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was carried out. 23 preterm children from uneventful pregnancies in the same
period served as controls. Myocardial functions including left ventricular longitudinal
strain, radial strain, circumferential strain, and right ventricular longitudinal strain
were evaluated by conventional Doppler, tissue Doppler imaging, and 2D speckle-
tracking echocardiography (2D STE). All examinations were performed by an
experienced ultrasonographer using the VIVID E9 (GE Healthcare) machine, according
to standard techniques.

Results: Children aged 5-8 years delivered from severe PE presented less weight
(24.41 vs. 20.89 kg, P < 0.05), shorter height (124.1 vs 115.6 cm, P < 0.05) and
faster heart rates (84 vs. 93 bpm, P < 0.05) compared to offspring of normotensive
women. There were no significant differences in global left ventricular longitudinal strain,
radial strain, circumferential strain, and right ventricular longitudinal strain between the
children in the experimental group and the control group (P > 0.05).

Conclusion: Exposure to the intrauterine environment of severe PE during the fetal
period did not have a significant impact on cardiac structure in premature children at
5-8 years old, but they had a higher resting heart rate which may be associated with
cardiovascular disease in the long run.

Keywords: myocardial strain, myocardial function, premature birth (MeSH), heart rate (HR), preeclampsia

INTRODUCTION

Preeclampsia is a common complication during pregnancy. There is evidence that preeclampsia
(PE) could cause epigenetic alterations, among which alterations in imprinted genes could
affect the process of embryo formation, trophoblastic growth, embryonic and organismal
development (Peixoto et al., 2018). Alterations in gene expression or protein expression do not
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lead to changes in DNA sequence, so it could be stably
inherited as cells divide and proliferate. It has also been reported
that oxidative stress induced by PE amplifies the systemic
inflammatory response, increases the release of misfolded and
aggregated proteins and autoantibodies (Cheng and Sharma,
2016). Furthermore, the development of trophoblast invasion
and vascular dysplasia could result in placental insufficiency,
reduced oxygen and nutrient supply, and destruction of
cardiomyocyte growth and myocardial fiber structure. In
addition, if coupled with chorionic villi dysplasia or thrombosis,
placental resistance, and cardiac afterload would increase. In
order to maintain cardiac output, the developing myocardial
tissues would undergo macroscopic and microscopic changes in
structure and function, leading to myocardial remodeling and
dysfunction during the growth and development of offspring
(Zhang, 2005; Jonker et al., 2010).

The current studies on the effects of preeclampsia on
myocardial function in offspring are inconsistent. Some
researchers believe that the damaged cardiac structures gradually
recover as the offspring grow and develop. A longitudinal cohort
study consisting of 784 Finnish adults (34-49 years) found
that slight changes of cardiac structure in adults born small
for gestational age (SGA) were unlikely to have pathologic
effects on cardiovascular disease (Arnott et al., 2015). However,
Drude argued that children born with preeclampsia could
lead to an increased late left diastole velocity at mitral valve
attachments and a faster heart rate (Fugelseth et al, 2011),
suggesting that cardiovascular disease risk persists in the
offspring of hypertensive pregnancies, which was in line with
a 20-year prospective follow-up birth cohort in Australia
(Davis et al., 2015).

The two-dimensional (2D) ultrasound image of the heart
is composed of many acoustic spots evenly distributed in the
myocardium, which move synchronously with the myocardial
tissue. The speckle tracking imaging can continuously track the
trajectory of each spot and quantitatively analyze movement
speed and strain of the myocardial tissue, which can accurately
reflect myocardial function. In the current study, we performed
2D-STD to evaluate cardiac structure and function to explore
whether exposure to the intrauterine environment of severe PE
during the fetal period caused cardiovascular disease risk in
premature children at 5-8 years old and provide a basis for
cardiac screening in children.

STUDY POPULATIONS AND THE STUDY
PROTOCOL

Study Populations

The study included 23 preterm children delivered by severe
PE pregnant women and 23 age-matched children from
uneventful pregnancies from the First Affiliated Hospital of
Soochow University.

Severe preeclampsia was diagnosed according to the
2013 edition of the American College of Obstetricians and
Gynecologists (ACOG) guidelines when at least one of the
following was met: @ systolic blood pressure > 160 mmHg

and/or diastolic blood pressure > 110 mmHg (on two
occasions at least 4 h apart while the patient is on bed rest); @
thrombocytopenia (platelet count < 100*109/L); ® impaired
liver function (as indicated by abnormally elevated blood
concentrations of liver enzymes to twice normal concentration);
@ renal insufficiency (elevated blood creatinine > 97.2 wmol/L
or more than twice the normal reference value); ® pulmonary
edema; ® new onset of cerebral or visual disturbances.
Patients were excluded if pregnancies were complicated with
diseases that may affect the development of fetal heart, such
as gestational diabetes mellitus, maternal hematologic diseases,
immune system diseases, malignant tumors, heart disease,
intrauterine infections, fetal congenital heart disease, or
other deformities.

Transthoracic 2D Datum Acquisition

The 2D echocardiographic imaging was performed by GE Vivid
E9 ultrasound scanner with phased array transducers M5S-D
automated software (GE Healthcare, Milwaukee, WI, United
States) 2-4 MHz transducer. The patient was examined in the
left lateral decubitus position and connected to ECG using
a Vivid E9 ultrasound scanner with phased array transducers
M5S-D. We acquired a 2D datum from the parasternal long-
axis and short-axis views and three standard apical views
and captured three consecutive cardiac cycles for each view.
Pulsed Doppler images were acquired in the apical four-
chamber view with the sample volume placed in the orifice
of the right upper pulmonary vein and the mitral valve
inflow at the leaflet tip. The cross-valve pressure difference
was measured in continuous Doppler mode. Tissue-Doppler
Images (TDI) analysis was performed to record mitral annulus
velocities at septal and lateral walls in the apical four-
chamber view.

Analysis of 2D and Doppler Parameters

According to the recommendations of the American Society
of Echocardiography, aortic root diameter left atrial diameter,
interventricular septum, LVES D, and LVED D were measured
from M-mode echocardiograms. The peak early (E) and late
(A) trans-mitral flow velocities, the ratio of early-to-late peak
velocities (E/A), and mitral flow deceleration time (DT) were
measured from the mitral Doppler flow waveform. Pulsed-
wave Doppler velocities of the pulmonary venous flow were
obtained to analyze pulmonary vein inflow for peak velocity
of systolic (S), diastolic (D), and atrial reversal waves (Ar).
TDI was used to measure annular systolic velocity (Sa), early
diastolic (Ea), and late diastolic (Aa) velocity at septal and
lateral walls. Pulmonary artery systolic pressure (PASP) was
calculated as follows: SPAP = tricuspid transvalvular pressure
difference + right atrial estimated pressure (Becker et al.,
2006). The tricuspid pressure difference was calculated by the
simplified Bernoulli equation: pressure difference = 4V2; the
right atrial pressure was estimated by measuring the ratio of
the width of the inferior vena cava and collapse on inhalation,
according to the recommended method (Fleming et al., 2011).
Left ventricular end-diastolic volume (EDV), end-systolic volume
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(ESV), and ejection fraction (LVEF) were obtained by the
Simpson biplanar method.

Analysis of 2D Strain and Torsion

Parameters

Datum of speckle tracking was analyzed offline using dedicated
automated software EchoPAC PC, Version 113 (GE Healthcare,
Milwaukee, WI, United States). The myocardial region of interest
(ROI) of the left ventricular was defined by the endocardial
border. For the 2D longitudinal speckle tracking analysis, three
ROIs were placed in an end-diastolic frame from the apical
three-, four-, and two-chamber views, respectively. If necessary,
the width of the ROI can be adjusted manually to exclude
the pericardium.

Peak systolic longitudinal strain (LS) was analyzed from
apical views in all 17-left ventricular (LV) longitudinal segments
and averaged to LV global longitudinal strain. Longitudinal
strains of the right ventricle (RV) in all six segments
of the right ventricular free wall and septum or three
segments of right ventricular free wall were analyzed from
the apical four-chamber view and were averaged into RV
global longitudinal strain. Circumferential strain (CS) and
radial strain (RS) were assessed in the parasternal short-
axis views at the level of the mitral valve, papillary muscle,
and apical view, and the left ventricular torsion and torque
were calculated.

Statistical Analysis

The values of left and right ventricular LS and left ventricular
torsion were transformed into z-scores normalized to body
surface area and adjusted for heteroscedasticity presented
by Dallaire et al. (2016). Z-scores for the rest of the
parameters was done using the cardio z application for
pediatrics (Chubb and Simpson, 2012). All datum were
analyzed using the statistical package SPSS 19.0 (Chicago, IL,
United States). For normally distributed continuous variables,
a t-test was conducted to compare differences in means.
Likewise, the log-rank test was used for comparing variables
with non-normal distribution. Data are presented as mean
and SD or median (interquartile range). P < 0.05 was
considered significant.

RESULTS

Clinical Characteristics and
Conventional Ultrasound Analyses

There were no significant differences in age, gestational week
of birth, or parental characteristics (height, weight, age, body
mass index) between the children in the severe PE group and
the control group. Children delivered from severe PE presented
less weight (24.41 vs. 20.89 kg, P < 0.05), shorter height (124.1
vs. 115.6 cm, P < 0.05) and faster heart rates (84 vs. 93 bpm,
P < 0.05). There were no differences in other conventional
echocardiography values (P > 0.05, Table 1).

TABLE 1 | Demographic characteristics and conventional echocardiography
values of the study groups.

Controls Severe P
n=23 preeclampsia
n=23
Gestational age (w) 33.39+235 3448+1.65 0.076
Birth weight (kg) 2.2+0.58 1.9+£048 0.077
Age (Y) 6+ 0.99 6+0.78 0.254
Height (cm) 124.1 £8.40 115.6 £ 6.54 0.000*
Weight (kg) 24.41 £4.45 20.89 +£3.01 0.004*
Body mass index (kg/m?) 19.57 £ 2.60 18.04 +£1.99 0.031*
Body surface area (m?) 0.92 +0.11 0.81+£0.08 0.007*
Systolic blood pressure (mmHg) 88 +7.32 91 +8.21 0.218
Systolic blood pressure z score —-0.98+0.70 -0.38+£0.76 0.397
Diastolic blood pressure (mmHg) 55 +£12.19 55 +10.61 0.868
Diastolic blood pressure z score -026+1.14 -0.03+0.92 0.375
Heart rate (bpm) 84 + 544 93 +3.54 0.000*
Aortic root Inner diameter (mm) 20.3 £ 1.96 19.3+1.94 0.089
Aortic root Inner diameter z score —-0.06 £0.69 —0.05+0.68 0.988
Left atrium volume index (ml/m?) 18.61 + 5.43 16.43 +£4.36  0.142
Left ventricular septal diastolic 6.17 £ 0.65 5.87 +£0.63 0.113
thickness (mm)
Left ventricular septal diastolic 0.19 £ 0.46 0.22 +£0.42 0.829
thickness z score
Left ventricular posterior wall diastolic 6.00 + 0.60 570+0.64 0.103
thickness (mm)
Left ventricular posterior wall diastolic 0.70 £ 0.41 0.68 £0.53 0.881
thickness z score
Left ventricular mass index (g/m?) 65.18 £ 9.74 61.43 £ 13.83 0.294
standardized left ventricular 40.52 +£6.24 42.09+7.20 0.435
end-diastolic volume (ml/m?)
Standardized left ventricular 14.91 £1.70 15.09 +£2.97 0.809

end-systolic volume (ml/m?)

“” and ‘ltalicized” indicates p < 0.05, statistically significant compared to
the control group.

Left Ventricular Systolic and Diastolic

Function

The left ventricular systolic and diastolic function of children in
the study group is similar to that of children in the control group
(P > 0.05, Table 2).

Right Ventricular Systolic and Diastolic

Function

We also did not find significant differences in right ventricular
systolic and diastolic function between the children in the
experimental group and the control group (P > 0.05, Table 3).

Myocardial Strain and Torsion

We found no significant differences in global left ventricular
longitudinal strain, radial strain, circumferential strain, and right
ventricular longitudinal strain between the children in the study
groups (P > 0.05, Table 4).
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TABLE 2 | Left ventricular (LV) function of the severe preeclampsia (PE) group
and the controls.

Controls Severe P
n=23 preeclampsia
n=23
Left ventricular systolic function
Left stroke volume (ml) 23.61+£6.17 2191 +544 0.328
Left cardiac output (L/min) 1.97 £ 0.48 2.05+0.53 0.630
Left ejection fraction (%) 62.70 &+ 4.65 63.52 +£4.10 0.526
Left ventricular myocardial 0.40 + 0.05 0.41+0.06 0.367
performance index (LV MPI)
LV MPI z score 1.30 +£0.73 1.13+£0.70 0.418
Left ventricular diastolic function
Mitral E wave (cm/s) 104.6 £18.52 104.9 +13.43 0.949
Mitral E wave z score 0.69 £1.25 0.71 £0.91  0.950
Mitral A wave (cm/s) 53.4+£13.37 53.3+12.95 0.982
Mitral A wave z score 0.17 £0.84 0.31 £1.04 0.628
Mitral E/A ratio 2.03+0.33 210+ 0.71 0.692
Mitral E/A ratio z score 0.03+0.69 -0.03+0.81 0.770
Mitral €’ (cm/s) 16.2 £ 1.52 162+ 237 0.089
Mitral e’ z score —-0.24 £042 -0.53+0.64 0.073
Left ventricular E/e’ (cm/s) 6.52 +1.44 7.08+1.57 0.213
Left ventricular E/e’ z score 0.38 £0.76 0.67 +£0.82 0.212
Mitral E deceleration time (ms) 158 + 28.37 150 +31.13 0.355
Tricuspid valve pressure difference 19 +£7.87 20+ 714 0.521
(mmHg)
Peak systolic pulmonary vein velocity 55.9 + 7.62 53.6+7.90 0.360
(S wave, cm/s)
Peak pulmonary vein flow velocity in 65.3 +8.11 615+ 787 0.146
early diastole (D wave, cm/s)
Peak pulmonary vein flow velocity 28.0+3.13 28.6+4.19 0.621
during atrial systole (Ar wave, cm/s)
Pulmonary vein A wave duration (ms) 82 4+ 15.89 83 4+ 15.31 0.803

DISCUSSION

To our knowledge, this study demonstrated for the first
time that the myocardial function measured by 2D speckle-
tracking echocardiography in preterm children aged 5-8 years
of pregnancy complicated by severe preeclampsia was not
organically impaired macroscopically. However, children
delivered from severe PE presented less weight (24.41 vs.
20.89 kg, P < 0.05), shorter height (124.1 vs. 115.6 cm, P < 0.05)
and faster heart rates (84 vs. 93 bpm, P < 0.05). We believed that
growth retardation of premature children is induced by placental
insufficiency secondary to severe preeclampsia. The results of this
study are in line with a previous study in male children exposed
to severe preeclampsia, suggesting 1 kg lighter and 3 cm shorter
than normal children at 2 years old and a.1 kg/m? lower body
mass index at 12 years old (Byberg et al.,, 2017). A systematic
review of observational studies confirmed a significant inverse
correlation between heart rate and age (Fleming et al., 2011).
They found the median heart rate gradually declined from one
month of age to 18 years of age. Thus, the preterm children
exposed to severe PE lagged behind their peers in growth and
development after birth, resulting in a relatively slow decline in
their heart rate.

TABLE 3 | Right ventricular (RV) systolic and diastolic function of the study groups.

Control Severe P
n=23 preeclampsia
n=23

Right ventricular systolic function
Right ventricular fractional area 0.47 £ 0.06 0.47 £0.09 0.985
change (rvfac)
Right ventricular myocardial 0.48 £ 0.08 0.47 £0.09 0.693
performance index (RV MPI)
RV MPI z score 1.30+0.73 1.20+0.78 0.655
Tricuspid annulus lateral wall S’ (cm/s) 12.3 £ 1.56 120+ 1.24 0.391
Tricuspid annulus lateral wall S’ z -052+0.78 -0.70+0.62 0.391
score
Tricuspid annulus displacement (mm) 18+ 1.93 17+£1.70 0.175
Right ventricular diastolic function
Tricuspid E wave (cm/s) 69.5 + 8.79 71.3+18.77 0.616
Tricuspid E wave z score 0.70 £ 0.57 0.78£0.99 0.758
Tricuspid A wave (cm/s) 41.3 +£10.47 448 +8.98 0.256
Tricuspid A wave z score 0.05 +0.97 0.22 £0.83 0.534
Tricuspid E deceleration time (ms) 164 + 37.55 149 +£28.30 0.165
Tricuspid E/A ratio 1.74 £0.28 159 +£0.35 0.160
Tricuspid E/A ratio z score 0.62 + 0.69 0.27 £0.89 0.173
Tricuspid e’ (cm/s) 15.6 £ 2.09 16.9+228 0.672
Tricuspid e’ z score -0.29+0.70 -0.21+0.76 0.723
Right ventricular E/e’ 4.52 +£0.97 455+1.19 0.927
Right ventricular E/e’ z score 0.86 £ 0.87 0.83+0.87 0.927
Right atrial volume index (ml/m?2) 156.94 + 3.84 156.61 £4.99 0.800

TABLE 4 | Comparison of myocardial strain and torsion of the study groups.

Control Severe P
preeclampsia

Left ventricular longitudinal —25.96 + 2.63 —25.74 £ 2.48 0.766
strain, %
Left ventricular —22.60 (—21.70, —20.90 (-19.30, 0.223
circumferential strain,% —24.90) —24.20)
Left ventricular radial 45.70 (35.30, 50.50) 38.10 (35.30, 49.60) 0.364
strain,%
Left ventricular torsion 14.00 (11.70, 19.40) 13.30 (10.60, 15.40) 0.358
(degree)
Left ventricular torsion z 1.69 (0.91, 3.67) 1.49 (0.55, 2.26) 0.374
score
Right ventricular —27.37 + 2.61 —28.57 £ 3.57 0.201

longitudinal strain, %

Heart rate is one of the most important indicators of
myocardial oxygen consumption. It is suggested that resting
heart rate is also an important marker of outcomes in CVD
(Bohm et al, 2015). An increase in heart rate implies an
increase in energy demand and myocardial oxygen demand.
Similar to our results, Drude et al. observed a faster heart
rate in children born to preeclampsia (Fugelseth et al.,, 2011).
Increased heart rate may increase myocardial ischemia and
electrical instability, and cardiovascular disease risk in the long
run (den Hoed et al., 2013). However, the relationship between
children’s heart rate and their intrauterine environment during
the fetal period remains to be explored.
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Myocardial strain is an important indicator reflecting
myocardial deformation and the latter is a sensitive marker
of myocardial dysfunction (Chen et al.,, 2019). The myocardial
movement generated by left ventricular longitudinal contraction
and diastole plays a major role in left ventricular ejection
(Thapa et al., 2014). Particularly, the changes in the longitudinal
strain of the subendocardial myocardium can reflect myocardial
lesions more sensitively (Stanton et al, 2009). The 2D
speckle tracking echocardiography (2D STE) technique shows
satisfactory reproducibility when used to measure ventricular
longitudinal and circumferential strains (Amundsen et al,
2006). Compared with cardiac magnetic resonance imaging,
the sensitivity and specificity of the 2D-STE technique are
better to accurately identify the segments with normal and
abnormal motion (Becker et al, 2006). Our study could not
demonstrate significant impairment in a myocardial strain of
children delivered from severe PE, which suggests that there is
no organic structural and functional impairment of the heart
considering clinical cardiac function.

The Myocardial Performance Index (MPI) is a novel index
that can be used to evaluate the cardiac function of various heart
diseases comprehensively and is independent of the geometry
of the ventricles, the quality of 2D images, blood pressure,
and heart rate. The higher the MPI value, the worse the heart
function. Although some studies reported higher MPI values in
the offspring exposed to the intrauterine environment of severe
PE compared to non-exposed during the fetal period (Bhorat
et al.,, 2017) and within 48 h after birth (Mutlu et al., 2018), it
is unknown whether the impairment of cardiac function persists
to childhood. In our study, this indicator still did not differ
between the two groups.

LIMITATIONS

This study has some strengths and limitations worth commenting
on. There were no differences in the age, gestational week
of birth, or parental characteristics (height, weight, age, body
mass index) between the children in the experimental group
and the control group. Pregnancies with diseases that may
affect the development of fetal heart, such as gestational
diabetes mellitus, maternal hematologic diseases, immune system
diseases, malignant tumors, heart disease, intrauterine infections,
fetal congenital heart disease, or other deformities, are excluded
to minimize the impact of confounding factors. But we
acknowledge that PE could increase the incidence of congenital
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