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Abstract  

Background: Maternal heart disease (MHD) or heart disease during pregnancy, which can be 

congenital (CHD) or acquired (AHD), affects 4% of all pregnancies and is associated with 

increased maternal and fetal complications. Some have proposed cardiac dysfunction to be 

responsible for these complications. However, not all MHD pregnancies with maternal or fetal 

complications have significant cardiac dysfunction suggesting that other factors could be 

contributory. Vascular health has been seen to be affected in non-pregnant populations with CHD 

and complicated pregnancies without MHD. Therefore, we chose to examine ventricular-arterial 

coupling (VAC), a measure of cardiovascular function which incorporates both vascular load and 

left ventricular (LV) efficiency/function in MHD and control participants. An increase in VAC 

will either suggest increased arterial load, decreased LV efficiency or a combination. Therefore, 

as we chose to focus on cardiac health, we hypothesized that VAC would be increased in MHD, 

at least partly due to reduced LV efficiency or function. We also hypothesized that increased VAC 

would be associated with poor uteroplacental and fetal health in the midtrimester of pregnancy.   

 

Methods: Participants with and without MHD were recruited between 18-24 weeks of gestation 

(midtrimester) to undergo transthoracic and fetal echocardiography. Groups were matched by 

maternal age, pre-pregnancy body mass index and body surface area. Metrics of cardiovascular 

function including VAC, cardiac output (CO), LV ejection fraction (LVEF), global longitudinal 

strain and E/E’ were obtained by thoracic echocardiography. VAC was calculated as arterial 

elastance (Ea)/end-systolic elastance (Ees) using LV volumes and LVEF, blood pressure and the 

preejection/total systolic period. Fetal biometry and Doppler-based uterine (UtA) and umbilical 

(UA) artery pulsatility indices (PI) were assessed by fetal echocardiography with comparisons 
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made in centiles. Depending on the normality of the distribution of a given outcome, independent 

samples t-test or a Mann-Whitney U statistical test were used to compare outcomes between MHD 

and control participants. One-way ANOVA or a Kruskal-Wallis test for nonparametric data were 

used to compare outcomes between severity of MHD (mild or moderate-severe) and controls.   

 

Results: We recruited 33 MHD (29 CHD , 4 AHD, mean 20.0±1.2 weeks gestation) and 32 control 

(21.5±1.6 weeks) pregnancies. Maternal heart rate and blood pressures did not differ among 

groups. VAC was higher in MHD compared to controls (0.78±0.15 vs 0.69±0.01, P=0.0063), with 

highest values in those with moderate-severe MHD (0.80±0.18 vs controls, P=0.009), suggesting 

reduced cardiac function or increased arterial load in MHD. Reduced cardiac function was 

supported by a lower Ees in MHD, reflecting reduced LV efficiency/function. Although CO, 

global longitudinal strain and strain rate did not differ, other measures of cardiac function were 

affected in MHD including LVEF and E/E’. LVEF was significantly reduced in MHD vs controls 

(61±9% vs 67±6%, P=0.0033) and E/E’ higher (median [IQR]: 7.1 [3.7] vs 5.8 [1.9], P=0.015), 

especially in those with moderate-severe MHD. Finally, UtA-PI, UA PI and fetal biometry were 

similar among groups , however, 10% of MHD vs 0% of controls had a UtA-PI >95th centile.  

 

Conclusion: Increased VAC in MHD could suggest the presence of reduced LV function, 

increased arterial load or both in affected pregnancies. Reduced  absolute Ees, and LVEF and 

increased E/E’ indicate reduced cardiac function in MHD, possibly contributing to increased VAC. 

Uteroplacental and fetal health are preserved at this point in pregnancy despite increased VAC in 

MHD.   
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CHAPTER 1: INTRODUCTION 

Introduction 

Maternal heart disease (MHD), which includes congenital (CHD) and acquired (AHD) 

subtypes, affects 4% of all pregnancies and is the leading cause of maternal mortality 7, 8. MHD is 

on the rise, at least in part due to improvements in the medical and surgical care of infants, children 

and adolescents with CHD leading to increased survival 9. Surveillance data from Quebec, for 

instance,  demonstrated that the mortality of youth (<20 years of age) with CHD  decreased from 

49% to 9% between 1987-1988 to 2004-2005, respectively 10. As a result of this trend, the number 

of adults with complex CHD now outnumber the affected children 11 resulting in an increasing 

number of people with CHD surviving to and through reproductive age.  In addition, more women 

are also becoming pregnant later in life (>35 years of age) 12, which is increasing the risk for the 

development of AHD prior to and during pregnancy, and further contributing to a rise in the 

incidence of MHD 8.  

From a multicenter study in Canadian hospitals, it was estimated that among MHD 

pregnancies 74% have CHD and 22% AHD 13. Although most individuals suffering from known 

CHD or AHD are able to become pregnant, these pregnancies carry higher rates of complications 

compared to healthy pregnancies including cardiac (2-13%), obstetrical (2-19%), and 

fetal/neonatal (2-25%) complications depending on how they affect the mother and/or offspring 

13-17. Although AHD is less common than CHD in pregnancy, it carries a higher risk of 

complications than CHD 7, 18. In fact, the complications observed in MHD vary with the 

pathophysiology and severity of the CHD or AHD 14. The latter of which is established depending 

on the degree to which cardiac structure and hemodynamics are altered 19-22, where more 

significant alterations of normal heart physiology will potentially promote a higher occurrence of 
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complications. With the current trends, as more individuals present with MHD in pregnancy and 

encounter complications, it becomes increasingly important to understand underlying mechanisms 

contributing to poor maternal, fetal, and neonatal outcomes in this population to predict risk of 

complications and to develop potential treatment strategies.    

 The mechanisms underpinning adverse pregnancy outcomes in MHD are poorly 

understood. However, given the nature and sequalae of the underlying disease, cardiovascular 

health is likely a major factor 23. Both the heart and vascular system play essential roles in 

maintaining a successful pregnancy and in supporting the necessary adaptations to ensure an 

adequate supply of nutrients and oxygen to the developing fetus 6, 24. Myocardial dysfunction can 

be present in repaired CHD, and there is also evidence for altered vascular health in affected adults 

and children, but whether they contribute to complications associated with MHD has not been well 

studied. Vascular dysfunction, however, has been linked to complications in pregnancies without 

MHD 25-29. An assessment of the interaction of the heart and vascular system could provide insight 

into the pathophysiology of MHD pregnancies and its possible contribution to cardiac, obstetrical 

and fetal/neonatal risks observed in these populations.  

Ventricular-arterial coupling (VAC), a measure of cardiovascular performance that 

incorporates arterial load (Ea) and left ventricular (LV) efficiency or function (Ees), may be altered 

in the setting of altered myocardial or vascular health or a combination thereof 30-32. To date, there 

is a paucity of data on VAC in pregnancy in general and only one study has evaluated VAC in a 

milder spectrum of MHD 33. Therefore, it is unknown how altered VAC due to either reduced LV 

function, increased arterial load or both might be related to complications or the risk of 

complications in MHD. Current risk assessment for complications in MHD is limited. It is 

primarily done with the general cardiac symptom-based New York Heart Association (NYHA) 



 3 

Functional Classification for risk of heart failure, as well as two pregnancy-specific risk 

classifications, the modified World Health Organization (mWHO) and Cardiac Disease in 

Pregnancy (CARPREG) 1 and 2 classification systems 13, 19-21, 34, 35.  mWHO was generated based 

on known maternal risks for morbidity and mortality, whereas, the CARPREG classification 

systems are focused on maternal risk for cardiac complications. However, none of these 

incorporate the interaction between myocardial and vascular function (VAC) and the individual 

contributions of both components to risk of poor outcomes, and neither include fetal/neonatal 

mortality and morbidity risks. Further investigation into the underlying cardiovascular 

mechanisms in MHD that could be mediating the adverse outcomes, including the contribution of 

altered VAC, would perhaps allow for better risk stratification. This could also enable specific 

targeting of cardiac or vascular parameters for treatment to prevent or mitigate adverse outcomes 

in these pregnancies.  

The following review will begin with an exploration of the various cardiovascular 

adaptations that must take place during a normal pregnancy. Elaboration of the different maternal, 

neonatal, and fetal complications associated with MHD will be provided, including a summary of 

cardiac mechanisms believed to be mediating these complications based on the existing literature. 

The current clinical approach to pregnancy risk stratification in MHD will be presented in greater 

detail. Finally, the potential contribution of altered vascular health with consequent changes in 

ventricular-arterial coupling in MHD will be explored, all of which have prompted the current 

research. 
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Cardiovascular Adaptations in Normal Pregnancy 

Over 40 weeks, the time for full-term gestation, significant maternal cardiovascular 

adaptations must occur to ensure adequate supply of nutrients and oxygen to the fetus 36 (Figure 

1-1). To support the growing fetus, the maternal heart must increase the amount of blood it pumps 

every minute, also referred to as the cardiac output (CO) 1, 37. The rise in CO begins as early as 5 

weeks of gestation, continues to increase throughout the first and second trimesters, reaches a 

plateau in the second trimester and remains elevated compared to baseline pre-pregnancy measures 

through the end of pregnancy 4, 6, 38. It is generally accepted that by the end of a healthy term 

pregnancy, the maternal CO increases by 30-45% over preconception levels 39-41, and has been 

observed to return to preconception values usually by 16 weeks postpartum 3.  

CO is the product of stroke volume and heart rate and will therefore increase as a result of 

changes of one or both of these two parameters 42 . Stroke volume, which has been shown to be 

proportional to alterations in body surface area (BSA), starts increasing by the 5th week of 

pregnancy in a linear-like manner reaching a maximal volume during the second trimester (~30% 

increase over preconception values) 40, 41, 43. In the third trimester, stroke volume begins a gradual 

decline towards pre-pregnancy values perhaps due to a concomitant increase in blood pressure in 

the same period of gestation 2, 3, 6. Whether the normal maternal myocardium has also reached its 

diastolic capacity to sufficiently preload, as well, is not known. Maintenance of a high CO in the 

third trimester is mediated by an increase in heart rate 6. The increase in heart rate begins during 

the first trimester and reaches a peak in the third trimester which is at 20-25% over preconception 

values 2, 40, 41, 43.  

The left ventricle (LV) in the normal heart supports the systemic circulation, and in 

pregnancy, this includes providing blood to the uterus.  In the in series human circulation, the right 
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ventricle must also provide a comparable output to the lungs, both to oxygenate the blood and 

sufficiently preload the LV to do its work ejecting to the body. Given the importance of the LV in 

supporting the systemic and uterine circulation, and its interface with the systemic vascular system, 

the remainder of this section will focus on the contribution of maternal LV health in pregnancy.  

In order for the CO and LV stroke volume to increase during pregnancy, multiple aspects 

of the cardiac physiology must adapt and some must remain intact including LV contractility 42. 

Contractility is an intrinsic characteristic of the ventricle that is not affected by the force the 

ventricle must work against to eject blood (i.e. afterload), and minimally affected by the force that 

stretches and loads the myocardium prior to the systolic contraction (i.e. preload) 44-46. LV 

contractility is clinically evaluated by assessing myocardial strain through speckle tracking 

echocardiography, a method believed to be more reliable at reflecting contractility due to its lower 

load-dependency (i.e. affected by preload and afterload) 47, 48. Myocardial strain, commonly known 

as global longitudinal strain, is quantified as the percentage deformation of the muscle fibers 

compared to the fibers’ original length, typically expressed as a negative value 49. Both Cong et al 

50 and Sengupta et al51 demonstrated a decrease in maternal LV global longitudinal strain 

throughout pregnancy with the greatest decrease in the third trimester compared to baseline values 

from non-pregnant subjects (~13% decrease in both cases). The values returned to baseline in the 

postpartum period. This suggests that in normal pregnancy, LV contractility may be reduced in the 

third trimester. Some argue that these changes might be due to a slight hypertrophy of the LV due 

to increased circulating blood volume, which is normally reversed in the postpartum period 50, 52 , 

as it has been shown that myocardial deformation changes with altered LV geometry (i.e. 

hypertrophy and increased sphericity in pregnancy) 51, 53 .  
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Figure 1-1: Summary of Various Cardiovascular Adaptations in Normal 
Pregnancy 

Values and trends obtained from Hall et al 1, Hunter et al 2, Mahendru et 
al 3, Melchiorre et al 4, Moutquin et al 5 and Sanghavi et al 6. 

Mean Arterial Pressure 
(mm Hg)

First trimester 
(1-13 weeks) 

Second trimester 
(14-27 weeks)

Third trimester 
(28-40 weeks)

Total Vascular Resistance 
(dynes.s-1.cm-5)

Stroke Volume  
(mL)

Heart Rate  
(beats/min)

4

7

Cardiac Output 
(L/min)

74

94

60

90

1300

750

70

90
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Other aspects of cardiac function such as the LV ejection fraction (LVEF) remain intact to 

maintain an optimal CO 42, 54. LVEF, the proportion of blood ejected by the LV following its filling, 

is highly load-dependent, reduced with increased afterload and normally increased with higher 

preload, and will increase with greater contractility 45. LVEF appears to be preserved throughout 

pregnancy, at least partly through a decrease in afterload 4 and increased preload 51, despite the 

finding suggestive of reduced myocardial contractility 40, 55, 56.  

In normal pregnancy, preload, the stretch of the myocardium in end diastole 45, has been 

shown to increase linearly as a consequence of increasing filling volumes 57. Afterload decreases 

in pregnancy and this is achieved in part by decreasing vascular resistance (~20-45% from 

preconception) 3, 4, 6, 43, 58 and mean arterial pressure, at least until the early 3rd trimester, as well as 

an increase in arterial compliance 1, 4, 36. Vascular resistance will decrease from preconception 

values and appears to be lowest in the second trimester. It will thereafter plateau or have a subtle 

increase throughout the third trimester 3, 4, 6, 58. Given that vascular resistance is the force that 

vessels exert on blood 59, its decrease would result in decreased afterload on the heart potentially 

allowing for an increase in SV and subsequently CO 46.  Concomitant with changes in systemic 

vascular resistance, mean arterial pressure has been shown to decrease beginning with the first 

trimester, reaching a nadir between 16-20 weeks. Thereafter mean arterial pressure increases 

throughout the second and third trimester reaching values at the end of pregnancy similar to those 

at preconception 1, 3-5. Arterial compliance is thought to increase throughout pregnancy at least 

partly due to relaxin, a peptide hormone primarily produced in the endometrium 1, 60-62. It appears 

that relaxin promotes vascular remodeling resulting in more compliant vessels 63. Arterial 

compliance will start with an increase from baseline values to the first trimester. It will plateau 

from the first to second trimester, but will have a drastic increase through the second to third 
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trimesters contributing to decreased afterload 58. Compliance refers to the ability of the vessels to 

expand and increase volume for a given pressure 64. Given its increase during pregnancy, this 

allows for the accommodation of increased volumes in the vessels resulting from an increased CO 

58, 65.  

As seen throughout this section, the synchronized adaptation of various cardiovascular 

parameters ensures delivery of nutrients and oxygen to the fetus ultimately through an augmented 

CO. Whether the demands of pregnancy, which require important cardiac and vascular adaptations, 

can be accommodated in the context of MHD is currently not fully known, however, the increased 

risks of obstetrical and fetal/neonatal complications suggest a role for inadequate cardiovascular 

adaptations.  

 

Heart Disease and Pregnancy  

The adaptations observed in a healthy uncomplicated pregnancy represent a significant 

stress to the cardiovascular system that may further challenge those with MHD. This is particularly 

true if there are cardiac structural alterations or dysfunction at baseline 66. This might contribute 

to various cardiac complications including arrhythmias and heart failure, and obstetrical 

complications such as hypertensive disorders, preeclampsia, peripartum cardiomyopathy, and 

postpartum hemorrhage (perhaps due to use of anticoagulant medication and mode of delivery) 7, 

13, 16, 20, 66, 67. Thus, knowledge of the underlying pathophysiology that culminates in these adverse 

outcomes is critical to improving the health of these pregnancies.  
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Types of MHD 

 MHD in pregnancy can either be congenital or acquired with CHD representing nearly 

three-quarters of cases.13  CHD includes a broad spectrum of congenital malformations of the 

heart, ranging from those that are life-threatening and require surgical intervention early in life, to 

milder disease that can self-resolve or, even following repair, has no impact life-long 20. Some of 

the most severe and complex forms of CHD which have been linked to increased risk of maternal 

morbidity and mortality include a functional single ventricle most status-post a Fontan procedure, 

transposition of the great arteries, particularly those post atrial switch procedures, severe left heart 

obstruction including mitral and/or aortic stenosis and coarctation of the aorta 19-21, 68. With respect 

to AHD, previous peripartum cardiomyopathy with impaired LV function has been associated with 

high maternal mortality and severe morbidity risk 19-21, 68. Rheumatic heart disease resulting in 

mitral stenosis, has also been associated with increased morbidity as a result of the occurrence of 

heart failure and arrhythmias 66, 69.  

 

Congenital Heart Disease:  Milder categories of CHD that normally have a low maternal risk for 

mortality and morbidity, especially if repaired, include left to right shunts and mild pulmonary 

stenosis19-21, 68. More severe forms can include left and right heart obstruction depending on the 

degree of obstruction and cyanotic MHD (i.e. transposition of the great arteries, tetralogy of Fallot, 

functional single ventricle) 20, 23.  Left to right shunts, as the name depicts, are lesions in which 

oxygenated blood flows from the left to the right side of the heart. These include atrial and 

ventricular septal defects and patent ductus arteriosus 70. Most individuals with these lesions 

support pregnancy without complications 71. However, they become problematic when the LV 
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(ventricular septal defect or ductus arteriosus) or right ventricle (atrial septal defect) must eject a 

larger output to the lungs whilst maintaining adequate flow to the body. When large, shunts also 

contribute to increased pulmonary pressures, all of which can be a challenge in pregnancy if 

unrepaired 66. If pressures were to increase significantly, thus increasing the afterload for the right 

heart and there is heart function, given the need for pulmonary venous return to the left heart, the 

CO would eventually be reduced 72. One could argue that this could potentially lead to organ 

underperfusion, including the uterus, resulting in reduced uteroplacental flow, and affecting fetal 

health 73.  

Obstructive lesions represent a large spectrum of CHD and can be accompanied by a high 

risk of maternal mortality if severe 19-21. Left heart obstructive lesions include pathologies such as 

aortic valve, subvalve or supravalve stenosis, coarctation of the aorta, bicuspid aortic valve and 

mitral valve stenosis 74. In the case of severe obstruction, the LV might be limited in its capacity 

to increase its CO. Furthermore, increased systolic and diastolic filling pressures particularly, most 

observed in LV outflow tract obstruction, could impact the ability of the LV to augment its preload 

and promote the evolution of clinical heart failure due to high LV filling pressures 66.  In mild 

aortic stenosis, maternal mortality is low 75, however, obstetrical complications have been 

observed in individuals with more severe forms of aortic stenosis 76.  Right heart obstruction, 

including pulmonary valvar, subvalvar or supravalvar stenosis, atresia, or obstruction or tricuspid 

valve stenosis may also indirectly impact LV filling and CO, particularly when severe 66, 77, 78. 

Finally, cyanotic HD consist of lesions in which deoxygenated blood (systemic venous 

blood) mixes with the oxygenated blood of the left heart (pulmonary venous blood) typically 

within the heart leading to reduced systemic O2 saturations 77. Some of these lesions have been 

associated with poor fetal/neonatal outcomes 14 and increased risk for maternal morbidity and 
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mortality 19-21. This includes pathologies such as tetralogy of Fallot, truncus arteriosus, 

transposition of the great arteries, and Ebstein’s anomaly of the tricuspid valve. Most affected 

patients will have corrective procedures in early to mid-infancy and others in young childhood 79. 

Some, however, may have residual pathology in adulthood that could impact their pregnancy. For 

example, while individuals with corrected tetralogy of Fallot are usually able to progress in their 

pregnancy, pulmonary regurgitation, which is common long-term, could result in an additional 

burden to their right heart. Some also have fibrosis of the LV which could directly interfere with 

LV filling 1, 66. Additional right ventricular outflow or branch pulmonary obstruction could 

contribute additional burden, impacting the right heart and indirectly left heart output, and thereby 

contribute to complications 80, 81. Less commonly, cyanotic CHD patients have a functional single 

ventricle which is associated in infancy and early childhood with persistent right to left shunting 

and chronic hypoxemia (low O2 saturations circulating in the blood). The hypoxemia ultimately is 

corrected with the Fontan procedure 82. This procedure consists of rerouting the systemic venous 

return through an external conduit or an intracardiac (right atrial) baffle to the lungs, separating 

the systemic and pulmonary circulation 83. Although some patients who are status post-Fontan 

procedure can complete their pregnancy, they might be limited in their ability to augment the CO 

due to absence of a pumping chamber ejecting blood into the pulmonary circulation, and are even 

susceptible to miscarriage in their first trimester of pregnancy 84.  

 

Acquired Heart Disease: According to the Canadian Cardiac Disease in Pregnancy study, less than 

a third of MHD represents AHD. Two of the most commonly encountered forms of AHD in 

pregnancy include rheumatic heart disease and cardiomyopathy 13. Rheumatic heart disease occurs 

as a complication of rheumatic fever, an inflammatory condition that evolves in response to a beta-
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hemolytic streptococcal infection of the heart 85. It is normally localized to the valves, mitral 

stenosis being the most common manifestation 86. With pregnancy-related demands, mitral 

stenosis may prevent the necessary increase in LV preload and CO and higher heart rates limit the 

time of the heart to fill, also problematic for patients with mitral stenosis. This pathophysiology is 

also associated with increasing left atrial pressures leading to symptoms of heart failure and even 

atrial arrhythmias such as fibrillation 87, 88. The condition might worsen throughout pregnancy even 

when the individual was healthy and asymptomatic in the preconception period 66, 89. 

Cardiomyopathy is another type of “acquired” heart disease which affects the myocardium and 

can be congenital or acquired 90. Primary cardiomyopathies may have different or even mixed 

phenotypes including hypertrophic, dilated, noncompaction or restrictive, and most often have a 

genetic underpinning 91. One cardiomyopathy unique to pregnancy is that of peripartum 

cardiomyopathy which may manifest only in the last month of pregnancy or the first few months 

postpartum. The latter can be genetic and represent underlying myocardial disease only manifested 

through the demands of pregnancy and acute changes in afterload in the postpartum period, or 

might relate to pregnancy hypertensive disorders 92, 93. Cardiomyopathies can also be secondary to 

adverse exposures, most commonly infection, that leads to myocarditis and, in some, permanent 

damage to the myocardium, and exposure to chemotherapeutic agents, particularly anthracyclines, 

that cause damage to the myocardium 94, 95.  In pregnancy, some of the complications related to 

cardiomyopathies might only become evident in the third trimester 90, and although CHD is more 

common than AHD in pregnancy 13, the latter appears to be associated with highest risk for 

mortality among mothers 7, 96.  

 

 



 13 

Risk Classification Systems:  

Various risk classification systems have been developed to anticipate risks for different 

types of MHD. These include classification based on cardiac symptoms (NYHA Classification) 35, 

maternal cardiac outcomes (CARPREG 1 and 2 classification systems) 13, 34 and risk of maternal 

mortality and morbidity (mWHO) 19-21 (Table 1-1). Maternal morbidity in the mWHO 

classification system includes the occurrence of heart failure, embolisms, preeclampsia, ventricular 

fibrillation, sepsis, or any complications that could be related to the MHD 97. Another classification 

system, the Bethesda classification system 22, 68, has sometimes been used to assess the severity of 

CHD, but is not specific to pregnancy and does not include AHD. Although not perfect at 

predicting risk perhaps due to the lack of incorporation of other contributing factors such as 

cardiovascular coupling (i.e. VAC), these classification systems incorporate clinical risk factors 

including ventricular dysfunction, lesion-specific structural alterations, and state of the MHD 

lesion (repaired vs unrepaired) which provide some information about expected maternal health 

throughout pregnancy. However, none of these risk stratification systems include adverse 

fetal/neonatal outcomes which have been seen to occur in MHD 20 and more often in certain types 

of MHD 14. The following section will therefore evaluate fetal/neonatal complications that have 

been reported in MHD in addition to cardiac and obstetrical complications to gain further 

understanding of the risks this population might encounter throughout pregnancy. 
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Cardiac, Obstetrical, Fetal and Neonatal Complications in MHD 

Cardiac Complications: 

Cardiac complications in pregnancy are common in both CHD and AHD, especially 

arrhythmias and clinical heart failure 7, 90. Hayward et al 98 saw an increased incidence of 

congestive heart failure in pregnancies with CHD at the time of delivery compared to those without 

CHD. They identified an odds ratio of 9.7 [95% CI: 4.7-20.0], P < 0.001 for non-complex CHD 

and an odds ratio of 56.6 [95% CI: 17.6-182.5], P < 0.001 for complex CHD (i.e. hypoplastic left 

heart syndrome/single ventricle, tetralogy of Fallot, transposition of the great arteries, truncus 

arteriosus). In addition, they saw an association between complex CHD lesions with the presence 

of serious ventricular arrhythmias and maternal mortality. Long-term, adverse cardiovascular 

outcomes have also been reported post-pregnancy in individuals with MHD.  This was observed 

Table 1-1: Various Maternal Heart Disease Risk Stratification Systems 
Risk 

Stratification 
System 

Risk Factors and 
Considerations Assessment Pregnancy 

specific? 

NYHA 35 Symptoms (i.e. shortness of 
breath, palpitations, fatigue) 

Class of heart failure or 
cardiac condition No 

CARPREG I & II 
13, 34 

Previous cardiac history 
including NYHA class, 
cyanosis, type of MHD, 
ventricular function status 

Risk of maternal cardiac 
complications Yes 

mWHO 19-21 

Medical condition: type of 
MHD, state of MHD lesion 
(repaired vs unrepaired), 
ventricular function, aortic 

dilation 

Risk of maternal 
morbidity and mortality Yes 

Bethesda 22, 68 Anatomic complexity or 
structural pathology Severity of CHD No 

NYHA: New York Heart Association; CARPREG: Cardiac Disease in Pregnancy Study; 
mWHO: Modified World Health Organization; HD: heart disease; CHD: congenital heart 

disease. 
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by Siu et al 99 where hypertension was evaluated over a period of 90 days to 26 years after delivery 

in individuals with and without MHD.  Hypertension (post-pregnancy) occurred in 24% of women 

with MHD compared to 14% in control pregnancies without MHD. Also, the incidence of 

hypertension after pregnancy was associated with higher risk of cardiac death and cardiovascular 

complications as depicted by an adjusted hazard ratio of 1.54 [95% CI: 1.05-2.25]. One could 

hypothesize that given those with MHD have a higher incidence of postpartum hypertension, they 

could indirectly be more at risk of adverse cardiovascular events after pregnancy. In addition to 

cardiac complications during and after pregnancy, MHD has been associated with additional 

obstetrical adverse outcomes.  

 

Obstetrical Complications 

Prevalent obstetrical complications among pregnancies complicated by MHD include 

preeclampsia, hemorrhage, and placental abruption 76, 100 all of which can vary with the type of 

MHD.  In a literature review, Drenthen et al 14 saw an occurrence of thromboembolic 

complications in 2-19% and hypertensive disorders including preeclampsia in 2-16% of mothers 

with MHD compared to expected rates for healthy pregnancies that were close to 0% and 8% 

respectively. The highest rate of preeclampsia was among those with transposition of the great 

arteries, and pulmonary atresia with ventricular septal defect. They also observed a higher 

occurrence of pregnancy-induced hypertension among those with coarctation of the aorta, 

transposition of the great arteries and especially those with aortic stenosis 76. Other lesions that 

have been reported to promote hypertension during pregnancy include valvular disease and 

cardiomyopathies. In fact, they appear to be among the types at the highest risk of obstetrical 
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complications. Minhas et al 100 observed an odds ratio of 1.9 [95% CI: 1.8-2.2] for preeclampsia, 

1.4 [95% CI: 1.2-1.6] for intrapartum or postpartum hemorrhage, 1.3 [95% CI: 1.0-1.7] for 

placental abruption and 17 [95% CI: 13-22] for pulmonary edema in a cohort with valvular disease. 

In addition, Owens et al 101 reported an odds ratio of 5.1 [95% CI: 3.0-8.6] for preeclampsia in 

cardiomyopathies. It has also been reported that in severe cardiomyopathies, including peripartum 

cardiomyopathy, the occurrence of maternal mortality can be up to 50% 91. Other types of MHD 

that have been found to have specific complications. Balci et al 102 observed that despite corrective 

surgery in childhood, 19% of pregnancies with tetralogy of Fallot suffered from miscarriages. In 

addition, the presence of cyanosis alone has been shown to promote adverse obstetrical outcomes. 

Siu et al 69 saw an odds ratio of 39 [95% CI: 9-174] for postpartum hemorrhage among those with 

MHD and related cyanosis.  It is important to note that generally CHD pregnancies also have 

higher rates of cesarian sections than those without HD 103.  Some of these are performed for 

medical indications due to altered hemodynamics such as valvular regurgitation or high risk of 

arrhythmia 102. However, for many this is a choice made by the obstetrical personnel often based 

on concerns about pre-existing cardiac conditions (i.e. structural cardiac disease) and how they 

might contribute to maternal complications rather than medical emergencies 104. 

 

Fetal and Neonatal Complications 

Generally, there is a frequency of 15-25% for spontaneous abortion in individuals with 

MHD depending on the type of cardiac disease compared to roughly 10% in the general population 

14, 16, 17, 20, 105. Overall MHD pregnancies have also shown a higher occurrence of premature birth 

(20.8% 16 vs ~11% 14 in pregnancies without HD) which can vary according to MHD lesion (6-

65%) 14. In the literature review by Drenthen et al 14 premature birth was prevalent among those 
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with cyanotic MHD (i.e. Fontan and transposition of the great arteries) but was also found in those 

with milder MHD (i.e. atrial and ventricular septal defects) to a lesser extent (6-12%). Valvular 

disease and cardiomyopathy have also been associated with an increased risk of premature birth 

25. In fact, it has been observed that 25.2% of pregnancies with cardiomyopathy present with 

premature birth compared to 14.2% when all types of MHD were pooled together and 5.5% in 

pregnancies with no HD 101. Although some MHD lesions have a lower incidence of premature 

birth, MHD still predisposes infants to long lasting adverse outcomes as prematurity includes risks 

of pulmonary, brain, gastrointestinal and cardiovascular complications in the offspring 20, 16, 106.  

Fetal growth restriction and consequent small for gestational age newborns are also 

prevalent in MHD (2-67% vs ~10% in pregnancies without HD) 14 which might contribute to a 

perinatal mortality that is 4-fold higher than the general population. 14, 16, 20, 23, 107. Small for 

gestational infants, as depicted by lower birth weights, which are often associated with earlier 

delivery, have been seen more often among those with cyanotic MHD including those with a 

functional single ventricle status post-Fontan, but also among those with pulmonary hypertension, 

repaired tetralogy of Fallot and cardiomyopathy 14, 108. Tetralogy of Fallot alone has previously 

been associated with an incidence of 19% for small for gestational age infants, 18% for preterm 

birth and 6.4% for fetal mortality 102. In pregnancies with cardiomyopathy, small for gestational 

age newborns have been observed in 19.1% of pregnancies compared to 9.9% of all HD and 3.3% 

with no HD 101.  

Other types of fetal and neonatal complications have been observed in a cohort of various 

MHD lesions including atrial/ventricular septal defects and more complex types including left 

heart obstruction, tetralogy of Fallot, Fontan physiology and transposition of the great arteries. 

This has included an incidence of respiratory distress syndrome in 8.3%, intraventricular 
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hemorrhage in 1.4%, intrauterine fetal demise in 2.8% and neonatal death in 1.4% 16. Finally, 

fetuses, and neonates of individuals with MHD are also at risk of recurrence or inheritance of CHD 

ranging from 3-50% depending on the type of CHD 13, 20, 23, 109, and, in those with genetically 

inherited cardiomyopathies, this can also be passed to their offspring 110.  

Although maternal and fetal/neonatal complications are most prevalent among those with 

complex forms of MHD (i.e. single ventricle/Fontan physiology, transposition of the great arteries, 

tetralogy of Fallot, cardiomyopathy and severe outflow obstruction), a predisposition for 

complications, albeit lower, is still present in those with milder disease (i.e. ventricular septal 

defect and mild aortic valve disease) which could increase depending on the state of MHD (i.e. 

repaired vs repaired and hemodynamic profile) 19-21, 68. While there is still more to be understood 

regarding the role different pathophysiologies play in the adverse obstetrical and neonatal 

outcomes, some investigators have begun to explore responsible mechanisms for these 

complications. The next section will provide a deeper review of the current research and a 

description of the mechanisms that, to date, have been associated with poor outcomes in MHD.   

 

Possible Cardiac Mechanisms Mediating Complications in MHD 

Past studies have begun to explore cardiac factors that contribute to adverse maternal and 

fetal/neonatal outcomes in MHD. The presence of systemic hypertension in MHD 111, 112 is one 

such factor with certain MHD more predisposed to its presence and development in pregnancy. In 

aortic stenosis, for instance, there can be fibrosis and calcification of the valve which some argue 

might promote an inflammatory response, leading to vascular changes which could increase 

arterial blood pressure concomitantly with aortic stenosis 113. Coarctation of the aorta can also be 

associated with hypertension, worse in the upper body when there is residual obstruction. Although 
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this can be managed, it could result in lower body hypotension interfering with blood flow delivery 

to the uterus and thus fetus 66. 

Reduced CO has also been suggested to contribute to fetal/neonatal complications 

associated with MHD 25, 26. Wald et al 26 demonstrated a similar CO between pregnant individuals 

with and without MHD. However, when comparisons were performed between MHD pregnancies 

with and without neonatal complications, including those with low birth weight and premature 

birth, the change in CO throughout the progression of pregnancy from baseline (£26 weeks) 

through the third trimester was reduced in MHD with complications and significantly different 

from MHD without complications (D CO per unit time (L/week) : -0.01±0.10  vs 0.04 ±0.09).  

Eggleton et al 25 also observed a lower CO (P=0.01) in late pregnancy (>28 weeks) in MHD 

pregnancies with versus without adverse neonatal outcomes (5.11±1.02 vs 5.77±0.94 L/min). 

Heart rate was similar among groups (84 ±13 vs 83±15 beats/min), however both average S’ (8.67 

±1.88 vs 9.95 ±1.84 cm/s) and stroke volume (61.66±14.56 vs 70.88±13.92 mL) were significantly 

lower (P<0.05) in the adverse neonatal outcome group, suggesting cardiac functional parameters 

could be contributory. Average S’ refers to the averaged septal and lateral mitral valve annular 

velocities during systole.  Although not a perfect measure of systolic function given its load 

dependence (i.e. affected by both preload and afterload), its reduction was suggested to potentially 

indicate irregularities in the motion of the myocardial wall 114. S’ has previously been correlated 

with LVEF 115, 116, which could perhaps be contributing to reduced CO in those with adverse 

neonatal outcomes. Given that stroke volume is highly dependent on loading conditions, 

contractility as well as the diastolic function of the myocardium, one or more of these factors could 

be affected in MHD reducing the stroke volume, and, consequent CO 117. In some forms of MHD 
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such as in aortic stenosis, afterload is increased which can affect stroke volume as the heart has to 

work harder against the valve to eject. This can ultimately lead to LV remodeling including 

hypertrophy and fibrosis 118 affecting LV diastolic function and contractility 119. This reduction in 

contractility can also be observed in other forms of MHD, especially in cardiomyopathies and 

those who have developed LV hypertrophy 120, 121 , as it has been shown that the myocardium in 

these conditions produce less force perhaps due to contractile abnormalities or reduced myofibril 

density 120.  

Although no significant differences were detected in global longitudinal strain between 

groups by Eggleton et al 25, one could hypothesize that reduced contractility could contribute to 

reduced CO in these complicated pregnancies. This was supported by an observed association 

between global longitudinal strain and birth-weight centile (R2=0.11, P=0.04) where a larger 

degree of strain was associated with increased birth-weight centile in MHD. CO was also 

associated with birth-weight centile (R2=0.18, P=0.0002), making an important link between 

maternal heart health and blood delivery to the fetus. Taken together these findings suggest that 

reduced cardiac function as depicted by reduced stroke volume, perhaps as a result of reduced 

contractility, could contribute to reduced CO which plays an important role in negatively 

impacting fetal well-being. However, further investigations are necessary to establish these 

associations. 

 

The Placenta and Uteroplacental Circulation in Heart Disease  

In addition to poor cardiac function, there are other downstream factors, such as an altered 

uteroplacental circulation, that could be contributory especially to fetal and neonatal complications 

in MHD.  For instance, the heart will initiate the flow of blood to the rest of the body which will 
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eventually reach the fetal circulation through the uterus and placenta 122. However, abnormalities 

of the uteroplacental circulation could prevent sufficient delivery of oxygenated blood to the fetus. 

The exact etiology for altered or reduced uteroplacental flow is still unclear, however, some 

suggest that it could be related to maternal cardiac dysfunction 123. Therefore, it is important to 

analyze the uteroplacental circulation in MHD to gain further understanding as to how altered 

cardiac function and perhaps maternal CO may relate or even contribute to altered placental health 

and fetal development. This might also shed light on other mechanisms that could be contributing 

to poor maternal, fetal, and neonatal outcomes in MHD.  

The placenta is a critical organ that evolves for the sole purpose of providing nutrients and 

oxygen to the growing fetus through a low-resistance circulation 124. The placenta consists of a 

maternal (basal) and a fetal (chorionic) side with an intervillous space in between. This space is 

where spiral arteries carrying oxygenated maternal blood will perfuse the intervillous space of the 

placental cotyledons composed of chorionic villi 122. The villi will then carry the oxygen and 

nutrient-rich fetal blood to the umbilical vein to reach the fetal circulation 124-126. Decreased 

uteroplacental flow and placental function contributes to intrauterine growth restriction and 

consequent small for gestational age at birth as well as preterm birth, both fetal/neonatal 

complications associated with MHD 14, 127-129.  

There are clinically applied ultrasound-based methods to identify placental flow and 

functional abnormalities. Flow patterns in the umbilical (UA) and uterine (UtAs) arteries have 

systolic and diastolic periods. A commonly applied Doppler-based measure of flow is the 

pulsatility index (PI) 130 which is the ratio of the difference between the peak systolic velocity and 

end-diastolic velocity by the average maximum velocity. This is a measure of the differences in 

resistance between upstream and downstream vascular beds 131-133. In normal pregnancies, both 
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the UA and UtAs will start with a high PI and will decrease as pregnancy progresses 134, 135. For 

the UA, it has been suggested that the progressive decrease in resistance is due to novel 

angiogenesis within the placenta that occurs with increasing gestational age, with a significantly 

increased rate of angiogenesis starting at the 25th week of pregnancy 136-138.  Given the increased 

branching and the presence of new vessels, resistance to flow decreases 136, 139. For UtAs, flow 

patterns are affected by uterine spiral artery remodeling 140, 141. Before pregnancy, spiral arteries 

(through the radial arteries) are an extension of the UtAs that will sit at the myoendometrial 

junction and will provide oxygenated blood to the uterus 142. Around 12 weeks of gestation, 

trophoblasts, a type of cell originating from the fertilized egg (blastocyst) 124, will invade a layer 

of the endometrium called the decidua 143. This invasion and remodeling, which is completed by 

midgestation 141, 144, will lead to the transformation of spiral arteries from small high-resistance to 

larger low-resistance vessels allowing for increased blood flow 145, 146. This will contribute to a 

progressive decrease in resistance.  

As mentioned earlier, UA and UtA Doppler flow patterns provide information about both 

systolic and diastolic velocities which infer information about upstream and downstream vascular 

resistances 130. For instance, in the setting of placental pathology with high placental resistance, 

reduced, absent or reversed end-diastolic velocities have been observed in the UA 147. Furthermore, 

abnormal flow patterns as depicted by an increased PI of the UA can indicate an abnormal fetal-

placental circulation or higher placental impedance/resistance to blood flow downstream which 

could contribute to intrauterine growth restriction, and small for gestational age fetuses 127, 134, 148, 

149. Through a computer-based model, Surat el al 150 suggested that placental resistance and UA 

radius affect UA PI. However, the elastic properties of the UA wall have a far lesser effect. On the 

other hand, in UtA Doppler waveforms, an early diastolic notch (i.e. the reduced velocity 
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immediately after the systolic flow but before the maximal diastolic flow), after the first trimester 

has been considered an abnormal flow pattern 151, 152. A persistent notching has been suggested to 

reflect unusual maternal vascular tone and abnormal placentation 152, 153. Adamson et al 154 showed 

through a computer-based model that UtA PI increased with increasing uteroplacental resistance 

and reduced UtA radius. However, changes in mean arterial pressure in the UtA did not 

significantly affect the PI, suggesting that UtA PI is primarily affected by innate vascular 

properties such as resistance and diameter. UtA PI is clinically helpful as it can identify maternal 

vascular malperfusion of the placenta and is predictive of preeclampsia 155, 156. It is believed that 

maldevelopment of spiral arteries and poor trophoblast infiltration of the placenta will increase 

resistance to blood flow (increased UtA PI) in the vasculature resulting in hypoperfusion 149, 157-159 

which can then culminate in various fetal and neonatal complications.  

Some have seen an association between cardiac dysfunction, and abnormal uteroplacental 

Doppler flow patterns in patients with MHD 26, 160.  Kampman et al 161 conducted a systematic 

review analyzing the association between maternal cardiac function during pregnancy (11-33 

weeks) in those with and without known MHD. Abnormal uteroplacental flow patterns, suggesting 

higher resistance to flow, were found to be associated with heart dysfunction in both groups. For 

instance, there was a significantly lower CO in pregnancies with abnormal UtA waveforms that 

had complicated outcomes compared to those with normal uteroplacental Doppler waveforms or 

those with abnormal UtA with uncomplicated outcomes. Although the underlying cause of 

abnormal uteroplacental flow patterns due to cardiac dysfunction was not fully confirmed by this 

association, Kampman et al suggested that cardiac dysfunction could affect placentation and 

therefore the uteroplacental circulation as depicted by higher resistance to flow (i.e. higher UtA 

PI).  
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MHD pregnancies have been reported to have a higher occurrence of abnormal 

uteroplacental waveforms 160-162.  Suboptimal maternal cardiac function, such as could occur in 

some types of MHD 66, could cause a reduction in maternal CO which could ultimately lead to 

abnormal uterine blood flow patterns and reduced blood flow to the placenta 26, 123, 163, 164. This, in 

turn, could culminate in placental hypoperfusion leading to placental and consequent fetal 

underdevelopment 161.  This relationship between maternal CO and fetal well-being in MHD was 

further supported by the work of Wald et al 26 . They witnessed a reduction in CO as pregnancy 

progressed in MHD pregnancies with neonatal complications compared to an increase in CO 

observed in MHD pregnancies with no neonatal complications. They found that the MHD group 

with neonatal complications showed higher resistance or bilateral notching in the UA and UtA 

Dopplers more often in the third trimester than MHD pregnancies without neonatal complications. 

Given that higher resistance in the UtAs could reduce blood flow to the uterus, fetal growth could 

be compromised which could contribute to growth restriction and premature birth. CO was not 

different between all MHD and control (no MHD) pregnancies and UtA PI decreased in both 

controls and MHD patients as pregnancy progressed. However, UtA PI remained higher in the 

third trimester in MHD pregnancies compared to controls (0.87±0.23 vs 0.79±0.19, P=0.038) 

suggesting increased resistance to flow in MHD. These findings suggest an association between 

MHD and increased UtA resistance where MHD can still affect the uteroplacental circulation 

despite a grossly preserved CO. Pieper et al 160 also evaluated UA and UtA Doppler flow 

parameters which included the resistance index (RI) (the difference between peak systolic velocity 

and end-diastolic velocity divided by peak systolic velocity) 133 as well as PI at 20 and 32 weeks 

in MHD. Although PI and RI decreased in the UA and UtAs as pregnancy progressed in both 

controls and MHD individuals, the MHD group had a greater UtA PI than healthy controls even 
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as early as 20 weeks (P<0.05), and UA PI and RI were higher in MHD than controls at 32 weeks 

(P<0.05). This could suggest altered placental vascular health can be manifested later in pregnancy 

in MHD, perhaps due to initial abnormalities in placentation. They also found the MHD cohort to 

have a higher incidence of preeclampsia and early rupture of membranes, and offspring 

complications including small for gestational age newborns.  

Others have also suggested that compromised placental development in MHD could 

contribute to impaired or abnormal UA and UtA blood flow 108, 165.  Wu et al 166 analyzed placentas 

from women presenting with a variety of cardiovascular diseases including general CHD, various 

types of cardiomyopathies, connective tissue, and valvular disease.  In general, 75% of placentas 

presented some type of abnormality with 27% of the placentas in this cohort being small. Other 

observations included abnormalities in umbilical cord insertion and implantation of the placenta, 

as well as a prevalence of 11% for inflammatory pathologies. However, a very important finding 

was that a large proportion (41%) of the placentas demonstrated vascular pathology, with 26% 

showing signs of maternal vascular malperfusion, a finding that supports a contribution from 

inadequate maternal cardiovascular support of the placenta. Clearly, there is much to consider 

about the origins of abnormal UA and UtA Doppler flow patterns in the MHD population and how 

they can contribute to poor fetal and neonatal outcomes. Given that the heart and vascular system 

are intimately connected, insufficient flow or increased resistance to flow in the placenta could 

also be due to innate vascular dysfunction in the mother.  

 

Vascular Dysfunction in Heart Disease  

The vascular system plays an important role in the adequate progression of pregnancy as it 

can either facilitate or restrict the delivery of blood to the mother’s organs, including the uterus 
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and, consequently, the fetus. In MHD, however, vascular health, and therefore the ability of vessels 

to deliver blood in an efficient manner, might be compromised 167, 168 as vascular health, arterial 

stiffness and endothelial function, have been reported to be affected in various forms of CHD 169.   

 

Arterial Stiffness in CHD 

Increased arterial stiffness has been documented in a systematic review by Sandhu et al 27 

in individuals with transposition of the great arteries, coarctation of the aorta, tetralogy of Fallot 

and single ventricle. In addition, in a comprehensive systematic review and meta-analysis recently 

conducted by our team 169, various parameters of arterial stiffness were found to be increased from 

an early age (starting at 6.5 years) in individuals with CHD compared to those without. We 

detected an increased augmentation index (large effect size; SMD: 1.06, 95% CI: 0.73, 1.39), an 

indicator of wave reflection in the vessels due to vascular stiffness 170 compared to controls 

(P<0.00001). Pulse-wave velocity, an indicator of pressure wave propagation as a result of vessel 

distensibility and compliance, and lower arterial distensibility 171, which increases with increasing 

vessel stiffness 172, was also higher in CHD than controls (P<0.00001) as depicted by an effect size 

(SMD) of 0.58, 95% CI:0.42, 0.75). The values were particularly higher in individuals with more 

complex CHD such as transposition of the great arteries and tetralogy of Fallot, common forms of 

CHD present in MHD populations. Therefore, various parameters of vascular health are known to 

be adversely affected in individuals with CHD, all despite early repair. Thus, one could 

hypothesize that perhaps the deterioration of vascular health as a consequence of CHD could 

predispose these individuals to complications during pregnancy if they impair the ability of the 

vascular bed to adapt with pregnancy progression.  
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Endothelial Function in CHD  

Our team 169 also examined the evidence for endothelial dysfunction in the CHD 

population. We observed decreased metrics for endothelial-dependent dilation including decreased 

flow-mediated dilation and reactive hyperemia, 173. Flow-mediated dilation was particularly lower 

in those with more complex forms of CHD including tetralogy of Fallot, Fontan and single 

ventricle physiology and coarctation of the aorta compared to healthy controls. Even children with 

CHD displayed endothelial dysfunction. The mechanisms mediating dysfunction at the level of the 

endothelium in CHD are still a topic of debate. However, alterations of arterial structure affecting 

dilatory properties such as increased collagen and reduced smooth muscle mass 174, as well as 

reduced NO bioavailability 175, 176 have been proposed to be contributory. This has been observed 

in pediatric patients post-CoA repair where endothelial dysfunction was observed in conjunction 

with vascular wall alterations 177. In patients with cyanotic CHD, it has been proposed that the 

prolonged exposure to hypoxia could promote increased permeability of the endothelium, as well 

as increased inflammation and reduced anticoagulation properties 178, 179. Therefore, one could 

hypothesize that various MHD pregnancies have underlying endothelial dysfunction which could 

impair the necessary vascular adaptations of pregnancy. 

 

Possible Arterial Stiffness and Endothelial Dysfunction in MHD 

The results above suggest that increased arterial stiffness, endothelial dysfunction or both 

might be present in MHD. Even in pregnancies without MHD there has been an association made 

between vascular dysfunction and some of the adverse obstetrical and fetal/neonatal outcomes 
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found in MHD 28, 29, 180. Therefore, poor vascular health is a potential contributor to poor maternal, 

fetal, and neonatal health outcomes in MHD.  

As mentioned previously, increased arterial stiffness is commonly observed in CHD. 

Increased arterial stiffness results in an increase in blood pressure and subsequent risk of 

hypertension 181, 182. In addition, increased stiffness in conduit vessels and large arteries promotes 

the remodeling of small arteries which can lead to increased vascular resistance 183. Given that 

normal adaptations in healthy pregnancy involves a reduction in vascular resistance and 

subsequent maintenance or decrease in blood pressure in the context of increased blood volume 6, 

arterial stiffness as a result of long-standing CHD could promote hypertensive complications such 

as preeclampsia 184. While not previously explored in MHD pregnancies, evidence for this 

association has been found in pregnancies without MHD. Yinon et al 184 , for instance, found 

metrics of increased arterial stiffness among postpartum women without MHD  (6-24 months after 

delivery) with a history of preeclampsia. In fact, significantly higher values for augmentation index 

(P<0.008) were seen in those with a history of early-onset preeclampsia (27.8±5.3) compared to 

healthy controls (15.1±8.9), perhaps suggesting  that the presence of preeclampsia might due to 

underlying increased arterial stiffness 181, 182. Arterial stiffness could also contribute to 

fetal/neonatal complications including fetal growth restriction 185. For instance, increased vascular 

resistance in the uteroplacental circulation impedes blood flow to the fetus which can ultimately 

result in restricted fetal development 160, 186. Yinon et al 184 found individuals with normotensive 

pregnancies but with intrauterine growth restriction (28.7±5.7) to have a significantly higher 

augmentation index (P<0.008) than healthy control counterparts (15.1±8.9). These findings were 

further corroborated by the work of Tay et al 185 , where augmentation index and pulse-wave 

velocity were higher among pregnancies presenting with preeclampsia and fetal growth restriction, 
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preeclampsia without fetal growth restriction and normotensive pregnancies with fetal growth 

restriction compared to healthy controls with normally grown fetuses. Although the latter team 

found CO to be significantly lower among those with preeclampsia and fetal growth restriction; 

the cause for this reduction was not explored. Nevertheless, these findings suggest that increased 

arterial stiffness in pregnancy likely underpins poor obstetrical, fetal, and neonatal outcomes, and 

may be true of MHD.  

Endothelial dysfunction has also been proposed to contribute to obstetrical complications 

in pregnancy such as preeclampsia 180. The endothelium detects increases in blood flow and 

promotes vasodilation to accommodate 187. This is achieved by the release of nitric oxide, an 

important vasodilator 188. However, this has been shown to be impaired in pregnancies with 

preeclampsia where there is a reduction in nitric oxide release and subsequent potential for 

vasodilation 180, 189, 190. Yinon et al  184  evaluated vascular function with flow-mediated dilation in 

pregnancies with a history of early and late-onset preeclampsia as well as intrauterine growth 

restriction without preeclampsia in the post-partum period. Endothelial dysfunction was defined 

as a value <4.5% for flow-mediated dilation. They found significantly lower values for flow-

mediated dilation (P<0.0001) in pregnancies with early onset preeclampsia (3.25±0.70%) and 

those with intrauterine growth restriction alone (2.14±0.44%) when compared to control 

individuals (9.14±0.90%) and those that had late onset preeclampsia (7.93±1.33%). Endothelial 

dysfunction was particularly important among individuals with concomitant early onset 

preeclampsia and fetal growth restriction with a mean value of 2.4±1.3% for flow-mediated 

dilation. Given that preeclampsia and fetal growth restriction are complications often seen in 

MHD, endothelial dysfunction which may therefore not promote vasodilation and reduced 



 30 

systemic vascular resistance needed in pregnancy191, might be a contributing factor in MHD 

populations.  

In brief, the current review suggests that various obstetrical, fetal, and neonatal 

complications in MHD could be a result of cardiac dysfunction, altered vascular health or both.  

An integrated understanding of both cardiac function and vascular health in MHD would therefore 

provide important insights on mechanism mediating complications in this population. This can be 

achieved with an important evaluator of overall cardiovascular health that includes arterial load, 

which changes with increased arterial stiffness 31, and LV efficiency which is a determinant of 

cardiac function, also known as ventricular-arterial coupling or VAC 30  

 

Ventricular-arterial coupling (VAC) 

The heart and vascular system must work together in pregnancy to ensure proper oxygen 

delivery to the maternal organs and the fetus. The LV is responsible for pumping oxygenated blood 

to the whole body and must work against the vascular system. The vessels can act as an opposing 

force or load depending, in part, on the amount of vascular resistance to flow 192 which can affect 

LV performance or the amount of work it must perform to sustain a proper CO 193 . The manner 

in which the LV and the arterial system work together is called ventricular-arterial coupling (VAC) 

and it is a measure of cardiovascular performance 194. In fact, VAC has been recognized as an 

important player in cardiovascular disease and has been reported to be a good surrogate to assess 

severity in various types of cardiovascular disorders 195. Therefore, understanding its role in 

pregnancy and MHD could allow for the identification of cardiovascular problems and their 

relation to poor pregnancy, fetal and neonatal outcomes.  There is a numerical evaluation that 
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allows for the study of VAC, and it can be obtained through the ratio of arterial elastance (Ea) and 

end-systolic elastance (Ees). Ea simply represents the force opposing the LV, also known as the 

arterial load, and Ees is a representation of LV cardiac efficiency or function. Ea is the ratio 

between the end-systolic pressure and stroke volume. The calculation of Ees includes, but is not 

limited to the ejection fraction, stroke volume and diastolic and systolic blood pressures 30, 196.  

Therefore, a greater value for VAC (Ea/Ees) suggests increased arterial elastance (load), decreased 

end-systolic elastance (efficiency/function) or both 30 (Figure 1-2).  

 

 

 

Given that several adaptations take place during pregnancy including reduced mean arterial 

pressure and vascular resistance 6 and increased preload 57, one could hypothesize that VAC will 

change during pregnancy. Currently, there is limited literature and some have debated on the 
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Ea: arterial elastance (arterial load); Ees: end-systolic elastance (LV 
efficiency/function); LV: left ventricle. 

Figure 1-2: Examples of Altered Ventricular-Arterial Coupling 
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effects of pregnancy on VAC. However, Estensen et al 197 showed that VAC increased in each of 

the three trimesters of pregnancy, most significantly in the last (0.64 ±0.23, P<0.01) relative to the 

first and second trimesters (0.45±0.14, 0.53 ±0.17) respectively. The mechanisms mediating this 

increase in VAC are unclear, but it was postulated that it could relate to decreased LV contractility 

which would decrease Ees. Although, arterial load decreases throughout pregnancy as depicted by 

a decrease in vascular resistance relative to pre-pregnancy, the arterial load might still be greater 

than the ability of the myocardium to contract, at least for a given stroke volume 57, 197 which could 

explain the increase in VAC as pregnancy progresses.  Others have observed no significant change 

in the evolution of VAC in pregnancy 58, 198 leaving room for debate as to whether VAC changes 

with increasing demands (i.e. increase in CO) in each subsequent trimester.  

Knowledge as to the direct impact of MHD on VAC is also quite limited. A single study, 

that of  Muneuchi et al 33, assessed VAC in 31 pregnant individuals with CHD in the first and 

second trimesters and found both Ea and Ees were decreased as pregnancy progressed, allowing 

for a preserved VAC throughout pregnancy. The results suggested that both arterial load and LV 

function or efficiency decreased simultaneously, maintaining the same VAC in MHD. Arterial 

load might have decreased due to decreased blood pressure and vascular resistance as part of 

normal cardiovascular adaptations in pregnancy 6. Perhaps LV efficiency (Ees) decreased due to 

underlying cardiac dysfunction as a result of CHD 199. However, this decrease in LV efficiency 

was not sufficient to increase VAC which might suggest preserved cardiovascular performance. 

Nevertheless, this study did not include control pregnancies, therefore, it is not known how VAC 

differs between MHD and control pregnancies. In addition, the cohort included were considered 

low risk for cardiac events 35. Therefore, a more drastic change in Ees, which could increase VAC 

and affect overall cardiovascular performance, might only be observed in more severe forms of 
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MHD during pregnancy.  In support, significant abnormalities of VAC have been previously 

observed in non-pregnant individuals with heart disease 199, 200. In fact, in the work of Saiki et al 

199 VAC was seen to be increased in a group of individuals with single ventricle/Fontan physiology. 

Ea was similar between the Fontan group and controls (1.35 ± 0.55 mm Hg/mL vs 1.33 ± 0.30 mm 

Hg/mL); however, Ees was significantly lower (P<0.05) in the study group than controls (1.39 ± 

0.67 mm Hg/mL vs 2.37 ± 0.63 mm Hg/mL). This resulted in an increased VAC for Fontan patients 

compared to controls (0.95 vs.0.56, P<0.05). Given that the Fontan physiology can be present in 

MHD, this group of patients likely have altered VAC in pregnancy. However, given that the Fontan 

physiology is one of the most severe forms of CHD and MHD and less commonly encountered, 

less severe types of MHD should be further investigated to gain a deeper understanding of how 

MHD in general can affect cardiovascular coupling in pregnancy.  

 Ky et al 200 evaluated VAC in non-pregnant individuals with chronic systolic heart failure. 

Groups were formed based on the severity of the condition as determined by NYHA classification 

system where I was the least severe and IV was the most severe. Interestingly, Ea increased with 

increasing severity of heart failure and Ees decreased. This resulted in VAC values (mean (25th, 

75th percentiles) of 1.55 (1.20, 2.24), 1.80 (1.36, 2.34), 2.10 (1.59, 2.67) and 2.46 (1.78, 3.41) for 

class NYHA I, II, III and IV respectively. Although heart failure represents more extreme cardiac 

pathology and might not be completely applicable to MHD, it provides some insight regarding 

how both Ea and Ees are altered in the setting of severe cardiac dysfunction. Given that VAC is 

an overall measure of cardiovascular performance 30 and it has been shown to change in various 

forms of cardiovascular disease 195 including CHD 199 and heart failure 200, one could hypothesize 

that VAC may be altered in MHD particularly with clinical cardiac dysfunction which might 

contribute to complications in these pregnancies. However, given the associated increase in arterial 
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stiffness, which could consequently increase load despite early lesion repair in CHD169, even in 

the absence of overt cardiac dysfunction, altered arterial stiffness may also contribute to altered 

VAC in MHD. 

In fact, changes in both Ea and Ees have been observed in a specific complication that has 

been reported in MHD, that is preeclampsia 20. Yuan et al 201  found the ratio between Ea/Ees to 

not differ between pregnancies with  preeclampsia without MHD compared to controls; however, 

both Ea (2.41 ± 0.57 mmHg/ml vs. 1.98 ± 0.46 mmHg/ml, p = 0.0005) and Ees 

(11.68 ± 9.51 m/s2 vs. 6.91 ± 6.13 m/s2, P= 0.002) parameters were higher in the preeclampsia 

cohort suggesting increased arterial load and increased LV function or efficiency. This study 

suggested in the absence of baseline myocardial disease, cardiac function may be able to meet the 

challenge of greater arterial load. However, if there is underlying even subclinical cardiac 

dysfunction in MHD, this may not be true resulting in altered VAC. 

The exact etiology of the changes in VAC in MHD and normal pregnancy remains unclear. 

In addition, whether VAC is altered in MHD has not yet been fully explored.  However, as either 

Ea or Ees disproportionately change, there will be a change in VAC. Given the current evidence 

of impaired vascular health in CHD 27, 169 and reduced cardiac function in some MHD pregnancies 

with complications 25, 26, 160, one could hypothesize that VAC might be altered by either changes 

in Ea, Ees, or both contributing to complications. As mentioned earlier in this review, MHD has 

been shown to be associated with cardiac dysfunction and abnormal UtA and UA Doppler flow 

patterns 161 which could contribute to poor obstetrical, fetal, and neonatal outcomes. Since VAC 

has been shown to be a good measure of disease severity and patient outcome for multiple 

conditions including hypertension and heart failure 195, 202, 203, its in-depth evaluation in MHD 

could provide insights of overall cardiovascular health in these pregnancies. The exploration of its 
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association with cardiac function and UtA and UA Doppler flow patterns could also provide 

insights on mechanisms that contribute to complications in these pregnancies and potentially 

prediction of poor obstetric, fetal, and neonatal outcomes.    

Therefore, in the present investigation, we explored VAC in MHD and with concomitant 

assessment of cardiac function, the latter of which directly relates to the end-systolic elastance 

(Ees). The objectives of this investigation were to: 

1. Compare VAC between pregnancies complicated by MHD and healthy controls in the 

midtrimester (18-24 weeks). 

2. Compare measures of systolic (i.e. cardiac output, ejection fraction, contractility) and 

diastolic (i.e. E/E’) LV function between MHD pregnancies and healthy controls in the 

midtrimester (18-24 weeks) and their association with VAC. 

3. Explore the associations between UA and UtA Doppler flow patterns and VAC in the 

midtrimester (18-24 weeks) of pregnancy. 

 

We hypothesized that: 

1. VAC will be higher in pregnancies complicated by MHD than control pregnancies at 18-

24 weeks and will be associated with reduced CO in MHD.  

2. At 18-24 weeks, MHD will be associated with reduced LV systolic and diastolic function 

which contributes to reduced CO. 

3. Higher UA and UtA PIs will be found at 18-24 weeks in MHD pregnancies compared to 

control pregnancies. Higher UA and UtA PIs will be found in MHD pregnancies that 

present with increased VAC.  
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The study of VAC and further exploration of LV function in MHD within this study will 

provide insights on cardiac mechanisms that might contribute to complications in MHD later in 

pregnancy. The findings of the present study will provide insight into whether VAC is altered in 

MHD, particularly in more severe MHD, as well as the underlying cardiac health in the 

midtrimester of pregnancies complicated by MHD. In addition, the exploration of UA and UtA 

PIs in MHD, concomitant with the evaluation of VAC and LV function could elucidate 

relationships between VAC and LV function in MHD that could ultimately contribute to altered 

fetal growth in the midtrimester and potentially later in pregnancy. Given that the number of MHD 

pregnancies is on the rise, understanding cardiac implications during this gestational period in this 

population could help identify specific aspects of cardiac function that could be targeted for future 

treatment development to help these individuals from an early age or in the preconception period 

through pregnancy. If in our work we find increased VAC but with intact LV function in our MHD 

cohort, this could direct future research into the association of vascular health and its contribution 

to adverse pregnancy outcomes. 
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CHAPTER 2: METHODS 

 This investigation explores ventricular-arterial coupling (VAC) and parameters of cardiac 

function in pregnancies complicated by maternal heart disease (MHD) with further study of the 

uterine-placental-fetal circulation and its relationship with VAC at 18-24 weeks of pregnancy. In 

the current chapter, the methodology will be reviewed including justification for specific 

approaches or techniques chosen for the investigation.  

 

Study Design 

This investigation represented a prospective cross-sectional clinical observational study 

in the midtrimester of pregnancy (18-24 weeks) of individuals with MHD in comparison to 

healthy control pregnancies. 

 

Participants  

Pregnant patients with MHD, including those with congenital (CHD) and acquired (AHD) 

heart disease, were recruited at the Maternal Heart Health Clinic and Fetal Echocardiography 

Laboratory within the Royal Alexandra Hospital, Lois Hole Hospital for Women, and the 

Mazankowski Alberta Heart Institute Adult CHD Outpatient Clinic. The inclusion criteria included 

pregnant women with MHD in the midtrimester of pregnancy (18-24 weeks). The midtrimester 

was selected as the timepoint of interest given that it is a period in which significant cardiovascular 

adaptations take place 6. The range of 18-24 weeks of gestation was chosen in particular given this 

is in the early-mid aspect of the second trimester, and it is a usual time in which pregnant 
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individuals with MHD are screened by fetal echocardiography to exclude fetal cardiac disease as 

part of their routine clinical care, thus facilitating recruitment and participation.       

Inclusion criteria for participants with MHD included: repaired, palliated or unrepaired      

CHD or AHD including rheumatic heart disease and primary or secondary myocardial disease (e.g.     

cardiomyopathy, ischemic heart disease, post-chemotherapy myocardial disease). Participants 

were excluded if they did not have CHD or AHD, if they had connective tissue disease only (e.g. 

Marfan syndrome), primary arrhythmias with a structurally normal heart, primary inflammatory 

disorders, were using immunosuppressant agents, had a multiple gestation pregnancy or a 

pregnancy complicated by fetal cardiac, chromosomal, or extra-cardiac anomalies which could 

independently impact the fetal circulation beyond fetal growth restriction or placental insufficiency 

given this is a known pregnancy complication in MHD .  

Control participants included healthy women without MHD with uncomplicated 

pregnancies in the midtrimester (18-24 weeks) and no fetal anomalies,  matched by age, pre-

pregnancy body mass-index (BMI) and body surface area (BSA) at the time of the visit.  For the 

purposes of this study, fetal and maternal echocardiograms were performed in both MHD and 

control pregnancies at 18-24 weeks. Control participants were recruited from the LHHW 

obstetrical clinics and the Program for Pregnancy and Postpartum Health as well as among the 

Stollery Children’s Hospital staff and through word of mouth. Recruitment and enrollment were 

assisted by the research nurse on site (S.L). We excluded pregnant subjects without MHD with 

obstetrical risk factors or medical conditions that suggested that their pregnancy was not “low 

risk”, such as gestational hypertension.  
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Approval to conduct this clinical research was provided by the University of Alberta 

Research Ethics Board (Pro00084169), and written informed consent was obtained from all 

participants prior to their participation. Additional operations approval was secured through 

Alberta Health Services clinical management teams as necessary.      

 

Medical History  

A medical history questionnaire was sent to participants upon recruitment into the study 

through the REDCap database (developed with support from the Women and Children’s Health 

Research Institute (WHCRI)). Details with respect to medication use, comorbidities, past 

pregnancies, and deliveries as well as family history information were collected from the medical 

history questionnaires and confirmed with information from the electronic medical record when 

incomplete.  This information was stored in the REDCap database to maintain patient 

confidentiality.  

Medication use for all participants was recorded. No participants were excluded based on 

their medication use. Therefore, all medications were recorded and indicated in the analysis if the 

use was significantly different among groups or if the drug was known to directly affect the 

cardiovascular system. For some medications such as levothyroxine, warfarin and beta-blockers, 

medical history was reviewed for individual patients to better understand the indication for 

prescription.  
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Heart Lesion Severity Classification 

Medical history consisting of previous cardiac interventions were evaluated for each 

patient by a cardiologist (LKH) and graduate student (JLM) to assess MHD severity and residual 

cardiac structural pathology post-intervention. Following review of the medical record, maternal 

cardiac status was categorized based on the modified World Health Organization (mWHO) 

classification system (www.ahajournals.org/doi/full/10.1161/cir.0000000000000458) 19-21 of 

maternal cardiovascular risk for exploratory lesion subgroup analyses. With the exception of very 

low acuity MHD (e.g. small, unrepaired VSD), who were not evaluated by the services, the mWHO 

category was routinely reported in clinic notes from the Maternal Heart Health Clinic and 

Obstetrical Medicine services. Although NYHA classes were available from medical history 

records,  the NYHA 35 classification only focuses on symptoms of heart failure and is not specific 

to pregnancy. Other classification systems were available to categorize maternal cardiac status, 

but they had limitations and were therefore not utilized in our study. For instance, the Bethesda 

Classification system 22, 68 which considers cardiac structural severity, provides an assessment for 

CHD severity, but is not specific to pregnancy and excludes AHD. The CARPREG I & II evaluate 

risks for maternal cardiac complications but does not consider overall maternal morbidity or 

mortality. The mWHO classification system evaluates maternal mortality and morbidity risk 

related to specific cardiac lesions providing further insight on the MHD profile of the participants 

and therefore better risk and severity stratification for our cohort. Using mWHO, severity of MHD 

was generally classified into mild (mWHO categories I and II) and moderate-severe (mWHO 

categories II-III, III or higher) with modifications for some patients who had less or more 

significant residual lesions.  

 

http://www.ahajournals.org/doi/full/10.1161/cir.0000000000000458
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General Somatic & Cardiac Measures 

Height, weight, blood pressure and heart rate were acquired for each participant. Height 

was provided by each participant. Weight was measured at the time of the visit and measured in 

kilograms with a manual physician scale on site. Three consecutive measurements of systolic, 

diastolic and mean arterial blood pressures were obtained with a digital blood pressure cuff after 

the patient had been resting for 15 minutes. An average of the three measures was calculated. In 

addition, the body surface area (BSA) for each participant was calculated at the time of visit by 

using the Mosteller formula 204 which includes weight (kg) and height (cm) and has been 

previously used in the literature as a standard measure 205:   

𝐵𝑆𝐴	(𝑚!) = )𝑊𝑒𝑖𝑔ℎ𝑡	(𝑘𝑔)	𝑥	ℎ𝑒𝑖𝑔ℎ𝑡	(𝑐𝑚)
3600  

Blood samples were taken to evaluate the levels of the N-terminal prohormone B-type 

natriuretic peptide (NT-proBNP), a biomarker of myocardial stress and heart failure, among 

participants. Patients did not fast beforehand. The B-type or brain-type natriuretic peptide is 

secreted mainly by the myocardium of the ventricle as a prohormone (proBNP) in response to 

myocardial wall stress.  This peptide is subsequently cleaved in the circulation resulting in the 

active form of BNP and a more stable inactive fragment known as NT-proBNP 206. High levels of 

NT-proBNP (>400 ng/L) are observed in the presence of ventricular dysfunction and heart failure 

207-209. The evaluation of this peptide was not used to classify patients according to their risk of 

heart failure, but rather to obtain an objective measure about the cardiac state at the time of the 

study. 
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Transthoracic Echocardiography 

On the day of the assessment, participants were scheduled to come into the clinic in the 

morning or afternoon, depending on the schedule and availability of the fetal echocardiography 

clinic at the LHHW. Patients were not required to fast prior to the visit. Given that the patients 

were seen at the hospital, they were either registered in the Alberta Health Services Connect Care 

system as either research participants or clinical participants, if they had been scheduled for a fetal 

echocardiography for clinical indications such as MHD.  

A transthoracic echocardiogram was performed using a Vivid IQ Echo System (General 

Electric Healthcare) with a 4MHz phased array transducer (M5Sc-RS General Electric 

Healthcare). The echocardiogram was performed by a trained sonographer or echocardiologist 

depending on availability at the time of visit. Interpersonal variability of image acquisition was 

controlled by following the same functional echocardiography protocol according to established 

American Society of Echocardiography guidelines 210, 211, as detailed below. For each 2D and color 

and tissue Doppler assessment, 3-5 beat clips were recorded. All pulsed Doppler based assessments 

included at least 3-5 consecutive tracings and measures represented an average of the three. Heart 

rate was monitored throughout the examination. Studies were stored as DICOM images on 

IntelliSpace Cardiovascular (ISCV) (Phillips) and ViewPoint 6 (GE Healthcare) for subsequent 

offline analyses.  

JLM analyzed all the studies for the participants. She was trained by LKH and one of the 

lead sonographers (BH) to perform offline analyses. Given that JLM assisted with participant exam 

coordination during the appointments, she had access to participant information including their 

condition (i.e. control vs MHD) and ID number. The names and ID numbers for participants were 

necessary to access scans and to record data, therefore, complete blinding was not feasible as she 
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could recall the condition of some participants. In addition, some cardiac conditions (e.g. 

pacemaker, prosthetic valve) were recognizable by echocardiography making it difficult to be 

blinded for all patients. To limit personal bias, JLM revisited several of the exams with LKH to 

ensure proper measurement acquisition. In addition, she was the sole person to perform the 

analyses and transferred them to the database, limiting interpersonal variability. As well, severity 

class of the MHD was largely determined after the data collection was acquired with medical 

record (for mWHO category) and further echocardiography (for residual cardiac disease) review.  

 

Dimensional Imaging: The following images were acquired as per guidelines of the American 

Society of Echocardiography 212: 

1. Parasternal Long Axis (PSLX):  Parasternal long-axis images were acquired by placing the 

transducer adjacent to the sternum and obtaining an image along the long axis of the heart, 

that is from the base to the apex. Aortic valve and the left ventricular (LV) outflow tract 

were imaged for measurements of their diameters during LV end-systole for subsequent 

cardiac output (CO) calculation (Figure 2-1).  

2. Parasternal Short Axis (PSSX): The transducer was placed adjacent to the sternum to 

acquire short axis images, that is, cross-sectional views of the heart with imaging 90 

degrees clockwise from the parasternal long-axis image. 2D clips were acquired with 3-5 

cardiac cycles at the LV base, mid-level, and apex, as done routinely. These images were 

obtained to assess the structural integrity and for later LV twist analyses. 

3. Apical Long Axis (APLX) 4- chamber:  A 4-chamber view with both atria and ventricles 

was obtained. This was achieved by placing the transducer on the left side of the chest at 
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the fifth intercostal space. 2D focused clips with views of all 4 chambers was done 

separately to evaluate structural integrity. Each clip was acquired for 3-5 consecutive beats. 

The 4-chamber view 2D clip was used to evaluate global longitudinal strain of the LV. In 

contrast to other measurements mentioned thus far which required only one frame of the 

clip, strain was acquired by assessing myocardial motion throughout the clip. In addition, 

the 4-chamber view of the LV was also used for LV volume determination through 

Simpson’s biplane method which is explained later in this chapter.  

 

 

 

 

 

 

 

 

 

4. Apical Long Axis (APLX) 2-chamber: a 2-chamber view of the left atrium as well as the 

LV was obtained. A 2D clip with a focused view of the LV was particularly important for 

volume acquisition by Simpson’s biplane method (Figure 2-5). The clip was acquired for 

LVOT CSA: Left ventricular outflow tract cross-sectional area. 

 

Figure 2-1: Parasternal Long Axis View of the Aortic Valve and Left 
Ventricular Outflow Tract (LVOT) 
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at least five consecutive beats. Visibility of the endocardium and epicardium was important 

during 2-chamber view acquisition for accurate volume assessment. 

Color Doppler Flow Mapping:  Color Doppler flow mapping was used to assess for mitral and 

tricuspid as well as aortic regurgitation and any valvular obstruction as well as to guide pulse 

Doppler interrogation.  

 

 

 

 

 

 

 

 

 

 

Pulse wave Doppler: For mitral and tricuspid valve inflow Doppler, the sample volume was placed 

just below the valve annulus. E and A wave peak Doppler velocities were acquired for LV diastolic 

function assessment (Figure 2-2).  Pulse wave Doppler profiles at the level of the LV outflow tract 

(LVOT) was then also acquired for assessment of the CO and stroke volume (SV) which require 

E

A

E: early diastole; A: atrial contraction.  

Figure 2-2: Mitral Valve Pulse Wave Doppler Flow Patterns  
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velocity time integrals of the Doppler profile and heart rate (Figure 2-3). Pulse wave Doppler 

acquisition was done for at least 3-5 consecutive beats or cardiac cycles and measures were 

averaged.  

 

 

 

 

 

 

 

 

 

 

 

Color Tissue Doppler:  Color tissue Doppler imaging (TDI) at the level of the LV septal and lateral 

walls was also performed to assess annular tissue velocities (E’, A’ and S’) for diastolic function 

assessment (Figure 2-4). This was achieved by selecting the TDI mode on the Vivid IQ which 

allows for the measurement of myocardial velocity at the site of cursor placement. TDI acquisition 

was performed for 3-5 consecutive beats.  

 

LVOT VTI: left ventricular outflow tract velocity time integral; SV: stroke volume; 
LVOT CSA: left ventricular outflow tract cross-sectional area; CO: cardiac output; HR: 
heart rate.  

Figure 2-3: Left Ventricular Outflow Tract (LVOT) Pulse Wave Doppler Flow 
Patterns 
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VTI

SV= LVOT CSA x LVOT VTI
CO= SV x HR
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Simpson’s Biplane Method 

The Simpson’s biplane method was used to determine the end-systolic volume (ESV) and 

end-diastolic volume (EDV) of the LV which in turn allows for a more reliable measurement of 

the LV ejection fraction (LVEF) as follows 213: 

LVEF= !"#$!%#	
!"#

× 	100 

Normal values for LVEF range between 50-70% 214. The Simpson’s biplane method was 

specifically evolved based on the geometry and anatomy of the LV. It follows the principle that 

the addition of disks of equal height in the apical four-chamber and apical two-chamber views can 

provide an estimate of LV volumes at a given time during the cardiac cycle. These disks are 

S’

E’
A’

 S’ represents systole, E’ represents relaxation in early diastole and A’ 
represents the atrial contraction in late diastole.   

Figure 2-4: Lateral Tissue Doppler Imaging (TDI) 
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distributed along a perpendicular axis starting at the apex of the heart and ending at the base 215. 

The following formulas were used for the calculation of LV volumes through Simpson’s biplane 

method 216.  

Volume (individual disk) = "
($%&)(
)*

 

Where a and b are the vertical and horizontal diameters of the individual disk, L is the length of 

the LV cavity and n=20 

Volume total = "(
)*
∑ 𝑎+ × 𝑏+*
+,-  

Where 𝑎+ 	𝑎𝑛𝑑	𝑏+ are representative of the apical 4 and 2-chamber views of the LV. 

 

While routinely applied in clinical practice, there are some limitations to this approach. For 

instance, when image acquisition is foreshortened, there can be an underestimation of volumes 215. 

Also, although Simpson’s biplane method is unique for LV anatomy, this can sometimes be limited 

when there are structural differences among patients 215, 217, 218. Due to these limitations, we chose 

to use Simpson’s volume acquisition for LVEF alone and SV was obtained with the LVOT velocity 

time integral (VTI) and the LVOT cross-sectional area 219. This was achieved by tracing the area 

under the curve of the flow pattern obtained from the pulse wave Doppler at the level of the LVOT 

(Figure 2-3). 
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Therefore, and as mentioned previously in this chapter, the 4-chamber and 2-chamber 

views of the LV were used for volume acquisition following Simpson’s biplane method.  This was 

achieved by selecting specific frames in the 2D clips corresponding to end-diastolic and end-

systolic volumes and tracing of the LV cavity (Figure 2-5). For the end-diastolic volume, the frame 

before mitral valve closing was selected for manual tracing of the LV. The software (IntelliSpace) 

would then integrate disks in the LV. For the end-systolic volume, the frame before mitral valve 

 

a & b: vertical and horizontal diameters of the individual disk; L: length of the LV 
cavity; n=20. EDV: end-diastolic volume; ESV: end-systolic volume.  

Figure 2-5- Simpson's Biplane Method in 4-Chamber (4C) and 2-Chamber (2C) 
Views 

2C ESV

4C EDV 4C ESV

2C EDV
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opening was selected for manual tracing of the LV. Each volume measurement was performed 

three times per view and then averaged.  

 

Determination of Ventricular-Arterial Coupling (VAC) 

 We used the gold-standard for assessment of VAC, that is the single-beat estimate 

developed by Chen et al 196. Although there is a simplified approach to quantifying VAC which 

incorporates the end-systolic pressure (ESP), SV and ESV that has been used in a previous study 

investigating VAC in pregnancy 30, 197, the single-beat method integrates the time-varying 

elastance of the LV in the equation and provides a more intricate evaluation of LV efficiency 

(Figure 2-5). This latter method had been used previously to assess VAC in post-Fontan adults 199, 

demonstrating clear differences relative to healthy individuals, which provided a better 

understanding of its utility in structural CHD in particular. VAC is determined by the ratio of 

arterial elastance (Ea), also known as the arterial load and the end-systolic elastance (Ees) or LV 

efficiency/function. The single-beat method includes the LVEF (acquired through Simpson’s 

biplane method), the non-invasive estimated normalized ventricular elastance at onset of ejection 

(End(est)), the group-averaged normalized ventricular elastance at onset of ejection (End(avg)) 

and the ratio of the pre-ejection period to total systolic period (tNd). A normal VAC value is <1 

30. 

 

Simplified VAC calculation 

VAC=Ea/Ees  

where Ea= ESP/SV, Ees=ESP/ESV 
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Single-beat estimate of VAC 

VAC=Ea/Ees 

where Es= ESP/SV 

 Ees= (DBP − (End(est)× SBP × 0.9))/End(est)× SV 

End(est)= 0.0275 − 0.165 × LVEF + 0.3656 × (DBP/SBP × 0.9) + 0.515 × End(avg) 

End(avg)= 0.35695 − 7.2266 × tNd + 74.249 × tNd2−307.39 × tNd3 + 684.54 × tNd4– 856.92 × 

tNd5 + 571.95 × tNd6 − 159.1 × tNd7 

tNd="./0/1/23+4*	"/.+46
343$7	898347+2	"/.+46

 

The SV was obtained as previously mentioned.  The tNd was acquired at the same time of 

LVOT VTI measurement. The pre-ejection period corresponded to the start of the QRS complex 

in the ECG signal to the start of systolic ejection. The total systolic period was determined as the 

start of the QRS complex until the end of systolic ejection (Figure 2-6).   
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Indexing of Measures of Interest 

Normally cardiac outcomes pertaining to volumes are indexed by dividing them by the 

BSA to improve prognostic performance and to allow for standardization of measures among 

individuals 220. These measures include SV, ESV, EDV and CO. Although Ea and Ees include SV 

in their calculations, as they are used in the calculation for VAC, SV will be a common factor in 

both the numerator and denominator and will therefore be cancelled making indexing of SV by 

BSA unnecessary for the VAC calculation. Therefore, we primarily considered differences of the 

absolute values (not indexed) for Ea and Ees between groups (i.e. control vs MHD) in our analysis, 

however, indexed Ea and Ees were also acquired. Other measures of cardiac function were also 

 

Figure 2-6: tNd Acquisition for VAC Calculation 

Pre-ejection 
period

Total systolic 
period

tNd=!"#$#%#&'()*	!#"(),')'-.	/0/').(&	!#"(),
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considered as absolute and indexed values; however, there was a particular focus on differences 

of indexed values between groups.  

 

Cardiac Function Measures 

 Among the primary outcomes of this study were measures of systolic and diastolic 

function. Primary systolic function measures included CO (absolute and indexed), global 

longitudinal strain, strain rate and myocardial acceleration slope. Primary diastolic measures 

included EDV (indexed and absolute), E, E’, E/A and E/E’. Secondary systolic outcomes included 

SV (absolute and indexed), ESV (absolute and indexed) and LVEF.  

 

Systolic Function 

Cardiac output: As shown previously in Figure 2-4 the CO was obtained by multiplying 

the SV obtained through the LVOT VTI and the heart rate (HR) 33, 35.  

SV= LVOT CSA x LVOT VTI 

CO= SV x HR 

 

Global Longitudinal Strain (%) and Strain Rate: Strain is a measure used to assess 

myocardial function as it quantifies myocardial deformation of the LV in systole and in diastole. 

It represents the change in length of heart muscle fibers which explains the negative value for this 

parameter in systole and positive in diastole 49. Given that it aims to evaluate the dynamics of heart 

muscle fibers, it assesses the intrinsic contractile properties of the myocardium, therefore it is 
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considered a less-load dependent assessment of myocardial contractility 48.  A negative global 

longitudinal strain of more than -16% is abnormal 221, that is, a less negative percentage (e.g. -

10%) for global longitudinal strain is abnormal. The measurement of this parameter is achieved 

through speckle tracking echocardiography obtained from a 2D apical 4-chamber view with 

ViewPoint 6 and EchoPAC Suite (GE Healthcare). 

Manual tracing of a 4-chamber view of the LV was performed. The software (ViewPoint 

6 and EchoPAC Suite) then breaks down the tracing into six different sections to track them 

individually. This includes the septum at the level of the base, mid-level and apex of the heart. The 

same is done for the lateral wall of the LV 222. Following the tracking of the different sections, the 

software displays curves tracking the strain of specific segments and provides a dotted line for the 

global longitudinal strain (Figure 2-7).  

Optimal images consisted of clear resolution of the ventricular walls and capturing of 

several cardiac cycles ranging from 40-80 frames per second during the time of image acquisition 

223. As per current guidelines, when more than two of the required segments of the ventricle for 

strain quantification were suboptimal, or when the frame rate was lower than 40, strain 

measurements were not performed 224. This is done given that a low frame rate acquisition could 

affect tracking ability of structures as well as edge definition of the LV 225.  The rate at which 

myocardial deformation occurs is the strain rate 49. The strain rate was measured at the lowest point 

of the dotted curve before aortic valve closure, which provides a value for the strain rate during 

systole 226 (Figure 2-7). 
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Myocardial Acceleration Slope:  Another less load-dependent measure of systolic function 

that was assessed was myocardial acceleration. This is achieved by measuring the slope of 

myocardial acceleration. The myocardial acceleration slope was obtained from a 4-chamber 2D 

clip of the LV with the TDI function.  More specifically, it was acquired by measuring the slope 

of the isovolumic contraction (IVCT) given that this period is where the LV contracts without a 

change in volume to prepare for systole.  Some argue that this phase of the cardiac cycle, or more 

particularly, the slope during this phase of the cardiac cycles correlates with measures of LV 

contractility, making it a less-load dependent measure of contractility 227, 228. The slope was 

AVC: aortic valve closure. 

Figure 2-7- Acquisition of Global Longitudinal Strain (GLS%) of the Left  Ventricle 
Through Speckle Tracking Echocardiography 

Strain rate
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measured with at least three data points above zero. Three consecutive slope measurements were 

averaged for analysis (Figure 2-8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IVCT

A. Lateral wall TDI. B. Myocardial Acceleration slope. IVCT: isovolumic 
contraction. 

B 

Figure 2-8- Tissue Doppler Imaging (TDI) 

Myocardial 
Acceleration slope 
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Diastolic Function 

 Diastolic function parameters measured included pulsed Doppler interrogation of 

ventricular inflows to assess E (early diastole) and A (atrial contraction) wave velocities and their 

ratios, and respective tissue Doppler E’ and A’ mitral annular velocities and their ratios. E/E’ from 

both pulsed and tissue Doppler velocities were also used to examine diastolic function 229. For both 

flow and tissue velocities, three measurements for each parameter were made with the help of a 

caliper and were then averaged. 

E/E’ has been previously shown to correlate with LV end-diastolic pressure 210, 230-232. This 

measure follows the principle that after systole, the LV untwists and relaxes creating a pressure 

gradient between the left atrium to the LV which promotes a rapid, passive filling or early diastole 

(E wave) 233. However, when there is impaired relaxation of the LV, there can be increased 

pressure required to fill the LV which is reflected by a decrease in E and decreasing E/A ratio. 

Normally, the velocity of E, exceeds that of A, flow from atrial contraction, resulting in a E/A>1 

232. In addition, E’ represents myocardial relaxation during early diastole and it decreases with 

impaired LV relaxation 229. Therefore, the study of E/E’ can provide information about LV 

dynamics during diastole. Normally, E/E’<8 is normal and E/E’>15 is indicatory of increased LV 

filling pressures 234-236. 

 In addition to these measures of diastolic function, EDV was also compared among groups. 

As mentioned previously, EDVs were acquired through Simpson’s biplane method.  
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Fetal Echocardiography  

Fetal echocardiograms were performed for all participants with fetal ultrasound equipment 

(ACUSON Sequoia, SIEMENS Healthineers, GE Healthcare Voluson System). The transducer 

frequency ranged from 2-9 MHz which was within suggested guidelines 237. Various transducers 

were used depending on the equipment available at the time of the visit. For instance, the curved 

9C3 transducer was used with the ACUSON Sequoia ultrasound machine, and the curved RM6C 

transducer was used with the Voluson ultrasound machine and the curved 7CF2 transducer was 

used with the SIEMENS ultrasound machine. The exam was performed by a trained sonographer, 

medical fellow or echocardiologist depending on staff availability. These studies were performed 

based on current published guidelines by the American Society of Echocardiography (ASE) 237, 

238. 

These studies included a detailed assessment of the fetal heart structure and function, 

assessment of fetal heart rate and rhythm, assessment of the umbilical arterial and venous flow, 

middle cerebral artery Doppler profiles and fetal biometry 239.  

 

Fetal Heart Structure 

Fetal heart structure assessment consisted of identification of all important structures 

including atria, ventricles, valves, and vessels. However, this information was not used for data 

analysis. The structural integrity and function of the fetal heart was simply assessed by the 

cardiologist in clinic to determine whether fetal pathology was presented and whether the patient 

could be included in the study. Fetal heart rate was obtained during the exam and used for 

subsequent data analysis.  
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Fetal Biometry and Middle Cerebral Artery  

 Measures of fetal growth including 

femoral length and head circumference 240 

were obtained with a caliper function. The 

femoral length was determined as the 

length between the beginning of the femur 

to the end (Figure 2-9.A). The head 

circumference was acquired by manually 

tracing the outline of the fetal head (Figure 

2-9.B). Each measurement was performed 

once. Although the biparietal diameter was 

also measured, it was not included in the 

data analysis. 

 Routinely, middle cerebral artery 

Doppler waveforms including the 

pulsatility index (PI) were also acquired to 

assess fetal health. In particular, this 

measure evaluates blood flow profiles in 

the fetal brain. Therefore, using the pulse 

wave cursor, the blood flow profile of the middle cerebral artery was measured for at least 3-5 

consecutive beats. Tracings of the Doppler flow patterns were performed to obtain the peak 

Middle cerebral artery (MCA)

Peak 
systolic 
velocity

Minimum
diastolic 
velocity

Figure 2-9- Fetal Biometry and Middle Cerebral 
Artery (MCA) 

Femoral 
length 

Head
circumference

Biparietal 
diameter

B 

A. femoral length. B. biparietal diameter and head 
circumference. C: Middle cerebral artery (MCA). 

C 
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systolic velocity, minimum diastolic velocity and time-averaged velocity 241 either during the exam 

by the individual performing the echocardiogram or after as part of the offline analyses (Figure 2-

9.C). Values for the different velocities were performed for at least two consecutive cycles and 

were then averaged.  

DICOM images were stored on IntelliSpace Cardiovascular (ISCV) (Phillips) for 

subsequent offline analyses. Following measurements, we obtained both centiles and z-scores to 

describe the distribution of fetal biometry measures and middle cerebral artery PI among 

participants with clinically certified calculators for fetal biometry 242, 243. This was achieved by 

inputting the gestational age and respective value (e.g. length in mm or PI) in the calculator.  

 

Assessment of the Uteroplacental-Fetal Circulation 

As with other measures of fetal health, the transducer used depended on the equipment 

available during the time of the visit (i.e. ACUSON Sequoia, SIEMENS Healthineers or GE 

Healthcare Voluson System). Doppler flow patterns were acquired and recorded at the level of the 

umbilical artery (UA) and both uterine arteries (UtA) (Figures 2-10 &2-11). 

We chose to examine the UA and UtA Doppler flow profiles as both provide information 

about the health of the uteroplacental circulation and the level of perfusion. In fact, both measures 

have been used for the prediction of fetal growth outcomes 244. Increased impedance to flow as 

depicted by an increased PI in either the UtA or UA can provide an indication of increased 

downstream resistance 134, 149, 245.  
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The measurement of the UA Doppler flow profile was achieved by placing the pulse wave 

cursor at the level of the umbilical cord away from the cord insertion into the fetus. As with the 

middle cerebral artery, tracings of the Doppler flow patterns were performed to obtain the needed 

variables for the calculation of the PI either during the exam by the individual performing the 

echocardiogram or after as part of the offline analyses (Figure 2-10). Values of at least two 

consecutive cycles were averaged.  

 

  

 

 

 

 

 

 

 The same procedure as described above was performed for the tracing of Doppler flow 

patterns for UtA PI measurements (Figure 2-11). Given that there are two uterine arteries, we 

attempted to obtain Doppler flow patterns for both uterine arteries resulting in a mean UtA PI. In 

some cases, the right, left or both UtAs were not visible or clear. Therefore, three categories for 

UtA PIs were established, that is, right UtA alone, the left UtA alone or the mean UtA. 

Umbilical artery (UA)

Peak 
systolic 
velocity

Minimum
diastolic 
velocity

Figure 2-10- Umbilical Artery (UA) Doppler Flow Patterns 



 62 

 

 

 

 

 

 

 

 

 

 

Normally, fetal and uteroplacental parameters are assessed in terms of z-scores and 

centiles. Clinically, it is accepted that the cut-off for concern in terms of UA and UtA PI are values 

>95th centile 147, 246, 247.  We attempted to obtain both centiles and z-scores to describe the 

distribution of Doppler parameters among the participants with clinically used calculators for 

Dopplers 242, 243. To obtain z-scores and centiles, the gestational age and PI value were inputted 

which normally yielded a z-score and centile for a given value. However, although reference values 

have been available for UtA PI starting at 11 weeks of gestation and for fetal growth parameters 

starting 14 weeks of gestation, most normative data published for UA PI have started at 20 weeks. 

Given that some participants had gestational ages starting at 18 weeks of gestation, centiles for 

UA were estimated from published reference values of a peer-reviewed source 248. Therefore, it 

Visible are the peak systolic velocity and minimum diastolic velocity. The 
pulsatility index is calculated as the ratio of the difference between the peak 
systolic velocity and minimum diastolic velocity over the time-averaged 
velocity.  

Pulsatility index= ("#$% &'&()*+, -#*),+('./+0+/1/2+$&()*+, -#*),+(')
(+/#.$-#4$5#2 -#*),+('

Peak 
systolic 
velocity

Minimum
diastolic 
velocity

Uterine artery (UtA)

Figure 2-11- Uterine Artery (UtA) Doppler Flow Patterns  
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was not possible to obtain z-scores for all the parameters of interest in every participant which 

would have provided a more standardized value for comparison among groups. Given that not all 

z-scores were available, centiles were used as the determining factor for comparison between 

MHD and control participants. As mentioned previously, normally PI values >95th centile are 

clinically relevant and normally analyses are performed by quantifying the proportion of 

individuals above that set value 147, 156, 244. We chose to determine the number of participants with 

values >95th centile in addition to comparing the distribution of centiles among groups to determine 

whether a group had a tendency towards higher PIs. 

 

Statistical Analysis 

Statistical analyses were conducted using SAS System (Version 9.4, SAS Institute Inc, 

2016) with the assistance of a statistician (JB). Graphs were created with GraphPad Prism 

(GraphPad Software Version 10.1.0, LLC, 2023).  Initially, tests for normality were performed for 

demographic characteristics as well as every outcome to determine which test was appropriate for 

comparison between MHD and control participants. Given that the sample size was relatively 

small in each group (n<50), the Shapiro-Wilk test was used to assess normality where a P-value 

<0.05 indicated a non-normal distribution of data 249.  

 

Independent Samples t-tests 

Outcomes with a normal distribution were compared between groups with an independent 

samples t-test where a P-value <0.05 indicated a significant difference between groups. For 

demographic characteristics, age of participant when they became pregnant, the body surface area 
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(BSA), body mass index (BMI) and gestational age had normal distributions and were therefore 

compared with an independent samples t-test. Baseline cardiac parameters including heart rate, 

systolic, diastolic, and mean arterial pressure also presented a normal distribution. The outcomes 

of interest with a normal distribution included VAC, absolute, absolute and indexed Ees, CO 

indexed, global longitudinal strain, strain rate, myocardial acceleration slope, the absolute and 

indexed values for end-diastolic volume, E from mitral valve inflow measurements and E’. Other 

cardiac outcomes included the absolute SV, indexed SV and LVEF. In this case, data was presented 

as mean and standard deviation.  

 

Mann Whitney U Test 

When data did not present a normal distribution, a non-parametric test was required. In this 

case, a Mann Whitney U test was used for values or outcomes that were non-parametric. 

Significant differences among groups were defined as a P-value <0.05. Data were presented as 

median and interquartile range [IQR]. Gravidity, parity, and the number of pregnancy losses were 

compared with the latter test as they presented a non-normal distribution. However, these last three 

variables were presented as a median and range given the nature of the data. The comparison of 

NT-proBNP between groups was also performed with a Mann Whitney U test.  

Cardiac outcomes that were compared with a Mann Whitney U test included the indexed 

Ea, absolute value for CO, E/A and E/E’. Other outcomes included the absolute and indexed end-

systolic volumes. In addition, fetal and uteroplacental outcomes compared with the same test 

included the head circumference, femoral length, fetal heart rate and middle cerebral artery PI. The 

right left and mean UtA PI, as well as the UA PI were also treated as non-parametric data.  
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Medication Use and Comorbidities 

Given that some participants indicated the use of medications and had concurrent health 

conditions, an analysis was performed to determine whether there was a difference among groups 

in these variables. A Fisher’s exact test was performed to compare medication use and the presence 

of comorbidities among groups. Significance was defined as a P-value <0.05.  

 

Regression Analyses 

We wanted to investigate whether there was an association between various outcomes of 

interest and VAC, therefore we used a multilinear regression analysis. This analysis did not include 

variables that were already included in the equation used to calculate VAC or values that presented 

collinearity. Therefore, in a multiple regression model, we explored the association between global 

longitudinal strain and E/E’ with VAC. Strain rate and the myocardial acceleration slope were not 

included in this model given that they are related to global longitudinal strain. This association 

was presented as an adjusted R2 and standardized B coefficient where R2 is a measure of the ability 

of the whole model to predict a change in VAC. High predictability was defined as an adjusted R2 

> 0.7. The standardized B coefficient represents the effect of a given variable (independent 

variable) on VAC (dependent variable); it was accompanied by a P-value where significance was 

defined as P<0.05.  

 Importantly, we included any demographic characteristics that were significantly different 

between MHD and control participants in the regression model to explore how that given variable 

might affect VAC, our primary outcome of interest. However, in the case of collinearity among 

these variables, only one variable was chosen to be included in the analysis.  
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Individual linear regression analyses were also performed to see the effect of VAC on 

various outcomes of interest where a high predictability ability was defined as an adjusted R2 >0.7. 

The standardized B coefficient represented the effect size of VAC (independent variable) on the 

given measure (dependent variable) and significance was defined as P<0.05.These analyses were 

performed to evaluate the predictive ability of VAC of NT-proBNP, the right, left, mean UtA PI 

and UA PI. Therefore, individual linear regression analyses were performed where a high 

predictability ability was defined as an adjusted R2 >0.7. The standardized B coefficient 

represented the effect size of VAC (independent variable) on the given measure (dependent 

variable) and significance was defined as P<0.05.  

 

Analysis of Variance (ANOVA) for Subgroup Analyses 

Given that we created two subgroups for MHD severity (mild and moderate-severe) in the 

MHD group, we used a one-way ANOVA with a Bonferroni correction for parametric data. The 

outcomes compared between groups with this test included VAC, absolute and indexed Ea, 

absolute and indexed Ees, indexed CO, global longitudinal strain, strain rate, myocardial 

acceleration slope, indexed SV, LVEF and indexed end-diastolic volume and E’. Significance was 

defined as P<0.05.  

 

Kruskal-Wallis Test for Subgroup Analyses 

Subgroup analyses for non-parametric data were performed with a Kruskal-Wallis test 

where significance was defined as P<0.05. The cardiac outcomes compared between groups with 
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this test included the indexed end-systolic volume and E/E’. Uteroplacental and fetal outcomes 

analyzed with this test included the right, left and mean UtA PI, as well as the UA PI. The head 

circumference, femoral length, fetal heart rate and middle cerebral artery PI were also included.  

Analysis of Covariance 

Following the evaluation of medication use among groups, we decided to perform an 

analysis of covariance (in addition to MHD) if the use of a given medication was significantly 

different among groups. In this case, a linear mixed model was performed to assess the effect of a 

given medication on various outcomes including VAC, absolute and indexed Ea, absolute and 

indexed Ees, indexed CO, global longitudinal strain, indexed end-systolic volume, LVEF, indexed 

end-diastolic volume and E/E’.  A significant effect was defined as a P-value <0.05. 

 The same procedure was followed for uteroplacental outcomes including the right, left and 

mean UtA PI, as well as the UA PI. Head circumference, femoral length, fetal heart rate and middle 

cerebral artery were also included in the analysis.  

 

Post-Hoc Power Analysis for VAC 

 Given that there is no existing literature examining VAC in MHD compared to control 

pregnancies, a post-hoc power analysis was performed to determine if the sample size for our main 

outcome of interest was large enough to show significant differences among groups.  The type of 

statistical test used was a t test with a post-hoc power calculation. This was achieved by using G 

power, a validated software 250, where information including group mean value, standard deviation 
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and sample size yielded the power of the outcome of interest, where power (1- ß error probability) 

≥ 0.80 shows a significantly powered study.  
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CHAPTER 3: RESULTS 

Participants Recruited 

From June 2021 through October 2023, 77 pregnant participants were recruited into the 

study; however, as a consequence of not meeting inclusion criteria or attrition (see below), our 

study only included 33 clinical maternal heart disease (MHD) patients and 32 controls. Table 3-1 

summarizes the demographics and pregnancy histories of the participants.  

 

Two control participants withdrew due to time constraints and nine were disqualified. Of 

the latter 9, 4 had miscarriages, including 3 clinical and 1 control participants, 1 clinical participant 

was lost to follow-up, 1 control was found to have a high-risk pregnancy due to gestational 

hypertension, 1 control had scheduling problems due to COVID-19, 1 potential clinical participant 

ultimately did not meet the cardiac criteria (tachycardia induced cardiomyopathy)  and 1 other 

control was found to have fetal cardiac pathology and was disqualified (i.e. excluded). One clinical 

Table 3-1: Participant Demographics and Pregnancy Histories 
 Control MHD 

Number of participants 32 33 
Number of deliveries to date 31 31 

 Control MHD P-value 
Maternal age 31.6±2.8 30.6±4.6 0.38 

BSA at visit (m2) 1.8±0.20 1.9±0.20 0.071 
Pre-pregnancy BMI (Kg/m2) 25.2±4.1 25.5±4.0 0.85 

Gestational age 21.5±1.6 20.0±1.2 0.0001 
Gravidity 2 [1-5] 2 [1-5] 0.0089 
Parity 0 [0-2] 1 [0-2] 0.041 

Pregnancy losses 0 [0-3] 1 [0-4] 0.038 
Number with history of preeclampsia 1 2 1.00 
BSA: body surface area; BMI: body mass index. All values are presented as mean and standard 
deviation, except for parity, gravidity and losses given that they have a non-parametric 
distribution.  Therefore, they are presented as median [range]. 
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participant did not have stored data in the software used for analysis (lost data) for the midtrimester 

visit, resulting in a total of 65 participants (33 clinical and 32 control) included in the final analyses.   

 

Clinical Participants  

The age for the 33 MHD participants ranged from 19-43 years. Of these clinical 

participants, 29 (88%) had congenital heart disease (CHD), 10 (34%) of whom had mild and 19 

(66%) had moderate-severe MHD (Table 3-2). In addition, 23 of the 29 (79%) were post 

intervention. Four of the 33 (12%) MHD participants had acquired heart disease (AHD), including 

2 with mild and 2 with moderate-severe MHD. Therefore, a total of 12 participants were 

considered to have mild MHD and 21 moderate-severe MHD according to our categorization based 

on the modified World Health Organization classification (mWHO) 19-21. The structural and 

hemodynamic severity of all participants is summarized in Table 3-2. Based on the mWHO, nine 

(27%) of the MHD participants were in mWHO category I, considered to have no significant 

maternal or pregnancy risk, nine (27%) were in category II with a small increased risk, 14 (42%) 

were in category II-III with a moderate increases risk and one (3%) was considered to be in 

category III with a significantly increased risk in maternal mortality or morbidity. None of the 

cohort participants were considered to be a category IV with substantial maternal and pregnancy 

mortality and morbidity risks. With respect to New York Heart Association classification, all 

reported either no symptoms (class I, n= 23, 70%) or minor symptoms (class I-II or II, n= 10, 

30%).  
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Table 3-2: Cardiac Profile, Severity and Risk Classification of MHD Participants 

Patient Cardiac 
Diagnosis Interventions Residual 

Disease 

Severity 
When 
Residual 
Pathology if 
Considered 

mWHO  NYHA 

1  
ASD  

None 

Moderate 
TR, mild 
PR, severe 
RA, and RV 
dilation 

Moderate-
Severe II I-II 

2 S/P 
coarctation 

S/P surgical 
repair of 

coarctation (16 
months) 

None Moderate-
Severe II-III II 

3 Hypertrophic 
CM 

S/P AICD (23 
years) 

Severe LV 
hypertrophy 

Moderate-
Severe II-III I 

4 VSD 
S/P surgical 
repair 

(childhood) 
None Mild I I 

5 ToF 

S/P surgical 
repair (6 
months), 

AICD (13yrs), 
surgical PVR 
(15yrs), TCPV 
(23yrs) 

Mild PR, 
mild RV 
dilation and 
dysfunction 

Moderate-
Severe II I 

6 
Aortic valve 
stenosis and 
ASD 

S/P Ross 
procedure and 
ASD (4yrs), 
S/P PVR 
(19yrs) 

Moderate 
RV-PA 
conduit 

obstruction, 
no PR, mild 
TR, mildly 
dilated 
aortic root 

Moderate-
severe II-III II 

7 Coarctation & 
BAV 

S/P surgical 
repair 

coarctation 
(infancy) 

Mild aortic 
dilation 

Moderate-
Severe II-III I 

8 S/P ASD S/P surgical 
repair (28yrs) None Mild I I 

9 AS 
S/P aortic 
valvuloplasty 
(32yrs) 

Mild AS, 
moderate 
AR 

Mild II I 

10 RV CM S/P AICD 
(25yrs) 

Mild 
regional RV 
dysfunction 

Mild II-III II 
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11 S/P ToF 

S/P BT shunt 
(6 months), 
S/P repair 
(3yrs), 

Moderate 
PS, 

moderate 
PR, mild 
AR 

Moderate-
Severe II I 

12  
BAV  

None 
Mild-
moderate 
AR, no AS 

Mild II-III I 

13 AS and 
aortopathy 

S/P Ross 
procedure 
(25yrs) 

Mild-
moderate 
AR, trivial 
PR 

Moderate-
Severe II II 

14 Pulmonary 
valve stenosis 

S/P balloon 
valvuloplasty 
(2yrs) 

Moderate-
severe PR 
with 

moderate 
RV dilation, 
mild PS 

Moderate-
Severe I I 

15 
BAV, 
subaortic 
stenosis 

S/P aortic 
valvotomy 
(infancy), S/P 
AVR (7yrs), 
S/P AVR 
(26yrs) 

Mild MR, 
mild MS, 
moderate 
AS, mild 
RV dilation 

Moderate-
Severe II-III I 

16 PS None Mild PS and 
PR Mild I I 

17 AVSD 

S/P AVSD (5 
months), S/P 
subaortic 
stenosis 
resection 
(3yrs) 

Moderate 
TR 

Moderate-
Severe II-III I 

18 Dilated CM None 

Reduced 
LV systolic 
function 
(LVEF 45-
50%) 

Moderate-
Severe III II 

19 Hypertrophic 
CM AICD 2019 

Mild-
moderate 
asymmetric 
septal 

hypertrophy
, no AR or 
outflow 
obstruction 

Mild II-III II 
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20 AS None 

Moderate 
AS (peak 
56/mean 
30mmHg) 

Moderate-
Severe II-III I 

21 ToF 

S/P surgical 
repair (6 

months), S/P 
surgical PVR 
(12yrs) 

Mild-
moderate 
PR, mild 
PS, mild 
TR, no RV 
dilation 

Moderate-
Severe II II 

22 ASD S/P surgical 
repair (7yrs) Trivial TR Mild I I 

23 Incomplete 
AVSD 

S/P AVSD 
repair (16yrs) 

Moderate 
MR 

Moderate-
Severe II I 

24 ASD None Mild MR Mild I I 

25 S/P ASD S/P device 
closure (27yrs) None Mild I II 

26 S/P VSD 

S/P surgical 
repair (5 
months), 

postoperative 
AVB S/P 
pacemaker 

Moderate-
severe AR, 
moderate 
LV dilation 

and 
dysfunction 
(LVEF 40-
45%), mild 

RV 
dysfunction 

Moderate-
Severe II I 

27 
Tricuspid 
valve 

dysplasia 
None 

Moderate to 
severe TR, 
moderate 
RV dilation 

Moderate-
Severe II-III I 

28 Coarctation, 
BAV 

S/P stent 
angioplasty 
(15yrs) 

No AS, AR, 
16mmHg 
arch 

gradient 

Moderate-
Severe II-III II 

29  
Small VSD  

None Small VSD Mild I I 

30 S/P ASD S/P surgical 
repair (35yrs) 

Normal 
function Mild I I 

31 AS, BAV S/P AVR 
(27yrs) 

Moderate 
AS, mild 
aortic root 
dilation 

Moderate-
Severe II-III I 

32 ToF S/P ToF (6 
months), S/P 

Mild PR, no 
RV outflow 
obstruction, 

Moderate-
Severe II I 
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The mean gestational age at the time of the assessments included in this investigation for 

the MHD participants was 20.0±1.2 weeks. Thirteen (39%) of the 33 were nulliparous and the 

majority of the others (17, 62%) had had a single previous child.  Eleven (33%) had a previous 

history of spontaneous abortion, and three had therapeutic abortions. Of those who had 

spontaneous abortions, two reported their occurrence at <16 weeks of gestation. Two individuals 

had a history of preeclampsia in previous pregnancies. The group had a mean pre-pregnancy body 

mass index (BMI) of 25.5±4.0 Kg/m2 and a body surface area (BSA) at the time of the study of 

1.9±0.20 m2.  

With respect to other health issues, one had polycystic ovarian syndrome, two had type II 

diabetes and one presented with triple X syndrome. Also, 17 (52%) of those in the MHD group 

were on medications during the pregnancy including 7 (21%) with a beta-blocker, 3 (9%) on 

surgical PVR 
(19yrs) 

mild RV 
dilation 

33 Ebstein’s 
anomaly 

S/P TVR 
(6yrs), S/P re-
TVR (12yrs) 

Moderate-
severe TS 
(mean 

12mmHg), 
mild TR, 
moderate-
severe RV 
dilation and 
dysfunction 

Moderate-
Severe II-III I 

S/P: status post; ASD: atrial septal defect; RA: right atrium; RV: right ventricle; TR: tricuspid 
regurgitation; PR: pulmonary regurgitation; LV: left ventricle; CM: cardiomyopathy; AICD: 
automatic implantable cardioverter defibrillator; VSD: ventricular septal defect; ToF: Tetralogy 
of Fallot; PVR: pulmonary valve replacement; TCPV: transcatheter pulmonary valve 
replacement. AS: aortic stenosis; PA: pulmonary artery; BAV: bicuspid aortic valve; AVR: 
aortic valve replacement; AoV: aortic valve; AR: aortic regurgitation; PS: pulmonary stenosis; 
LVEF: left ventricular ejection fraction; PV: pulmonary valve; MR: mitral regurgitation; MS: 
mitral stenosis; AVSD: atrioventricular septal defect; AVB: atrioventricular block; TS: tricuspid 
stenosis. 
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levothyroxine, 4 (12%) on anti-depressants or anxiety medication, 2 (6%) on insulin, 2 (6%) on 

warfarin and 1 on anti-seizure medication.  

Control Participants  

The age for control participants ranged from 27-39 years. The mean gestational age was 

21.5±1.6 weeks. The majority (20, 63%) of these women had had been nulliparous, whereas only 

12 (38%) had at least 1 previous live birth when recruited into the study.  Three (9%) had 

spontaneous abortions and 5 (16%) had a history of elective abortions. One individual had a history 

of preeclampsia in a previous pregnancy. The group had a mean pre-pregnancy BMI of 

25.2±4.1 Kg/m2 and a BSA at the time of the study of 1.8±0.20 m2.  Three (9%) had a diagnosis 

of hypothyroidism confirmed with clinical testing and were on levothyroxine with normal thyroid 

tests in the midtrimester. Six others were on levothyroxine for borderline low thyroid levels. One 

had a diagnosis of polycystic ovarian syndrome.  One individual indicated the use of anti-anxiety 

medication, and one participant had a prescription for warfarin for a previous pulmonary 

embolism.  

 

Demographic, Pregnancy & Health History and Medication Use Comparisons 

Maternal age, BSA at time of the assessment and pre-pregnancy BMI were not different 

between MHD and control groups. In general, MHD individuals had significantly higher gravidity 

P=0.0089), higher parity (P=0.041) and losses (P=0.038) than control individuals. Gestational age 

was significantly lower (P=0.0001) in MHD participants than control participants (Table 3-1). 

Therefore, MHD and control participants were only matched by maternal age, BSA and pre-

pregnancy BMI.  
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 Comorbidities and use of various medications, summarized in Table 3-3, were compared 

between groups to control for confounding variables. Clinical patients had a significantly increased 

use of beta-blockers compared to controls (P=0.011) (Table 3-3). 

 

 

Cardiovascular Health Comparisons 

Baseline Cardiovascular Parameters  

 Baseline heart rate and systolic, diastolic, and mean arterial pressure were not different 

between groups (P>0.05) (Table 3-4).  

Table 3-3: Medication Use and Comorbidities in Control and MHD Participants 

Medication Control 
(n) 

MHD 
(n) P-Value 

Beta-blocker 0 7 0.011 
Levothyroxine 9 3 0.061 

Anti-depressants/anxiety 1 4 0.35 
Insulin 0 2 0.49 
Warfarin 1 2 1.00 
Anti-seizure 0 1 1.00 
Comorbidities Control MHD P-Value 

Hypothyroidism/abnormal 
thyroid stimulating 
hormone (TSH) 

3 0 0.11 

Polycystic ovarian 
syndrome (PCOS) 1 1 1.00 

Type II diabetes 0 2 0.49 
Triple X syndrome 0 1 1.00 
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 N-terminal prohormone B type natriuretic peptide (NT-proBNP) was significantly higher 

in MHD than control individuals (P=0.017), with 11 (33%) of those with MHD having levels above 

normal cut-offs (>125 ng/L) 251. In the control group, five individuals (16%) had values slightly 

above normal cut-offs.  In addition, 2 (6%) MHD participants had levels considered indicatory of 

heart failure or high myocardial stress (i.e. levels >450 ng/L) 207. No control participants presented 

levels indicatory of heart failure. Even in the absence of the two participants with very high NT-

proBNP levels in the MHD group, NT-proBNP was significantly higher compared to the control 

group (P<0.05). Although one of the participants with higher levels of NT-proBNP had a left 

ventricular ejection fraction (LVEF) close to 40%, none of the participants were considered to 

have clinical heart failure at the time of the visit. Blood work was not available for all participants. 

The distribution for NT-proBNP is demonstrated in Figure 3-1.  

Table 3-4:  Baseline Cardiac Parameters in Control and MHD Participants 

Outcome Control 
(n) 

MHD 
(n) P-value 

Heart rate (bpm) 72±10 
(32) 

75±9 
(33) 0.20 

Systolic blood 
pressure (mmHg) 

106±9 
(32) 

106±10 
n=33 0.86 

Diastolic blood 
pressure (mmHg) 

68±6 
(32) 

66±6 
(33) 0.91 

Mean arterial 
pressure (mmHg) 

81±7 
(32) 

79±7 
(33) 0.34 

NT-proBNP (ng/L) 58 [60] 
(30) 

96 [139] 
(28) 0.017 

All values are presented as mean ± standard deviation, except for NT-proBNP which is 
presented as median [IQR] since it did not present a normal distribution of data.  NT-proBNP: 
N-terminal prohormone B type natriuretic peptide. Significance was defined as P<0.05. 
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Ventricular-Arterial Coupling and Primary Cardiac Outcomes 

Ventricular-Arterial Coupling (VAC):  

 VAC calculations were performed for 64 participants and are presented as means and 

standard deviations (Table 3-5, Figure 3-2. A). VAC was significantly higher in MHD (0.78 ±0.15) 

than control (0.69 ±0.093) participants (P=0.0063). The different components of VAC (i.e. Ea and 

Ees) were compared between groups. Only the absolute Ees was different among groups (P=0.047) 

with a significantly lower value in MHD (1.7±0.42) in keeping with reduced left ventricular (LV) 

cardiac efficiency (Figure 3-2. B).  Absolute Ea, Ea indexed and Ees indexed were not different 

between MHD and control participants. 

 In addition, the post-hoc power calculation analysis, as can be seen below yielded a 

power of 91% for the study of VAC, meaning that the sample size in the study was large enough 

to show significant differences among groups:   

NT-ProBNP: N-terminal prohormone B type natriuretic peptide. 
Individual values are shown with median and interquartile range. 

Figure 3-1: NT-proBNP Levels in Control and MHD Participants 
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t tests - Means: Difference between two independent means (two groups) 
Analysis: Post hoc: Compute achieved power 

 
Input:  
Tail(s) = Two 
Effect size d = 0.846902 
α err prob = 0.05 
Sample size group 1 = 32 
Sample size group 2 = 32 

 
Output:  
Noncentrality parameter δ = 3.3876080 
Critical t = 1.9989715 
Degrees of freedom = 62 
Power (1-β err prob) = 0.9153908 

 

 

 

Table 3-5: VAC and Primary  LV Systolic Function Outcomes 

Outcome Control 
(n) 

MHD 
(n) P-value 

VAC 0.69±0.093 
(32) 

0.78±0.15 
(32) 0.0063 

Absolute Ea  
(mm Hg/mL) 

1.3±0.29 
(32) 

1.3±0.29 
(33) 0.88 

Eai 
(mm Hg/mL per m2) 

2.3 [0.60] 
(32) 

2.3 [0.80] 
(33) 0.90 

Absolute Ees  
(mm Hg/mL) 

1.9±0.41 
(32) 

1.7±0.42 
(32) 0.047 

Eesi 
(mm Hg//mL per m2) 

3.4±0.82 
(32) 

3.2±0.90 
(32) 0.27 

Absolute CO (L/min) 5.57 [1.3] 
(32) 

5.59 [1.4] 
(33) 0.85 

COi (L/min per m2) 3.03±0.60 
(32) 

3.03±0.75 
(33) 0.99 

GLS (%) -17±2 
(23) 

-16±3 
(20) 0.58 

Strain rate (s-1) -0.9±0.03 
(23) 

-0.9±0.2 
(20) 0.76 

Myocardial acceleration 
slope (m/s) 

1.50±0.69 
(25) 

1.39±0.69 
(24) 0.57 

LV: left ventricle; VAC: ventricular-arterial coupling; Ea: arterial elastance; Eai: indexed 
arterial elastance; Ees: end-systolic elastance; Eesi: indexed end-systolic elastance; CO: cardiac 
output; COi: indexed cardiac output; GLS: global longitudinal strain. All values are expressed 
as mean ± standard deviation, except for Eai and absolute CO which are expressed as median 
[IQR] since they did not present a normal distribution of data. n= total participant numbers. 
Significance was defined as P<0.05. 
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A: Ventricular-arterial coupling. B: Absolute Ees (end-systolic elastance) C: Indexed 
CO (cardiac output) D: Global longitudinal strain. E: Strain rate. F: Myocardial 
acceleration slope. Individual values are shown with mean and standard deviation.  

Figure 3-2:VAC and Primary Cardiac Outcomes in Control and MHD Participants  

D C 

A B 

F E 
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Cardiac Output and LV Systolic Function:  

Both the absolute and indexed values for CO were not different between the MHD and 

control groups (P>0.05). Global longitudinal strain (GLS) (P=0.58), strain rate (P=0.76), and the 

myocardial acceleration slope (P=0.57) were also not significantly different between groups (Table 

3-5, Figure 3-1). It was not possible to obtain some of these cardiac measures for all participants 

due to poor image quality, reducing the sample size for some of the outcomes.  

 

LV Diastolic Function (Table 3-5):  

 End-diastolic volumes and mitral valve Doppler E wave peak velocities were not different 

between groups (Table 3-6). E/A wave peak velocity ratios were also not different (P=0.76) 

between MHD and controls. However, the average value for the annular myocardial velocities 

representing myocardial relaxation (average E’) was significantly higher (P=0.023) in control 

(15±2.5) than MHD (13±3.5) participants. In addition, E/E’ was significantly higher (P=0.015) in 

MHD (median [IQR]: 7.1 [3.7]) than control participants (median [IQR]: 5.8 [1.9]). As mentioned 

in the previous chapter, normal values for E/E’ are <8 and E/E’ >15 is indicative of increased LV 

filling pressures 234-236. In the MHD group, 13 of 30 (43%) had E/E’> 8 and one presented with 

E/E’> 15. In the control group, only 2 of 30 (7%) had an E/E’> 8 and none presented with E/E’> 

15. The distribution of these outcomes is presented in Figure 3-3.  
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Table 3-6: LV Diastolic Function Outcomes 

Outcome Control 
(n) 

MHD 
(n) P-value 

Absolute end-
diastolic volume 

(mL) 

83±15 
(32) 

89±17 
(33) 0.11 

Indexed end-diastolic 
volume (mL per m2) 

46±9.8 
(32) 

48±8.4 
(33) 0.60 

E (m/s) 0.84±0.16 
(30) 

0.91±0.21 
(30) 0.18 

Average E’ (cm/s) 15±2.5 
(32) 

13±3.5 
(33) 0.023 

E/A 1.7 [0.8] 
(30) 

1.6 [0.6] 
(30) 0.76 

E/E’ 5.8 [1.9] 
(30) 

7.1 [3.7] 
(30) 0.015 

LV: left ventricular. All values are expressed as mean ± standard deviation, except for E/A and 
E/E’ which are presented as median [IQR] since they did not present a normal distribution of 
data.  n= total participant numbers. Significance was defined as P<0.05. 

A: Average E’. B:E/E’. LV: left ventricular. Individual values are shown with 
mean and standard deviation for E’ and median and interquartile range for 
E/E’.  

Figure 2-3- LV Diastolic Function Outcomes in Control and MHD 
Participants  

B A 
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Secondary Cardiac Systolic Outcomes 

Stroke volume, ventricular volumes and left ventricular ejection fraction (Table 3-7) 

 Stroke volume, both absolute (P=0.75) and indexed (P=0.74), were not different 

between groups. The absolute end-systolic volume was significantly higher (P=0.017) in MHD 

(median [IQR]: 34 [10]) than in the control group (median [IQR]: 28 [10]) but was comparable 

when indexed to BSA (P=0.12). However, the LVEF was lower in MHD (61±9%) than controls 

(67±6%) (P=0.0033). Those with cardiomyopathy appeared to have generally lower LVEF 

however, preliminary results showed that even after the exclusion of individuals with 

cardiomyopathy, LVEF was significantly lower in MHD compared to controls. The distribution of 

these outcomes can be observed in Figure 3-4. 

 

 

 

Table 3-7: Secondary Systolic Cardiac Outcomes 

Outcome Control 
(n) 

MHD 
(n) P-value 

Absolute stroke 
volume (mL) 

76±15 
(32) 

77±19 
(33) 0.75 

Indexed stroke 
volume (mL per m2) 

42±8 
(32) 

42±11 
(33) 0.74 

Absolute end-systolic 
volume (mL) 

28 [10] 
(32) 

34 [10] 
(33) 0.017 

Indexed end-systolic 
volume (mL per m2) 

16 [7] 
(32) 

18 [8] 
(33) 0.12 

LVEF (%) 67±6 
(32) 

61±9 
(33) 0.0033 

All values are expressed as mean ± standard deviation, except for absolute and indexed end-
systolic volume which are presented as median [IQR] since they did not present a normal 
distribution of data.  n= total participant numbers. Significance was defined as P<0.05. 
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Regression Analyses  

 A multilinear regression analysis was used to determine the influence of various outcomes 

of systolic cardiac function on VAC. Given that gravidity was significantly different between 

MHD and controls, it was also included in this regression analysis to determine its effect on VAC. 

A: Stoke volume indexed (SVi). B: End-systolic volume indexed (ESVi). C: Left 
ventricular ejection fraction (LVEF). Individual values are shown with mean and 
standard deviation, except for graph B as it shows individual values with median and 
interquartile range given that it did not present a normal distribution of data.  

Figure 3-4: Secondary Systolic Cardiac Outcomes in Control and MHD Participants 

A B 

C 
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This is the only demographic variable included in the model given that it is usually the first variable 

considered during pregnancy and parity and losses are related to the latter, therefore, they could 

not be included in the model.  

 A model was created with select outcomes that showed no collinearity and that were 

believed to at least have a partial influence on VAC. The outcomes chosen included gravidity, 

GLS and E/E’ as they were not already included in the equation used to calculate VAC (i.e. SV 

and LVEF). The model yielded an adjusted R2=0.13, suggesting that the variables in the model did 

not have a high predictive ability on VAC (i.e. adjusted R2 <7). This implied that other variables 

not included in this model would have influenced VAC.  

 Gravidity did not appear to have an effect on VAC as depicted by a P-value >0.05. GLS 

also did not show a significant effect on VAC. However, E/E’ showed a significantly positive 

(P=0.039) influence on VAC (standardized B=0.015), suggesting that as E/E’ increases, higher 

numbers potentially reflecting higher filling pressures, VAC increased (Table 3-8). 

 

An individual regression analysis was also performed to evaluate the effect of VAC on NT-

proBNP. VAC appeared to have a significant (P=0.008) positive effect on NT-proBNP 

(standardized B=0.343), suggesting that as VAC increases, perhaps reflecting increased 

cardiovascular mismatch, NT-proBNP will increase suggesting increased myocardial stress.  

Table 3-8: Multilinear Regression Analysis for Gravidity and Selected Cardiac Outcomes and 
VAC 

Outcome Standardized B Standard Error P-value 
Gravidity 0.008 0.017 0.65 
GLS (%) 0.008 0.007 0.26 
E/E' 0.015 0.007 0.039 

Adjusted R2: 0.13. GLS: global longitudinal strain. Significance was defined as P<0.05.  
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Effect of MHD Severity on Cardiac Outcomes  

 In total 12 and 21 MHD participants were considered to have mild and moderate-severe 

MHD respectively. Comparisons between MHD severity groups (control vs mild vs moderate-

severe) showed that only VAC, LVEF, E’ and E/E’ were significantly different among groups 

when severity was considered (P<0.05) (Table 3-9, Figure 3-5). VAC was significantly lower 

(P=0.009) in controls (0.69±0.093) when compared to moderate-severe MHD (0.80±0.18), but not 

when compared to mild MHD (0.74±0.096), suggesting altered VAC is predominantly present in 

severe forms of MHD. LVEF was significantly higher (P=0.009) in controls (67 ± 6%) when 

compared to moderate- severe MHD (61 ± 9%), but not when compared to mild MHD (63 ± 9%). 

E’ was significantly lower in those with moderate-severe MHD vs controls (12±3.3 vs 15±2.5, 

P=0.009). E/E’ was significantly different between control (median [IQR]: 5.8 [1.9]) and 

moderate-severe MHD (median [IQR]: (8.2 [3.6]) participants (P=0.020). Findings were similar 

when only mWHO severity classification (I-II as mild and IIa-IV as moderate-severe) was used 

(data not shown) where significantly greater E/E’ and VAC were found among those with more 

severe MHD. LVEF was similar among groups.  

Table 3-9:  Individual Linear Regression Analysis Evaluating the Effect of VAC on NT-proBNP 
Outcome Standardized B Standard Error P-value 
NT-proBNP 0.343 225.1 0.008 

Adjusted R2: 0.102.  NT-proBNP: N-terminal prohormone B type natriuretic peptide.  Significance 
was defined as P<0.05.  

Table 3-10: MHD Severity Subgroup Analyses for VAC and Cardiac Outcomes 

Outcome Control 
(n) 

Mild 
MHD 
(n) 

Moderate-
Severe 
MHD 
(n) 

Test 
P-value 

P-value 
control 
vs mild 

P-value 
control vs 
moderate-
severe 
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VAC 0.69±0.093 
(32) 

0.74±0.096 
(11) 

0.80±0.18 
(21) 0.011 0.77 0.009 

Absolute Ea  
(mm Hg/mL) 

1.3±0.29 
(32) 

1.3±0.33 
(12) 

1.3±0.31 
(21) 0.99 1.0 1.0 

Eai 
(mm Hg/mL per 

m2) 

2.4±0.65 
(32) 

2.3±1.9 
(12) 

2.4±0.65 
(21) 0.80 1.0 1.0 

Absolute Ees  
(mm Hg/mL) 

1.9±0.41 
(32) 

1.8±0.40 
(11) 

1.7±0.45 
(21) 0.13 1.0 0.15 

Eesi 
(mm Hg//mL 
per m2) 

3.4±0.82 
(32) 

3.2±0.83 
(11) 

3.2±0.95 
(21) 0.55 1.0 0.92 

COi (L/min per 
m2) 

3.03±0.60 
(32) 

3.19±0.77 
(12) 

2.93±0.75 
(21) 0.56 1.0 1.0 

GLS (%) -17±2 
(23) 

-17±4 
(8) 

-16±3 
(12) 0.73 1.0 1.0 

Strain Rate 
(s-1) 

-0.9±0.03 
(23) 

-1.0±0.2 
(8) 

-0.9±0.2 
(12) 0.38 0.78 1.0 

Myocardial 
Acceleration 
Slope (m/s) 

1.50±0.69 
(25) 

1.78±0.74 
(10) 

1.10±0.51 
(14) 0.048 0.77 0.23 

SVi (mL per m2) 42±8 
(32) 

42±9 
(12) 

41±11 
(20) 0.93 1.0 1.0 

*ESVi (mL per 
m2) 

16 [7] 
(32) 

16 [4] 
(12) 

21[9] 
(21) 0.12 1.0 0.34 

LVEF (%) 67±6 
(32) 

63±9 
(12) 

61±9 
(21) 0.01 0.31 0.009 

EDVi (mL per 
m2) 

46±10 
(32) 

45±4 
(12) 

49±10 
(21) 0.28 1.0 0.73 

Average E’ 
(cm/s) 

15±2.5 
(32) 

14±3.3 
(12) 

12±3.3 
(21) 0.009 1.0 0.009 

*E/E’ 5.8 [1.9] 
(30) 

5.6 [2.5] 
(10) 

8.2 [3.6] 
(20) 0.001 0.98 0.020 

VAC: ventricular-arterial coupling; Absolute Ea: arterial elastance; Eai: indexed arterial 
elastance; Absolute Ees: end-systolic elastance; Ees: indexed end-systolic elastance; GLS: 
global longitudinal strain.; SVi:  indexed stroke volume; ESVi:  indexed end-systolic volume; 
Coi:  indexed cardiac output; LVEF: left ventricular ejection fraction; EDVi:  indexed end-
diastolic volume.  All values are expressed as mean ± standard deviation given that an ANOVA 
was used for analysis, except for ESVi and E/E’ which are presented as median [IQR] since they 
were analyzed with the Kruskal-Wallis test*.  n= total participant numbers. Significance was 
defined as P<0.05.  
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Effect of Beta-Blockers on Cardiovascular Outcomes 

 Beta-blockers were used by some MHD participants (n=7). Therefore, the effect of beta-

blockers, in addition to MHD, on various cardiac outcomes was evaluated with an analysis of 

covariance, that is a linear mixed model (Table 3-10). Some outcomes were shown to be influenced 

by this medication in addition to MHD. The results showed an effect on GLS (P=0.0067) and E/E’ 

(P=0.006). LVEF was also shown to be influenced by beta-blockers (P=0.005) in addition to MHD. 

Although beta-blockers appeared to have an effect on VAC (P=0.048), They did not have an effect 

on either absolute and indexed values for Ea and Ees which determine the value of VAC. Given 

that beta-blockers are prescribed in more severe MHD lesions, it is hard to isolate the effect of this 

A: Ventricular-arterial coupling (VAC). B: Left ventricular ejection fraction (LVEF). 
C: E/E'. Individual values are shown with mean and standard deviation for A and B. 
Median and interquartile range is shown in C given that it did not present a normal 
data distribution. 

Figure 3-5: MHD Severity Subgroup Analysis for VAC and Selected Cardiac 
Outcomes in Control, Mild MHD and Moderate-Severe MHD Participants 

A B C 
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medication on cardiovascular physiology from the pathophysiology associated with the specific 

cardiac lesion for which the medication was used.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3-11:  Analysis of Covariance for Beta-Blocker Use as 
Covariate for Various Outcomes of Interest 

Outcome P-value 
VAC 0.048 
Ea 0.70 
Eai 0.33 
Ees 0.29 
Eesi 0.63 

Coi (L/min) 0.31 
GLS (%) 0.0067 
ESVi (mL) 0.27 
LVEF (%) 0.005 
EDVi (mL) 1.0 
E/E’ 0.006 

GLS: global longitudinal strain.; SVi: stroke volume indexed; 
ESVi: end-systolic volume indexed; Coi: cardiac output indexed; 
LVEF: left ventricular ejection fraction; EDVi: end-diastolic 
volume indexed.  Significance was defined as P<0.05. 



 90 

 

Uteroplacental and Fetal Outcomes 

All values for uteroplacental and fetal outcomes were expressed as centiles, except for fetal heart 

rate. 

Uteroplacental Outcomes 

UtA pulsatility indices (PIs) were found to not be different between MHD and control 

groups in the midtrimester (Table 3-11). Examining the proportion of participants in each group 

with an abnormally high UtA suggesting increased downstream resistance, 3 (10%) of MHD 

versus 0% of controls had a UtA PI of >95th centile.   

 Although not reaching statistical significance (P=0.11) there was a tendency for higher UA 

PI values in MHD (median [IQR]: 83 [43]) compared to controls (median [QR]: 66 [31]). In 

addition, 7 (21%) MHD participants had measures >95th centile versus 5 (16%) of the controls for 

UA PI (Figure 3-6).  

 

Table 3-12: Uteroplacental Doppler Flow Patterns 

Outcome Control 
(n) 

MHD 
(n) P-value 

Right UtA PI 18 [29] 
(27) 

12 [66] 
(22) 0.98 

Left UtA PI 23 [29] 
(31) 

4 [74] 
(20) 0.94 

Mean UtA PI 20 [28] 
(27) 

8 [66] 
(20) 0.71 

UA PI 66 [31] 
(32) 

83 [43] 
(33) 0.11 

UtA: uterine artery; PI: pulsatility index; UA: umbilical artery. Values are centiles expressed as 
median [IQR] given that they did not present a normal distribution of data.  n= total participant 
numbers. Significance was defined as P<0.05. 
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Fetal Growth Outcomes, Heart Rate and MCA (Table 3-12) 

 Our results, expressed as median [IQR], showed centiles that were not different between 

groups for head circumference, femoral length and middle cerebral artery (MCA) PI (Table 13). 

Therefore, surrogates for fetal growth were not different between MHD and control participants at 

this point in pregnancy. Fetal heart rate did not differ as well.  

Regression Analyses 

 Individual linear regression analyses were performed to assess the influence of VAC on 

the right, left and mean UtA Pis, as well as the UA PI.  

 

  Our results showed that VAC as a model did not have a high predictive value, as depicted 

by an adjusted R2 <0.7, for the right (adjusted R2 = 0.13), left (adjusted R2 = 0.067) and mean UtA 

(adjusted R2 = 0.14), and UA PI (adjusted R2 = -0.009). However, VAC did have a significant effect 

(P<0.05) on the right (standardized B=0.36), left (standardized B=0.29) and mean UtA PI 

(standardized B=0.40). The effect of VAC on the various measures of UtA PI appears to be 

positive, suggesting that as VAC increases so will the respective UtA PI (Table 3-13).   

Table 3-13: Fetal Growth Outcomes, Heart Rate and MCA 
Outcome Control MHD P-value 

Head circumference  59 [58] 
(31) 

57 [52] 
(32) 0.41 

Femoral length 69 [34] 
(30) 

69 [28] 
(32) 0.91 

Fetal heart rate 
(bpm) 

146 [10] 
(30) 

145 [10] 
(32) 0.80 

MCA PI 38 [53] 
(32) 

49 [50] 
(33) 0.30 

MCA PI: middle cerebral artery pulsatility index; bpm: beats per minute. Values are centiles 
(except for fetal heart rate) expressed as median [IQR] given that they did not present a normal 
distribution of data. Fetal heart rate is not expressed in centiles.  n= total participant numbers. 
Significance was defined as P<0.05. 
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MHD Severity and the Uteroplacental Circulation, Fetal Growth and Heart Rate 

A Kruskal-Wallis test for non-parametric data was performed to conduct subgroup analyses 

to determine if MHD severity had an effect on the uteroplacental circulation and fetal outcomes. 

Uteroplacental and fetal outcomes were similar among groups when controls were compared to 

mild and moderate-severe MHD. This included the right, left and mean UtA PI, as well as the UA 

PI. As well, fetal growth parameters including head circumference, femoral length, MCA and fetal 

heart rate did not differ upon MHD severity analysis (Table 3-14).  

Table 3-14:  Individual Linear Regression Analyses Evaluating the Effect of VAC on Various 
Uteroplacental Outcomes  

Outcome 
Influenced Standardized B Standard Error P-value Adjusted R2 

Right UtA PI 0.36 31.6 0.01 0.13 
Left UtA PI 0.29 32.3 0.04 0.067 
Mean UtA PI 0.40 31.2 0.006 0.14 
UA PI -0.085 25.8 0.50 -0.009 

UtA: uterine artery; PI: pulsatility index; UA: umbilical artery. Significance was defined as 
P<0.05.  

Table 3-15: MHD Severity Subgroup Analyses for the Uteroplacental Circulation and Fetal 
Outcomes 

Outcome Control 
(n) 

Mild 
MHD 
(n) 

Moderate
-Severe 
MHD 
(n) 

Test 
P-
value 

P-
value 
control 
vs mild 

P-value 
control vs 
moderate
-severe 

Right UtA PI 18 [29] 
(27) 

12 [54] 
(8) 

3 [56] 
(14) 0.99 1.0 1.0 

Left UtA PI 23[29] 
(31) 

48[79] 
(8) 

3[50] 
(12) 0.52 0.71 0.83 

Mean UtA PI 20[28] 
(27) 

46[61] 
(8) 

6[68] 
(12) 0.60 0.55 0.83 

UA PI 66[31] 74[44] 83[87] 0.12 0.96 0.11 
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Effect of Beta-Blockers on Uteroplacental and Fetal Outcomes 

 The effect of beta-blockers on uteroplacental and fetal outcomes was evaluated (Table 3-

15). The use of beta-blockers by certain MHD participants (n=7) showed no influence on any of 

the measures for the uteroplacental circulation or fetal growth in addition to MHD (P>0/05).  

  

 

 

 

 

 

 

 

 

  

(32) (12) (21) 
Head 

circumference 
59[58] 
(31) 

80[28] 
(11) 

46[61] 
(21) 0.54 0.97 0.58 

Femoral length 69[34] 
(30) 

77[29] 
(11) 

65[66] 
(21) 0.63 0.82 0.84 

Fetal heart rate 146[10] 
(32) 

141[10] 
(12) 

146[10] 
(21) 0.26 0.70 0.63 

MCA PI 38[53] 
(32) 

39[44] 
(12) 

49[48] 
(21) 0.48 0.52 0.77 

UtA: uterine artery; PI: pulsatility index; UA: umbilical artery; MCA: middle cerebral artery. 
Bpm: beats per minute. Values are centiles expressed as median [IQR] given that they did not 
present a normal distribution of data. Fetal heart rate is not expressed in centiles.  n= total 
participant numbers. Significance was defined as P<0.05. 

Table 3-16:  Sensitivity Analysis for Beta-Blocker Use as 
Covariate for Various Outcomes of Interest 

Outcome P-value 
Right UtA PI 0.45 
Left UtA PI 0.82 
Mean UtA PI 0.67 
UA PI 0.72 

Head circumference 0.95 
Femoral length 0.61 
Fetal heart rate 0.68 
MCA PI 0.24 

UtA: uterine artery; PI: pulsatility index; UA: umbilical artery; 
MCA: middle cerebral artery. Significance was defined as 
P<0.05. 
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CHAPTER	4:	DISCUSSION	

As pregnancies complicated by maternal heart disease (MHD) are on the rise1,2, an 

understanding of their cardiovascular adaptations in pregnancy and mechanisms responsible for 

increased maternal and fetal/neonatal complications 14, 20, 23,3,4 are critical for developing more 

effective management strategies and preventative interventions for this population. Our cross-

sectional investigation provided insight, through the evaluation of maternal ventricular-arterial 

coupling (VAC) and cardiac function at 18-24 weeks of pregnancy, into how cardiovascular 

adaptations potentially differ between MHD and healthy pregnancies which could ultimately 

contribute to complications later in pregnancy. Further investigations of the uteroplacental 

circulation and fetal growth provided a deeper understanding about the relationship between 

cardiovascular function and the fetal-uteroplacental health in MHD at this time in pregnancy.  

We found pregnancies complicated by MHD to demonstrate increased VAC in addition to 

decreased absolute left ventricular (LV) efficiency/function (Ees) compared to healthy pregnancies 

at 18-24 weeks. Indices of reduced cardiac function were concomitantly observed in MHD 

including decreased LV ejection fraction (LVEF) and increased E/E’, the latter a noninvasive 

measure of LV end-diastolic pressure. Although most of these indices were within normal ranges, 

these subclinical changes could contribute to increased VAC. Despite these findings, less load-

dependent measures of cardiac contractility (global longitudinal strain, strain rate, myocardial 

acceleration) and even cardiac output (CO) did not differ between MHD and controls in the 

midtrimester, findings which could explain the lack of clinical Doppler-based changes in the 

uteroplacental circulation and fetal growth at this point in pregnancy in the face of abnormal VAC.   
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VAC and Systolic Function  

Our results supported our hypothesis that pregnancies complicated by MHD demonstrate 

increased VAC relative to controls in the midtrimester. To our knowledge, this is this first study 

to compare and observe a difference in VAC between MHD and healthy pregnancies. Although 

many were still within normal values for non-pregnant individuals (0.5-1.0<) 203, we found that 

pregnancies complicated by moderate-severe MHD 19-21, had the highest measures of VAC when 

compared to controls suggesting the mismatch between arterial load and LV efficiency is greater 

with increased severity of MHD. Previous work has demonstrated that VAC increases in the 

healthy pregnancy (without MHD) with increasing gestation 197, yet MHD participants had 

elevated VAC despite being evaluated on average at a slightly earlier gestational age than control 

participants, which further strengthens our findings of increased ventricular-arterial mismatch in 

MHD participants.  

Although we also hypothesized that increased VAC in MHD would be associated with 

decreased cardiac output (CO), there were no differences in the absolute and indexed values for 

CO among groups at 18-24 weeks. Effective cardiovascular coupling allows for adequate CO, 

therefore, a mismatch of this coupling would have been expected to negatively impact CO and 

organ perfusion 252, 253. It is possible the reduced cardiovascular coupling in MHD we observed 

was not sufficiently disruptive to affect CO at this point in pregnancy. It has been observed that in 

some severe types of MHD, such as in significant valvular disease or those with a Fontan 

circulation, the ability to increase CO in pregnancy might be limited with the most marked 

abnormalities found in the 3rd trimester 66, 74, 84. Further work is required at this time to determine 

whether late gestational reduction in CO relates to greater cardiovascular mismatch particularly in 

more severe MHD, which would be suggested by the presence of a very high VAC. Those with 
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moderate-severe MHD in our study showed a lower CO than both controls and mild MHD, 

however, this did not reach statistical significance. Lack of significant differences in CO in our 

study could reflect generally a less severe MHD spectrum with a less severe cardiovascular 

mismatch that had not as yet affected CO, at least by 18-24 weeks of pregnancy.  Although Wald 

et al 26 have previously observed a reduction in CO in MHD, this was isolated to MHD pregnancies 

with fetal and neonatal complications including prematurity, low birth weight and small for 

gestational age. In addition, the decline in CO in the latter study was observed only in the 3rd 

trimester in MHD pregnancies with those without neonatal complications. This could suggest that 

in MHD pregnancies with complications, there is a progressive lack of sufficient cardiovascular 

adaptation leading to reduced CO. Whether this fall in CO in the 3rd trimester of MHD pregnancies 

with maternal and fetal complications relates again to greater cardiovascular mismatch with 

consequent increasing VAC requires further investigation. Given the cross-sectional nature of our 

study with lack of correlation with eventual pregnancy and neonatal outcomes, we were not able 

to further examine the relevance of altered VAC despite normal CO in the adverse pregnancy 

outcomes. However, it is of note, when we examined MHD pregnancies based on residual disease 

and mWHO categories which relate to previously reported risks of maternal and fetal/neonatal 

complications, those historically of higher risk (categories II-III and higher) had the greatest 

cardiovascular mismatch in the midtrimester as depicted by increased VAC.   

As VAC is the ratio between arterial load and left ventricular (LV) efficiency, an increased 

VAC can be due to decreased LV efficiency/function (Ees), increased arterial load (Ea), or a 

combination of the two 30. We observed a significantly lower absolute Ees among MHD 

pregnancies suggesting decreased LV efficiency or function, perhaps as an important contributor 

to impaired cardiovascular coupling (i.e. increased VAC) in these complicated pregnancies. 
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However, we found absolute arterial load (Ea) to not differ between groups, suggesting once again, 

that the change in VAC at least at 18-24 weeks in MHD may be primarily due to decreased LV 

efficiency/function (Ees). However, given that Ea is calculated solely with the systolic blood 

pressure and stroke volume, a thorough assessment of parameters promoting increased arterial load 

such as increased pulse-wave velocity 172 and reduced vessel compliance 254 could provide greater 

insight into the role arterial load plays in MHD.   

The reduction in LVEF observed among MHD pregnancies could further support some 

element of reduced systolic and overall cardiac function compared to control participants. 

Commonly, LVEF is an important clinically applied parameter of systolic function and has been 

used to assess the risk of heart failure and subsequent clinical outcomes including mortality 56, 213, 

255. The LVEF was 67 ± 6% in controls and 61 ± 9 % in all MHD which are both within the normal 

ranges for normal systolic function in non-pregnant females (54%-74%) 213, but could still indicate 

a reduction of systolic performance for the given loading conditions at that point in pregnancy. 

Further subgroup analyses showed that LVEF was significantly lower in those with moderate-

severe MHD, but not with mild MHD, when compared to the controls. This suggests the presence 

of some element of decreased systolic performance, perhaps subclinical, with worse MHD 

possibly contributing to decreased LV efficiency (Ees), resulting in increased cardiovascular 

mismatch.  

Given that LVEF is affected by preload, afterload and contractility, its reduction in MHD 

could have been impacted by increased arterial load, decreased LV contractility, or decreased end-

diastolic volume 256. In our study, arterial load (Ea), and end-diastolic volumes (surrogate of 

preload) were not different between MHD and control pregnancies. In addition, measures of 

contractility as depicted by global longitudinal strain (GLS), strain rate and myocardial 
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acceleration slope 49, 228, 256 were not different between groups. Given these findings, an isolated 

parameter may not be responsible for the decrease in LVEF in MHD. However, it is important to 

consider that the sample size was small for GLS measurements (n=20-23) and these measures were 

not available for all participants as image acquisition and quality was poor for some of the 

echocardiograms. We conducted a post-hoc power calculation with G power 250 with our current 

data which yielded a sample size of 100 per group to be able to detect differences in GLS. 

Therefore, it would be important to evaluate GLS with a larger cohort to determine whether it 

contributes to reduced LVEF in MHD. In addition, although LVEF is an important reflection of 

systolic function, given its load-dependency 213, the further study of GLS would perhaps provide 

more insightful information about contractility in MHD. It has previously been shown that GLS 

has a direct effect on VAC in settings of hypertension in non-pregnant individuals 257. 

Hypertension is characterized by the presence of cardiovascular uncoupling resulting in a higher 

VAC 258. In addition, reduced GLS (i.e. reduced contractility) has been previously associated with 

lower birth weight in late pregnancy in MHD suggesting that reduced contractility can affect fetal 

growth 25.  Thus, we could hypothesize that although reduced contractility was not observed in our 

study, it could be contributory to the increase in VAC present in MHD and could ultimately 

contribute to future poor neonatal outcomes in this population.  

In our study, we also observed an increase in N-terminal prohormone B type natriuretic 

peptide (NT-proBNP) among MHD participants. NT-proBNP is released in response to 

myocardial wall stress and ischemia. It is a good predictor and more objective measure of heart 

failure 206. It has been previously observed that NT-proBNP concentrations increase with 

decreasing LVEF in non-pregnant adult hospital inpatients 209, that is, NT-proBNP and LVEF are 

inversely related. Therefore, our findings of concomitant increase in NT-proBNP and reduced 
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LVEF in MHD could perhaps suggest the presence of increased wall stress. Wall stress is usually 

an indication of myocardial oxygen requirements and ventricular workload 259. The reduction in 

LVEF in MHD could be due to persistent volume overload secondary to residual hemodynamic 

pathology such as valvular regurgitation 260 present in several of the MHD participants. This can 

increase ventricular workload or promote LV alterations occurring concomitantly with increased 

wall stress as depicted by increased NT-proBNP levels among MHD participants. A decrease in 

LV efficiency (Ees) as suggested by a decrease in LVEF which could then affect overall 

cardiovascular coupling (i.e. VAC) could be related to increased LV stress (i.e. increased NT-

proBNP). This was supported by our linear regression analysis showing that VAC had a positive 

effect on NT-proBNP, perhaps suggesting that as there increased cardiovascular mismatch, LV 

wall stress will increase which can be indicative of increased ventricular workload and oxygen 

requirement 259. If sustained, this increase in cardiovascular mismatch due to reduction in cardiac 

efficiency, perhaps related to a fall off the Frank-Starling curve 261, could translate into reduced 

CO which could result in fetal health deterioration 25, 262, previously observed in MHD pregnancies 

20.  

It Is important to note that previous literature indicating reduced cardiac function  in MHD 

with neonatal complications 25, 26 and abnormal uteroplacental Doppler flow parameters 160 had 

cardiac parameters that showed cardiac function measures that were within normal ranges. Pieper 

et al 160 witnessed a decreased LVEF, despite largely normal values, and increased NT-proBNP 

among pregnancies with congenital heart disease (CHD), concomitant with impaired umbilical 

artery pulsatility and resistance indices (PI and RI, respectively) in CHD pregnancies compared to 

controls at 32 weeks of gestation.  Therefore, the fact that our results thus far do not show clinically 

abnormal cardiac function, but rather lower cardiac function relative to normal pregnancies, cannot 
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be dismissed as perhaps even lower than normal cardiac function may be insufficient to maintain 

a healthy pregnancy and thus contribute to poor outcomes in this population later in pregnancy. 

 

VAC and Diastolic Function 

One of the main findings supporting our hypothesis of reduced cardiac function, especially 

at the level of the LV, in MHD was the presence of increased E/E’, a surrogate for LV filling 

pressure 230, 232, 151. Estensen et al 57 had previously observed preserved E/E’ in all trimesters of 

healthy pregnancies, suggesting LV filling pressures remain relatively stable as pregnancy 

progresses, and despite greater CO demands. Although our study did not have longitudinal 

assessments of E/E’, MHD had a higher E/E’ than controls in the midtrimester. The values for 

E/E’, as was true for LVEF, remained within normal values (E/E’<8) for 57% of the MHD 

participants, however an overall increased E/E’ in MHD could still indicate more subtle 

differences in the LV myocardium contributing to impaired diastolic health in MHD 229. This 

difference in E/E’ was driven by participants with moderate-severe MHD when compared to 

controls. Melchiorre et al 263 previously assessed diastolic function in pregnancies without MHD, 

but that were complicated by fetal growth restriction. They used an algorithm to classify diastolic 

dysfunction where indications of lateral E’<14 (tissue Doppler velocity at the left side of the mitral 

valve) in addition to E/E’ between 9-12 and other factors could indicate a “pseudonormalized” 

filling pattern. In our cohort, close to 25% of MHD participants had a lateral E’<14 and 28% 

exhibited E/E’ ³ 9.  Importantly, 19% of controls had a lateral E’<14, but none had a calculated 

E/E’ of ³ 9. This could again suggest some degree of impaired diastolic function in MHD, although 

it might not yet be clinically significant. However, given that adequate LV filling is necessary for 

sufficient LV ejection, reduced diastolic function could contribute to decreased LV efficiency, 
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resulting in impaired or at least reduced cardiovascular coupling demonstrated by an increased 

VAC.  

Several forms of adult heart disease, including repaired CHD, are known to be associated 

with LV diastolic dysfunction. Patients with functional single ventricle lesions who are status-post 

the Fontan procedure have been found to have occult diastolic dysfunction which can critically 

impact their unique circulation, one highly dependent on low-downstream filling pressures 264. 

Although not always clinically evident, diastolic dysfunction has also been observed in other forms 

of heart disease including aortic 265 and mitral stenosis 266. It appears that in settings of aortic 

stenosis, even in children and young adults, the LV can become stiffer and remodels resulting in 

increased hypertrophy and myocardial fibrosis 267 to compensate for an increased afterload 265. In 

mitral stenosis, there can be reduced flow to the LV, resulting in decreased filling during diastole 

and increased left atrial filling pressures to accommodate for the resistance to flow 268. Other 

conditions which are associated with increased preload and may also contribute to underlying 

myocardial diastolic dysfunction include aortic regurgitation 269 and mitral regurgitation 270, 

observed in several of the MHD participants in our study. Aortic regurgitation contributes to the 

LV end-diastolic volume 268. During diastole, the regurgitant valve will allow retrograde flow from 

the aorta into the LV increasing volume load, resulting, most often, in LV dilation and eventual 

hypertrophy which can affect LV filling pressures 269, 271. In settings of mitral regurgitation, blood 

from the LV will be directed to the left atrium which will eventually increase the amount of blood 

delivered to the LV during diastole 272.  The LV will dilate, becoming less compliant in response 

to increased volume being delivered from the left atrium 268, 270 which will negatively affect 

diastolic function. Furthermore, any underlying myocardial restriction, as may be seen in such 

conditions as left heart obstruction 74 and tetralogy of Fallot 273, 274, may be exacerbated with excess 
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preload, with higher filling pressures for a given preload. Therefore, a combination of intrinsic 

reduced diastolic function and increased loading due to residual disease could contribute to 

reduced LV efficiency and ejection, culminating in worsened cardiovascular mismatch and 

increased VAC.  This speculation is supported by the findings of our multilinear regression 

analysis where E/E’ had a positive influence on VAC, implying that as E/E’ increases with greater 

diastolic function reduction, VAC also increased. This follows the principle that if the efficiency 

of LV filling is reduced, overall LV efficiency will be reduced, as depicted by lower Ees in MHD.  

In addition, average E’ was significantly lower in MHD than controls, especially in those 

with moderate-severe MHD. E’ reflects mitral annular velocity during early ventricular filling, and 

a reduction in its value could indicate impaired LV dynamics that negatively impact early passive 

LV filling during diastole 229, 275. This reduction in E’ has been observed by Muthyala et al 276 in 

pregnancies complicated by preeclampsia, a complication observed more frequently in MHD 

pregnancies 20. However, it is important to remember that preeclampsia is characterized by a higher 

afterload 277 and measures of E’ are load-dependent 278. Therefore, whether solely underlying 

myocardial dysfunction or increase in afterload, or both contribute to these abnormalities of LV 

function is unclear. It has been shown that myocardial relaxation which occurs following 

myocardial contraction and aortic valve closure 279 can be impaired by increased afterload in 

animal models 280. That arterial stiffness is increased in various forms of CHD 27, 169, could 

subsequently contribute to these abnormalities. In animal models, it has been shown that increased 

afterload promotes myocardial remodeling, including fibrotic hypertrophy and apoptosis 281. This 

could affect myocardial dynamics, including relaxation which could contribute to increased end-

diastolic pressures and promote diastolic dysfunction 282-284. Although Ea was similar between 
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MHD and controls in our study, further exploration of arterial load could provide clarity about its 

contribution to reduced diastolic function in MHD.  

As mentioned previously, the end-diastolic volumes were not different between MHD and 

control pregnancies in our study. However, it has been shown that even in settings of diastolic 

failure, both end-diastolic and end-systolic volumes are normal at least in the non-pregnant 

individual 285. In our study, reduced diastolic function, which can impact overall LV efficiency, 

was associated with increased VAC. The contribution of diastolic dysfunction to increased 

cardiovascular mismatch in MHD and its potential role in adverse pregnancy outcomes warrants 

further investigation.   

 

Uteroplacental Circulation 

Although increased VAC and reduced cardiac function were observed among MHD 

pregnancies, the uteroplacental circulation and fetal growth parameters were not different from 

control pregnancies. Our last hypothesis, as such, was not supported by our findings where we 

predicted indications of increased resistance to blood flow in the uteroplacental circulation (i.e. 

higher umbilical artery, UA, and uterine artery, UtA, pulsatility indices (PIs)) in MHD. Given that 

CO was not different among groups and perhaps gross measure of cardiac load (Ea), uterine 

perfusion was likely preserved in MHD pregnancies at this stage in gestation. It is possible that 

although there were other findings suggestive of reduced cardiac function in MHD compared to 

controls, the impact of reduced LV efficiency and its mismatch with the vascular system, as 

depicted by increased VAC, had not yet translated to reduced CO and therefore poor uteroplacental 

circulation and health in these participants. Following this principle, at least at 18-24 weeks of 
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gestation, blood flow was likely sufficiently delivered to the fetus, thus presenting similar growth 

parameters to control pregnancies.   

Nevertheless, it is important to note that Doppler measures can have limitations. For the 

UA, Morris et al 286 performed a systematic review and meta-analysis and concluded that UA 

Doppler assessments are moderately accurate in predicting poor fetal and neonatal outcomes in 

high-risk pregnancies. However, some have argued that UtA Dopplers as a sole predictor have a 

poor accuracy at detecting risk for preeclampsia and intrauterine growth restriction 287. For 

instance, Velauthar et al 288 found that in the first trimester of pregnancies without MHD, abnormal 

UtA velocity waveforms were only able to predict 47.8% of early-onset preeclampsia and 39.2% 

of fetal growth restriction. In addition, the placement of the pulse-wave measurement along the 

UtAs can either underestimate or overestimate PIs 289 which could provide an inaccurate reflection 

of flow and resistance dynamics. However, if pregnancies are low-risk and have less evident 

abnormal flow profiles, one could argue that these abnormalities might not yet be detected by 

Doppler assessments. Therefore, the lack of abnormal PIs in our study should be considered with 

caution as the Doppler assessments among those with MHD might not yet be able to detect 

subclinical uteroplacental abnormalities.  

 

Beta-Blockers 

It is important to note that a small number of MHD participants were treated with beta-

blockers (i.e. Metoprolol and Labetalol) during their pregnancies. Beta-adrenergic receptors are 

used with the goal of decreasing blood pressure and heart rate 290, 291. Beta-blockade therapy has 

previously been associated with intrauterine fetal growth restriction and small for gestational age 
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babies 291, 292. However, in our study, heart rate, blood pressure and all outcomes of uteroplacental 

health and fetal growth were similar between MHD and control groups suggesting that the 

medication at that point in pregnancy had not affected fetal health. In addition, it has been shown 

that labetalol is safe to use during pregnancy and has not been associated with adverse neonatal 

outcomes 291, 293. Metoprolol has also been shown to not impact fetal growth 294 and is one of the 

most frequently prescribed medications due to its lower risk of adverse outcomes 295. We 

conducted a linear mixed model for covariance and used beta-blockers as a covariate with MHD 

in various outcomes of interest. Our results showed that beta-blocker use had an effect on VAC, 

GLS, LVEF and E/E’. However, the use of this medication did not have an effect on absolute or 

indexed Ea or Ees, therefore the mechanisms of its possible effect VAC are unclear. Given the 

small number of participants using this drug and the nature of the beta-blockers used by our cohort, 

we suspect these relationships do not necessarily relate to a causal impact of medication use but 

rather the cohort examined with those having more significant cardiac pathology receiving the 

therapy.  

 

Implications of Findings 

Our study has provided novel insights on the interaction between the cardiac and vascular 

systems in MHD through the assessment of VAC. As mentioned earlier, the number of pregnancies 

with MHD is on the rise 8 and will therefore become a more common challenge in the pregnant 

population.  These pregnancies have a higher risk for preterm birth, preeclampsia, heart failure and 

maternal or fetal death in severe cases 14, 296. Thus, it is important to understand contributing 

elements and further risk stratify. The only other study, to our knowledge,  to evaluate VAC in 

MHD 33 did not have a comparator group and was therefore limited in its capacity to observe 
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differences in cardiovascular adaptations between MHD and healthy control pregnancies. In 

addition, no subgroup analyses were performed based on MHD severity which is relevant given 

more severe MHD is associated with worse maternal outcomes 14, 20.  Our study in the other hand, 

provided new information on differences in cardiovascular coupling between MHD and normal 

pregnancies. In addition, we carefully created categories for MHD severity based residual disease 

and on an important established risk stratification system (modified World Health Organization 

(mWHO))  19-21 which allowed us to explore differences in VAC, in addition to cardiac function, 

between MHD and control pregnancies.   

Given the observations in our study of reduced cardiovascular coupling in MHD (i.e. 

increased VAC) and indications of decreased cardiac function as depicted by reduced LVEF and 

E/E’ suggesting decreased LV efficiency/function, we hypothesize these changes may set an 

affected individual up for complications later in pregnancy. That the changes observed were worse 

among pregnancies with more severe MHD recognized to have higher risks of maternal 

complications provides further support. In our study, we found higher VAC among those with 

more severe MHD, therefore, it could be predictive of future complications perhaps due to reduced 

cardiovascular coupling.   

Additionally, reduced maternal systolic and diastolic function have previously been 

associated with obstetrical and fetal complications in pregnancies with and without MHD 25, 161, 

276, 297, 298.  Reduced diastolic function, for instance,  has been associated with fetal growth 

restriction 297, one of the more common complications observed in the MHD pregnancies. 

Although, we found decreased cardiovascular coupling in MHD, it might as yet not be severe 

enough to affect CO at this point in pregnancy, preserving fetal health. Whether this increase in 

VAC in these pregnancies is due solely to cardiac dysfunction and not arterial load remains 
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unclear. However, our results indicate an important cardiac contribution to this mismatch, at least 

in the midtrimester. Further studies are required to evaluate the role maternal vascular health plays 

in MHD as it has previously been seen to be affected in CHD 27.  

VAC has previously been used to assess the severity of various conditions including heart 

failure, hypertension, and valvular disease among others, supporting its relevance in heart disease  

and providing a novel approach for risk stratification in these conditions 195, 200, 202, 299.  In addition, 

VAC has been shown to predict cardiovascular mortality in myocardial infarction in a manner 

comparable to BNP (B type natriuretic peptide) 203. Therefore, our results suggest that altered VAC 

in MHD in conjunction with reduced cardiac efficiency (i.e. decreased Ees) in the midtrimester 

could herald future obstetrical and fetal complications in this population, and perhaps even 

cardiovascular risks. Some have also suggested using VAC to assess treatment response in various 

cardiovascular conditions given its ability to assess cardiovascular performance  195, 300, 301. Since 

VAC can provide an indication of the severity of cardiovascular mismatch in pregnancies affected 

by MHD, as seen in our study, the targeting of individual elements of VAC, that is Ea, Ees or both, 

may ultimately be used to tailor therapy to prevent further cardiovascular mismatch and hopefully 

complications. In addition, the future implementation of VAC assessment in routine 

echocardiography-based exams for MHD pregnancies could provide rich insight into the state of 

cardiovascular coupling which could aid in risk stratification for this population.  

 

Limitations 

We acknowledge several limitations in our study. To begin, there were differences in the 

baseline pregnancy and pregnancy history characteristics of the groups. Despite attempts at 
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matching, gestational age at assessment, gravidity and parity were different between MHD and 

healthy control pregnancy groups. However, we did attempt to control gravidity through a 

multilinear regression model and saw that gravidity did not impact VAC in our study. Routine 

fetal echocardiography is usually offered for clinical indications to pregnancies at risk for fetal 

heart disease at 18-20 weeks, and, thus, this was when many of our MHD mothers were scheduled. 

Additionally, many were referred even in the first trimester and had exams at 10-14 weeks, 

ensuring scheduling early (18-20 weeks) for their follow-up scans. Scheduling for MHD 

pregnancies were always prioritized over control and lower risk pregnancies, with less aggressive 

earlier scheduling of the latter. It is of note, however, that while there were differences in the 

gestational ages at which the groups were seen (controls: 18.4-23.9 weeks and MHD: 17.9-23.4 

weeks), the mean difference was 1.5-weeks which has less clinical relevance, and our findings of 

increased VAC in MHD participants was in contrast to normal trends in pregnancy, furthering 

supporting our findings 197. There were differences with medication use among groups. For 

instance, beta-blockade therapy was used in the MHD group. However, this is a routine approach 

to the care of MHD pregnancies, making it difficult to study an affected cohort with MHD that 

does not include its use. The sample size was also a limitation in our study. A larger sample size 

would allow for the study of more MHD lesions, as well as more power for the analysis of various 

cardiac assessments that are sometimes difficult to acquire such as GLS and strain rate, and others 

with variability such as CO. A greater sample size would have permitted better patient matching 

between MHD and controls. In addition, this study was limited to the midtrimester and did not 

include neonatal and postpartum outcomes. Longitudinal changes of various outcomes of interest 

including VAC, CO, other measures of cardiac function, uteroplacental and fetal outcomes could 

not be studied which could provide insight on cardiac adaptations or maladaptations in MHD and 
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their consequences. Thus, the impact of altered VAC and cardiac function throughout pregnancy 

remains speculation. 

 

Conclusion 

MHD is associated with reduced cardiovascular coupling depicted by an increase in VAC 

at 18-24 weeks. It is also associated with decreased LVEF and increased E/E’ suggesting decreased 

cardiac function among pregnancies affected by MHD particularly in those with moderate-severe 

MHD. Therefore, decreased cardiac function contributing to reduced LV efficiency is likely 

responsible for some of the cardiovascular mismatch observed in pregnancies complicated by 

MHD. That reduced VAC is found among those with worse MHD according to the mWHO risk 

stratification system, in addition to residual disease, could be predictive of future increased risk 

for maternal morbidity and mortality. Although uteroplacental and fetal health seem clinically 

preserved at 18-24 weeks among affected pregnancies, we speculate there may be subclinical 

changes at least in some or the evolution of changes that ultimately contribute to adverse pregnancy 

outcomes associated with MHD. The contribution of altered cardiac and vascular coupling to 

adverse pregnancy outcomes requires further exploration; however, that there are greater 

abnormalities witnessed in pregnancies with reported higher risks of complications, could intimate 

at a causal relationship.   

 

Future Directions 

This study was part of a larger longitudinal study which includes assessments in the third 

trimester and at 4-6 months postpartum. These longitudinal data should further elucidate 

relationships between maternal cardiac and vascular coupling and cardiac function and pregnancy 
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outcomes. There is still some debate as to whether VAC increases as normal pregnancy progresses 

given that some have suggested no change while others have demonstrated an increase in VAC 57, 

198. Therefore, a longitudinal analysis of VAC and how it differs between control and MHD 

pregnancies would provide further information on cardiovascular adaptations in healthy 

pregnancies and elucidate potential maladaptations in those complicated by structural and 

functional MHD. We suspect, if the CO demand is expected to remain high from the midtrimester 

to term with increasing mean arterial pressure and likely vascular resistance in the third trimester 

6, there may be a greater divergence of VAC between MHD and health pregnancies, particularly 

for those with MHD who have poor pregnancy outcomes. This is also a time in which changes in 

uteroplacental health and fetal growth have been shown to become clinically manifested in MHD 

26, 160.  An additional aspect of the prospective study includes pathological evaluations of the 

placenta from MHD studies that can be further correlated with third trimester findings and altered 

maternal cardiac and vascular coupling and cardiac function.  

In this study, we evaluated various outcomes of cardiac function, gaining some 

understanding of the effect of MHD on Ees in the midtrimester. However, it would be important 

to also acquire various parameters assessing vascular health and arterial load (Ea). Arterial 

stiffness, for instance, has been shown to be reduced among non-pregnant individuals with HD 

who are physically active 302. Although not included in the analysis, we have collected physical 

activity questionnaires to assess the level of activity among participants. Therefore, an evaluation 

of this information could provide insights on how exercise may impact VAC in MHD and healthy 

pregnancies in the midtrimester, as well as longitudinally.  A proper assessment of arterial load or 

stiffness could be achieved by measuring pulse-wave velocities (PWV) which are an important 

indicator of arterial stiffness 172. Flow-mediated dilation (FMD) is used to assess endothelial 
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response to ischemia, and could therefore be used to assess endothelial function  in MHD 303. The 

study of these parameters would allow for the compartmentalized analysis of the main factors 

affecting VAC, that is, arterial load and LV efficiency. In addition, Stoichescu-Hogea et al 257 

recently showed that PWV/GLS is a good predictor for changes in VAC in hypertensive patients.  

They found an increase in ratio with increasing severity of hypertension and suggested its use in 

predicting VAC. It would also be important to increase the sample size of our cohort. This would 

allow for increased power for the analysis of various cardiac outcomes. However, most 

importantly, it would allow for the study of individual forms of MHD if sufficient participants are 

recruited. For instance, further subgroup analyses could be performed comparing relationships 

between cardiovascular coupling and cardiac function in right and left heart CHD and acquired 

heart disease. This would allow for an understanding of how the specific pathophysiology of a 

given form of cardiac disease can affect arterial load, LV efficiency and ultimately VAC. This is 

turn could potentially allow for risk stratification among participants and future treatment 

development to improve the cardiovascular health of affected individuals and their pregnancy 

outcomes. 

 

 

 

 

 

 



 112 

REFERENCES 
1. Hall ME, George EM and Granger JP. [The heart during pregnancy]. Rev Esp Cardiol. 
2011;64:1045-50. 
2. Hunter S and Robson SC. Adaptation of the maternal heart in pregnancy. Br Heart J. 
1992;68:540-3. 
3. Mahendru AA, Everett TR, Wilkinson IB, Lees CC and McEniery CM. A longitudinal 
study of maternal cardiovascular function from preconception to the postpartum period. J 
Hypertens. 2014;32:849-56. 
4. Melchiorre K, Sharma R, Khalil A and Thilaganathan B. Maternal Cardiovascular 
Function in Normal Pregnancy: Evidence of Maladaptation to Chronic Volume Overload. 
Hypertension. 2016;67:754-62. 
5. Moutquin JM, Rainville C, Giroux L, Raynauld P, Amyot G, Bilodeau R and Pelland N. 
A prospective study of blood pressure in pregnancy: prediction of preeclampsia. Am J Obstet 
Gynecol. 1985;151:191-6. 
6. Sanghavi M and Rutherford JD. Cardiovascular physiology of pregnancy. Circulation. 
2014;130:1003-8. 
7. Ruys TP, Cornette J and Roos-Hesselink JW. Pregnancy and delivery in cardiac disease. 
J Cardiol. 2013;61:107-12. 
8. Elkayam U, Goland S, Pieper PG and Silverside CK. High-Risk Cardiac Disease in 
Pregnancy: Part I. J Am Coll Cardiol. 2016;68:396-410. 
9. Horer J. Current spectrum, challenges and new developments in the surgical care of 
adults with congenital heart disease. Cardiovasc Diagn Ther. 2018;8:754-764. 
10. Khairy P, Ionescu-Ittu R, Mackie AS, Abrahamowicz M, Pilote L and Marelli AJ. 
Changing Mortality in Congenital Heart Disease. Journal of the American College of 
Cardiology. 2010;56:1149-1157. 
11. Marelli AJ, Mackie AS, Ionescu-Ittu R, Rahme E and Pilote L. Congenital heart disease 
in the general population: changing prevalence and age distribution. Circulation. 2007;115:163-
72. 
12. Cooke C-LM and Davidge ST. Advanced maternal age and the impact on maternal and 
offspring cardiovascular health. American Journal of Physiology-Heart and Circulatory 
Physiology. 2019;317:H387-H394. 
13. Siu SC, Sermer M, Colman JM, Alvarez AN, Mercier LA, Morton BC, Kells CM, Bergin 
ML, Kiess MC, Marcotte F, Taylor DA, Gordon EP, Spears JC, Tam JW, Amankwah KS, 
Smallhorn JF, Farine D, Sorensen S and Cardiac Disease in Pregnancy I. Prospective multicenter 
study of pregnancy outcomes in women with heart disease. Circulation. 2001;104:515-21. 
14. Drenthen W, Pieper PG, Roos-Hesselink JW, van Lottum WA, Voors AA, Mulder BJ, 
van Dijk AP, Vliegen HW, Yap SC, Moons P, Ebels T, van Veldhuisen DJ and Investigators Z. 
Outcome of pregnancy in women with congenital heart disease: a literature review. J Am Coll 
Cardiol. 2007;49:2303-11. 
15. Siu SC, Colman JM, Sorensen S, Smallhorn JF, Farine D, Amankwah KS, Spears JC and 
Sermer M. Adverse Neonatal and Cardiac Outcomes Are More Common in Pregnant Women 
With Cardiac Disease. Circulation. 2002;105:2179-2184. 
16. Khairy P, Ouyang DW, Fernandes SM, Lee-Parritz A, Economy KE and Landzberg MJ. 
Pregnancy outcomes in women with congenital heart disease. Circulation. 2006;113:517-24. 
17. Gelson E, Curry R, Gatzoulis MA, Swan L, Lupton M, Steer P and Johnson M. Effect of 
Maternal Heart Disease on Fetal Growth. Obstetrics & Gynecology. 2011;117. 



 113 

18. Park K, Bairey Merz CN, Bello NA, Davis M, Duvernoy C, Elgendy IY, Ferdinand KC, 
Hameed A, Itchhaporia D, Minissian MB, Reynolds H, Mehta P, Russo AM, Shah RU, Volgman 
AS, Wei J, Wenger NK, Pepine CJ and Lindley KJ. Management of Women With Acquired 
Cardiovascular Disease From Pre-Conception Through Pregnancy and Postpartum: JACC Focus 
Seminar 3/5. Journal of the American College of Cardiology. 2021;77:1799-1812. 
19. Thorne S, MacGregor A and Nelson-Piercy C. Risks of contraception and pregnancy in 
heart disease. Heart. 2006;92:1520-5. 
20. Canobbio MM, Warnes CA, Aboulhosn J, Connolly HM, Khanna A, Koos BJ, Mital S, 
Rose C, Silversides C, Stout K, American Heart Association Council on C, Stroke N, Council on 
Clinical C, Council on Cardiovascular Disease in the Y, Council on Functional G, Translational 
B, Council on Quality of C and Outcomes R. Management of Pregnancy in Patients With 
Complex Congenital Heart Disease: A Scientific Statement for Healthcare Professionals From 
the American Heart Association. Circulation. 2017;135:e50-e87. 
21. Ali B, Krystyna MS-S, Antoinette GLvdB, Titia PER, Barbara JMM, Jolien WR-H, Arie 
PJvD, Elly MCJW, Hubert WV, Willem D, Hans LH, Jan GA, Dirk JvV and Petronella GP. 
Prospective validation and assessment of cardiovascular and offspring risk models for pregnant 
women with congenital heart disease. Heart. 2014;100:1373. 
22. Warnes CA, Liberthson R, Danielson GK, Dore A, Harris L, Hoffman JIE, Somerville J, 
Williams RG and Webb GD. Task Force 1: the changing profile of congenital heart disease in 
adult life. Journal of the American College of Cardiology. 2001;37:1170-1175. 
23. Adam K. Pregnancy in Women with Cardiovascular Diseases. Methodist Debakey 
Cardiovasc J. 2017;13:209-215. 
24. Greutmann M and Pieper PG. Pregnancy in women with congenital heart disease. Eur 
Heart J. 2015;36:2491-9. 
25. Eggleton EJ, Bhagra CJ, Patient CJ, Belham M, Pickett J and Aiken CE. Maternal left 
ventricular function and adverse neonatal outcomes in women with cardiac disease. Arch 
Gynecol Obstet. 2023;307:1431-1439. 
26. Wald RM, Silversides CK, Kingdom J, Toi A, Lau CS, Mason J, Colman JM, Sermer M 
and Siu SC. Maternal Cardiac Output and Fetal Doppler Predict Adverse Neonatal Outcomes in 
Pregnant Women With Heart Disease. J Am Heart Assoc. 2015;4. 
27. Sandhu K, Pepe S, Smolich JJ, Cheung MMH and Mynard JP. Arterial Stiffness in 
Congenital Heart Disease. Heart Lung Circ. 2021;30:1602-1612. 
28. Kornacki J, Gutaj P, Kalantarova A, Sibiak R, Jankowski M and Wender-Ozegowska E. 
Endothelial Dysfunction in Pregnancy Complications. Biomedicines. 2021;9. 
29. Giachini FR, Galaviz-Hernandez C, Damiano AE, Viana M, Cadavid A, Asturizaga P, 
Teran E, Clapes S, Alcala M, Bueno J, Calderón-Domínguez M, Ramos MP, Lima VV, Sosa-
Macias M, Martinez N, Roberts JM, Escudero C and on behalf of R-T. Vascular Dysfunction in 
Mother and Offspring During Preeclampsia: Contributions from Latin-American Countries. 
Current Hypertension Reports. 2017;19:83. 
30. Antonini-Canterin F, Poli S, Vriz O, Pavan D, Bello VD and Nicolosi GL. The 
Ventricular-Arterial Coupling: From Basic Pathophysiology to Clinical Application in the 
Echocardiography Laboratory. J Cardiovasc Echogr. 2013;23:91-95. 
31. Ooi H, Chung W and Biolo A. Arterial Stiffness and Vascular Load in Heart Failure. 
Congestive Heart Failure. 2008;14:31-36. 



 114 

32. Wisenbaugh T, Spann JF and Carabello BA. Differences in myocardial performance and 
load between patients with similar amounts of chronic aortic versus chronic mitral regurgitation. 
J Am Coll Cardiol. 1984;3:916-23. 
33. Muneuchi J, Yamasaki K, Watanabe M, Fukumitsu A, Kawakami T, Nakahara H and Joo 
K. Ventricular efficiency in pregnant women with congenital heart disease. International Journal 
of Cardiology. 2018;261:58-61. 
34. Silversides CK, Grewal J, Mason J, Sermer M, Kiess M, Rychel V, Wald RM, Colman 
JM and Siu SC. Pregnancy Outcomes in Women With Heart Disease: The CARPREG II Study. J 
Am Coll Cardiol. 2018;71:2419-2430. 
35. Association AH. Classes and Stages of Heart Failure. 2023. 
36. Duvekot JJ, Cheriex EC, Pieters FA, Menheere PP and Peeters LH. Early pregnancy 
changes in hemodynamics and volume homeostasis are consecutive adjustments triggered by a 
primary fall in systemic vascular tone. Am J Obstet Gynecol. 1993;169:1382-92. 
37. Chen DB and Zheng J. Regulation of placental angiogenesis. Microcirculation. 
2014;21:15-25. 
38. King JC. Physiology of pregnancy and nutrient metabolism. The American Journal of 
Clinical Nutrition. 2000;71:1218S-1225S. 
39. Kametas NA, McAuliffe F, Hancock J, Chambers J and Nicolaides KH. Maternal left 
ventricular mass and diastolic function during pregnancy. Ultrasound Obstet Gynecol. 
2001;18:460-6. 
40. Melchiorre K, Sharma R and Thilaganathan B. Cardiac structure and function in normal 
pregnancy. Curr Opin Obstet Gynecol. 2012;24:413-21. 
41. Robson SC, Hunter S, Moore M and Dunlop W. Haemodynamic changes during the 
puerperium: a Doppler and M-mode echocardiographic study. Br J Obstet Gynaecol. 
1987;94:1028-39. 
42. King J and Lowery D. Physiology, Cardiac Output. 2023. 
43. Clapp JF, 3rd and Capeless E. Cardiovascular function before, during, and after the first 
and subsequent pregnancies. Am J Cardiol. 1997;80:1469-73. 
44. Chengode S. Left ventricular global systolic function assessment by echocardiography. 
Ann Card Anaesth. 2016;19:S26-S34. 
45. O'Keefe E SP. Physiology, Cardiac Preload. 2022. 
46. LaCombe P TM, Lappin SL. Physiology, Afterload Reduction. 2023. 
47. Smiseth OA, Torp H, Opdahl A, Haugaa KH and Urheim S. Myocardial strain imaging: 
how useful is it in clinical decision making? Eur Heart J. 2016;37:1196-207. 
48. Namazi F, van der Bijl P, Hirasawa K, Kamperidis V, van Wijngaarden SE, Mertens B, 
Leon MB, Hahn RT, Stone GW, Narula J, Ajmone Marsan N, Delgado V and Bax JJ. Prognostic 
Value of Left Ventricular Global Longitudinal Strain in Patients With Secondary Mitral 
Regurgitation. Journal of the American College of Cardiology. 2020;75:750-758. 
49. Brady B, King G, Murphy RT and Walsh D. Myocardial strain: a clinical review. Ir J 
Med Sci. 2022:1-8. 
50. Cong J, Wang Z, Jin H, Wang W, Gong K, Meng Y and Lee Y. Quantitative evaluation 
of longitudinal strain in layer-specific myocardium during normal pregnancy in China. 
Cardiovasc Ultrasound. 2016;14:45. 
51. Sengupta SP, Bansal M, Hofstra L, Sengupta PP and Narula J. Gestational changes in left 
ventricular myocardial contractile function: new insights from two-dimensional speckle tracking 
echocardiography. The International Journal of Cardiovascular Imaging. 2017;33:69-82. 



 115 

52. Cong J, Fan T, Yang X, Squires JW, Cheng G, Zhang L and Zhang Z. Structural and 
functional changes in maternal left ventricle during pregnancy: a three-dimensional speckle-
tracking echocardiography study. Cardiovascular Ultrasound. 2015;13:6. 
53. Marciniak A, Claus P, Sutherland GR, Marciniak M, Karu T, Baltabaeva A, Merli E, 
Bijnens B and Jahangiri M. Changes in systolic left ventricular function in isolated mitral 
regurgitation. A strain rate imaging study. Eur Heart J. 2007;28:2627-36. 
54. Savu O, Jurcut R, Giusca S, van Mieghem T, Gussi I, Popescu BA, Ginghina C, 
Rademakers F, Deprest J and Voigt JU. Morphological and functional adaptation of the maternal 
heart during pregnancy. Circ Cardiovasc Imaging. 2012;5:289-97. 
55. Mabie WC, DiSessa TG, Crocker LG, Sibai BM and Arheart KL. A longitudinal study of 
cardiac output in normal human pregnancy. Am J Obstet Gynecol. 1994;170:849-56. 
56. Cikes M and Solomon SD. Beyond ejection fraction: an integrative approach for 
assessment of cardiac structure and function in heart failure. European Heart Journal. 
2016;37:1642-1650. 
57. Estensen ME, Beitnes JO, Grindheim G, Aaberge L, Smiseth OA, Henriksen T and 
Aakhus S. Altered maternal left ventricular contractility and function during normal pregnancy. 
Ultrasound in Obstetrics & Gynecology. 2013;41:659-666. 
58. Poppas A, Shroff SG, Korcarz CE, Hibbard JU, Berger DS, Lindheimer MD and Lang 
RM. Serial assessment of the cardiovascular system in normal pregnancy. Role of arterial 
compliance and pulsatile arterial load. Circulation. 1997;95:2407-15. 
59. Trammel J and Sapra A. Physiology, Systemic Vascular Resistance. 2024. 
60. Conrad KP and Novak J. Emerging role of relaxin in renal and cardiovascular function. 
Am J Physiol Regul Integr Comp Physiol. 2004;287:R250-61. 
61. Bani D. Relaxin: a pleiotropic hormone. Gen Pharmacol. 1997;28:13-22. 
62. Goldsmith LT and Weiss G. Relaxin in human pregnancy. Ann N Y Acad Sci. 
2009;1160:130-5. 
63. Leo CH, Jelinic M, Ng HH, Marshall SA, Novak J, Tare M, Conrad KP and Parry LJ. 
Vascular actions of relaxin: nitric oxide and beyond. Br J Pharmacol. 2017;174:1002-1014. 
64. Papaioannou TG, Protogerou AD, Stergiopulos N, Vardoulis O, Stefanadis C, Safar M 
and Blacher J. Total arterial compliance estimated by a novel method and all-cause mortality in 
the elderly: the PROTEGER study. Age (Dordr). 2014;36:9661. 
65. Bernstein IM, Thibault A, Mongeon JA and Badger GJ. The Influence of Pregnancy on 
Arterial Compliance. Obstetrics & Gynecology. 2005;105. 
66. Samuel CS and Jack MC. Heart disease and pregnancy. Heart. 2001;85:710. 
67. Cauldwell M, Von Klemperer K, Uebing A, Swan L, Steer PJ, Gatzoulis M and Johnson 
MR. Why is post-partum haemorrhage more common in women with congenital heart disease? 
International Journal of Cardiology. 2016;218:285-290. 
68. Conference nB. Congenital Heart Disease Classification for Inclusion/Exclusion Criteria. 
JACC: Advances. 2001;37:1170-1175. 
69. Siu SC, Sermer M, Harrison DA, Grigoriadis E, Liu G, Sorensen S, Smallhorn JF, Farine 
D, Amankwah KS, Spears JC and Colman JM. Risk and predictors for pregnancy-related 
complications in women with heart disease. Circulation. 1997;96:2789-94. 
70. Sommer RJ, Hijazi ZM and Rhodes JF. Pathophysiology of Congenital Heart Disease in 
the Adult. Circulation. 2008;117:1090-1099. 
71. Mendelson MA. Pregnancy in women with left-to-right cardiac shunts: Any risk? 
International Journal of Cardiology Congenital Heart Disease. 2021;5:100209. 



 116 

72. Lai YC, Potoka KC, Champion HC, Mora AL and Gladwin MT. Pulmonary arterial 
hypertension: the clinical syndrome. Circ Res. 2014;115:115-30. 
73. Morley LC, Debant M, Walker JJ, Beech DJ and Simpson NAB. Placental blood flow 
sensing and regulation in fetal growth restriction. Placenta. 2021;113:23-28. 
74. Vilcant V and Hai O. Left Ventricular Outflow Tract Obstruction. 2024. 
75. Silversides CK, Colman JM, Sermer M, Farine D and Siu SC. Early and intermediate-
term outcomes of pregnancy with congenital aortic stenosis. American Journal of Cardiology. 
2003;91:1386-1389. 
76. Yap S-C, Drenthen W, Pieper PG, Moons P, Mulder BJM, Mostert B, Vliegen HW, van 
Dijk APJ, Meijboom FJ, Steegers EAP and Roos-Hesselink JW. Risk of complications during 
pregnancy in women with congenital aortic stenosis. International Journal of Cardiology. 
2008;126:240-246. 
77. Ossa Galvis MM, Bhakta RT, Tarmahomed A and Mendez MD. Cyanotic Heart Disease. 
2023. 
78. Schultz AH. Obstructive Cardiac Lesions. In: A. Y. Elzouki, H. A. Harfi, H. M. Nazer, F. 
B. Stapleton, W. Oh and R. J. Whitley, eds. Textbook of Clinical Pediatrics Berlin, Heidelberg: 
Springer Berlin Heidelberg; 2012: 2331-2346. 
79. Rao PS. Management of Congenital Heart Disease: State of the Art-Part II-Cyanotic 
Heart Defects. Children (Basel). 2019;6. 
80. Bailliard F and Anderson RH. Tetralogy of Fallot. Orphanet J Rare Dis. 2009;4:2. 
81. Ladouceur M and Nizard J. Challenges and management of pregnancy in cyanotic 
congenital heart disease. International Journal of Cardiology Congenital Heart Disease. 
2021;5:100231. 
82. Walker SG and Stuth EA. Single-ventricle physiology: perioperative implications. 
Seminars in Pediatric Surgery. 2004;13:188-202. 
83. Lee M SR. Fontan Completion. 2023. 
84. Garcia Ropero A, Baskar S, Roos Hesselink JW, Girnius A, Zentner D, Swan L, 
Ladouceur M, Brown N and Veldtman GR. Pregnancy in Women With a Fontan Circulation. 
Circulation: Cardiovascular Quality and Outcomes. 2018;11:e004575. 
85. Remenyi B, Wilson N, Steer A, Ferreira B, Kado J, Kumar K, Lawrenson J, Maguire G, 
Marijon E, Mirabel M, Mocumbi AO, Mota C, Paar J, Saxena A, Scheel J, Stirling J, Viali S, 
Balekundri VI, Wheaton G, Zuhlke L and Carapetis J. World Heart Federation criteria for 
echocardiographic diagnosis of rheumatic heart disease--an evidence-based guideline. Nat Rev 
Cardiol. 2012;9:297-309. 
86. Dass C KA. Rheumatic Heart Disease. 2023. 
87. Tsiaras S and Poppas A. Mitral valve disease in pregnancy: outcomes and management. 
Obstet Med. 2009;2:6-10. 
88. Kannan M and Vijayanand G. Mitral stenosis and pregnancy: Current concepts in 
anaesthetic practice. Indian J Anaesth. 2010;54:439-44. 
89. Canobbio MM, Mair DD, van der Velde M and Koos BJ. Pregnancy outcomes after the 
Fontan repair. J Am Coll Cardiol. 1996;28:763-7. 
90. McKenna WJ, Maron BJ and Thiene G. Classification, Epidemiology, and Global Burden 
of Cardiomyopathies. Circ Res. 2017;121:722-730. 
91. Maria S. Cardiomyopathy and pregnancy. Heart. 2019;105:1543. 
92. Hilfiker-Kleiner D, Kaminski K, Podewski E, Bonda T, Schaefer A, Sliwa K, Forster O, 
Quint A, Landmesser U, Doerries C, Luchtefeld M, Poli V, Schneider MD, Balligand JL, 



 117 

Desjardins F, Ansari A, Struman I, Nguyen NQ, Zschemisch NH, Klein G, Heusch G, Schulz R, 
Hilfiker A and Drexler H. A cathepsin D-cleaved 16 kDa form of prolactin mediates postpartum 
cardiomyopathy. Cell. 2007;128:589-600. 
93. Rodriguez Ziccardi M SM. Peripartum Cardiomyopathy. 2023. 
94. Cannata A, Artico J, Gentile P, Merlo M and Sinagra G. Myocarditis evolving in 
cardiomyopathy: when genetics and offending causes work together. Eur Heart J Suppl. 
2019;21:B90-B95. 
95. Cardinale D, Iacopo F and Cipolla CM. Cardiotoxicity of Anthracyclines. Front 
Cardiovasc Med. 2020;7:26. 
96. Cantwell R, Clutton-Brock T, Cooper G, Dawson A, Drife J, Garrod D, Harper A, 
Hulbert D, Lucas S, McClure J, Millward-Sadler H, Neilson J, Nelson-Piercy C, Norman J, 
O'Herlihy C, Oates M, Shakespeare J, de Swiet M, Williamson C, Beale V, Knight M, Lennox 
C, Miller A, Parmar D, Rogers J and Springett A. Saving Mothers' Lives: Reviewing maternal 
deaths to make motherhood safer: 2006-2008. The Eighth Report of the Confidential Enquiries 
into Maternal Deaths in the United Kingdom. BJOG. 2011;118 Suppl 1:1-203. 
97. Denoble AE, Goldstein SA, Wein LE, Grotegut CA and Federspiel JJ. Comparison of 
severe maternal morbidity in pregnancy by modified World Health Organization Classification 
of maternal cardiovascular risk. Am Heart J. 2022;250:11-22. 
98. Hayward RM, Foster E and Tseng ZH. Maternal and Fetal Outcomes of Admission for 
Delivery in Women With Congenital Heart Disease. JAMA Cardiol. 2017;2:664-671. 
99. Siu SA-O, Lee DA-OX, Fang JA-O, Austin PA-OX and Silversides CK. New 
Hypertension After Pregnancy in Patients With Heart Disease. 2023. 
100. Minhas AS, Rahman F, Gavin N, Cedars A, Vaught AJ, Zakaria S, Resar J, Schena S, 
Schulman S, Zhao D, Hays AG and Michos ED. Cardiovascular and Obstetric Delivery 
Complications in Pregnant Women With Valvular Heart Disease. Am J Cardiol. 2021;158:90-97. 
101. Owens A, Yang J, Nie L, Lima F, Avila C and Stergiopoulos K. Neonatal and Maternal 
Outcomes in Pregnant Women With Cardiac Disease. J Am Heart Assoc. 2018;7:e009395. 
102. Balci A, Drenthen W, Mulder BJM, Roos-Hesselink JW, Voors AA, Vliegen HW, 
Moons P, Sollie KM, van Dijk APJ, van Veldhuisen DJ and Pieper PG. Pregnancy in women 
with corrected tetralogy of Fallot: Occurrence and predictors of adverse events. American Heart 
Journal. 2011;161:307-313. 
103. Robertson JE, Silversides CK, Ling Mah M, Kulikowski J, Maxwell C, Wald RM, 
Colman JM, Siu SC and Sermer M. A contemporary approach to the obstetric management of 
women with heart disease. J Obstet Gynaecol Can. 2012;34:812-819. 
104. Hrycyk J, Kaemmerer H, Nagdyman N, Hamann M, Schneider K and Kuschel B. Mode 
of Delivery and Pregnancy Outcome in Women with Congenital Heart Disease. PLoS One. 
2016;11:e0167820. 
105. Quenby S, Gallos ID, Dhillon-Smith RK, Podesek M, Stephenson MD, Fisher J, Brosens 
JJ, Brewin J, Ramhorst R, Lucas ES, McCoy RC, Anderson R, Daher S, Regan L, Al-Memar M, 
Bourne T, MacIntyre DA, Rai R, Christiansen OB, Sugiura-Ogasawara M, Odendaal J, Devall 
AJ, Bennett PR, Petrou S and Coomarasamy A. Miscarriage matters: the epidemiological, 
physical, psychological, and economic costs of early pregnancy loss. The Lancet. 
2021;397:1658-1667. 
106. Gagnon R. Placental insufficiency and its consequences. Eur J Obstet Gynecol Reprod 
Biol. 2003;110 Suppl 1:S99-107. 



 118 

107. Drenthen W, Boersma E, Balci A, Moons P, Roos-Hesselink JW, Mulder BJ, Vliegen 
HW, van Dijk AP, Voors AA, Yap SC, van Veldhuisen DJ, Pieper PG and Investigators Z. 
Predictors of pregnancy complications in women with congenital heart disease. Eur Heart J. 
2010;31:2124-32. 
108. Cauldwell M, Steer P, Sterrenburg M, Wallace S, Malin G, Ulivi G, Everett T, Jakes AD, 
Head CEG, Mohan AR, Haynes S, Simpson M, Brennand J and Johnson MR. Birth weight in 
pregnancies complicated by maternal heart disease. Heart. 2019;105:391-398. 
109. Whittemore R, Hobbins JC and Engle MA. Pregnancy and its outcome in women with 
and without surgical treatment of congenital heart disease. Am J Cardiol. 1982;50:641-51. 
110. Van Tintelen JP, Pieper PG, Van Spaendonck-Zwarts KY and Van Den Berg MP. 
Pregnancy, cardiomyopathies, and genetics. Cardiovascular Research. 2014;101:571-578. 
111. Roberts CL, Ford JB, Henderson-Smart DJ, Algert CS and Morris JM. Hypertensive 
disorders in pregnancy: a population-based study. Medical Journal of Australia. 2005;182:332-
335. 
112. Das S, Maharjan R, Bajracharya R, Shrestha R, Karki S, Das R, Odland JO and Odland 
ML. Pregnancy outcomes in women with gestational hypertension and preeclampsia at 
Paropakar Maternity and Women's Hospital, Nepal: A retrospective study. PLoS One. 
2023;18:e0286287. 
113. Basile CA-O, Fucile I, Lembo M, Manzi MA-O, Ilardi F, Franzone A and Mancusi CA-
O. Arterial Hypertension in Aortic Valve Stenosis: A Critical Update. LID - 
10.3390/jcm10235553 [doi] LID - 5553. 2021. 
114. Ho CY and Solomon SD. A clinician's guide to tissue Doppler imaging. Circulation. 
2006;113:e396-8. 
115. Galiuto L, Ignone G and DeMaria AN. Contraction and relaxation velocities of the 
normal left ventricle using pulsed-wave tissue Doppler echocardiography. Am J Cardiol. 
1998;81:609-14. 
116. Shotan A, Roos-Hesselink J, Baris L, Goland S, Yekel Y and Elkayam U. 
Cardiomyopathy and Pregnancy: Considerations for Women With Severely Reduced Left 
Ventricular Dysfunction. Can J Cardiol. 2021;37:2067-2075. 
117. Johnson A and Ahrens T. Stroke volume optimization: the new hemodynamic algorithm. 
Crit Care Nurse. 2015;35:11-27. 
118. Marquis-Gravel G, Redfors B, Leon MB and Généreux P. Medical Treatment of Aortic 
Stenosis. Circulation. 2016;134:1766-1784. 
119. Thomas TP and Grisanti LA. The Dynamic Interplay Between Cardiac Inflammation and 
Fibrosis. Front Physiol. 2020;11:529075. 
120. Vikhorev PG and Vikhoreva NN. Cardiomyopathies and Related Changes in 
Contractility of Human Heart Muscle. Int J Mol Sci. 2018;19. 
121. Dahan M, Siohan P, Viron B, Michel C, Paillole C, Gourgon R and Mignon F. 
Relationship between left ventricular hypertrophy, myocardial contractility, and load conditions 
in hemodialysis patients: An echocardiographic study. American Journal of Kidney Diseases. 
1997;30:780-785. 
122. Burton GJ and Fowden AL. The placenta: a multifaceted, transient organ. Philos Trans R 
Soc Lond B Biol Sci. 2015;370:20140066. 
123. Siegmund AS, Pieper PG, Bilardo CM, Gordijn SJ, Khong TY, Gyselaers W, van 
Veldhuisen DJ and Dickinson MG. Cardiovascular determinants of impaired placental function 
in women with cardiac dysfunction. American Heart Journal. 2022;245:126-135. 



 119 

124. Wang Y and Zhao S. Vascular Biology of the Placenta. 2010. 
125. Nardozza LM, Caetano AC, Zamarian AC, Mazzola JB, Silva CP, Marcal VM, Lobo TF, 
Peixoto AB and Araujo Junior E. Fetal growth restriction: current knowledge. Arch Gynecol 
Obstet. 2017;295:1061-1077. 
126. Khong TY and JM P. The placenta in perinatal pathology. Clinical perspectives. 
1987:25–45. 
127. Wardinger JE and S A. Placental Insufficiency. 2022. 
128. Krishna U and Bhalerao S. Placental insufficiency and fetal growth restriction. J Obstet 
Gynaecol India. 2011;61:505-11. 
129. Baschat AA. Fetal responses to placental insufficiency: an update. BJOG. 
2004;111:1031-41. 
130. Audette MC and Kingdom JC. Screening for fetal growth restriction and placental 
insufficiency. Semin Fetal Neonatal Med. 2018;23:119-125. 
131. Flo K, Wilsgaard T and Acharya G. A new non-invasive method for measuring uterine 
vascular resistance and its relationship to uterine artery Doppler indices: a longitudinal study. 
Ultrasound Obstet Gynecol. 2011;37:538-42. 
132. Mone F, McConnell B, Thompson A, Segurado R, Hepper P, Stewart MC, Dornan JC, 
Ong S, McAuliffe FM and Shields MD. Fetal umbilical artery Doppler pulsatility index and 
childhood neurocognitive outcome at 12 years. BMJ Open. 2016;6:e008916. 
133. Srikumar S, Debnath J, Ravikumar R, Bandhu HC and Maurya VK. Doppler indices of 
the umbilical and fetal middle cerebral artery at 18-40 weeks of normal gestation: A pilot study. 
Med J Armed Forces India. 2017;73:232-241. 
134. Battaglia F and Meschia G. 24 - Circulatory and Metabolic Changes Accompanying Fetal 
Growth Restriction. In: R. A. Polin, S. H. Abman, D. H. Rowitch, W. E. Benitz and W. W. Fox, 
eds. Fetal and Neonatal Physiology (Fifth Edition): Elsevier; 2017: 249-256.e1. 
135. Schwarze A, Nelles I, Krapp M, Friedrich M, Schmidt W, Diedrich K and Axt-Fliedner 
R. Doppler ultrasound of the uterine artery in the prediction of severe complications during low-
risk pregnancies. Archives of Gynecology and Obstetrics. 2005;271:46-52. 
136. Su EJ. Role of the fetoplacental endothelium in fetal growth restriction with abnormal 
umbilical artery Doppler velocimetry. Am J Obstet Gynecol. 2015;213:S123-30. 
137. Mayhew TM. Fetoplacental Angiogenesis During Gestation is Biphasic, Longitudinal 
and Occurs by Proliferation and Remodelling of Vascular Endothelial Cells. Placenta. 
2002;23:742-750. 
138. Burton GJ and Jauniaux E. Sonographic, stereological and Doppler flow velocimetric 
assessments of placental maturity. BJOG: An International Journal of Obstetrics & 
Gynaecology. 1995;102:818-825. 
139. Mayhew TM, Charnock-Jones DS and Kaufmann P. Aspects of human fetoplacental 
vasculogenesis and angiogenesis. III. Changes in complicated pregnancies. Placenta. 
2004;25:127-39. 
140. Lyall F, Robson SC and Bulmer JN. Spiral Artery Remodeling and Trophoblast Invasion 
in Preeclampsia and Fetal Growth Restriction. Hypertension. 2013;62:1046-1054. 
141. Whitley GS and Cartwright JE. Trophoblast-mediated spiral artery remodelling: a role for 
apoptosis. J Anat. 2009;215:21-6. 
142. D'Errico JN and Stapleton PA. Developmental onset of cardiovascular disease—Could 
the proof be in the placenta? Microcirculation. 2019;26:e12526. 



 120 

143. Jarzembowski JA. Normal Structure and Function of the Placenta. In: L. M. McManus 
and R. N. Mitchell, eds. Pathobiology of Human Disease San Diego: Academic Press; 2014: 
2308-2321. 
144. Schiffer V, Evers L, de Haas S, Ghossein-Doha C, Al-Nasiry S and Spaanderman M. 
Spiral artery blood flow during pregnancy: a systematic review and meta-analysis. BMC 
Pregnancy and Childbirth. 2020;20:680. 
145. Gebb J and Dar P. Colour Doppler ultrasound of spiral artery blood flow in the prediction 
of pre-eclampsia and intrauterine growth restriction. Best Pract Res Clin Obstet Gynaecol. 
2011;25:355-66. 
146. Deurloo KL, Spreeuwenberg MD, Bolte AC and Van Vugt JM. Color Doppler ultrasound 
of spiral artery blood flow for prediction of hypertensive disorders and intra uterine growth 
restriction: a longitudinal study. Prenat Diagn. 2007;27:1011-6. 
147. Rocha AS, Andrade ARA, Moleiro ML and Guedes-Martins L. Doppler Ultrasound of 
the Umbilical Artery: Clinical Application. Rev Bras Ginecol Obstet. 2022;44:519-531. 
148. Harman CR and Baschat AA. Comprehensive assessment of fetal wellbeing: which 
Doppler tests should be performed? Curr Opin Obstet Gynecol. 2003;15:147-57. 
149. Olofsson P, Laurini RN and Marsal K. A high uterine artery pulsatility index reflects a 
defective development of placental bed spiral arteries in pregnancies complicated by 
hypertension and fetal growth retardation. Eur J Obstet Gynecol Reprod Biol. 1993;49:161-8. 
150. Surat DR and Adamson SL. Downstream determinants of pulsatility of the mean velocity 
waveform in the umbilical artery as predicted by a computer model. Ultrasound in Medicine & 
Biology. 1996;22:707-717. 
151. Park YW, Cho JS, Choi HM, Kim TY, Lee SH, Yu JK and Kim JW. Clinical significance 
of early diastolic notch depth: Uterine artery Doppler velocimetry in the third trimester. 
American Journal of Obstetrics and Gynecology. 2000;182:1204-1209. 
152. Khong SL, Kane SC, Brennecke SP and da Silva Costa F. First-trimester uterine artery 
Doppler analysis in the prediction of later pregnancy complications. Dis Markers. 
2015;2015:679730. 
153. Mo LY, Bascom PA, Ritchie K and McCowan LM. A transmission line modelling 
approach to the interpretation of uterine Doppler waveforms. Ultrasound Med Biol. 
1988;14:365-76. 
154. Adamson SL, Morrow RJ, Bascom PAJ, Mo LYL and Knox Ritchie JW. Effect of 
placental resistance, arterial diameter, and blood pressure on the uterine arterial velocity 
waveform: A computer modeling approach. Ultrasound in Medicine & Biology. 1989;15:437-
442. 
155. Levytska K, Higgins M, Keating S, Melamed N, Walker M, Sebire NJ and Kingdom JC. 
Placental Pathology in Relation to Uterine Artery Doppler Findings in Pregnancies with Severe 
Intrauterine Growth Restriction and Abnormal Umbilical Artery Doppler Changes. Am J 
Perinatol. 2017;34:451-457. 
156. Yu CK, Khouri O, Onwudiwe N, Spiliopoulos Y, Nicolaides KH and Fetal Medicine 
Foundation Second-Trimester Screening G. Prediction of pre-eclampsia by uterine artery 
Doppler imaging: relationship to gestational age at delivery and small-for-gestational age. 
Ultrasound Obstet Gynecol. 2008;31:310-3. 
157. McParland P and Pearce JM. Doppler blood flow in pregnancy. Placenta. 1988;9:427-50. 
158. Voigt HJ and Becker V. Doppler flow measurements and histomorphology of the 
placental bed in uteroplacental insufficiency. J Perinat Med. 1992;20:139-47. 



 121 

159. Parra-Saavedra M, Crovetto F, Triunfo S, Savchev S, Peguero A, Nadal A, Gratacos E 
and Figueras F. Association of Doppler parameters with placental signs of underperfusion in 
late-onset small-for-gestational-age pregnancies. Ultrasound Obstet Gynecol. 2014;44:330-7. 
160. Pieper PG, Balci A, Aarnoudse JG, Kampman MA, Sollie KM, Groen H, Mulder BJ, 
Oudijk MA, Roos-Hesselink JW, Cornette J, van Dijk AP, Spaanderman ME, Drenthen W, van 
Veldhuisen DJ and investigators ZI. Uteroplacental blood flow, cardiac function, and pregnancy 
outcome in women with congenital heart disease. Circulation. 2013;128:2478-87. 
161. Kampman MA, Bilardo CM, Mulder BJ, Aarnoudse JG, Ris-Stalpers C, van Veldhuisen 
DJ and Pieper PG. Maternal cardiac function, uteroplacental Doppler flow parameters and 
pregnancy outcome: a systematic review. Ultrasound Obstet Gynecol. 2015;46:21-8. 
162. Melchiorre K, Sutherland GR, Liberati M, Bhide A and Thilaganathan B. Prevalence of 
maternal cardiac defects in women with high-resistance uterine artery Doppler indices. 
Ultrasound in Obstetrics & Gynecology. 2011;37:310-316. 
163. Ernst LM. Maternal vascular malperfusion of the placental bed. APMIS. 2018;126:551-
560. 
164. Burton GJ, Woods AW, Jauniaux E and Kingdom JC. Rheological and physiological 
consequences of conversion of the maternal spiral arteries for uteroplacental blood flow during 
human pregnancy. Placenta. 2009;30:473-82. 
165. Jacobson SL, Imhof R, Manning N, Mannion V, Little D, Rey E and Redman C. The 
value of Doppler assessment of the uteroplacental circulation in predicting preeclampsia or 
intrauterine growth retardation. Am J Obstet Gynecol. 1990;162:110-4. 
166. Wu FM, Quade BJ, Carreon CK, Schefter ZJ, Moses A, Lachtrupp CL, Markley JC, 
Gauvreau K, Valente AM, Economy KE, Aggarwal SR, Aldweib N, Alshawabkeh L, Barker N, 
Buber Y, Carabuena JM, Carazo M, Dollar E, Drakeley S, Duarte V, Easter SR, Assenza GE, 
Graf J, Gurvitz M, Halpern D, Harmon A, Hickey K, Hynes J, Joyce C, Knapp WP, Landzberg 
M, Morgan R, Mullen M, Opotowsky A, Partington S, Pearson D, Rajpal S, Rodriguez-
Monserrate CP, Rouse C, Shafer K, Singh MN, Stefanescu Schmidt AC, Tsao AL and Upadhyay 
S. Placental Findings in Pregnancies Complicated by Maternal Cardiovascular Disease. JACC: 
Advances. 2022;1:100008. 
167. Gavish B and Izzo JL, Jr. Arterial Stiffness: Going a Step Beyond. American Journal of 
Hypertension. 2016;29:1223-1233. 
168. Shirwany NA and Zou MH. Arterial stiffness: a brief review. Acta Pharmacol Sin. 
2010;31:1267-76. 
169. Lasso-Mendez. J, Spence. C, Hornberger. LK, Sivak A and MH D. Vascular Health in 
Congenital Heart Disease: A Systematic Review and Meta-Analysis. 2023. 
170. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, Benjamin EJ, Vasan RS 
and Mitchell GF. Aortic Stiffness, Blood Pressure Progression, and Incident Hypertension. 
JAMA. 2012;308:875-881. 
171. Pereira T, Correia C and Cardoso J. Novel Methods for Pulse Wave Velocity 
Measurement. J Med Biol Eng. 2015;35:555-565. 
172. Miyatani M, Masani K, Oh PI, Miyachi M, Popovic MR and Craven BC. Pulse Wave 
Velocity for Assessment of Arterial Stiffness Among People With Spinal Cord Injury: A Pilot 
Study. Journal of Spinal Cord Medicine. 2009;32:72-78. 
173. Kato T. Which is the best method in clinical practice for assessing improvement in 
vascular endothelial function after successful smoking cessation — Flow-mediated dilation 



 122 

(FMD) or reactive hyperemic peripheral arterial tonometry (RH-PAT)? Hypertension Research. 
2021;44:120-121. 
174. Sehested J, Baandrup U and Mikkelsen E. Different reactivity and structure of the 
prestenotic and poststenotic aorta in human coarctation. Implications for baroreceptor function. 
Circulation. 1982;65:1060-1065. 
175. de Divitiis M, Pilla C, Kattenhorn M, Zadinello M, Donald A, Leeson P, Wallace S, 
Redington A and Deanfield JE. Vascular dysfunction after repair of coarctation of the aorta: 
impact of early surgery. 2001;104:I165‐70. 
176. Mullen MJ, Kharbanda RK, Cross J, Donald AE, Taylor M, Vallance P, Deanfield JE and 
MacAllister RJ. Heterogenous nature of flow-mediated dilatation in human conduit arteries in 
vivo: relevance to endothelial dysfunction in hypercholesterolemia. Circ Res. 2001;88:145-51. 
177. Meyer AA, Joharchi MS, Kundt G, Schuff-Werner P, Steinhoff G and Kienast W. 
Predicting the risk of early atherosclerotic disease development in children after repair of aortic 
coarctation. Eur Heart J. 2005;26:617-22. 
178. Oechslin E, Kiowski W, Schindler R, Bernheim A, Julius B and Brunner-La Rocca HP. 
Systemic Endothelial Dysfunction in Adults With Cyanotic Congenital Heart Disease. 
Circulation. 2005;112:1106-1112. 
179. Gerritsen ME and Bloor CM. Endothelial cell gene expression in response to injury. The 
FASEB Journal. 1993;7:523-532. 
180. Boeldt DS and Bird IM. Vascular adaptation in pregnancy and endothelial dysfunction in 
preeclampsia. J Endocrinol. 2017;232:R27-R44. 
181. Mitchell GF. Arterial stiffness and hypertension: chicken or egg? Hypertension. 
2014;64:210-4. 
182. Dernellis J and Panaretou M. Aortic stiffness is an independent predictor of progression 
to hypertension in nonhypertensive subjects. Hypertension. 2005;45:426-31. 
183. Boutouyrie P, Chowienczyk P, Humphrey JD and Mitchell GF. Arterial Stiffness and 
Cardiovascular Risk in Hypertension. Circulation Research. 2021;128:864-886. 
184. Yinon Y, Kingdom JCP, Odutayo A, Moineddin R, Drewlo S, Lai V, Cherney DZI and 
Hladunewich MA. Vascular Dysfunction in Women With a History of Preeclampsia and 
Intrauterine Growth Restriction. Circulation. 2010;122:1846-1853. 
185. Tay J, Foo L, Masini G, Bennett PR, McEniery CM, Wilkinson IB and Lees CC. Early 
and late preeclampsia are characterized by high cardiac output, but in the presence of fetal 
growth restriction, cardiac output is low: insights from a prospective study. American Journal of 
Obstetrics and Gynecology. 2018;218:517.e1-517.e12. 
186. Sharma D, Shastri S and Sharma P. Intrauterine Growth Restriction: Antenatal and 
Postnatal Aspects. Clin Med Insights Pediatr. 2016;10:67-83. 
187. Deanfield JE, Halcox JP and Rabelink TJ. Endothelial Function and Dysfunction. 
Circulation. 2007;115:1285-1295. 
188. Cyr AR, Huckaby LV, Shiva SS and Zuckerbraun BS. Nitric Oxide and Endothelial 
Dysfunction. Crit Care Clin. 2020;36:307-321. 
189. Hayman R, Warren A, Brockelsby J, Johnson I and Baker P. Plasma from women with 
pre-eclampsia induces an in vitro alteration in the endothelium-dependent behaviour of 
myometrial resistance arteries. BJOG. 2000;107:108-15. 
190. Krupp J, Boeldt DS, Yi FX, Grummer MA, Bankowski Anaya HA, Shah DM and Bird 
IM. The loss of sustained Ca(2+) signaling underlies suppressed endothelial nitric oxide 



 123 

production in preeclamptic pregnancies: implications for new therapy. Am J Physiol Heart Circ 
Physiol. 2013;305:H969-79. 
191. Delong C and Sharma S. Physiology, Peripheral Vascular Resistance. 2023. 
192. Lilly SM, Jacobs D, Bluemke DA, Duprez D, Zamani P and Chirinos J. Resistive and 
pulsatile arterial hemodynamics and cardiovascular events: the Multiethnic Study of 
Atherosclerosis. J Am Heart Assoc. 2014;3:e001223. 
193. Kolh P, Ghuysen A, Tchana-Sato V, D'Orio V, Gerard P, Morimont P, Limet R and 
Lambermont B. Effects of increased afterload on left ventricular performance and mechanical 
efficiency are not baroreflex-mediated. European Journal of Cardio-Thoracic Surgery. 
2003;24:912-919. 
194. Monge Garcia MI and Santos A. Understanding ventriculo-arterial coupling. Ann Transl 
Med. 2020;8:795. 
195. Ikonomidis I, Aboyans V, Blacher J, Brodmann M, Brutsaert DL, Chirinos JA, De Carlo 
M, Delgado V, Lancellotti P, Lekakis J, Mohty D, Nihoyannopoulos P, Parissis J, Rizzoni D, 
Ruschitzka F, Seferovic P, Stabile E, Tousoulis D, Vinereanu D, Vlachopoulos C, Vlastos D, 
Xaplanteris P, Zimlichman R and Metra M. The role of ventricular–arterial coupling in cardiac 
disease and heart failure: assessment, clinical implications and therapeutic interventions. A 
consensus document of the European Society of Cardiology Working Group on Aorta & 
Peripheral Vascular Diseases, European Association of Cardiovascular Imaging, and Heart 
Failure Association. European Journal of Heart Failure. 2019;21:402-424. 
196. Chen CH, Fetics B, Nevo E, Rochitte CE, Chiou KR, Ding PA, Kawaguchi M and Kass 
DA. Noninvasive single-beat determination of left ventricular end-systolic elastance in humans. 
J Am Coll Cardiol. 2001;38:2028-34. 
197. Estensen ME, Grindheim G, Remme EW, Swillens A, Smiseth OA, Segers P, Henriksen 
T and Aakhus S. Systemic arterial response and ventriculo-arterial interaction during normal 
pregnancy. Am J Hypertens. 2012;25:672-7. 
198. Iacobaeus C, Andolf E, Thorsell M, Bremme K, Östlund E and Kahan T. Cardiac 
function, myocardial mechano-energetic efficiency, and ventricular–arterial coupling in normal 
pregnancy. Journal of Hypertension. 2018;36. 
199. Saiki H, Eidem BW, Ohtani T, Grogan MA and Redfield MM. Ventricular-Arterial 
Function and Coupling in the Adult Fontan Circulation. J Am Heart Assoc. 2016;5:e003887. 
200. Ky B, French B, May Khan A, Plappert T, Wang A, Chirinos JA, Fang JC, Sweitzer NK, 
Borlaug BA, Kass DA, St John Sutton M and Cappola TP. Ventricular-arterial coupling, 
remodeling, and prognosis in chronic heart failure. J Am Coll Cardiol. 2013;62:1165-72. 
201. Yuan L-J, Duan Y-Y, Xue D, Cao T-S and Zhou N. Ultrasound study of carotid and 
cardiac remodeling and cardiac-arterial coupling in normal pregnancy and preeclampsia: a case 
control study. BMC Pregnancy and Childbirth. 2014;14:113. 
202. Kuznetsova T, D'Hooge J, Kloch-Badelek M, Sakiewicz W, Thijs L and Staessen JA. 
Impact of hypertension on ventricular-arterial coupling and regional myocardial work at rest and 
during isometric exercise. J Am Soc Echocardiogr. 2012;25:882-90. 
203. Antonini-Canterin F, Enache R, Popescu BA, Popescu AC, Ginghina C, Leiballi E, 
Piazza R, Pavan D, Rubin D, Cappelletti P and Nicolosi GL. Prognostic Value of Ventricular-
Arterial Coupling and B-Type Natriuretic Peptide in Patients After Myocardial Infarction: A 
Five-Year Follow-Up Study. Journal of the American Society of Echocardiography. 
2009;22:1239-1245. 



 124 

204. Mosteller RD. Simplified calculation of body-surface area. N Engl J Med. 
1987;317:1098. 
205. Holopainen LS, Tahtinen HH, Gissler M, Korhonen PE and Ekblad MO. Pre-pregnancy 
body surface area and risk for gestational diabetes mellitus. Acta Diabetol. 2023;60:527-534. 
206. Weber M and Hamm C. Role of B-type natriuretic peptide (BNP) and NT-proBNP in 
clinical routine. Heart. 2006;92:843-9. 
207. Ezekowitz JA, O'Meara E, McDonald MA, Abrams H, Chan M, Ducharme A, Giannetti 
N, Grzeslo A, Hamilton PG, Heckman GA, Howlett JG, Koshman SL, Lepage S, McKelvie RS, 
Moe GW, Rajda M, Swiggum E, Virani SA, Zieroth S, Al-Hesayen A, Cohen-Solal A, D'Astous 
M, De S, Estrella-Holder E, Fremes S, Green L, Haddad H, Harkness K, Hernandez AF, Kouz S, 
LeBlanc M-H, Masoudi FA, Ross HJ, Roussin A and Sussex B. 2017 Comprehensive Update of 
the Canadian Cardiovascular Society Guidelines for the Management of Heart Failure. Canadian 
Journal of Cardiology. 2017;33:1342-1433. 
208. McDonagh TA, Robb SD, Murdoch DR, Morton JJ, Ford I, Morrison CE, Tunstall-Pedoe 
H, McMurray JJ and Dargie HJ. Biochemical detection of left-ventricular systolic dysfunction. 
Lancet. 1998;351:9-13. 
209. Bay M, Kirk V, Parner J, Hassager C, Nielsen H, Krogsgaard K, Trawinski J, Boesgaard 
S and Aldershvile J. NT-proBNP: a new diagnostic screening tool to differentiate between 
patients with normal and reduced left ventricular systolic function. Heart. 2003;89:150-4. 
210. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF, Dokainish H, Edvardsen T, 
Flachskampf FA, Gillebert TC, Klein AL, Lancellotti P, Marino P, Oh JK, Popescu BA and 
Waggoner AD. Recommendations for the Evaluation of Left Ventricular Diastolic Function by 
Echocardiography: An Update from the American Society of Echocardiography and the 
European Association of Cardiovascular Imaging. Journal of the American Society of 
Echocardiography. 2016;29:277-314. 
211. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf FA, 
Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, 
Rudski L, Spencer KT, Tsang W and Voigt J-U. Recommendations for Cardiac Chamber 
Quantification by Echocardiography in Adults: An Update from the American Society of 
Echocardiography and the European Association of Cardiovascular Imaging. European Heart 
Journal - Cardiovascular Imaging. 2015;16:233-271. 
212. Mitchell C, Rahko PS, Blauwet LA, Canaday B, Finstuen JA, Foster MC, Horton K, 
Ogunyankin KO, Palma RA and Velazquez EJ. Guidelines for Performing a Comprehensive 
Transthoracic Echocardiographic Examination in Adults: Recommendations from the American 
Society of Echocardiography. J Am Soc Echocardiogr. 2019;32:1-64. 
213. Kosaraju A GA, Grigorova Y, et al. Left Ventricular Ejection Fraction. 2023. 
214. Cardiology ACo. Heart Failure: An ACC Clinical Toolkit. Left Ventricular Ejection 
Fraction (LVEF) Assessment (Outpatient Setting). 2014. 
215. Kim W-JC, Beqiri A, Lewandowski AJ, Puyol-Antón E, Markham DC, King AP, Leeson 
P and Lamata P. Beyond Simpson's Rule: Accounting for Orientation and Ellipticity 
Assumptions. Ultrasound in Medicine & Biology. 2022;48:2476-2485. 
216. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, Feigenbaum H, Gutgesell 
H, Reichek N, Sahn D, Schnittger I, Silverman NH and Tajik AJ. Recommendations for 
Quantitation of the Left Ventricle by Two-Dimensional Echocardiography. Journal of the 
American Society of Echocardiography. 1989;2:358-367. 



 125 

217. Jenkins C, Moir S, Chan J, Rakhit D, Haluska B and Marwick TH. Left ventricular 
volume measurement with echocardiography: a comparison of left ventricular opacification, 
three-dimensional echocardiography, or both with magnetic resonance imaging. European Heart 
Journal. 2009;30:98-106. 
218. Myhr KA, Pedersen FHG, Kristensen CB, Visby L, Hassager C and Mogelvang R. Semi-
automated estimation of left ventricular ejection fraction by two-dimensional and three-
dimensional echocardiography is feasible, time-efficient, and reproducible. Echocardiography. 
2018;35:1795-1805. 
219. Tan C, Rubenson D, Srivastava A, Mohan R, Smith MR, Billick K, Bardarian S and 
Thomas Heywood J. Left ventricular outflow tract velocity time integral outperforms ejection 
fraction and Doppler-derived cardiac output for predicting outcomes in a select advanced heart 
failure cohort. Cardiovasc Ultrasound. 2017;15:18. 
220. Fung ASY, Soundappan D, Loewenstein DE, Playford D, Strange G, Kozor R, Otton J 
and Ugander M. Prognostic association supports indexing size measures in echocardiography by 
body surface area. Scientific Reports. 2023;13:19390. 
221. Yang H, Wright L, Negishi T, Negishi K, Liu J and Marwick Thomas H. Research to 
Practice. JACC: Cardiovascular Imaging. 2018;11:1196-1201. 
222. Bansal M and Kasliwal RR. How do I do it? Speckle-tracking echocardiography. Indian 
Heart J. 2013;65:117-23. 
223. Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, Derumeaux G, Galderisi 
M, Marwick T, Nagueh SF, Sengupta PP, Sicari R, Smiseth OA, Smulevitz B, Takeuchi M, 
Thomas JD, Vannan M, Voigt J-U and Zamorano JL. Current and Evolving Echocardiographic 
Techniques for the Quantitative Evaluation of Cardiac Mechanics: ASE/EAE Consensus 
Statement on Methodology and Indications: Endorsed by the Japanese Society of 
Echocardiography. Journal of the American Society of Echocardiography. 2011;24:277-313. 
224. Plana JC, Galderisi M, Barac A, Ewer MS, Ky B, Scherrer-Crosbie M, Ganame J, Sebag 
IA, Agler DA, Badano LP, Banchs J, Cardinale D, Carver J, Cerqueira M, DeCara JM, 
Edvardsen T, Flamm SD, Force T, Griffin BP, Jerusalem G, Liu JE, Magalhães A, Marwick T, 
Sanchez LY, Sicari R, Villarraga HR and Lancellotti P. Expert Consensus for Multimodality 
Imaging Evaluation of Adult Patients during and after Cancer Therapy: A Report from the 
American Society of Echocardiography and the European Association of Cardiovascular 
Imaging. Journal of the American Society of Echocardiography. 2014;27:911-939. 
225. Collier P, Phelan D and Klein A. A Test in Context: Myocardial Strain Measured by 
Speckle-Tracking Echocardiography. Journal of the American College of Cardiology. 
2017;69:1043-1056. 
226. Johnson C, Kuyt K, Oxborough D and Stout M. Practical tips and tricks in measuring 
strain, strain rate and twist for the left and right ventricles. Echo Res Pract. 2019;6:R87-R98. 
227. Vogel M, Schmidt MR, Kristiansen SB, Cheung M, White PA, Sorensen K and 
Redington AN. Validation of Myocardial Acceleration During Isovolumic Contraction as a 
Novel Noninvasive Index of Right Ventricular Contractility. Circulation. 2002;105:1693-1699. 
228. Vogel M, Cheung MMH, Li J, Kristiansen SB, Schmidt MR, White PA, Sorensen K and 
Redington AN. Noninvasive Assessment of Left Ventricular Force-Frequency Relationships 
Using Tissue Doppler–Derived Isovolumic Acceleration. Circulation. 2003;107:1647-1652. 
229. Mitter SS, Shah SJ and Thomas JD. A Test in Context: E/A and E/e′ to Assess Diastolic 
Dysfunction and LV Filling Pressure. Journal of the American College of Cardiology. 
2017;69:1451-1464. 



 126 

230. Andersen OS, Smiseth OA, Dokainish H, Abudiab MM, Schutt RC, Kumar A, Sato K, 
Harb S, Gude E, Remme EW, Andreassen AK, Ha J-W, Xu J, Klein AL and Nagueh SF. 
Estimating Left Ventricular Filling Pressure by Echocardiography. Journal of the American 
College of Cardiology. 2017;69:1937-1948. 
231. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA and Quinones MA. Doppler tissue 
imaging: a noninvasive technique for evaluation of left ventricular relaxation and estimation of 
filling pressures. J Am Coll Cardiol. 1997;30:1527-33. 
232. Little WC and Oh JK. Echocardiographic Evaluation of Diastolic Function Can Be Used 
to Guide Clinical Care. Circulation. 2009;120:802-809. 
233. Park JH and Marwick TH. Use and Limitations of E/e' to Assess Left Ventricular Filling 
Pressure by Echocardiography. J Cardiovasc Ultrasound. 2011;19:169-73. 
234. Yun K, Kang D and Kim K. The usefulness of color M-mode Doppler echocardiographic 
indices in the assessment of left ventricular diastolic function. Circ J. 2004;34:1082–1089. 
235. Dokainish H, Zoghbi WA, Lakkis NM, Al-Bakshy F, Dhir M, Quinones MA and Nagueh 
SF. Optimal Noninvasive Assessment of Left Ventricular Filling Pressures. Circulation. 
2004;109:2432-2439. 
236. Dokainish H, Zoghbi WA, Lakkis NM, Quinones MA and Nagueh SF. Comparative 
accuracy of B-type natriuretic peptide and tissue Doppler echocardiography in the diagnosis of 
congestive heart failure. Am J Cardiol. 2004;93:1130-5. 
237. Moon-Grady AJ, Donofrio MT, Gelehrter S, Hornberger L, Kreeger J, Lee W, 
Michelfelder E, Morris SA, Peyvandi S, Pinto NM, Pruetz J, Sethi N, Simpson J, Srivastava S 
and Tian Z. Guidelines and Recommendations for Performance of the Fetal Echocardiogram: An 
Update from the American Society of Echocardiography. Journal of the American Society of 
Echocardiography. 2023;36:679-723. 
238. Donofrio MT, Moon-Grady AJ, Hornberger LK, Copel JA, Sklansky MS, Abuhamad A, 
Cuneo BF, Huhta JC, Jonas RA, Krishnan A, Lacey S, Lee W, Michelfelder EC, Rempel GR, 
Silverman NH, Spray TL, Strasburger JF, Tworetzky W and Rychik J. Diagnosis and Treatment 
of Fetal Cardiac Disease. Circulation. 2014;129:2183-2242. 
239. Rychik J, Ayres N, Cuneo B, Gotteiner N, Hornberger L, Spevak PJ and Van Der Veld 
M. American Society of Echocardiography guidelines and standards for performance of the fetal 
echocardiogram. J Am Soc Echocardiogr. 2004;17:803-10. 
240. Aggarwal N and Sharma GL. Fetal ultrasound parameters: Reference values for a local 
perspective. Indian J Radiol Imaging. 2020;30:149-155. 
241. Moawad EMI, Tammam ASF, Mosaad MM, Sayed HME and Atef A. Evaluating the 
predictive value of fetal Doppler indices and neonatal outcome in late-onset preeclampsia with 
severe features: a cross-sectional study in a resource-limited setting. BMC Pregnancy Childbirth. 
2022;22:377. 
242. Technology FI. Fetal Biometry Calculator 3.01. 2016. 
243. Foundation TFM. Assessment: Fetal growth and Fetal Doppler. 2023. 
244. Gudmundsson S, Flo K, Ghosh G, Wilsgaard T and Acharya G. Placental pulsatility 
index: a new, more sensitive parameter for predicting adverse outcome in pregnancies suspected 
of fetal growth restriction. Acta Obstetricia et Gynecologica Scandinavica. 2017;96:216-222. 
245. Ghosh GS and Gudmundsson S. Uterine and umbilical artery Doppler are comparable in 
predicting perinatal outcome of growth-restricted fetuses. BJOG. 2009;116:424-30. 



 127 

246. Pirnareva E and Tsankova M. EP20.22: Increased average pulsatility index from the two 
uterine arteries above 95th percentile is associated with a fetus delivery with weight under 10th 
percentile. Ultrasound in Obstetrics & Gynecology. 2019;54:367-367. 
247. ACOG Practice bulletin no. 134: fetal growth restriction. Obstet Gynecol. 
2013;121:1122-1133. 
248. Flatley C, Kumar S and Greer RM. Reference centiles for the middle cerebral artery and 
umbilical artery pulsatility index and cerebro-placental ratio from a low-risk population - a 
Generalised Additive Model for Location, Shape and Scale (GAMLSS) approach. J Matern 
Fetal Neonatal Med. 2019;32:2338-2345. 
249. Mishra P, Pandey CM, Singh U, Gupta A, Sahu C and Keshri A. Descriptive statistics 
and normality tests for statistical data. Ann Card Anaesth. 2019;22:67-72. 
250. Faul F, Erdfelder E, Lang A-G and Buchner A. G*Power 3: A flexible statistical power 
analysis program for the social, behavioral, and biomedical sciences. Behavior Research 
Methods. 2007;39:175-191. 
251. Corteville DC, Bibbins-Domingo K, Wu AH, Ali S, Schiller NB and Whooley MA. N-
terminal pro-B-type natriuretic peptide as a diagnostic test for ventricular dysfunction in patients 
with coronary disease: data from the heart and soul study. Arch Intern Med. 2007;167:483-9. 
252. Pinsky MR and Guarracino F. Pathophysiological implications of ventriculoarterial 
coupling in septic shock. Intensive Care Medicine Experimental. 2023;11:87. 
253. Guarracino F, Baldassarri R and Pinsky MR. Ventriculo-arterial decoupling in acutely 
altered hemodynamic states. Critical Care. 2013;17:213. 
254. Zieman SJ, Melenovsky V and Kass DA. Mechanisms, Pathophysiology, and Therapy of 
Arterial Stiffness. Arteriosclerosis, Thrombosis, and Vascular Biology. 2005;25:932-943. 
255. Solomon SD, Skali H, Anavekar NS, Bourgoun M, Barvik S, Ghali JK, Warnica JW, 
Khrakovskaya M, Arnold JM, Schwartz Y, Velazquez EJ, Califf RM, McMurray JV and Pfeffer 
MA. Changes in ventricular size and function in patients treated with valsartan, captopril, or both 
after myocardial infarction. Circulation. 2005;111:3411-9. 
256. Sam S. 132 Cardiac contractility index identifies systolic dysfunction in preserved 
ejection fraction heart failure. Heart. 2023;109:A150. 
257. Stoichescu-Hogea G, Buleu FN, Nicusor Pop G, Duda-Seiman D, Ember A, Tudor A, 
Baneu P, Kundnani NR, Christodorescu R and Dragan S. Ventricular-arterial coupling assessed 
by PWV/GLS ratio in hypertensive patients. Eur Rev Med Pharmacol Sci. 2022;26:7024-7035. 
258. Tso JV, Turner CG, Liu C, Ahmad S, Ali A, Selvaraj S, Galante A, Gilson CR, Clark C, 
Williams BR, Quyyumi AA, Baggish AL and Kim JH. Hypertension and Ventricular–Arterial 
Uncoupling in Collegiate American Football Athletes. Journal of the American Heart 
Association. 2022;11:e023430. 
259. Tsuda T. Clinical Assessment of Ventricular Wall Stress in Understanding Compensatory 
Hypertrophic Response and Maladaptive Ventricular Remodeling. J Cardiovasc Dev Dis. 
2021;8. 
260. Kaneko H, Suzuki S, Uejima T, Kano H, Matsuno S, Takai H, Oikawa Y, Yajima J, 
Aizawa T and Yamashita T. Functional mitral regurgitation and left ventricular systolic 
dysfunction in the recent era of cardiovascular clinical practice, an observational cohort study. 
Hypertension Research. 2014;37:1082-1087. 
261. LaCombe P, Jose A, Basit H and al e. Physiology, Starling Relationships. 2023. 
262. Ridgeway J, Carr D and Easterling T. Low cardiac output in pregnancy and risk of 
intrauterine growth restriction. American Journal of Obstetrics & Gynecology. 2003;189:S94. 



 128 

263. Melchiorre K, Sutherland GR, Liberati M and Thilaganathan B. Maternal Cardiovascular 
Impairment in Pregnancies Complicated by Severe Fetal Growth Restriction. Hypertension. 
2012;60:437-443. 
264. Peck D, Averin K, Khoury P, Veldhuis G, Alsaied T, Lubert AM, Hirsch R, Whiteside 
WM, Veldtman G and Goldstein BH. Occult Diastolic Dysfunction and Adverse Clinical 
Outcomes in Adolescents and Young Adults With Fontan Circulation. Journal of the American 
Heart Association. 2023;12:e026508. 
265. Friedman KG, McElhinney DB, Rhodes J, Powell AJ, Colan SD, Lock JE and Brown 
DW. Left ventricular diastolic function in children and young adults with congenital aortic valve 
disease. Am J Cardiol. 2013;111:243-9. 
266. Liu CP, Ting CT, Yang TM, Chen JW, Chang MS, Maughan WL, Lawrence W and Kass 
DA. Reduced left ventricular compliance in human mitral stenosis. Role of reversible internal 
constraint. Circulation. 1992;85:1447-1456. 
267. Milano AD, Faggian G, Dodonov M, Golia G, Tomezzoli A, Bortolotti U and Mazzucco 
A. Prognostic value of myocardial fibrosis in patients with severe aortic valve stenosis. J Thorac 
Cardiovasc Surg. 2012;144:830-7. 
268. Panesar DK and Burch M. Assessment of Diastolic Function in Congenital Heart 
Disease. Front Cardiovasc Med. 2017;4:5. 
269. Villari B, Hess OM, Kaufmann P, Krogmann ON, Grimm J and Krayenbuehl HP. Effect 
of aortic valve stenosis (pressure overload) and regurgitation (volume overload) on left 
ventricular systolic and diastolic function. The American Journal of Cardiology. 1992;69:927-
934. 
270. Corin WJ, Murakami T, Monrad ES, Hess OM and Krayenbuehl HP. Left ventricular 
passive diastolic properties in chronic mitral regurgitation. Circulation. 1991;83:797-807. 
271. Dewaswala N and Chait R. Aortic Regurgitation. 2023. 
272. Douedi S and Douedi H. Mitral Regurgitation. 2023. 
273. Andrade AC, Jerosch‐Herold M, Wegner P, Gabbert DD, Voges I, Pham M, Shah R, 
Hedderich J, Kramer HH and Rickers C. Determinants of Left Ventricular Dysfunction and 
Remodeling in Patients With Corrected Tetralogy of Fallot. Journal of the American Heart 
Association. 2019;8:e009618. 
274. Menting ME, van den Bosch AE, McGhie JS, Eindhoven JA, Cuypers JAAE, Witsenburg 
M, Geleijnse ML, Helbing WA and Roos-Hesselink JW. Assessment of ventricular function in 
adults with repaired Tetralogy of Fallot using myocardial deformation imaging. European Heart 
Journal - Cardiovascular Imaging. 2015;16:1347-1357. 
275. Opdahl A, Remme EW, Helle-Valle T, Lyseggen E, Vartdal T, Pettersen E, Edvardsen T 
and Smiseth OA. Determinants of Left Ventricular Early-Diastolic Lengthening Velocity. 
Circulation. 2009;119:2578-2586. 
276. Muthyala T, Mehrotra S, Sikka P and Suri V. Maternal Cardiac Diastolic Dysfunction by 
Doppler Echocardiography in Women with Preeclampsia. J Clin Diagn Res. 2016;10:QC01-3. 
277. Shivananjiah C, Nayak A and Swarup A. Echo Changes in Hypertensive Disorder of 
Pregnancy. J Cardiovasc Echogr. 2016;26:94-96. 
278. Gaasch WH, Zile MR, Blaustein AS and Bing OHL. Loading Conditions and Left 
Ventricular Relaxation. In: W. Grossman and B. H. Lorell, eds. Diastolic Relaxation of the 
Heart: Basic Research and Current Applications for Clinical Cardiology Boston, MA: Springer 
US; 1988: 133-142. 



 129 

279. Berne R and Levy M. Cardiovascular Physiology. 3rd ed ed. St Louis, Mo: CV Mosby 
Co; 1997. 
280. Leite-Moreira AF, Correia-Pinto J and Gillebert TC. Afterload induced changes in 
myocardial relaxation: A mechanism for diastolic dysfunction. Cardiovascular Research. 
1999;43:344-353. 
281. Toischer K, Rokita AG, Unsöld B, Zhu W, Kararigas G, Sossalla S, Reuter SP, Becker A, 
Teucher N, Seidler T, Grebe C, Preuß L, Gupta SN, Schmidt K, Lehnart SE, Krüger M, Linke 
WA, Backs J, Regitz-Zagrosek V, Schäfer K, Field LJ, Maier LS and Hasenfuss G. Differential 
Cardiac Remodeling in Preload Versus Afterload. Circulation. 2010;122:993-1003. 
282. Mann DL. Mechanisms and Models in Heart Failure. Circulation. 1999;100:999-1008. 
283. Weber KT, Brilla CG and Janicki JS. Myocardial fibrosis: functional significance and 
regulatory factors. Cardiovascular Research. 1993;27:341-348. 
284. Kuwahara F, Kai H, Tokuda K, Takeya M, Takeshita A, Egashira K and Imaizumi T. 
Hypertensive Myocardial Fibrosis and Diastolic Dysfunction. Hypertension. 2004;43:739-745. 
285. Aurigemma GP, Zile MR and Gaasch WH. Contractile Behavior of the Left Ventricle in 
Diastolic Heart Failure. Circulation. 2006;113:296-304. 
286. Morris RK, Malin G, Robson SC, Kleijnen J, Zamora J and Khan KS. Fetal umbilical 
artery Doppler to predict compromise of fetal/neonatal wellbeing in a high-risk population: 
systematic review and bivariate meta-analysis. Ultrasound in Obstetrics & Gynecology. 
2011;37:135-142. 
287. Pedroso MA, Palmer KR, Hodges RJ, Costa FDS and Rolnik DL. Uterine Artery Doppler 
in Screening for Preeclampsia and Fetal Growth Restriction. Rev Bras Ginecol Obstet. 
2018;40:287-293. 
288. Velauthar L, Plana MN, Kalidindi M, Zamora J, Thilaganathan B, Illanes SE, Khan KS, 
Aquilina J and Thangaratinam S. First-trimester uterine artery Doppler and adverse pregnancy 
outcome: a meta-analysis involving 55 974 women. Ultrasound in Obstetrics & Gynecology. 
2014;43:500-507. 
289. Ridding G, Schluter PJ, Hyett JA and McLennan AC. Influence of sampling site on 
uterine artery Doppler indices at 11-13(+)(6) weeks gestation. Fetal Diagn Ther. 2015;37:310-5. 
290. Farzam K and A J. Beta Blockers. 2023. 
291. Martinez A, Lakkimsetti M, Maharjan S, Aslam MA, Basnyat A, Kafley S, Reddy SS, 
Ahmed SS, Razzaq W, Adusumilli S and Khawaja UA. Beta-Blockers and Their Current Role in 
Maternal and Neonatal Health: A Narrative Review of the Literature. Cureus. 2023;15:e44043. 
292. Sorbye IK, Haualand R, Wiull H, Letting AS, Langesaeter E and Estensen ME. Maternal 
beta-blocker dose and risk of small-for gestational-age in women with heart disease. Acta Obstet 
Gynecol Scand. 2022;101:794-802. 
293. van de Vusse D, Mian P, Schoenmakers S, Flint RB, Visser W, Allegaert K and 
Versmissen J. Pharmacokinetics of the most commonly used antihypertensive drugs throughout 
pregnancy methyldopa, labetalol, and nifedipine: a systematic review. Eur J Clin Pharmacol. 
2022;78:1763-1776. 
294. Duan L, Ng A, Chen W, Spencer HT, Nguyen J, Shen AYJ and Lee M-S. β-Blocker 
Exposure in Pregnancy and Risk of Fetal Cardiac Anomalies. JAMA Internal Medicine. 
2017;177:885-887. 
295. Welzel T, Donner B and van den Anker JN. Intrauterine Growth Retardation in Pregnant 
Women with Long QT Syndrome Treated with Beta-Receptor Blockers. Neonatology. 
2021;118:406-415. 



 130 

296. Iftikhar SF and M B. Cardiac Disease in Pregnancy. 2023. 
297. Vasapollo B, Valensise H, Novelli GP, Altomare F, Galante A and Arduini D. Abnormal 
maternal cardiac function precedes the clinical manifestation of fetal growth restriction. 
Ultrasound in Obstetrics & Gynecology. 2004;24:23-29. 
298. Valensise H, Novelli GP, Vasapollo B, Di Ruzza G, Romanini ME, Marchei M, 
Larciprete G, Manfellotto D, Romanini C and Galante A. Maternal Diastolic Dysfunction and 
Left Ventricular Geometry in Gestational Hypertension. Hypertension. 2001;37:1209-1215. 
299. Starling MR. Left ventricular pump efficiency in long-term mitral regurgitation assessed 
by means of left ventricular-arterial coupling relations. Am Heart J. 1994;127:1324-35. 
300. Dekleva M, Lazic Js Fau - Soldatovic I, Soldatovic I Fau - Inkrot S, Inkrot S Fau - 
Arandjelovic A, Arandjelovic A Fau - Waagstein F, Waagstein F Fau - Gelbrich G, Gelbrich G 
Fau - Cvijanovic D, Cvijanovic D Fau - Dungen HD and Dungen HD. Improvement of 
Ventricular-Arterial Coupling in Elderly Patients with Heart Failure After Beta Blocker Therapy: 
Results from the CIBIS-ELD Trial. Cardiovasc Drugs Ther. 2015;29:287-94. 
301. Iakovou I, Karpanou EA, Vyssoulis GP, Toutouzas PK and Cokkinos DV. Assessment of 
arterial ventricular coupling changes in patients under therapy with various antihypertensive 
agents by a non-invasive echocardiographic method. Int J Cardiol. 2004;96:355-60. 
302. Boyes NG, Stickland MK, Fusnik S, Hogeweide E, Fries JTJ, Haykowsky MJ, Baril CL, 
Runalls S, Kakadekar A, Pharis S, Pockett C, Bradley TJ, Wright KD, Erlandson M and 
Tomczak CR. Physical activity modulates arterial stiffness in children with congenital heart 
disease: A CHAMPS cohort study. Congenit Heart Dis. 2018;13:578-583. 
303. Green DJ, Jones H, Thijssen D, Cable NT and Atkinson G. Flow-Mediated Dilation and 
Cardiovascular Event Prediction. Hypertension. 2011;57:363-369. 

 

 


