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Abstract: Pre-eclampsia (PE) continues to be a leading cause of maternal and fetal mortality and
morbidity. While substantial progress has been made in understanding the pathomechanisms of PE,
the pathophysiology of the disease is still not fully understood. While the “two-stage model” of the
development of PE is the most widely accepted theory, stating that the placenta is the main source
of the disease, there are some other pathophysiological models of PE. Among these other theories,
the one considering heart dysfunction as serving as the primary cause of PE seems to be gaining
increasing prominence. In this review, we aim to elucidate these two divergent concepts concerning
the development of PE. Despite some differences in their proposed pathomechanisms, both theories
share vital pathophysiological elements in common. A central and critical component in both models
is impaired placental perfusion, which appears to be a crucial phenomenon in PE. A comprehensive
understanding of the different pathomechanisms involved in PE may be helpful in clinical practice,
prompting a more individual approach to care of patients with PE.

Keywords: pre-eclampsia; placenta; anti-angiogenic factors; placental growth factor; cardiovascular
impairment; echocardiography

1. Introduction

Despite significant advances in the field of maternal–fetal medicine in recent years,
pre-eclampsia (PE) remains a leading cause of maternal and fetal mortality, particularly in
less developed countries [1,2]. However, substantial clinical progress in the prediction and
prophylaxis of PE has led to a gradual change in this field, which should contribute to a
significant reduction in its prevalence in the future, especially in early-onset PE, primarily in
well-developed countries [3]. This progress has been made possible through global research
efforts and precise clinical observations. From a research perspective, gathering knowledge
about the intricate etiology and pathophysiology of PE has been the most important focus.
Consequently, we now possess a wealth of knowledge about the pathogenesis of the disease,
including the sequential stages of its development. This, in turn, has enabled clinicians
to implement effective screening methods for PE at various stages of pregnancy, such as
ultrasound Doppler and biochemical tests [4].

In spite of such great achievements in understanding the pathophysiology of PE, there
are still some doubts and controversies. This is mainly because PE is a heterogeneous
disease, with many etiological factors and different clinical presentations. These facts
suggest the existence of more than one pathogenesis of the disease.

Currently, the prevailing and most plausible theory regarding the development of
PE is the two-stage theory. In this model, the first stage of the disease involves impaired
placentation and reduced placental perfusion, while the second stage encompasses general
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maternal endothelial damage and dysfunction [5–7]. This theory offers a comprehensive ex-
planation, particularly for early-onset PE, which is characterized by placental insufficiency
and fetal growth restriction (FGR). However, late-onset PE, which is rarely associated with
significant placental dysfunction, may have a slightly different pathophysiological basis.

The second theory of the development of PE is a cardiogenic one. According to this
model, the primary cause of the disease is a pre-existing cardiac dysfunction, which is
triggered or exacerbated by pregnancy. This cardiac dysfunction subsequently leads to
reduced placental perfusion and the characteristic clinical consequences observed in PE [8].

2. Methods

To compile this review, we conducted a comprehensive search of the PubMed database
for relevant references up to October 2023 using the following terms: “pathophysiology
preeclampsia”, “pathomechanism preeclampsia”, “two stage model preeclampsia”, “tro-
phoblast invasion preeclampsia”, “endothelial dysfunction preeclampsia”, “cardiovascular
system preeclampsia”, “echocardiography preeclampsia”, “cardiovascular system early-
onset preeclampsia late–onset preeclampsia”. Additionally, we reviewed the bibliographies
of the included articles to identify any further relevant publications, which aligned with the
objectives of this paper. Subsequently, we examined the full texts of each article included in
this review. We finally selected only the articles written in English, which could represent a
potential limitation of our study.

3. The First Theory of the Development of PE—PE as a Placental Pathology
3.1. The First Stage of PE—Impaired Placental Perfusion
3.1.1. Impaired Trophoblast Invasion and Abnormal Remodeling of Spiral Arteries

The prevailing and widely accepted theory for the development of PE is the “two-
stage model”. In this model, the primary cause of PE is the abnormal development of the
placenta associated with a subsequent reduction in placental perfusion. As per this theory,
the first stage of the development of PE involves reduced placental perfusion, followed by
a generalized maternal endothelial dysfunction [9].

According to this theory, the initial reduction in placental perfusion is mainly caused
by disruptions in the process of placental development, known as placentation. This
disturbance arises from impaired trophoblast invasion into the spiral arteries during the
first half of pregnancy [10,11].

In the physiological course of the first trimester of pregnancy, extravillous trophoblasts
infiltrate the lumen and walls of spiral arteries, as shown in Figure 1. The consequence of
this invasion is a remodeling of the spiral arteries’ walls, including the loss of a smooth
muscle and elastic lamina, as well as a temporary replacement of endothelial cells with
trophoblast cells [12–15]. This physiological remodeling of spiral arteries converts high-
resistance arterioles into low-resistance vein-like vessels [14,15]. This transformation en-
sures a stable and adequate perfusion of the pregnant uterus, including the placenta.

It was first discovered in 1967 that PE is associated with abnormal placentation as a
result of impaired trophoblast invasion [16]. Therefore, in contrast to normal pregnancies,
women who develop PE experience an impaired remodeling of spiral artery walls, which
fails to provide optimal placental development, potentially leading to reduced placental
perfusion from the first half of pregnancy [17], as shown in Figure 2. Subsequent research
demonstrated that the consequence of the impaired remodeling of spiral arteries is more
detectable in the quality of placental perfusion, leading to a more pulsatile and higher
pressure flow rather than reduced perfusion [18,19].
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The physiological process of spiral artery remodeling is complicated and involves dif-
ferent interactions among maternal uterine immune cells and embryonic cells, particularly
trophoblasts [12,20]. The maternal cells involved in this process mainly include decidual
natural killer (NK) cells, T cells and macrophages [12,20]. The interactions between extrav-
illous trophoblast (EVT) human leukocyte antigens (HLA) and both NK and T cells appear
to be crucial in promoting maternal–fetal immune tolerance and facilitating the proper
process of placentation, including trophoblast invasion into spiral arteries [21–24]. In this
unique maternal–fetal “dialog”, the appropriate recognition of trophoblast human leuko-
cyte antigen-C (HLA-C) by NK cells expressing killer cell immunoglobulin-like receptor
(KIR) seems to be especially important [22,25,26].

Moreover, the role of the immune system in the phenomenon of placentation may also
explain the reduced risk of placental complications in subsequent pregnancies.

3.1.2. Different Causes of Impaired Placental Perfusion

Impaired placental perfusion, recognized as the first step in the development of PE,
may have etiologies other than impaired trophoblast invasion. The possible causes of
impaired placental perfusion may include (1) primary pathologies of the vessel walls,
characteristic for some autoimmune disorders, such as lupus or scleroderma or diabetes;
(2) primary dyslipidemia affecting the quality of vascular perfusion; (3) hypercoagulability
or thrombophilia, especially the anti-phospholipid syndrome; (4) obesity, which is associ-
ated with inflammation of the vessel walls; (5) enlarged, big placentas, which are associated
with increased risk of hypoxia; (6) chronic hypertension; and (7) acute atherosis [17].

Acute Atherosis

This phenomenon is mainly associated with PE and especially concerns the distal de-
cidual segments of non-remodeled spiral arteries [27,28]. It is characterized by the presence
of foam cells in the arterial walls of the decidua, probably as a reaction to inflammatory,
immunogenetic and hemodynamic triggers [21,29,30]. Dyslipidemia, which is much more
evident in patients who develop PE than in pregnant women with physiological pregnancy,
may further predispose to it [31]. Acute atherosis may further impair placental perfusion
in women with PE.

Other Pathologies, which May Impair Placental Perfusion

All the above-mentioned pathologies or maternal morbidities may negatively influence
placental perfusion even in cases of adequate placentation. They may theoretically occur in
each period of pregnancy and may lead both to early- and late-onset PE. The two risk factors
more frequently associated with late-onset PE are diabetes and enlarged placenta [32].
In the case of the latter, big placentas may be more prone to relative hypoxia being at
the same time the source of increased number of anti-angiogenic factors compared to
normal placentas.

All the pathologies listed, which impair placental perfusion, are very important risk
factors for PE [10].

3.2. The Link between the First and the Second Stage of PE

The most probable pathophysiological connection between the first stage of PE, char-
acterized by impaired placental perfusion, and the subsequent second stage, marked by
maternal endothelial dysfunction, is the increased production of anti-angiogenic factors
by poorly perfused placentas in women who later develop PE [7]. These anti-angiogenic
factors, if produced in excess, have a negative influence both on the integrity and function
of the maternal endothelium, ultimately leading to its damage and dysfunction [5,33].

The two main anti-angiogenic factors produced in the placenta, which are involved
in the pathophysiology of PE, are soluble fms-like tyrosine kinase 1 (sFlt1) and soluble
endoglin (sEng). Of these, sFlt-1 has attracted more attention and is now used as a clinical
marker for PE in daily practice.
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SFlt-1 is a soluble form of the vascular endothelial growth factor (VEGF) receptor 1. It
inhibits the proangiogenic activity of VEGF, including its protective function on the endothe-
lium. It has the capacity to bind both the placental growth factor (PlGF) and VEGF, resulting
in a negative impact on placenta development and on maternal endothelium [34–36].

The increased production of sFlt-1 in the placenta of women who develop PE is proba-
bly a consequence of the previously mentioned placental hypoxia [37]. It has been observed
that in hypoxic conditions, there is an increased production of sFlt-1, which represents
a shorter splice variant of the Flt-1 receptor [38]. This shift toward overproduction of
sFlt-1 rather than full-length membrane receptor (Flt-1) may result from decreased activ-
ity of an oxygen-sensing protein (oxygenase) called Jumonji domain-containing protein
6 (JMJD6) [39].

SEng, another anti-angiogenic factor, may contribute to endothelial injury similarly to
sFlt-1 [7,40]. The probable mechanism of action of sEng involves its binding to transforming
growth factor-beta 1 (TGF-β1), which can further inhibit the production of nitric oxide
(NO) [7,41,42].

3.3. The Second Stage of PE—Maternal Endothelial Injury and Dysfunction

Maternal endothelial injury and dysfunction are responsible for the manifestation of
most clinical symptoms characteristic of PE, including edema, thrombocytopenia, neuro-
logical complications, visual disturbances and proteinuria [5,17].

The primary mechanism responsible for endothelial dysfunction in PE appears to be
the anti-angiogenic activity of sFlt-1 and sEng, which are overproduced in women who
develop PE, as shown in Figure 3.
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The anti-angiogenic effect of sFlt-1 is a consequence of its binding to VEGF. One
of the roles of VEGF is vascular and endothelial protection, which includes promoting
endothelial cell survival and stimulating the production of nitric oxide and prostacyclin [33].
Consequently, the presence of excess sFlt-1 can impair VEGF’s protective role. Furthermore,
the anti-angiogenic effect may be intensified by sEng activity, which may cause a reduction
in the production of NO by endothelial cells and an increase in vascular permeability [43].

Another likely contributor to the maternal endothelial injury and dysfunction charac-
teristic of PE is the activation of the maternal immune system [44–46]. This activation is
characterized by an increased production of cytokines by different immune cells [44–46].
The activation of the immune system in PE may result from the increased shedding of syn-
cytiotrophoblast microparticles (STMB) from a hypoxic placenta into maternal circulation
and/or the increased production of reactive oxygen species (ROS) in the placenta [44–46].

The different markers of endothelial injury and dysfunction may be examined. They
include (1) serum concentrations of markers of endothelial activation, such as vascular
cell adhesion molecule-1 (VCAM-1) and selectins, especially E-selectin; (2) serum levels
of markers of endothelial glycocalyx (EG) degradation, such as hyaluronan (HA) and
syndecan-1 (SDC-1); (3) the concentration of endothelin-1 (ET-1); and (4) the level of cir-
culating endothelial cells (CECs) and circulating endothelial progenitor cells (CEPCs) [6].
Flow-mediated dilation (FMD) stands as the gold standard for in vivo, non-invasive assess-
ment of endothelial function [47–49].

In numerous studies, patients with PE have been shown to exhibit increased concen-
trations of the aforementioned markers of endothelial dysfunction compared to healthy
pregnant women [33,50–60].

Given the complex and heterogenic pathophysiology of PE, along with its diverse
clinical manifestations, an interesting area of investigation is the extent of endothelial
dysfunction in the two primary forms of PE: early-onset PE (EOP) and late-onset PE
(LOP). To date, the results in this regard have been somewhat conflicting. While our
studies [5,33] and the study by Rios et al. [61] found no difference between EOP and LOP,
Weissgerber et al. [62] reported a higher degree of endothelial damage in women with EOP
compared to patients with LOP.

The sequential involvement of the placenta and then the maternal endothelium in
the pathophysiology of PE, as suggested by this model, appears to make the “two-stage
theory” more applicable to EOP than LOP. However, the comparable degree of endothelial
dysfunction in both types of PE seems to support the use of this model to explain both
forms of the condition.

Currently, the fundamental elements of this model for the development of PE have
been effectively integrated into daily clinical practice. The best example is the assessment
of the sFlt-1/ PlGF ratio in the management of patients with PE [63]. The introduction of
this method into daily practice has successfully streamlined the hospitalization or delivery-
related decision-making process for women with both early- and late-onset PE.

4. The Second Theory of the Development of PE—PE as a Result of Maladaptation of
the Maternal Cardiovascular System
4.1. PE and Cardiovascular Diseases—Common Risk Factors
4.1.1. Common Risk Factors for Cardiovascular Diseases and for PE—Current State
of Knowledge

Recent studies have suggested that cardiovascular diseases (CVD) and PE share many
risk factors [64]. The recognized risk factors for PE, according to the American College
of Obstetricians and Gynecologists (ACOG), include nulliparity, multiple gestations, a
history of PE in a previous pregnancy, chronic hypertension, pre-gestational diabetes,
gestational diabetes, thrombophilia, systemic lupus erythematosus, pre-pregnancy body
mass index greater than 30, anti-phospholipid syndrome, maternal age 35 years or older,
kidney disease, assisted reproductive technology and obstructive sleep apnea [65].
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The risk factors for CVD, as identified by the American Heart Association [66] and the
American Stroke Association [67], overlap with those for PE, with the exception of factors
specific to pregnancy.

Giannakou et al. [68] identified the risk factors most strongly associated with PE.
These include, among others, chronic kidney disease, polycystic ovarian syndrome (PCOS),
oocyte donation, obesity and primiparity.

Women with PCOS have an increased risk of developing PE compared to controls [69].
Insulin resistance and concomitant hyperglycemia, often present in patients with PCOS
and obesity, may predispose individuals to hypertension by causing endothelial function
impairment [69]. PCOS also increases cardiovascular risk outside of pregnancy [70,71].

4.1.2. The Imbalance in Lipid Metabolism—Possible Cause of Endothelial Dysfunction and
Therefore PE

Low levels of high-density lipoprotein (HDL) cholesterol, elevated triglycerides (TGs),
Apolipoprotein E (ApoE) concentrations and the Apolipoprotein B to Apolipoprotein A1
(ApoB/ApoA1) ratio have been associated with a higher prevalence of hypertension and
PE, as shown in Figure 4 [72].

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 20 
 

 

4.1.2. The Imbalance in Lipid Metabolism—Possible Cause of Endothelial Dysfunction 

and Therefore PE 

Low levels of high-density lipoprotein (HDL) cholesterol, elevated triglycerides 

(TGs), Apolipoprotein E (ApoE) concentrations and the Apolipoprotein B to Apolipopro-

tein A1 (ApoB/ApoA1) ratio have been associated with a higher prevalence of hyperten-

sion and PE, as shown in Figure 4 [72]. 

 

Figure 4. Pre-eclampsia as a result of maladaptation of the maternal cardiovascular system. Abbre-

viations: ApoA1—apolipoprotein A1, ApoB—apolipoprotein B, ApoE—apolipoprotein E, HDL—

high-density lipoprotein, MRI—magnetic resonance imaging, PE—pre-eclampsia, TGs—triglycer-

ides. Own authorship, created with Biorender.com (accessed on 18 December 2023). 

High TGs and low HDL-C are characteristic parameters of a cardio-metabolic profile 

known as atherogenic dyslipidemia, which correlates with the metabolic syndrome, insu-

lin resistance and diabetes. Based on this finding, it can be concluded that the TG/HDL-C 

ratio is associated with an increased cardiovascular risk in general populations [73]. 

The ApoE gene has common alleles, which encode isoforms reliably associated with 

high triglyceride and very-low-density lipoprotein (VLDL) levels. This strongly suggests 

that APOE gene polymorphisms are probably responsible for the increased risk of devel-

oping cardiovascular diseases [74]. 

ApoB is the major protein in very-low-density (VLDL), intermediate-density (IDL) 

and low-density lipoproteins (LDL). ApoA-I is the major protein in high-density lipopro-

tein (HDL). Both apolipoproteins play a significant role in lipid transport and the process 

of atherosclerosis and its complications. The apoB/apoA-1 ratio indicates the balance be-

tween atherogenic and anti-atherogenic particles, and an increased value of this parame-

ter is associated with a higher probability of developing CVD [74]. 

Figure 4. Pre-eclampsia as a result of maladaptation of the maternal cardiovascular system. Abbrevi-
ations: ApoA1—apolipoprotein A1, ApoB—apolipoprotein B, ApoE—apolipoprotein E, HDL—high-
density lipoprotein, MRI—magnetic resonance imaging, PE—pre-eclampsia, TGs—triglycerides. Own
authorship, created with Biorender.com (accessed on 18 December 2023).

High TGs and low HDL-C are characteristic parameters of a cardio-metabolic profile
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that APOE gene polymorphisms are probably responsible for the increased risk of develop-
ing cardiovascular diseases [74].

ApoB is the major protein in very-low-density (VLDL), intermediate-density (IDL) and
low-density lipoproteins (LDL). ApoA-I is the major protein in high-density lipoprotein
(HDL). Both apolipoproteins play a significant role in lipid transport and the process of
atherosclerosis and its complications. The apoB/apoA-1 ratio indicates the balance between
atherogenic and anti-atherogenic particles, and an increased value of this parameter is
associated with a higher probability of developing CVD [74].

Imbalances in the levels of metabolites related to oxidative stress and lipid metabolism,
in which apolipoproteins are involved, are associated with the process of arteriosclerosis.
This can lead to endothelial dysfunction, a characteristic feature of PE [75].

4.1.3. Good Condition of the Maternal Cardiovascular System Is a Guarantee of an
Uncomplicated Pregnancy

In their study, Romundstad et al. [76] proved that the cardiovascular risk factors
present before pregnancy, complicated by hypertensive disorders, are more likely to con-
tribute to cardiovascular risk than hypertensive pregnancy itself. This suggests that the
condition of the mother’s cardiovascular system may play a significant role in the develop-
ment of PE or gestational hypertension, and consequently, cardiovascular diseases later
in life.

4.1.4. Smoking and the Risk of Developing Pre-Eclampsia—Unexpected Correlation

While all the above-mentioned risk factors are strongly associated with the risk of
developing cardiovascular disease in non-pregnant adults [76,77], there is one exception.
Epidemiological studies have paradoxically shown that smoking during pregnancy is
associated with a reduced risk of PE. The biological mechanism through which smoking
exerts a protective effect against PE remains unknown [78]. One possible explanation for
this unexpected effect of smoking, a potent risk factor for CVD [79], is that the carbon
monoxide from cigarette smoke inhibits the release of two potent anti-angiogenic factors
associated with PE, namely sFlt- 1 and sEng, from endothelial cells and the placenta.

4.1.5. Common Risk Factors for CVD and PE—A Step toward Understanding the
Pathophysiology of PE

It is difficult to definitively determine whether PE is an independent predictor of
CVD development or whether the primary causes of CVD in patients with PE are adverse
cardiovascular profiles associated with other factors, such as obesity and hypertension.
The strong association between the risk factors for CVD and those associated with PE
prompts us to consider whether there is a common basis in the pathophysiology of both
conditions. Pregnancy appears to serve as a kind of metabolic and vascular stress test
for the maternal cardiovascular system [80]. When the patient’s cardiovascular system
is in a poor condition, “the test is failed”, and this impairment becomes evident in the
development of de novo hypertensive disorders during pregnancy, including PE, or an
increased likelihood of cardiovascular complications after pregnancy. The occurrence of PE
in past pregnancies also raises the risk of recurrence in a subsequent pregnancy, possibly
due to inadequate regeneration of the cardiovascular system after a pregnancy complicated
by PE [80,81].

4.2. Cardiovascular Impairment Associated with Pre-Eclampsia
4.2.1. Physiology of Cardiovascular System during Pregnancy

During the course of pregnancy, the maternal circulatory system undergoes significant
changes. The total blood volume of a pregnant woman increases by approximately 40% by
the end of gestation. This alteration includes a 20–30% increase in erythrocytic mass and a
45–55% increase in plasma volume [82].

As a result, there is an increase in pre-load, leading to a rise in venous return, as
evidenced by the enlargement of left atrial volumes. Simultaneously, the after-load is
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reduced due to a decrease in total vascular resistance and mean arterial pressure. The
cardiac output, defined as the product of stroke volume (SV) and heart rate (HR), increases
throughout pregnancy, reaching its peak at 22–24 weeks of gestation [83].

These physiological hemodynamic changes induce a compensatory response from
the maternal heart, primarily manifested in the remodeling of the left ventricle (LV), such
as eccentric hypertrophy in LV and an increase in LV mass compared to the pre-gestation
values [84].

In uncomplicated pregnancies, the myocardial structure and function return to a
normalized state after delivery, similar to or matching the condition before gestation [85,86].

Thanks to these hemodynamic changes characterized by increased intravascular vol-
ume and cardiac output, an adequate uteroplacental blood flow is ensured, which allows
the optimal flow of oxygen and nutrients to the placenta, and therefore, to the growing fetus.

4.2.2. Congenital Heart Disease as a Basis for PE

The proper functioning of the maternal cardiovascular system and the uncomplicated
course of pregnancy are interdependent. This correlation is indirectly substantiated by
several studies demonstrating that women with congenital heart disease (CHD) are more
likely to develop PE or FGR than those without comorbidities.

A large retrospective study comparing pregnancy outcomes between women with
and without CHD has been carried out. The study included 3,642,041 patients admitted to
hospitals in California for delivery, comprising 3,638,590 women without CHD diagnosis,
3189 women with non-complex CHD and 262 women with complex CHD. Complex CDH
included endocardial cushion defects, hypoplastic left heart syndrome, tetralogy of Fallot,
transposition of the great arteries, truncus arteriosus and univentricular heart defects, while
other types of congenital heart defects were classified as non-complex CHD. One of the
main findings of the study indicated a strong association between non-complex CHD and
an increased risk of developing PE [87].

This finding is consistent with the results of a study of 714 women with CHD per-
formed by Drenthen et al. [88], which demonstrated that the most significant obstetric
complications during pregnancy reported in 12% of participants were hypertension-related
disorders (HRD), including PE, diagnosed in 4% of pregnancies. HRD conditions were
diagnosed predominantly in patients with uncorrected CHD.

Furthermore, another study revealed a higher prevalence of PE in women with un-
corrected atrial septal defects (ASD) compared to the general population, although this
correlation was not observed in women who underwent ASD correction surgery before
pregnancy [89].

These findings collectively suggest that the pre-pregnancy condition of the maternal
cardiovascular system plays a critical role in the development of PE.

This hypothesis is supported by several studies, which have shown that some abnor-
mal features in cardiac parameters occur before clinical symptoms of PE.

4.2.3. Features in Echocardiography Associated with PE

Echocardiographic analysis of the maternal cardiac structure and function during
mid-gestation can reveal differences between women who will subsequently develop PE
and those who have uncomplicated pregnancies.

A study involving 526 high-risk primigravidas with bilateral notching of the uterine
artery Doppler proved that echocardiography performed at mid-gestation might help
identify patients who would subsequently develop maternal and fetal complications. Left
ventricular morphological parameters (high relative wall thickness of the LV and high
LV mass) were significantly different in pregnancies, which later developed complica-
tions. High total vascular resistance (TVR) was identified as an independent predictor of
subsequent development of hypertensive disorders in pregnancy [90].

Another study by Melchiorre et al. [91] also reported increased LV mass in women
diagnosed with PE at term. However, this cardiac parameter seemed to remain unchanged
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when measured at mid-gestation, before the onset of the disease. The signs of LV geometric
remodeling in pregnancies complicated by PE were noticeable both before the appearance
of clinical symptoms of term and pre-term PE, as well as in the clinical phase of PE
at term. The specific geometric pattern strongly associated with PE was characterized
by the presence of a basal septal bulge (SB), which was reported in women with PE at
term exhibiting signs of global diastolic dysfunction. SB was also found in normotensive
women at risk, who subsequently developed pre-term PE, but it was absent in women with
uncomplicated pregnancies.

SB seems to be a specific, localized structural change in the myocardium, which
develops in response to elevated after-load and helps maintain the balance between the
oxygen demand and supply of the heart muscle [92].

This specific pattern of LV remodeling was also described in a prospective study,
which used MRI to assess the cardiac structure in women with PE [93]. MRI assessment
was clinically valuable in risk stratification and was suggested as an alternative method
for analyzing the function of the maternal cardiac system, as it is safe and acceptable for
pregnant women. One advantage of this examination method is that MRI does not require
extensive expertise and special training of medical staff to perform the analysis and obtain
reliable results, unlike echocardiography.

4.2.4. Echocardiography Assessment Can Improve Screening for Pre-Eclampsia

In order to find another good predictor of PE, Garcia Gonzales et al. [94] assessed
cardiac indices in two groups of women at 35 + 0 to 36 + 6 weeks of gestation: those
who developed PE (50) and those with uncomplicated pregnancies (1552). Women later
diagnosed with PE—even without symptoms of PE at the time of assessment—exhibited
significantly increased left ventricle mass index (LVMI) in terms of body surface area
and less favorable LV diastolic indices compared to women with uneventful pregnancies.
The increase in the ratio between early mitral inflow velocity and mitral annular early
diastolic velocity (E/e’)—a parameter directly related to left ventricle filling pressure and
LVMI—had been previously reported in healthy women during the third trimester of gesta-
tion, probably as a manifestation of the mother’s CVS physiological adaptive response [85].

The important finding of this study was the establishment of threshold values for E/e’
and LMVI, which improved the prediction of PE at term.

The addition of cardiovascular assessment to the screening test for PE may help
improve the stratification of women at risk of developing PE. However, further studies
are required to determine the most accurate technique and timing during pregnancy for
performing these examinations.

4.2.5. Early PE and Late PE—Two Types of Disease vs. Two Different Disease Entities

Changes in the structure and function of the maternal heart differ not only between
healthy pregnant women and those with hypertensive disorders but also between specified
subtypes of PE.

Valensise et al. [95] conducted a study to compare the maternal cardiac function at
24 weeks of gestation in normotensive women who were later diagnosed with PE (early
or late) to identify the potential differences specific to each subtype of the disease. Late
PE exhibited the highest LVMI and CO values and the lowest TVR compared to early PE
and the controls. In addition to the differences in cardiac indices, differences in maternal
characteristics were identified. Early PE was associated with a higher percentage of patients
over 35 years of age, a higher incidence of bilateral notching in UA Doppler at mid-gestation,
lower gestational age at the time of delivery and lower neonatal weight compared to late PE
and the controls. Women who developed late PE had higher pre-conception BMI compared
to those with early PE and the controls.

This finding partially contrasts with the results obtained by Melchiorre et al. [96], who
also found a high TVR/low CO profile in women who subsequently developed pre-term
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PE. However, women with later diagnosis of term PE exhibited high values of TVR and
unchanged CO.

This inconsistency can be attributed to the fact that, in the latter study, CO was adjusted
to the body surface area, and the hemodynamic profile was presented using the cardiac
index (CI) parameter.

The results of these studies led to identification of two hemodynamic profiles pre-
ceding the onset of PE. The first profile is characterized by high TVR and low cardiac
output (features often associated with co-occurrence of FGR) and predisposes to the devel-
opment of early PE. The other hemodynamic state is characterized by low TVR and high or
unchanged CO and is highly prognostic of late PE.

4.2.6. Hemodynamic Profile in Pre-Eclampsia Depends on the Co-Occurrence of FGR

Stott et al. [97] also investigated hemodynamic profiles in a group of women at high
risk of developing PE, but in this study, they stratified PE by the presence or absence of
FGR. The main finding, which emerged from this research, was that the cardiac output was
lower in women diagnosed with both PE and FGR compared to those with PE only and the
control group of normotensive healthy women. The occurrence of PE was associated with
high values of peripheral vascular resistance and mean arterial pressure—independent of
the diagnosis of FGR—compared to the controls.

This is partly consistent with a study performed by Tay et al. [98], which showed
that women with PE had a higher cardiac output and lower peripheral vascular resistance
compared to a control group of uncomplicated pregnancies. However, those with both PE
and FGR demonstrated lower CO and higher PVR. These changes occurred regardless of
the gestational age at onset. Moreover, low cardiac output was associated with low birth
weight, and high cardiac output was associated with high birth weight.

Another study indicated that anti-hypertensive therapy in pregnant women at risk
of PE aimed at avoiding the suppression of CO resulted in preserved fetal growth. This
suggests that the proper functioning of the maternal cardiovascular system ensures normal
fetal growth not only at the time of placentation but throughout the pregnancy as well. It
can be concluded that iatrogenic interventions, which impact maternal hemodynamics,
can also influence the condition of the fetus, emphasizing the importance of the intro-
duction of a well-selected treatment at the right time to avoid certain pregnancy-related
complications [99].

4.2.7. The Effects of PE Extend beyond Maternal–Fetal Circulation

It is worth noting that PE not only impacts the part of the circulatory system responsible
for ensuring optimal uteroplacental flow, but it also has an impact on cerebral circulation.

A prospective observational study involving 2287 pregnancies at 35–37 weeks of
gestation—with 60 (2.6%) women who developed PE—showed that maternal ophthalmic
artery Doppler can be useful in predicting the subsequent development of PE and gesta-
tional hypertension [100]. This finding is consistent with previous cross-sectional studies,
which reported characteristic waveform abnormalities in women with PE compared to nor-
motensive pregnant women. However, the most effective prediction of PE can be achieved
by combining maternal demographic characteristics and medical history with biomarkers
such as the uterine artery pulsatility index (UtA-PI), mean arterial pressure (MAP), serum
placental growth factor (PlGF) and serum soluble fms-like tyrosine kinase-1 (sFlt-1) [101].

4.3. PE Is Associated with Long-Term Postpartum Cardiovascular Complications
4.3.1. The Proper Adaptation of a Woman’s Body to Pregnancy Is Important for Avoiding
Pregnancy Complications

Referring to the theory of defective placentation, a belief has prevailed that birth is “a
cure for PE” and that all negative effects of the disease on mother’s health are completely
reversible upon the delivery of a child and placenta. However, numerous studies have
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proved that PE has lasting adverse effects on women’s health not only during pregnancy
but for a long time after delivery.

In a healthy pregnancy, the maternal cardiovascular system has to undergo the neces-
sary adaptations to accommodate the increased volume load by generating a remodeling
response, which principally affect the LV [102]. To understand the significance of these
changes, we can compare the approximately 35% increase in left ventricle mass reported
in pregnant women with ≈ a 25% increase in LMV observed in athletes after one year of
intensive training [103].

Pregnancy can therefore be considered a form of training of the cardiovascular system,
resulting in improved cardiac adaptation in subsequent pregnancies and a reduced risk of
developing PE. This notion is supported by several studies highlighting the advantage of
cardiac adaptation in multiparous women compared to nulliparous women.

4.3.2. Beneficial Effect of Multiparity

An echocardiographic study performed by Turan et al. [104] found that left ventricular
systolic function in the first trimester of physiological pregnancy in primiparous women
differs from that found in multiparous women. Multiparous women exhibited a more
favorable cardiovascular profile, characterized by higher cardiac output, cardiac index,
lower mean arterial pressure and peripheral resistance. Furthermore, the differences in
these cardiovascular parameters between multiparae and nulliparae increased with parity.

This finding is consistent with a prospective study performed by Ling et al. [105],
which investigated the impact of parity on maternal hemodynamics. The study included
three groups of women (parous women without a history of PE and/or small for gestational
age (SGA), nulliparous women and parous women with a history of PE and/or SGA).
Throughout gestation, these women were assessed multiple times. The results showed that
multiparous women had superior cardiac adaptation, reflected in the higher cardiac output
and lower peripheral vascular resistance. In contrast, multiparous women with a history of
PE and/or SGA displayed lower cardiac output and higher peripheral vascular resistance
from mid-gestation.

The findings from these studies suggest that the cardiovascular system in women
during their first pregnancy adapts to the increased workload. This adaptation leads to
more effective mobilization of cardiovascular adaptive mechanisms in subsequent pregnan-
cies, thereby improving the cardiovascular response. This kind of “training” has a positive
impact on the process of placentation and consequently reduces the risk of developing PE.

4.3.3. The Occurrence of PE Predisposes to Its Recurrence in Subsequent Pregnancies

On the other hand, a history of PE in a previous pregnancy is a risk factor for its
recurrence in subsequent pregnancies. This correlation proves that PE exerts a prolonged
impact on the condition of the cardiovascular system, long after the pregnancy affected by
this disease has ended. This is consistent with the observation that the cardiovascular profile
before conception in women with recurrent PE differs from that of women who did not
experience PE in their subsequent pregnancies [82]. This suggests that the cardiovascular
system in certain women who had PE did not fully recover from the damage caused by
the disease in their previous pregnancy. These findings prompted the scientists to further
investigate the function of CVS in postpartum women who experienced hypertensive
disorders, particularly PE.

4.3.4. Persistence of Changes in the Structure and Function of the Heart Muscle

It has been proved that the alterations in the function and structure of the left ventricle,
which occur during pregnancies affected by PE, do not regress completely after delivery in
a significant number of cases. A prospective longitudinal study by Melchiorre et al. [106]
aimed to assess whether the abnormalities observed in women with PE persist after giving
birth. Echocardiography was performed within 24 h of the diagnosis of PE, as well as
1 and 2 years after delivery in women diagnosed with PE and in healthy normotensive
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controls. The study found that nearly half of the women diagnosed with pre-term PE
showed persistent global LV dysfunction during follow-up assessments. Although the
altered LV geometry seen during the acute phase of PE mostly returned to its pre-pregnancy
state in both pre-term and term PE cases, some pre-term subjects still exhibited abnormal
LV geometry in the postpartum period. Additionally, the ratio of LV mass to cardiac
work ratio and LV wall stress were significantly higher in pre-term PE compared to term
PE and the controls. The presence of structural and functional changes in the maternal
cardiovascular system detectable after delivery was more pronounced in women with pre-
term PE compared to those with term PE and the control group. Furthermore, women with
pre-term PE were at a higher risk of developing essential hypertension within 1–2 years
following delivery compared to the term PE group and the control group. Other studies
supported these findings by identifying geometric alterations and functional impairments
of the LV, although these evaluations were performed solely in postpartum women with
PE [107].

4.3.5. The Impact of PE on Women’s Health Later in Life

A history of PE continues to affect women’s health in the postpartum period and later
in life. The persistence of subclinical features of cardiac dysfunction is strongly associated
with cardiovascular morbidity and mortality. Women with a history of PE/eclampsia
have an increased risk of developing diabetes, dyslipidemia, hypertension, congestive
heart failure and cerebrovascular disease in the future [108]. This correlation between the
occurrence of CVD later in life and a history of PE is particularly pronounced in cases of
severe PE, early onset of hypertensive disorders, the co-occurrence of FGR, recurrence of
hypertensive complications in subsequent pregnancy and the need for pre-term delivery
due to disease progression [109].

The role of PE in the development of cardiovascular complications is so significant
that the guidelines for preventing CVD established by the American Heart Association
have included a history of PE in the algorithm for evaluating the 10-year Framingham
cardiovascular risk score [66].

In order to mitigate the potentially serious health consequences for women who
have experienced PE, targeted screening examinations—possibly based on cardiac
assessment—should be implemented. Obstetricians must extend efforts to raise awareness
among women about their elevated risk of cardiovascular events compared to the general
population. In the management of high-risk patients, physicians should focus on lifestyle
modification (weight control, a healthy diet, regular exercise) and consider the early ini-
tiation of anti-hypertensive treatment, preferably adjusted to the specific cardiovascular
profile of the patient.

5. Conclusions

Although the two-stage model of PE is the most popular theory of the disease, the
cardiac origin of PE must also be taken into consideration as a potential pathomechanism.
A common element in both theories is impaired placental perfusion. It is possible that
primary impaired placentation—as well as a reduced perfusion due to cardiac and cardio-
vascular system maladaptation and malfunction—may predispose to angiogenic imbalance,
a phenomenon characteristic of PE.

Awareness of the extreme heterogeneity of PE in the context of complicated and
distinct pathomechanisms of the disease should encourage clinicians to focus on different
phenotypes of women as candidates for the development of PE. At the same time, this
review emphasizes the need for interdisciplinary management of PE, as well as possible
variations in treatment options based on an individual approach to each patient.
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