
Original Paper

Fetal Diagn Ther

Pulmonary Vein Flow Impedance:  
An Early Predictor of Cardiac Dysfunction 
in Intrauterine Growth Restriction

Nathalie J.M. Bravo-Valenzuela 

a, b    Paulo Zielinsky 

a    Jesús Zurita-Peralta 

a    

Luiz Henrique Nicoloso 

a    Antonio Piccoli Jr. 

a    Luiza Ferreira Van der Sand 

a    

Natássia Miranda Sulis 

a    Camila Carvalho Ritter 

a    
a

 Fetal Cardiology Unit, Institute of Cardiology, Porto Alegre, Brazil; b Fetal Medicine, University of Taubate,  
Taubate, Brazil

Received: November 29, 2017
Accepted after revision: March 7, 2018
Published online: August 17, 2018

Prof. Paulo Zielinsky
Fetal Cardiology Unit, Institute of Cardiology
Av. Princesa Isabel, 370
Porto Alegre 90, RS 620-001 (Brazil)
E-Mail zielinsky.pesquisa @ gmail.com

© 2018 S. Karger AG, Basel

E-Mail karger@karger.com
www.karger.com/fdt

DOI: 10.1159/000488281

Keywords
Doppler ultrasound · Fetal diastolic function · Intrauterine 
growth restriction · Placental insufficiency · Pulmonary 
venous flow

Abstract
Introduction: In intrauterine growth restriction (IUGR), in-
creased uteroplacental vascular impedance contributes to 
preferential flow to left ventricle (LV), with consequent al-
teration of its compliance and increased left atrial (LA) pres-
sure. Pulmonary vein pulsatility index (PVPI) reflects the in-
creased impedance to LA filling and could be used as a car-
diac monitoring parameter in IUGR. Material and Methods: 
A total of 27 IUGR fetuses (group 1), 28 fetuses with appro-
priate growth for gestational age from hypertensive moth-
ers (group 2), and 28 controls (group 3) were studied. Pulsa-
tility indices (PIs) of pulmonary veins and ductus venosus 
were calculated by Doppler echocardiography. Obstetric ul-
trasound was used to assess the PIs of uterine, umbilical, and 
middle cerebral arteries. Statistical analysis used analysis of 
variance, post-hoc Tukey, and Pearson’s tests. Results: Mean 

PVPI was higher in IUGR group (1.27 ± 0.39) when compared 
to groups 2 (1.02 ± 0.37; p = 0.01) and 3 (0.75 ± 0.12; p < 
0.001). In group 2, moderate correlation between PVPI and 
ductus venosus pulsatility index (DVPI) was found but not 
between PVPI and cerebroplacental ratio (CPR). Discussion: 
Higher PVPI in IUGR reflects decreased LV compliance and 
altered LA dynamics. As LV dysfunction precedes right ven-
tricle, our results suggest that PVPI could be an early echo-
cardiographic parameter of fetal diastolic function in IUGR.

© 2018 S. Karger AG, Basel

Introduction

Hypertensive disorders in pregnancy are among the 
most important causes of maternal and perinatal morbid-
ity and mortality worldwide [1, 2].

Abnormal placental angiogenesis has emerged as one 
of the main pathophysiological features of placental insuf-
ficiency and angiogenic markers, including alpha fetopro-
tein levels and soluble fms-like tyrosine kinase/placental 
growth factor ratio are important tools to predict pre-ec-
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lampsia (PE) and intrauterine growth restriction (IUGR) 
[2, 3]. In an attempt to improve the accuracy of the detec-
tion of PE, some publications have shown that the more 
effective approach is the one that combines maternal risk 
history with measurements of blood pressure, uterine ar-
tery Doppler, and serum biomarkers [4]. Increased pulsa-
tility index (PI) of the uterine and umbilical arteries are 
considered to be important Doppler ultrasound signs of 
placental dysfunction and the assessment of fetal-placen-
tal hemodynamics by Doppler ultrasound has been wide-
ly used. Absent end diastolic or reversed flow in the um-
bilical artery Doppler, brain sparing effect, altered aortic 
isthmus PI, and ductus venosus (DV) wave abnormalities 
are important signs for optimizing the delivery time. 

In IUGR, changes in fetal hemodynamics occur in or-
der to protect vital organs from hypoxia. The heart plays 
a central role in fetal adaptive mechanisms that under-
lie placental insufficiency, which includes a sequence of 
progressive changes in order to enable vascular and meta-
bolic adaptation. Therefore, several Doppler echocardio-
graphic parameters have been proposed to assess the cen-
tral pathophysiological changes in early- (< 32 weeks’ ges-
tation) and late-onset IUGR [5]. Increased values of 
myocardial performance index (MPI) can provide sub-
clinical evidence of myocardial cell damage (fetal acide-
mia) and have been proposed to be predictors of adverse 
perinatal outcomes in early-onset IUGR, since they are 
useful tools to establish the difference between small-for-
gestational age fetuses and late-onset IUGR [6, 7]. Subse-
quently, DV reversed A-wave and umbilical vein pulsa-
tions are considered strong predictors for fetal deteriora-
tion [8, 9]. Since the subclinical cardiac dysfunction is 
present from early stages of fetal deterioration, the assess-
ment of fetal diastolic function is an important tool that 
might help to predict perinatal outcomes [10, 11].

In progressive placental insufficiency, the improvement 
of inferior vena cava with left ventricle (LV) preferential 
cardiac output contributes to a decreased LV compliance 
and causes an increase in left atrial (LA) pressure. As pul-
monary vein Doppler reflects changes in LA pressure, the 
Pulmonary vein pulsatility index (PVPI) is a good param-
eter to assess atrial dynamics. Furthermore, despite the pro-
tective redistribution of oxygenated blood toward the heart, 
fetal hypoxia can result in cell damage and can be docu-
mented by reverse pulmonary vein A-wave, similar to the 
Doppler pattern flow of DV [12]. PVPI is an easily obtained 
Doppler parameter that can be useful for the evaluation of 
the left heart in IUGR. The aim of this study is to test the 
hypothesis that the PVPI is an early marker of cardiac dys-
function in IUGR fetuses with placental insufficiency.

Methods

This is a prospective, observational cross-sectional study that 
included 86 fetuses with gestational age ranging from 25 weeks to 
term. The participants with singleton pregnancies were recruited 
from 2 tertiary centers of Fetal Cardiology. The sample size was 
calculated based on a previous study on PVPI in IUGR in order to 
enable a difference between cases and controls with 20% power 
and 5% significance with 20 in each group. The sample was divid-
ed into 3 groups. The first group included 30 pregnant women 
whose fetuses were diagnosed with IUGR due to placental insuf-
ficiency. The second group included 28 fetuses with appropriate 
for gestational age (AGA) from hypertensive mothers (hyperten-
sive disorders of pregnancy and chronic arterial hypertension). 
The third group included 28 fetuses with AGA from healthy moth-
ers (controls). The inclusion criteria were as follows: normal fetal 
anatomy and known gestational age based on the date of the last 
menstrual period and confirmed by first trimester ultrasound. Fe-
tuses with weights below 10th percentile according to according to 
WHO growth curves were considered as IUGR [13]. The criteria 
for placental dysfunction were Doppler signs of increased utero-
placental vascular impedance (increased umbilical artery systole/
diastole ratio and either uterine or umbilical artery PI > 2 SD above 
mean for gestational age). Chronic and gestational hypertensions 
were defined as blood pressure ≥140 mm Hg systolic or 90 mm Hg 
diastolic in pregnant women [14]. Cases of multiple fetuses, gesta-
tional age below 25 weeks, inadequate ultrasonic images, and with 
other structural or functional fetal abnormalities were excluded. 
At delivery, gestational age, birth weight, birth weight percentile, 
Apgar score, mode of delivery, and pregnancy complications were 
recorded. One newborn was excluded from IUGR group due to a 
structural abnormality and 2 others were excluded because their 
birth weights were higher than the 10th percentile for gestational 
age (discordance between fetal and birth weights). The Institution-
al Ethical Committee of both participating centers approved this 
study. Informed consent was obtained in all cases.

All women included in this study were examined only once 
 using ultrasound and echocardiography equipment with 3.0–
5.0 MHz convex transducers, presets for obstetrics and fetal car-
diology, 2D/3D/4D images, M-mode, and Doppler modes 
(pulsed, continuous, power, and color mapping). Obstetric ultra-
sound was performed in all pregnant women to assess fetal mor-
phology, amniotic fluid, and fetal biometry. Fetal weight estima-
tion was performed according to the method of Hadlock et al. 
[15]. Diagnosis of IUGR was considered when the fetal weight 
was below the 10th percentile for gestational age, using fetal 
growth curves and classified as severe in those with body weight 
below the third percentile [13].

Color flow mapping was used to locate and enable the use of 
pulsed Doppler and the following parameters were evaluated: free 
loop umbilical artery of the umbilical cord, middle cerebral artery, 
and the uterine arteries [16]. Venous and arterial flows were stud-
ied and PI indexes of the arterial vessels (umbilical, middle cere-
bral, and uterine arteries) were obtained with an angle of in-
sonation below 20°. The average of 3 Doppler measurements was 
considered with fetuses in apnea and no body movements. 

Fetal echocardiographic examinations were performed at the 
same time as the obstetric Doppler in all pregnant women. To an-
alyze the pulmonary venous flow, the Doppler sample volume was 
placed at the right superior pulmonary vein adjacent to the veno-
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atrial junction (“distal position”) in a 4-chamber view, guided by 
color-flow mapping or power-angio Doppler [17] with an angle of 
insonation < 30°. Scales of 0–20 cm/s and filters of 50–100 Hz were 
used and 3 measurements were obtained in apnea. In all fetuses, 
the PVPI (peak velocity [systolic or diastolic] minus pre-systolic 
velocity/mean averaged maximum velocity) was calculated after 
manual tracing of the pulmonary venous flow waveform. In groups 
1 and 2, the DV flow was identified from a transverse section of the 
fetal abdomen at the level of the insertion of the umbilical cord. 
The sample volume was placed on the isthmus of the DV and DV 
pulsatility index (DVPI) was calculated in the same way as the pul-
monary veins [18]. All records were stored in Digital Imaging and 
Communications in Medicine (DICOM) format and exported to 
CD and DVD for calculation of the intra- and inter-observer vari-
ability in 10 samples of each group [19].

Statistical Analysis
The data were transferred to Excel (Microsoft Excel 2010) and the 

statistical package SPSS version 18 was used for data analysis. Quan-
titative analysis were expressed as mean and SD. Analysis of variance 
and post-hoc Tukey test were used for the assessment of differences 
between the groups. Pearson’s correlation was applied to examine 
the correlation between PVPI and DVPI and cerebroplacental ratio 
(CPR). Bland-Altman test was used to show the mean intra- and in-
terobserver differences between the measurements (10 samples from 
each group). p values < 0.05 were considered significant. 

Results

The study sample included 84 pregnant women, divid-
ed into 3 groups: group 1 included 27 fetuses with IUGR, 
group 2 included 28 fetuses with adequate weight for ges-
tational age from pregnant women with hypertensive dis-
order, and group 3 included 28 fetuses with adequate 
weight for gestational age from healthy women (controls). 
Mean maternal age was 27 ± 6.5 years in group 1 (IUGR), 
34 ± 6.7 years in group 2, and 32 ± 6.5 years in group 3, 
with mothers in IUGR group significantly younger as 
compared to other groups (p < 0.01). Mean gestational age 
was 31.4 ± 3 weeks in cases with IUGR, 30.0 ± 2 weeks in 
fetuses with AGA from hypertensive mothers, and 29.0 ± 
2 weeks in controls (p = 0.22 in group 1 vs. control and p = 
0.2 in group 2 vs. control group). The mean PVPI was sig-
nificantly higher in group 1 (1.27 ± 0.39) than in group 2 
(1.02 ± 0.37), p = 0.01, or group 3 (0.76 ± 0.12), p < 0.001 
(Fig. 1). The pulmonary vein Doppler pattern is shown in 
Table 1a. The CPR was significantly lower (1.29 ± 0.68) in 
group 1 than in groups 2 (1.78 ± 0.41) and 3 (1.72 ± 0.29; 
p = 0.001). Uterine,  umbilical, and middle cerebral arteries 
and pulmonary vein PI are shown in Table 1b. In the 
IUGR group, there was no significant correlation between 
PVPI and DVPI (r = 0.05; p = 0.79), or between PVPI and 
CPR (CPR = middle cerebral artery pulsatility index/um-

bilical artery pulsatility index; r = 0.01, p = 0.97; Fig. 2). 
However, in group 2, a moderate correlation between 
PVPI with DVPI was found, but not between PVPI and 
CPR (Fig.  2, 3). Intra-class and inter-class correlations, 
calculated from repeated measurements, were 0.91 and 
0.88, respectively (Fig. 4, 5). 

Discussion

Fetal cardiac function is routinely assessed in fetuses 
with congenital heart diseases. Recently, functional echo-
cardiography has been employed in fetuses with extra car-
diac conditions, such as IUGR, and can provide important 
information for clinical management decisions. Further-
more, considering that IUGR fetuses have adverse remod-
eled hearts (more globular) that lead to long-term adverse 
consequences in later life, the evaluation of cardiac func-
tion by fetal echocardiography enables cardiovascular 
prevention [20]. Measurements of ventricular contractil-
ity (shortening and ejection fraction), MPI, systemic ve-
nous, and umbilical venous (DV and umbilical venous) 
Doppler flow patterns are commonly used in the assess-
ment of cardiac function by ultrasound. These parameters 
are considered to be strong predictors of perinatal mortal-
ity, but they are usually altered only in late stages of fetal 
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Fig. 1. Comparison of pulmonary vein pulsatility index (PVPI) 
between IUGR fetuses (group 1) with fetuses with normal growth 
(AGA) from hypertensive mothers (group 2) and from healthy 
mothers (group 3). Horizontal bars above and below median box-
es represent maximal and minimal values of PVPI. * PVPI mean 
values.
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deterioration. The assessment of pulmonary veins reflects 
LV compliance and LA pressure and may provide early 
information about myocardial dysfunction in IUGR, since 
LV dysfunction precedes right ventricle functional abnor-
malities. In this study, we observed that the Doppler pat-
tern of the pulmonary vein flow in IUGR group was dif-
ferent than in the other groups with lower S- and A-wave 
velocities and an increased PVPI (Table 1a). The increase 
in LA pressure with consequent reduction of the A-wave 
velocity in the pulmonary vein could explain the elevation 
of PVPI. This phenomenon may be secondary to de-
creased LV compliance or to the abnormal LA dynamics 
in IUGR due to redistribution of flow.

Traditionally, the analysis of inflow pattern by con-
ventional Doppler or tissue Doppler imaging (TDI) are 
sensitive tools for detecting cardiac diastolic dysfunction. 
In IUGR, inflow Doppler flow velocities are lower mitral 
E’ velocities with higher E’/A ratios [10, 21]. Similarly, 
early-onset IUGR fetuses display an increased relaxation 
time in the early stages of deterioration, probably reflect-
ing fetal adaptive mechanisms to chronic hypoxia in pla-
cental insufficiency. Thus, it has already been demon-
strated that an increased MPI is associated with cell dam-
age and that, in combination with retrograde shunting at 

Table 1. 
a. Comparison of pulmonary vein pattern between IUGR fetuses (group 1) and AGA fetuses from hypertensive 
and healthy mothers (groups 2 and 3)

PV waves Group 1 (IUGR) Group 2 Group 3 (controls) p values

PV S-wave 0.25±0.07a 0.29±0.07b, c 0.25±0.44a, c 0.033
PV D-wave 0.22±0.06 0.25±0.06 0.23±0.05 0.150
PV A-wave 0.11±0.03a 0.13±0.04a, c 0.14±0.02b, c 0.009

Values are mean ± SD.
S, systolic peak; D, diastolic peak; A, presystolic velocity. p values of pulmonary veins: a, b, c no significant dif-

ferences = equal letters and significant differences = different letters.
AGA, appropriate growth for gestational age; PV, pulmonary vein. 

b. PI values of pulmonary vein and uterine, umbilical, and medium cerebral arteries in groups 1, 2, and 3

PI Group 1 Group 2 Group 3 p values

Uterine arteries 1.3±0.5 1.1±0.4 0.67±0.1 0.01
Umbilical artery 1.38±0.3 1.2±0.2 0.95±0.1 <0.001
MCA 1.7±0.4 1.9±0.3 1.8±0.2 0.007
PV 1.27±0.39a* 1.02±0.37b* 0.76±0.12 <0.001

PI values are mean ± SD. p values of pulmonary veins: a* group 1 versus and group 2 b* versus group 3: a* p < 
0.01, eb* p = 0.01.

MCA, medium cerebral artery; PV, pulmonary vein.
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Fig. 2. Correlation between PVPI and CPR. r = 0.01, p = 0.97. PVPI, 
pulmonary vein pulsatility index; AGA, appropriate for gestational 
age; IUGR, intrauterine growth restriction; CPR, cerebroplacental 
ratio.
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the aortic isthmus and DV, might be useful for predicting 
fetal deterioration, particularly in severe IUGR [22, 23]. 
Quantitative assessment of circulatory changes is done in 
the fetal aortic isthmus during progressive resistance to 
umbilical blood flow [23, 24].

The evaluation of the tricuspid and mitral annular dis-
placement (TAPSE and MAPSE), by assessment of M-
mode techniques, reflects global longitudinal function 
and has been shown to be altered in early stages of car-
diac dysfunction, differently from the ejection fraction 
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Fig. 3. Correlation between PVPI and 
DVPI. r = 0.05, p = 0.79. PVPI, pulmonary 
vein pulsatility index; AGA, appropriate 
growth for gestational age; IUGR, intra-
uterine growth restriction; DVPI, ductus 
venosus pulsatility index.

–1.50

–1.00

–0.50

0

0.50

1.00

1.50

0.75 1.00 1.25 1.50 1.75 2.00

M
D

CCI = 0.91

m +1.96*dp = 0.36

m = –0.07

m –1.96*dp = –0.51

Fig. 4. Bland-Altman plots showing intra-
observer variation in measurements of 
PIPV. PIPV, pulsatility index of pulmo-
nary vein; m, mean; MD, mean difference 
between the measurements made by the 
same observer in; CCI, confidence interval; 
dp, standard deviation.
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[25, 26]. Prospectively, systemic and umbilical venous 
Doppler flow abnormalities can predict adverse perinatal 
outcomes and are considered to be strong predictors of 
stillbirths in IUGR [27, 28]. Similarly to DV flow, the re-
versed pulmonary vein A-wave reflects fetal hypoxia, but 
the applicability of pulmonary vein Doppler patterns for 
predicting outcomes of IUGR remains unknown [29]. In 
this study, the IUGR fetuses had a higher PVPI with nor-
mal DV flow, probably because they were not in late stag-
es of deterioration. Additionally, a recent study on fetal 
atrial function by speckle tracking technique has shown 
that the right atrial function is preserved in cases of mod-
erate chronic hypoxia due to placental dysfunction [30, 
31]. In that study, strain and velocity were greater at the 
right atrial walls, compared with the left, and the in-
creased DVPI was not associated with right atrial dys-
function. Similar to our study, many of these fetuses were 
not centralized [32]. Indeed, we found a moderate corre-
lation between DVPI and PVPI in AGA from hyperten-
sive mothers. Possible reasons for this correlation are the 
highly specific IUGR population due to placental dys-
function and the lack of stratification based on placental 
insufficiency in group 2. 

The use of pulmonary vein PI in fetuses has been pro-
posed as a good echocardiographic Doppler parameter to 
assess fetal cardiac dynamics [12, 29] since it reflects LA 

pressure changes and is reproducible [17]. IUGR fetuses 
showed an increased PVPI, reflecting flow distribution in 
the left heart with changes in LA pressure, probably due 
to left ventricular dysfunction. In this study, we demon-
strated that the PVPI is increased in fetuses with IUGR 
due to placental insufficiency. 

The elevated impedances in uterine arteries in IUGR 
and AGA fetuses from hypertensive mothers, when com-
pared to controls, were expected. We also found a re-
duced CPR in IUGR group, but not as a result of de-
creased MCA PI. Since many of these fetuses were not 
centralized, these results might suggest hemodynamic 
changes with preferential flow to the brain secondary to 
hypoxia. Therefore, we have not found any correlation 
between PVPI and CPR in IUGR. 

In conclusion, this study demonstrated that fetuses 
with IUGR due to placental insufficiency show an in-
creased PVPI when compared to AGA fetuses from hy-
pertensive mothers and from healthy mothers, reflect-
ing altered left heart dysfunction. This parameter could 
be used as an early predictor of cardiac dysfunction in 
IUGR, even before the expected late increase in DV im-
pedance. Since other several diastolic cardiac function 
parameters involving atrial function have been pro-
posed, they could also be useful as predictor of perinatal 
mortality [33].
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servers in; CCI, confidence interval; dp, 
standard deviation.

D
ow

nl
oa

de
d 

by
: 

U
ni

v.
-B

ib
lio

th
ek

 d
er

 T
U

 M
ün

ch
en

   
   

   
   

   
   

   
   

12
9.

18
7.

25
4.

46
 -

 8
/2

0/
20

18
 1

1:
28

:4
1 

P
M



PV Pulsatility: An Early Predictor of 
Cardiac Dysfunction in IUGR

7Fetal Diagn Ther
DOI: 10.1159/000488281

References

 1 Carty DM, Delles C, Dominiczak AF: Pre-
eclampsia and future maternal health. J Hy-
pertension 2010; 28: 1349–1355.

 2 Llurba E, Sánchez O, Ferrer Q, Nicolaides 
KH, Ruíz A, Domínguez C, Sánchez-de-Tole-
do J, García-García B, Soro G, Arévalo S, 
Goya M, Suy A, Pérez-Hoyos S, Alijotas-Reig 
J, Carreras E, Cabero L: Maternal and foetal 
angiogenic imbalance in congenital heart de-
fects. Eur Heart J 2014; 35: 701–707. 

 3 Llurba E, Crispi F, Verlohren S: Update on the 
pathophysiological implications and clinical 
role of angiogenic factors in pregnancy. Fetal 
Diagn Ther 2015; 37: 81–92.

 4 Costa Fda S, Murthi P, Keogh R, Woodrow N: 
Early screening for preeclampsia. Rev Bras 
Ginecol Obstet 2011; 33: 367–375.

 5 Figueras F, Gratacós E: Update on the diagno-
sis and classification of fetal growth restric-
tion and proposal of a stage-based manage-
ment protocol. Fetal Diagn Ther 2014; 36: 86–
98. 

 6 Hernandez-Andrade E, Crispi F, Benavides-
Serralde JA, Plasencia W, Diesel HF, Eixarch 
E, Acosta-Rojas R, Figueras F, Nicolaides K, 
Gratacós E: Contribution of the myocardial 
performance index and aortic isthmus blood 
flow index to predicting mortality in preterm 
growth-restricted fetuses. Ultrasound Obstet 
Gynecol 2009; 34: 430–436.

 7 Cruz-Martinez R, Figueras F, Hernandez-An-
drade E, Oros D, Gratacos E: Changes in myo-
cardial performance index and aortic isthmus 
and ductus venosus Doppler in term, small-
for-gestational age fetuses with normal um-
bilical artery pulsatility index. Ultrasound 
Obstet Gynecol 2011; 38: 400–405. 

 8 Baschat AA: Fetal growth restriction: from 
observation to intervention. J Perinatal Med 
2010; 38: 239–246.

 9 Huhta JC: Guidelines for the evaluation of 
heart failure in the fetuses with or without hy-
drops. Pediatr Cardiol 2004; 25: 274–286.

10 Naujorks AA, Zielinsky P, Beltrame PA, Cast-
agna RC, Petracco R, Busato A, Nicoloso AL, 
Piccoli A, Manica JL: Myocardial tissue Dop-
pler assessment of diastolic function in the 
growth-restricted fetus. Ultrasound Obstet 
Gynecol 2009; 34: 68–73.

11 Zielinsky P, Beltrame PA, Manica JL, Piccoli 
AL Jr, da Costa MA, Motta L, Castagna R, 
Nicoloso LH: Dynamics of the septum pri-
mum in fetuses with intrauterine growth re-
striction. J Clin Ultrasound 2009; 37: 342–346.

12 Talbert DG, Johnson P: The pulmonary vein 
Doppler flow velocity waveform: feature anal-

ysis by comparison of in vivo pressures and 
flows with those in a computerized fetal phys-
iological model. Ultrasound Obstet Gynecol 
2000; 16: 457–467.

13 Merialdi M, Widmer M, Gülmezoglu AM, et 
al: WHO multicentre study for the develop-
ment of growth standards from fetal life to 
childhood: the fetal component. BMC Preg-
nancy Childbirth 2014; 14: 157.

14 Mustafa R, Ahmed S, Gupta A, Venuto RC: A 
Comprehensive review of hypertension in 
pregnancy. J Pregnancy 2012; 2012: 105918. 

15 Hadlock FP, Harrist RB, Martinez-Poyer J: In 
utero analysis of fetal growth: a sonographic 
weight standard. Radiology 1991; 181: 129–
133.

16 Bhide A, Acharya G, Bilardo CM, Brezinka C, 
Cafici D, Hernandez-Andrade E, Kalache K, 
Kingdom J, Kiserud T, Lee W, Lees C, Leung 
KY, Malinger G, Mari G, Prefumo F, Sepul-
veda W, Trudinger B: ISUOG Practice Guide-
lines: use of Doppler ultrasonography in ob-
stetrics. Ultrasound Obstet Gynecol 2013; 41: 

233–239. 
17 Zielinsky P, Piccoli A Jr, Gus E, Manica JL, 

Satler F, Nicoloso LH, Luchese S, Marcanto-
nio S, Scheid M, Hatém D: Dynamics of the 
pulmonary venous flow in the fetus and its 
association with vascular diameter. Circula-
tion 2003; 108: 2377–2380.

18 Kessler J, Rasmussen S, Hanson M, Kiserud T: 
Longitudinal reference ranges for ductus ve-
nosus flow velocities and waveform indices. 
Ultrasound Obstet Gynecol 2006; 28: 890–898.

19 Bland JM, Altman DG: Measuring agreement 
in method comparison studies. Stat Methods 
Med Res 1999; 8: 135–160.

20 Crispi F, Bijnens B, Sepulveda-Swatson E, 
Cruz-Lemini M, Rojas-Benavente J, Gonza-
lez-Tendero A, Garcia-Posada R, Merida Ro-
driguez-Lopez M, Demicheva E, Sitges M, 
Gratacós E: Postsystolic shortening by myo-
cardial deformation imaging as a sign of car-
diac adaptation to pressure overload in fetal 
growth restriction. Circ Cardiovasc Imaging 
2014; 7: 781–787. 

21 Hernandez-Andrade E, Benavides-Serralde 
JA, Cruz-Martinez R, Welsh A, Mancilla-
Ramirez J: Evaluation of conventional Doppler 
fetal cardiac function parameters: E/A ratios, 
outflow tracts, and myocardial performance 
index. Fetal Diagn Ther 2012: 32: 22–29.

22 Van Mieghem T, Hodges R, Jaeggi E, Ryan G: 
Functional echocardiography in the fetus 
with non-cardiac disease. Prenat Diagn 2014; 

34: 23–32.

23 Bonnin P, Fouron JC, Teyssier G, Sonesson 
SE, Skoll A: Quantitative assessment of circu-
latory changes in the fetal aortic isthmus dur-
ing progressive increase of resistance to um-
bilical blood flow. Circulation 1993: 88: 216–
222.

24 Cruz-Martinez R, Figueras F, Hernandez-
Andrade E, Oros D, Gratacos E: Changes in 
myocardial performance index and aortic 
isthmus and ductus venosus Doppler in 
term, small-for-gestational age fetuses with 
normal umbilical artery pulsatility index. 
Ultrasound Obstet Gynecol 2011; 38: 400–
405.

25 Cruz-Lemini M, Crispi F, Valenzuela-Alcaraz 
B, Figueras F, Sitges M, Gómez O, Bijnens B, 
Gratacós E: Value of annular M-mode dis-
placement vs tissue Doppler velocities to as-
sess cardiac function in intrauterine growth 
restriction. Ultrasound Obstet Gynecol 2013; 

42: 175–181.
26 Crispi F, Gratacós E: Fetal cardiac function: 

technical considerations and potential re-
search and clinical applications. Fetal Diagn 
Ther 2012; 32: 47–64.

27 Baschat AA, Turan OM, Turan S: Ductus ve-
nosus blood-flow patterns: more than meets 
the eye? Ultrasound Obstet Gynecol 2012; 39: 

598–599.
28 Turan OM, Turan S, Berg C, Gembruch U, 

Nicolaides KH, Harman CR, Baschat AA: Du-
ration of persistent abnormal ductus venosus 
flow and its impact on perinatal outcome in 
fetal growth restriction. Ultrasound Obstet 
Gynecol 2011; 38: 295–302.

29 Bravo-Valenzuela NJ, Zielinsky P, Huhta JC, 
Acacio GL, Nicoloso LH, Piccoli A, Busato S, 
Klein C: Dynamics of pulmonary venous flow 
in fetuses with intrauterine growth restric-
tion, Prenat Diagn 2015; 35: 249–253.

30 Crispi F, Bijnens B, Figueras F, Bartrons J, 
Eixarch E, Le Noble F, Ahmed A, Gratacós E: 
Fetal growth restriction results in remodeled 
and less efficient hearts in children. Circula-
tion 2010; 121: 2427–2436.

31 Germanakis I, Gardiner H: Assessment of fe-
tal myocardial deformation using speckle 
tracking techniques. Fetal Diagn Ther 2012; 

32: 39–46.
32 Dahlbäck C, Gudmundsson S: Investigations 

on atrial function in fetuses with signs of im-
paired placental function. Prenat Diagn 2015; 

35: 605–611.
33 Zielinsky P, Piccoli AL Jr: Myocardial hyper-

trophy and dysfunction in maternal diabetes. 
Early Hum Dev 2012; 88: 273–278.

D
ow

nl
oa

de
d 

by
: 

U
ni

v.
-B

ib
lio

th
ek

 d
er

 T
U

 M
ün

ch
en

   
   

   
   

   
   

   
   

12
9.

18
7.

25
4.

46
 -

 8
/2

0/
20

18
 1

1:
28

:4
1 

P
M


