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Background: The early postnatal cardiovascular conse-
quences of intrauterine growth restriction (IUGR) have not 
been completely elucidated. This study aimed to evaluate the 
effect of IUGR on neonatal myocardial function and cardiovas-
cular adaptation to extrauterine life.
Methods: Conventional and tissue Doppler echocardio-
graphic parameters were compared on the second and fifth 
postnatal day between 30 IUGR and 30 appropriate-for- 
gestational age (AGA) neonates.
results: IUGR neonates presented relative interventricular 
septum (IVS) hypertrophy (IVS to left ventricular (LV) posterior 
wall diastolic ratio: median IUGR–AGA difference of 0.05 (inter-
quartile range: 0.04–0.06); P = 0.020), relative LV dilatation (wall 
thickness to end-diastolic LV dimension difference of 0.12 (0.06–
0.16); P = 0.012), and increased left myocardial performance 
index (MPI difference of 0.19 (0.05–0.28); P = 0.012). Repeated 
measurements ANOVA revealed a different pattern of change in 
LV stroke volume (LVSV; P < 0.001), LV cardiac output (LVCO; P < 
0.001), MPI (P < 0.001), and heart rate (HR; P = 0.025) between 
AGA and IUGR infants. From the second to the fifth postnatal 
day, AGA neonates presented a decrease in MPI and HR with an 
increase in LVSV and LVCO. IUGR neonates failed to achieve simi-
lar changes in MPI, HR, and LVSV, whereas their LVCO decreased.
conclusion: IUGR neonates present changes in cardiac 
morphology and subclinical myocardial dysfunction, which 
may result in an altered pattern of cardiovascular adaptation 
to extrauterine life.

intrauterine growth restriction (IUGR), defined as the inabil-
ity of a fetus to achieve its genetically determined potential 

size, is associated with increased risk of perinatal complica-
tions and neonatal morbidity (1). Epidemiological evidence 
also suggests a strong relationship between IUGR and cardio-
vascular disease in adulthood (2), supporting the existence of 
a maladaptive programming process in utero, which affects 
cardiovascular system in the long term (3). Previous studies 
have shown that chronic intrauterine substrate deprivation 

is associated with changes in ventricular geometry and “car-
diomyopathy-like” myocardial dysfunction in the fetus (4–7). 
Alterations in cardiovascular adaptation to extrauterine life 
have also been reported in neonates exposed to IUGR, but 
these findings were only hypothetically related to an impair-
ment in myocardial function (8).

Traditionally, the assessment of cardiac performance in infants 
relies on conventional echocardiographic indexes (9). Tissue 
Doppler imaging (TDI) is a relatively new echocardiographic 
technique, which enables assessment of ventricular mechanics 
by providing information on myocardial motion and timing of 
cardiac events with high temporal and spatial resolution (10). 
Accumulating evidence from studies in neonates (11–15) and 
children (16–18) suggests that specific TDI parameters, such as 
peak myocardial velocities and myocardial performance index 
(MPI) (19), are more sensitive markers of ventricular dysfunc-
tion than those derived from conventional echocardiography.

In this study, using both conventional and TDI echocardiog-
raphy, we sought to evaluate cardiac morphology and myocar-
dial performance in neonates with and without IUGR and to 
compare their pattern of cardiovascular adaptation after birth. 
We hypothesized that IUGR neonates present structural and 
functional cardiac changes, which might be more prominent 
during the high-demand transitional period and may influ-
ence cardiovascular adaptation to extrauterine life.

RESULTS
Baseline Characteristics
Participants’ baseline characteristics and between-group com-
parisons are presented in Table 1. Tobacco smoke exposure 
during pregnancy, abnormal umbilical artery Doppler, and 
delivery by cesarean section were more frequently noted in the 
IUGR group.

Outcomes on the Second Postnatal Day
The IUGR neonates had higher IVSd/LVPWd ratio (relative 
interventricular septum (IVS) hypertrophy) and lower relative 
wall thickness (relative left ventricular (LV) dilatation) compared 
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with appropriate-for-gestational age (AGA; Table 2). No differ-
ences were noted in LV ejection fraction and fractional shorten-
ing between the two groups. Higher LV stroke volume (LVSV), 
higher heart rates, and higher LV cardiac output (LVCO) were 
documented in the IUGR group. The IUGR neonates had 
reduced S′ and E′ myocardial velocities, higher E/E′ ratios, pro-
longed isovolumetric contraction time and isovolumetric relax-
ation time, and significantly higher MPI for both ventricles as 
compared with AGA (Table 2). Typical TDI findings from an 
AGA neonate and a neonate with IUGR are shown in Figure 1. 
The IUGR group presented significantly higher B-type natri-
uretic peptide (BNP) levels, which were positively related to LV 
MPI (linear regression coefficient: 0.83; R2: 0.69; P < 0.001). Mean 
blood pressure was higher in the neonates with IUGR (Table 2).

Outcomes on the Fifth Postnatal Day and Second-to-Fifth Day 
Comparisons
The pattern of change in LVSV, LVCO, MPI, and heart rate 
from the second to the fifth postnatal day was different 

between AGA and IUGR infants (Figure 2). By the fifth 
postnatal day, AGA neonates presented a significant increase 
in LVSV and LVCO and a decrease in heart rate. On the con-
trary, LVSV remained stable in the IUGR group, whereas 
LVCO decreased. Consequently, on the fifth postnatal day, 
the LVCO was comparable between the two groups although 
the heart rate remained significantly higher in the IUGR 
group (Table 2). Similarly to the second postnatal day, the 
IUGR neonates presented reduced myocardial velocities, 
higher E/E′ ratios, prolonged isovolumetric relaxation time 
and isovolumetric contraction time, and significantly higher 
MPI (Table 2). LV MPI decreased significantly in AGA neo-
nates but remained unchanged in those with IUGR (Figure 
2). BNP levels were again significantly higher in IUGR infants 
(Table 2) and positively correlated with LV MPI (regression 
coefficient: 0.66; R2: 0.43; P < 0.001). By the fifth postnatal 
day, mean blood pressure was comparable between the two 
groups (Table 2), mainly due to the significant increase in 
AGA (Figure 2).

table 1. Baseline characteristics of the study groups

AGA (n = 30) IUGR (n = 30) P valuea

Maternal and pregnancy characteristics

  Maternal age (y) 32 (29–34) 31 (28–34) 0.711

  Maternal BMI (kg/m2) 24.3 (23.7–24.9) 23.8 (23.2–24.4) 0.087

  Smoking during pregnancy (%) 10.0 33.3 0.028

  Gestational diabetes (%) 3.3 10.0 0.612

  Hypertensive disorders of pregnancy (%) 6.7 20.0 0.103

  Absent or reversed end-diastolic flow in umbilical artery Doppler (%) — 20.0 —

  Prenatal glucocorticoid administration (%) 30.0 53.3 0.067

Neonatal characteristics

  Male sex (%) 46.7 40.0 0.602

  Gestational age at delivery, week (range)b 36 (32–39) 36 (32–39) —

  Prematurity (%)b 76.7 76.7 —

  Cesarean section (%) 53.3 86.7 0.005

  Birth weight (g) 2,805 (2,170–3,240) 1,640 (1,240–1,970) <0.001

  Birth length (cm) 48.5 (45–50) 43.5 (39–45) <0.001

  Ponderal index (kg/m3) 25.2 (23.0–27.3) 21.1 (19.3–23.1) <0.001

  Apgar score at 1 min 9 (8–9) 9 (8–9) 0.895

  Apgar score at 5 min 10 (9–10) 10 (9–10) 0.534

  Hemoglobin (g/dl)c 15.8 (15.0–17.2) 16.7 (15.0–17.6) 0.355

Minor neonatal morbidities

  Oxygen requirement (%)d 26.7 20.0 0.542

  PDA (%) 6.7 10 0.999

  PDA diameter per kg (mm/kg)e 0.6 (0.4–0.7) 0.7 (0.5–0.8) 0.999

  Hypoglycemia (%) 16.7 23.3 0.519

  Feeding difficulties (%) 16.7 23.3 0.519

  Administration of methylxanthines 73.3 66.7 0.783

Values are median (interquartile range) unless stated otherwise.
AGA, appropriate-for-gestational age; IUGR, intrauterine growth restriction; PDA, patent ductus arteriosus.
aCalculated by χ2, Fisher’s exact, or Mann–Whitney U-test, as appropriate. bIUGR–control pairs were matched for gestational age. cMeasured at 24 postnatal hours. dDuration of oxygen 
requirement less than 12 h. eOnly for infants with PDA.
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table 2. Cardiovascular outcomes on the second and fifth postnatal day

Postnatal day 2 Postnatal day 5

AGA IUGR AGA IUGR

Cardiac morphometry

  IVSd (mm) 4.1 (3.7–4.3) 3.1 (2.0–3.8)† 4.0 (3.5–4.1) 3.1 (2.1–3.8)†

  LVIDd (mm) 14.4 (13.8–15.5) 12.4 (8.7–18.4)† 14.1 (13.7–15.5) 12.0 (8.4–17.6)

  LVPWd (mm) 4.4 (4.0–4.6) 3.2 (2.0–3.9)* 4.3 (4.1–4.8) 3.0 (2.1–3.7)**

  LA (mm) 8.0 (6.7–9.3) 7.5 (6.9–7.9)† 7.8 (6.5–8.9) 7.3 (6.4–7.5)†

  AoD (mm) 7.9 (7.3–8.5) 7.4 (7.0–7.8)† 7.9 (7.4–8.6) 7.5 (7.0–7.6)†

  IVSd/LVPWd ratio 0.94 (0.86–1.00) 1.00 (0.93–1.04)† 0.93 (0.82–0.97) 1.03 (0.94–1.07)**

  Relative wall thickness 0.57 (0.54–0.62) 0.48 (0.40–0.51)† 0.59 (0.56–0.65) 0.48 (0.40–0.56)**

  LA/AoD 1.01 (0.86–1.11) 0.99 (0.86–1.10) 0.96 (0.82–1.05) 0.95 (0.81–1.03)

Systolic function

  LV fractional shortening (%) 34.5 (28.4–37.3) 34.9 (27.0–39.4) 35.6 (30.2–40.0) 35.4 (28.2–43.1)

  LV ejection fraction (%) 72.0 (62.3–75.4) 74.1 (61.2–79.3) 74.8 (66.7–78.1) 75.3 (63.0–81.5)

  LV stroke volume (ml/kg)a 1.50 (1.37–1.66) 1.59 (1.41–1.92)** 1.96 (1.72–2.16) 1.62 (1.40–1.89)*

  Heart rate (bpm)b 136 (131–139) 149 (141–154)* 127 (122–135) 144 (138–152)*

  LVCO (ml/kg/min)a,b 195 (178–223) 261 (248–310)* 259 (227–283) 256 (200–293)

  Mitral lateral S′ (cm/s) 6.1 (5.5–6.3) 4.5 (4.1–4.9)** 6.1 (5.6–6.4) 4.4 (4.0–4.7)*

  LV IVCT′ (ms) 65 (59–73) 79 (76–85)† 59 (53–68) 76 (73–79)**

  Tricuspid lateral S′ (cm/s) 7.1 (6.4–7.3) 5.2 (5.1–5.7)** 7.3 (6.7–7.5) 5.2 (4.9–5.7)*

  RV IVCT′ (ms) 65 (58–67) 75 (71–81)† 57 (52–67) 68 (63–73)

Diastolic function

  Mitral E wave (cm/s) 56 (50–59) 57 (48–63) 57 (50–59) 59 (49–66)

  Mitral A wave (cm/s) 57 (53–61) 54 (49–58) 55 (50–60) 53 (47–60)

  Mitral E/A ratio 0.95 (0.88–1.06) 1.04 (0.96–1.10) 1.00 (0.92–1.09) 1.08 (1.02–1.15)

  Tricuspid E wave (cm/s) 46 (40–49) 48 (44–53) 45 (39–49) 48 (44–51)

  Tricuspid A wave (cm/s) 51 (45–53) 49 (44–54) 47 (41–51) 47 (40–52)

  Tricuspid E/A ratio 0.87 (0.80–0.98) 0.96 (0.88–1.04) 0.95 (0.86–1.05) 1.02 (0.93–1.11)

  Mitral E′ (cm/s) 7.3 (6.4–7.6) 5.8 (5.2–6.6)† 7.5 (6.5–8.0) 6.0 (5.7–6.8)†

  Mitral A′ (cm/s) 7.5 (6.9–8.2) 7.4 (6.9–7.7) 6.9 (6.7–7.3) 7.1 (6.7–7.7)

  Mitral E′/A′ ratio 0.96 (0.83–1.05) 0.80 (0.73–0.90)† 1.07 (0.90–1.16) 0.84 (0.78–0.89)†

  LV IVRT′ (ms) 62 (58–71) 82 (78–90)** 53 (49–60) 78 (73–85)*

  Tricuspid E′ (cm/s) 7.7 (6.8–8.0) 6.0 (5.2–7.1)† 7.9 (7.1–8.4) 6.3 (5.5–7.0)†

  Tricuspid A′ (cm/s) 8.4 (7.7–8.8) 7.6 (7.3–8.9) 7.7 (6.9–8.1) 7.6 (6.7–8.0)

  Tricuspid E′/A′ ratio 0.92 (0.80–0.97) 0.79 (0.68–0.87) 1.05 (0.91–1.12) 0.83 (0.76–0.93)

  RV IVRT′ (ms) 65 (61–67) 84 (76–88)** 55 (52–66) 78 (74–79)†

  LV E/E′ ratio 7.79 (7.05–8.92) 9.31 (8.46–10.44)† 7.64 (6.88–8.77) 9.12 (8.14–10.43)†

  RV E/E′ ratio 6.10 (5.40–6.72) 8.16 (6.93–8.87)† 5.78 (5.05–6.53) 7.63 (6.82–8.33)†

Myocardial performance index

  LV 0.40 (0.30–0.51) 0.59 (0.52–0.69)† 0.33 (0.25–0.45) 0.58 (0.51–0.67)**

  RV 0.45 (0.36–0.54) 0.65 (0.59–0.79)** 0.39 (0.33–0.51) 0.57 (0.50–0.71)†

  BNP (pg/ml) 58 (32–131) 218 (143–338)* 10 (4–17) 27 (11–57)

  Mean blood pressure (mm Hg) 41 (39–42) 46 (43–50)* 45 (43–47) 46 (44–50)

Data are medians with interquartile range. Statistical significance is calculated by linear regression analysis with adjustment for gender, gestational age, birth weight, heart rate, 
smoking in pregnancy, gestational diabetes, hypertensive disorders of pregnancy, absent or reversed end-diastolic flow in umbilical artery Doppler, prenatal glucocorticoid 
administration, hemoglobin levels, and use of methylxanthines, unless stated otherwise.
A′, peak late diastolic; AGA, appropriate-for-gestational age; AoD, internal diameter of the aortic annulus at end diastole; BNP, B-type natriuretic peptide; e′, peak early diastolic;  
eT′, ejection time; IUGR, intrauterine growth restriction; IVCT′, isovolumetric contraction time; IVRT′, isovolumetric relaxation time; IVSd, IVS thickness at end diastole; LV, left ventricular; 
LVCO, left ventricular cardiac output; LVPWd, LV posterior wall thickness at end diastole; RV, right ventricular; S′, peak systolic.
aNot adjusted for birth weight. bNot adjusted for heart rate. *P < 0.001; **P < 0.01; †P < 0.05.
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DISCUSSION
The IUGR neonates of our study presented distinct changes 
in cardiac morphology as reflected by the relative IVS hyper-
trophy and LV dilatation. Similar echocardiographic find-
ings have previously been reported in neonates and children 
exposed to IUGR (8,17,18), whereas chronic intrauterine 
substrate deprivation has been associated with alterations in 
cardiac geometry in human fetuses (7) and animal models 
(20). Exposure to increased myocardial workload in utero has 
been proposed to be the most probable pathophysiological 
mechanism for these changes (7,8,20). Chronic intrauterine 
hypoxia results in increased placental vascular resistance (7), 
redistribution of cardiac output in favor of the left fetal heart 
(21), alterations of arterial structure and vascular tone regu-
lation (22), and disturbances that contribute to the develop-
ment of cardiac hypertrophy (23). The remodeling process 
may also be an adaptive response to reduced substrate supply 

through the modulation of specific gene expression at the 
myocardial level (24).

Recent research has strongly suggested that cardiac remod-
eling results in alterations of myocardial architecture and 
function (20,23), which might explain the “cardiomyopathy-
like” findings reported in growth-restricted fetuses (4–6). Yet, 
direct echocardiographic evidence of cardiac dysfunction 
has not been reported to date in neonates exposed to IUGR 
(8). Although in our study, conventional echocardiographic 
parameters were not different between AGA and IUGR neo-
nates, TDI echocardiography revealed that the IUGR neonates 
had impaired longitudinal axis function, remarkably abnormal 
myocardial relaxation, and decreased global cardiac perfor-
mance as compared with AGA controls. These findings were 

Figure 1. Tissue Doppler echocardiographic images (lateral tricuspid 
annulus) from (a) an appropriate-for-gestational age and (b) an intrauter-
ine growth restriction neonate. Peak systolic (S′), peak early diastolic (E′), 
and peak late diastolic (A′) velocities are illustrated. Differences in isovolu-
metric contraction time (IVCT′), isovolumetric relaxation time (IVRT′), ejec-
tion time (ET′), and the amplitude of E′, A′, and S′ waves between the two 
cases are noted. The interval a is the time interval between the cessation 
of end-diastolic velocity and the onset of diastolic velocity (a = IVCT′ + ET′ 
+ IVRT′). The interval b represents the time interval between onset and 
cessation of systolic velocity (b = ET′). Myocardial performance index was 
calculated as (a − b)/b (19).

a

b

b

a

S′

E′
A′ ET′

IVCT′ IVRT′

b

a

S′

E′ A′ ET′
IVCT′ IVRT′

0.1

−0.1

0.0

0.1

−0.1

0.0

Figure 2. Changes in left ventricular cardiac output (LVCO), left ventricu-
lar stroke volume (LVSV), left ventricular myocardial performance index 
(LVMPI), heart rate, and mean arterial pressure (MAP) between second 
and fifth postnatal day in appropriate-for-gestational age (white boxes) 
and intrauterine growth restriction (black boxes) neonates. The results of 
repeated measurements ANOVA for assessing between-groups changes 
over time are presented. *P < 0.001; †P < 0.05 for within-groups second-to-
fifth postnatal day comparisons (paired t-test). 
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consistently present on the second and fifth postnatal day, 
independently of factors such as prematurity, birth weight, and 
gestational or neonatal morbidities. To the best of our knowl-
edge, this study is the first to utilize TDI echocardiography for 
assessing myocardial function in IUGR neonates.

Postnatal cardiovascular adaptation in the AGA neonates 
was characterized by a significant increase in LVSV with a 
concomitant decrease in heart rate. On the contrary, neonates 
exposed to IUGR failed to achieve a similar increase in LVSV 
and managed to preserve LVCO only by sustaining higher 
heart rates. Although similar patterns of altered hemodynamic 
adaptation have previously been reported for IUGR neonates 
(8,25), in this study, these disturbances are clearly related to 
an underlying impairment in myocardial function. Indeed, 
the increase of LVSV in AGA neonates occurred in parallel 
with the improvement of global myocardial performance (i.e., 
decrease in MPI), while the failure of LVSV increase in their 
IUGR peers was associated with the lack of a similar augmen-
tation. These findings suggest that neonates exposed to IUGR 
may have limited myocardial reserves at birth, which may 
influence cardiovascular adaptation during the high-demand 
transitional period and predispose to subsequent cardiovascu-
lar compromise.

The initially higher LVCO in IUGR neonates is most likely a 
consequence of the redistribution of cardiac output in favor of 
the left fetal heart to ensure adequate metabolic supply in vital 
organs (21). Transductal and interatrial shunts may also influ-
ence LVCO due to the resultant increase in ventricular preload. 
However, this is most likely not the case in our study because 
infants with a hemodynamically significant patent ductus arte-
riosus were excluded. Hemodynamically nonsignificant patent 
ductus arteriosus was still present in 6.7% of the AGA neonates 
and in 10% of the IUGR group, but with a maximum ductal 
diameter which in no case exceeded 0.8 mm/kg body weight 
(Table 1). Moreover, the left atrial-to-aortic root diameter 
ratio, which represents a reliable echocardiographic index of 
left atrial volume overload, was comparable between AGA and 
IUGR infants (Table 2).

Serum BNP increases under conditions of hemodynamic 
stress associated with ventricular enlargement with or without 
cardiac dysfunction (26,27). BNP levels also surge shortly after 
birth but decline rapidly on the first postnatal days, suggesting 
a crucial regulatory role of this molecule in the hemodynamic 
changes associated with transition to extrauterine life (27,28). 
In our study, the IUGR neonates had significantly higher BNP 
levels on both second and fifth postnatal day as compared with 
AGA infants, a finding that is in agreement with a previous 
report (8). Moreover, BNP levels in infants exposed to IUGR 
were significantly correlated with LV MPI, supporting further 
the presence of a subtle myocardial dysfunction in this group.

Taken together, the findings of this study support the hypoth-
esis that IUGR is associated with a maladaptive programming 
process with direct negative effects on the developing cardio-
vascular system (2,3). The intrauterine effects of this process 
have been clearly established (4–6), but its immediate post-
natal consequences have not been completely elucidated (8). 

Our study provides evidence that neonates exposed to IUGR 
present distinct changes in cardiac morphology at birth and—
most important—that these changes are associated with a 
subclinical myocardial dysfunction that affects cardiovascular 
adaptation to extrauterine life. Given that similar alterations in 
cardiac shape and function have been also described in older 
children exposed to IUGR (17,18), the prognostic importance 
of our findings—especially in light of a potential interaction 
between the IUGR-related metabolic and cardiovascular pro-
gramming in later life (2,3) —remains to be determined.

This study has some limitations. First, our case subjects 
consisted of neonates with proven IUGR but with minor 
neonatal morbidities. Therefore, firm conclusions regarding 
myocardial dysfunction and altered cardiovascular adapta-
tion in more severe clinical forms of IUGR cannot be drawn. 
Second, we do not have data regarding fetal cardiovascular 
profile of those participants. Our conclusions are based on 
the assumption that the observed changes in cardiac mor-
phology and function began in utero as an adaptive response 
to chronic substrate deprivation. However, the findings of 
several studies on the cardiovascular profile of IUGR fetuses 
(4–7) support the validity of the above hypothesis. Third, 
LVCO determinations were performed by spectral Doppler, 
a technique that has the disadvantage of being operator 
dependent (9,11). However, the method has been proven 
reliable in infants for the assessment of cardiac output in 
comparison with other invasive techniques (29). Moreover, 
any bias in LVCO measurements among our study subjects 
would be random. Additionally, the reliability of ejection 
fraction estimates depends largely on the accuracy of geo-
metric assumptions regarding LV shape. Our results suggest 
that neonates exposed to IUGR present LV dilatation in a 
higher degree as compared with their AGA peers, and this 
difference in ventricular shape could theoretically affect ejec-
tion fraction estimates and comparisons. However, no differ-
ences in ejection fraction between AGA and IUGR infants 
were observed in this study, and this finding is in agreement 
with previous reports from neonates and children exposed to 
IUGR (8,17,18). Finally, we utilized only the pulsed Doppler 
method to obtain TDI measurements, an approach that may 
have specific theoretical (10) and practical limitations when 
applied in neonates (11–13). Novel color-TDI modalities, 
such as isovolumic acceleration and strain-rate measure-
ments, and 2D speckle tracking echocardiography, which are 
increasingly applied in adults (10), may also prove to be use-
ful in children and infants in the future.

In conclusion, our study demonstrates that neonates exposed 
to IUGR present distinct changes in cardiac morphology and 
subclinical myocardial dysfunction, which results in an altered 
pattern of cardiovascular adaptation after birth. These find-
ings further support the hypothesis that chronic intrauter-
ine substrate deprivation is associated with a maladaptive 
programming process with persistent negative effects on the 
cardiovascular system. The potential clinical and prognostic 
implications of our findings remain to be established by future 
prospective studies with longer follow-up of these children.
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METHODS
Study Design and Population
This case–control study was conducted between January 2009 and 
July 2011 at the University General Hospital of Patras, Greece, a ter-
tiary care referral institution that provides advanced Obstetric and 
Neonatal services in a region of ~740,000 inhabitants. The study pop-
ulation consisted of 30 neonates with IUGR and 30 controls cared for 
in the special care unit and well-baby nursery of our institution. Case 
subjects were otherwise healthy neonates with birth weight below the 
10th centile for gestational age who suffered IUGR documented by 
fetal ultrasound biometry (estimated fetal weight or abdominal cir-
cumference) and umbilical artery Doppler (30). The control group 
consisted of healthy neonates with birth weight AGA (i.e., birth 
weight between the 10th and 90th centile for gestational age) who 
were matched one-to-one with the IUGR infants according to gesta-
tional age. Gestational age was determined from the date of the last 
menstrual period in combination with early second-trimester ultra-
sound. Exclusion criteria for both groups were multiple gestation, 
congenital malformations or chromosomal aberrations, evidence of 
congenital or neonatal infection, congenital heart disease (including 
atrial septal defects), clinical or echocardiographical signs of pulmo-
nary hypertension, perinatal asphyxia, tachypnea (>50 breaths/min) 
or respiratory support requirement (other than oxygen supply for less 
than 12 h), and need for volume expansion or administration of ino-
tropes. Infants with a patent ductus arteriosus of a diameter ≥1.4 mm/
kg or/and with left atrial-to-aortic root diameter ratio ≥1.4 were con-
sidered as having hemodynamically significant patent ductus arterio-
sus (31) and were also excluded. The study was approved by the Ethics 
Committee of the University Hospital of Patras, and written parental 
consent was obtained for all participants prior to enrollment.

Echocardiographic Studies
Cardiac morphometry and function were assessed on the second 
and fifth postnatal day (24–36 and 96–120 h, respectively) by the 
same pediatric cardiologist experienced in neonatal echocardiog-
raphy (A.A.K.), using a Vivid 3 Pro system (GE Medical Systems, 
Milwaukee, WI) interfaced with a multifrequency probe (3.1–8.0 
MHz) with TDI function. Echocardiographic studies were performed 
with the neonates unsedated during quiet natural sleep after regular 
feeding. Electrocardiographic traces were recorded simultaneously 
to echocardiographic studies (built-in electrocardiographic record-
ing function of the device) and used to determine heart rate at the 
time of the measurement. Images were stored in the hard drive of the 
device and were analyzed off-line by a second investigator (S.F.) who 
was blind to the clinical status of the neonates. Measurements were 
obtained from five consecutive cardiac cycles and averaged.

Conventional echocardiography was performed according to pub-
lished standards (9). M-mode images were obtained from a para-
sternal long-axis view at the junction of the mitral valve leaflets and 
papillary muscles. IVS thickness at end diastole (IVSd), LV internal 
diameter at end systole (LVIDs), and end diastole (LVIDd), LV pos-
terior wall thickness at end diastole (LVPWd), left atrial diameter at 
end systole, and internal diameter of the aortic annulus at end diastole 
were determined. Relative wall thickness was calculated as (IVSd + 
LVPWd)/LVIDd, fractional shortening as (LVIDd − LVIDs)/LVIDd 
× 100, whereas ejection fraction estimates were automatically gen-
erated by the device (Teichholz formula). Mitral and tricuspid peak 
early diastolic (E) and late diastolic (A) flow velocities were deter-
mined. LVSV and LVCO were calculated using Doppler measure-
ments obtained from the apical five-chamber view, with special care 
to minimize the angle between transducer beam and blood flow. The 
velocity–time integral (VTI) in the ascending aorta was determined, 
and LVSV and LVCO were calculated as aortic cross-sectional area × 
VTI and LVSV × heart rate, respectively. Ductus arteriosus patency 
and significance were assessed by a standardized approach (32).

Tissue Doppler imaging. Ventricular wall motion velocities were 
assessed by pulsed-wave TDI through an apical four-chamber view as 
previously described (11–13). Sample volumes were placed at the lat-
eral margin of the mitral and tricuspid annulus with care to maintain 
an angle of <20°. Peak systolic (S′), peak early diastolic (E′), and peak 

late diastolic (or atrial systolic; A′) myocardial velocities were deter-
mined. A typical example of a TDI recording is presented in Figure 1. 
Specific time intervals, such as isovolumetric contraction time, isovol-
umetric relaxation time, and ejection time were determined, and MPI 
(19) was calculated (Figure 1).
Additional Investigations and Clinical Data
Blood samples for complete blood count, chemistry, and BNP 
measurements (fluorescence immunoassay, Triage BNP test; 
BiositeDiagnositics, San Diego, CA) were obtained on the second 
and fifth postnatal day simultaneously with clinically indicated blood 
sampling. Blood pressure measurements were performed prior to 
echocardiographic examination with a Dinamap Critikon oscillomet-
ric device (Critikon, Tampa, FL) using cuffs of appropriate size. Three 
consecutive measurements were obtained and averaged.

Information regarding maternal demographics, pregnancy charac-
teristics, and fetal ultrasound biometry were collected from obstetri-
cal files. Data regarding neonatal characteristics and morbidities were 
also recorded. Clinical data are presented in detail in Table 1.
Statistical Analysis
Sample size estimations were based on preliminary measurements 
obtained from 10 IUGR–AGA pairs. These data revealed significant 
differences in MPI between the two groups, with the smaller differ-
ence noted in LV MPI (IUGR: 0.58 ± 0.20; AGA: 0.42 ± 0.18; net differ-
ence: 0.16). Therefore, at least 30 IUGR–AGA pairs would be needed 
in order to detect a similar difference at a significance level of 0.05 
with 90% power. Categorical variables were compared using the χ2 test 
(or the Fisher’s exact test, as appropriate), whereas continuous vari-
ables were compared with the Mann–Whitney U-test. Comparisons 
between IUGR and AGA neonates on the same postnatal day were per-
formed using multiple regression models with adjustment for poten-
tial confounding factors (gender, gestational age, birth weight, heart 
rate, smoking in pregnancy, gestational diabetes, hypertensive disor-
ders of pregnancy, absent or reversed end-diastolic flow in umbilical 
artery Doppler, prenatal glucocorticoid administration, hemoglobin 
levels, and use of methylxanthines) (Supplementary Table S1 online). 
Between-group changes over time were assessed by two-way repeated 
measurements ANOVA, whereas within-group second-to-fifth post-
natal day comparisons were performed by paired t-test. Intraobserver 
reliability was determined by calculating intraclass correlation coef-
ficients using multiple echocardiographic measurements from 20 
randomly selected neonates. This analysis showed high intraclass coef-
ficients of agreement (between 0.87 and 0.93—data not shown) for all 
echocardiographic parameters. Statistical analyses were performed 
using the SPSS software version 17.0 (SPSS, Chicago, IL)

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at 
http://www.nature.com/pr
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