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Abstract

:

Featured Application


Turbulence kinetic energy can be useful to characterize repair of Tetralogy of Fallot hemodynamic abnormalities.




Abstract


Approximately 10% of congenital heart diseases (CHDs) include Tetralogy of Fallot (TOF). Fortunately, due to advanced surgical techniques, most patients survive until adulthood. However, these patients require frequent monitoring for postoperative complications leading to heart hemodynamic alterations. Turbulent kinetic energy (TKE), as derived from 4D-flow magnetic resonance imaging (4D-flow MRI), has been used to characterize abnormal heart hemodynamics in CHD. Hence, this study aimed to assess the difference in TKE between patients with repaired TOF (rTOF) and healthy volunteers. A total of 35 subjects, 17 rTOF patients and 18 controls, underwent standard-of-care cardiac MRI and research 4D-flow MRI using a clinical 3T scanner. Heart chambers and great vessels were segmented using 3D angiograms derived from 4D-flow MRI. The TKE was quantified within segmented volumes. TKE was compared to standard cardiac MRI metrics. Controls demonstrated higher TKE in the left atria and left ventricle. However, patients demonstrated higher TKE in the right atria, right ventricle (p < 0.05), and pulmonary artery. Lastly, no correlation was observed between TKE and standard clinical measurements. TKE can be a key indicator of the abnormal hemodynamics present in patients with rTOF and can assist future interventions and help monitor long-term outcomes.
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1. Introduction


In the cardiovascular system, blood flow is maintained with high efficiency to obtain laminar flow between heart chambers and vessels [1]. However, nonlaminar flow (transitional and turbulent) is observed in many congenital heart diseases; in particular, patients with repaired Tetralogy of Fallot (rTOF) can develop changes in turbulent kinetic energy (TKE) [2]. Tetralogy of Fallot (TOF) is a common cyanotic congenital heart defect which is a combination of four defects including right ventricular hypertrophy (RVH), pulmonary stenosis (PS), ventricular septal defect (VSD), and overriding aortic root [3]. Luckily, due to advancements in cardiovascular surgical techniques that aim to increase flow to the pulmonary circulation, a 40% reduction in death outcomes has been achieved in specialized hospitals [4]. Long-term survival can reach 90% after 20 years of surgical repair. Despite patients now surviving into adulthood, these patients still require frequent and long-term monitoring for many postoperative complications that still arise over time, including right ventricle (RV) dilation and hypertrophy, left or right ventricular dysfunction, RV outflow tract obstruction, and pulmonary regurgitation (PR) [4]. These complications are due to the adverse effects faced within the hemodynamics of the cardiovascular system, contributing to poor long-term outcomes including sudden cardiac death, progressive exercise intolerance, and ventricular arrhythmia [5,6,7]. Surgical and percutaneous pulmonary valve replacements could prevent some of these long-term complications. Unfortunately, guideline indications are not well-supported for these procedures since a better understanding of heart (dys)function and hemodynamics in rTOF is needed.



Transthoracic echocardiography is the first line imaging modality for assessing cardiovascular diseases given its easy accessibility, low cost, and safety [8,9]. However, it may be limited by poor acoustic windows, beam alignments, operator dependence, and inaccuracy for quantifying regurgitant lesions [10,11,12]. Currently, standard cardiac magnetic resonance (CMR) is the gold standard for monitoring heart functions and remodeling in patients with rTOF [13]. CMR is able to identify rTOF complications based on morphological and simplified functional parameters including ejection fraction, ventricular volume, etc. [14]. However, these measurements provide a late expression of the physiological changes that occur, resulting in an inaccurate prediction of the true outcome [15,16]. Flow is usually evaluated using 2D phase contrast, which can provide unidirectional velocity measurements perpendicular to the acquisition plane in the vessel of interest. In addition, these measurements do not provide us with an accurate representation of the 3D complexity of the blood flow due to its 2D nature, hence limiting access to flow information in all directions [17]. Furthermore, due to this restriction, it does not provide detailed information or a complete picture regarding alterations in the hemodynamic patterns within the entire heart. In addition, noninvasive Doppler methods allow us to measure adverse velocity fluctuations, but they are also limited in one direction due to the restriction of the ultrasound beam and have an elevated user variability [18,19]. Hence, advanced imaging modalities and more sensitive markers need to be developed, evaluated, and assessed in order to help guide therapy and improve future outcomes within this patient cohort.



A promising noninvasive approach is 4D-flow magnetic resonance imaging (MRI), which provides advanced hemodynamic information enabling the quantification of advanced fluid dynamic metrics, including Turbulent Kinetic Energy (TKE), pressure difference maps, and viscous energy loss [5,20]. As blood flow velocities are measured in all three spatial directions with 4D-flow MRI, it facilitates the volumetric analysis of congenital diseases, such as TOF. In particular, 4D-flow-derived TKE describes the kinetic energy of the fluctuating velocity field and quantifies the inefficiencies of the energetic transfer in the blood flow [21]. This metric can help provide a functional outcome for patients with rTOF [22]. Therefore, the objective of this study is to use 4D-flow MRI to quantify TKE on the entire heart of patients with rTOF and compare it to standard clinical parameters.




2. Materials and Methods


2.1. Study Population


A single-center retrospective case study was performed to compare patients with rTOF with health controls. A total of 17 patients with rTOF (age: 28 ± 8, 5 females) and 18 controls (36 ± 12, 7 females) were recruited from our local observational Cardiovascular Imaging Registry of Calgary (CIROC). The University of Calgary Research Ethics Board approved the study and all subjects provided written consent at the time of the scan’s examination. Research activities were performed in accordance with the Declaration of Helsinki. Informed consent from both cohorts was captured using health questionnaires and a dedicated software was used for the collection of standard MRI-related parameters (CardioDITM, Cohesic Inc., Calgary, AB, Canada). Inclusion criteria for the controls were the following: All participants had no history of cardiovascular diseases or diabetes; they were all older than 18 years of age and had no history of uncontrolled hypertension, as confirmed by a certified nurse. Moreover, the inclusion criteria for the patients were the following: All patients had a history of a TOF repair, and all were older than 18 years of age at the time of examination. However, the exclusion criteria for the controls included the following if they were unable to complete the MRI scan, while the exclusion criteria for the patients were the following: if the patient had severe renal impairments (eGFR < 30 mL/min/1.73 m2) and if they were unable to complete the MRI scans due to implantable devices or any other contra-indications for MRI [23]. Prior to scanning, basic demographic measurements were collected, including age, sex, weight, and heart rate. The body surface area was calculated using the Mosteller formula.




2.2. Cardiac Magnetic Resonance Imaging Protocol


A standardized cardiac imaging protocol for congenital heart diseases was performed on all participants using 3T MRI scanners (Skyra and Prisma, Siemens, Erlangen, Germany) in accordance with published recommendations [23]. Imaging of the entire heart was achieved via standard routine electrocardiographic (ECG) gating, balanced time-resolved steady-state free precision (SSFP) cine imaging in short-axis, 3-chamber, 2-chamber, and 4-chamber views. Moreover, a 3D contrast-enhanced magnetic resonance angiography (CEMRA) of the entire heart was also performed by administering 0.2 mmol/kg of gadolinium contrast (Gadovist®, Bayer Inc., Mississauga, ON, Canada). For volumetric blood flow assessments, a time-resolved 3D phase-contrast MRI with three-directional velocity encoding was obtained using a 4D-flow MRI WIP from Siemens (WIP 845A). The entire heart was covered using sagittal slices. The acquisition was performed for 5–10 min followed by the administration of the contrast agent, using retrospective ECG gating and free-breathing supported by a diaphragmatic motion navigator. The following parameters were used for the 4D-flow acquisition: bandwidth = 455–495 Hz/Pixel; pulse repetition time = 4.53–5.07 ms; echo time = 2.01–2.35 ms; flip angle = 15 degrees; spatial resolution = 2.0–3.6 × 2.0–3.0 × 2.5–3.5 mm3; Venc = 150–250 cm/s; phases = 30; and temporal resolution = 25–35 ms. The total acquisition time varied depending on the patient’s heart rate and respiratory navigator efficiency.




2.3. Standard Cardiac Imaging Analysis


Standard cardiac images were analyzed by a blinded observer on the same day of the acquisition using a dedicated clinical software cvi42 version 5.11.5 (Circle Cardiovascular Imaging Inc, Calgary, AB, Canada) to determine left and right end-diastolic volume (LVEDV; RVEDV), LV and RV end-systolic volume (LVESV; RVESV), and LV and RV ejection fraction (LVEF; RVEF), as part of standard clinical reading.




2.4. 4D-Flow Data Analysis


As shown in Figure 1, after acquisition, 4D-flow data were corrected for eddy currents, i.e., linear phase drift according to static tissues, noise masking, and velocity aliasing using “Velomap_tool”, a Matlab tool developed by Bock et al. in 2007 and that is broadly used by the flow MRI community [24]. Our in-house tool “4D-Flow Analysis Tool” was developed in MATLAB 2020b (Mathworks, Natick, MA, USA) and integrates the Velomap tool for data pre-processing. After data correction, an individual phase-contrast magnetic resonance angiogram (PC-MRA) throughout the entire cardiac cycle was used to segment the following vessels: Aorta, Pulmonary Artery (PA), Left Atria (LA), Left Ventricle (LV), Right Atria (RA), and Right Ventricle (RV). The PC-MRA is given by    I i  P C − M R A     r →   =  I i  M a g     r →      ∑  j = x , y , z    v  j , i  2    r →        , where    I i  M a g     is the magnitude image,   r →   is the spatial location within the volume,  v  is the velocity-encoded image with j representing the velocity encoding direction in image coordinates (x, y, z), and i is the measured time frame in the cardiac cycle. This segmentation approach has been previously reported [25,26]. Furthermore, each vessel was divided into several regional volumes for facilitating data analysis. The Aorta was divided into the following 4 segments: aortic root, arch, ascending aorta, and descending aorta. The PA was divided into the following 3 segments: left pulmonary artery (LPA), right pulmonary artery (RPA), and mid pulmonary artery (MPA). Lastly, the LA, LV, RA, and RV were divided into the following 2 segments: inferior and superior.



After segmentation, an in-house Matlab tool “YYC 4D Flow TKE Tool” was used to calculate TKE throughout the entire cardiac cycle for each segmentation, as demonstrated in Figure 2. The magnitude of the individual velocity-encoding directions was reconstructed to compute TKE. TKE is defined as   T K E =  1 2  ρ   ∑   i = 1  3   σ i 2   , where  ρ  is the fluid density, and    σ i    is the fluctuation intensity in the three orthogonal directions [21]. TKE has been validated in vitro and in vivo by several groups [21,27,28,29,30]. Our implementation is based on the original code from Dyverfeldt et al. [21]. Our TKE tool facilitates the integration of individual segmentations and TKE calculation to generate standardized analysis reports using regions of interest and templates.



TKE is calculated using the magnitude information from the 4D-flow dataset and taking the intervoxel velocity standard deviation in all 3 spatial directions throughout the cardiac cycle [27]. A variety of hemodynamic parameters were computed for the entire segmentation along with each volumetric segment for each vessel, including maximum TKE (TKEmax), minimum TKE (TKEmin), mean TKE (TKEmean), and standard deviation TKE (TKEstdv). TKEmax was defined as the maximum TKE in any voxel in each region. Similarly, TKEmin was defined as the minimum TKE in any voxel in each region. While TKEmean was defined as the mean TKE in each region. Lastly, TKEstdv was defined as the standard deviation in each region. In addition, simplified standardized templates were created to compare TKE between the two cohorts.




2.5. Statistical Analysis


Statistical analyses were performed using SPSS 25 (SPSS, Chicago, IL, USA). Normality was assessed using the Shapiro–Wilk test and the Kolmogorov–Smirnov test. Due to the data not following a normal distribution, a Mann–Whitney-U test was performed for both study demographics along with the TKE comparison between the two groups. Results are provided as the group mean ± standard deviation and a p-value < 0.05 was used to consider the statistical significance. Furthermore, Pearson’s correlation was used to analyze the relationship between TKE and the left ventricular ejection fraction (LVEF), right ventricular ejection fraction (RVEF), indexed left ventricular end-diastolic volume (LVEDVi), indexed left ventricular systolic volume (LVESVi), indexed right ventricular end-diastolic volume (RVEDVi), and indexed right ventricular end-systolic volume (RVESVi). The body surface area was used for indexation. A p-value < 0.01 was considered statistically significant.





3. Results


Patient Characteristics


Table 1 demonstrates the clinical parameters along with the demographic data acquired for the 17 controls and 18 patients that were enrolled in the study. The age at scan was higher in the controls compared with patients (26 ± 13 years vs. 29 ± 9 years, p = 0.05). As seen in Table 1, LVEF (58 ± 9% vs. 64 ± 7%, p = 0.04), LVEDV (138 ± 32 mL vs. 168 ± 38 mL, p = 0.02), LVEDVi (76 ± 12 mL/m2 vs. 88 ± 16 mL/m2, p = 0.02), RVESV (117 ± 56 mL vs. 78 ± 27 mL, p = 0.04), RVEF (48 ± 8 % vs. 56 ± 6 %, p = 0.01), RVESVi (65 ± 30 mL/m2 vs. 40 ± 12 mL/m2, p = 0.01), and RVEDVi (121 ± 39 mL/m2 vs. 91 ± 19 mL/m2, p = 0.02) were statistically different between patients and controls.



Hemodynamic parameters of the aorta and PA for both cohorts are seen in Figure 3. Controls demonstrated a higher TKEmean in the aorta than patients during all phases of the cardiac cycle, including peak systole (PS), average systole (avg systole), average diastole (avg diastole), and total cardiac cycle (TCC). However, patients demonstrated a higher TKEmax in the aorta than controls at avg systole, avg diastole, and TCC. In addition, patients demonstrated a higher TKEmax in PA compared to the controls throughout the entire cardiac cycle. TKEmean in the PA was only higher in patients compared to controls at PS. Yet, no statistical significance was observed between the two cohorts for both TKEmean and TKEmax in the aorta and PA.



Furthermore, Figure 4 demonstrates the hemodynamic parameters observed in the LA and RA for both cohorts. TKEmean was observed to be higher in controls compared to patients throughout the cardiac cycle in the LA. Similarly, TKEmax was also observed to be higher in controls compared to patients throughout the cardiac cycle in the LA. Although, TKEmean was observed to be higher in patients compared to controls in the RA throughout the cardiac cycle. Similarly, patients also demonstrated a higher TKEmax compared to controls throughout the cardiac cycle in the RA. No statistical significance was observed between the two cohorts in either the LA or the RA.



Moreover, Figure 5 demonstrates the hemodynamic parameters observed in the LV and RV for both cohorts. TKEmean was observed to be higher in controls compared to patients in the LV throughout the cardiac cycle. Controls also demonstrated higher TKEmax in the LV compared to patients throughout the cardiac cycle. However, no statistical significance was observed in the LV. Similarly, patients also demonstrated a higher TKEmax and TKEmean at the RV throughout the cardiac cycle. Statistical significance between the two cohorts was observed for TKEmean at PS (0.015 ± 0.009 J/m3 vs. 0.009 ± 0.005 J/m3, p < 0.05), avg systole (0.015 ± 0.007 J/m3 vs. 0.009 ± 0.005 J/m3, p < 0.05), and avg diastole (0.014 ± 0.007 J/m3 vs. 0.009 ± 0.005 J/m3, p < 0.05). Pearson’s correlation was also computed between standard clinical measurements and TKE. However, no significant or strong correlation was found between the two.





4. Discussion


This study demonstrated that TKE may impact the entire heart throughout the cardiac cycle. Patients with rTOF showed abnormal TKE changes in all chambers, providing further insight into the hemodynamic alterations of the entire heart for this patient cohort. Our main findings showed that controls exhibit higher TKEmean and TKEmax in both the LA and LV compared to patients. This may be due to defects that are mostly observed on the right side of the heart. In addition, we may observe this difference because patients with rTOF may also exhibit slower velocities in these vessels compared to controls. Hence, this may have led to lower values of TKE, as observed in this study. Furthermore, this study did observe higher values of both TKEmean and TKEmax in the RV in patients compared to controls. These results were similar to previously reported findings in energetic changes on rTOF, as compared with controls [2]. Therefore, this may suggest that patients with rTOF may have an imbalance of velocities between left- and right-sided chambers of the heart, leading to higher velocities on the right and resulting in elevated TKE values in the RV.



In the current study, we derived TKE from a whole-heart 4D-flow MRI acquisition in adult patients. It is important to remark that this type of acquisition can also be performed in pediatric patients by adjusting the spatial resolution and velocity-encoding parameters [5]. In adults, a spatial resolution of 2.5–3.0 mm3 is recommended; in pediatric populations, 1.5 mm3 is recommended, and 0.75–1.0 mm3 is recommended in neonates. The advantages of 4D-flow MRI in neonatal and pediatric populations over standard 2D phase-contrast are well-documented [31,32]. The advances in acceleration techniques reached clinically acceptable scan times, and the possibility of free-breathing protocols and the use of feed and wrap have become more practical for diminishing emotional stress [33]. However, the use of sedation and anesthesia is still clinical routine for facilitating the exam [34,35]. In both adult and pediatric patients, motion artifacts can impact the accuracy of the 4D-flow acquisition. Respiratory motion is usually well managed by using a respiratory navigator, as we used in our study cohort. Novel free-breathing methods manage motion effects within the image acquisition framework [36,37]. However, large motion effects cannot be effectively corrected.



TKEmax was also shown to be elevated in the PA within patients compared to controls throughout the entire cardiac cycle. This may be due to the fact that PR is observed within this patient cohort [38]. This relates to how we observed elevated TKE in the RV, as previous studies demonstrated that PR significantly impacts the flow in the RV [39]. Unfortunately, not many studies evaluated TKE in patients with rTOF, but some studies demonstrated elevated KE in the RV and PA compared to controls [40]. In particular, Fredriksson et al. highlighted the potential clinical value of TKE in the development of late complications after TOF repair and the importance of follow-up [22]. TKE comes to provide additional information beyond the heart function and strain characterization that can be achieved with a standard-of-care ultrasound and MRI. It is reasonable to consider that these basic metrics can support decision making, but there could be other factors besides RV volume and deformation rate that can contribute to an adverse outcome. Flow-derived metrics, as TKE, could provide a major understanding on 3D intra-cardiac hemodynamics and local alterations within the blood flow. It is important to remark that 3D hemodynamics are not fully characterized using standard ultrasound or MRI. Furthermore, studies also demonstrated the alteration of flow patterns by overserving higher retrograde flow and pathological vortices within the right side of the heart in patients with rTOF compared to controls [41,42]. The observation of retrograde flow and vortices may explain the elevated TKE measured in the PA and RV throughout the cardiac cycle, as an expenditure of energy occurs during vortex formation and dissipation. Right-sided vortices may represent energy loss and poor efficient circulation, which can potentially be harmful for the RV in TOF with impaired contractile capacity and could indicate an early intervention. However, in the current study, the vortex formation was not evaluated or investigated in association with TKE.



Moreover, this study also evaluated the comparison between TKE with standard clinical measurements including LVEF, RVEF, LVEDVi, LVESVi, RVEDVi, and RVESVi. As no significant or strong correlation was observed between TKE and standard clinical measurements evaluated, this suggests that TKE is an independent local measurement providing further insight into the abnormal flow seen in this patient cohort. A previous study performed by Dyverfeldt et al. also demonstrated similar results. This study also found that the total TKE was not related to global flow patterns that are evaluated by magnetic-resonance-measured velocity fields [30].



As the current work was an exploratory pilot study, the recruitment of more patients and healthy controls is highly recommended in further understanding how TKE may play a role in various vessels within this patient cohort. Moreover, the evaluation of other irregular flow parameters should be conducted and correlated for each vessel for a better understanding of hemodynamic differences between patients and controls. In the current study, we developed simple reporting templates for the visual assessment of individuals and cohorts. The latter could simplify the TKE interpretation and could be used for a visual follow-up assessment. However, not all templates respected current clinical guidelines. In particular, ventricular templates could use the American Heart Association’s (AHA) standard reporting procedures when reporting to clinicians. Our simplified approach aimed to provide a quick snapshot of TKE. The latter highlights the need for well-defined reporting for TKE and 4D-flow measurements, which can be substantially complex given the large amount of data. This aspect explains why a single time point is frequently reported (e.g., peak systole) or simplified using time-average values or maximum intensity projections. Furthermore, in future, TKE measurements could be indexed to the volume of each vessel for both controls and patients, which may provide further insight into the difference observed between the right and left chambers. The association of TKE with the onset of any rTOF complications must be investigated to understand the TKE role in adverse outcomes. Lastly, intra-observer and inter-observer variabilities should be evaluated to validate this technique.



Our study only considered rTOF patients for the investigation of TKE. However, other congenital diseases could benefit from the characterization of abnormal TKE. A recent numerical study demonstrated that lower vortex formation and lower TKE can identify deteriorated intra-cardiac performance in Fontan patients, while the ejection fraction did not, whereas the latter still needs to be demonstrated in vivo [43]. The use of computational fluid dynamics (CFD) to complement and/or validate 4D-flow-derived calculations is not new. TKE, as it is calculated our study, has been validated using experimental models, and CFD reported a good agreement between MRIs, models, and simulations [44]. Some CFD studies evaluated the influence of the pulmonary artery bifurcation angle, pressure distribution, and flow patterns [45,46]. In particular, Loke et al. reported a framework for computational modeling using cardiac MRI images and 4D-flow MRI in rTOF patients and included the calculation of kinetic energy, vorticity, and TKE in rTOF [47]. However, these studies were mostly exploratory with a limited number of subjects. Furthermore, CFD has also been used to improve the calculation of wall shear stress, as 4D-flow spatial and temporal resolutions can underestimate this measurement [48,49,50]. Casas et al. used CFD to assess the impact of spatial resolutions and reported that TKE estimates were accurate and minorly impacted by resolution, while viscous energy dissipation was underestimated and showed resolution dependance [48]. However, 4D-flow in vivo acquisition mostly reflects the macro-scale of turbulence, as data are acquired with a 2–3 mm3 resolution [49]. CFD can facilitate the TKE understanding of the turbulence cascade at the Kolmogorov micro-scale, which is something that cannot be achieve in-vivo. Exploring hemodynamic data with CFD in such scales can be computationally demanding and time consuming. Some level of feasibility can be achieved using novel 3D Lattice Boltzmann methods, which have proved to be more efficient for clinical applications [50].



Some additional limitations of this study include a small sample size as not many patients and controls were enrolled in this study. The patient’s sample size also limited the ability to investigate specific complications (e.g., pulmonary regurgitation). Age and sex matching or propensity score matching could also improve that study design for TKE assessments. In the current study, controls were on average 7 years older than patients, and no personalized analysis was performed. Long acquisition (>10 min) can be an important limitation in clinical settings. In the current study, the 4D-flow acquisition in all subjects was inferior to 10 min. Acceleration techniques such as compressed sensing can reduce up to 50% of the acquisition time, but the effect on TKE accuracy is still unknown. Another limitation of this study may include variability in the segmentations, as each patient has a different characteristic and morphology of vessels. It must be remarked that segmentations were static and were not adjusted to the dynamic motion of the heart. Heart motion can be significant and affect the averaged TKE calculation in ventricles. A future alternative could be the use of automated segmentation using machine learning methods.



Similarly to flow-derived parameters, the accuracy of TKE is greatly dependent upon spatial and temporal resolution. The latter must be particularly considered when scanning children. As reported by Dillinger et al., the level of intra-voxel underestimation will depend on the turbulence level and velocity encoding strategy [51]. Single encoding gradient can vary by 20%. A Lagrangian velocity spectrum on a voxel-by-voxel basis may correct the latter. Although the approach used for this study to calculate TKE has been validated, more larger and longitudinal studies would be beneficial for understanding the observed hemodynamic fluctuations.




5. Conclusions


In conclusion, this study demonstrated that TKE can be evaluated in the whole heart of patients with rTOF. TKEs in the RV, RA, and PA were higher in rTOF patients compared to the controls. These results suggest that TKE could potentially serve as an independent biomarker for the monitoring of rTOF. Further validation and longitudinal studies may provide further insight into the hemodynamics of rTOF patients for improving patient management and clinical decision making.
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Figure 1. Postprocessing of 4D-flow data. First, 4D-flow velocity data in each direction (Vi, Vj, and Vk) were corrected for eddy currents, noise, and aliasing (Panel (A)). Followed by correcting the data, a phase contrast-magnetic resonance angiogram (PC-MRA) was created (Panel (B)) and was used to isolate the following vessels (Panel (C)): Aorta, Pulmonary Artery (PA), Left Atria (LA), Left Ventricle (LV), Right Atria (RA), and Right Ventricle (RV). After segmentation, each vessel was subdivided into various sections. The Aorta is subdivided into the root, ascending, arch, and descending. The PA is divided into the left pulmonary artery, right pulmonary artery, and main pulmonary artery (MPA). The LA, LV, RA, and RV are all divided in the same way, splitting it into its superior and inferior components. 
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Figure 2. Calculation and analysis of turbulent kinetic energy (TKE). Panel (A) shows samples of the magnitude in each direction, including the reference velocity magnitude, in-plane velocity magnitude (IN), anterior–posterior velocity magnitude (AP), and foot head velocity magnitude (FH). This is followed by the calculation of TKE using the YYC 4D Flow TKE Tool that was built in-house (ρ is the fluid density, and    σ i    indicates the standard deviation of the component of velocity vector at the i-direction, Panel (B)). In Panel (C), TKE is shown for a healthy control at phase 5 in the Aorta, Pulmonary Artery (PA), Left Atria (LA), Left Ventricle (LV), Right Atria (RA), and Right Ventricle (RV). Similarly, standardized templates were also computed for each vessel (Panel (D)). 
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Figure 3. Turbulent kinetic energy in the aorta and pulmonary artery. Mean turbulent kinetic energy (TKE) and max TKE were calculated throughout the entire cardiac cycle, including peak systole (PS), average systole (avg systole), average diastole (avg diastole), and total cardiac cycle (TCC) in the Aorta (Ao) and Pulmonary Artery (PA) for both patients and controls. Panel (A) shows mean TKE in the Ao. Panel (B) shows max TKE in the Ao. Panel (C) shows mean TKE in the PA, and Panel (D) shows max TKE in the PA. No statistical significance was observed between the two cohorts in either the Ao or the PA. 
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Figure 4. Turbulent kinetic energy in the left atria and right atria. Mean turbulent kinetic energy (TKE) and max TKE were calculated throughout the entire cardiac cycle, including peak systole (PS), average systole (avg systole), average diastole (avg diastole), and total cardiac cycle (TCC) in the Left Atria (LA) and Right Atria (RA) for both patients and controls. Panels (A,B) show the mean TKE and the max TKE in the LA for both controls and patients. Panels (C,D) show the mean TKE and max TKE in the RA. No statistical significance was observed between the two cohorts in the LA and RA. 
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Figure 5. Turbulent kinetic energy in the left ventricle and right ventricle. Mean turbulent kinetic energy (TKE) and max TKE were calculated throughout the entire cardiac cycle, including peak systole (PS), average systole (avg systole), average diastole (avg diastole), and total cardiac cycle (TCC) in the Left Ventricle (LV) and Right Ventricle (RV) for both patients and controls. Panels (A,B) show the mean TKE and the max TKE in the LV throughout the entire cardiac cycle for controls and patients. Panels (C,D) show the mean TKE and the max TKE in the RA throughout the entire cardiac cycle for controls and patients. Statistical significance between the two cohorts was only observed in the RV at PS, avg systole, and avg diastole (*: p < 0.05). 
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Table 1. Subject baseline characteristics.
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	Characteristic
	Patients (n = 17)
	Controls (n = 18)
	p-Value





	Age at scan (year)
	29 ± 9
	36 ± 13
	0.05



	Sex (f/m)
	5/12
	7/11
	0.56



	BSA (m2)
	1.80 ± 0.21
	1.91 ± 0.29
	0.18



	HR (bpm)
	73 ± 13
	65 ± 12
	0.08



	BP systolic (mmHg)
	107 ± 8
	113 ± 17
	0.15



	BP diastolic (mmHg)
	60 ± 10
	66 ± 16
	0.20



	LVEF (%)
	58 ± 9
	64 ± 7
	0.04



	LVEDV (mL)
	138 ± 32
	168 ± 38
	0.02



	LVEDVi (mL/m2)
	76 ± 12
	88 ± 16
	0.02



	LVESV (mL)
	59 ± 22
	62 ± 19
	0.60



	LVESVi (mL/m2)
	32 ± 11
	33 ± 9
	0.90



	LVMASS (g)
	93 ± 24
	104 ± 31
	0.23



	LVMASSi (g/m2)
	51 ± 11
	53 ± 10
	0.52



	RVEF (%)
	48 ± 8
	56 ± 6
	0.01



	RVEDV (mL)
	220 ± 80
	177 ± 46
	0.11



	RVEDVi (mL/m2)
	121 ± 39
	91 ± 19
	0.02



	RVESV (mL)
	117 ± 56
	78 ± 27
	0.04



	RVESVi (mL/m2)
	65 ± 30
	40 ± 12
	0.01







BSA: Body surface area; HR: heart rate; BP: blood pressure; LVEDVi: Indexed Left Ventricular End Diastolic Volume; LVESVi: Indexed Left Ventricular End Systolic Volume; LVEF: Left Ventricular Ejection Fraction; LVMASSi: Indexed Left Ventricular Mass (LVEF); LVEDV: Left Ventricular End Diastolic Volume; LVESV: Left Ventricular End Diastolic Volume; LVMASS: Left Ventricular Mass (LVEF); RVEDVi: Indexed Right Ventricular End Diastolic Volume; RVESVi: Indexed Right Ventricular End Systolic Volume; RVEF: Right Ventricular Ejection Fraction; RVEDV: Right Ventricular End Diastolic Volume; RVESV: Right Ventricular End Systolic Volume.
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