Perinatal changes in cardiac geometry and function in growth restricted fetuses at term
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ABSTRACT

Objective To evaluate the effect of fetal growth restriction (FGR) at term on fetal and
neonatal cardiac geometry and function.

Methods Prospective study of 87 pregnant women delivering, comprising of 54 normally

grown and 33 FGR pregnancies at term. Fetal and neonatal conventional, spectral tissue

C

~ Doppler, and 2D speckle tracking imaging echoes were performed few days before and

within hours of birth.

C

L ﬁ Results Compared to normal pregnancy, FGR fetuses exhibited more globular ventricular
geometry, poorer myocardial deformation and cardiac function (LV sphericity index [SI]:
0.49 vs 0.54, RV SI: 0.54 vs 0.60, LV torsion 3.0deg/cm vs 1.6deg/cm, LV isovolumetric
contraction time normalised by cardiac cycle length: 104ms vs 121ms, intra-ventricular
septum E’/A’: 0.71 vs 0.60, p<0.001 for all). The poorest adverse perinatal outcomes
occurred in FGR fetuses with most impaired cardiac functional indices. When compared to
normal newborns, FGR neonates revealed persistent alteration in cardiac parameters (LV SI:
0.50 vs 0.53, RV SI: 0.44 vs 0.54, LV torsion 1.4deg/cm vs 1.1deg/cm, LV myocardial
performance index [MPI’] 0.42 vs 0.52, p<0.001 for all). Paired comparison of fetal and
neonatal cardiac indices in FGR demonstrated that birth resulted in significant improvement

in some, but not all cardiac indices (RV SI: 0.60 vs 0.54, RV MPI’: 0.49 vs 0.39, p<0.001 for

2
=

Conclusions Compared to normal pregnancy, FGR fetuses and neonates at term exhibit

altered cardiac indices indicative of myocardial impairment that reflect adaptation to
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placental hypoxemia and alterations in hemodynamic load around the time of birth.
Elucidating potential mechanisms that contribute to the alterations in perinatal cardiac
adaptation in FGR could improve the management and evolve better therapeutic strategies to

reduce the risk of adverse pregnancy outcome.
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INTRODUCTION

Fetal growth restriction (FGR) and hypoxemia of placental insufficiency affect 5% to 10% of
pregnancies (1). Previous animal (2, 3) and human studies (4, 5) have shown that FGR is
associated with adverse impact on fetal and long-term cardiovascular function, but the direct
effects of fetal hypoxemia on acute changes in perinatal cardiac transition remain largely
unexplored. Subclinical myocardial changes in FGR term fetuses and neonates might still
have a detrimental impact on the burden of disease and increase the risk of cardiovascular
morbidity and mortality in later life (5, 6). Only two small cross-sectional retrospective
studies have demonstrated persistence of cardiac dysfunction from fetal life into childhood

(5, 6). There are no prospective data exploring fetal perinatal cardiac adaptation in FGR.
Furthermore, modern cardiac imaging modalities, such as tissue Doppler and speckle tracking
have fundamentally changed characterization of myocardial function and have been shown to
demonstrate a higher sensitivity for detecting even mild myocardial damage and established a
stronger predictive value for subsequent cardiovascular complications compared to
conventional echo indices (7, 8). However, there is a paucity of data using these novel
methods in the assessment of perinatal heart function in FGR. The aim of this study was to
examine the effect of FGR at term on fetal and neonatal cardiac geometry, myocardial

deformation and LV torsion.
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SUBJECTS AND METHODS

Study population

This was a prospective longitudinal study of 87 pregnant women delivering at term that
included 54 pregnancies with a normal outcome and 33 pregnancies affected by FGR.
Pregnant women attending for routine antenatal care in the Fetal Medicine Unit at St.
George’s University Hospitals NHS Foundation Trust between February 2014 and June 2016
were recruited if the fetuses had normal cardiac anatomy and there was no maternal or
pregnancy-related co-morbidity. FGR was defined as estimated fetal weight below 10"
centile with Doppler evidence of placental dysfunction (9). Exclusion criteria were a fetal
structural and chromosomal abnormality, adverse pregnancy outcome (other than related to
FGR) and pregnant women in labour. All participants gave written informed consents for
fetal and neonatal cardiac assessment. The Ethics Committee of NRES Committee London-

Surrey Borders approved the study protocol (Reference -12/1.O/0945).

Echocardiography

Fetal B-mode, M-mode, spectral pulsed-wave (PW) Doppler, spectral tissue Doppler imaging
(PW-TDI) and speckle tracking imaging (STI) echocardiograms were performed few days
before birth. The neonatal cardiac assessment was conducted within hours after birth. One
investigator (OP) performed all fetal and neonatal ultrasound examinations using a Vivid E9
ultrasound system (General Electric, Norway). Fetal M-mode, B-mode, and PW Doppler
measurements were made with the convex array obstetric transducer 4C, while the paediatric
/neonatal cardiac sector probe 12S was used for neonatal heart examination. PW-TDI curves
and 2D images for STI analysis were obtained and recorded in the same manner and with the

same ultrasound transducer (adult linear transducer M5S) in both fetal and neonatal groups.
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M-mode ultrasound was used for assessment of cardiac geometry and function and
ventricular longitudinal axis annular motion. B-mode imaging was performed for obtaining
measurements of ventricular chambers, valve dimensions, and both LV and RV sphericity
indices calculated by dividing ventricular end-diastolic dimension (EDD) by end-diastolic
length (EDL) for each ventricle (10). PW Doppler technique was used to obtain Doppler
signals from the inflow and outflow tracts for evaluation of diastolic and systolic function
respectively and calculation of LV and RV stroke volume (SV) and cardiac output (CO). PW-
TDI technique was applied to derive cardiac indices of myocardial motion in systole and
diastole and was also used for estimation of LV and RV MPI’. Speckle tracking imaging
(STI) was used to derive myocardial deformation indices (longitudinal, circumferential, radial
and rotational) with frame rate greater than 100 frames per second (fps). All
echocardiographic measurements were performed in a single beat according to the
standardised protocol of the study and with regards to previously described fetal echo
techniques (11). Several digital clips were obtained, serially numbered and anonymised
patient data was then transferred to the dedicated software EchoPAC (version 112, GE
Medical System) for further analysis. LV net twist was calculated by subtracting the peak
basal rotation from the peak apical rotation. LV torsion was considered as a result of net twist
divided by the LV end-diastolic length. Considering variations of fetal position, it is crucial
to correctly identify the direction of the fetal LV rotation at LV short axis basal and apical
levels. Speckle tracking analysis of rotational direction was adjusted with respect to the fetal
orientation on the ultrasound screen. The time-interval values were adjusted by cardiac cycle
length normalising for the difference in heart rate. Other fetal and neonatal indices were
normalised by dividing corresponding measurements by the ventricular length or end-
diastolic dimension according to study methodology (Supplementary materials) with regards

to previous recommendations (12-14).
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Intra- and inter-observer reproducibility

The same observer (OP) repeated TDI and STI measurements of 25 fetal and 25 neonatal
echoes in a different cardiac cycle of GE Vivid E9 ultrasound system (for TDI indices) and
vendor-specific EchoPAC software (for STI indices). In randomly chosen ten fetal and ten
neonatal echocardiograms, two different observers (MB and VVDZ) repeated TDI and STI

measurements in a different cardiac cycle (blinded to each other’s measurements). Both,

cle

1 ﬁ limits of agreement (LoA) with Bland-Altman graphs/Pitman’s test of difference in variance,

and intra-class correlation coefficient (ICC) were calculated.

N
—
< Statistical analysis
Sample size and power calculations were performed based on our pilot data (11). For strain
@ rate as a primary outcome, a sample of 66 pregnancies (33 normal and 33 FGR) would detect
Q) a rate of change (length/s) difference of 0.21 (equivalent to 10% of the mean, 2.05), with
l ) power of 85%, significance level of 5%, and assuming a standard deviation of 0.28. To allow
Q for possible confounding factors including dropouts, this number was increased to 87
pregnancies. Statistical analysis was performed using SPSS version 22.0 (SPSS Inc.,
Q) Chicago, IL, USA). Both Shapiro-Wilk test and Kolmogorov-Smirnov test were performed to
O

assess the data for normality. For normally distributed data, paired T-test and independent

C

sample T-tests to compare fetal and neonatal cardiac variables were performed. For skewed
data, Wilcoxon sign rank and Mann-Whitney tests were used as appropriate. The differences
between groups were deemed as significant only if the 2-tailed p-values were less than 0.01
(Bonferroni correction for type 1 error or false positive results of multiple measurements).
Additionally, a linear regression analysis was used to examine the relationship between LV

rotational parameters and fetal/neonatal selected cardiac indices.
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RESULTS

A total of 87 women consented to the study (54 normal and 33 FGR pregnancies). Of those,
deformational data in basal/apical four-chamber views were obtained in 86 fetuses and 80
neonates, and short axis view data were available in 80 fetuses and 80 neonates. Maternal
demographic characteristics and scan details of the pregnancies enrolled in the study are

summarised in Table 1.

Cardiac geometry

FGR fetuses demonstrated significantly decreased RV/LV end-diastolic dimension (EDD)
ratios, RAVV/LAVYV diameter ratios, LV and IVS wall thickness and a significant increase in
RV wall thickness and LV and RV sphericity indices when compared to normal pregnancy.
Postnatally, FGR neonates exhibited persistence of significantly increased LV and RV
sphericity indices, RV/LV EDD and RAVV/LAVV ratios, and thickening of the
interventricular septum (Figure 1, Table 2 and Table S1). Perinatal changes in the FGR
group showed a significant improvement in some parameters, with an increase in RV end-

diastolic length (EDL) resulting in decreased RV sphericity index.

Global myocardial deformation and performance
FGR fetuses had significantly higher LV and RV longitudinal strain/strain rate and

significantly lower LV torsion values compared to normal fetuses. After birth, there was
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persistence of significantly increased LV and RV longitudinal strain, LV strain rate, LV and
RV MPP’, and significantly reduced LV torsion in the FGR neonates (Figure 2, Table 2 and
Table S1). Perinatal changes in FGR neonates showed significant improvement in all indices

of myocardial deformation as well as LV and RV MPI".
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Systolic function
PW-TDI results demonstrated a significant increase in LV, RV, and IVS myocardial annular
systolic velocities S’ consistent with speckle tracking findings of increased longitudinal
Q) contractility in FGR fetuses (Table 2 and Table S1). There was also a significant increase in
~ LV isovolumetric contraction time’ (IVCT’) period in FGR fetuses. Postnatally, there were
O significantly increased LV CO, IVS S’, and both LV and RV IVCT’, while RV ejection time’
L ﬁ was reduced in FGR neonates. Perinatal changes in FGR neonates showed significant

improvement with increased LV CO and reduced LV and RV IVCT’ (Table 2 and Table S1).

Diastolic function

Compared to the normal group, FGR fetuses had a significant decrease in IVS E’/A’ ratio and
prolonged LV and RV isovolumetric relaxation time’ (IVRT’). In the FGR neonates, there
was persistence of decreases in LV and RV diastolic inflow velocity ratio (E/A <1), E’/A’
ratios (E’/A’<1), RV and LV relaxation time, whereas LV and RV IVRT’ were prolonged
(Table 2 and Table S1). LV torsion values were significantly lower in FGR fetal and

neonatal groups compared to normal pregnancy (Table S1). Importantly, four FGR fetuses
with the lowest values of LV torsion also had altered geometrical indices (more globular
heart) and impaired systolic and diastolic indices (Figure 3) and required admission to the
neonatal intensive care unit immediately after birth, with one resulting in perinatal death.

Summary of alterations in cardiac parameters in FGR term fetus and neonates compared to
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normal groups is presented in Table 3 and Figure 4.
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Reproducibility
The limits of agreement (LoA) and intra-class correlation coefficient (ICC) showed excellent
intra- and inter-observer agreement of all fetal and neonatal TDI and STI indices (ICC=0.8-

0.9). Radial deformation showed moderate correlation and excellent agreement (Table S2).
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DISCUSSION

This study presents a comprehensive paired analysis of cardiac geometric and functional
parameters in FGR fetuses and neonates. The findings show that FGR fetuses exhibit more
globular hearts, thinner LV wall chambers, hypertrophied RV, increased longitudinal

myocardial contractility, reduced LV torsion and diastolic dysfunction with evidence of

cle

L ﬁ persistence of some of these alterations after birth. The antenatal cardiac observations were
related to adverse perinatal outcome and likely to reflect the deleterious effect of placental
hypoxemia on the fetal myocardium and partial recovery with changes in volume and

resistance loading conditions at birth.

Fetal cardiac geometry and function

LV and RV sphericity indices demonstrated that FGR fetuses at term exhibit a more ‘globular
heart” with shorter ventricles compared to normal fetuses. The left ventricle also had thinner
LV walls while the right ventricle was more hypertrophied with less pronounced RV
dominance. These findings could be attributed to the effect of fetal hypoxemia, which is
characterized by a preferential redistribution of the blood flow towards the left ventricle to
favour perfusion of the fetal heart, adrenal glands, and brain — so-called “brain sparing” effect
(15). Cerebral vasodilatation leads to a decrease in LV afterload while increased placental

vascular resistance increases RV afterload (16). Considerable animal data provide supportive
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evidence that prenatal exposure to hypoxia can lead to cardiomyocyte hypertrophy,
myocardial hypoplasia, reduced cell number due to increased cell death (apoptosis),
decreased myocyte proliferation and increased the collagen deposition and fibrosis (2, 3, 17-

19). A natural consequence of a chronic pressure overload is ventricular hypertrophy, while
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volume overload leads to ventricular cavity dilatation and wall thinning (20). In agreement
with our findings, others have also reported a more globular remodelled heart in preterm FGR
fetuses (21, 22). There was a significant increase in LV and RV longitudinal strain and strain
rate as well as myocardial systolic velocities in the FGR group that are likely to reflect the
impact of loading conditions on myocardial contractility (23). It would suggest that increased
longitudinal myocardial deformation is required under hypoxemic conditions to maintain the
same cardiac output as normal term fetuses (24). Our findings of enhanced cardiac
performance and unchanged cardiac output are in concordance with experimental fetal sheep
and human data during progressively worsening hypoxemia (25), predisposing to myocardial
cell damage, local fibrosis and myocyte death (26). Torsion facilitates uniform distribution of
LV stress and fibre shortening across the wall (27). The observed decrease in torsion would
increase endocardial stress and strain and, as a consequence, increase oxygen demand and
reduce the efficiency of LV diastolic function (27). The strong association between increased
LV sphericity, reduced LV torsion and diminished apical systolic rotation has also previously
been demonstrated in adult populations (28). Lower LV torsional deformation values in FGR
fetuses, predispose to reduced LV diastolic function (27) with a subsequent increase in
endocardial stress and oxygen demand. In keeping with this, FGR fetuses had increased LV
and RV isovolumetric relaxation time intervals and decreased IVS E’/A’ ratio, reflecting

impaired diastolic function (21).

Neonatal cardiac geometry and function
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FGR neonates demonstrated the increased LV and RV sphericity index and RV/LV end-
diastolic ratio indicating persistence of ‘a globular heart’ compared to normal neonates. FGR
newborns revealed an increased LV cardiac output, I\VVS longitudinal contractility, and LV and

RV longitudinal myocardial deformation. However, both LV and RV MPI” were increased as
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a result of prolonged LV and RV IVCT’ and IVRT’ intervals and reduced RV ejection time’.
The geometrical and functional differences with tricuspid regurgitation in the majority of
observed FGR neonates are most likely the result of persistence of prenatal alterations of
cardiac geometry due to the intrauterine state of chronic hypoxia and altered haemodynamic
load at birth (4). Elevated biventricular longitudinal contractility observed in our study can be
attributed to a compensatory cardiac adaptation to generate a sufficient cardiac output in
presence of chamber dilatation and altered myocardial architecture. The observation of
diastolic dysfunction is consistent with previous studies reporting geometrical alterations and
cardiac dysfunction in FGR newborns (4, 29, 30). Reduced LV torsion in FGR neonates is
likely to be a consequence of residual fetal LV chamber dilatation and increased LV
longitudinal myocardial deformation and would contribute to diastolic dysfunction observed
in the first hours after birth.

Perinatal changes in LV/RV sphericity and LV/RV IVCT’ intervals in FGR have similar
trends as previously reported in normal fetuses and neonates (11). Additionally, our perinatal
results revealed the presence of LV impaired relaxation (E/A and E’/A’ ratios <1) in FGR
neonates with a significant increase in LV E/E’ ratio that is indicative of persistence of LV

diastolic dysfunction in the first hours after birth.

Strength and limitations

The main strength of the present study was its prospective follow-up design and the inclusion
of a healthy and pathological (FGR) study population where the impact of birth - a natural
intervention - was studied longitudinally. Strict methodology and the same manner of fetal
and neonatal cardiac assessment confirmed by good intra- and inter-observer repeatability
insured the plausibility of our findings. Although, the intra- and inter-observer agreement in

this study was high, time and training are essential to acquire high quality images necessary
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for fetal TDI and STI measurements, performing analysis and interpretation before
implementation of these technique into clinical routine. The limitation of our study was a
proportionately small number of FGR pregnancies (n=33) included; however, the study

power was sufficient to demonstrate significant alterations in cardiac parameters in this study

group.

Conclusion

In summary, growth-restricted fetuses exhibit altered cardiac indices indicative of myocardial
impairment and ventricular dysfunction that are likely to reflect the effect of hypoxemia from
uteroplacental insufficiency. Improvement in the some of these cardiac indices in FGR
neonates occurred at birth reflective of changes in haemodynamic load. Understanding the
potential mechanisms of cardiac findings in FGR fetuses may provide insights on perinatal

adaptation and failure of these adaptive responses in pathological pregnancies.

Clinical perspectives

Evidence of persistent changes in ventricular geometry and function in the first days after
birth may signal a predisposition to longer-term cardiovascular morbidity in FGR offspring.
It would be of great interest to assess whether these geometrical and functional alterations
persist through infancy and the long-term outcome of our study neonates in later childhood.
Our results may also be of relevance in optimizing the perinatal outcomes of FGR pregnancy

using the fetal period as a potential window for future intervention.
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Table 1 Demographic characteristic of the study population

Parameter Normal FGR P
(n=54) (n=33) value

Maternal characteristics

Maternal age (years) 33 (5) 32 (5) 0.221

Ethnicity: Caucasian 35 (65%) 16 (41%) 0.319
Asian 15 (28%) 13 (39%)
Afro-Caribbean 4 (7%) 4 (12%)

Delivery mode (Caesarean section) 14 (26%) 9 (27%) 0.424

Fetal cardiac assessment
Gestational age (weeks) 39 (1) 38 (1) 0.665

Time gap between the fetal scan and birth (days) 10 (7) 9 (10) 0.223

Neonatal cardiac assessment

Baby’s age at the time of scan (days) 05+0.8 04+1.2 0.216
Baby’s sex (male) 28 (52%) 15 (46%) 0.133
Baby’s weight (kg) 3.516 (0.605) 2.750 (0.600) <0.0001
Patent foramen ovale presence 54 (100%) 33 (100%) 0.376
Patent ductus arteriosus presence 43 (79%) 28 (85%) 0.564
Mild tricuspid regurgitation 3 (6%) 17 (52%) <0.0001

Pregnancy outcome
Admission to neonatal NICU 0 (0%) 4 (12%) 0.085

Perinatal death 0 (0%) 1 (3%) 0.276

Values are mean + SD, median (interquartile range), or n (%); NICU, neonatal intensive care

unit.
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Table 2 Perinatal changes in cardiac geometry and function in FGR term fetuses and neonates

compared to normal groups

Fetus at term Neonate
Q) Parameters Normal FGR Normal FGR
~ Cardiac geometry
O RAVV/LAVV ratio 1.18(0.21)  1.07(0.17)*  0.97(0.08)  1.09 (0.19)*
* ﬁ LV EDL, mm 29.25+499 2530+4.95* 33.65+3.26 27.56*4.13*
ﬁ RV EDL, mm 30.30 (6.80) 24.90 (6.90)* 32.20+3.28 26.47 + 3.64*§
LV EDD, mm 14.08 £+ 2.14 13.78+2.21 16.83+1.65 14.46+1.94*
RV EDD, mm 16.78 +1.77 1472 +2.44* 13.89%+154 14.19+1.93%
RV/LV EDD ratio 1.20(0.21)  1.08(0.20)*  0.86(0.12)  1.00 (0.07)*
@ IVS thickness, mm 0.23 (0.05) 0.18 (0.06)* 0.17 (0.04) 0.19 (0.04)*
Q) Global myocardial performance
H LV MPI’ 0.54 (0.14) 0.55 (0.10) 0.42 (0.11)  0.52 (0.09)*%
Q RV MPI 0.52 (0.13) 0.49 (0.09) 0.34 (0.06)  0.39 (0.80)*%
q) Systolic function
Heart rate 137 £ 10 140+ 8 115 (18) 119 (22)%
O LV CO, ml/min/kg 197 (75) 195 (106) 270 + 59 312 + 10274
o RV CO, ml/min/kg 213 (73) 202 (120) 208 (68) 224 (50)8
IVS S, cm/s 0.14 (0.18)  0.16(0.07)F  0.14(0.05)  0.16 (0.05)F
RV S, cm/s 0.18 (0.10) 0.24 (0.09)* 0.20 (0.08) 0.22 (0.08)
LV IVCT’, ms 104 (26) 121 (21)* 78 + 17 93 + 21%}
RV IVCT’, ms 104 + 31 105 + 17 70 (19) 81 (27)*%
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Diastolic function

LV E/A (PW Doppler)
RV E/A (PW Doppler)
LVE/A’

LV E/E’

IVSE/A’

LV IVRT’, ms

RV IVRT’, ms

0.78 +0.11
0.78 (0.19)
0.77 (0.24)
7.07 (2.14)
0.71 (0.14)
101 (0.25)

106 (16)

0.79+0.10
0.79 (0.20)
0.75 (0.22)
7.3(2.72)
0.60 (0.24)f
118 (35)F

119 (18)F

1.24 (0.20)
1.00 (0.25)
1.23(0.27)
8.79 (3.36)
1.00 (0.4)
76 (22)

71 (18)

0.87 (0.14)*
0.85 (0.23)*
0.84 (0.24)*
9.10 (3.20)%
0.75 (0.26)*

88 (29)11
87 (33)*§

Accepted Article

Values are mean + SD and median (interquartile range). Values are normalised by ventricular

length or cardiac cycle length as where appropriate. The wall thickness values are normalised

by end-diastolic ventricular dimensions; FGR, fetal growth restriction; RAVYV, right

atrioventricular valve; LAVYV, left atrioventricular valve; EDD, end-diastolic dimension;

EDL, end-diastolic length; MPI’, myocardial performance index; CO, cardiac output; E, early

diastolic peak velocity derived by PW Doppler; A, atrial contraction diastolic peak velocity

derived by PW Doppler; E’, early diastolic myocardial peak velocity derived by PW-TDI; A’,

atrial contraction myocardial diastolic peak velocity, derived by PW TDI; IVCT’,

isovolumetric contraction time obtained by PW-TDI; IVRT’, isovolumetric relaxation time

obtained by PW-TDI; *, p-value < 0.001 and f, p-value <0.01 compared FGR fetuses and

neonates with normal groups; §, p-values < 0.001 and §, p-value <0.01 compared FGR fetus

with FGR neonate.
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Table 3 Summary of alterations in cardiac parameters in FGR term fetus and neonates

compared to normal groups

Cardiac geometry Myocardial Systolic function Diastolic function
deformation

FGR term fetuses compared to Normal fetuses

More globular LV and RV~ TLV and RV L-S TLVand RV S’ TLV and RV IVRT’

Wider LV TLV and RV L-SR TIvVsS §° JIVS E’/A’ (<1)
® ﬁ JThickness of LV and 1VS YLV torsion LV IVCT’

TThickness of RV wall

cle

FGR neonates compared to Normal neonates

More globular LV and RV~ TLV and RV L-S TLV co TLV and RV IVRT’
Wider RV TLV L-SR DVAERE JLV E’/A’ (<1)
TThickness of IVS JLV torsion TLV and RV IVCT’ JRV/E’/A’ (<1)

TLV and RV MPI’

FGR, fetal growth restriction; LV, left ventricle; RV, right ventricle; IVS, interventricular septum;

S, strain; SR, strain rate; L-S, longitudinal strain; L-SR, longitudinal systolic strain rate; CO,
cardiac output; S’, systolic myocardial velocity; E’/A’, early diastolic myocardial velocity to late
atrial contraction myocardial velocity ratio derived by PW-TDI technique; MPI’, myocardial
performance index; IVCT’, isovolumetric contraction time by PW-TDI; IVRT’, isovolumetric

relaxation time by PW-TDI; T, increased; ¥, decreased.
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FIGURE LEGENDS

Figure 1 Cardiac geometry in FGR and normal term fetuses and neonates. Box-and-whisker
plots demonstrate significant alterations in (A) RV sphericity index and (B) LV sphericity
index in FGR groups compared to normal controls (normal fetuses and neonates are shown in

whiskers are 5™ and 95™ centiles; Sphericity index = ventricular end-diastolic dimension/end-

~ white, FGR groups are in black). Boxes represent median and interquartile range, and

L ﬁ diastolic length; *, p-value < 0.001 and T, p-value <0.01.

Figure 2 Myocardial deformation and myocardial performance index alterations in FGR and
normal term fetuses and neonates. (A) Speckle tracking myocardial deformational curve
showing LV longitudinal strain rate in FGR term fetus with the systolic peak [s], early
diastolic peak [e] and late atrial contraction peak [a]. Box-and-whisker plots demonstrate (B)
RV longitudinal strain [L-S] and (C) RV myocardial performance index’ [MPI’] in FGR
fetuses and neonates compared to normal groups (normal fetuses and neonates are shown in
white, and FGR groups are in black). Boxes represent median and interquartile range, and
whiskers are 5™ and 95" centiles; *, p-value < 0.001 and ¥, p-value <0.01. Deformational

values are normalised by ventricular length.

Figure 3 Association of LV rotational indices with cardiac parameters in FGR term fetuses.

Accepted Art

Scatter plots showing a significant linear correlation of (A) LV torsion with LV apical
circumferential strain (C-S) [R?=0.74, p=0.001] and (B) LV apical systolic rotation with LV
apical radial strain rate (R-SR) [R?*=0.62, p=0.001] in FGR term fetuses. Strain values are

normalised by ventricular length.
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Figure 4 Summary of cardiac geometrical and functional alterations in FGR fetuses and
neonates compared to normal controls. Spiderweb plot showing significant alterations of
cardiac parameters in FGR term fetuses (blue) and FGR neonates (red) compared to normal
controls (green). LV, left ventricular; RV, right ventricular; Sl, sphericity index; L-SR,
longitudinal strain rate; IVCT’, isovolumetric contraction time; IVRT’, isovolumetric

relaxation time; S’, myocardial systolic velocities.
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