12.24 (1.94-77.31) 0.008
MPI >95" centile 10.42 (1.00-109.33) 0.049

DV, ductus venosus; RAV, reversed / absent atrial flow; MPI, myocardial performance
index. Estimated odds ratios represent the increase in likelihood for each increased
unit of standard deviation.

John Wiley & Sons, Ltd.
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Table 5. Predictive values for perinatal mortality.
Positive Negative
Detection False positive
Variable likelihood likelihood
rate (%) rate (%)
ratio ratio
Gestational age < 28 weeks 87 (55-92) 11 (2-15) 7.91(5-15)  0.14 (0.08-0.8)
DV-RAV 57 (32-76) 5 (2-13) 11.40 (7-15) 0.45(0.2-1.4)
MPI >95" centile 95 (77-99) 52 (43-66) 1.82 (1.3-2.3) 0.10(0.01-0.7)

Data are value (95% confidence interval). DV, ductus venosus; RAV, reversed / absent

atrial flow; MPI, myocardial performance index.

John Wiley & Sons, Ltd.
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Table 6. Performance of a cardiovascular score risk including DV and MPI for the

prediction of perinatal mortality.

©CoO~NOUTA,WNPE

Estimated
10 Cardiovascular score

11 probability for
12 risk

13 perinatal death

Gestational age < 28 weeks 0 18%
18 1 70-73%

20 2 97%

22 Gestational age 2 28 weeks 0 0.1%
24 1 6-7%

26 2 45%

29 DV, ductus venosus; MPI, myocardial performance index.

30 Cardiovascular score risk was defined as: 0, present atrial flow in the DV together with
31 normal values of MPI (below 95" percentile); 1, DV-reversed /absent atrial flow (RAV)
32 or MPI > 95" centile; 2, DV-RAV and abnormal MPI.

John Wiley & Sons, Ltd.
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Figure 1. Flowchart to estimate the probability of perinatal death according to

gestational age, ductus venosus (DV) and myocardial performance index (MPI).

John Wiley & Sons, Ltd.
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Abstract

Background

Fetal growth restriction, with a prevalence of 5-10% in newborns, is associated with
increased cardiovascular mortality in adulthood, but the pathophysiological links of this
relationship are only partially understood. We evaluated the hypothesis that fetal growth
restriction induced persistent cardiac structural and functional changes in children at 1 to 6
years of age.

Methods

In a cohort study of 25,530 pregnancies, delivering between 2002 and 2007, we randomly
identified 80 subjects with fetal growth restriction and compared them with 120 normally
grown fetuses, matched for gender, birth date and gestational age at birth. Cardiac
morphometry and function by echocardiography, blood pressure and carotid wall thickness
were assessed.

Findings

As compared with controls, children with fetal growth restriction had a different cardiac
shape, with increased transversal diameters and more globular cardiac ventricles. This was
associated with subclinical longitudinal systolic dysfunction (decreased myocardial peak
velocities) and diastolic changes (increased E/E’ ratio and E deceleration time). Fetal growth
restriction was also associated with significantly higher blood pressure and signs of arterial
remodelling (increased intima-media thickness). For all parameters evaluated, there was a
linear increase with the severity of growth restriction, but the associations were independent
of gestational age at delivery.

Interpretation

These findings suggest that fetal growth restriction induces primary cardiac changes,
resulting in a different morphology of the heart, which could explain the increased
predisposition to cardiovascular disease in adult life. Given its high prevalence in the general
population, this might have to be taken into account in assessing cardiovascular risk factors
and treatment.



Introduction

Cardiovascular disease is the main cause of death in adults. Most factors leading to chronic
cardiovascular disease are already present in childhood.*? Epidemiological evidence has
long suggested a link between low birth weight and increased cardiovascular mortality in
adulthood.® This association is essentially mediated through fetal growth restriction (FGR),* a
condition affecting 5 to 10 % of all newborns.” The mechanistic pathways underlying the
relationship between FGR and cardiovascular risk are poorly understood.® A number of
studies support that it might be partially explained by fetal metabolic programming leading to
diseases associated with cardiovascular disease, such as obesity, diabetes and
hypertension.® However, it remains unclear whether FGR induces primary changes in the
heart which might predispose to cardiovascular dysfunction later in life.

It has recently been reported that fetuses’® and newborns® with severe forms of growth
restriction have significant changes in fetal cardiac function parameters and natriuretic
peptides, in spite of normal cardiac output. In addition, newborns with FGR have an increase
in aortic intima-media thickness,'®** supporting the existence of vascular remodelling. Animal
studies suggest that subclinical cardiovascular abnormalities in fetuses exposed to growth
restriction persist into adulthood,*? but it is unknown whether this effect occurs in humans.

In this study we evaluated the hypothesis that adaptation to growth restriction induces
persistent cardiovascular changes in children. From a prospective perinatal registry, we
selected a cohort of FGR children classified into mild or severe growth restriction, and a
cohort of normally grown children matched for gestational age at delivery. We evaluated the
association between FGR and echocardiographic structural and functional measurements at
one to six years of age.



Methods

Study populations

The study design was a prospective cohort study including 80 children with FGR and 120
controls with birth weight appropriate for gestational age (AGA). The source population
comprised all pregnancies cared for between January 2002 to October 2007 at a tertiary
referral university hospital in Barcelona (Spain), which covers a inner city area of about 0.6
million inhabitants, and registered in a database prospectively constructed at the time of
delivery (n=25,350). Cases were considered non-eligible in the presence of any of the
following, congenital malformations and/or chromosomal defects, evidence of fetal infection,
and multiple monochorionic pregnancy. Eligible cases were infants with a birth weight below
the 10™ centile according to local standards™ of which full prenatal information was available
including umbilical artery Doppler. For the purposes of this study, FGR was classified as mild
when umbilical artery Doppler was normal (pulsatility index below 2 standard deviations) and
severe FGR when it was abnormal (pulsatility index equal or above 2 standard deviations).
From the eligible population, cases were randomly sampled and offered to participate until a
final study population of 40 cases with mild FGR and 40 with severe FGR was completed,
according to the sample size requirements. A reference cohort of children born with a normal
birth weight (> 10" percentile) randomly sampled from pregnancies delivering at our
institution was selected as control group. Non-eligibility criteria for controls were the same as
for cases. Controls were matched two-to-one with mild FGR cases and one-to-one with
severe FGR according to gender, birth date (+ 6 months) and gestational age at delivery (+ 1
week) calculated by first-trimester crown—rump length measurement. The study protocol was
approved by Hospital Clinic Ethics Committee, and written parental consent was obtained for
all study participants. Figure 1 shows a diagram of flow of the study population.

Study protocol and follow-up

Parents accepting to participate in the study were given an appointment for a single visit in
which all examinations contemplated in the study were performed. The study protocol
consisted in a medical examination and a dietary questionnaire. A blood sample extraction
was also proposed but, if parents rejected it, the case was not excluded from the study. The
study was completed by a detailed echocardiography and ultrasound carotid assessment.
The follow-up team consisted of a research nurse trained to perform the medical evaluation
(including height, weight and blood pressure), blood sample extraction and dietary
guestionnaire, and two experienced physicians (F.C., J.B.) who performed echocardiography
and carotid assessment. Perinatal, including fetal ultrasound and Doppler exams,
demographic and neonatal data were already recorded in the database, but were confirmed
by review of medical records and clinical databases and by parental interview at the time of
study evaluation.

Anthropometric data including child’s height, weight and body mass index were measured at
the time of the study examination, and their percentiles were calculated according to local
reference values.** Nutritional status was assessed by questionnaires in which parents
reported the child’s weighted food and beverages diaries consumed for 3 days. Nutrient
analysis for such diet was performed with DietSource Junior 1.1.23 software provided by
Nestle Healthcare Nutrition S.A. (Esplugues de Llobregat, Spain). Total cholesterol, high-
density lipoprotein, triglyceride, glucose and C-reactive protein concentrations were
measured by standard methods on an automatic analyzer (Olympus AU-400, Germany) in
fasting blood samples. Low-density lipoprotein concentrations were calculated according to
the Friedewald formula.

Children with hypertension (blood pressure above 95th percentile for age, gender and
height), abnormal lipid profile or suboptimal nutritional status were referred to their
pediatrician for follow-up and treatment.

Cardiac morphometry and function



All echocardiographic exams were performed following a standardized protocol™ using a
Siemens Sonoline Antares (Siemens Medical Systems, Malvern, PA, USA) with 2-10 MHz
phased-array transducer. Electrocardiogram was registered continuously during
echocardiography. A complete two-dimensional, M-mode and Doppler echocardiographic
examination was performed initially to assess structural heart integrity and morphometry.
Linear measurements of base-to-apex length and basal diameter of left and right ventricles
were measured on 2D images from an apical four-chamber view at end-diastole (Figure 2),
and the longitudinal-transverse ratio was calculated for each ventricle. Left ventricular end-
diastolic septum and posterior wall thickness were measured by M-mode from a parasternal
long-axis view.

Cardiac function was assessed by echocardiography. Besides the conventional
echocardiographic examination, tissue Doppler (TDI) velocities were obtained in mitral lateral
and septal annulus, and tricuspid lateral annulus from an apical four-chamber view and
measured in real time during echocardiographic study. For systolic function, cardiac output,
left ejection fraction, mitral and tricuspid ring displacement by M-mode and systolic
myocardial velocities (S’) were measured. Diastolic function was assessed by measuring
peak early (E) and late (A) transvalvular filling velocities, E/A ratio, isovolumic left ventricle
relaxation time (IVRT), deceleration time of E velocity, early diastolic peak myocardial
velocities (E’), and E/E’ ratios. When blood was available, B-type natriuretic peptide (BNP)
concentrations were measured using Siemens ADVIA Centaur® BNP assay.

Vascular assessment

Systolic and diastolic blood pressure was obtained at the beginning of the medical evaluation
by a trained nurse while the child was sitting after resting 5 to 10 minutes. Right and left
carotid arteries were scanned following a standardized protocol* using 13MHz linear array
transducer. Catotid intima-media thickness (cIMT) measurements were performed off-line
with the assistance of a computerized program (Siemens Syngo® Arterial Health Package)
(Figure 3). Circumferential wall stress was calculated as: (mean blood pressure x mean
diastolic carotid diameter)) / 2 x cIMT.

Statistics

The primary outcomes were cardiac dimensions, function and vascular wall dimensions. The
sample size was calculated to allow to observe a difference of 20 % in E/E’ between the
group of severe FGR and controls, with a 85% of power and a 5% of type | risk. Basal mean
and within group standard deviation were estimated according elsewhere published
normative data in children,'” resulting in a required sample of 40 individuals in each group.
Data are presented as mean+SD, median (interquartile range) or as percentage, as
appropriate. Paired comparisons between the study and controls groups were adjusted for
age, gender and gestational age at delivery by linear (GLM) or logistic regression. In
addition, a polynomial contrast was also constructed for each model to test the hypothesis of
a linear association across FGR severity groups. All reported P-values are two-sided. The
software statistical package SPSS 15.0 (SPSS, Chicago, lllinois, USA) was used for the
statistical analysis.



Results

Anthropometric, echocardiographic and vascular data were obtained from all patients
included. Satisfactory nutritional assessment could be obtained in 95%, 95% and 92.5% of
children in controls, mild and severe FGR groups respectively. Parents accepted blood
sampling in 42.5 %, 55% and 82.5% respectively. Two children were excluded because of
structural heart defect diagnosed at the time of the study and referred to the Department of
Pediatric Cardiovascular Surgery of Hospital Sant Joan de Déu.

Baseline and follow-up characteristics

Baseline characteristics are shown in Table 1. The study groups were similar in terms of
maternal, paternal and familiar characteristics, with the exception of lower parental height in
mild FGR children as compared to AGA. As expected, FGR children had a higher occurrence
of pregnancy complications, worse prenatal Doppler ultrasound findings, umbilical artery pH
and longer admittance in neonatal intensive care unit.

Follow-up characteristics at the time of children assessment are shown in Table 2. At the
time of FGR children showed a linear tendency to lower height and weight values with similar
results on body mass index as compared to AGA. Nutritional parameters and lipid/glucose
profile showed similar values among all study groups.

Cardiac morphometry and function

Results are shown in Table 3 and Figure 2. Cardiac shape was significantly altered, with the
left and right longitudinal-transverse ratios significantly decreased in mild and severe FGR
children. Interventricular septum and left posterior wall thickness showed a significant linear
trend to decreased values across FGR severity groups.

While cardiac index, left ejection fraction and B-type natriuretic peptide, were similar among
the study groups, stroke volume was significantly changed, compensated by a significantly
increased heart rate to maintain output in severe FGR children, with a significant tendency
across the FGR severity groups. Systolic mitral and tricuspid ring displacements were
significantly decreased in mild and severe FGR cases as compared with AGA. Severe FGR
children showed significantly lower longitudinal S’ in mitral lateral, mitral septal and tricuspid
annulus as compared to AGA, with a significant linear tendency to lower values across FGR
severity stages.

While mitral and tricuspid E/A ratios and IVRT were similar among study groups, mitral E
deceleration time was significantly increased in mild and severe FGR with respect to
controls. Tricuspid E deceleration time was significantly increased in severe FGR children,
although there was a significant linear tendency across severity groups. Severe FGR
children showed significantly lower longitudinal E’ in mitral lateral, mitral septal and tricuspid
annulus as compared to AGA with a significant linear tendency to lower values across FGR
severity stages. Mitral lateral and septal E/E’ ratios were significantly higher in severe FGR
as compared to AGA, with a significant linear trend to higher values across severity stages.

Vascular assessment

Results are displayed in Table 4 and Figure 3. Systolic and diastolic blood pressure was
significantly higher in mild and severe FGR groups. cIMT was significantly increased in
severe FGR children. Circumferential wall stress values were significantly higher both in mild
and severe FGR groups. There was a significant linear trend for higher values in relation to
severity of FGR for all parameters evaluated.



Discussion

This study provides direct clinical evidence that FGR children show changes in cardiac
morphology, subclinical cardiac longitudinal dysfunction and arterial remodelling, all of which
increase linearly with the severity of growth restriction. The findings support the existence of
direct cardiac programming in FGR and suggest a new mechanistic pathway for the
association between fetal growth and cardiovascular disease. The most striking finding was
that children with FGR have a distinct cardiac geometry and shape, with less elongated and
more globular ventricles. Morphometrical measurements confirmed quantitatively an overall
increase in transverse cardiac diameters, leading to apparent dilatation of the ventricular
cavities with thinner walls. The data are in line with post-mortem studies in human FGR
describing hypoplasia in myocardial fibers.'® These findings are also in agreement with our
recent animal studies showing the persistence of dilated cardiomyopathy-like features in
utero into adulthood in chick model of FGR under chronic hypoxia.*

The globular cardiac shape with thinner ventricular walls observed in children with FGR is
most likely the result of changes in the cardiac development, induced by its fetal working
conditions. The intrauterine chronic hypoxic and undernutrition state,** together with the
increased placental vascular resistance,*® result in a combined pressure and possibly volume
overload of the fetal heart,****>*® which induces abnormal cardiac function”®*® and changes
the wall stress on the developing myocardial fibres. Myocardial wall stress is determined by
the ventricular pressure, the local radius of curvature and the wall thickness.*® Increased wall
stress will result in a tendency towards reducing this by myocardial remodelling. In acquired
mild pressure overload hypertrophy in the region of highest stress results in a local stress
normalisation.*” However, in the developing heart under hypoxia and undernutrition, this
locally increased wall stress could also be compensated for by changes in the local radius of
curvature towards a more spherical the cavity.

The fetal alterations in shape are likely to induce a stabilised change in muscle fibre
architecture®® in the ventricular wall since the resulting myocardial shape and fiber orientation
are importantly determined by the stress and strain conditions they are exposed to.**°
Therefore, as observed in our study, children that were exposed to important changes in fetal
loading condition will have intrinsically differently shaped hearts. When these hearts work
under normal loading conditions after birth, they are able to generate the required cardiac
output without initial problems. However, the more globular shaped ventricle, with potentially
a different architecture, is not as efficient in generating the normal longitudinal displacement
and stroke volume,* resulting in the need for an increased heart rate to maintain cardiac
output (as observed). Since diastolic function depends on ventricular shape and torsion, as
generated by the normal fibre architecture,*? it is not unexpected to find additional changes in
diastolic parameters. Whereas the remodelled ventricles can compensate for their lower
efficiency in childhood, any additional changes in its working conditions (hypertension,
ischemia, arrhythmias) at later age will result in an abnormally high increase in local wall
stress and dilatation since the potential for shape adaptation of the normal, ellipsoid, ventricle
is not possible. Therefore, the initial cardiac remodelling, resulting from FGR, might explain
the increased risk of cardiovascular disease described in epidemiological studies on FGR.?

This study confirms and extends previous studies reporting significant increased carotid wall
thickness'®*! in children suffering FGR. Increased cIMT had previously been reported in
newborns with FGR'™ and our findings demonstrate that these changes persist into
childhood. Since the hearts of FGR children did not present hypertrophic changes,
characteristic of hypertensive cardiomyopathy, the arterial changes in children with FGR are
primary and not secondary. The increased arterial wall thickness is most likely the result of
the overall pressure and possible volume overload in the FGR fetal circulation, where
vascular wall stress induces hypertrophy of the intima-media layer. In childhood, the
remodelled arteries, now working under normal loading conditions, will result in an increased



peripheral resistance and an elevation in blood pressure®. Both blood pressure and cIMT
are additional, accepted, risks factors for future cardiovascular disease.

There are several limitations and considerations in the present study. The changes here
reported are subclinical and the long-term association with adult cardiovascular function and
disease remains to be further proven. The study was not designed to assess the effect of
other factors on cardiovascular function. In this study cardiac changes were independent of
obesity or abnormal lipid profile, but the prevalence of these risk factors was very low in our
setting. The existence of metabolic programming in FGR is well demonstrated,® and the
potential interactions between metabolic and cardiac programming in the increased risk of
cardiovascular disease in these patients remains to be elucidated. The impact of gender was
also addressed, and cardiovascular differences were equally observed in males and females
(Supplementary Data), but we acknowledge that we may have lacked statistical power to
detect subtle gender-associated differences. FGR children born preterm were compared with
cases born at similar gestational age. Our findings are in line with recent studies that suggest
that prematurity is not associated with fetal cardiovascular programming.* Exposure to
prenatal glucocorticoids was also similar, although the influence of corticoids in cardiac
function has recently been discarded in a large cohort study.® Finally, other potential
confounders, such as socioeconomic status, race, familiar early cardiovascular history,
breastfeeding, parity and parental smoking were also similar among study groups.

In summary, this study provides evidence of an association between FGR and cardiac
remodelling and longitudinal dysfunction in childhood, which shows a linear increase with the
severity of growth restriction and is independent of gestational age at delivery, lipid profile or
body mass index. Primary cardiac programming might be one of the causes of increased
cardiovascular mortality in adults born with FGR, and this may open new opportunities for
monitoring and intervention in newborns and children affected with this condition. FGR
affects 5-10% of all newborns and therefore the findings of this study involve thousands of
children yearly. The importance of early identification and intervention in pediatric risk factors
for cardiovascular disease is now well recognized.* However, FGR is not listed among the
conditions presumed to increase cardiovascular risk in current consensus guidelines.®** We
believe that the results of this study merit further investigation in appropriately designed large
cohort studies. If these findings are confirmed, the impact of lifestyle strategies®=>*% with
beneficial effects on cardiac remodelling should be explored in FGR children.
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Table 1: Baseline characteristics of the study groups
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Characteristic AGA mild FGR severe FGR telﬁggﬁcr:y
(N=120) (N=40) (N=40) P Value

Male sex (%) 46 40 38 0.560
White race (%) 95 98 90 0.342
Low socioeconomic level (%) 3 0 8 0.406
Familiar early cardiovascular history (%)t 17 10 27 0.121
Maternal characteristics

Age (yr) 3314 3314 3215 0.417

Height (cm) 163455 160+68* 162174 0.209

BMI (kg/m?)% 22 [21,25] 22 [20,24] 23[21,27] 0.077

Smoking (cigarettes per day) 0[0,3] 010,10] 010,7] 0.904

Primiparity (%) 64 73 70 0.539
Paternal characteristics

Age (yr) 3515 35+4 3516 0.882

Height (cm) 17767 174+55* 174480 0.051

BMI (kg/m?)+ 25 [24,27] 25 [24,27] 26 [24,28] 0.376

Smoking (cigarettes per day) 010,10] 0[0,5] 410,15] 0.011
Pregnancy complications

In vitro fecundation 4 3 5 0.845

Preeclampsia 1 3 38* <0.001

Gestational diabetes 3 15* 3 0.016
Prenatal glucocorticoid exposure

Born preterm (%) 85% (34/40) - 88% (35/40) 0.378

Born at term (%) 0% (0/80) 0% (0/40) - -
Prenatal ultrasound

Umbilical artery pulsatility index 0 [-1.1] 0 [-1.1] 6 [4-8]* <0.001

(Z-scores)

Middle cerebral artery pulsatilit

index (Z-scores) yp Y 0[-1,1] 1 (-1, -3 [-3,-2]* <0.001

Ductus venosus pulsatility index

(Z-scores) P y 0[-1,1] -1[(-1,0]) 1[0,2] 0.241
Gestational age at delivery (weeks) 38 [34,40] 40 [39,40]* 32 [30,34]* <0.001

. . 3150 2630 1065
Birthweight (g) [2300,3550] [2505.2738]* [875,1402)  ~0-001
Birthweight percentile 55 [31,81] 3 [1-3]* 0[0,0]* <0.001
. 7.30 7.24 7.24

Umbilical artery pH [7.257.35]  [7.17,7.28) [7.a7.7.27) 0002
Days in neonatal intensive care unit 0[0,5] 01[0,3] 30 [27,60]* <0.001
Major neonatal morbidity (%)8 7 0 34* <0.001
Breastfeeding (months) 412,8] 5[2-11] 4 [4-6] 0.927
Postnatal corticoid exposure (%) 4 8 8 0.585
Postnatal growth hormone treatment (%) 0 0 3 0.997

Data are mean+SD or median [interquartile range].
AGA = children with birth weight adequate for gestational age. FGR = fetal growth restriction. BMI =

body mass index.

* P-value<0.05 as compared to AGA calculated by linear or logistic regression.
Tt Defined as early cardiovascular disease (including congenital heart disease, coronary disease,
hypertension, diabetes or hypercholesterolemia) in expanded 1st degree pedigree (male<55 years;

female <65 years).

T BMI calculated as weight in kilograms divided by the square of the height in meters.
§ Major neonatal morbidity defined by the presence of bronchopulmonary dysplasia, necrotizing
enterocolitis, intraventricular hemorrhage, periventricular leukomalacia, retinopathy, persistent ductus

arteriosus or sepsis.
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Table 2: Follow-up characteristics of the study groups

Characteristic AGA Mild FGR severe FGR telalggﬁtr:y
(N=120) (N=40) (N=40) P Value
Age (ynt 5[3,6] 5[3,5] 4[2,5] 0.654
Anthropometric data (N=120) (N=40) (N=40)
Height (cm) 109 [88,117] 105 [96,110] 94 [80,107]* 0.002
Height percentiles 52 [48,56] 50 [47,52] 48 [43,51]* 0.001
Weight (kg) 18 [13,22] 16 [14,19]* 14 [11,18]* 0.369
Weight percentiles 49 [30,73] 37 [14,62]* 24 9,471 0.212
Body mass index (kg/m?)+ 16 [15,17] 15 [15,17]* 16 [15,17] 0.480
Obesity (%)8 5 0 5 0.352
Nutritional assessment (N=114) (N=38) (N=37)
Total energy (kcal) 1606+340 1522+374 1525+388 0.720
Proteins (%) 1816 1813 1813 0.717
Carbohydrates (%) 48+9 49+7 49+7 0.448
Fats (%) 3416 3445 3316 0.171
Saturated fatty acids (%) 3817 3817 4017 0.058
?(/)I/;))nounsaturated fatty acids 3446 3645 3445 0.644
gz;yunsaturated fatty acids 845 743 742 0.759
Lipid and glucose profile (N=51) (N=22) (N=33)
Total cholesterol (mg/dL) 160 174 168 0739
[142,185] [147,194] [137,189] '
High-density lipoproteins 54 48 55 0526
(mg/dL) [41,61] [40,60] [41,60] '
Low-density lipoproteins 96 110 96 0.423
(mg/dL) [75,114] [79,128] [71,109] '
Triglyceride (mg/dL) 73 53 78 0159
[59,98] [43,110] [63,110] ’
Glucose (mg/dL) 89 88 86 0247
[82,95] [84,92] [84,92] ’
C-reactive protein (mg/dL) 0.75[0,1] 11[0,5] 0.30[0,2] 0.330

Data are mean+SD or median [interquartile range].

AGA = birth weight adequate for gestational age. FGR = fetal growth restriction. BMI = body mass
index.

* P-value<0.05 as compared to AGA calculated by linear or logistic regression adjusted by gender,
age and gestational age at delivery.

T Children age is corrected by gestational age at delivery.

T BMI calculated as the weight in kilograms divided by the square of the height in meters.

§ Obesity defined as body mass index above 95th percentile for age and gender.



Table 3: Cardiac outcome of the study groups
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Characteristic AGA L mIdFGR  severeFGR onicle,
(N=120) (N=40) (N=40) P Value
Cardiac morphometryt
Left ventricle
Base-to-apex length (mm) 49 [34,63] 43 [33,53]* 40 [27,50]* <0.001
Basal diameter (mm) 26 [19,40] 30 [26,38]* 30 [22,37]* <0.001
Longitudinal-transverse ratio 1.8[1.3,2.3] 1.4[1.1,1.77]* 1.3[1.1,1.7]* <0.001
Interventricular septum (mm) 7 [5,11] 7 [5,11] 6 [5,9] 0.004
Left posterior wall (mm) 7[4,11] 7 [5,9] 6 [5,9] 0.010
Right ventricle
Base-to-apex length (mm) 39 [25,53] 35 [28,49] 34 [22,45] 0.342
Basal diameter (mm) 25 (16,33] 26 [20,33]* 25[17,33]* <0.001
Longitudinal-transverse ratio 1.6[1.2,2.4] 1.4[1.1,1.9]* 1.4[0.9,1.8]* <0.001
Cardiac function
Systolic function
Left stroke volume (mL) 28 [13,52] 30 [18,47]) 22 [11,43]* 0.001
Right stroke volume (mL) 37 [15,57] 34 [21,58] 30 [13,58]* 0.013
Heart rate (bpm) 94 [67,178] 101[79,127] 112 [81,180]* 0.026
Global cardiac output (L/min) 6 [4,10] 7[4,11] 5[4,11]* 0.028
Cardiac index (L/(minxm?)) 9[6,16] 10 [7,15] 10 [6,14] 0.070
Left ejection fraction (%) 69 [50,88] 70 [56,87] 72 [59,91] 0.749
?:'T']tr;a)' fing  displacement 445 50 10 [5,11]* 9 [7,13]* <0.001
(anq"r;”)Sp'd ring displacement ;7 11 5g) 16 [11,19]* 12 [8,18]* <0.001
Mitral annular S’ (cm/s) 10 [8,17] 9[8,15] 91[6,13]* <0.001
Mitral septal S’ (cm/s) 10 [7,15] 9[8,12]* 9[7,11]* <0.001
Tricuspid S’ (cm/s) 15 [11,21] 15 [12,24] 14 [10,19]* 0.024
Diastolic function
Mitral E/A ratio 1.7 [1.1,2.9] 1.7[1.2,2.4] 1.5[1.1,2.7] 0.053
Tricuspid E/A ratio 1.4 [1-3.5] 1.5[0.9-2.2] 1.3[1-2.2] 0.503
Left isovolumic relaxation  gg 144 g0 60 [40,88] 56 [40,76] 0.416
time (ms)
?:'T']tsr;’" E deceleration time  gg155 198]  96[56,148  100[56,160]  <0.001
(Tr:]'SJSp'd E decelerationtime 17156 160]  105[64,156]  115[52,160]*  0.003
Mitral annular E’ (cm/s) 19 [12,28] 18[13,23] 16 [10,24]* 0.003
Mitral septal E’ (cm/s) 15 [11,19] 15[12,18] 14 [11,24]* 0.004
Tricuspid E’ (cm/s) 20[11,29] 19 [11,23] 18 [14,26]* 0.002
E/E’ (annular) 5.4[3.9,8.3] 5.6 [3.3,8.5] 6.3[4.1,10.8]* <0.001
E/E’ (septal) 6.7 [4.7,9.4] 6.8[3.7,9.4] 7.4[4510.2]* <0.001
B-type natriuretic peptide (pg/mL) 12 [0,63] 12 [0,39] 13[0,41] 0.821

Data are median [interquartile range].

AGA = children with birth weight adequate for gestational age. FGR = fetal growth restriction.

* P-value<0.05 as compared to AGA calculated by linear or logistic regression adjusted by gender,

age and gestational age at delivery.

T Cardiac morphometry results measured in end-diastole.
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Table 4: Vascular outcome of the study groups

Characteristic AGA L mIdFGR  severeFGR onicle,
(N=120) (N=40) (N=40) P Value
Systolic blood pressure (mmHQ) 100 [80,130] 105 [90,115]* 110 [90,120]* 0.009
Diastolic blood pressure (mmHg) 65 [45,90] 70 [57,85]* 70 [60,85]* <0.001
Carotid mean intima-media thickness 0.37 0.38 0.41 <0.001
(mm) [0.29,0.47] [0.32,0.43] [0.37,0.44]* '
Circumferential wall stress (mmHg) 72 [29,120] 78 [61,109]* 84 [58,102]* 0.010

Data are median [interquartile range].

AGA = children with birth weight adequate for gestational age. FGR = fetal growth restriction.

* P-value<0.05 as compared to AGA calculated by linear or logistic regression adjusted by gender,
age and gestational age at delivery.
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Legends to figures

Figure 1.
Flow diagram of children in the study groups.

Figure 2.
Values of linear cardiac size, mass and function in appropriate for gestational age (AGA) and

severe fetal growth restricted (FGR) cases.

Figure 3.
Values of carotid intima-media thickness (cIMT) in AGA appropriate for gestational age
(AGA) and severe fetal growth restricted (FGR) cases.
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Figure 3.
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