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A b s t r ac t
Fetal growth restriction (FGR) is defined as failure to reach full growth potential in utero and in clinical routine, it is translated
as estimated fetal weight (EFW) below the 10th percentile, according to the growth charts. FGR affects 7–10% of pregnancies
and it is responsible for the vast majority of perinatal mortality and morbidity. Moreover, FGR is considered as a risk factor for
long-term infirmities such as motor skills disorders, cognitive, memory, and neuropsychological impairment, immune disorders,
and metabolic syndrome. Importantly, there is an increasing pool of data, suggesting that individuals who as fetuses suffered
from FGR, are at high risk for cardiovascular disease (CVD) in adulthood, namely hypertension, atherosclerosis, coronary artery
disease, and stroke. Changes in cardiac function and cardiac morphology can be assessed prenatally and especially according
to the severity of FGR.
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Introduction

1,2

Fetal growth restriction is defined as failure to reach full
growth potential in utero and in clinical routine it is translated
as EFW below the 10th percentile, according to the growth
charts. FGR affects 7–10% of pregnancies and it is responsible
for the vast majority of perinatal mortality and morbidity.
Moreover, FGR is considered as a risk factor for long-term
infirmities such as motor skills disorders, cognitive, memory,
and neuropsychological impairment, immune disorders, and
metabolic syndrome. Importantly, there is an increasing pool
of data, suggesting that individuals who as fetuses suffered
from FGR, are at high risk for CVD in adulthood, namely
hypertension, atherosclerosis, coronary artery disease, and
stroke.1–10
The real challenge for the obstetrician is to identify the
growth-restricted fetuses and to offer the best possible
management in order to optimize both perinatal outcome
and future cardiovascular health. Growth curves and Doppler
assessment of umbilical artery pulsatility index (UA PI), middle
cerebral artery pulsatility index (MCA PI), and cerebroplacental
ratio (CPR) have been established as prenatal diagnostic tools
for the diagnosis of FGR.11 It is commonly accepted that
fetuses whose EFW is between the 3rd and 10th centile and
with normal Doppler measurements, present better perinatal
outcome and have been characterized as “constitutionally
small” or small for gestational age (SGA).12–14 On the contrary,
fetuses with EFW <3rd centile and with abnormal Doppler
studies, are considered as suffering from “true FGR”.11
Importantly, data from the literature suggest that 75% of

SGA fetuses is remained undiagnosed, despite the adequate
antenatal care. As SGA fetuses also present higher risk
for adverse perinatal outcome and neurodevelopmental
impairment, the need for new diagnostic tools, which will
facilitate the diagnosis of SGA fetuses, is highlighted.15,16
Nevertheless, both SGA and FGR fetuses present
subclinical cardiac dysfunction in utero which persist
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also in postnatal life, from infancy to adolescence. 7
Primary theories have blamed metabolic reprogramming
for the connection between CVD and growth restriction;
nutrients diminution in a period of intense growth and
epigenetic programming cause remodeling in developmental
pathways which encorts growth to be as uninterrupted as
possible. However, as in postnatal life nutrients are abundant,
the prenatal reprogramming leads to metabolic alterations
causing obesity, diabetes mellitus, and metabolic syndrome,
which are all well-established risk factors for CVD.17 Nowadays
and after several studies investigating the mechanisms for
the association between CVD in adulthood and FGR, the
knowledge of the underlying causes for this association
have been improved radically. Therefore, the responsible
mechanism is considered to be cardiac remodeling with
direct alterations to the fetal cardiovascular system that
occur in prenatal life, as a response to an adverse intrauterine
environment.18–22
This review presents an overview of the current
knowledge about the main patterns resulting to cardiac
remodeling of the growth-restricted fetuses, the data from
recent studies occupied with this subject are summarized
and finally suggest the strategies which have the potential
to prevent CVD in adulthood.

P at h o p hys i o lo g i c a l P at h ways
E x p l a n at i o n s

and

Several risk factors have been identified for promoting FGR. The
most important of them are tobacco use, maternal malnutrition
and antiphospholipid syndrome, infections, and chromosomal
abnormalities. However, placental insufficiency is considered
the leading cause of the vast majority of FGR cases. In FGR, the
placenta fails to provide the fetus with nutrients and oxygen,
leading to fetal undernutrition and hypoxia. Importantly,
heart is a central organ in intrauterine adaptation to placental
insufficiency and as placental vascular resistance increases in
order to achieve adequate nutrition and oxygenation to the
fetus, fetal cardiovascular system has to manage pressure and
volume overload.17 In consequence, the fetal heart has to adapt
and respond in this insult with alteration to its shape, structure,
and function, in order to maintain the appropriate perfusion
of vital organs. This situation is defined as cardiac remodeling
and it is characterized by a long subclinical period of cardiac
dysfunction.22 However, if the adverse environment insists or
worsens, fetal heart fails to pump blood adequately to both
systemic and pulmonary circulation leading to clinical cardiac
failure, which in intrauterine life is presented as hydrops fetalis.23
Although the establishment of the existence of cardiac
remodeling in utero is new, there is evidence suggesting that
the fetal heart follows distinct patterns of different types of
reprogramming under different insults, depending on their
type, timing, and duration.23
Before the presentation of the different types of cardiac
remodeling in utero which affect the growth-restricted
fetuses, it is important to remind that during fetal life,

the “systemic ventricle” is the right ventricle (RV), as it is
responsible for perfusion to both placenta and the fetal
organs. Consequently, cardiac remodeling is more protrusive
in the right heart, also reflecting its higher susceptibility to
pressure overload, compared to the left heart.23

Pressure Overload
Villus hypoplasia and thrombosis result in increased placental
resistance and increased cardiac afterload. In consequence,
fetal heart changes its shape to a more globular one with the
scope to reduce wall stress and to manage better the pressure
overload. In a more globular ventricle the wall stress is shared
equally in all ventricular dimensions, allowing the myocytes
to continue their function uninterrupted. This mechanism
corresponds to late-onset FGR (diagnosed after the 32nd
week of gestation) with mild placental insufficiency which
demands a compensatory change in fetal heart shape, but
the pressure overload is not severe enough to cause cardiac
hypertrophy. In some cases, shape alteration might affect
only the one ventricle and then the heart is characterized
as “elongated,” where a spherical RV repels the septum and
elongates the left ventricle (LV). If both the right and LVs are
part of the shape adaption, the result is a “globular heart”;
a nonhypertrophic heart, with more spherical ventricles but
with normal size. It is also usually present as mild decrease in
longitudinal motion and impaired relaxation.19,21
Nonetheless, if the pressure overload continues to
worsen, this shape alteration is not enough; ventricular walls
become hypertrophic in order to reduce the increased wall
stress and improve cardiac output, with contemporaneous
decrease of the inner diameter of the ventricles. This
pathophysiologic pathway concerns early-onset FGR cases
(diagnosed before the 32nd week of gestation) with severe
and prolonged exposure to placental insufficiency, requiring
several alterations to adapt to the adverse environment.17,23
In summary, pressure overload results in three different
phenotypes of cardiac shape changes: the elongated, the
globular, and the hypertrophic. The order that these three
shapes are presented are also demonstrating a progression
of severity.7

Volume Overload
In severe cases of early-onset FGR and severe placental
insufficiency, the fetal heart has to manage volume overload
in addition to chronic pressure overload. The underlying
mechanism for the volume overload is the nutrients and oxygen
scarcity. The result is cardiac dilatation with enlargement of
heart dimensions in order to increase the cardiac output and to
deal with the increased blood volume, leading to cardiomegaly,
cardiac hypertrophy, and globular dilated ventricles.19–21
Concerning the impairment in cardiac function, decreased
longitudinal function, impaired relaxation, and abnormal
regional deformation are present in these cases, while ejection
fraction is in most of the cases preserved.24 In cellular level,
volume overload interrupts cardiomyocyte growth and fiber
architecture, resulting in disturbed contractility.20
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Remodeling in Cellular Level
Some interesting studies in animal models mimic FGR, and
found that cardiac remodeling occurs mainly in cellular
level. Coronary arteries in affected rabbit models were
more prominent and dilated, while longitudinal fibers were
compensated by a higher proportion of circumferential
fibers. Cardiomyocytes’ number was also reduced,
displaying more hypertrophic cells and altered spatial
arrangement of intracellular energetic units. The contractility
machinery was also affected with shorter sarcomere length
and decreased levels of sarcomeric proteins.25 Additionally,
increased myocardial interstitial fibrosis was also noticed,
profibrotic genes expressed differently in affected animal
models, and importantly, the recovery after myocardial
ischemia was problematic.7 Interestingly, studies that
mimic placental insufficiency have reproduced biometric
and cardiovascular changes similar with those presenting
in human FGR, namely increased ductus venous pulsatility,
globular cardiac ventricles, reduced longitudinal motion,
and presence of postsystolic shortening (PSS).26,27 Last but
not least, epigenetic modifications have also been reported;

methylation of genes encoding proteins responsible
for metabolism and adipose tissue differentiation were
statistically different in FGR fetuses and controls. This finding
carries significant information because these epigenetic
alterations might be expressed later in life and after an
environmental challenge such high-fat diet or luck of
physical exercise.28,29

W h at h av e P r e v i o u s S t u d ie s P r o v e d
so Far
The first independent association between low birth
weight and CVD in adulthood was demonstrated by Barker
et al.29 Other primary studies held in the 1990s, suggested
that cardiomegaly was a common finding in severe FGR.30 In
1995, Tysvian et al. ran a study concluding that SGA fetuses
present cardiac diastolic dysfunction reflected by delayed
left ventricular isovolumic relaxation time. 31 Since then,
several studies have investigated the correlation between
any type of growth restriction and cardiovascular remodeling
in utero. Herein, the most important of them are presented
and summarized in Table 1.

Table 1: Correlation between the type of growth restriction and cardiovascular remodeling in utero
Study population,
number of participants Statistically significant results

Author, year

Study design

Pérez-Cruz et al.,
201518

Prospective
Cases:
cohort (case/ SGA fetuses*, n = 59
control study) FGR fetuses**, n = 150
Controls:
n = 150, fetuses
without any
pregnancy
complications

Rodriquez-Lopez
et al., 201736

SGA:
Cardiac morphometry (cardiothoracic ratio, left sphericity
index)
Global cardiac function (left MPI and MPI’, septal and right
MPI’)
Systolic function (MAPSE, TAPSE, left and right S’, left and
right ET, left ET’, left IVCT, left, right, and septal IVCT’)
Diastolic function (left, right, and septal E’, left, right, and
septal A’, left IVRT, right and septal IVRT’)
FGR:
Cardiac morphometry (cardiothoracic ratio, left and right
sphericity index)
Global cardiac function (left and right MPI/left, septal, and
right MPI’)
Systolic function (aortic peak velocity/MAPSE/ TAPSE, left and
septal S’/left ET/left ET’/left IVCT/left, right, and septal IVCT’)
Diastolic function (mitral and tricuspid E/A/left, right, and
septal E’/left E’/left, right and septal A’/left IVRT/right and
septal IVRT’)
Prospective
Cases:
Cardiac morphometry:
cohort (case/ SGA fetuses, n = 126 Elongated phenotype: cardiac area, LV sphericity index,
control study) Controls:
LV free wall thickness, RV free wall thickness, septal wall
AGA fetuses***, n = 64 thickness, RV/LV transverse diameter ratio
Globular phenotype: cardiac area, LV sphericity index, LV
free wall thickness, LV transverse diameter, RV transverse
diameter, RV sphericity index, RV free wall thickness, septal
wall thickness, relative wall thickness, RV/LV transverse
diameter ratio
Hypertrophic phenotype: cardiac area, left atrial area,
LV sphericity index, LV free wall thickness, LV transverse
diameter, right atrial area, RV transverse diameter, RV
sphericity index, RV free wall thickness, septal wall thickness,
relative wall thickness, RV/LV transverse diameter ratio
Cardiac function: All types: TAPSE Z-score
Follow up (6 months of life): All subgroups: blood pressure
and aortic intima-media thickness

Positive correlation:
FGR fetuses and a large
proportion of SGA fetuses
present cardiovascular
remodeling in utero.
Concerning SGA fetuses,
cardiac dysfunction occurs
even in the absence
of severity predictors
for neonatal outcome
(abnormal CPR or UA PI)

Positive correlation:
FGR induces at least
three different cardiac
phenotypes: the elongated,
the globular, and the
hypertrophic type. Earlyonset FGR is associated
with the hypertrophic
type and presents worse
perinatal outcome.
The cardiac phenotype
classification might help in
the identification of the FGR
fetuses at risk for CVD

Contd…
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Contd…
Study population,
number of participants Statistically significant results

Author, year

Study design

Hobbins et al.,
20191

Retrospective
observational
study

Cases:
25 SGA fetuses with
normal Doppler
assessment
25 FGR fetuses
at least one
abnormal Doppler
measurement

Perez-Cruz et al.,
201740

Prospective
cohort study

Cases:
SGA fetuses, n = 14
FGR fetuses, n = 33
Born after the 37th
GW
Controls:
AGA fetuses: n = 60

Tsyvian et al.,
199845

Prospective
crosssectional
study

Patey et al.,
201946

Prospective
cohort study

Cases:
SGA fetuses: n = 15
Fetuses of diabetic
mothers: n = 15
Controls:
AGA fetuses: n = 25
Cases:
FGR fetuses, n = 33
Controls:
AGA fetuses: n = 54
Both groups
were followed up
postnatally

Group I: all fetuses with EFW below the 10th centile, regardless
their Doppler measurements: 4CV area > 90th centile: 40%;
4CV global sphericity index <10th centile: 30%; 4CV width
>90th centile: 62%; LV area <10th centile: 40%; RV area <10th
centile: 22%; RV area/LV area ratio >90th centile: 28%; 86% of
the fetuses had one or more abnormal measurements; 86%
had one or more types of abnormal ventricular contractility
Group II: fetuses with a normal UA PI and CPR: 44% a 4CV
area >90th centile; 32% 4CV global sphericity index <10th
centile; 56% 4CV width >90th centile; 80% had one or more
abnormalities of size and/or shape; 85% had one or more
types of abnormal ventricular contractility
Group III: fetuses with any abnormal UA PI and/or CPR: 4CV
area >90th centile: 36%; 4CV global sphericity index <10th
centile: 28%; 4CV width >90th centile: 68%; LV area <10th
centile: 56%; RV area <10th centile: 28%; and RV area/
LV area ratio >90th centile: 36%; 92% had one or more of
the above abnormalities; 87% had one or more types of
abnormal ventricular contractility
Group IV: fetuses with an isolated abnormal UA PI and normal
CPR: 4CV global sphericity index <10th centile: 36%; 4CV width
>90th centile: 55%; LV area <10th centile: 82%; RV area <10th
centile: 36%; RV area/LV area ratio >90th centile: 36%; 91% had
one or more of the above abnormal measurements; 80% had
one or more types of abnormal ventricular contractility
Group V: fetuses with an isolated CPR and normal UA PI:
4CV area >90th centile: 45%; 4CV width >90th centile: 73%;
RV area >90th centile: 45%; RV area/LV area ratio >90th
centile: 36%; 91% had one or more of the above abnormal
measurements; 90% had one or more types of abnormal
ventricular contractility
Group VI: fetuses with both an abnormal UA PI and CPR:
4CV width >90th centile: 100%; LV area <10th centile: 100%;
RV area <10th centile: 66%; 100% had one or more of the
above abnormal measurements and one or more types of
abnormal ventricular contractility
SGA:
Fetal echocardiography: left MPI, MAPSE
Cord blood biomarkers: troponin I
FGR:
Fetal echocardiography: ductus venosus pulsatility index,
left MPI, MAPSE, TAPSE
Cord blood biomarkers: BNP, troponin I

Decreased Ie wave
Increased Ia wave
Decreased Ie/Ia ratio
Decreased E wave
Decreased A wave
Decreased E/A ratio
Fetuses:
Cardiac geometry: RAVV/LAVV ratio, LV EDL, RV EDL, RV
EDD, RV/LV EDD ratio, IVS thickness
Systolic function: IVS S’, RV S’, LV IVCT’
Diastolic function: IVS E’/A’, LV IVRT’, RV IVRT’
Neonates:
Cardiac geometry: RAVV/LAVV ratio, LV EDL, RV EDL, LV
EDD RV EDD, RV/LV EDD ratio, IVS thickness
Global myocardial performance: LV MPI, RV MPI
Systolic function: heart rate, LV CO, RV CO, IVS S’, RV S’, LV
IVCT’, RV IVCT’
Diastolic function: LV E/A, RV E/A, LV E’/A’, RV E’/A’, IVS E’/A’,
LV IVRT’, RV IVRT’

Summary/Conclusion
Positive correlation:
Fetuses with EFW
below the 10th centile
present abnormalities of
cardiac shape and size,
regardless of their Doppler
measurements. These
fetuses might be at high
risk for adverse perinatal
outcome and CVD in
later life. Screening tools
assessing cardiac shape
and size might benefit
these fetuses as preventing
measures could improve
cardiovascular health

Positive correlation:
Cardiac dysfunction and
myocardial damage are
common findings of term SGA
and FGR fetuses despite of
their Doppler measurements,
with tendency to poorest
result as Doppler assessment
degenerates
Positive correlation:
Left ventricular feeling is
delayed in SGA fetuses,
reflecting modifications of
myocardial relaxation, as a
result of chronic hypoxia
Positive correlation:
FGR fetuses and neonates
showed altered cardiac
shape and function,
indicating myocardial
impairment that reflects
adaptation to placental
insufficiency. Identification
of FGR cases could improve
the management and evolve
better therapeutic strategies
to improve the risk of
adverse pregnancy outcome
Contd…
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Contd…
Author, year

Study design

Kaya et al., 201949 Prospective
cohort study

Crispi et al.,
201450

DeVore et al.,
201956

Henry et al.,
201857

Study population,
number of participants Statistically significant results
Cases:
FGR late onset
fetuses, n = 40
SGA fetuses, n = 40
Controls:
AGA fetuses, n = 40
Cases:
FGR fetuses, n = 37
Controls:
AGA fetuses, n = 37

Both groups: A’, S’, IVCT, IVRT, ET, E’/A’, MPI

FGR fetuses vs AGA fetuses
Cardiac morphometry: cardiothoracic ratio, right
ventricular sphericity
Systolic function: left cardiac output, left S’, right S’
Diastolic function: left E’, right E’, IVRT
Deformation analysis: 57% of FGR fetuses presented PSS
Subgroup analysis of FGR fetuses without and with PSS
Cardiac morphometry: decreased left lateral ventricular
wall thickness, septal wall thickness
Systolic function: right S’
Diastolic function: right E/A ratio
Pregnancy outcome: increased rates of pre-eclampsia
and prenatal corticoid exposure, lower birth weight and
5-minute Apgar score <7, higher rates of respiratory distress
syndrome and perinatal death, more days in NICU, and
higher diastolic blood pressure
Retrospective Cases:
Group I: all fetuses with EFW below the 10th centile,
cohort study SGA fetuses, n = 25
regardless of their Doppler measurements
FGR fetuses, n = 25
88% (44/50) of fetuses had one or more abnormal
assessed between the measurements of cardiac contractility of one or both
25–37 GW
ventricles
Controls:
Abnormal right ventricular contractility 78% (39/50)
AGA fetuses, n = 200 Abnormal global contractility 38% (19/50)
assessed between the Abnormal transverse contractility 66% (33/50)
20–40 GW
Abnormal longitudinal contractility 48% (24/50)
Abnormal left ventricular contractility 58% (29/50)
Abnormal global contractility 38% (19/50)
Abnormal transverse contractility 40% (20/50)
Abnormal longitudinal contractility 40% (20/50)
Group II: fetuses with a normal UA PI and CPR
80% had one or more abnormalities of RV contractility
56% had one or more abnormalities of LV contractility.
Abnormal ventricular contractility for these fetuses was
present in all three groups of measurements; global,
transverse, and longitudinal
Group III: fetuses with an isolated abnormal UA PI and
normal CPR
All (n = 11) had abnormalities of transverse contractility of
the RV and global contractility in the LV
Group IV: fetuses with an isolated CPR and normal UA PI
RV demonstrated abnormal global, transverse, and
longitudinal contractility, with the LV only demonstrating
abnormalities in transverse contractility
Group V: fetuses with both an abnormal UA PI and CPR
Transverse and longitudinal contractility measurements
were abnormal for both ventricles, as well as abnormal
global contractility of the LV
Prospective
Cases:
Right MPI A’ interval
cohort study FGR fetuses, n = 52
Right MPI > 95th centile according to GW
(Early-onset, n = 38;
late-onset, n = 14)
Controls:
AGA fetuses, n = 52
Prospective
cohort study

Positive correlation:
Both SGA and FGR fetuses
presented signs of cardiac
dysfunction

Positive correlation:
PSS was present in 57% of
the studied FGR fetuses,
as a response to pressure
overload. Postnatally, PSS
was associated with adverse
outcome, lower birthweight,
and higher blood pressure

Positive correlation:
There was a significantly
higher prevalence of
abnormal right and left
ventricular contractility
in SGA and FGR fetuses,
irrespective of their
Doppler measurements.
Abnormalities of ventricular
contractility were more
prevalent in transverse
measurements than
global or longitudinal
measurements. Abnormal
transverse contractility was
more common in the right
than the LV

Negative correlation:
MPI measures did not
demonstrate clinical utility
in identification or follow-up
of SGA or FGR fetuses
Contd…



128

Summary/Conclusion

Donald School Journal of Ultrasound in Obstetrics and Gynecology, Volume 16 Issue 2 (April–June 2022)

Investigation of Cardiac Remodeling and Cardiac Function

Contd…
Study population,
number of participants Statistically significant results

Author, year

Study design

Chawengsettakul
et al., 201558

Prospective
longitudinal
study

Cases:
SGA fetuses, n = 41
FGR fetuses, n = 9
Controls:
AGA fetuses, n = 50

Cruz-Martinez el
al., 201119

Prospective
cohort study

Cases:
178 SGA fetuses
(normal UA PI)
Controls:
178 AGA

Crispi et al.,
201019

Prospective
cohort study

Cases:
FGR children 5 years
old, n = 80
Controls:
AGA children 5 years
old, n = 120

Cardiac morphometry:
LV: base-to-apex length, basal diameter, sphericity index
RV: basal diameter, sphericity index
Cardiac function:
Systolic function: left stroke volume, heart rate, left
cardiac output, mitral ring displacement, tricuspid ring
displacement, mitral lateral S’, mitral septal S’ tricuspid S’
Diastolic function: mitral E deceleration time, tricuspid E
deceleration time, mitral lateral E’, mitral septal E’, tricuspid
E’, lateral E/E’, septal E/E’
Vascular assessment:
Diastolic blood pressure, cIMT, circumferential wall stress

Rizzo et al., 201964 Prospective
study

FGR or SGA fetuses,
n = 212

56.1% of FGR fetuses presented abnormal LV sphericity
index
Subgroup analysis of the fetuses with abnormal LV
sphericity index showed statistically significant increased
rates of adverse perinatal outcome:
Lower birth weight
Increased rates of emergency CS due to fetal distress
Lower UA pH
NICU admission

Positive correlation:
FGR fetuses presented
abnormalities of LV
sphericity index, and these
fetuses had worse perinatal
outcomes than FGR fetuses
with normal left ventricular
geometry

van Oostrum
et al., 202165

Cases:
FGR fetuses, n = 12
Controls:
AGA fetuses, n = 124

GLS of RV, heart rate

Positive correlation:
Diastolic dysfunction is
present before the 23 GW in
fetuses that will become SGA
in future. As FGR shows RV
systolic dysfunction indicating
that they are already
compromised, but in a phase
of adaptation, achieved by
increasing their heart rate,
and thus do not yet show
signs of growth abnormalities.
Recognition of these fetuses
at this stage can result in
increased surveillance and
early interventions, with the
potential to optimize their
perinatal outcomes

Prospective
cohort study

FGR and SGA fetuses vs AGA fetuses
Left MPI
Right MPI
FGR vs SGA fetuses
Left MPI
Right MPI
SGA vs AGA fetuses
No statistically significant differences
MPI, aortic isthmus PI

Summary/Conclusion
Positive correlation:
In FGR fetuses, MPI of both
the left and right were
significantly increased
compared to AGA fetuses,
indicating hemodynamic
instability in FGR fetuses
Positive correlation:
Term SGA fetuses present
cardiovascular Doppler
abnormalities. However,
further research is required to
assess whether these changes
could be used to distinguish
SGA fetuses with true hypoxia
from constitutionally small
fetuses and to improve
clinical management of lateonset IUGR
Positive correlation:
FGR induces cardiac
remodeling with primary
cardiac and vascular
changes, able to explain the
higher risk for CVD in this
population

*SGA: EFW between 3rd and 9th centile with normal CPR and UA PI; **FGR: EFW <3rd centile, or EGW <10th centile with CPR <5th centile and/or
UA-PI >95th centile; ***AGA: EFW between the 10th and 90th centile; MAPSE, mitral annular plane systolic excursion; GW, gestational week; RAVV, right
atrioventricular valve; LAVV, left atrioventricular valve; EDD, end-diastolic dimension; EDL, end-diastolic length; CO, cardiac output; E, early diastolic peak
velocity; A, atrial contraction diastolic peak velocity; E’, early diastolic myocardial peak velocity; A’, atrial contraction myocardial diastolic peak velocity;
S’, systolic annular peak velocity; CS, cesarean section; GLS, global longitudinal strain
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Shape and Size of Fetal Heart

Fetal heart shape has been assessed in many ways including
ventricular and atrial parts (Figs 1 to 5). An important study
that assessed the size and shape of fetuses with EFW below
the 10th centile is the study of Rodriguez-Lopez et al. 32
The authors found that 54% of FGR fetuses had a “globular
heart” presenting lower ventricular sphericity index, with

increased cardiac dimensions and wall thickness, when
compared to appropriate for gestational age (AGA) fetuses.
About 29% of the cases had “elongated hearts” with
nearly normal right ventricular morphometry, decreased
right/left ventricular transverse diameter ratio, increased
cardiac area, and left ventricular wall thickness. About 17%
of cases presented the “hypertrophic” phenotype having

Fig. 1: Cardiac area and thoracic area

Fig. 2: Cardiac sphericity index

Figs 3A and B: Atrial dimensions, atrial sphericity index (2D)

Figs 4A and B: Ventricular dimensions, ventricular sphericity index
130
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the largest cardiac dimensions, the largest wall thickness,
and the decreased sphericity indices. The fetuses with
all the cardiac phenotypes showed reduced longitudinal
motion and prolonged isovolumetric relaxation time (IVRT),
compared to fetuses. Importantly, the fetuses with the
hypertrophic phenotype presented the worst perinatal
outcome (the worse fetoplacental Doppler, the lowest
gestational age at delivery, the lowest birthweight—all
cases <1st centile, and 1-minute Apgar score) and the most
significant postnatal changes, presenting the lowest infant
height and weight, body mass index, blood pressure, and
aortic intima-media thickness. The authors agreed with the
classification of the cardiac phenotypes described above;
mild placental insufficiency results in the elongated or
globular phenotype, while severe FGR cases present the
hypertrophic phenotype.
In 2019, Hobbins et al. analyzed retrospective data from
the end-diastolic image of the four-chamber view (4CV) of
50 growth-restricted fetuses between the 20th and 40th
gestational week and compared it with normal weighted
fetuses.1 They subgrouped the fetuses in six groups: (group I)
all fetuses with EFW below the 10th centile, regardless of
their Doppler measurements; (group II) fetuses with a normal
UA PI and CPR; (group III) fetuses with any abnormal UA PI
and/or CPR; (group IV) fetuses with an isolated abnormal UA PI
and normal CPR; (group V) fetuses with an isolated abnormal
CPR and normal UA PI; and (group VI) fetuses with both an
abnormal UA PI and CPR. The detailed results concerning
each group are presented in Table 1. The most important
findings were that 80% of group II fetuses had at least one
measurement of abnormal size and shape of the 4CV, group IV
fetuses presented a significantly wider and more globular
4CV with decreased LV and RV areas. Finally, group V fetuses
had a significantly higher incidence of an increased area and
width of the 4CV.
Pérez-Cruz et al.19 ran an interesting study including a
large number of fetuses. The authors evaluated the shape
of fetal heart in 59 SGA fetuses and 150 FGR and compared
it with 150 normally developed fetuses (EFW >10th centile).
The diagnosis of the growth restriction was set after the 32nd

Fig. 5: Left ventricle outflow tract (2D)—aortic valve

gestational week (late-onset SGA and FGR). Their findings
proved that both SGA and FGR fetuses presented significant
modifications of cardiac shape, with their hearts being larger
and more globular.
Also in 2019, a prospective cohort study was held by
Patey et al.33 aiming to assess cardiac geometry and function
in growth-restricted fetuses. The authors followed up on
the low birth weight infants and their findings are quite
interesting. As far as cardiac shape and size are concerned,
FGR fetuses had more spherical hearts with shorter ventricles,
thinner LV wall chambers, and hypertrophied RV while RV
was not pronounced as in controls. These findings are in
line with the pathophysiologic pathways explained before,
reflecting also the “brain sparing”: blood flow is redistributed
to the LV in order to maintain perfusion of fetal vital organs
such heart, brain, and adrenal glands.34
Rizzo et al. also found a positive correlation between
cardiac remodeling in utero and FGR35 In their study they
found that 56.1% of FGR fetuses had abnormal LV sphericity
index and these fetuses presented worse perinatal
outcomes in terms of lower birth weight, increased rates of
emergency cesarean section due to fetal distress, decreased
umbilical artery pH, and neonatal intensive care unit (NICU)
admission. Interestingly, the occurrence of LV sphericity index
abnormality was independent of fetal Doppler assessment
and gestational age of FGR diagnosis.

Cardiac Function
Cardiac function can be assessed with different methods
(Figs 6 to 11). One of the first studies that assessed cardiac
function in SGA fetuses was the study of Tsyvian et al.
in 1998. 36 The researchers evaluated echocardiographic
parameters as the E and A waves as long and their ratio.
These parameters are used to determine the contribution
of atrial contraction to total transmission flow and assessing
indirectly diastolic function.33 Compared to controls, SGA
fetuses presented decreased Ie wave, increased Ia wave, and
decreased values of Ie/Ia, E wave, A wave, and E/A ratio. These
findings reflect a significant impairment of left ventricular
diastolic performance in growth-restricted fetuses, indicating

Fig. 6: Right ventricle fractional area change–end-diastolic

Donald School Journal of Ultrasound in Obstetrics and Gynecology, Volume 16 Issue 2 (April–June 2022)

131

Investigation of Cardiac Remodeling and Cardiac Function

Fig. 7: Right ventricle fractional area change—end-systolic

Fig. 8: Tricuspid flow measurement

Fig. 9: Pulmonary flow

a larger contribution of atrial systole to left ventricular
filling. Interventricular septal thickness was not statistically
significantly different between cases and controls.
One other primary study where cardiac remodeling
in SGA fetuses was investigated through evaluation of
myocardial performance index (MPI) and blood flow in aortic
isthmus, is Cruz-Martinez et al.’s research, held in 2011.37 MPI
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Fig. 10: Ductus arteriosus pulsatility index

Fig. 11: Tricuspid annular plane systolic excursion

is evaluated with Doppler assessment and it is used for
assessing ventricular diastolic and systolic function. It is also
associated with increased levels of cardiac biomarkers and
with FGR severity.38 MPI is the result of the lowing equation:
MPI = (IVCT + IVRT)/ET (IVCT, isovolumetric contraction time:
ET, ejection time). Concerning abnormal blood flow in aortic
isthmus, it has been correlated with adverse perinatal and
neurodevelopmental outcomes.39,40 Statistically significant
increased values of MPI and abnormal blood flow at aortic
isthmus in SGA fetuses with normal UA PI compared to AGA
fetuses were noticed. About 28% and 15% of SGA fetuses
presented abnormal MPI values and abnormal flow in aortic
isthmus, respectively. The authors concluded that even
fetuses with EFW below the 10th centile with normal UA PI,
may present subclinical cardiac dysfunction. Therefore, MPI
could be a useful tool for SGA management, as MPI indicates
early fetal hypoxia.
Chawengsettakul et al.41 held a prospective longitudinal
cohort study in 2015 aiming to investigate MPI in SGA and
FGR fetuses. The authors measured MPI in 41 SGA and nine
FGR fetuses and compared their results with 50 AGA fetuses.
They concluded that increased MPI of both the RV and LV is
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present in FGR fetuses compared to SGA and AGA fetuses
after subgroup analysis, indicating cardiac remodeling and
hemodynamic instability in FGR fetuses.
In Perez-Cruz et al.’s study mentioned above,19 the
authors also investigated parameters of cardiac function.
They found that both SGA and FGR fetuses presented signs
of cardiac dysfunction affecting both systolic and diastolic
performance, with decreased longitudinal motion, increased
isovolumic times, and prolonged MPI. Importantly, most of
the parameters studied presented a tendency for worse
results according to the severity of placental insufficiency
(FGR fetuses had more affected results than SGA fetuses).
The authors concluded that diagnostic approach of cardiac
function in utero might be beneficial for the identification
of the fetuses at high risk for cardiac impairment, as the
traditional assessment of UA PI and CPR might miss some
cases of “true FGR” fetuses which do not present Doppler
deterioration yet.
As we mentioned before, Patey et al. assessed cardiac
function in FGR fetuses and neonates.33 In this session cardiac
function would be discussed. FGR fetuses showed significantly
elevated LV and RV longitudinal strain and increased
myocardial systolic velocities, indicating the myocardium
volume overload in this population.42 In addition, FGR fetuses
showed increased LV and RV isovolumetric relaxation time
intervals and decreased Interventricular septum (IVS) E’/A’
ratio, reflecting also diastolic dysfunction.19
Kaya et al. evaluated cardiac function in 40 SGA fetuses
and 40 late-onset FGR fetuses.43 Both SGA and FGR fetuses
presented the same results: they had significantly lower
A′ and S′ values and higher E′/A′ ratio, prolonged IVCT
(IVCT′), prolonged IVRT (IVRT′), significantly shortened ET
(ET′) and increased MPI values, compared to controls. The
authors concluded that both SGA and FGR showed signs
of cardiac dysfunction in terms of systolic and diastolic
impairment. Their findings are in line with previous studies
suggesting that SGA fetuses regardless of their normal
Doppler measurements might be at risk for adverse perinatal
outcomes, as Doppler deterioration might be a late sign of
fetal hypoxia.
In 2014, Crispi et al.44 studied PSS by assessment of
regional myocardial strain in 37 FGR fetuses and compared
their results with 37 AGA fetuses. Myocardial strain
(expressed as percentage) is defined as the change in
thickness of a segment of myocardium, relative to its resting
length. Postsystolic shortening is defined as myocardial
longitudinal shortening after aortic valve shortening and
has been used as a marker of myocardial remodeling in
response of acute ischemia and pressure overload in adults.
The authors found that FGR fetuses had more dilated and
globular hearts, as cardiothoracic ratio was increased and
right sphericity was decreased, while ejection fraction
was preserved. Along with altered cardiac geometry,
growth-restricted fetuses presented also impaired systolic
and diastolic function. They also noticed that 57% of FGR
fetuses presented PSS and this subgroup of FGR fetuses

showed poorer perinatal outcomes (increased rates of
pre-eclampsia and prenatal corticoid exposure, lower
birth weight, increased rates of 5-minute Apgar score <7,
higher rates of respiratory distress syndrome and perinatal
death, and FGR fetuses requiring extended admission in
NICU). They also had higher diastolic pressure postnatally
compared to FGR fetuses with normal myocardial strain.
The echocardiographic parameters that were statistically
different between FGR fetuses with PSS were the thinner
ventricular walls, the lower right S’ (systolic annular peak
velocity), and the increased right E/A ratio compared
to FGR fetuses without PSS. The authors explained that
the myocardial septal deformation which was present
in a large proportion of FGR fetuses due to their thinner
wall chambers; their myocardium did not hypertrophy
in response to pressure overload, leading to abnormal
septal deformation.45–49 Finally, they concluded that PSS
is present in cases with severe placental insufficiency and
poorer fetal hemodynamic status where the physiologic
hypertrophy adaptation to hypoxia does not occur. This was
the first study demonstrating the presence of PSS in utero,
supporting pressure overload as the leading mechanism of
cardiovascular remodeling in FGR fetuses.
One recent study from van Oostrum et al. 50 assessed
the function of the RV by strain values, in fetuses before
the 23rd gestational week and compared the results of SGA
and AGA fetuses (the fetuses were grouped according to
their birth weight). Their findings were quite interesting.
The authors found that among fetuses that will develop
growth restriction later in pregnancy, the RV showed diastolic
dysfunction in terms of global longitudinal strain and heart
rate. Although LV’s global longitudinal strain did not show
statistically significant difference between FGR and AGA
fetuses, a trend towards increased values in SGA compared
to AGA fetuses was noticed. The authors concluded that FGR
shows RV systolic dysfunction, indicating that they are already
compromised but in a phase of adaptation. This adaptation
is achieved by increasing their heart rate, and thus do not
yet show signs of growth abnormalities. Recognition of
these fetuses at this stage can result in increased surveillance
and early interventions, with the potential to optimize their
perinatal outcomes.
DeVore et al. evaluated global, transverse, and longitudinal
contractility of the right and left cardiac ventricle in
50 SGA and FGR fetuses and compared their results with
200 AGA, using an automated software analyzing images
of the 4CV.51 Their principal findings were that a significant
proportion of fetuses with EFW below the 10th centile and
irrespective of their Doppler measurements presented
abnormal right and left (80% and 56%, respectively) global,
transverse, and longitudinal contractility compared to AGA
fetuses. Moreover, abnormal transverse contractility of the
RV was significantly more frequent than LV measurements
for the entire group of 50 fetuses as well as for SGA fetuses.
Importantly, there were no statistically significant differences
in the number of fetuses with EFW below the 10th centile,
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with any abnormal ventricular contractility regarding normal
or abnormal Doppler measurements.
A negative correlation between MPI deterioration in
FGR/SGA fetuses was noted in Henry et al.’s study. 52 The
authors did not find a statistically significant elevated left,
right, delta, or longitudinal MPI compared to AGA control
fetuses. Additionally, neither association was stated of any
MPI parameter with perinatal outcomes. However, abnormal
Doppler assessments of UA PI, MCA PI, CPR, and DV were
independently correlated with adverse perinatal outcomes
(birth weight, gestational age at birth, and days of NICU
admission). Although the only statistically significant different
parameter between cases and controls was the ‘a’ interval of
right MPI and the number of fetuses having left or right MPI
above the 95th centile, clinical utility was insignificant due
to the large overlap between cases and controls. No clinical
utility for assessing myocardial deformation was also found
in Graupner et al.’s trial,53 as longitudinal peak systolic strain
and strain rate of both the LV and RV were not statistically
significant in SGA and FGR fetuses compared to AGA fetuses.

Biomarkers
Chronic hypoxia due to placental insufficiency results to
direct myocardial damage. 20 B-type natriuretic peptide
(BNP) is produced in the atrium after volume overload or
hypoxia and its levels increase even from early stages of
subclinical diastolic dysfunction. BNP is considered to be
a sensitive marker of cardiac failure in adults. 54 Troponin
I and heart-type fatty acid-binding protein (H-FABP) are
biomarkers indicating myocardial cell damage, while
increased levels of homocysteine are associated with
vascular and epithelial dysfunction and congestive heart
failure in adults. All these biomarkers have been suggested
as indicators of cardiovascular deterioration in infants when
measured in cord blood.55
Girsen et al.56 studied the levels of N-terminal peptide
of proA-type natriuretic peptide, which is a biochemical
marker for increased venous pressure and atrial distension.
Elevated levels of BNP were present in growth-restricted
fetuses regardless of their Doppler measurements. A
study from Crispi et al. agreed with Girsen et al.’s findings,
suggesting that fetuses with EFW below the 10th centile
survive in a hypoxic environment, severe enough in order to
result in myocardial damage, even before the deterioration
of Doppler measurements. Therefore, it is concluded that a
normal Doppler assessment is not a sensitive indicator of fetal
hypoxia or subclinical cardiac remodeling.1,57
A recent study from Perez-Cruz et al.55 also investigated
the levels of BNP, troponin I, H-FABP, and homocysteine
in 14 SGA and 33 FGR fetuses. Considered biomarkers in
infants’ cord blood, in SGA fetuses troponin I levels were
significantly higher compared to AGA fetuses, while in FGR
fetuses, BNP levels were also elevated. Although troponin
I levels were increased in both SGA and FGR fetuses, none
of the groups presented enough elevated levels indicating
myocyte necrosis. Their levels were reflecting mainly
134

myocardial stress. None of the groups presented statistically
significant different levels of H-FABP or homocysteine. As far
as echocardiographic measures are concerned, SGA fetuses
were found to present increased left MPI and reduced
MAPSE. FGR fetuses also presented an increased ductus
venosus pulsatility index and decreased tricuspid annular
plane systolic excursion (TAPSE). The authors concluded
that both groups of fetuses with EFW below the 10th centile
present diastolic dysfunction and myocardial cell stress,
with tendency to poorest result as Doppler assessment
degenerates.55

Persistence of Cardiac Remodeling in
Postnatal Life
There is an increasing pool of data proving that cardiac
remodeling persists in postnatal life. As changes in fetal
cardiovascular system occur during a crucial period of
growth, development, and programming as intrauterine life,
even if the insult is removed postnatally, cardiac alterations
are not reversible, predisposing a higher risk for CVD in
adulthood. Interestingly, the best-characterized prenatal risk
factor for CVD is low birth weight.7
More specifically, echocardiography studies in infants
born with low birth weight revealed similar patterns of
cardiac dysfunction, namely more spherical and less efficient
hearts. Moreover, myocardial motion, blood pressure, and
aortic intima-media thickness were also affected in low birth
weight infants. Although both SGA and FGR infants presented
subclinical cardiac dysfunction, a trend for poorer results was
noticed in FGR fetuses.58,59 More specifically, Sehgal et al.
proved that FGR infants present lower global deformation,
explaining that the heart responses to chronic increased
afterload with hypertrophic ventricular walls.25
Additionally, Patey et al.33 presented data agreeing with
previous studies concluding that low birth weight neonates
have more globular hearts. In their study, some additional
interesting findings were reported: FGR neonates presented
increased LV cardiac output, IVS longitudinal contractility, and
LV and RV longitudinal myocardial deformation. Nevertheless,
both LV and RV MPI were increased as a result of prolonged
LV and RV IVCT’ and IVRT’ intervals and reduced RV ET. These
modifications of cardiac geometry and function in FGR
neonates reflect the intrauterine chronic hypoxia and altered
hemodynamic load during labor.20 Diastolic dysfunction was
also observed in FGR neonates.
Moreover, Crispi et al. in 2010 presented data from their
prospective cohort study, where they evaluated cardiac
geometry and function in 80 FGR children and compared
their results with 120 AGA children.20 Their findings were in
line with previous studies, showing that FGR children have
more globular hearts with decreased sphericity indices of
both the ventricles, while septal and wall thicknesses were not
statistically significantly different in FGR and AGA children.
Also, this children population presented less efficient hearts
with systolic and diastolic function impairment (detailed data
are presented in Table 1). Finally, diastolic blood pressure,
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carotid intima-media thickness (cIMT), and circumferential
wall stress were statistically significantly increased compared
to the control group, reflecting the pressure and volume
overload that their cardiovascular system was maintaining
during fetal life. The authors concluded that FGR children
present a distinct cardiac geometry with less elongated and
more globular hearts and an overall increase in transverse
cardiac diameters resulting in cardiac dilatation. Also cardiac
remodeling and longitudinal dysfunction are present,
following a linear tendency to increase according to the
severity of growth restriction.

Preterm Birth and FGR
It is commonly accepted that fetuses with growth restriction
are at higher risk for preterm birth and low birth weight.
A large cohort study from Finland studied the risk factors
for CVD and found that FGR and preterm birth were
independently associated with subclinical atherosclerosis of
the carotid arteries and impaired arterial endothelial function
in early adulthood and this connection was more definite
in individuals who as fetuses presented FGR.60 This finding
reveals that the true risk factor for CVD in preterm fetuses is
growth restriction and not prematurity per se.7

P r e v e n t i n g M ea s u r e s to I mp r o v e
C a r d i o va s c u l a r H ea lt h
Although there are definitive data from the literature proving
clearly that FGR provokes cardiovascular reprogramming,
causing an advanced risk for CVD later in life, the role of other
risk factors appearing later in life and their collaboration with
the altered subclinical cardiovascular dysfunction resulting in
CVD in adulthood, is yet to be understood. The “second hit
hypothesis” which is well-established in biology of human
oncology indicates that a genetic or subclinical predisposition
demands a second attack in order to be expressed into
clinical disease. Concerning FGR and CVD, the subclinical
cardiovascular dysfunction requires environmental factors to
result in clinical CVD. This “second hit” could be anything able
to add extra work to the subclinically affected myocardium
such as hypertension, dyslipidemia, or arrhythmias.20
Therefore, it is equitable to consider that to some degree,
the subclinical dysfunction of the cardiovascular system of
the individual who as fetus presented FGR, could be reversed,
ameliorate, or undergone further contravention depending
on lifestyle habits adopted in later life. Nevertheless, it is
important to mention that alteration in everyday habits
have the prospective to prevent CVD if they are adopted
very early in life, giving the “window of opportunity” where
crucial interventions must be done in order to improve
cardiovascular health.61,62
Getting familiar with fetal adaptation to hypoxia due to
placental insufficiency is vital, as assessment of subclinical
cardiac remodeling in utero has the potential to identify the
fetuses which are at high risk for CVD in later life, offering
them the chance for prevention. For example, breastfeeding

and healthy diet with caution to conserve a healthy weight is
crucial to maintain cardiovascular health. More specifically,
consumption of a diet rich in polyunsaturated fats, the use of
omega-3 fatty acids, eicosapentaenoic and α-linolenic acids
provide significant benefits in vascular and hemodynamic
health of children and adolescents. Additionally, avoidance
of smoking and frequent physical exercise are equally
significant for CVD prevention.63

C o n c lu s i o n
It is now a well-established fact that fetal smallness, in terms
of SGA and FGR, is associated with cardiac remodeling
in utero predisposing a higher risk for CVD in adulthood.
Data from recent studies demonstrate that as both SGA and
FGR fetuses show signs of subclinical cardiac dysfunction,
true forms of FGR are met within the SGA group. Therefore,
the identification of these fetuses which are at high risk for
adverse perinatal outcome and impaired cardiovascular
health is vital, in order to offer them the ideal management
in addition to preventing measurements aiming to optimize
their cardiovascular health.
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