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Abstract
The heart is a central organ in the fetal adaptation to an ad-
verse environment. Fetal cardiac changes may persist post-
natally and increase the risk of cardiovascular disease in 
adulthood. Knowledge about fetal cardiac structural as well 
as functional remodeling has radically improved over the 
last few years. As it occurs in postnatal life, the fetal heart re-
models – changing its structure and shape – to adapt to an 
insult. Several conditions have been reported to be associ-
ated with fetal cardiac remodeling including intrauterine 
growth restriction, diabetes, exposure to antiretroviral 
drugs, conception by assisted reproductive technologies, 
pulmonary stenosis, and other congenital heart diseases. 
Here we summarized the main observable patterns of car-
diac remodeling, i.e., globular shape, hypertrophy without 
dilation, and hypertrophy with cardiomegaly. We discuss the 
potential pathophysiology behind different types of remod-
eling. Defining precisely the distinct patterns of fetal cardiac 

remodeling is critical for advancing in the understanding of 
fetal cardiovascular programming and its consequences on 
adult health, and potentially for the design of preventive 
strategies that might have an impact on long-term cardio-
vascular health. © 2020 S. Karger AG, Basel

“Experentia docet”
– Tacitus (Roman)

Introduction

The heart is the first functional organ to develop. This 
emphasizes its critical role in distributing blood, nutri-
ents, oxygen, and waste to and from the developing fe-
tus. The heart is a kinetic organ whose structure and 
form change during development and disease [1]. The 
prenatal environment will drive the development of the 
heart so that it has an optimal structure and function 
given the conditions present. This way, the heart is es-
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sential in the fetal adaptation to a pathological environ-
ment. In the initial stages of an insult, the heart usually 
manages to adapt, undergoing changes in shape, struc-
ture, and size (defined as cardiac remodeling) in order 
to maintain an optimal and efficient function [2]. In 
postnatal (especially adult) life, cardiac remodeling may 
occur following different main patterns, which are well 
established [3]. Evidence on cardiac remodeling during 
fetal life is still recent, but available data suggest that the 
fetus develops distinct patterns of remodeling under dif-
ferent insults. In this article, we will review the main pat-
terns of cardiac remodeling that have so far been de-
scribed in utero in several physiological and pathologi-
cal conditions, as well as its relationship with cardiac 
dysfunction and failure.

Main Text

Normal Fetal Cardiac Structure and Function
The primary function of the heart is to circulate blood 

in order to provide adequate perfusion of organs [4]. 
The heart achieves this function by first filling the ven-
tricles (diastole) and then contracting its muscular walls 
around a closed chamber to generate sufficient pressure 
to eject blood from the ventricle into the aorta/pulmo-
nary artery (systole) [4, 5]. The growth of the heart dur-
ing fetal development is therefore determined by the 
conditions it has to fulfill: blood flow and mechanical 
forces by and on the muscle. Essentially, heart shape and 
function are mainly determined by intrinsic tissue prop-
erties such as myocyte contractility, fiber orientation, 
tissue elasticity, heart geometry, as well as boundary 
conditions such as segment interaction, loading condi-
tions, electrical activation, and myocardial perfusion. 
Additionally, intrinsic myocardial maturation as well as 
the fetal peripheral blood circulation and demand are 
also critical factors.

The Heart as a Central Organ in the Fetal Adaptive 
Response to Insults
The heart is a key organ in the fetal adaptive response 

to insults such as toxins, hypoxia, undernutrition, or 
pressure/volume overload. The fetal heart will adapt by 
changing its structure and shape in order to ensure blood 
supply to organs in an optimal way, where myocytes op-
erate in their most efficient (mechanical) conditions; this 
process is defined as cardiac remodeling. The pattern of 
cardiac remodeling depends on the type of insult and 
time and duration of exposure. Distinctive patterns of re-

modeling are shape change (more globular ventricles, op-
timizing myocyte forces in response to pressure over-
load), myocardial hypertrophy (improving contractility 
as response to pressure overload), or cavity dilation (in-
creasing ejection potential, usually secondary to volume 
overload) or hypoplasia.

Changes in cardiac structure and shape are usually ac-
companied by subclinical changes in the heart’s function-
ing; this remodeling process can lead to cardiac dysfunc-
tion. Fetal cardiac dysfunction may affect the systolic – 
the ability to pump enough blood into circulation – and/
or diastolic – the ability to relax the myocardium to fill 
the ventricles – function. Changes in cardiac architecture 
may also lead to alterations in ventricular rotation and 
torsion [6–8]. In most clinical situations, fetal cardiac 
dysfunction is subclinical. However, if the insult is severe 
enough or persists, impaired cardiac pumping to main-
tain systemic and/or pulmonary circulations and im-
paired myocardial relaxation with increased ventricular 
filling pressure lead to clinical cardiac failure, which in 
utero essentially manifests as fetal hydrops.

Main Determinants of Fetal Cardiac Remodeling
The heart adaptation to noxas results in increasing 

myocardial mass and/or dilatation. Cardiac remodeling 
can affect the whole heart (i.e., cardiomegaly) or prefer-
ably affect the right/left ventricles/atria. In the fetus, 
changes are typically more prominent in the right side, 
most likely reflecting the dominance of the right side of 
the heart prenatally and a higher susceptibility to pressure 
overload of the right compared with the left ventricle. Ac-
tually, the right ventricle acts as the “systemic” ventricle 
in fetal life being responsible to perfuse the fetal organs 
and also the placenta.

An abnormal environment can affect the fetal heart 
through different mechanisms:

Direct Myocardial Damage. Myocardium could direct-
ly be affected by a toxin (i.e., antiretroviral drugs) [9], hy-
poxia/ischemia (i.e., placental insufficiency [10] or ane-
mia), or genetic cardiomyopathies inducing global/re-
gional edema, inflammation, fiber disarray, fibrosis, or 
cell loss. Cardiac toxicity is frequently compensated by 
myocardial hypertrophy, compensating for cell loss or 
decreased intrinsic contractility.

Pressure Overload. Pulmonary/aortic stenosis [5, 11], 
twin-to-twin transfusion syndrome [12–14], placental dis-
ease [15], and conception by assisted reproductive technol-
ogies [16] induce pressure overload and trigger a fetal heart 
response by initially changing to a more globular shape (to 
better tolerate wall stress) and subsequently further increas-
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ing the contractile force (myocardial hypertrophy) as well 
as decreasing the inner diameter of the chamber.

Volume Overload. Prenatal volume overload occurs in 
fetal anemia [17], vascularized tumors [17], severe intra-
uterine growth restriction [6, 15, 18, 19], abnormal ve-
nous drainage [20], or twin-to-twin transfusion syn-
drome [12, 14]. The natural response is to enlarge heart 
dimensions (cardiac dilation), thus increasing the stroke 
volume with every beat, in order to better manage the in-
creased blood volume.

Thus, the fetal heart usually adapts to noxas by chang-
ing shape, increasing myocardial mass, and/or dilating. 
While cardiac remodeling is thus induced to compensate 
adverse conditions, there are some major differences be-
tween fetal and adult remodeling. Given that fetal remod-
eling takes place during development, the intrinsic shape 
and (micro-)structure can still change, while in adult life 
these changes are much more limited. Additionally, sev-
eral fetal insults disappear with birth, so that a heart op-
timized for specific fetal conditions might not be ideal for 
postnatal life.

Patterns of ventricular remodeling are usually defined 
according to the ventricular size and shape, the presence 
of myocardial hypertrophy, and the relation between 
myocardial mass and cavity dimensions. Concentric re-
modeling is defined by increased mass-to-cavity ratio and 
is usually observed when a pressure leads to cardiomyo-
cyte hypertrophy or hyperplasia. On the contrary, mass-
to-cavity ratio is preserved in eccentric hypertrophy and 
is typically secondary to volume loading inducing myo-
cyte lengthening. Atrial remodeling is less common and 
usually occurs in the form of dilation.

Echocardiographic Evaluation of Fetal Cardiac Shape 
and Size
In adulthood, the presence and pattern of cardiac re-

modeling is assessed by imaging to estimate ventricular 
and atria volumes, left ventricular mass (to define myo-
cardial hypertrophy), and relative wall thickness or mass-
to-cavity ratio. Echocardiography is the most used mo-
dality, but cardiac magnetic resonance or computed to-
mography can provide more accurate measurements. 
While radiation excludes the use of computed tomogra-
phy for fetal assessment, the relatively limited use in ute-
ro, the relatively small fetal heart size, the elevated fetal 
heart rate, and the lack of fetal ECG also hamper the use 
of cardiac magnetic resonance in prenatal life. Therefore, 
fetal echocardiography is considered the best available 
option for assessing fetal cardiac remodeling by measur-
ing heart, ventricular, and atria dimensions (diameters 
and areas) and myocardial wall thickness.

Fetal 2D echocardiography has demonstrated to be 
highly feasible and reproducible for assessing fetal car-
diac structure and shape when a standardized and strict 
methodology is followed (Fig. 1) [21, 22]. An apical or 
basal four-chamber view permits the measurement of 
cardiac, ventricular, and atrial dimensions (diameters 
and areas) and shape (sphericity by dividing longitudinal 
per transverse diameters) using specific landmarks. A lat-
eral 2D or M-mode four-chamber view is recommended 
for myocardial wall thickness measurement. Most cardiac 
and ventricular parameters are standardized to be mea-
sured at end-diastole (at maximal ventricular distension 
at the frame when the atrioventricular valves close), while 
atrial dimensions are usually recommended to be as-
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Fig. 1. Fetal cardiac schemes illustrating the measurement of cardiac diameters and area (a), ventricular diameters 
and areas (b) and myocardial wall thicknesses at end-diastole (c), and atrial diameters and areas at end-systole 
(d). LV, left ventricle; RV, right ventricle; LA, left atria; RA, right atria.
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sessed at end-systole (maximal atrial distension just be-
fore the opening of atrioventricular valves). Standard cri-
teria and nomograms for most fetal cardiac dimensions 
throughout gestation are available using standard 2D 
echo [21, 22] and also a novel application of speckle track-
ing echocardiography [23]. Despite no actual consensus, 
patterns of cardiac remodeling in fetal life are usually de-
scribed reporting cardiac, ventricular, and atrial areas, 
ventricular sphericity indices, septal wall thickness, and 
relative wall thickness adjusted by gestational age or esti-
mated fetal weight (Table 1).

Patterns of Fetal Cardiac Remodeling
We here summarize the main features of the most 

commonly described patterns of fetal cardiac remodeling 
(Fig. 2).

Globular Shape
A globular heart is characterized by non-hypertrophic, 

more spherical ventricles with normal cardiac size 
(Fig. 2a) usually associated with a mild decrease in longi-
tudinal motion and impaired relaxation [6, 15]. This pat-
tern has been described in mild cases of fetal growth re-
striction diagnosed late in pregnancy where presumably 
a mild degree of placental insufficiency increases pressure 
and induces a compensatory change in the heart shape 
without the need of myocardial hypertrophy. The pro-
posed mechanism is that the fetal heart must pump 

against a more resistant placenta (pressure overload) and 
remodels to a more globular shape in order to reduce the 
ventricular radius of curvature and better tolerate the in-
creased wall stress.

Myocardial Hypertrophy with Preserved Cardiac Size
Persistent pressure overload induces globular shape but 

also increased myocardial wall thickness and reduced ven-
tricular cavities (increased relative wall thickness) main-
taining a normal outer heart size. This pattern has been de-
scribed in cases of severe pulmonary stenosis characterized 
by thicker septal and right myocardial walls together with 
smaller right ventricular cavity and signs of diastolic dys-
function [11]. The chronic right pressure overload induces 
right ventricular hypertrophy as well as a more spherical 
configuration with a smaller inner diameter in order to gen-
erate higher force and pressure with lower stress on the in-
dividual myocytes and less energy consumption.

Fetuses conceived by assisted reproductive technolo-
gies also display a cardiac phenotype of concentric ven-
tricular remodeling together with atrial dilatation, de-
creased longitudinal motion, and impaired relaxation [16, 
24]. It is postulated to be a response to a predominantly 
right pressure overload, and it is consistent with studies 
reporting increased pulmonary pressures in children con-
ceived by assisted reproductive technologies. The ob-
served dilated atria have been suggested to be explained by 
a ventricular early filling problem that needs to be com-

Table 1. Fetal echocardiographic parameters proposed to evaluate patterns of cardiac remodeling in prenatal life

Remodeling Definition Fetal echocardiographic parameter Parameter calculation

Cardiomegaly ↑ Cardiac size Cardiac outer area End-diastolic cardiac area adjusted
by thoracic area, GA, or EFW

Ventricular
dilation

↑ Ventricular dimension Left or right ventricular dimensions End-diastolic ventricular area or
diameters adjusted by GA or EFW

Ventricular
globular shape

↓ Ventricular sphericity index Left or right ventricular sphericity
index

Ventricular length/transverse
diameter at end-diastole

Myocardial
hypertrophy

↑ Myocardial mass Septal or left or right free wall
thickness

End-diastolic wall thickness
adjusted by GA or EFW

Concentric/
eccentric
remodeling

Concentric ↑ myocardial mass to
ventricular cavity dimension ratio
Eccentric ≈↓ myocardial mass to
ventricular cavity dimension ratio

Relative wall thickness (Septal wall thickness + ventricular
free wall thickness)/ventricular
transverse diameter at end-diastole

Atrial dilation ↑ Atrial dimension Left or right atrial dimensions End-systolic atrial area or diameters
adjusted by GA or EFW

GA, gestational age; EFW, estimated fetal weight.
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pensated by a larger atrial contribution; increased pres-
sure also results in dilated atria. A pattern of myocardial 
hypertrophy with reduced ventricular cavities has also 
been described in the early postnatal life of preterm babies 
[23], most likely related to relative pressure overload dur-
ing the first days of life of preterm newborns.

Myocardial Hypertrophy with Cardiomegaly
The first reports of fetal myocardial hypertrophy with 

cardiomegaly were associated with maternal diabetes and 
proposed to be mediated by fetal hyperinsulinemia [24]. 
It is characterized by enlarged hearts, thickening of the 
myocardium, and increased shortening fraction and lon-
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Fig. 2. Fetal cardiac schemes illustrating patterns of fetal cardiac remodeling. a Globular shape in late mild fetal 
growth restriction. b Myocardial hypertrophy and atrial dilation in fetuses conceived by assisted reproductive 
technologies. c Myocardial hypertrophy and cardiomegaly in fetuses exposed to maternal HIV infection and an-
tiretroviral drugs. d Myocardial hypertrophy, ventricular dilation, and cardiomegaly in early severe fetal growth 
restriction. LV, left ventricle; RV, right ventricle; LA, left atria; RA, right atria.
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gitudinal motion [25]. Myocardial hypertrophy particu-
larly affects the septum and may lead to left ventricular 
outflow obstruction [24].

The use of antiretroviral drugs – particularly zidovu-
dine, which induces cardiac mitochondrial toxicity and 
thus decreased intrinsic contractility – during pregnancy 
has been reported to be associated with a characteristic 
pattern of concentric hypertrophy with larger hearts, in-
creased myocardial wall thickness, and more spherical 
ventricles (Fig. 2c). In addition, 35% of the cases present 
mild pericardial effusion and most of them show signs of 
systolic and diastolic dysfunction (reduced longitudinal 
motion and impaired relaxation) [8, 26]. It has been pos-
tulated to be a compensatory fetal cardiac hypertrophic 
response to myocardial damage associated with toxicity.

Cases of early-onset fetal growth restriction with se-
vere placental insufficiency are characterized by cardio-
megaly, myocardial hypertrophy, and globular dilated 
ventricles [15] (Fig.  2d). This eccentric hypertrophy is 
usually associated with mild pericardial effusion, de-
creased longitudinal function, impaired relaxation [14, 
27], and abnormal regional deformation [28], with pre-
served ejection fraction in most cases. The pathophysiol-
ogy of cardiac remodeling and dysfunction under placen-
tal insufficiency has been proposed to be caused by com-
plex interactions [15]. First, the reduction in oxygen and 
nutrients supply would increase volume load and also di-
rectly disrupt normal cardiomyocyte growth and fiber ar-
chitecture, and therefore, decrease its contractility. Sec-
ondly, placental resistance leads to chronic pressure over-
load. The fetal heart would react to pressure overload by 
shifting to a more spherical shape and thickening myo-
cardial walls (hypertrophy). In addition, volume overload 
would be responsible for cardiomegaly and mild pericar-
dial effusion.

Apart from the above mentioned, other patterns of fe-
tal cardiac remodeling have also been reported describing 
ventricular elongation or hypoplasia, thinning of the ven-
tricular walls, asymmetric remodeling, endocardial fibro-
elastosis, etc. [25–32].

Conclusion

In this review we summarized the main patterns of 
cardiac remodeling described in fetal life. The description 
of patterns provided here may help in the evaluation of 
cardiac remodeling. Such assessment is now easier since 
nomograms for most cardiac dimensions have recently 
been published [21, 22, 33]. A precise description of the 

morphological changes in the fetal heart may help com-
parison among research studies and contributes to un-
derstanding the pathophysiology of cardiovascular 
changes occurring under various pregnancy conditions 
(i.e., placental insufficiency, exposure to toxics, assisted 
reproductive technologies, valve stenosis). Likewise, 
identifying fetal cardiac remodeling might be an oppor-
tunity to improve postnatal cardiovascular health.

Cardiac remodeling can occur at any stage of life. How-
ever, while postnatal cardiac remodeling reverts after 
treating the cause, cardiac remodeling occurring in utero 
might persist postnatally even after the trigger has disap-
peared. Actually, postnatal persistence of fetal cardiac re-
modeling has been demonstrated in several conditions 
such as fetal growth restriction, maternal diabetes, expo-
sure to antiretroviral drugs, prematurity, or assisted repro-
ductive technologies [9, 10, 16, 34–38]. This phenomenon 
is explained by the fetal programming hypothesis that pro-
poses a prenatal origin for some adult cardiovascular dis-
eases. The fetal programming hypothesis postulates that 
insults in utero occur in a critical stage of development and 
structural and functional changes in key organs during this 
stage of life will persist postnatally explaining a greater sus-
ceptibility to disease in adulthood. This notion is strongly 
supported by large epidemiological and experimental ani-
mal studies demonstrating the relationship between low 
birth weight with cardiovascular disease and mortality in 
adulthood [30]. The rapid cell proliferation and differen-
tiation during fetal growth are very sensitive to any change 
in environment and will lead to permanent alterations in 
the structural and functional constitution. Actually, fetal 
life is a critical period of development when organs are be-
ing programmed to adapt to the environment. Any insult 
occurring during this critical period can result in develop-
mental adaptations that produce permanent structural, 
physiological, and metabolic changes, thereby predispos-
ing an individual to disease in adult life.

Understanding fetal adaptation to the in utero envi-
ronment by assessing fetal cardiac remodeling might be 
useful to monitor the fetus but also to identify those cases 
with increased risk of cardiovascular disease later in life. 
This opens an opportunity for early selection of individu-
als that might benefit from preventive measures to im-
prove cardiovascular health. For example, it has been 
demonstrated that breastfeeding or a healthy diet in in-
fancy could ameliorate the cardiovascular remodeling as-
sociated to fetal growth restriction [15] or prematurity 
[31]. Fetal life seems to constitute a unique window of 
opportunity for the early diagnosis and prevention of car-
diovascular disease.
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