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Congenital heart defects (CHDs) affect a wide range of societies with an incidence rate of 1.0–1.2%. These defects initiate at the early developmental stage and result in critical health disorders. Although genetic factors play a role in the formation of CHDs, the occurrence of cases in families with no history of CHDs suggests that mechanobiological forces may also play a role in the initiation and progression of CHDs. Hypoplastic left heart syndrome (HLHS) is a critical CHD, which is responsible for 25–40% of all prenatal cardiac deaths. The comparison of healthy and HLHS hearts helps in understanding the main hemodynamic differences related to HLHS. Echocardiography is the most common imaging modality utilized for fetal cardiac assessment. In this study, we utilized echocardiographic images to compare healthy and HLHS human fetal hearts for determining the differences in terms of heart chamber dimensions, valvular flow rates, and hemodynamics. The cross-sectional areas of chamber dimensions are determined from 2D b-mode ultrasound images. Valvular flow rates are measured via Doppler echocardiography, and hemodynamic quantifications are performed with the use of computational fluid dynamics (CFD) simulations. The obtained results indicate that cross-sectional areas of the left and right sides of the heart are similar for healthy fetuses during gestational development. The left side of HLHS heart is underdeveloped, and as a result, the hemodynamic parameters such as flow velocity, pressure, and wall shear stress (WSS) are significantly altered compared to those of healthy hearts.
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INTRODUCTION
With an incidence rate of 1.0–1.2 percent, congenital heart defects (CHDs) impact a wide variety of societies across the world (Hoffman, 2013). The formation of CHDs begins in the early stages of fetal heart development and involves the incorrect formation of the ventricles, arteries, and valves (Hoffman and Kaplan, 2002; Salman and Yalcin, 2021). CHDs’ etiology and causation still remain unclear (Yalcin et al., 2011). Despite the fact that genetic factors play a significant role in the development of CHDs (Jarrell et al., 2019; Dyer and Rugonyi, 2021), they are not the only cause of early cardiac disorders (Zaidi et al., 2013; Rugonyi, 2016). For newborns, only 2–4% of CHDs are reported in the families with a history of CHDs, indicating that the majority of cases occur in newborns with no family history of early cardiac disorders (Øyen et al., 2009).
One of the most serious CHDs is known as hypoplastic left heart syndrome (HLHS), in which the left ventricle is underdeveloped and unable to maintain systemic circulation in the cardiovascular system (Norwood, 1991; Mäkikallio et al., 2006; Barron et al., 2009). HLHS is responsible for 25–40% of all prenatal cardiac deaths, and it is generally diagnosed during the second trimester of pregnancy by utilizing fetal echocardiogram, electrocardiogram, or cardiac MRI (Saraf et al., 2019). While some genetic factors have been shown to contribute HLHS, in most cases, gene mutations cannot explain the initiation and progression of HLHS. Disturbed hemodynamics has been suggested as an important factor for such cases (Salman and Yalcin, 2021). Compared to healthy fetal hearts, the hemodynamic environment of HLHS hearts shows substantial differences due to the underdevelopment of the left heart (Salman et al., 2021a), which results in a significantly deteriorated life quality for the patients with HLHS (Dempster et al., 2017). The blood flow in HLHS hearts is disturbed as a consequence of the developmental disorders. As a result, the heart’s shear stress distribution and hemodynamics are seriously altered compared to the healthy fetal hearts (Zebhi et al., 2020).
To fully comprehend the distinctions between the healthy and HLHS hearts, the clinical data should be elucidated to quantify the geometric changes, valvular flow rates, and hemodynamics inside the heart chambers during the gestational stages. Nevertheless, clinical in vivo flow measurements, three-dimensional (3D) modeling (Rykiel et al., 2020), and hemodynamic quantifications (Courchaine et al., 2018) are difficult tasks due to the small dimensions and highly dynamic nature of the fetal hearts (Chen et al., 2017). In vivo flow velocities can only be resolved at certain planes inside the heart chambers and arteries using Doppler echocardiography, which is an ultrasound-based imaging modality (Yalcin et al., 2002; Benslimane et al., 2019). Therefore, an appropriate modality is required to reveal the complex hemodynamic features within the entire heart by utilizing the in vivo flow measurements.
At that point, the use of computational fluid dynamics (CFD) modeling is a beneficial tool to explore the hemodynamics inside the complicated geometries such as a growing human fetal heart (Marsden and Feinstein, 2015; Courchaine and Rugonyi, 2018). The advantage of CFD modeling is enabling to investigate the hemodynamics in an isolated region inside the heart by employing physiologically measured realistic inflow conditions (Courchaine et al., 2019; Salman et al., 2021b). The CFD modeling approach is widely used to investigate the complex flow fields in the cardiovascular system (Yalcin et al., 2017; Salman et al., 2019; Bäumler et al., 2020; Salman and Yalcin, 2020; Mutlu et al., 2021). On the other hand, only few research studies have been published in the literature that employ CFD modeling to elucidate the flow patterns in human embryonic hearts (DeGroff et al., 2003; Pennati et al., 2008; Saw et al., 2017; Wiputra et al., 2018). In several computational modeling studies, the volumetric contractions of the left (Lai et al., 2016) and right ventricles (Wiputra et al., 2016; Zebhi et al., 2020) are analyzed to determine the flow characteristics in human fetal hearts. Furthermore, hemodynamic evaluations and computational models for the human fetal hearts can provide a thorough knowledge of CHDs, particularly for demystifying the mechanobiological pathways of HLHS development. We have recently utilized the CFD methodology outlined here, to examine the evolving cardiac hemodynamics in normally developing human fetal hearts (Salman et al., 2021b).
As a follow-up to our previous work, in this study, HLHS human hearts are compared to healthy human hearts at the fetal development stages in order to determine the main differences and clues about the etiology and growth of HLHS. For this purpose, three different measurements are adapted for the comprehensive comparison of HLHS and healthy hearts, which are the comparison of the cross-sectional areas of heart chambers, the comparison of the flow rates at mitral and tricuspid valves, and the comparison of hemodynamics using CFD simulations.
MATERIALS AND METHODS
Three different measurements are employed for the comparison of the control (healthy) and HLHS hearts. In the first approach, the cross-sectional ultrasound images of fetal hearts are used to determine the heart chamber areas at various gestational stages. Obtaining 3D volumes directly was not possible; instead we measured 2D cross sectional areas that would represent 3D volumes. Secondly, blood flow rates at the mitral and tricuspid valves are measured using Doppler echocardiography to observe the differences between the HLHS and control hearts at different developmental stages. In the third method, the CFD modeling approach is employed for analyzing the hemodynamic differences between the control and HLHS hearts. CFD simulations mimic the in vivo flow conditions inside the fetal heart geometries by employing physiological boundary conditions and solving physically governing flow equations.
Cross-Sectional Areas of Fetal Heart Chambers
In this section, heart chamber areas are analyzed for human fetuses by comparing the healthy and HLHS hearts. The cross-sectional areas of the left ventricle (LV), left atria (LA), right ventricle (RV), and right atria (RA) are determined at the instant of the highest LV volume at diastole. The borders of the heart chambers are determined and the bounded areas are calculated using the ANSYS DesignModeler (Canonsburg, PA, United States) software package. For the analysis, 14 control and 16 HLHS fetal hearts are employed at different gestational stages given in Table 1.
TABLE 1 | The number of sample fetal hearts used for analysis of chamber cross-sectional areas at different gestational stages.
[image: Table 1]Flow Measurements at Mitral and Tricuspid Valves
The blood flow waveforms are determined by measuring the velocities at mitral and tricuspid valves of the control and HLHS hearts using echocardiography, which is a method that examines the flow velocities in the heart by utilizing the Doppler effect (Benslimane et al., 2019). In this method, high-frequency sound waves are used to determine the speed and direction of blood flow at specific locations in the heart (Wang et al., 2018). The flow measurements are performed for one complete cardiac cycle. The sample hearts provided in Table 1 which consists of 14 control and 16 HLHS fetal hearts are used for flow measurements in the mitral and tricuspid valves.
Computational Fluid Dynamics Simulations
CFD analysis is a numerical method based on discretizing complex geometry and solving the physically governing Navier–Stokes equations in order to determine the flow variables such as velocity, pressure, and WSS. The Navier–Stokes equations are provided in Eqs 1, 2, where [image: image] denotes the velocity vector, [image: image] denotes the mass density of the fluid, [image: image] denotes the tensor of fluid stress, and [image: image] denotes the body forces such as the gravitational force. The effect of gravity is negligible on the interested results; therefore, the body forces are assumed to be zero.
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Two-dimensional (2D) ultrasound images are used to prepare the healthy and HLHS geometries. The left and right sides of the hearts are analyzed separately. In order to apply the physical boundary conditions, about one-third of the chamber areas are sectioned as shown in Figure 1. Then, the inlet flow velocities are applied on the sectioned edges of the atrium considering the clinically measured valve flow rates. Except the inlet and outlet, the boundaries of the sectioned heart chambers are modeled as static walls with no displacement and velocity. The no-slip boundary condition is applied on the walls to have zero flow velocity on the wall boundaries. The outlets of the flow domain are set with zero pressure. Due to the static wall assumption, CFD simulations are considered to be accurate only during the left ventricular filling phase, where the mitral valve is completely open and the valve-neighboring regions in the heart are relatively stagnant. The instants other than the left ventricular filling phase are not in the interest of this study. The heat transfer is neglected in the simulations due to the indiscernible effect on the investigated flow parameters.
[image: Figure 1]FIGURE 1 | The methodology of CFD analysis. A sample ultrasound image of a 23-week control heart is used to demonstrate the methodology. First, the ultrasound-based geometric models are generated by determining the borders of the heart chambers. The left and right sides of the hearts are modeled and analyzed separately. The heart chambers are sectioned to apply the boundary conditions at the inlet and outlet of the fetal heart models. Inlet flow profiles are adjusted up to reaching the clinical velocity levels at the mitral and tricuspid valves which are measured via Doppler echocardiography. The mitral and tricuspid valves are in the left and right sides of the heart, respectively.
For each fetal heart, unique flow profiles are applied at the inlet boundaries of the CFD models. Inlet flow velocities are adjusted until reaching the clinically measured flow velocities at the mitral and tricuspid valves. Therefore, the velocities predicted by the CFD simulations are validated and guaranteed to be the same with the clinical measurements at the valve proximity. For the CFD simulations, the methodology used in this study is the same with a previously published article of our research group (Salman et al., 2021b). One control heart and one HLHS heart are investigated at gestational weeks of 23, 27, and 31.
CFD simulations are performed using 20 sequential time steps with 0.025s increments. The blood is modeled as a homogeneous Newtonian fluid with a viscosity of 3.5 cP (Roldán-Alzate et al., 2015) and a mass density of 1060 kg/m3 (Bove et al., 2003). ANSYS Fluent (Canonsburg, PA, United States) finite element software package is used to perform CFD simulations using an incompressible pressure-based flow solver with laminar flow assumption. The pressure-based solver involves a process referred to as the projection method, where the mass conservation in the flow field is achieved by solving a pressure equation that is obtained from the continuity and momentum equations. In this method, the velocity field which is corrected by the pressure, satisfies the continuity of the flow. This solution procedure requires iterations, in which the complete set of governing equations is solved sequentially until the solution convergence is achieved. For the up-winding strategy, first order up-winding is applied for the turbulent kinetic energy and dissipation rate, and second order up-winding is employed for the momentum.
Three meshes with different element numbers are employed for determining mesh-independent results. The coarse, medium, and dense meshes are composed of approximately 8,700, 26,000, and 88,400 triangular elements, respectively. For increasing the quality of the mesh, inflation layers are added on the wall proximity for increasing the solution accuracy. For a control heart at week 23, the area weighted average vorticity levels in the left heart during one full cardiac cycle are determined as 43.43, 47.92, and 48.47 s−1 for the coarse, medium, and dense meshes, respectively. Since the difference between the average vorticity levels of medium and dense meshes are lower than 2%, the results of the medium mesh are accepted to be satisfactorily accurate (Kelsey et al., 2017). For further CFD simulations, the medium mesh with approximately 26,000 elements is used to determine the flow field in the heart.
RESULTS
In this section, the findings of control and HLHS hearts are compared and analyzed using three distinct methods described in the preceding section.
Comparison of Chamber Areas for Healthy and Hypoplastic Left Heart Syndrome Hearts
The cross-sectional area of each heart chamber is determined at the instant of the left ventricular diastolic phase and provided in Tables 2 and 3 for the control and HLHS hearts, respectively. In Figure 2, the total cross-sectional areas of the control and HLHS hearts are represented at different gestational stages.
TABLE 2 | Cross-sectional areas of the heart chambers for control hearts at various gestational stages.
[image: Table 2]TABLE 3 | Cross-sectional areas of the heart chambers for HLHS hearts at various gestational stages.
[image: Table 3][image: Figure 2]FIGURE 2 | Cross-sectional areas of the heart chambers for the control and HLHS hearts at various gestational stages.
The percent cross-sectional area of each heart chamber is determined by dividing the chamber area to the total cross-sectional area of the heart. Figure 3 shows the percent chamber area and the ratio between the left and right sides of the heart for the control and HLHS hearts. The area of the right side is obtained by summing the cross-sectional areas of RV and RA. Similarly, the area of the left side is calculated by adding the cross-sectional areas of LV and LA.
[image: Figure 3]FIGURE 3 | Percent chamber areas and the area ratios between the left and right sides of the control and HLHS hearts.
The common gestational stages within the investigated control and HLHS hearts are the weeks 23, 24, 25, 27, and 31. Considering these five different gestational weeks, the average cross-sectional areas of the chambers are compared between the control and HLHS hearts as given in Table 4. The statistical analyses are performed using two tailed Student’s t test. The p values less than 0.05 are considered to be statistically significant. Considering the cross-sectional chamber areas within week 23 and week 31, the p values are determined as 0.0485 for LV, 0.431 for RV, 0.105 for LA, 0.553 for RA, and 0.525 for the total cross-sectional area of the heart. A significant difference is only observed for the cross-sectional area of LV between the control and HLHS hearts. The findings presented in Table 4 are also depicted in Figure 4 for a clearer comparison of control and HLHS cases.
TABLE 4 | The comparison of averaged heart chamber cross-sectional areas between the control and HLHS hearts. The values given in parenthesis are the percentages with respect to the total cross-sectional area of the fetal heart.
[image: Table 4][image: Figure 4]FIGURE 4 | Comparison of cross-sectional areas between the control and HLHS hearts considering various gestational stages.
Comparison of Flow Waveforms at Mitral and Tricuspid Valves
The atrioventricular valve flow waveforms are compared between the control and HLHS hearts at weeks 23, 27, and 31. The velocity waveforms at these gestational weeks are presented in Figure 5 for the mitral and tricuspid valves. The mitral valve serves as a bridge between LA and LV in the left heart. The tricuspid valve connects RA and RV in the right heart. The velocity profiles show an important difference between the control and HLHS hearts. In the mitral and tricuspid valves of the control hearts, the peak velocity is observed around 40 cm/s for weeks 23, 27, and 31, and the alteration is not significant between different gestational stages. In case of HLHS, the peak velocity in mitral valve is obtained within 70–80 cm/s, indicating a severe increase in the velocity levels. Similarly, the peak velocity levels in the tricuspid valve are also increased for HLHS hearts, where the peak velocities are determined within the range of 60–80 cm/s. Valve flow velocities approach to nearly zero after 0.3 s in the cardiac cycle, and the peak velocities are generally determined between 0.1 and 0.2 s. The temporally averaged velocity of each flow waveform is calculated using the values within one full cardiac cycle. The temporal average velocities are presented in Figure 6 for the mitral and tricuspid valves of the control and HLHS hearts. The relative increase in the average and maximum valvular velocities of HLHS hearts compared to that of the controls can be better observed in Figure 6.
[image: Figure 5]FIGURE 5 | Flow waveforms in the mitral and tricuspid valves of the control and HLHS hearts at gestational weeks 23, 27, and 31.
[image: Figure 6]FIGURE 6 | Temporally averaged velocities in the mitral and tricuspid valves of the control and HLHS hearts at gestational stages of week 23, week 27, and week 31. The temporal averages are determined using the velocity levels within one full cardiac cycle.
The average velocities within the cardiac cycle are determined around 12 cm/s and 11 cm/s in the mitral and tricuspid valves of a 23 week control heart, respectively. These average velocities are determined around 10 cm/s in both the mitral and tricuspid valves of a 27 week control heart. For a 31 week control heart, the average velocities are around 11 cm/s in the mitral valve and 13 cm/s in the tricuspid valve, which is showing that there is no significant change in the average valve flow velocities of control hearts throughout the developmental stages. On the other hand, the average velocities in the mitral valve of HLHS hearts are determined around 21 cm/s at week 23, 19 cm/s at week 27, and 15 cm/s at week 31, indicating a systematic reduction depending on the developmental stage. The average tricuspid velocities of HLHS hearts demonstrate an increase with the gestational development, where the average velocities are determined as 16 cm/s at week 23, 17.5 cm/s at week 27, and 18 cm/s at week 31.
The valve flow profiles presented in Figure 5 are averaged waveforms and the highest activity is observed within the first 0.3 s of the cardiac cycles. The velocities within the range of 0–0.3 s are statistically compared for the control and HLHS hearts. For the mitral valve, the p-values are determined as 0.067, 0.069, and 0.351 at week 23, week 27, and week 31, respectively. This indicates that the differences between the control and HLHS mitral valves are not statistically different for the investigated weeks. However, the comparison of tricuspid valve flow profiles within 0–0.3 s resulted in p-values of 0.022, 0.005, and 0.049 at week 23, week 27, and week 31, which reveals that the changes in tricuspid flow rates are statistically different between the control and HLHS fetal hearts.
Comparison of Hemodynamics Using Computational Fluid Dynamics Simulations
Hemodynamic quantifications are performed to compare the flow conditions in healthy and HLHS hearts. Similar to the previous comparisons, the control and HLHS hearts at weeks 23, 27, and 31 are used for the hemodynamic analysis. Velocity magnitudes, flow streamlines, pressures, and WSS levels are investigated to determine the HLHS-related disturbances. In Figures 7–9, the velocity and pressure contours are presented at the instant of peak inlet flow rate for 23-week, 27-week, and 31-week control and HLHS fetal hearts, respectively. The instant of peak inlet flow is the most critical moment, due to generating the highest velocity magnitudes and WSS levels in the flow domain. In addition, the CFD findings are expected to be more reliable at the instant of peak flow conditions with a fully open valve configuration due to the static walls of the CFD models which do not change their shapes depending on time.
[image: Figure 7]FIGURE 7 | Velocity contours, flow streamlines, and pressure contours at the instant of peak inlet flow rate for 23-week control and HLHS hearts. The arrows indicate the flow direction at the inlet.
[image: Figure 8]FIGURE 8 | Velocity contours, flow streamlines, and pressure contours at the instant of peak inlet flow rate for 27-week control and HLHS hearts. The arrows indicate the flow direction at the inlet.
[image: Figure 9]FIGURE 9 | Velocity contours, flow streamlines, and pressure contours at the instant of peak inlet flow rate for 31-week control and HLHS hearts. The arrows indicate the flow direction at the inlet.
Flow velocities significantly increase at the proximity of the valves, which results in high velocity gradients. This sudden change in velocities around the valves leads to a high amount of pressure drop. In both sides of the 23-week, 27-week, and 31-week hearts, the peak valve flow velocities are observed to be higher in HLHS hearts. Due to the higher peak velocities, the pressure drop across the valves are higher for the HLHS hearts. For the analyzed control hearts, the mitral valve in the left heart experiences a lower pressure drop compared to the tricuspid valve in the right heart, mainly due to the lower peak velocities. The magnitude of pressure drop is similar in the mitral and tricuspid valves of investigated HLHS hearts.
In Figure 10, the maximum WSS levels of control and HLHS hearts are presented as a function of time considering one full cardiac cycle. In the heart models, the maximum WSS is always expected around the valves due to the reduced flow area at the valve proximity. The highest activities are seen in the first 0.3 s of the cardiac cycle. It is observed that the maximum WSS levels tend to decrease after 0.3 s in both the control and HLHS hearts. The highest WSS levels are determined at week 23 when compared to weeks 27 and 31. When the maximum WSS levels of HLHS hearts are investigated, it is observed that a general increase in WSS levels is observed for the HLHS hearts compared to those of the controls. The time-dependent profiles of maximum WSS show a close resemblance with the valve flow profiles, since WSS is directly related to the friction component of the flow velocity. In order to elucidate the HLHS-related differences more clearly, the results presented in Figure 10 are used to determine the temporal averages within one cardiac cycle. Figure 11 shows the temporal averages of maximum WSS levels, as well as the ratios between the left and right sides of fetal hearts. The ratios of maximum WSS between the two sides of the hearts are determined by averaging the findings at weeks 23, 27, and 31. For the left side of the control hearts, the temporal average of maximum WSS is determined between 6 and 8 Pa. This maximum WSS range is observed to be expanded for the right side of control hearts with a range of 4–9 Pa. For the HLHS hearts, the temporal averages of maximum WSS are determined within 9–13.5 Pa for the left side and within 7.6–14.2 Pa for the right side. In Figure 11, the maximum WSS findings are represented for a clearer comparison between the left and right sides of the control and HLHS hearts at different gestational stages.
[image: Figure 10]FIGURE 10 | Maximum WSS levels for the left and right sides of the control and HLHS hearts at weeks 23, 27, and 31.
[image: Figure 11]FIGURE 11 | Temporal averages of maximum WSS levels during one cardiac cycle for the control and HLHS hearts at weeks 23, 27, and 31.
The maximum WSS ratio in Figure 11 is determined by averaging the maximum WSS levels at weeks 23, 27, and 31. The left to right ratio of maximum WSS in the control hearts are determined as 47.6–52.4%, 58.4–41.6%, and 59.0–41.0% at weeks 23, 27, and 31, respectively. This left to right ratio is found as 61.6–38.4%, 48.1–51.9%, and 42.2–57.8% for the HLHS hearts at week 23, 27, and 31, which is indicating the increasing WSS load on the right side of HLHS hearts with the fetal development.
DISCUSSION
In this study, the fetal development of healthy and HLHS hearts are investigated by comparing the cross-sectional areas of the heart chambers, measuring the flow profiles in mitral and tricuspid valves, and analyzing the hemodynamic parameters using CFD simulations. Various gestational stages between week 16 and week 34 are considered in the investigations. The comparison of healthy and HLHS hearts reveals important differences in terms of hemodynamics.
The heart chamber dimensions systematically increase with the fetal development of control hearts; however, the formation of HLHS inhibits the growth of LA and LV. The ratio of the left side cross-sectional area to the entire cross-sectional area of the heart is determined within 46–63% for the controls during the gestational stages between weeks 16 and 31. This cross-sectional area ratio between the left side and the entire heart remains between 20 and 40% for HLHS hearts during the weeks 22–34, indicating a significant underdevelopment in the left heart.
The echocardiography measurements in the heart valves show that HLHS increases the peak flow rates both in the mitral and tricuspid valves. For the HLHS heart at week 23, the average velocity in the mitral valve is higher than the tricuspid valve, where the average velocity during one cardiac cycle is measured around 21 cm/s in the mitral valve and 16 cm/s in the tricuspid valve. At week 27, the average valve velocities in HLHS hearts are determined as 19 cm/s in the mitral valve and 17 cm/s in the tricuspid valve, indicating that the excess flow in the mitral valve is decreasing with the gestational development. At week 31 of HLHS heart, the average velocity is approximately 15 cm/s in the mitral valve and 18 cm/s in the tricuspid valve. This fact shows that, in case of HLHS, the average flow velocity decreases in the mitral valve and increases in the tricuspid valve as the heart develops. The comparison of valve flow rates within 0–0.3 s reveals that the changes in the mitral valve are not significant between the control and HLHS hearts. Nevertheless, the flow profile differences in the tricuspid valve are statistically significant, which explains the need of tricuspid valve repair in twenty-five percent of HLHS patients (Mah et al., 2021).
The hemodynamic analyses also confirm the altered biomechanical environment in HLHS hearts compared to the controls. The pressure drop across the heart valves are higher in HLHS hearts due to the higher valve flow velocities. The maximum WSS levels are investigated around the valve proximity and an increased maximum WSS is observed for the HLHS fetal hearts compared to the controls. For the left and right sides of healthy hearts, the maximum WSS level at week 23 is greater than the maximum WSS levels at weeks 27 and 31. For HLHS hearts, the maximum WSS level tends to decrease at the left side as the heart develops. Opposingly, the maximum WSS level at the right side of HLHS hearts tends to increase with gestational development. When the maximum WSS levels are compared by averaging the results at weeks 23, 27, and 31, it is observed that there is a balance between the left and right sides both in the control and HLHS hearts. However, with the development of HLHS hearts, an increasing maximum WSS load in the right side begins to deteriorate the balance between the left and right sides. The level of WSS is an important parameter for the developmental dynamics of the heart, since WSS levels are sensed by the endothelial cells (Lee et al., 2018). This way, the hemodynamic disturbances and mechanobiological forces play a role in the formation of CHDs in a side-specific manner.
In a previous study, we investigated the embryonic chicken hearts with left atrial ligation (LAL) which resembled HLHS in human fetal hearts, and we determined that the maximum WSS balance was deteriorated with a higher WSS load in the right side of LAL chicken hearts (Salman et al., 2021a). For the chicken embryo hearts, the left to right ratio of maximum WSS levels were determined as 21.7–78.3% at day-7 of incubation. In the current study, similarly, the right side of HLHS heart experiences a higher maximum WSS compared to the left side as the fetus develops, but with a limited increase compared to the deterioration in the embryonic chicken hearts with LAL. The left to right ratio of maximum WSS in 31-week HLHS hearts are determined as 42.2–57.8%. The reason of this difference between the two studies can be explained by the investigated period of the embryos. In the previously investigated LAL chicken hearts (Salman et al., 2021a), we elucidated the period up to 7-days of incubation, which approximately corresponds to the first third of the 21-day total incubation period. In the current CFD models, we investigated human HLHS fetal hearts between the weeks 23 and 31, which is corresponding to the second half of the pregnancy. This may be due to the fact that the difference between maximum WSS levels at the right and left sides of the heart is compensated with the morphological changes in the later stages of the development.
There are several limitations in this work. Due to the limited number of data, up to three hearts are examined at each interested gestational week. The lack of data prevented to perform a comprehensive statistical analysis. In order to capture the differences between the healthy and HLHS hearts in a systematic way, the samples are selected at the gestational weeks of 23, 27, and 31 with 4-week increments between each other. The addition of more sample hearts in future studies is important to confirm the accuracy of the findings.
The determination of chamber geometries is performed manually using 2D ultrasound images at the ventricular diastolic phase. Detecting the exact heart chamber borders is challenging for some blurry fetal images which can introduce an error in the boundaries of the CFD models. Expanding the number of sample embryonic hearts would also be beneficial for minimizing the possible errors of the CFD simulations.
The employed CFD models have static boundaries with no displacement and flexibility, which neglects the deformation of the heart structures. Therefore, the CFD results are expected to be accurate only during the instant of the left ventricular filling phase, particularly around the valve proximity. As a consequence, our findings mainly concentrate at the instant of peak valve flow rate and maximum WSS around the valves. The determination of chamber and valve borders are performed using the multiple ultrasound images and movies. In further images, an image-processing based tool is aimed to be developed for reducing the dimensional errors in the CFD model geometries. The use of 2D geometries is another limitation in CFD models, because 3D models can better predict the chaotic flow in the chambers. Wiputra et al. (2018) employed 3D CFD modeling with moving chamber boundaries and reported a time-averaged WSS within 0.51–0.65 Pa in LV of 31-week healthy fetuses during the diastolic phase. In our simulations, the average WSS in LV of a 31-week control fetal heart is determined as 0.48 Pa, which is showing that the error is acceptable through the left ventricular diastolic phase. The use of non-Newtonian blood models with shear-dependent variable viscosity can also provide better prediction of hemodynamics in further investigations. Nevertheless, the findings provide an insight about the fetal cardiac development and reveal that the biomechanical environment is significantly altered in case of HLHS formation.
CONCLUSION
In this work, we performed comparisons between healthy and HLHS human fetal hearts in order to reveal the differences during the gestational development stages in terms of cross-sectional heart chamber dimensions, mitral and tricuspid valve flow rates, and hemodynamics. The comparisons between the healthy and HLHS hearts are mainly carried out at weeks 23, 27, and 31. It is seen that there is a balance between the cross-sectional areas of the left and right sides of healthy hearts. On the other hand, an unbalance in the cross-sectional area is observed between the two sides of HLHS hearts, which indicates an underdeveloped left heart. Due to this unbalance in the HLHS hearts, hemodynamic parameters such as flow velocity, pressure, and WSS levels are altered and the biomechanical environment is significantly changed. For the HLHS hearts, the maximum WSS levels tend to decrease in the left side and increase in the right side with the gestational development, which indicates a difference between the WSS environments of healthy and HLHS hearts.
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