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Editorial on the Research Topic
Women in cardiovascular imaging



To date there is still a great disparity between the sexes in the scientific field and this determines a small number of manuscripts that have a woman as principal investigator and corresponding author. At present, less than 30% of researchers worldwide are women (1). Long-standing biases and gender stereotypes are discouraging girls and women away from science-related fields, and in the area of STEM (Science, Technology, Engineering and Mathematics) research in particular. Analyzing the scientific literature and, specifically clinical trial, it emerges that the number of female Principal Investigators is substantially lower than males (2, 3).

The disparity between the sexes also emerges in careers. A meta-analysis on 218 studies found that men were 2.77 times more likely to be full professors (OR: 2.77, 95% CI: 2.57–2.98). Meta-regression by data collection year demonstrated improvement over time; however, subgroup analysis showed that gender disparities remain significant in the 2010–2020 decade (OR: 2.63, 95% CI: 2.48–2.80). The gender gap was present across all specialties and both within and outside of North America. Men published more papers with a mean difference of 17.2 (95% CI: 14.7–19.7) (3).

The proportion of female medical graduates appears to have increased over time, however, the gender ratio of physicians varies across specialties (4).

Today, women remain a minority in cardiology even though half of the medical school graduates are women over the last decade (49.3% in 2008 and 47.9% in 2018). Despite this, the proportion of women in cardiovascular disease fellowship training remains low (18% in 2008 and 23.4% in 2018), compared with other medical specialties (5).

This underrepresentation of women in cardiology also extends to women in leadership roles within the same community. The representation of women decreases progressively along the career path from medical student to cardiology fellow to practicing cardiologist and, finally, fewer women at leadership roles. The inclusion of women in the authorship guidelines is a good index of this underrepresentation (6, 7).

Science and gender equality are, however, essential to ensure sustainable development as highlighted by UNESCO (1). In order to change traditional mindsets, gender equality must be promoted, stereotypes defeated, and girls and women should be encouraged to pursue STEM careers. Achieving parity in leadership, peer mentorship, and role models can help motivate female medical students devote himself to STEM careers (8).

This special issue has collected 15 manuscripts of the highest quality written by women. The collection focuses on imaging technique from echocardiography, Computed Tomography-scan and Magnetic Resonance Imaging in their most advanced technical applications.

The article “Women physicians in cardiovascular magnetic resonance: Past, present, and future” summarizes the barriers that women in cardiovascular imaging have overcome over the past several years, the positive interventions that have been implemented to better support women in the field of cardiovascular magnetic resonance, and the challenges that still remain, with a special emphasis on women physicians (Sierra-Galan et al.).

Cardiovascular imaging specialty training is prolonged and demanding, consisting of medical school and residency (in either diagnostic radiology or internal medicine), followed by cardiology and dedicated cardiac imaging or cardiovascular fellowship. This long training discourages women from taking this path due to the difficulties in reconciling professional and personal activities above all.

Furthermore, given the well-known under-representation of women participants in cardiovascular studies, the increased recruitment of women demonstrated in trials with female leaders also have practical implications (9, 10).

The limited availability of gender-specific data in clinical research has significant implications for the quality of healthcare provided to women. Historically, medical research has focused predominantly on men, and findings from studies conducted primarily on male participants have been extrapolated to both genders. However, this approach neglects the fact that men and women can have distinct physiological, hormonal, and genetic differences that may influence disease risk, progression, and response to treatments (11, 12).

It is crucial to recognize the importance of including women in clinical trials and conducting adequate sex-specific analyses to gain a comprehensive understanding of women's health and to identify potential gender-specific effects of treatments and interventions (13).

Efforts to bridge the gender gap in medical research and healthcare can lead to more equitable and effective treatments for both women and men, ultimately improving overall health outcomes for all.

To improve the quality of care for women, researchers, healthcare providers, and policymakers should advocate for more inclusive clinical trial designs that prioritize gender representation. Additionally, conducting post-hoc subgroup analyses based on sex and presenting sex-specific results in research publications are essential steps toward advancing gender-specific healthcare.

Although clinical trials often include both sexes, there is often inadequate analysis of sex-based differences. It is important to develop subgroup analyzes and examine potential gender-specific effects within clinical trial data to identify any disparities or considerations unique to women (11, 12). Balancing study recruitment between men and women will help fill some gaps. Including an adequate number of women in clinical trials allows researchers to analyze and address sex-based differences in disease presentation, progression, and treatment response. It helps to identify any disparities or unique considerations that may affect women's health outcomes. Furthermore, the concept of personalized medicine, where medical decisions and treatments are tailored to an individual's specific characteristics, is gaining prominence. Understanding sex-based differences can lead to more tailored and effective healthcare approaches for both men and women (14, 15).

In addition, men and women may respond differently to medications due to variations in metabolism, hormone levels, and other biological factors. Having gender-specific data can help optimize drug dosing and minimize potential side effects in both sexes (16–18).

We believe the time has come for action and the scientific community must encourage women in STEM to write and position themselves as principal investigators.
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Remodeling in adults with repaired tetralogy of Fallot (rToF) may occur due to chronic pulmonary regurgitation, but may also be related to altered flow patterns, including vortices. We aimed to correlate and quantify relationships between vorticity and ventricular shape derived from atlas-based analysis of biventricular shape. Adult rToF (n = 12) patients underwent 4D flow and cine MRI imaging. Vorticity in the RV was computed after noise reduction using a neural network. A biventricular shape atlas built from 95 rToF patients was used to derive principal component modes, which were associated with vorticity and pulmonary regurgitant volume (PRV) using univariate and multivariate linear regression. Univariate analysis showed that indexed PRV correlated with 3 modes (r = −0.55,−0.50, and 0.6, all p < 0.05) associated with RV dilatation and an increase in basal bulging, apical bulging and tricuspid annulus tilting with more severe regurgitation, as well as a smaller LV and paradoxical movement of the septum. RV outflow and inflow vorticity were also correlated with these modes. However, total vorticity over the whole RV was correlated with two different modes (r = −0.62,−0.69, both p < 0.05). Higher vorticity was associated with both RV and LV shape changes including longer ventricular length, a larger bulge beside the tricuspid valve, and distinct tricuspid tilting. RV flow vorticity was associated with changes in biventricular geometry, distinct from associations with PRV. Flow vorticity may provide additional mechanistic information in rToF remodeling. Both LV and RV shapes are important in rToF RV flow patterns.

Keywords: tetralogy of Fallot, 4D flow, vorticity, shape, atlas


INTRODUCTION

Many patients with repaired Tetralogy of Fallot (rToF) survive to adulthood due to successful primary repair (1). Yet, chronic pulmonary regurgitation is often a consequence, leading to shape, hemodynamic and electrophysiological changes in the right ventricle (RV) (2, 3). Pulmonary valve replacement is often required; however, the timing of this procedure remains controversial (1). Previous studies analyzed the regional three-dimensional (3D) alterations of the RV anatomy in rToF (2–4). RV shape changes have been associated with common clinical metrics such as pulmonary regurgitant volume (PRV), indicating links between PRV and RV dilatation, with outflow tract bulging and apical dilation (3, 5). Remodeling patterns have been shown to be different in rToF patients compared with pulmonary hypertension patients (6) and quantification of these patterns has been facilitated by shape modeling (7).

3D statistical shape modeling enables quantification of the variation in cardiac shapes and their relationships with disease processes (8–10). RV shape can be represented as morphometric scores based on comparison with an atlas of cardiac shapes. These scores have stronger associations with risk factors such as diabetes and hypertension, giving more powerful quantitative shape measures, than standard measures of mass and volume (9).

Altered blood flow patterns in the heart are also associated with ventricular shape (11). Time-resolved phase-contrast cardiac magnetic resonance imaging, 4D flow MRI, has enabled the qualitative and quantitative measurement of altered flow patterns (12–14). In particular flow vorticity is an index of flow “swirl,” including circular, helical or spiral patterns, indicative of high shear in the flow field. These are indicative of higher viscous energy losses, and increased hemodynamic wall shear stress. Although increased vorticity has been described in the LV outflow tract in rToF patients (15), the relationships between biventricular shape and flow vortices is unknown. Application of vorticity estimation in rToF patients is also limited by noise inherent in the data, which is heightened by numerical differentiation required for the calculation of vorticity. Neural networks show promise in enhancing medical imaging data (16), but these methods have not yet been applied in the estimation of vorticity.

We aimed to examine relationships between biventricular geometry and flow vortices in the RV and the right ventricular outflow tract using a processing pipeline including enhancement of velocity vectors using a deep neural network, quantification of vorticity using numerical differentiation, and correlation with morphological scores calculated by projection onto an atlas of rToF patients. To our knowledge, this work is the first study investigating relationships between vorticity and ventricular shape.



METHODS


Research Design and Patient Criteria

This pilot study comprised a prospective, cross-sectional design performed at the Centre for Advanced MRI (CAMRI) at the University of Auckland between 2019 and 2021. Ethics committee approval was obtained from the Health and Disability Ethics Committee New Zealand (17/CEN/226). Informed written consent was obtained for all patients and volunteers. The study group comprised twelve rToF patients recruited from the outpatient cardiology clinic, i.e., patients above 16 years of age attending annual follow-up by cardiovascular magnetic resonance. Ten healthy age- matched volunteers with no known cardiovascular abnormalities were imaged to evaluate flow differences with the study group.



MRI Protocol

Cardiovascular magnetic resonance was performed on a Siemens Magnetom 1.5T Avanto Fit (Siemens Healthcare, Erlangen, Germany) MRI scanner. 2D steady state free precession scans were acquired using a multi-element cardiac coil, with breath-holds and retrospective gating. The typical set of sequence parameters included a repetition time of 2.9 ms, echo time of 1.36 ms, flip angle was 58°, field of view was 400 mm. The slice thickness was 6 mm, image matrix was 192 × 256 and 30 heart phases were reconstructed. Images covered the span of both ventricles. Long-axis slices were obtained through both ventricles and through the four valves. A stack of short-axis slices was acquired parallel to the tricuspid valve, covering all valves, and spanning both ventricles.

4D-flow MRI was acquired during free-breathing, using a navigator gated gradient-echo pulse-sequence with interleaved 3D flow-encoding and retrospective vector cardiogram controlled cardiac gating. Standard acquisition parameters included velocity encoding (VENC) of 150 cm/s, a flip angle of 7°, echo time 2.3 ms and repetition time 38.8 ms. The VENC was chosen to achieve minimal aliasing across all studies. The scan covered the whole heart, the aorta, and the main pulmonary artery at a spatial resolution of 2.4 × 2.4 × 2.4 mm. Parallel imaging was used with an image acceleration factor of 3, with a scanning time of 7.3–10 min. No contrast was used.



Quantitative Measurements of Flow and Vorticity

Flow acquisitions were processed using 4D Flow Demonstrator V2.3 software (Siemens AG, Erlangen, Germany) after antialiasing and background phase correction. Antialiasing allowed for an increase in the range of measurements done to include flow from 0 to 300 cm/sec without the aliasing effects. Forward volume, reverse volume, and the PRV index (PRVi, volume divided by BSA) were measured for the pulmonary flow, and the tricuspid valve was examined for forward flow volume and regurgitant volume.

For vorticity analysis, the phase-contrast images were first denoised using the 4D FlowNet neural network (16). This was done to capture vortices that extended along multiple timeframes and achieve consistent results in the presence of noise, since vorticity requires the calculation of numerical derivatives which are sensitive to noise. Briefly, 4D FlowNet is a noise reduction and super-resolution residual network based on the SRGAN architecture (17). This deep learning network was trained solely using synthetic 4D Flow MR images, generated from computational fluid dynamics simulations. Although 4DFlowNet was designed to perform both denoising and super-resolution, we applied the network with an up sample ratio of 1, which effectively performed denoising without increasing spatial resolution since the flow features (intraventricular vortices) were large relative to the voxel size in our application.

Vorticity was calculated in ParaView (v5.8.0) as the curl of the velocity field (18, 19). Calculation of vorticity was performed by a first-order bilinear interpolation scheme over the chosen velocity vectors. This property enabled the generation of vorticity magnitude of the computed vector gradient tensor from velocity vector cell data. Subsequently, vorticity vector magnitudes were summed across the region of interest (ROI). Vorticity was reviewed on overlapping timeframes that included only the diastolic phase of the cardiac cycle. Overlapping timeframes were two before and two after the central frame as this allowed visualization of stable vortices that span over more than one time frame, differentiating that from noise and short-term fluid rotations. 3 areas were examined in the RV: 1- the main cavity of RV excluding the right ventricular outflow tract (RVOT), 2- the tricuspid inflow ring and 3- the RVOT. The spherical ROI was placed flush to the opening of the corresponding valve. The area of interest measurements was standardized and calculated in accordance with a normalization factor with the BSA to take into consideration the different sizes of the hearts between groups. Timing in the cardiac cycle was also recorded and standardized between cases so that the timeframes were matched while measuring the vorticity in all cases (Supplementary Video 1).



Cardiac Modeling and RToF Atlas Building

Patient-specific biventricular geometries were generated using the Cardiac Image Modeler (CIM) (v8.3.0, University of Auckland, New Zealand) (20). Briefly, CIM is a semi-automatic segmentation software package developed to facilitate segmentation of both RV and LV endocardial and epicardial surfaces from all the short and long axis images. To generate patient-specific geometry, the user first identifies anatomical landmarks (RV insertion points, valve points and LV apex). These landmarks are then automatically tracked throughout the cardiac cycle using non-rigid registration and a 3D biventricular template is then fitted. Guide-points are then placed by the user to deform the model to those points in real-time and end diastolic volume (EDV), end systolic volume (ESV), stoke volume (SV) and ventricular mass are calculated by numerical integration. To identify abnormal patterns and study relationships between shape and clinical parameters, the rToF shape models were projected onto a biventricular atlas generated from 95 rTOF participants without history of valve replacement. The demographics of the atlas cases are shown in Table 1. The atlas was constructed using methods described previously (9, 10). Briefly, contours were drawn manually on both long axis and short axis slices by expert analysts using Segment (21). Interobserver errors are reported in (10). The biventricular shape model was then automatically customized to each patient using an iterative registration algorithm (9). Valve locations were customized to the manual landmarks by using landmark registration, and surfaces were customized by using diffeomorphic non-rigid registration to the manual contours. All the end diastolic (ED) mesh points were first aligned to the mean mesh surface points using Procrustes analysis to remove any pose variation (translation and rotation). This transformation was then applied to the end-systolic (ES) mesh. The ED and ES surface points were then concatenated to form a single combined shape and principal component analysis was then applied. The normalized scores of each mode reflected how much each individual differs from the population mean. Using a concatenation of ED and ES phases captured the variation in function as well as shape in the principal components.


Table 1. Demographics and cardiac parameters (mean ± s.d).
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Patient-specific biventricular models were projected onto the first 24 rToF atlas shape modes which captured 90% of the total shape variation. Univariate regression was used to correlate principal component scores with cardiac indices and vorticity to identify shape associations. The main features of the modes with significant correlations were described in a similar manner to previous studies (9, 10). Multiple regression models were used to determine the association between biventricular shape and vorticity, controlling for effects of covariates sex, height, weight, and age. For the multiple regression models, the principal component scores were used as dependent variables and average vorticity and covariates (sex, height, weight, and age) were included as independent variables. A morphometric shape mode was then generated using the regression coefficient associated with vorticity, which quantifies the independent effect of vorticity on biventricular shape as described previously (9, 10). Diagrammatic demonstration of the methodology is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Diagrammatic representation of the methodology. 4D flow (A) was used for volumetric quantification of flow in the pulmonary and across the tricuspid valve (B) and velocity data was processed with the 4D flow neural network (C). Vorticity (D) was quantified and visualized with the vortex core and streamlines that demonstrate velocity within the spherical ROI was shown, and the dotted line represents the opening of the tricuspid valve. Cines (E) were used to extract EDV, ESV and SV (F). Cines were also used to build the models for the current population that were projected onto the atlas (G). Regression models (H) were used to compute shape variations associated with vorticity. The figure shows an overlapping of the diagrams of a normal biventricular model and the model generated to show the effect of vorticity.




Statistics

Statistical analysis was performed using R (22) and SPSS software v. 25 (IBM SPSS, Chicago, IL). All continuous values are reported as mean ± standard deviation for continuous variables and as frequency for categorical variables. Statistical differences were presented by p-values using one-way ANOVA or Kruskal-Wallis test depending on the distribution. Differences were considered significant for P < 0.05. Bonferroni correction was used for multiple tests. All variables were standardized before regression.




RESULTS


Demographics

12 rToF Patients and 10 Volunteers Were Included in the Study. Volunteers Were Used in Demographic and Vorticity Comparisons Only. Demographics and Cardiac Parameters Are Shown in Table 1 for Volunteers, Study Group, and Atlas Group. None of the rToF Patients Had Evidence of Pulmonary Stenosis.



Quantitative Vortex Analysis

Isolation of the RV was done with a spherical region of interest considering all the main flow areas. However, some flow outside the ventricle was inevitably included. The amount of error accounted for an average of 1% of the vorticity that was measured, which was considered negligible. This was validated through placement of regions inside the ventricles with exact boundary adjustment, then extension of the boundaries beyond these boundaries to include areas that did not show flow and the difference was calculated. The effect of 4D Flow network in reducing noise is shown in Figure 2. Vortex structure was more readily visualized after enhancement, while average vorticity values were in high agreement pre and post enhancement. Table 2 shows average vorticity in our two groups at different areas of interest.


[image: Figure 2]
FIGURE 2. Qualitative (left) and quantitative (right) evaluation of velocity and vorticity with and without the 4DFlownet. The panels show the 3 regions of interest where vorticity was captured (left: whole RV; middle: RVOT; right: tricuspid inflow in diastole. The network reduced noise making the vorticity structure more readily visualized. Right plots show mean vorticity calculated in the region of interest and mean velocity calculated at planes positioned in the RVOT, showing high correlation before and after 4DFlowNet.



Table 2. Vorticity in the volunteer and study groups.
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RV Shape Scores

The absolute point-to-point error between the shapes generated by the 24 shape mode scores and the original shapes was 3.4 ± 0.6 mm at ED and 3.6 ± 0.5 mm at ES, showing that the atlas shape scores formed a good approximation to the study group geometry. The differences in volume were: LVEDV: 4.3 ± 6.1 mL; RVEDV: 2.4 ± 6.2 mL; LVESV:−0.7 ± 4.2 mL; RVESV:−2.2 ± 4.2 mL and the mass differences were: LVM:−3.5 ± 4.9 g; RVM: 0.7 ± 3.5 g (original minus atlas, mean ± s.d.).



RV Shape and PRVi

PRVi showed significant correlation with mode 4, mode 6 and mode 9 (r = −0.55, r = −0.50 and r = 0.6 respectively, p < 0.05). Correlations between shape scores and more cardiac metrics are shown in Figure 3. Figure 4 shows the visualization and description of modes associated with PRVi. Greater PRVi was associated with RV dilatation, with an increase in the basal bulging, apical bulging, and an increase in tricuspid annulus tilting. The LV size was reduced with paradoxical movement of the septum toward the RV during systole. RV EDVi, ESVi and SVi correlated with modes 6 and 9, whereas the association with LV size was reversed with respect to mode 9, consistent with reduced LV volume with increased PRVi.


[image: Figure 3]
FIGURE 3. Correlations of cardiac indices and vorticity with principal component analysis modes. PRVi, indexed pulmonary regurgitant volume; LVM, left ventricular mass; LVEDVi, indexed left ventricular end diastolic volume; LVSVi, indexed left ventricular stroke volume; LVESVi, indexed left ventricular end systolic volume; MVR, mass to volume ratio. Modes 9 and 6 Are the most correlated modes with aspects of cardiac metrics and vorticity. Bonferroni correction was done with all correlations.



[image: Figure 4]
FIGURE 4. Principal component shape variations associated with pulmonary regurgitant volume (top) and vorticity (bottom). The RV is shown in purple, left ventricle: green, the tricuspid valve: pink, the pulmonary valve: neon green, the aortic valve: yellow and mitral valve: blue. Each mode is shown in an anterior and posterior view with description below.




RV Shape and Vorticity

Indexed RV outflow and indexed tricuspid inflow vorticity were both correlated with the same three modes associated with PRVi: mode 4 (r = −0.63 and r = −0.6 respectively), mode 6 (r = −0.82 and r = −0.78 respectively) and mode 9 (r = 0.6 and r = 0.62 respectively). Inflow and outflow vorticity were therefore also associated with an increase in the RV basal bulging, RV apical bulging and tricuspid annulus tilting. Correlations of vorticity and shape scores are shown in Figure 3.

In contrast, vorticity over the whole RV was correlated with modes which were not correlated with PRVi. Maximum and average RV vorticity correlated with mode 11 (r = −0.62 and r = −0.63 respectively, p < 0.05, Figure 4) indicating that higher vorticity was associated with longer ventricular length, bulging beside the tricuspid valve with some abnormal tricuspid tilting. Average RV vorticity was correlated with mode 13 (r = −0.69, p < 0.05), associated with an increase in tricuspid tilt (Figure 4). Through these modes, increased vorticity was associated with increased LV size, rather than the reduction in LV size seen in the modes associated with PRVi.



Multivariate Analysis

Figure 5 shows the results of the multivariate analysis. The model demonstrated the relationship between average vorticity and biventricular shape while controlling for the effects of sex, height, weight and age. The RV enlargement affected the orientation of both the pulmonary outflow tract and tricuspid valves. There was an architectural shift from the normal configuration to an enlarged bulging base. There was an evident effect on the LV as well, showing lengthening of the LV, and change of position of the aortic and mitral valves due to the shift in the RVOT configuration. Increased RV vorticity was associated with an increase in LV size (Supplementary Video 2).


[image: Figure 5]
FIGURE 5. The effect of vorticity on the shape of the RV by a regression model. The spectrum of shapes is demonstrated in the line of shapes above to show the difference between a normal biventricular model (far right) and a model affected by high vorticity (far left). The larger overlapping shapes emphasize the differences. The RV enlargement affects the orientation of both the pulmonary and tricuspid valves. There is an architectural shift from the normal configuration to an enlarged bulging base. There is an evident effect on the LV as well showing the change in wall shape and position of the aortic and mitral valves due to the shift in the RV outflow tract configuration.





DISCUSSION

This study, to the best of our knowledge, is the first to examine RV shape associations with flow vorticity in patients with rToF using statistical shape analysis. A statistical atlas of rToF shape variation was used as a reference to describe shape with relatively few parameters (9, 23, 24). These population-based atlases enable characterization of ventricular shape in a targeted patient or group of related patients. This method enabled evaluation of the change in the regional ventricular anatomy rather than the volume as a whole (5). Individual patient status was quantified using mode scores which showed good agreement with the actual geometry. We found that inflow and outflow RV vorticity was significantly correlated with shape modes which were also significantly correlated with PRVi. However, total RV vorticity was significantly correlated with shape modes which were independent of PRV. These preliminary results suggest that mechanisms of ventricular remodeling may include intra-ventricular flow vorticity.

The application of deep neural network image enhancement to intraventricular vorticity estimation is promising. We found that the network, although trained on computational fluid dynamics simulations in patient specific aortic flow regimes, was able to denoise intraventricular 4D flow data due to its ability to recognize coherent flow patterns. The visualization of the vortex structure was considerably improved, while the average vorticity estimate was not affected (Figure 2).

The RV dilation pattern associated with PRVi was observed as an apical and basal bulging. The outlet also dilated with apical deformation as regurgitation became worse. In addition to RV changes, there was septal paradoxical movement toward the RV and a change in the left ventricular architecture as well. These results agree with previous atlas-based analyses (3, 6) which used 2D flow MRI and color doppler measurement to quantify PVR. 4D flow MRI has been shown to be more accurate for this task (25, 26) leading to higher correlation coefficients in our study compared with (3).

Correlation of vorticity with deformation modes were significant with the same modes that correlated with PRVi, with similar or higher correlation, confirming the interaction between vorticity, PRVi and shape. However, total RV vorticity correlated with 2 modes that did not correlate with PRVi (modes 11 and 13). This suggest that higher total vorticity is also associated with longer ventricular length. Also an increase bulging beside the tricuspid valve was observed with some abnormal tricuspid tilting. This is an interesting finding given that our study group had low to mild tricuspid regurgitation. Both these modes did not correlate with PRVi which indicated that these changes are independent of the amount of PRVi suggesting that the adverse vorticity in the whole ventricle was the influencer of change with these 2 modes. A study on the pulmonary artery (19) suggested that with the dilation of the vessel and a compromised RV function, blood creates shear layers, with differences in the velocity of each layer resulting in the higher vorticity formation. If this is applied to the dilated ventricle, a chaotic flow caused by pulmonary regurgitation would result in an abnormal vorticity affecting the architecture. This would suggest that the consequence of flow variation can have separate effects to the degree of regurgitation. In a study on vorticity in the RV (18) it was suggested that altered vorticity may be a cause for ventricular energy loss and RV dilatation. This was supported by another study (27) on ventricular kinetic energy which indicated a positive correlation between EDV and turbulent kinetic energy. The same study observed the change in kinetic energy to extend toward the apex, not only in the RV outflow tract, which is in line with our findings on vorticity that differs in behavior between the whole RV compared with inflow and outflow regions. This in turn could explain that abnormal fibrosis induced by changes in flow could affect places that are independent of the degree of pulmonary regurgitation.

There was a correlation between vorticity and modes that described a rounder apex. This could be explained by minimal apical flow observed in volunteers (18) while in patients, marginal flow was a finding and heterogeneous vortex formations were observed. Our study confirms this visual finding by the high correlation with modes that indicated a wider apex. The apical changes had been previously observed by another study (6) that suggested that the apical trabeculations contribute to how the RV adapts to volume overload in rToF. This is also in agreement with previous studies that observed a flatter apex (7, 28).

Our study also shed light on associations between vorticity and the architecture of the RV outflow tract. The pulmonary annulus was displaced anteriorly, and this decreased the concavity that is between the tricuspid valve and the pulmonary valve in mode 6, which was correlated with PRVi and vorticity in the outflow tract. This is in agreement with previous studies that observed a significantly more convex RV outflow tract in rToF (5, 6). The correlation of mode 6 with vorticity and PRVi suggest different remodeling mechanisms than those relating curvature change to postsurgical scarring (29). Furthermore, RV EDVi correlated with mode 6 as well, confirming the relation between volume overload and the outflow tract shape change.

The normal septum is convex toward the right ventricle with the left being a thicker rounder ventricle (30). The systolic motion of the septum to the left happens while the normal configuration is maintained. However, it has been observed in previous studies in patients with right ventricular volume overload that the septum flattens and the convexity may be reversed to be toward the left (30, 31). Vorticity was correlated with mode 4 which expressed the septal paradoxical motion. This is in agreement with previous studies that described the septal curvature (32).


Limitations

In this pilot study, our results are limited by a small sample size of patients examined with 4D Flow. RV shape analysis and vorticity extraction relied on segmentation and manually placed areas of interest, which may be automated in the future using machine learning methods. The patients in the atlas were younger than those in the study group, which may lead to differences in shape. However, the shape modes were able to describe the patient-specific geometry with good accuracy, since the atlas covers a wide range of developing disease states. Since we customized the atlas scores to each patient, the mismatch between atlas and 4D flow patients is not critical. Information on type of repair, residual RV obstruction and patient history were not available. More prospective, larger scale, multicenter studies are required to assess the validity and effectiveness of this methodology.




CONCLUSIONS

RV and LV shape features were significantly related to vorticity, and some of these relationships were not explainable by pulmonary regurgitant volumes or volumetric variations alone. Flow vorticity therefore may provide additional mechanistic information about remodeling and developing disease in rToF patients. Both LV and RV shape are important in understanding rToF RV flow vorticity patterns.
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Supplementary Video 1. Video demonstrating the workflow of vorticity visualization and quantification. 4d Flow velocity data is quantified with Siemens 4D flow software then denoised with 4DFlowNet then visualized on ParaView. CIM is used to create a mask that is superimposed on the velocity data. The final visualization (far right) shows the final result which is visualized with the velocity vector fields, and vorticity cores.

Supplementary Video 2. The regression model demonstrates each stage of shape evolution during ED and ES with the increase of vorticity and how much it changes the biventricular shape. The shape evolves from normal to what we observe with higher vorticity.
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Introduction: This observational CMR study aims to characterize left-ventricular (LV) damage, which may be specifically attributed to COVID-19 and is distant in time from the acute phase, through serial CMR performed during the first year in patients with no prior cardiac disease.

Methods: This study included consecutive patients without any prior history of cardiac disease but with a peak troponin-Ic > 50 ng/ml at the time of the first COVID-wave. All had a CMR in the first months after the acute phase, and some had an additional CMR at the end of the first year to monitor LV function, remodeling, and abnormalities evocative of myositis and myocarditis - i.e., increased T1/T2 relaxation times, increased extracellular volume (ECV), and delayed contrast enhancement.

Results: Nineteen consecutively admitted COVID-19 patients (17 men, median age 66 [57–71] years) were included. Eight (42%) had hypertension, six (32%) were obese, and 16 (84%) had suffered an acute respiratory distress syndrome. The 1st CMR, recorded at a median 3.2 [interquartile range: 2.6–3.9] months from the troponin peak, showed (1) LV concentric remodeling in 12 patients (63%), (2) myocardial tissue abnormalities in 11 (58%), including 9 increased myocardial ECVs, and (3) 14 (74%) increased ECVs from shoulder skeletal muscles. The 2nd CMR, obtained at 11.1 [11.0–11.7] months from the troponin peak in 13 patients, showed unchanged LV function and remodeling but a return to normal or below the normal range for all ECVs of the myocardium and skeletal muscles.

Conclusion: Many patients with no history of cardiac disease but for whom an increase in blood troponin-Ic ascertained COVID-19 induced myocardial damage exhibited signs of persistent extracellular edema at a median 3-months from the troponin peak, affecting the myocardium and skeletal muscles, which resolved within a one-year time frame. Associations with long-COVID symptoms need to be investigated on a larger scale now.

Clinical Trial Registration: NCT04753762 on the ClinicalTrials.gov site.

Keywords: COVID-19, myocarditis, edema, skeletal muscle, cardiovascular magnetic resonance imaging


INTRODUCTION

COVID-19 induced myocardial damage is complex and exhibits features consistent with inflammation and endothelium dysfunction, and thrombosis (1–3). It has been speculated that this myocardial damage might constitute a risk factor for developing heart failure, given the similarities in the profiles of patients at risk of heart failure with those of severe COVID-19 patients (4). There is, therefore, an urgent need to specify the nature of COVID-19 induced myocardial damage and investigate its impact over time.

Cardiac Magnetic Resonance (CMR) already documented myocardial tissue abnormalities at the acute or sub-acute phase of COVID-19 and, more specifically, increases in myocardial T1 and T2 relaxation times and an increased extracellular volume (ECV) (5, 6). This observation was at the time attributed to inflammatory edema. However, we do not yet know what the clinical consequences of these anomalies are in the long term and whether they correspond to a COVID-19 pathology specifically targeted to the heart or to a more diffuse edematous and inflammatory response (7). Myositis with skeletal muscle edema is also frequently observed during COVID-19 (8).

This observational CMR study aims to characterize the left-ventricular (LV) damage which may be specifically attributed to COVID-19 and distant in time from the acute phase, through serial CMR planned during the first year in patients with no previous history of cardiac disease but with significant increases in blood troponin-Ic during the initial COVID-19 hospitalization.



MATERIALS AND METHODS


Patients and Study Design

The study included consecutive 18- to 80-year-old patients hospitalized in our Regional University Hospital for a COVID-19-related pathology between the 16th and the 31st of March 2020, which corresponded to the peak of the first COVID-19 wave in our region. Patients' COVID-19 status was ascertained by a positive reverse transcriptase-polymerase chain reaction test. Additional inclusion criteria were: (i) a peak troponin Ic > 50 ng/ml measured during hospitalization, (ii) the absence of any prior cardiac disease history, and (iii) health conditions required to endure the CMR-based monitoring which is currently prescribed for myocarditis patients in our center.

Baseline investigations were performed with the 1st CMR within the first months following the acute phase and the follow-up investigations with the 2nd CMR, at the end of the first year, on a 3T PRISMA Magnet (Siemens Medical Solutions, Erlangen, Germany). Echocardiography and blood analysis for routine biomarkers were also performed on the CMR days. Echocardiography data were obtained according to current recommendations (9, 10) with a General Electric® device and the post-processing EchoPAC® software.



CMR Recording

The same CMR protocol was used in all patients and for both the 1st and 2nd CMR. LV function and remodeling were assessed on cine images recorded with a compressed sensing SSFP sequence (11), on contiguous short-axis slices and with the following parameters: 2 x 2 x 8 mm3 voxel size, 420 x 320 mm2 field of view (FOV), 60° flip angle (FA), 41 ms repetition time (TR), 2.9 ms interecho time, 1.27 ms echo time (TE), and 14 segments.

According to the “2018 updated Lake Louise Criteria” (12), signs of myocarditis were searched for (i) on longitudinal (T1) and transversal (T2) relaxation maps recorded with short-axis slices and, respectively, precontrast - Modified Look-Locker Inversion Recovery (MOLLI, acquisition scheme 5(3)3) and 2D TurboFlash sequences (12), and (ii) on contiguous late gadolinium enhancement images covering the LV on short-axis, vertical and horizontal long-axis directions with a fast multi-slice phase-sensitive inversion recovery sequence (13), 10 to 15 min after the injection of 0.1 mmol.kg−1 body weight of Dotarem®, (GUERBET, France). T1 maps were recorded with the following parameters: 1.4 x 1.4 x 8.0 mm3 voxel size, 371 x 278 mm2 FOV, 35° FA, 1 excitation, 180 ms time to inversion (TI), 267 ms TR, 1.11 ms TE, and 63 segments. For the T2 maps, these parameters were: 1.9 x 1.9 x 8.0 mm3 voxel size, 360 x 360 mm2 FOV, 12° FA, 201 ms TR, and 1.32/30/50 ms TE. For the LGE images, these parameters were: 2.1 x 2.1 x 8 mm3 voxel size, 400 x 380 mm2 FOV, 40° FA, 305 ms TI, 768 ms RT, 2.4 ms interecho time, 1.04 ms TE, and 1 excitation.



CMR Analysis

CMR results were extracted with the Syngovia software (Siemens Medical Solutions, Erlangen, Germany), using a manual adjustment of the ventricular contours applied to determine LV mass, end-diastolic volumes, and ejection fractions (14). Ventricular volumes and LV mass were indexed to body surface area, and the LV mass/end-diastolic volume ratio was used to assess LV concentric remodeling (15, 16). Myocardial T1 and T2 were determined with regions of interest (ROI) drawn on a septal mid-ventricular area (Figure 1) (17). The myocardial extracellular volume (ECV), expressed as % myocardium volume, was conventionally computed from: (i) T1-pre values from the pre-contrast MOLLI sequence described above (ii) T1-post values from post-contrast MOLLI sequence (acquisition scheme: 4(1)3(1)2) acquired 10–15 min after the injection and (iii) individual hematocrit values (6, 12). The latter were obtained from blood sampled just before CMR, during placement of the intravenous catheter used for Dotarem® injection.


[image: Figure 1]
FIGURE 1. Pre-contrast T1 map showing regions-of-interest (ROIs) drawn to determine ECV and relaxation times on the myocardium (blue) and shoulders skeletal muscle (red).


The cardiac T1 maps were additionally used to determine the T1 and ECV of the shoulder skeletal muscles setting in the field of view (i.e., the pectoralis major, subscapularis, or infraspinatus) with careful exclusion of perimuscular fat and intramuscular tendons from the hand-drawn ROIs (Figure 1), as previously described (17).



Criteria Used to Define Abnormal CMR Parameters

Normal limits for the main CMR parameters are summarized in Table 1. Most of these normal limits were derived from the 95% confidence intervals and obtained from local control populations with the same operator and extraction methods as the current COVID-19 study.


Table 1. Limits used to define abnormal values for the main CMR parameters obtained from local control populations with the same operator and extraction methods as the current COVID-19 study.

[image: Table 1]

Normal values of LV ejection fraction, mass, volume, and mass/volume ratio, which are used to assess LV function and remodeling, and which are known to vary according to age and sex, were extracted from a local database of patients without any known cardiovascular disease (14). The final population was further selected according to age to provide a comparable mean and distribution to our COVID-19 population (for mean ± SD: 64.2 ± 7.5 vs. 64.2 ± 8.3 years). There were 74 men and 84 women with respective lower limits of 49% and 51% LV ejection fraction, and respective upper limits of 97 and 88 mL.m−2 for LV end-diastolic volume, 73 and 57 g.m−2 for LV mass, and 1.11 and 0.90 for LV mass/volume ratio. These limits are within the range of those already defined for ≥ 60 years old normal subjects in previously published CMR studies (18–20).

Normal T1 and ECV values were determined for both myocardium and shoulders skeletal muscles in a population extracted from a local database of patients who had been initially investigated for a mitral valve prolapse (21). The final selection only included patients without any complicated prolapse (absence of ≥ 2 mitral regurgitation, ventricular arrhythmias, or LV dysfunction) and without any other cardiovascular disease. This group included 30 subjects, 11 women and 19 men, with a mean age of 40 ± 18 years. The normal upper limits of T1 were computed as 1,293 ms for the myocardium and 1,206 ms for the skeletal shoulder muscles. For normal ECV, the respective upper limits were 28.5 and 14.9%. These limits are very similar to those obtained in previous CMR studies performed using a comparable methodology (22, 23).

For myocardial T2, we selected the threshold of 47 ms which corresponds to the upper limit of the 95% confidence interval observed in a study performed with a 3T magnet and with the same methodology as that used in our COVID-19 patients (24).

Late gadolinium enhancement was identified visually by a single observer (PM) as an increase in the signal from myocardial areas clearly distinct from the epicardial fat and cavitary blood. All transmural or sub-epicardial areas of LGE were considered as potentially related to myocarditis (14). This was not the case for the LGE evocative of a mid-wall septal fibrosis and commonly associated with LV hypertrophy and remodeling in the absence of any myocarditis (25).



Statistical Analysis

Statistical analyses were obtained using the SPSS statistical software (IBM Statistics version 20). Qualitative variables were expressed as numbers and percentages and quantitative variables were expressed as medians with interquartile ranges. As the number of cases was not sufficiently large to assume a normal distribution, paired comparisons of quantitative variables between the two CMR visits were assessed using a non-parametric test: the Wilcoxon sum-rank test. Paired comparisons of qualitative variables were planned with Mc Nemar tests. P values were not not adjusted for possible multiple comparison effects given the exploratory nature of the present study, and p < 0.05 were considered to reflect significant differences.




RESULTS

Among the 222 COVID-19 patients hospitalized during the study period, 45 exhibited a peak troponin Ic > 50 ng/ml, and 19 fulfilled all study inclusion criteria. As detailed in Table 2, at the 1st CMR, the median age was 66 [59–71] years, and the median from peak troponin was 3.2 [2.6–3.9] months. Seventeen patients (89%) were male, 11 (58%) had previously been identified with hypertension or obesity (6 with obesity and 8 with hypertension), and as many as 16 (84%) had been affected by an acute respiratory distress syndrome (ARDS) requiring mechanical ventilation at the acute phase.


Table 2. Main characteristics of the 19 patients with blood, clinical and CMR data collected on the day of the 1st CMR, at a median of 3.2 months from the troponin peak.
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Baseline CMR

The 1st CMR, recorded at a median 3.2 [interquartile range: 2.6–3.9] months from the troponin peak, showed a > 50% LV ejection fraction in all but 2 patients for whom it was only slightly lower (46% and 48%). However, as many as 12 (63%) exhibited LV concentric remodeling (i.e., high LV mass/volume ratio), which was associated with LV hypertrophy (i.e., high LV mass) in 9 cases. Myocardial tissue damage was documented in 11 patients (58%), including 9 increased myocardial ECVs, 3 abnormal T1, 1 abnormal T2, and 2 evocative late gadolinium enhancements (LGE). No pattern suggestive of myocardial infarction was observed (i.e., no sub-endocardial or transmural LGE).

For the shoulder skeletal muscles, abnormal values were observed for T1 in 2 cases (11%) and for ECV in 14 (74%). As detailed in Table 2, most plasma analytics were within normal or sub-normal concentration ranges (Table 2), including troponin Ic (all ≤ 29 ng/mL), CRP (all ≤ 10 mg/mL), NT-proBNP (all <450 pg/mL) and eGFR (all but one > 80 ml/min/1.73 m2).



Follow-Up CMR

The 2nd CMR was performed in 13 out of the 19 patients, at a median of 11.1 [11.0–11.7] months from peak troponin. LV function and remodeling parameters were unchanged between the 1st and 2nd CMR, but significant decreases in heart rate, myocardial T1, and particularly ECV from skeletal muscles and myocardium were observed (Table 3, Figure 2). Late contrast enhancement was still documented in 2 patients, and as evidenced in Figure 2, there was a return to normal or below the normal range for all ECVs of the myocardium and skeletal muscles.


Table 3. Changes in clinical, CMR and blood parameters of the 13 patients who underwent the two CMRs at medians of 3 and 11 months from peak troponin respectively.
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FIGURE 2. Individual variations between the 1st and 2nd CMR for the ECV from the myocardium and skeletal muscles, as well as for the LV mass/volume ratio, which was used to assess LV concentric remodeling and normalized to male values (i.e., with the values in women increased by 0.21 to compensate for the difference in the normal upper limits between women (0.90) and men (1.11)). The dashed lines represent the normal upper limits.





DISCUSSION

As illustrated by a schematic representation in Figure 3, a frequent increase in ECV affecting the myocardium and skeletal muscles and which regressed during the first year, constituted the main observation in our consecutive series of patients with no prior history of cardiac disease but for whom COVID-19 induced myocardial damage was ascertained by a significant rise in blood troponin Ic. A COVID-19 etiology of these increased ECV values is supported by their return to normal or below the normal range at 1 year (Figure 2), in contrast to the stability observed for other CMR parameters. This ECV evolution likely reflects the resolution of the extracellular interstitial edema, which is commonly observed in the heart and other organs in COVID-19 autopsy studies (26, 27).


[image: Figure 3]
FIGURE 3. Schematic representation of the progressive decrease during the first year of the myocardial ECV, presumably in line with a delayed resolution of the interstitial edema.


CMR already documented an increased myocardial ECV at the acute or sub-acute phase of COVID-19 and associated with increases in myocardial T1 and T2 (5, 6). This observation was attributed to inflammatory edema at the time. Our serial CMR data show that this increased ECV: (i) also affects skeletal muscles, (ii) resolves very progressively, given its common persistence at a median of 3 months from the acute phase (i.e., at the time of the 1st CMR), and (iii) is then no longer associated with any evident signs of active damage or inflammation (i.e., based on the normal or below the normal range of CRP, troponin and myocardial T2 values).

Interestingly, the decrease in ECV at 1 year was observed in our COVID patients irrespective of the presence or absence of an abnormal ECV at 3-months (see Figure 2). This decrease might thus be commonly involved in the recovery of severe COVID-19. In addition, a possible role of a non-specific response associated with ARDS needs further investigation. Indeed, 84% of our COVID-19 patients presented an ARDS at the acute phase, and ARDS patients are commonly affected by muscle dysfunction in both early and late stages, constituting a significant morbidity factor (28, 29).

This increased ECV was not associated with any evident deterioration of cardiac function, with LV ejection fractions and volumes remaining normal or below the normal range during follow-up according to the CMR, as well as the echocardiography data (see Supplementary Data File). As many as 63% of our patients were affected by LV concentric remodeling, an indicator of increased cardiovascular risk (15, 16). However, this remodeling was unchanged between the two evaluations, and it may constitute an underlying pathology due to the risk factors shared by concentric remodeling and severe COVID-19 (age, obesity, hypertension).

A main limitation is the small sample size of the present study population, and further studies will be required to confirm the results.


Conclusion and Perspectives

The present serial CMR study shows a slow return to normal of the extracellular volume of the myocardium and skeletal muscles in many patients with no history of cardiac disease, but for whom an increase in blood troponin-Ic ascertained COVID-19 induced myocardial damage. This observation is likely due to a delayed resolution of the interstitial edema, which is known to affect severe COVID-19 patients. Associations with long-COVID symptoms (30) need to be investigated on a larger scale. This might help to better understand and perhaps to prevent or treat these symptoms. The potential role of a non-specific response associated with ARDS also requires further investigation.
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Right Heart Chambers Longitudinal Strain Provides Enhanced Diagnosis and Categorization in Patients With Pulmonary Hypertension
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Background: Increased systolic pulmonary arterial pressure (sPAP) could lead to the mechanical dysfunction and myocardial fibrosis of the right heart chambers. Echocardiographic strain analysis has not been adequately studied in patients with pulmonary hypertension (PH).

Study design and methods: A cross-sectional cohort of patients with suspected PH and echocardiographic strain evaluation was recruited. The cut-off values of peak tricuspid regurgitation velocity (TRV) with the low probability of PH (≤2.8 m/s), intermediate probability (2.9–3.4 m/s, without other echo PH signs), and high probability of PH (2.9–3.4 m/s with other echo PH signs and >3.4 m/s) categories were studied by right ventricular and right atrial (RA) strain analysis in a sample of 236 patients.

Results: The results showed that 58 (56.9%) patients had low, 15 (14.7%) had intermediate, and 29 (28.4%) had a high probability of PH. We observed a negative association between right ventricular free wall strain (RV-FWS) and atrial global strain with sPAP. With the increase in PH severity, RA reservoir, conduit, and contraction (booster) strain values decreased. The identified cut-off values of strain parameters had an adequate ability to detect PH severity categories. In addition, the post-mortem biopsies of right heart chambers from subjects with known severe PH were analyzed to quantify myocardial fibrosis. Our sample of right heart biopsies (n = 12) demonstrated an association between increased sPAP before death and right ventricular and RA fibrosis.

Conclusion: Mechanical dysfunction and fibrosis in the right chambers are associated with increased sPAP. Right ventricular and atrial strain could provide enhancement in the diagnosis and categorization of subjects with suspected PH.

Keywords: echocardiography, right ventricular free wall longitudinal strain, right atrial global longitudinal strain, pulmonary hypertension, systolic pulmonary arterial pressure


HIGHLIGHTS


-Right heart echocardiographic strain analysis to enhance the diagnosis of pulmonary hypertension (PH) is an area of opportunity.

-We assessed the performance of the deformation parameters of the right heart chambers in characterizing the different severity levels of PH.

-The use of right ventricular and right atrial (RA) strain could provide enhancement in the diagnosis and categorization of subjects with suspected PH.





INTRODUCTION

Echocardiography remains a fundamental clinical imaging tool for the assessment of the right ventricle (RV) in the heart. Conventional echocardiographic parameters used in daily clinical practice that evaluate RV systolic function include tricuspid annular plane systolic excursion (TAPSE), the maximum velocity of the tricuspid lateral annulus during systole or the S wave (S’), and RV fractional area change (RVFAC) (1). All these echocardiographic parameters have well-known limitations (2). The assessment of right ventricular free wall longitudinal strain (RV-FWS) by the two-dimensional echocardiographic speckle tracking analysis has overcome some of these limitations and has emerged as a feasible and reproducible parameter to evaluate RV systolic function (3, 4). RV-FWS has demonstrated a good prognostic value in different clinical scenarios, such as heart failure and congenital heart disease (3). Nonetheless, RV-FWS and right atrial (RA) global strain (RA-GS) have not been fully explored in a broad variety of pathologies (5–8). In patients with pulmonary hypertension (PH), RV-FWS has been shown to be a potential predictor of major cardiovascular events. Moreover, its validation has been assessed with gold-standard methods, such as cardiac MRI (CMR) (9). However, to date, the diagnostic and predictive value of RV-FWS and RA-GS in PH has not been fully explored. The use of the right heart strain parameters in a clinical setting could broaden the stratification and overall, bring relevant information for care providers in patients with PH. Furthermore, the evaluation of the long-standing effect of increased systolic pulmonary arterial pressure (sPAP) and the myocardial fibrosis of the right heart chambers could support the hypothesis that myocardial deformation should be promptly tested in the early stages of patients with PH. Therefore, the main aim of this study is to assess the correlation of RV and RA strain with sPAP parameters. As a secondary objective, we evaluate the ability of strain parameters to predict PH and to categorize its severity compared with other echocardiographic parameters. Furthermore, we extracted post-mortem sample biopsies to measure the degree of myocardial fibrosis in 12 patients classified with severe PH to establish the association of increased sPAP with fibrosis.



MATERIALS AND METHODS


Study Population Cohorts

We designed a cross-sectional study in which we recruited consecutive patients who were evaluated in the echocardiographic division from the Nuclear Cardiology Department (NCD) at the National Institute of Cardiology Ignacio Chavez, Mexico, between the period of June 2018 and December 2019. The patients attended our institution’s outpatient clinic due to dyspnea on exertion, fatigue, and dizziness and were sent for a transthoracic echocardiogram for further evaluation. All patients underwent conventional two-dimensional and Doppler transthoracic echocardiography, along with velocity vector imaging to assess the right heart chamber strain parameters. We excluded subjects with congenital heart diseases, prior myocardial infarction, sarcoidosis, mild or severe valvular disease, or subjects classified with unspecified cardiomyopathies. Patients with low echocardiographic image quality were excluded in the final analysis. We extracted our control group from the same patients who attended our institution’s outpatient clinic. The control group was defined by subjects who had normal pulmonary artery pressure values by echocardiographic measurement of peak tricuspid regurgitation velocity (TRV) (≤2.8 m/s) within our cohort sample. To assess the inter-rater reliability and reproducibility of echocardiographic sPAP parameters, 13 selected subjects from our first cohort were assessed at heart catheterization performed 10 days after the echocardiographic study. Written informed consent was obtained from all participants.



Echocardiographic Assessment

We performed a complete conventional transthoracic echocardiogram with subjects in left lateral decubitus using a Siemens Acuson SC 2000 (Mountain View, CA, United States) echocardiographic equipment with a phased array transducer. The right ventricular end-diastolic diameter was measured in the apical four-chamber view, below the tricuspid valve. The RV wall thickness was measured by 2D echocardiography in the subcostal four-chamber view. RA volume was obtained using a single-plane method of disks in the apical four-chamber view at ventricular end-systole, and it was indexed by body surface area (BSA). The measurements of RVFAC, TAPSE, tricuspid S-wave velocity, Tei index, E, A-wave velocities (rapid filling and atrial contribution, respectively), E/A ratio, and tricuspid E/e′ ratio were obtained according to the guidelines of the American Society of Echocardiography and the European Association of Echocardiography (5, 10, 11).



Pulmonary Arterial Pressure Assessment

The sPAP was calculated by peak TRV with continuous-wave Doppler in the apical four-chamber view, using the simplified Bernoulli equation: 4 × (maximal TRV)2 + right atrial pressure. RA pressure was estimated in the subcostal view according to inferior vena cava (IVC) size and collapsibility following a normal sniff: An IVC diameter <2.1 cm that collapsed >50% with a sniff suggested normal RA pressure of 3 mm Hg (range, 0–5 mmHg), whereas an IVC diameter >2.1 cm that collapsed <50% with a sniff suggested a high RA pressure of 15 mmHg (range, 10–20 mmHg). In scenarios in which the IVC diameter and collapse did not fit this paradigm, an intermediate value of 8 mmHg (range, 5–10 mmHg) might be used, or, preferably, other indices of RA pressure could be integrated to downgrade or upgrade to the standard or high values of RA pressure (5, 11). The echocardiographic probability of PH was classified as (1) low: peak TRV ≤ 2.8 m/s, (2) intermediate: peak TRV 2.9–3.4 m/s, without other echo PH signs, and (3) high: peak TRV 2.9–3.4 m/s with other echo PH signs and >3.4 m/s, based on the 2015 European Society of Cardiology (ESC)/European Respiratory Society (ERS) Guidelines for the diagnosis and treatment of PH (12).



Echocardiographic Strain Assessment

Strain assessment was performed offline using velocity vector imaging (Siemens Acuson SC 2000, version 5). All images analyzed were obtained at 50–80 frames/s at end expiration. The region of interest was traced with a point-and-click approach on the endocardium of the RV free wall at end-diastole in the RV-focused apical four-chamber view. A broader region of interest was subsequently generated and manually adjusted if necessary. The program automatically divided the RV free wall into three segments and performed the analysis of the deformation frame by frame. This process allowed an automated confirmation of the contour and generated deformation values. The peak strain values from the three free wall segments were averaged, and the mean value was taken as the right ventricular free wall strain (RV-FWS) (5, 7, 11–13).

For the right atrium (RA), the endocardial border was traced in the apical four-chamber view, excluding the appendage and the Eustachian valve from the RA cavity. RA longitudinal strain curves were generated throughout the cardiac cycle with R-R gating. The accuracy of the automated border tracking was verified and manually adjusted if needed. Tracking was repeated three times, and averages were used for analysis as reported in guidelines (5, 8, 11). The peak RA reservoir strain in ventricular systole, conduit strain in early diastole, and peak contractile phase strain during atrial systole/late diastole were measured and expressed as percentage. The RA total reservoir phase and RA contractile phase were assessed by measuring the corresponding peak strains. The conduit strain was calculated as the difference between RA total reservoir strain and RA contractile strain (Figure 1).
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FIGURE 1. Apical four-chamber view showing the right atrial global longitudinal strain (RA-GS) with the measurement of reservoir, conduit, and contractile strain phases.


To assess the intra- and inter-observer reproducibility of RA reservoir, conduit, and contractile strain, 13 randomly sampled analyses were repeated two times by the same observer and by a second observer without the knowledge of previous findings, respectively.


Postmortem Right Heart Sample Cohort

The second cohort of 12 biopsies of the right heart chambers from the postmortem heart samples of patients diagnosed with severe PH were included. This cohort was created to evaluate the hazardous effect of increased sPAP on the development of fibrosis in the right heart chambers.

The heart was photographed, the macroscopic characteristics were taken, and sections were made for histological study. Samples were taken from the RA and the right ventricular free walls. We took photographs of the longitudinal section from the atrium’s anterior wall, from the origin of the appendage to the tricuspid valve, and a transverse section of the ventricle in the middle portion of the free wall, covering the entire thickness of the wall.

The samples were processed with the histological technique of “paraffin inclusion.” They were stained with the Masson technique to quantify the percentage of RA and right ventricular fibrous tissue, dividing the field of observation of the microscope into quarters. Two independent observers gave the percentage values, and a consensus value was obtained when there were differences. Microscopic photographs were taken of the most representative areas (Figures 2, 3).
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FIGURE 2. (A) Specimen showing the internal appearance of the dilated right atrium, the pectinate portion that continues with the appendage is observed to the right of the observer, and the anterior leaflet of the tricuspid valve is observed below. (B) Transthoracic 3D echocardiogram in four-chamber view with mild enlargement of the right atrium. (C) Mild pulmonary hypertension (PH) systolic pulmonary arterial pressure (sPAP) of 44 mmHg. (D) Histological study (stained with Masson, 10×) of the atrial myocardium of a patient, with mild PH. The muscle fascicles were mostly cut transversely or obliquely. Two muscle fascicles are replaced by fibrous connective tissue rich in collagen fibers that stain blue, and contrast with the red in which the myocardium is stained. One fascicle is partially replaced by collagen and another almost entirely. The degree of fibrosis in the observed fields was calculated at 25%, since in this image it could reach a little more than a quarter. (E) Echocardiography with velocity vector imaging of a patient with a low probability of PH, who had a normal global longitudinal strain of the right atrium (43.5%). RA, right atrium; RV, right ventricle.
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FIGURE 3. (A) Specimen of the heart of a patient with sPAP of 90 mmHg. Heart cut longitudinally from the atria to the ventricles (entry routes through the posteroinferior aspect) that allow to appreciate the dilation of the right cavities. (B) Two-dimensional echocardiogram with Doppler in the apical four-chamber view, with severe tricuspid regurgitation, by means of which an average gradient of 77 mmHg was calculated. (C) In the subcostal plane, the dilatation of the inferior vena cava (29.1 mm) and collapse of <50% were detected, calculating a right atrial pressure of 15 mmHg. (D) The histological study of right ventricular myocardium, most of the muscle fibers are in longitudinal section in red and the fibrous tissue rich in collagen fibers is observed in blue, it extensively replaces the muscle fascicles, and, in this image, it reaches 75% or three quarters. The muscle fibers embedded in the fibrous connective tissue appear elongated and thinned. Masson 10×. (E) The global longitudinal strain of the right ventricle, using velocity vector imaging was −14%, in a patient with a high probability of PH (sPAP = 92 mmHg). RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle.


The study was carried out following the Declaration of Helsinki and was approved by the Ethics and Research Committee of the National Institute of Cardiology Ignacio Chavez. Reference number: PT-17-087.




Statistical Analysis

The frequency distribution of categorical variables is reported as frequencies and percentages. Data are presented as mean (SD) or median [interquartile range (IQR)] where appropriate. To compare the differences of echocardiographic parameters among PH categories, we performed a one-way ANOVA or Kruskal–Wallis test wherever it met assumptions of parametric tests or not, and Dunn’s post hoc test was also assessed to evaluate the differences among groups.


Correlation of Strain Parameters With a Probability of PH

We performed a natural logarithmic transformation in variables with the non-parametric distribution. Afterward, we assessed the correlation of both RV-FWS and RA-GS with sPAP using Pearson’s correlation analysis to obtain the correlation coefficient with our transformed variables. To evaluate the prediction capacity of RV-FWS with sPAP, we performed polynomic adjusted linear regression analysis to assess the association between both parameters. The R2 was reported to express the variability explained by both variables. As a second step, we adjusted these models for age, sex, and BSA as these variables could modify the relationship between RV-FWS and sPAP. As a secondary analysis, we evaluated the association of sPAP with the right heart chamber fibrosis of our second cohort sample, using the methods previously described.



Diagnostic Performance of Right Heart Chambers Strain Parameters

We sought to evaluate the diagnostic performance of RV-FWS and RA-GS to predict categories of PH severity. Receiver operating characteristic (ROC) analysis curves were generated and area under the curve (AUC) derived for RV and RA strain and compared with the Fraction of Shortening, TAPSE, TEI, which are commonly used echocardiographic parameters to evaluate right heart ventricular function. Furthermore, we sought to identify the optimal cut-off value of the strain parameters using the “Youden method” from the R package “Optimal cut points” and evaluate the diagnostic test capacity, AUC, sensitivity, specificity, and positive and negative predictive values (VPP and VPN, respectively) to predict PH categories (14). Finally, we performed logistic regression models to assess the likelihood to have each PH category with their respective identified cut-off value. The goodness of fit of the logistic regression model was assessed using the Hosmer–Lemeshow test. All statistical analyses were performed using the R software (version 3.5.1) (15). A value of p < 0.05 was considered as our statistically significant threshold.





RESULTS


Study Population

We evaluated 314 patients in our study period, of which 236 had completed clinical and echocardiographic evaluation parameters for our main analyses (Supplementary Figure 1). The demographic and echocardiographic assessments of our first cohort sample are presented in Table 1. Briefly, our population had a male predominance (52.9%), with a mean age of 55 (±15) years. Arterial hypertension was recorded in 96 (40.7%) patients, followed by obesity in 90 (38.1%), diabetes mellitus in 80 (33.9%), and 42 (17.8%) with dyslipidemia and previous myocardial infarction. The echocardiographic evaluation showed a median peak RV-longitudinal FWS of −26.9% (IQR: −31.2 to −21.2%) and a peak RA-GLS of 42.2% (IQR: 30.6–55.0%). Median sPAP was 33 (IQR: 28–41) mmHg. In our studied sample, 134 (56.8%) had normal sPAP values from peak TR velocity, which represented our control group; 102 (43.2%) were classified with the probability of PH. Of these patients, 58 (56.9%) had low, 15 (14.7%) intermediate and 29 (28.4%) had a high probability of PH. We observed an intraobserver and interobserver variation of 9 and 5%, respectively. Finally, in the 13 patients submitted to cardiac catheterization, we observed an acceptable inter-rater reliability coefficient (IRC: 56.8%) with echocardiographic sPAP parameters and an overall variance with the mean between both parameters ≤30%. The correlation of the echocardiogram with the cardiac catheterization in the determination of pulmonary arterial systolic pressure was of r = 0.777 (Supplementary Figure 2).


TABLE 1. Demographic and echocardiography assessment of study population.

[image: Table 1]


Association of Strain Parameters With Probability of PH

Right ventricular free wall strain absolute values were negatively correlated with sPAP (r = −0.333, 95% CI −0.215 to 0.442) as well as with RA-GLS (r = −0.432, 95% CI −0.530 to −0.322). RV-FWS and RA-GLS explained 22.2 and 18.3% of the variability of sPAP, respectively. These trends were sustained after adjusting for age, sex, and BSA. Interestingly, we observed that both parameters had a quadratic fit adjustment (Figure 4). Regarding the right atrial chamber assessment, the reservoir, conduit, and contractile phases had decreased parameters with advanced PH categories suggesting a functional and structural decline of the RA function. However, when comparing specifically between the intermediate and high probability of PH groups, these changes were not statistically significant (Figure 5). This might be related to the small number of subjects classified with intermediate PH.
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FIGURE 4. Correlation of the absolute values of RV-FWS (A) and RA-GS (B) with logarithmical sPAP. sPAP, systolic pulmonary arterial pressure; RV-FWS, right ventricular free wall strain; RA-GS, right atrial global longitudinal strain.



[image: image]

FIGURE 5. Differences among right atrial reservoir (A), conduit (B), and contractile (C) phases in PH categories. sPAP, systolic pulmonary arterial pressure; RV-FWS, right ventricular free wall strain; RA-GS, right atrial global longitudinal strain. **p < 0.01, ***p < 0.001, and ****p < 0.0001.




Association of Probability of PH With Right Chamber Fibrosis

The relationship between increased sPAP values and myocardial fibrosis in right chambers was evaluated in our second cohort of postmortem samples biopsies. Clinical and echocardiographic characteristics are presented in Supplementary Table 1. sPAP had a positive correlation with right ventricular fibrosis (r = 0.671, 95% CI: 0.118–0.906; p = 0.024), but not with atrial fibrosis (r = 0.416, 95% CI: −0.246 to 0.81; p = 0.203), which explains the 18.3 and 8.1% of the variability of right ventricular and atrial fibrosis, respectively (Supplementary Figure 3).



Diagnostic Value of Strain Parameters in the Evaluation of Probability of PH

Finally, as a secondary analysis, we evaluated the ability of strain parameters to predict the presence of PH and to categorize the severity in patients with the probability of PH. Compared with other echocardiographic parameters (RVFAC, TAPSE, and TEI), both RV-FWS and RA-GS showed an adequate AUC to identify the presence of PH and their respective severity categories. RA-GS outperformed other echocardiographic parameters to detect those patients with any degree of PH (AUC: 0.691, 95% CI: 0.621–0.762), while RV-FWS outperformed in those with the high probability of pulmonary hypertension (AUC: 0.886, 95% CI: 0.832–0.940) (Figure 6). RV-FWS of −27.30, −22.60, and −22.10% had an optimal AUC and predictive test performance to predict the presence of PH, and to predict the intermediate-to-high probability of PH, and high PH, respectively. Furthermore, our identified cut-off values for RA-GS were 26.30, 34.36, and 37.20% to detect the previously mentioned categories (Table 2). Using the previously identified cut-off values in our multivariate logistic regression models, we found a significantly increased likelihood for pulmonary hypertension categories, which were maintained after adjustment for covariates (Table 3).
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FIGURE 6. Receiver operating characteristic (ROC) with the area under the curve (AUC) of echocardiographic parameters to identify the discrimination capacity for low (A), intermediate/high (B), and high (C) probability of PH. ROC, receiver operator characteristic; Frac-Short, fractional shortening; TAPSE, tricuspid annular plane systolic excursion; TEI, TEI index; RV-FWS, right ventricular free wall strain; RA-GS, right atrial global longitudinal strain.



TABLE 2. Cut-off values and predictive tests using RV-FWS for pulmonary, intermediate/high, and high probability of pulmonary hypertension (PH).
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TABLE 3. A logistic regression model to predict intermediate/high PH using identified cut-off values for each outcome adjusted for sex, age, and BSA.
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DISCUSSION

In this study, we show the association of both right ventricular free wall and global right atrial strain with increased systolic pulmonary artery pressure. Moreover, we demonstrate that pulmonary arterial hypertension could be associated with the myocardial fibrosis of the right heart obtained with histopathological methods. These findings suggest that the association of increased sPAP values with overall ventricular deformation and fibrosis. Finally, we demonstrate that strain parameters contribute to the detection of PH and the assessment of PH severity in patients with a suspected probability of PH.

The relationship between ventricular deformation and sPAP has been previously reported (16–18). A chronic increase in afterload, manifested by an increased pulmonary artery pressure, can cause a decrease in the elastance of myocardial fibers in patients with severe PH (17, 19). This will ultimately cause irreversible myocardial damage with the eventual development of ventricular fibrosis (20). Our physiopathological hypothesis suggests that ventricular strain and atrial strain are modeled as a quadratic function and these patients have an initial period of compensation by increasing contractility, possibly via the Frank-Starling mechanism that progressively decreases as the disease advances. This may be more pronounced in the RV, as the chamber directly faces the increased afterload, before impairing the right atrium. The atrial function is altered as observed in the evaluation of the various atrial phases. Finally, the degree of fibrosis analyzed in the pathological specimens of a subset of patients with PH was associated with a prolonged decrease in ventricular function.

With the demonstration of fibrosis, usually an irreversible change, early detection, and the stratification of PH is critical. Our data demonstrate the clinical utility of RV-FWS and RA-GS as echocardiographic parameters that aid in this task. Strain parameters have been previously used to predict outcomes in congestive heart failure and myocardial infarction with similar results (21, 22), as well as in PH (23–25). The echocardiographic estimation of sPAP and accordingly the development of the probability of PH is usually predicated on the presence of a complete tricuspid regurgitation envelope by continuous-wave Doppler. Often these envelopes are incomplete and the accuracy of the sPAP estimation is markedly reduced. One usually relies on the secondary signs of PH including RV dilatation, dysfunction by TAPSE or S’, or D-shaped septum configuration in systole. Many of these findings are only present in advanced PH. RV strain measurement may permit for earlier detection of dysfunction, as it does in chemotherapy-induced LV cardiomyopathy (26) or in the RV in patients with scleroderma (27). In addition, in the absence of a complete envelope or in the other situations similar to significant regurgitation where stratification into severity categories may not be accurate, strain measurements may similarly assist in this task. In our work, we identified strain cut-off values that demonstrate the differences in PH severity categorization. Overall, RV-FWS offers to be a highly sensitive echocardiographic parameter while RA-GS offers a sufficient specific parameter to detect all the categories of PH. If our cut-off values are validated, they could be used in a clinical setting to aid detection and the categorization of PH. Hence, our results could help the clinicians to further select candidates to be eligible for cardiac catheterization procedures in limited-resource settings.


Strengths and Limitations

Our study has some limitations. Our patients were recruited at a referral hospital, which may represent a population bias in terms of disease prevalence and severity. Despite this, our population had a significant cohort without PH and had various degrees of pulmonary hypertension. We did not recruit an external cohort to define our control group. Instead, the control group was defined by subjects who had normal pulmonary arterial pressure within our same cohort. Moreover, there was, however, only a small number of patients with moderate PH, potentially affecting our ability to see significantly different measurements between the moderate and severe PH categories. Another potential limitation was the restricted number of patients submitted to cardiac catheterization (n = 13), given by the invasive and selective criteria to perform this procedure in all studied population. Furthermore, given the cross-sectional design of our study, we did not assess the etiology of our cases. Nevertheless, according to the evidence published by the “Mexican Registry of Pulmonary Hypertension (REMEHIP),” approximately 43% of all patients with PH in our country had idiopathic PH (28). Additionally, we included a small cohort of patients with PH and with biopsies evaluated postmortem to determine the presence and percentage of fibrosis associated with an increase in sPAP. We did not have strain values in these patients; therefore, the correlation of right heart strain and myocardial fibrosis needs to be further investigated. Accordingly, while fibrosis has been associated with reduced echocardiographic derived strain, we consider the relationship between pathology-derived fibrosis and reduced strain as a measurement of decreased RV function and possibly of fibrosis as exploratory. Finally, the assessment at follow-up to evaluate possible adverse outcomes is left as an area of opportunity for further research.




CONCLUSION

Increased pulmonary artery pressure is associated with the dysfunction of the right atrium and RV as shown by decreased RV and RA peak global longitudinal strain. We believe that this chronic dysfunction may be related to an eventual risk for fibrosis. The use of echocardiographic derived strain parameters in clinical practice could be a potential tool for detecting the presence and evaluating the probability of PH as estimated by sPAP. If validated, proposed cut-off values may improve the clinical staging of PH by including a non-invasive marker of dysfunction or fibrosis.
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Supplementary Figure 1 | Algorithm for patients’ selection.

Supplementary Figure 2 | Correlation of RV-Fibrosis (A) and RA-Fibrosis (B) with sPAP. sPAP, systolic pulmonary arterial pressure; RV-FWS, right ventricular free wall strain; RA-GS, right atrial global longitudinal strain.

Supplementary Figure 3 | Correlation of sPAP using echocardiographic and right heart catheterization (A) and Bland–Altman plot with observed differences between both the methods of measured sPAP (B). sPAP, systolic pulmonary arterial pressure.
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Background and Aims: Cryptogenic stroke (CS) is associated with a high rate of recurrences and adverse outcomes at long-term follow-up, especially due to its unknown etiology that often leads to ineffective secondary prevention. Asymptomatic atrial fibrillation (AF) could play an important pathophysiological role. Some studies have pointed to left atrial (LA) and left ventricular (LV) systolic and diastolic dysfunction as surrogate markers of AF. The aim of the study is to evaluate the relationship between echocardiographic parameters of LA and LV function, and the occurrence of AF revealed by continuous ECG monitoring in a cohort of patients with CS.

Methods: Single-center prospective cohort study. Seventy-two patients with CS with insertable cardiac monitors (ICM) underwent transthoracic echocardiography (TTE). TTE was focused on LA and LV function, including both standard and longitudinal strain-derived parameters. All detected AF episodes lasting more than 2 min were considered.

Results: Continuous ECG monitoring revealed subclinical AF in 23 patients (32%) at an average of 6.5 months after ICM implantation. Many echocardiographic parameters, indicating LA volume and LV systolic/diastolic function, were significantly associated with the occurrence of AF, suggesting the worst atrial function in the AF group. Furthermore, multivariable regression analysis revealed that peak atrial contraction strain and left ventricular strain were independently associated with AF (adjusted OR = 0.72, CI 95% 0.48–0.90, p = 0.005, and adjusted OR = 0.69, CI 95% 0.46–0.95, p = 0.041, respectively).

Conclusion: In patients with CS, LA and LV strain analysis add predictive value for the occurrence of AF over clinical and morpho-functional echocardiographic parameters. Impaired booster pump strain and LV longitudinal strain are strong and independent predictors of AF.

Keywords: atrial fibrillation, cryptogenic stroke, insertable cardiac monitor, atrial myopathy, left atrial strain, left ventricular longitudinal strain


INTRODUCTION

Cryptogenic stroke (CS) is defined as cerebral ischemia of undetermined origin (1). About 87% of strokes are of ischaemic origin, and 20–30% of ischaemic strokes are estimated to be cryptogenic or of undetermined cause (2). The dominant underlying mechanism of CS seems to be an embolism from an unestablished source. Therefore, the term Embolic Stroke of Undetermined Source (ESUS) was introduced to define such a subset of CS (3). ESUS may account for different embolic sources: atrial cardiopathy, hidden atrial fibrillation (AF), left ventricular (LV) disease, atherosclerotic plaques, patent foramen ovale (PFO), cardiac valvular disease, and cancer (4). Several trials revealed that hidden AF could be detected in up to 30% of patients with ESUS at long term follow-up (5–7). However, its causal association with the index stroke remains a matter of debate (4). Furthermore, two randomized controlled trials (8, 9) failed to demonstrate the superiority of oral anticoagulation over aspirin for the prevention of stroke recurrence in patients with ESUS, probably because of the wide heterogeneity of the patients included in the ESUS definition. Accordingly, early diagnosis of stroke etiology is crucial in order to evaluate the effective strategies in secondary prevention and to particularly identify patients who may best benefit from oral anticoagulation, such as those with hidden AF. For this reason, the use of an Insertable Cardiac Monitor (ICM) has been proposed to enhance the detection of AF and improve the prognosis in patients with CS (10). Specific CS subgroups like older patients (8) or patients with high CHA2DS2-VASC score (10) portend a higher probability of hidden AF and could take advantage of long-term ECG monitoring. Since the substrate for AF relates to left atrial (LA) dilation and fibrosis, with subsequent structural and electrophysiological remodeling, dysfunction, and delay in electromechanical conduction (11), echocardiographic parameters investigating LA size and function are gaining growing interest as a surrogate predictor of hidden AF (12, 13), even more so in patients with CS (14, 15). Moreover, the assessment of LV diastolic parameters and compliance, also affecting LA size and function (16–18), can be of relevance in this setting (19, 20).

Some studies have pointed LA dysfunction as a surrogate predictor of hidden AF in patients with CS, but the assessment of incident AF was heterogeneous, mostly based on clinical follow-up, and were more frequently short-term, with a small percentage of patients implanted with cardiac loop recorder (21, 22). This approach could underestimate the incidence of AF after CS, therefore underestimating the relationship between LA dysfunction and AF.

The aim of this study was to evaluate the relationship between echocardiographic parameters, indicating LA and LV function, and the occurrence of AF revealed by continuous ECG monitoring after CS. Particularly, we investigated the predictive value of LA strain and function and LV diastolic function for the detection of AF episodes.



MATERIALS AND METHODS

This is a single-center prospective cohort study. We enrolled consecutive patients from March 2016 to September 2020 who were admitted to the Neurological Clinic of Santissima Annunziata Hospital of Chieti with the diagnosis of CS. The etiology was determined by the neurologist according to Trial of Org 10172 in Acute Stroke Treatment's (TOAST's) classification (1), which states that a stroke was classified as “cryptogenic” if extensive testing failed to reveal a clear etiology. The workup included: 24-h ECG monitoring, standard transthoracic echocardiography, screening for thrombophilic states (in patients under 55 years of age), transcranial and neck Doppler ultrasound, computed tomography (CT) angiography of the head and neck, and magnetic resonance angiography in patients with negative CT findings. We collected clinical parameters such as physical characteristics, medical history, and cardiovascular risks factors. A long-term electrocardiographic monitoring insertable system was planned in all patients with CS, and an echocardiographic assessment, including both standard and strain-derived parameters, was performed. Follow-up clinical events (all-cause death, cardiovascular death, stroke, myocardial infarction, bleeding) were reported by local investigators after verification from clinical records and source documents, or in case of missing data by a phone questionnaire.


Echocardiographic Assessment

Echocardiographic examinations were performed within 30 days from the index stroke using a commercially available ultrasonography system (Philips Affinity 50c). Standard echocardiographic parameters were recorded and measured while blinded to cardiac monitoring findings (G. B.) and according to the recommendations of international guidelines (23), including LA volume, LV mass, and LV systolic/diastolic function. All volumetric measures were indexed to body surface area (BSA). Other echocardiographic parameters included in analysis were as follows: maximum (max), minimum (min), and pre-atrial (Pre-A) LA contraction volume. These parameters were recorded from the apical 4-chamber (A4-C) and 2-chamber (A2-C) views as follows: maximum LA volume (LAV max), measured on the 2D frame just before mitral valve opening, LA pre-atrial contraction volume (LAV pre A), measured on the frame just before the onset of atrial emptying, and LA minimum volume (LAV min) measured on the frame at end-diastole with the smallest LA volume. All measures were computed separately following American Society of Echocardiography guidelines, and using the biplane modified Simpson's method of discs.

Both apical views were optimized in terms of orientation, depth, and gain to avoid LA foreshortening and to visualize the entire LA throughout the cardiac cycle. Five cardiac cycles of each plane were stored in cine loop format in order to subsequently select the images of better quality for off-line speckle-tracking analysis.

With these parameters we then calculated volumetric LA function as follows:

Passive LA emptying fraction (LAPEF) (in %): 100 · [LAV max × LAV Pre-A]/LAV max;

Active LA emptying fraction (LAAEF) (in %): 100 · [LAV Pre-A × LAV min]/LAV Pre-A;

Total LA emptying fraction (LATEF) (in %): 100 · [LAV max × LAV min]/LAV max.

Atrial strain was analyzed using A4-C and A2-C views with a frame rate between 70 and 100 frames/s, following European Association of Cardiovascular Imaging (EACVI)/American Society of Echocardiography (ASE)'s consensus document (24). Strain data were digitally stored for offline analysis with Siemens syngo® Vector Velocity Imaging (VVI) Longitudinal version 2.0, with the onset of QRS complex used as the zero-reference point (R-R gating). LA endocardial border was manually traced in both A4-C and A2-C views, delineating a region of interest (ROI) composed by six segments for each view. Then, after the segmental tracking quality analysis and the eventual manual adjustment of the ROI, the longitudinal strain curves were generated by the software for each atrial segment. The resulting atrial strain curve provided 2 peaks consistent with reservoir and contractile strain (24). LA contractile strain was manually calculated from the longitudinal strain mean curve. LA strain pattern consists of a positive wave that peaks at the end of ventricular systole, followed by a decrease after the opening of the mitral valve and, after a plateau, by a second positive wave that corresponds to atrial contraction. From the average of the strain curves, we calculated peak LA strain of A4-C and A2-C view at the end of ventricular systole (peak atrial longitudinal strain, PALS), which is a measure of LA reservoir function (13), and peak atrial contraction strain (PACS), which can be considered a marker of LA pump function, as previously described (13, 16). Passive emptying (conduit) strain was calculated as the difference between PALS and PACS. LV speckle tracking was examined from A4-C, A2-C, and three-chamber (A3-C) view according to EACVI/ASE's position paper (23). In these projections, the software automatically divides each ventricular wall into three segments. From each segment, curves for longitudinal strain were generated (25). In the presence of inadequate view or suboptimal image quality, or when at least one segment of A2-C or A3-C was not correctly visualized, we used only the A4-C view (26).

Patients without interpretable images were excluded from the study. If more than two segments were excluded in a projection, the investigation was deemed unsatisfactory. In all patients, conventional and strain parameters were obtained in sinus rhythm at baseline and without significant valvular heart disease at time of the exam.

Reproducibility of strain measures were confirmed by two physicians (G. B., F. R.) in order to minimize interpersonal variability. The reproducibility was tested while blinded in a random sample of 15 patients, according to a recent practical guideline (27).



Insertable Cardiac Monitor

Long term cardiac monitoring was obtained in all the study patients for up to 3 years by the Reveal LINQ™ (Medtronic, Dublin, Ireland) ICM. The device was implanted subcutaneously on the thoracic surface. We considered for the analysis all detected AF episodes, defined as an irregular supraventricular rhythm with absence of P waves and variable R-R interval lasting more than 2 min. All recorded AF episodes were evaluated and confirmed by an expert cardiologist (M. F.). AF burden was considered as the number of AF episodes recorded by ICM lasting more than 2 min.



Statistical Analysis

Categorical variables are described as absolute frequencies and percentages. Continuous variables are presented as mean values ± standard deviation (SD), their associated 95% confidence intervals (CI), or as median and interquartile range (IQR), as appropriate. Normality of variable distributions was tested by the Kolmogorov–Smirnov test. The unpaired Student's t-test and chi-squared test were used to compare means and frequencies of clinical and echocardiographic covariates between groups of subjects with or without AF revealed at ICM. Covariates were screened in univariate models by logistic regression to test AF prediction. Then, a multivariable logistic regression analysis was performed to identify independent predictors by selecting covariates with a p-value <0.10 at univariate analysis. Kaplan-Meier analysis was performed using Log-rank test in order to compare AF probabilities between patients with or without impaired LVLS and PACS, with discriminative cut-off values for each variable deriving from ROC curve analysis. A ROC analysis was also performed by combining LVLS and PACS. At this scope, a binary logistic regression has been run to generate a probability variable of AF with LVLS and PACS as covariates. Then, a ROC curve was generated by using the probability as the test variable and AF as dependent variable.

Inter and intra-operator reproducibility was assessed by Spearman's correlation coefficient (r) and intraclass correlation coefficient (ICC), while agreement was visually assessed by Bland–Altman Plot for inter-operator reproducibility (27).

All probability values were reported as two-sided, and a p-value <0.05 was considered significant. Data were processed using IBM SPSS Statistics, Version 25.0. Armonk, NY: IBM Corp.

The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Ethics Committee of G. d'Annunzio University/Santissima Annunziata Hospital of Chieti.




RESULTS

Between March 2016 and September 2020, 1,105 patients were admitted for stroke to the Neurological Clinic of Santissima Annunziata Hospital of Chieti. CS was diagnosed in 76 of these, of which 75 underwent ICM implantation, and 72 completed follow up, constituting the final study population (Figure 1).


[image: Figure 1]
FIGURE 1. Flow diagram with inclusion and exclusion criteria. *According to Trial of Org 10172 in Acute Stroke Treatment's (TOAST's) classification. CS, cryptogenic stroke; ICM, insertable cardiac monitor.


Mean age was 68 years, and most patients were males (59.4%) (Table 1). ICM were implanted, on average, at 3.6 ± 1 months (mean ± SD) after the index stroke. The mean follow-up period was 30.9 ± 1.9 months. Subclinical AF was detected in 23 patients (32%), on average, 6.5 ± 3.5 months after ICM implantation. A median of 10 subclinical AF episodes (IQR 3-234) lasting more than 2 min were recorded in AF group (Table 2).


Table 1. Demographic and clinical characteristics in the overall population and according to the occurrence of AF.

[image: Table 1]


Table 2. Insertable cardiac monitor (ICM) data in the overall population and according to the occurrence of AF.
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Patients with and without AF at ICM were homogeneous in all baseline characteristics, except for CHA2DS2-VASc score, which was significantly higher in AF group (5.8 ±.8 vs. 4.7 ±.4, p = 0.012) and for prevalence of hypercholesterolemia, which was significantly higher in no-AF group (84.0 vs. 52.2%, p = 0.005) (Table 1). In our cohort, patent foramen ovale (PFO) showed 15% of prevalence without significant differences between AF group and no AF group, although patients with PFO are numerically more frequent in the no-AF group. Furthermore, valvular heart disease (VHD) showed 9.7% of prevalence, without significant differences between the two groups. Table 3 shows the echocardiographic parameters significantly associated to the occurrence of AF at univariable logistic regression analysis.


Table 3. Echocardiographic parameters in the overall population and according to the occurrence of AF.
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A comparison of LA and LV strain between an AF patient and no-AF patient is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Comparison of left atrial (LA) and left ventricular (LV) strain in patients from atrial fibrillation (AF) group and no-AF group. (A) Shows LA strain of a patient of the AF group. (B) Shows LV strain of the same patient of the AF group. (C) Shows LA strain of a patient of the no-AF group. (D) Shows LV strain of the same patient of the no-AF group.


Multivariable regression analysis revealed that PACS and LV strain were the only parameters independently associated with AF (Table 3).

Receiver-operating characteristic (ROC) curve analysis showed that PACS had the best diagnostic performance (area under curve, AUC = 0.91, CI 0.51–0.95, p = 0.005; Figure 3A) for AF prediction, with a best cut-off value of 10.4% accounting for 86% of sensitivity and 76% of specificity. Also, LVLS showed good diagnostic performance (AUC 0.75, CI 0.48–0.97, p = 0.041; Figure 3B), with a best cut-off value of 16.9% accounting for 81% of sensitivity and 65% of specificity, and, in addition to PACS, led to significant improvements in AF prediction (AUC 0.92; Figure 3C).


[image: Figure 3]
FIGURE 3. Receiver-operating characteristic (ROC) curve analysis. Peak Atrial Contractile Strain [PACS, (A)], Left Ventricular Longitudinal Strain [LVLS, (B)], and PACS combined with LVLS (C) for AF prediction. AUC, area under curve.


Patients with impaired PACS and LVLS showed a much higher probability to develop AF during follow-up with a hazard ratio [HR 10.5 (95% CI 3.8–29.1) and HR 5.6 (95% CI 2.2–14.3) respectively, log-rank P < 0.001 for both; Figure 4].


[image: Figure 4]
FIGURE 4. Kaplan–Meyer estimates of AF probability according to PACS (A), or according to LVLS (B). HR, Hazard Ratio.


PALS and PACS showed good inter and intra-observer correlation. Inter-observer correlation of PALS and PACS were expressed as Spearman's r of 0.70 (p = 0.003) and 0.69 (p = 0.004), respectively, and ICC was 0.74 and 0.61, respectively. Intra-observer correlation of PALS and PACS were expressed as Spearman's r of 0.7 (p = 0.004) and 0.7 (p = 0.004), respectively, and ICC was 0.76 and 0.78, respectively.

In our study, all patients presenting subclinical AF at follow-up underwent 12-lead ECG, of which only 3 of them manifested clinical AF in that occasion. However, all patients were prescribed oral anticoagulant therapy, considering their high thromboembolic risk and their preferences.

During a mean follow-up period of 30.9 ± 1.9 months, in the no-AF group, one acute myocardial infarction with persistent ST-segment elevation (STEMI) and one non-cardiovascular death were reported. Two recurrent strokes occurred in the AF group. In the first patient, the second stroke occurred before the implantation of ICM and consequently before the detection of AF. After the beginning of oral anticoagulation, no further strokes were detected. In the second patient, the additional stroke occurred under oral anticoagulation with dabigatran 110 mg bis in die (BID) after a de-escalation from dabigatran 150 mg BID driven by minor bleeding. After the second stroke, dabigatran 150 mg BID was restored, and no further strokes were detected. No major life-threatening or intracranial bleeding were reported in the entire study cohort.



DISCUSSION

There is an increasing interest in the potential role of subclinical AF in patients with CS. After several trials and confirmed by real-world data (10), last Guidelines from the European Society of Cardiology (ESC) on the management of AF (28) have set a Class IIa, level B indication for the use of ICMs after selected ischemic strokes in order to detect subclinical AF. ECG could improve risk stratification, identifying predictive parameters of AF and indicating patients worthy of receiving long-term ICM. In our study, almost one-third of patients with CS developed subclinical AF after on average about 6 months from ICM implantation. Occurrence of AF at long term follow-up was associated in our series by several echocardiographic parameters, including LA volume and LV systolic/diastolic function.

Among them, PACS and LVLS were the strongest and independent predictors of AF occurrence. PACS has been recently associated with AF in patients with CS without LA enlargement and emerged as a new useful echocardiographic parameter for the prediction of AF in this cohort of patients (22).

The value of this parameter, above LA sizing measurements, stands on the capability to detect even initial alteration of LA contractile function (22). Accordingly, in our analysis, LAVI and LA area, and also PALS, were good predictors of AF at univariable analysis, but their relevance was lost after adjustment for functional LA parameters, while PACS remained significantly associated with incident AF. Our findings are in line with previous studies. In fact, some series have shown an association between LA strain parameters and hidden AF in patients with CS (13, 21, 22). Particularly, PACS impairment can be considered a manifestation of atrial myopathy, being less dependent on LV mechanisms (22). This could explain its higher predictive value for the occurrence of AF in a setting of high-risk patients as those with cryptogenic stroke. Among other echocardiographic parameters, LVLS evaluates the deformation of the LV myocardium occurring during the cardiac cycle in the longitudinal plane, and it has been variously correlated to AF development and diastolic dysfunction (22, 29, 30). All conditions leading to diastolic dysfunction, including hypertension, diabetes, ischemic heart disease, and heart failure, could impair LA physiology (12, 17, 18, 31, 32) with a disease progression model that could encompass both atrial fibrosis and atrial mechanical dysfunction (11). Our results are also consistent with current evidence that proves that an impaired diastolic function in AF patients, as an expression of a close interaction between LA and LV function, results in an impaired LVLS (22, 29) and, probably, also reflects an impaired ventricular-arterial coupling (33, 34).

Among clinical parameters, age was not correlated to the occurrence of AF. Thus, suggesting that not the age per se, but age-related morpho-functional LA and LV dynamic changes are more important in this setting. CHA2DS2-VASc score was higher in patients who developed AF compared with those who did not, as previously observed in a population-based cohort of 22,179 middle-aged individuals (35). However, when adjusted for PACS and LVLS, it lost its predictive value.

We have also found a higher prevalence of hypercholesterolemia in patients without AF at long term follow-up. One may speculate about a non-cardioembolic cause of CS in such patients, with a prevailing atherosclerotic etiology of the stroke. Similarly, the higher number, although not significant, of patients with PFO in the no-AF group could lead to consider this as related to the stroke.

In our study, all patients presenting subclinical AF at follow-up were prescribed oral anticoagulant therapy, considering their high thromboembolic risk and their preferences. Although the routine use of oral anticoagulation (OAC) in subclinical AF remains a matter of debate, in the last ESC Guidelines (28), the use of OAC may be considered in selected patients according to AF burden and according to individual risk of stroke, expressed as CHA2DS2-VASc score. In our study, the AF group had a mean CHA2DS2-VASc score of 5.8. For this reason, the estimated high individual risk of stroke led clinicians to start OAC administration also in presence of subclinical AF.

Further large series studies are needed to address clinical implications of the predictive value of echocardiographic parameters, including PACS and LVLS, for the occurrence of AF. Since the research of hidden AF is crucial in patients with CS and can lead to an adequate therapeutic regimen, availing of predictive parameters of subclinical AF might indicate patients worthy of receiving long-term ICM. Furthermore, LA and LV strain is useful to find out the atrial myopathy and dysfunction related to AF and often preceding the occurrence of the arrhythmia. Therefore, these echocardiographic parameters can be exploited to identify higher risk patients in which the research of AF is strongly recommended, including patients with CS, but also in other high-risk clinical settings.



STRENGTH AND LIMITATIONS

To our knowledge, this is the largest study with the totality of CS population monitored using ICM. In fact, most studies were conducted on patients monitored with conventional methods, while only one enrolled 56 patients with CS monitored with ICM (13).

There are some limitations in this study. First, this is a single-center study with a small sample size. Therefore, a correlation of clinical and echocardiographic variables with hard clinical events was not possible. Moreover, since the ICM here used requires at least 2 min of AF to be detected, episodes <2 min could have been missed, while definition of AF now accounts for episodes lasting more than 30 s with absence of P waves and variable R-R interval. Furthermore, 15 patients were unable to attend a clinical visit, and follow-up data were collected by a phone questionnaire. Finally, for some strain data, only A4-C view results are presented because of the better quality of the images. However, although in most studies, the 2D-global longitudinal strain was calculated as the average of the A4-C, A2-C, and A3-C views, the A4-C view is considered adequate to obtain strain measures when the echocardiographic acoustic window is limited (26).



CONCLUSIONS

In about one-third of patients with CS, ICM revealed subclinical AF episodes. In these patients, LA and LV strain analysis adds predictive value for the occurrence of AF over clinical and other morpho-functional echocardiographic parameters. Impaired booster pump strain and left ventricular longitudinal strain are strong and independent predictors of AF.
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Temporal correlation has been exploited for accelerated dynamic MRI reconstruction. Some methods have modeled inter-frame motion into the reconstruction process to produce temporally aligned image series and higher reconstruction quality. However, traditional motion-compensated approaches requiring iterative optimization of registration and reconstruction are time-consuming, while most deep learning-based methods neglect motion in the reconstruction process. We propose an unrolled deep learning framework with each iteration consisting of a groupwise diffeomorphic registration network (GRN) and a motion-augmented reconstruction network. Specifically, the whole dynamic sequence is registered at once to an implicit template which is used to generate a new set of dynamic images to efficiently exploit the full temporal information of the acquired data via the GRN. The generated dynamic sequence is then incorporated into the reconstruction network to augment the reconstruction performance. The registration and reconstruction networks are optimized in an end-to-end fashion for simultaneous motion estimation and reconstruction of dynamic images. The effectiveness of the proposed method is validated in highly accelerated cardiac cine MRI by comparing with other state-of-the-art approaches.
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1. INTRODUCTION

Dynamic MRI has found various applications in clinical practice, such as cardiovascular, pulmonary and abdominal imaging. Rapid data acquisition is required in dynamic MRI to provide sufficient spatial and temporal resolution. However, MRI is known to have low acquisition speed, and accelerated data acquisition and reconstruction is an important topic in dynamic MRI.

Parallel imaging (1, 2) and compressed sensing (CS) (3) have achieved great success in accelerating MRI by recovering images from undersampled measurements that are fewer than those required by the Nyquist law. Image reconstruction from undersampled MRI data is an ill-posed inverse problem and regularization on prior information is required to stabilize the solution. For dynamic MRI reconstruction, regularizations have been designed to exploit the spatial and temporal correlation of dynamic images, including sparsity regularization in transformed domains (4–6), low-rank constraint (7), or the combination of sparsity and low-rank priors (8–10).

Attempts have been made to further improve the reconstruction performance through modeling the motion to increase the signal sparsity, which is achieved by exploiting the abrupt signal changes through time caused by inter-frame motion (11–20). The challenge of applying motion estimation (ME) and motion compensation (MC) to dynamic MRI reconstruction is the lack of good quality dynamic images for motion estimation. In k-t FOCUSS with ME/MC (12), each frame is individually registered to a high-quality reference image using a block matching algorithm. However, reference images of good quality are usually not available. The MASTeR algorithm (13) estimates motion between adjacent frames to construct motion-adaptive regularization. Some authors have modeled the reconstruction process as a joint task of motion estimation and reconstruction (19–21), with the two tasks being optimized alternatively, such as MC-JPDAL (19) where the dynamic sequences and the inter-frame motion vectors are estimated jointly by combining an intensity-based optical flow constraint with the traditional CS scheme, and then the reconstructed dynamic images can be further refined with the estimated motion vectors.

However, pairwise registration is performed in the above mentioned approaches, involving only two frames for ME, and consequently additional information in the rest of the frames cannot be exploited, which makes ME sensitive to undersampling artifacts in the dynamic images. To overcome such shortcomings of pairwise ME, Royuela-del Val et al. (16) propose to use groupwise non-rigid registration to register the full set of dynamic images for only once to generate a temporally-aligned dynamic sequence to improve the dynamic reconstruction in a CS framework (GW-CS). Overall, ME/MC can be integrated into the dynamic reconstruction procedure to improve the sparsity of CS reconstruction or provide additional constraints to improve the reconstruction performance. However, the iterative optimization of ME and CS reconstruction is computationally demanding. Especially, the non-rigid registration for ME requires iterative optimization which takes up a lot of the computation time. Although methods have been developed to reduce the non-rigid registration time from hours to minutes, the computation time of registering a sequence of dynamic images using groupwise registration or multiple pairwise registrations can still be considerable. Moreover, the non-rigid registration step has to be performed several times in the motion-compensated reconstruction procedure, so the traditional motion-compensated reconstruction approaches tend to be time-consuming.

Deep learning-based MRI reconstruction methods have been proposed to significantly reduce the reconstruction time and have demonstrated better reconstruction quality than CS-based methods. Deep learning approaches are usually designed to learn the mapping from undersampled images/measurements to fully sampled images/measurements based on the training data (22). Whilst most deep learning reconstruction methods are for static images, networks such as 3D convolutional neural network, 2D/3D+1D convolutional networks and 2D recurrent neural network have been proposed for dynamic reconstruction (23–28). Those state-of-the-art methods can be impaired by spatially unmatched anatomies as they could lead to blurry or temporal inconsistent images for highly undersampled data.

However, so far, only limited works have incorporated motion information into deep learning-based reconstruction. Previously, we have developed an end-to-end trainable framework for motion corrected 3D cardiac image reconstruction (29), but this framework is not applicable to dynamic reconstruction. Huang et al. develop a motion-guided dynamic reconstruction network that utilizes motion estimation and motion compensation to improve the reconstruction quality, which, however, requires a fully sampled reference frame that may not be available (30). The most relevant work is Seegoolam et al. (31), where motion is estimated in each cascade from an intermediate reconstructed image to fuse the full information of acquired data and to aid in improving reconstruction performance. However, this method requires a large number of pairwise registrations to estimate the motion between a specific frame and all the other frames, which are computationally redundant and expensive. A more efficient motion estimation framework is yet to be developed and to be incorporated into the dynamic reconstruction network.

To this end, we propose a novel joint learning approach that performs non-rigid groupwise registration and reconstruction of highly undersampled dynamic MRI. An unrolled deep learning architecture is constructed with each unrolled iteration consisting of a groupwise diffeomorphic registration network (GRN) and a reconstruction network. The GRN is used to efficiently exploit the dynamic information across all frames by estimating the invertible motion fields between the whole sequence and an implicit template, thereby generating a new set of dynamic images by transforming the template with estimated motion fields. The motion-augmented dynamic sequence is then incorporated into the reconstruction network to improve the reconstruction performance. For GRN, we employ the self-supervised deep learning registration model, which is more efficient and robust than traditional motion estimation algorithms in the presence of undersampling artifacts (32, 33). To the best of our knowledge, this is the first work that embeds groupwise registration network into the deep learning reconstruction framework to exploit the full temporal information of the acquired data to aid in the dynamic MRI reconstruction. The contributions of this work are three aspects. Firstly, we design a groupwise diffeomorphic registration network that provides invertible motion fields, and requires no motion ground truth for training and is robust to undersampling artifacts. Secondly, we systemically compare the performance of groupwise registration and pairwise registration in the proposed joint learning approach regarding motion estimation and reconstruction performance. Finally, we devise a composite loss which comprises of a motion estimation loss and an image reconstruction loss to train the joint learning network on an end-to-end basis. The effectiveness of the proposed method is validated in highly accelerated cardiac cine MRI by comparing with other state-of-the-art non-learning-based and learning-based dynamic MRI reconstruction methods.



2. MATERIALS AND METHODS

The proposed groupwise registration and dynamic reconstruction network (GRDRN) consists of several unrolled iterations with each iteration consisting of a groupwise registration network (GRN) to generate motion-augmented dynamic sequence and a dealiasing reconstruction network. Details of each part is introduced as follows.


2.1. Learning-Based Groupwise Registration

Provided a set of dynamic images X = {X1, ⋯ , XN} with N being the number of dynamic frames, the groupwise registration attempts to simultaneously estimate a set of transformations T = {T1, ⋯ , TN} that warp the images X to a common reference image [image: image], such that the deformed image Tm ∘ Xm is similar to Tn ∘ Xn ∀m ≠ n with ∘ being the warping operator. To obtain differentiable and invertible deformation fields, and following the conventional diffeomorphic registration that integrates stationary or time-varying velocity fields (34), a set of stationary velocity fields υ = {v1, ⋯ , vN}, pointing from the template image [image: image] to the dynamic images X are estimated. Subsequently, the transformations T and their inverse transformations [image: image] can be estimated by respectively integrating the velocity field υ and the negative velocity field −υ over unit time (34, 35).

For learning-based groupwise registration (Figure 1), we define a network [image: image] with parameters of θ to simultaneously estimate a set of transformations for a dynamic sequence: [image: image] and the transformations T is constructed based on υ. The network is optimized via the intensity-based similarity (mean-squared-error, MSE) and velocity field smoothness loss:

[image: image]

where the first term enforces the similarity between the implicit reference image and the warped dynamic images; the second term imposes the intensity similarity between the original dynamic images and the generated dynamic images by transforming the template with the inverse transformations ([image: image]); the third term is to encourage the smoothness of the estimated velocity fields and α is the regularization weight. The implicit template image is defined as the average of the warped dynamic images (36, 37):

[image: image]

In addition, to enforce the reference image to lie in the geometric center of the group, as proposed in Li et al. (37), the average velocity field is subtracted from each of the estimated velocity fields: [image: image], and the sum of all the velocity fields is consequently zero.


[image: Figure 1]
FIGURE 1. The framework of the learning-based groupwise registration network (GRN, [image: image]). The GRN takes a sequence of images as input and generates the invertible forward and backward motion fields between an implicit template and the dynamic images, where the template is the average of the warped dynamic images with the forward motion. A new sequence of dynamic images can be generated by warping the template using the backward motion fields.




2.2. Motion-Augmented Dynamic Reconstruction

We aim to integrate the groupwise registration module, GRN, into an unrolled dynamic MRI reconstruction network (Figure 2), where the registration and reconstruction modules are optimized iteratively. In each iteration, the GRN takes as input the magnitude of undersampled or intermediate reconstructed dynamic images and outputs the velocity fields between the implicit template and the dynamic images, from which the sets of transformations and inverse transformations can be obtained. As defined in Equation (2), the implicit template image is the average of all the warped dynamic images so that the full information of dynamic measurements is efficiently fused after motion compensation. Then, a set of dynamic images can be generated by warping the template image [image: image] with the inverse transformations [image: image] at the k-th iteration:

[image: image]

where [image: image] is the generated, motion-augmented dynamic images, DC indicates data consistency enforcement which is performed by plugging in the originally acquired data for each frame. The zero-filled reconstructed images are denoted as X0, and the corresponding template image and generated dynamic images are [image: image] and G0, respectively.


[image: Figure 2]
FIGURE 2. (A) The unrolled architecture of GRDRN for K iterations, where [image: image] and [image: image] is the groupwise registration and dynamic reconstruction network respectively. (B) The detailed framework of the k-th iteration in GRDRN. The groupwise registration network [image: image] takes as input the reconstructed dynamic images from the previous iteration and outputs the invertible motion fields between the implicit template and dynamic images. The reconstruction network [image: image] denoises the dynamic images with additional inputs of the motion augmented dynamic sequences. After the data consistency layer (DC), the denoised dynamic images will be inputted to the next iteration.


The motion-augmented dynamic image series which has fused the information along the temporal dimension is used as the input to the dealiasing network to aid the reconstruction. Specifically, two sets of motion-augmented dynamic images are generated with, respectively, the output of the previous iteration and the zero-filling reconstructed images and are stacked together as the input to the reconstruction network, the combination of which was demonstrated to be effective as in Seegoolam et al. (31). Therefore, in the k-th iteration, the dealiased dynamic images Zk are:

[image: image]

where the residual learning strategy is employed and [image: image] is the dealiasing network patameterized by Φ. The output of the dealiasing network goes through the DC layer (23) to obtain the reconstruction at the k-th iteration: Xk = DC(Zk), which are applied as the input to the next iteration for groupwise registration and motion-augmented reconstruction.



2.3. End-to-End Optimization Framework

The registration loss and reconstruction loss are designed for each unrolled iteration to train the proposed GRDRN. For registration, previous works (32, 33) have demonstrated that by constructing the MSE loss based on the fully sampled ground truth images, it is possible to learn the motion from undersampled images. Therefore, while the input to GRN is the undersampled or intermediate reconstructed images, the registration loss as defined in Equation (1) for the k-th iteration [image: image] is calculated based on the fully sampled ground truth dynamic images [image: image]. The reconstruction of each unrolled iteration is compared with the fully sampled ground truth to calculate the reconstruction loss: [image: image]. The joint training loss of each iteration is a weighted combination of the registration loss and reconstruction loss, and the end-to-end optimization problem is formulated as:

[image: image]

where K is the number of unrolled iterations, wk = exp(k − K) is the weighting factor of each unrolled iteration, and λ is the weight controlling the contribution of the registration loss. It is noted that the network parameters are shared for different unrolled iterations to reduce the number of trainable parameters (38).

The UNet architecture (39) is adapted for the registration network [image: image] and dealiasing network [image: image], while the network architecture can be modified for specific applications. We adopt the 2D UNet for [image: image] with the magnitude of the dynamic images stacked along the channel dimension, and employ the 3D UNet for [image: image] with the real and imaginary components of the complex images stacked along the channel dimension. The convolution layers produce a set of C feature maps by individually convolving the input with C kernels. In this work, we use C = [32, 64, 128, 256, 128, 64, 32] for both [image: image] and [image: image]. Each convolution layer is of kernel size (3, 3) and (3, 3, 3) for [image: image] and [image: image] respectively, followed by a leaky ReLU layer for nonlinear activation except for the last convolution layer where no activation function is used. Max-pooling and transposed convolution is respectively used for the downscale and upscale layers. The whole model has a total number of around 7M trainable parameters.



2.4. Experiments

We evaluate our method on the dataset of breath-held 2D cardiac cine MRI, where repeated breath-holds are usually required to cover the whole left ventricle. During the acquisition, acceleration is essential to reduce the scan time and the number of breath-holds, and highly accelerated MRI acquisition may enable the scan of whole-heart cine in a single breath-hold. We therefore target for high acceleration factors of 8×, 12×, and 16×. We evaluate the motion estimation and reconstruction performance of the proposed method in retrospectively undersampled cardiac cine MRI data. We compare GRDRN with state-of-the-art conventional dynamic reconstruction methods with ME/MC and learning-based dynamic reconstruction approaches with pairwise registration or without motion estimation. The compared methods are detailed in the Section of 2.4.3.


2.4.1. Dataset and Preprocessing

We use a dataset of 56 cardiac cine MRI scans including 34 healthy volunteers and 22 patients with suspected cardiovascular diseases acquired using a commercially available 2D balanced steady-state free precession cine imaging technique. Multiple short-axis slices are acquired in 6–8 breath-holds of around 12-s duration (2 slices per breath-hold) each with 20 s pause in between, which results in an acquisition time of 3–4 min. The imaging parameters are: in-plane spatial resolution = 1.9 × 1.9 mm; matrix size = 176 × 144; slice thickness = 8 mm; TR/TE = 2.12/1.06; flip angle = 52°; bandwidth = 915 Hz/pixel; 25 dynamic frames with temporal resolution of 40 ms; parallel imaging factor = 2.

The 2-fold accelerated data is firstly reconstructed using a k-space based parallel imaging method GRAPPA (2). The reconstructed multi-coil k-space data is coil combined into single-coil k-space data and regarded as the “fully sampled” reference in this work. The image reconstructed by inverse Fourier Transform of the single-coil k-space is thus considered as the ground truth image for training and evaluation of the reconstruction methods. We have randomly selected 35 subjects for training, 3 subjects for validation and 18 subjects for testing. For each subject, 6–8 central slices are selected resulting in 263, 23, and 128 slices for training, validation and testing, respectively.

We consider Cartesian undersampling in this work, where the data is fully sampled along the frequency-encoding dimension and is randomly undersampled along the phase-encoding dimension. The sampling density conforms to a zero-mean Gaussian distribution, and five central k-space lines are always sampled for each frame. We follow the implementation in Schlemper et al. (23) to generate undersampling masks for 8×, 12×, and 16× acceleration factors.



2.4.2. Implementation Details

The number of unrolled iterations in the proposed GRDRN is set to 4. The weighting factor α and λ was, respectively, optimized to be 0.05 and 1 by a limited number of searches. The network performance reaches a plateau within 60 epochs. The training samples are shuffled at the beginning of each epoch and the undersampling masks are generated on-the-fly during training to reduce overfitting. We train the network with Adam optimizer with the initial learning rate of 1e − 4, which is reduced by half every 20 epochs. The network is trained on a single NVIDIA GeForce RTX 3090 graphics card. With batch size of 1, the network training took around 12 h and 19 GB GPU memory.



2.4.3. Baseline Methods

The reconstruction performance of the proposed method is compared with state-of-the-art non-learning-based and learning-based dynamic MRI reconstruction methods. Specifically, for conventional methods, we consider two reconstruction approaches that modeled cardiac motion during reconstruction. One is GW-CS (16), which adopts a B-spline based groupwise registration approach to register the whole sequence to a common template to generate temporally aligned dynamic images, which are highly sparse in temporally transformed domains and can benefit the compressed sensing reconstruction. The other is MC-JPDAL (19) which combines intensity-based optical flow constraint with the compressed sensing scheme to jointly reconstruct the dynamic sequence and estimate the motion fields between adjacent frames. Then, the dynamic reconstruction is further refined through motion compensation with the estimated motion fields in MC-JPDAL. We have used the codes provided by the authors: GW-CS, https://www.lpi.tel.uva.es/node/609; MC-JPDAL, https://github.com/ning22/Motion-Compensated-Dynamic-MRI-Reconstruction-with-Local-Affine-Optical-Flow-Estimation. The relevant reconstruction parameters are optimized for our dataset.

For the learning-based methods, the motion-estimation groupwise registration network is removed from the joint learning approach to understand its benefits. This thus results in a classic unrolled deep learning reconstruction framework which alternates between network-based dealiasing and data consistency enforcement (23), which is termed as CNN-DC in this work. Furthermore, we hypothesize that the groupwise registration should perform better than pairwise registration in registering a group of dynamic images. To validate this point, we replace the groupwise registration network with a pairwise registration network where the dynamic images are registered to a selected frame instead of the learned implicit template. For the considered cardiac cine MRI, the diastolic phase which is the first frame in the dynamic sequence is selected as the registration reference. The pairwise registration-based motion estimating dynamic reconstruction framework is called PRDRN in this work. Other components are kept the same for GRDRN and PRDRN except for the registration scheme. The CNN-DC and PRDRN are trained with the same data and training settings to GRDRN for fair comparison.



2.4.4. Evaluations

We analyze the reconstruction performance quantitatively by calculating the peak signal-to-noise ratio (PSNR) and the image structure similarity (SSIM) (40) between the ground truth images and the reconstructed images with each reconstruction method.

We evaluate the motion estimation performance for the pairwise and groupwise registration adopted in the deep learning dynamic reconstruction task, PRDRN and GRDRN. The motion estimation error cannot be calculated directly as motion ground truth is not available. We propose to evaluate the registration performance by evaluating the similarity between the generated dynamic images with estimated motion fields and the original dynamic ones. All learning-based registration methods in this work are able to produce invertible motion fields, where backward motion fields point from the dynamic images to the reference image, and forward motion fields point from the reference image to the dynamic images. For GRDRN, we use the estimated forward motion fields to warp the fully sampled dynamic images to obtain the implicit template, and then warp the template image with the backward motion fields to generate a new set of dynamic images. For PRDRN, we warp the designated reference image with the backward motion for the motion augmented dynamic images. We then calculate PSNR and SSIM between the generated dynamic images and the original fully sampled dynamic images with the assumption that better registration performance should result in higher PSNR and SSIM metrics.





3. RESULTS


3.1. Dynamic Reconstruction

We have a total of 128 slices from 18 testing subjects to evaluate the reconstruction and motion estimation performance. Figure 3 shows the example reconstructions of GW-CS, MC-JPDAL, CNN-DC, PRDRN and the proposed GRDRN as well as the fully sampled and zero-filled reconstructed images for 12× acceleration, where five representative frames (frame 1, 6, 11, 16, and 21 ranging from systole to end-diastole) are demonstrated. The error map of frame 21 for each reconstruction method is shown in the last column to better visualize the reconstruction difference. Comparing between the reconstruction methods with ME/MC, over-smoothness and/or residual undersampling artifacts can be observed in MC-JPDAL and GW-CS reconstructions for this high acceleration factor, while the learning-based PRDRN and GRDRN performs better in removing artifacts and preserving image details. Quantitatively, the groupwise registration-based reconstruction approach GW-CS and GRDRN results in higher PSNR than the pairwise registration-based reconstruction method MC-JPDAL and PRDRN, respectively (GW-CS vs. MC-JPDAL: 36.89 vs. 31.46; GRDRN vs. PRDRN: 37.10 vs. 36.86), suggesting that groupwise registration works better than pairwise registration in improving the reconstruction quality. Comparing between the learning-based methods, more obvious residual undersampling artifacts can be observed in the CNN-DC reconstruction than PRDRN and GRDRN, indicating that incorporating motion estimation benefits reconstruction.


[image: Figure 3]
FIGURE 3. Visualization of reconstructed images as well as the fully sampled and zero-filling (ZF) reconstructed images for five representative frames (systolic to end-diastolic) in the case of acceleration rate 12×. The last column shows the difference maps between the reconstructed and ground-truth images for the frame in the fifth column. The color bar represents the magnitude of the error in the difference maps.


Figure 4 shows the representative cardiac cine images and temporal profiles reconstructed with the five reconstruction approaches for 8×, 12×, and 16× acceleration factors. The image quality of PRDRN and GRDRN degrades less than other reconstruction methods with the increasing of acceleration factors. The proposed GRDRN results in the best visual image quality for all acceleration factors among all the compared methods.


[image: Figure 4]
FIGURE 4. Visual comparison of reconstructions with different reconstruction approaches for 8×, 12×, and 16× acceleration rates. The temporal profile at the location indicated by the red line is shown for each reconstruction.


The PSNR and SSIM of all the five reconstruction methods for 8×, 12× and 16× accelerated cardiac cine MRI are shown in the box plots in Figure 5. The quantitative metrics agree with the visual assessment that the proposed GRDRN consistently performed the best among the testing methods. Notably, the PSNR and SSIM of GRDRN and PRDRN at 16× are similar to those of other reconstruction methods at 12×. We then emphasize the strength of the deep learning-based motion-estimating dynamic reconstruction approaches of producing good reconstruction quality even with high acceleration factors. The average computation times per slice of different reconstruction methods are: GRDRN 2.44s; PRDRN 2.38s; CNN-DC 0.29s; GW-CS 506.11s; and MC-JPDAL 298.59s. It can be seen that deep learning-based methods operate much faster than the traditional methods. Among the deep learning-based methods, CNN-DC is the fastest as it does not have the ME component, while the reconstruction times of GRDRN and PRDRN are similar.


[image: Figure 5]
FIGURE 5. Box plots of PSNR and SSIM values of the reconstructed dynamic images with different reconstruction methods for 8×, 12×, and 16× acceleration rates. Boxes depict the 25 and 75% percentile, horizontal line shows the median, whiskers show the standard deviation and dots represent the outliers.




3.2. Motion Estimation

Following the scheme described in the section of Evaluations, we evaluate the registration performance by assessing the dynamic images generated using the invertible motion fields. Animated images showing motion fields for a whole dynamic sequence with 8×, 12× and 16× accelerations are provided in Supplementary Figure S1. It is noted that the learned motion is smooth and reasonable, and is mostly in the cardiac region. Figure 6 illustrates two frames (one diastolic and one systolic frame) of the generated cardiac cine images with motion fields estimated with PRDRN and GRDRN models trained in 12× accelerated cardiac cine MRI. By visualizing the error maps, GRDRN achieves similar registration accuracy for both diastolic and systolic frames, while the error level of the systolic frame is obviously higher than the diastolic frame for PRDRN which uses the end-diastolic frame as the registration reference. Overall, the groupwise registration-based GRDRN has better registration than the pairwise registration-based PRDRN regarding PSNR (41.46 vs. 37.90) and SSIM (0.985 vs. 0.972) in this subject. Figure 7 provides the PSNR and SSIM of the generated cine images for 8×, 12×, and 16× acceleration factors. The higher PSNR of SSIM of GRDRN than PRDRN indicates the groupwise registration gives better motion estimation than pairwise registration, leading to better reconstruction of GRDRN as demonstrated in the previous section.


[image: Figure 6]
FIGURE 6. Visualization of generated dynamic images with motion fields estimated with PRDRN (pairwise registration) and proposed GRDRN (groupwise registration) models trained in 12× accelerated data. Two representative frames at diastole and systole are shown with the corresponding error maps.



[image: Figure 7]
FIGURE 7. Box plots of PSNR and SSIM for the registration task with pairwise (PRDRN) and groupwise (GRDRN) registrations, where the metrics are reported between generated dynamic image sequences and the original ones.





4. DISCUSSION

We propose an end-to-end trainable joint learning approach which performs groupwise registration-based motion estimation and dynamic reconstruction, denoted as GRDRN. We construct an unrolled network architecture where the registration and reconstruction are optimized alternatively, and the two tasks are beneficial to each other as accurate motion estimation contributes to improving the reconstructed image quality and good image quality in turn helps to improve the motion estimation accuracy. We evaluate GRDRN in breath-hold cardiac cine MRI for aggressive undersampling rates of 8×, 12× and 16×, aiming to reduce the number of breath-holds substantially and ultimately to achieve whole-heart cine MRI in a single breath-hold. The proposed method consistently achieves improved reconstruction performance compared with deep learning dynamic reconstruction with pairwise registration PRDRN or without exploiting motion information CNN-DC, and the conventional state-of-the-art dynamic MRI reconstruction methods with ME/MC, confirming the superiority of GRDRN.

A common strategy for registration is to register a moving image to a reference image. When there are multiple images to be registered, another strategy that can be beneficial is to register multiple images to a common space instead of in pairs, the process of which is termed as groupwise registration. There are in general three different types of groupwise registration: sum-of-pairs approach that attempts to reduce the registration loss among all image pairs; reference-based approach that requires the designation of one image as reference; implicit template approach that implicitly determines the template image during registration, and can avoid the bias caused by selecting one particular image as reference while being more computationally efficient than the sum-of-pairs method (41). Deep learning groupwise registration has been adopted in several recent studies (36, 37, 42) and has demonstrated superior performance over pairwise registration. For example, Zhang et al. propose an one-shot learning groupwise registration network to register respiratory motion-resolved 3D CT images (36). Martín-González et al. (42) develop a deep learning framework to achieve groupwise registration of 2D dynamic sequence, in which the implicit template deep learning groupwise registration approach is adopted to estimate the nonrigid motion across the dynamic sequence.

The motion estimation performance is evaluated by employing the estimated invertible motion fields to generate a new sequence of cine images to be compared with the original dynamic images. The joint motion estimation and reconstruction model achieves similarly good quantitative metrics for a range of acceleration factors, indicating that the motion estimation in GRDRN is robust to undersampling artifacts. Moreover, the results indicate that groupwise registration performs better than pairwise registration in registering a set of dynamic images by finding a template image that lies in the geometric center of the group. Besides aiding in improving the reconstruction performance, cardiac motion estimation is an important step in myocardial strain analysis. The applicability of the estimated motion with the proposed joint learning approach to myocardial strain analysis will be investigated in the future work.

In GRDRN, motion-augmented dynamic images are generated based on both the intermediately reconstructed and the zero-filling reconstructed images as additional inputs to the reconstruction network. In our initial experiments, we have tried to use motion-augmented dynamic images generated from the intermediate reconstruction only, which leads to a decrease of the reconstruction PSNR of 1-2dB compared to reconstruction with both sets of motion-augments images. The possible reason could be that the undersampling artifacts are gradually removed in the unrolled iterations. However, the images of intermediate reconstructions tend to get smooth and may lose some fine details. On the other hand, the zero-filling motion-augmented images though being more undersampled, may contain more image details than the motion-augmented images generated from the intermediate reconstructions. Consequently, adding the zero-filling motion-augmented images will allow the reconstruction network to exploit such details at all stages of the cascade, and can ultimately improve the reconstruction performance. It is noted that similar strategy has been employed in a previous study (31) that adopts pairwise registration to augment the reconstruction.

The appearance of the heart and the motion pattern may be heterogeneous in the short-axis cardiac cine MR images from the base to the apex of the heart, which may lead to heterogeneous reconstruction performance for the basal, middle and apical slices. We then analyze the 128 testing slices thoroughly and find that reconstruction and motion estimation metrics of apical slices are similar to those of middle slices. However, for some basal slices where the myocardium is not intact we do observe the performance drop for all the reconstruction methods, indicating the basal slices are more challenging to be reconstructed. Specifically, there is a total of 17 basal slices, and the reconstruction PSNR of 8× accelerated cine MRI of the basal slices is 32.46 ± 3.46, 31.84 ± 3.24, 30.89 ± 2.94, 30.81 ± 3.34, and 30.06 ± 4.08 for the methods of GRDRN, PRDRN, CNN-DC, GW-CS and MC-JPDAL respectively, compared with PSNR of 34.82 ± 2.73, 34.19 ± 2.94, 32.90 ± 2.44, 33.30 ± 3.00, and 32.34 ± 3.29 of non-basal slices. We can see that the proposed GRDRN still outperforms other testing methods in the challenging basal slices.

The single-coil acquisition scenario is simulated in this work to reduce computation complexity and memory consumption, while the proposed GRDRN can be extended to multi-coil reconstruction by adapting the data consistency layer. It is noted that the applicability of the proposed method needs to be further tested in prospectively undersampled data.

In conclusion, we propose an end-to-end trainable joint learning approach which performs groupwise registration-based motion estimation and dynamic reconstruction. The groupwise registration network GRN, predicts invertible motion fields between all dynamics and an implicit template. Taking advantage of the estimated motion, all measurements along the temporal dimension are fused to the implicit template, from which a new sequence of dynamic images with lower undersampling can be generated to assist in the reconstruction. We evaluate the proposed approach on cardiac cine MRI datasets for aggressive acceleration factors and demonstrate that the proposed GRDRN can achieve state-of-the-art reconstruction performance benefiting from the motion information from the groupwise registration.
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Background: Cardiac computed tomography (CCT) based computational fluid dynamics (CFD) allows to assess intracardiac flow features, which are hypothesized as an early predictor for heart diseases and may support treatment decisions. However, the understanding of intracardiac flow is challenging due to high variability in heart shapes and contractility. Using statistical shape modeling (SSM) in combination with CFD facilitates an intracardiac flow analysis. The aim of this study is to prove the usability of a new approach to describe various cohorts.

Materials and Methods: CCT data of 125 patients (mean age: 60.6 ± 10.0 years, 16.8% woman) were used to generate SSMs representing aneurysmatic and non-aneurysmatic left ventricles (LVs). Using SSMs, seven group-averaged LV shapes and contraction fields were generated: four representing patients with and without aneurysms and with mild or severe mitral regurgitation (MR), and three distinguishing aneurysmatic patients with true, intermediate aneurysms, and globally hypokinetic LVs. End-diastolic LV volumes of the groups varied between 258 and 347 ml, whereas ejection fractions varied between 21 and 26%. MR degrees varied from 1.0 to 2.5. Prescribed motion CFD was used to simulate intracardiac flow, which was analyzed regarding large-scale flow features, kinetic energy, washout, and pressure gradients.

Results: SSMs of aneurysmatic and non-aneurysmatic LVs were generated. Differences in shapes and contractility were found in the first three shape modes. Ninety percent of the cumulative shape variance is described with approximately 30 modes. A comparison of hemodynamics between all groups found shape-, contractility- and MR-dependent differences. Disturbed blood washout in the apex region was found in the aneurysmatic cases. With increasing MR, the diastolic jet becomes less coherent, whereas energy dissipation increases by decreasing kinetic energy. The poorest blood washout was found for the globally hypokinetic group, whereas the weakest blood washout in the apex region was found for the true aneurysm group.

Conclusion: The proposed CCT-based analysis of hemodynamics combining CFD with SSM seems promising to facilitate the analysis of intracardiac flow, thus increasing the value of CCT for diagnostic and treatment decisions. With further enhancement of the computational approach, the methodology has the potential to be embedded in clinical routine workflows and support clinicians.

Keywords: cardiac computed tomography, intraventricular hemodynamics, statistical shape modeling, fluid-structure interaction, computational fluid dynamics, left ventricle aneurysms, mitral regurgitation


1. INTRODUCTION

Disorders of intraventricular hemodynamics are proposed to serve as an early biomarker for diagnosis of heart diseases, as they are associated with progressive remodeling of the left ventricle (LV) toward heart failure (1). A broad range of parameters has been proposed to quantitatively as well as qualitatively analyze in vivo blood flow by means of visualization techniques for various imaging techniques (2). Echocardiography is clinically the most used imaging modality and has been employed for the investigation of a wide spectrum of cardiac pathologies (3, 4), guidance of interventional procedures (5) or assessing the success of treatments (6, 7). However, echocardiography depends on an exact geometric alignment and is highly dependent on the operator. 4D flow magnetic resonance imaging (MRI) provides a higher spatial resolution with time-averaged assessment of intracardiac flow. Intraventricular kinetic energy has therewith been investigated (8) and large-scale flow patterns as well as vortex behavior have been topic of research (6, 9, 10). Downsides of 4D flow MRI are long acquisition times and limitations with implantable devices. Cardiac computed tomography (CCT) has the highest spatial resolution (11) but does not allow to capture intracardiac flow quantities.

Despite progressive developments in imaging modalities in recent years, a profound intraventricular blood flow analysis has not yet translated into clinical workflows. One major reason is the insufficient spatial and temporal resolution of echocardiography and MRI combined with intolerably long acquisition times of detailed 4D flow imaging. Another crucial factor impeding this translation from research to clinic is, that as for today, no consensus has been found regarding hemodynamic parameters or features distinguishing normal from pathological cases. Since pathological cases appear with a huge variety of changes in anatomy and heart function, it is challenging to compare inter-individual differences on the one hand, and on the other hand to identify characteristics by which patients can be sorted in groups to compare inter-group differences.

To overcome the first issue of limited resolution of imaging modalities, various research groups have proposed to use image-based computational fluid dynamics (CFD) to gain information about ventricular flow fields in combination with decreased patient scan times. Detailed reviews on different modeling approaches in cardiovascular medicine are provided by Quarteroni et al. (12), Doost et al. (13), and Hirschhorn et al. (14). Such image-based CFD frameworks can also be employed to investigate post-operative outcomes after virtual treatment (5, 15, 16). Furthermore, CFD can complement cardiac computed tomography (CCT) by functional analysis of patient-specific intraventricular hemodynamics via so-called CCT-based CFD (17). Despite being time-consuming and demanding high computational resources, CCT-based CFD may be an alternative to 4D flow MRI due to a higher possible spatial resolution and a reduction of scan times (18).

A combination of CFD simulations with a representation of clinical image data by means of statistical shape models (SSMs) can help to improve several aspects of image-based CFD models of the LV, as recently demonstrated by Khalafvand et al. (19). First, the integration and automation of medical image data and segmentations into the pre-processing workflow can be improved since it allows for description of complex shapes in a reduced manner. Further, SSMs can be used to analyze characteristics of different individuals or patient groups, e.g., using hierarchical cluster analysis (20) and may thus be a tool to find correlations between SSM shape parameters and biomechanical risk score (21), hemodynamic parameters (22, 23) or cardiac electromechanics (24). Eventually, SSMs are also used to generate synthetic cases in order to train machine learning algorithms (21, 25) or to investigate simulated blood flow in representative shapes of specific groups of patients (26–28).

In this work, we complement our previously introduced workflow for the comprehensive Fluid-Structure-Interaction CFD simulations of the LV of an entire heart cycle (29) by a SSM representation of LV geometry and motion. A cohort of 125 CCT examinations of heart failure patients after myocardial infarction, partly combined with mitral regurgitation (MR), is used for an extensive statistical shape analysis and clustering into seven subcohorts. For each subcohort, a mean shape representing the respective pathological state is derived from SSMs and used in the image-based CFD framework. Consequences of myocardial infarction (scar formation, disturbed contractility, and a dilation of LVs causing MR and an increase of the LV shape sphericity) are likely to alter the intracardiac flow. Our focus was therefore to investigate the intraventricular hemodynamics of the seven mean cases, each representing a different pathological state, and to reveal differences between the groups.



2. MATERIALS AND METHODS

The general workflow of the numerical framework is displayed in Figure 1. Based on the acquired CCT images, left ventricular end-diastolic (LVEDV) and left ventricular end-systolic (LVESV) geometries as well as the end-diastolic myocardial wall, both annuli, and the ostium of the right coronary artery (RCA) are segmented. The data are used to create SSMs of the LV, including the ventricular contraction. Then, seven representative shapes of different groups of patients each representing a pathological state are generated using the SSMs. The generated cases are used as input of a recently developed computational framework for patient-specific simulations of the intraventricular flow. Finally, relevant hemodynamic parameters for the analysis of intracardiac flow are selected, calculated, and evaluated per case.


[image: Figure 1]
FIGURE 1. The central workflow of the study.



2.1. Study Cohort

Retrospective CCT data of heart failure patients after myocardial infarction (n=125, mean age of 60.6 ± 10.0 years, 16.8 % women) collected in the German Heart Center Berlin were used in this study. The patients are grouped into subcohorts in two ways: first, all 125 patients were subdivided into four groups, separating into patients without and with anterior LV aneurysm. Each of these two groups was further subdivided into patients with low MR (MR grade < II) and high MR (MR grade ≥ II). The different subcohorts are denominated via A (with 0 for non-aneurysmatic and 1 for aneurysmatic cases) and via M (with L indicating low MR grade < II and H indicating high MR grade ≥ II), resulting in the four subcohorts: A0ML, A0MH, A1ML, and A1MH. As second grouping, all cases with LV aneurysm were further subdivided into the three groups denoted via A1 [T = true aneurysms; I = intermediate aneurysms; HK = globally hypokinetic, which is also referred to as ischemic cardiomyopathy (30)]: A1T, A1I, A1HK. The definition of three LV aneurysm types was done according to Di Donato et al. (30). Briefly, true aneurysm cases are characterized by two changes in curvature in the LV geometry, intermediate aneurysms incorporate solely one such border, and globally hypokinetic cases have none. In five cases, the shape of the LV aneurysm was not evaluated. These cases were thus not classified and included into one of the subcohorts of different aneurysm types. The LV aneurysms were primarily diagnosed by echocardiography. The MR grade was quantified entirely by echocardiography. Table 1 summarizes clinical and demographic data of the seven subcohorts.


Table 1. Clinical and demographic data of the seven subcohorts.
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2.2. Computed Tomography

CCT examinations were performed using a dual-source multi-slice spiral computed tomography scanner (Somatom Definition Flash, Siemens Healthcare GmbH, Erlangen, Germany). A spiral modus using retrospective electrocardiogram-gating was used to reduce motion artifacts from the heart. A tube voltage of 100 kV and an individually adapted tube current were applied to retrieve a multiphase data set resolving the heart cycle by 10 phases. This allows to assess LVEDV and LVESV. For image reconstruction, a standard soft-tissue convolution kernel and a dedicated noise reduction software were employed. Spatial resolution of the CCT images varied in the range of (0.390–0.648 mm) × (0.390–0.648 mm) for in-plane resolution and (0.5–1.85 mm) for the slice thickness. Temporal resolution varied between 70 and 140 ms, depending on the patient's heart rate.



2.3. Segmentation

Segmentations are required to generate the SSMs of the LV. The segmentations were carried out using a recently developed in-house tool based on the MeVisLab platform (32) as described in detail by Tautz et al. (33). Briefly summarized, the LV in end-diastolic and end-systolic state is segmented semi-automatically building on an adaptive 3D region growing approach and contextual information of the heart topology. Where necessary, e.g., due to artifacts caused by metallic implants or uneven distribution of contrast agent, manual corrections were made. The segmented LV in end-diastolic state is used to manually segment the end-diastolic myocardial wall. Subsequently, both annuli were segmented by rotating 18 planes around the valvular axis, which was manually defined by setting two landmarks defining the LV apex and the respective center of the valve orifice. The annuli landmarks are used to interpolate the aortic annulus to an ellipse and the mitral annulus to a cardioid, which were used to define major geometric parameters of the annuli. As last, a landmark is set manually to define the RCA ostium. It is used for the registration of the segmented LVs, which is necessary to generate the SSM, which requires a similar orientation of input data. Furthermore, this allows a 17-segment analysis according to Cerqueira et al. (34), as well as visualizations of the myocardial wall thickness and wall movement during contraction. Figure 2 shows the 17-segment visualizations of the myocardial wall movement and wall thickness as well as wire-frame representations of the representative LVs for four subcohorts (which were defined based on MR and presence of an aneurysm), subdividing the whole study cohort of 125 cases. Figure 3 shows three subcohorts, subdividing the entire cohort into different aneurysm types. The segmentations were saved as DICOM files and used to generate triangulated surfaces required for the generation of the SSM and the measurement of the key geometric parameters: LVEDV, LVESV, LV sphericity index calculated according to (35), stroke volume (SV), ejection fraction (EF), and the areas of both annuli. Table 2 summarizes the averaged geometric parameters for all seven subcohorts. Two SSMs were generated to separate cases with and without LV aneurysms.


[image: Figure 2]
FIGURE 2. 17-segment representations of (A) the myocardial wall movement (averaged wall distance from LVEDV to LVESV per patch) and (B) the myocardial wall thickness (segmented for the LVEDV) as well as wire-frame representations (C) of the end-diastolic LV for four subcohorts representing the whole study cohort.



[image: Figure 3]
FIGURE 3. 17-segment representations of (A) the myocardial wall movement (averaged wall distance from LVEDV to LVESV per patch) and (B) the myocardial wall thickness (segmented for the LVEDV) as well as wire-frame representations (C) of the end-diastolic LV for three subcohorts representing cases with different LV aneurysm types.



Table 2. Averaged geometric parameters for the seven investigated subcohorts.
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2.4. Statistical Shape Model

Prior to the actual SSM computation of the LVs, the segmentations need to go through a pre-processing step that subdivides the surfaces into areas, so-called patches. These patches are projected on a circular disc, so-called reference. Subsequently, a point correspondence can be computed between each individual surface geometry and the reference. In this SSM, we decided to design the patches according to the 17-segment heart model (34). This way, the patch-wise information can be later used for further analysis according to clinical routine workflows. To define the borders on the surface, the segmented landmarks are used to define separating planes, as follows. The plane defined through the RCA and apex is used to define all vertical borders of the 17 segments by rotating. A plane which is fitted to the annuli landmarks is used to cut the LV open right below the annuli landmarks. The plane is then displaced horizontally to 1/3 and 2/3 of the LV's height to add the horizontal borders. Apart from the end-diastolic surface information, a displacement field between end-diastolic and end-systolic surfaces is created by computing the closest points between the two surfaces. The displacement field can be used to recreate the end-systolic surface by displacing the end-diastolic vertices along the field while also preserving the patch information from the end-diastolic surface. Additionally, the surface distance is computed between the end-diastolic and the myocardium to store the myocardial thickness in a scalar field, which can be displayed as a color map on the end-diastolic surface. Our SSM approach is able to combine the end-diastolic surface, the displacement field to the end-systolic surface, the vector field of the myocardial thickness as well as the RCA landmark in one single model and is computed as follows. First, all training data is aligned to the first input training case. A data matrix with rows for features and n columns containing the training cases, is constructed. Most of the features are related to the m vertices of the end-diastolic surface and are encoded in the data matrix as shown in Equation 1.
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Therein, s represents the surface vertex coordinates, d the elements of the displacement field vectors, v the scalar values of the myocardial thickness per vertex, and p the coordinates for the RCA landmark. Using principal component analysis (PCA), the covariance matrix can be computed. The SSM is then described according to Equation 2.
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Therein, [image: image] is the mean shape, X the eigenvector matrix of the covariance matrix, and bi the shape parameters of the modes. The method is based on previous work as described in more detail by Lamecker et al. (36).

Making use of the described procedure, two SSMs are computed: the first one using all cases with LV aneurysm, the latter one considering only cases without LV aneurysm. These two SSMs are then evaluated, e.g., in terms of mode analysis: the first three modes are compared visually and the cumulative variance of modes is calculated in order to assess the dimensionality reduction. Furthermore, seven mean cases are computed based on the respective differentiation into subcohorts as pointed out in Section 2.1. Each mean case represents a different pathological configuration.



2.5. CFD Simulation Setup

The mean shapes of all seven subcohorts are used to set up the simulation. A detailed description of the workflow can be found in our recently published work (29). Average shapes are computed for the cardioid mitral annulus and the elliptical aortic annulus which are used to reconstruct the entire LVEDV via a Poisson Surface Reconstruction algorithm. Non-case-specific reconstructions of a left atrium (LA) and an aorta are attached at the respective annulus of all seven representative SSM-based LV shapes. The SSM-based vector field prescribing the LV endomyocardial surface motion is scaled by a time-dependent factor to obtain a grid velocity vector allowing the ventricular volume to follow a specified volume curve at given EF. A grid velocity vector field results, which is prescribed as motion in the STAR-CCM+ (version 2021.2.1, Siemens Industries Digital Software, Plano, TX, USA) simulation.

The volumetric change of the LVs in time is described by a mean volume curve which was obtained from another cohort. This mean volume curve is scaled to a heart rate of 75 bpm (0.8 s per cycle) and the respective EF per case. At all walls, no-slip boundary conditions (BCs) in terms of relative movement of wall to fluid are posed. At the pulmonary veins, a physiological pressure BC is applied, whereas at the aorta, the respective mass flow rate is set, taking into consideration the blood that regurgitates into the LA. The MR grade determines the regurgitation fractions by correlating regurgitation fractions of 15, 30, and 50% to MR grades of I, II, and III (37) and interpolating linearly in between. The resulting regurgitation volumes are shown in Table 1. The valves are positioned in the annuli planes in a 2D-planar modeling approach (38, 39). For the aortic valve (AV), an elliptical opening area and for the mitral valve (MV) a projected orifice area, taken from Schenkel et al. (38), are used. Valve opening and closing is modeled via a porous baffle interface. Modeling moving obstacles as e.g., heart valves via porous media theory enables to model a surface movement via a spatio-temporal adaption of permeability parameters, being computationally efficient and easy to implement (40). To mimic valve opening and closing, a pressure drop according to Darcy's law is impressed onto the fluid via the porous baffle interface, as shown in Equation 3 (41).
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Therein, Δp is the induced pressure drop over the interface, ρ the fluid density, α the user-specified porous inertial resistance, vn the fluid velocity normal to the interface, and β the user-specified porous viscous resistance. By varying this pressure drop in time and space, smooth 2D valve openings can be realized. The AV is opened elliptically, keeping the aspect-ratio of the AV in opened state. For the MV, an intermediate state, also taken from Schenkel et al. (38), is applied. For the MV, orifice areas of 5.65 cm2 and for the AV orifice areas of 4 cm2 are chosen. Based on the studies by Leyh et al. (42), the AV opening and closing time intervals are set to 57 and 39 ms. For the MV, opening and closing times of 48 ms and 60 ms were chosen. The regurgitation areas on the MV are chosen such that reasonable pressure losses over the MV result. A detailed description of the BCs as well as their detailed motivation can be found in Obermeier et al. (29).

STAR-CCM+ is used to create a polyhedral volume mesh at a base size of 1 mm with a refinement to 0.25 mm in valve regions where the highest velocity gradients are expected. The number of cells results in approximately 650,000. To retrieve reasonable initial conditions, two cycles were computed in advance. As results in a previous study suggested, a sufficiently swung-in state can be assumed after two cycles for such dilated LVs with reduced EF (29). In the same study, mesh convergence was shown for the specified mesh dimensions. Blood is modeled as incompressible with a density of 1,050 kgm−3 and as non-Newtonian Fluid according to the Carreau-Yasuda model. The model is parameterized with an infinity shear rate of 0.0035 Pas, a zero shear rate of 0.16 Pas, a relaxation time of 8.2 s, a power constant of 0.2128 and a = 0.64 (43). An arbitrary Lagrangian-Eulerian discretization method from STAR-CCM+ is used to solve the 3D incompressible Navier-Stokes equations with moving mesh for unsteady flow with no body-forces and source terms (Equations 4 and 5) (41).
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Here, t denotes time, V the control volume, Ω is the boundary of the control volume, n is the outwardly directed vector normal to dΩ, v is velocity, vg is the grid velocity, p is pressure, ρ is density, I is the unit tensor of second order, and T is the viscous stress tensor. A RANS k-omega SST turbulence model and an implicit second order time-stepping scheme are applied.

In comparison to our previous work (29), we further automated the pre-processing procedures and optimized the time-consuming numerical framework. Pre-processing now required 4–8 h, whereas the cyclic blood flow computation took 12–13 h on 4 nodes at 40 cores (Intel Skylake 6,148, 2.3 GHz) on the Emmy system of the North-German Supercomputing Alliance. Due to an adaption of the deformation scaling factor into an implicit formulation (considering previous time steps), the pre-processing step of deformation computation is now omitted.



2.6. Post-processing of the LV Hemodynamics

The hemodynamics analysis is based on pressure and velocity fields as well as a passive scalar to investigate the blood washout process. A passive scalar is a passive tracer that can be placed in the fluid and moves according to the velocity field, without influencing the fluid motion itself (only convective transport is considered, herein). Therewith, a transport equation is solved to track the passive scalar motion, bypassing the need to consider multi-phase flow. To analyze the washout, the blood domain is separated into old and new blood with identical rheological properties by using two passive scalars. This modeling approach enables to mimic the clinically used blood washout behavior analysis by injecting contrast agent. The passive scalar for the old blood is placed in the LV in the initial state at t = 0 s, as e.g., done by Grünwald et al. (44). It is being washed out in the subsequent considered eight cycles. The passive scalar for fresh blood is placed in the LA at the onset of diastole of the first cycle at t = 0.29 s and mimics a contrast agent washout.

For an energetic evaluation, beside the normalized kinetic energy (normalized with the ventricular volume) called specific kinetic energy (SKE), the dissipation function Φ is used to quantify energetic losses. It is computed via the double-dot product of the velocity gradient vector ∇v and the stress tensor σ (45, 46) as shown in Equation 6.

[image: image]

For the investigation of intraventricular pressure gradients, two horizontal planes are positioned in the LV: one in basal and one in apical region. The intraventricular pressure gradient is then computed by the difference of the average pressure per plane.




3. RESULTS

First, both SSMs as well as the seven mean geometries and contractions are analyzed. Subsequently, the hemodynamics are evaluated by means of large-scale flow patterns, energetic performance, blood washout behavior, and intraventricular pressure gradients. Therein, differences between the pathological states are emphasized by comparing two particular LV groups. The first group consists of cases A0ML, A0MH, A1ML and A1MH, separating cases with and without LV aneurysm as well as different degrees of MR (low and high). The second group is composed of cases with different characteristics of the LV aneurysm, i.e., A1MT, A1MI, and A1HK, all being accompanied by a medium MR grade.


3.1. Statistical Shape Model

The two developed SSMs aim to describe pathological LVs of patients with and without LV aneurysms, including a description of shape, deformation due to contraction, and myocardial wall thickness. Identification of principal modes allows for a reduction of complexity and dimensionality. Note, that the MR degree was not included into the SSM but is directly defined through the computational model via the MR area during systole.

Figure 4A shows the resulting SSMs. Visually, both mean shapes are very similar. However, comparison of the first three modes and their variances by weights shows remarkable differences. Mode 1 of the non-aneurysmatic SSM reveals a higher sphericity by comparing minimum weights, whereas the maximum weight of the aneurysmatic shape clearly indicates the LV aneurysm: a bulge left from the apex associated with relatively low myocardial thickness can be observed. Mode 2 of both SSMs shows a variance in the shape sphericity of the LV with higher variability of the myocardial wall thickness in the non-aneurysmatic SSM in the apex region. The third modes are similar but show a higher variability for the myocardial wall thickness in the non-aneurysmatic SSM. In the process of dimension reduction by identifying principal modes, the aneurysmatic SSM requires 35 modes to include 95% of the cumulative variance, whereas the non-aneurysmatic SSM requires 38 modes.
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FIGURE 4. (A) Both SSMs of the LV with and without aneurysm represented by mean end-diastolic shapes colored by the myocardial wall thickness. Three first most descriptive shape modes, representing the variance of the models, are shown. When changing the weight of a mode, certain features of the model are altered as well. (B) Boxplots of the mean segment-wise movement (left) and boxplots of EDV and ESV (right) exemplary shown for case A0ML.


Figure 4B exemplary compares the 17-segment-wise wall movement during contraction as well as LVEDV and LVESV values of the A0ML cohort (40 cases) as a boxplot vs. the values of the representative mean shape of the cohort, created by the SSM. The values of the mean case are close to the median values of the cohort. Similar results are found for the other 6 representative mean cases. Comparing the deformations of the mean cases in Figures 5, 6 to the cohort-wise averaged ones as shown in Figures 2, 3 also reveals a good match of the myocardial wall movement.


[image: Figure 5]
FIGURE 5. Streamlines of cases A0ML, A0MH, A1ML and A1MH from left to right at t1: peak systole (top) and t3: diastasis (mid) of the seventh cycle. At low velocity regions, streamlines are made transparent to underline the major flow features. Black arrows indicate the diastolic jet orientation. The bottom row shows the LV deformations at the surfaces. The black boxes and numbers display the regions corresponding to the 17-segment model.



[image: Figure 6]
FIGURE 6. Streamlines of cases A1T, A1I and A1HK from left to right at t1: peak systole (top) and t3: diastasis (mid) of the seventh cycle. At low velocity regions, streamlines are made transparent and velocities above 1.5 m/s are clipped. Black arrows indicate the diastolic jet orientation. Red contours at t1 show changes in curvature to distinguish between different aneurysm types. The bottom row shows the LV deformation at the surfaces. The black boxes and numbers display the regions corresponding to the 17-segment model.


The last point to address is to what extent the seven mean shapes represent the respective pathological state. Concerning the first group of cases (A0ML, A0MH, A1ML, and A1MH), less deformation can be seen in segments 13, 15, and 16 in the aneurysmatic cases A1ML and A1MH due to the anterior aneurysm (Figure 5 bottom). Furthermore, the non-aneurysmatic and high MR grade case reveals a more homogeneous myocardial wall deformation as respectively the aneurysmatic and low MR degree case. The three aneurysm types in cases A1T, A1I, and A1HK as defined by Di Donato et al. (30) can also be observed in the red marked regions in Figure 6 at t1. Case A1T shows two changes in curvature in systolic state, case A1I only one and case A1HK shows no change in curvature.



3.2. Large-Scale Flow Patterns

Figure 5 visualizes differences between major flow features of cases A0ML, A0MH, A1ML, and A1MH during peak systole (t1) and diastasis (t3). At peak systole, the majority of blood flows into the ascending aorta in all cases. The other portion regurgitates into the LA in form of a high velocity jet, impinging on the upper LA wall (Figure 5 t1). In the low MR grade cases, higher velocities appear in the left ventricular outflow tract (LVOT). The AV velocities at peak systole are between 0.69 and 1.03 m/s. The regurgitation jet velocities are between 3.84 and 4.38 m/s at pressure drops of 53–77 mmHg. During diastole, a blood jet enters the LVs from the LAs, causing the formation of commonly observed ring vortices. During diastasis, the jets become less coherent, especially in the cases with high MR. In cases A0MH, A1ML, and A1MH, the jets travel along the LV axis toward the apex. In case A0ML, it is directed at the lateral to anterior wall, where it impinges (Figure 5 t3). In these lateral and anterior regions in basal and mid LV regions, (i.e., segments 1, 5, 6, 7, 11, and 12), also a distinct LV movement is visible in case A0ML (Figure 5 bottom). In the other non-aneurysmatic case A0MH, a rather homogeneous contraction is present. In the aneurysmatic cases A1ML and A1MH, little movement is observed in the apical inferior and lateral region (i.e., segments 15 and 16) due to the development of aneurysms.

Figure 6 identifies differences in flow structures of cases A1T, A1I, and A1HK with different types of LV aneurysm and similar MR grades. A likewise systolic flow is observed in all three cases, consisting of an aortic outflow with velocities between 0.67 and 1.00 m/s as well as regurgitating jets at velocities from 3.88 to 4.44 m/s, resulting in MV pressure gradients of 66 to 73 mmHg (Figure 6 t1). Case A1I has a higher SV at comparable regurgitation volume, thus showing higher velocities in the aorta during systole as well as higher velocities of the diastolic jet (Figure 6 t3). The diastolic jets are accompanied by ring vortices. When reaching diastasis, the diastolic jet in case A1I traveled further and is directed toward the lateral to anterior wall, where it impinges. In cases A1T and A1HK, the jets move along the LV axis. Cases A1T and A1I show almost no movement in segments 15 and 16, while being characterized by a strong deformation in segments 5, 6, 11, and 12 in lateral and anterior regions (Figure 6 bottom). Case A1HK reveals a distinctively different deformation with the strongest contraction in apex region and less movement elsewhere.



3.3. Energetic Performance

The specific kinetic energy (SKE) and specific energy dissipation (SED) take a qualitatively similar temporal course for all cases: the SKE has local maxima in peak systole, in the middle between peak E-wave and diastasis as well as during A-wave (Figures 7A,C). The SKE during systole is within the same order of magnitude as in diastole. Local minima can be observed as blood inside the LV decelerates and stagnates shortly after beginning of systole, at the end of the systolic phase, and in the middle of the A-wave deceleration phase. Comparing the four cases with and without LV aneurysms (Figure 7A), where SVs are similar, the cyclic mean of SKE reveals lower values in the aneurysmatic cases (A0ML: 12.2 J/mm3, A0MH: 10.3 J/mm3, A1ML: 9.8 J/mm3 and A1MH: 9.0 J/mm3). Furthermore, higher MR grades can be associated with lower SKE for both groups, with and without LV aneurysms. Comparing the three cases with different LV aneurysms (Figure 7C), case A1I with the largest SV (see Table 3) is characterized by a remarkable larger SKE if compared to A1I and A1HK. Regarding SED, a five-fold higher maximum in systole than in diastole is observed (Figures 7B,D). Furthermore, the SED during systole reveals inverse trends if compared with SKE: higher SED in the non-aneurysmatic cases as well as higher SED at higher MR. Comparing the three aneurysmatic cases, case A1I, which was associated with the highest SKE, is also associated with the highest SED. Finally, during systole there is a noteworthy difference in SED between A1T and A1HK, which show similar values for SKE.
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FIGURE 7. SKE (A,C) and SED (B,D) averaged over cycles one to seven. Time points t1, t2 and t3 mark peak systole, peak E-wave, and diastasis.



Table 3. Intraventricular blood washout measures of the seven cases.
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3.4. Intraventricular Washout

The intraventricular blood washout is quantified by relative and absolute volumetric fractions of fresh and old blood (Table 3) and qualitatively analyzed via the washout of fresh blood (Figures 8, 9).


[image: Figure 8]
FIGURE 8. Washout of fresh blood of cases A0ML, A0MH, A1ML and A1MH from top to bottom at, from left to right, peak E-wave of the first cycle (0.42 s), end diastole of the first cycle (0.8 s), peak systole of the second cycle (0.92 s) and the end of the third cycle (2.4 s).



[image: Figure 9]
FIGURE 9. Washout of fresh blood of cases A1T, A1I and A1HK from top to bottom at, from left to right, peak E-wave of the first cycle (0.42 s), end diastole of the first cycle (0.8 s), peak systole of the second cycle (0.92 s) and the end of the third cycle (2.4 s).


Comparison of the four aneurysmatic vs. non-aneurysmatic cases shows a reduced blood washout in the aneurysmatic cases, reaching the half-life of fresh blood approximately one heart cycle later (3 cycles vs. 4 cycles). Interestingly, the difference in the half-life between cases with low and high MR is relatively small, despite the lower direct flow rates in the high MR cases. After eight cycles, there is a larger percentage of old blood being still present in the aneurysmatic LVs. Figure 8 visualizes the blood washout behavior over a period of three heart cycles represented by four time steps: peak E-wave of the first cycle (0.42 s), end diastole of the first cycle (0.8 s), peak systole of the second cycle (0.92 s), and the end of the third cycle (2.4 s). The first and last represented time steps are very similar for all four cases. Time points at 0.8 s and 0.92 s appear to be most suitable for the visual differentiation between cases. At the end of the first cycle, the fresh blood did penetrate toward the apex in all cases (Figure 8 at 0.8 s). In case A0ML, the jet is directed toward the lateral to anterior wall. In the opposite regions (i.e., inferior and septal), a region with poor mixing appears, being still visible in peak systole of the second cycle (Figure 8 at 0.92 s). In the aneurysmatic cases A1ML and A1MH, regions with poor mixing can be observed at that time as well: inferior and septal near-wall region in the A1ML case and central LV region in the A1MH case. In case A0MH, the most homogeneous mixing seems to be present.

A comparison of the washout behavior between the three cases with different characteristics of the LV aneurysm (i.e., A1T, A1I, and A1HK) reveals the by far highest direct flow rate in case A1T. Yet, the half-lives of fresh blood are similar in cases A1T and A1I, whereas it is significantly longer in case A1HK. In terms of old blood washout, the analysis found that cases A1T and A1HK are related to the worst washout, still having 20 % of the old blood inside the LVs after eight cycles. In the qualitative washout analysis (Figure 9), a poor mixing of fresh blood especially at 0.8 s and 0.92 s in cases A1T and A1HK can be observed. In case A1T, the jet of fresh blood does not penetrate all the way to the apex and remains in the area below the AV, mixing poorly. In case A1HK, the jet reaches the apex, but rarely mixes with the rest of the blood. In both cases, unmixed regions are still visible at the end of the third cycle at 2.4 s.



3.5. Intraventricular Pressure Gradients

Figures 10A,B show the pressure gradient from apex to base for all seven cases, whereas Figures 10C–E exemplary show the relative static pressure field in a three-chamber view of case A0MH for three representative time steps. The temporal course of the pressure gradients is similar in all cases with two maxima and two minima: the first flat maximum (Figures 10A,B at t4) at the onset of systole lasts for approximately 50 ms. The resulting intraventricular pressure gradient inside the LV accelerates blood toward the LVOT (Figure 10C). During systole, the pressure gradient decreases and achieves a minimum at the onset of diastole (Figures 10A,B,D at t5). This negative pressure gradient pointing from base to apex supports the early diastolic filling (Figure 10D). During early diastole, the pressure gradient shifts its sign a second time, reaching the second maximum after E-wave (Figures 10A,B at t6). The positive pressure gradient decelerates inflowing blood from the LA (Figure 10E). During diastasis, the pressure gradient decreases again, reaching the second minimum approximately at atrial contraction, when the A-wave is accelerated into the LV. Comparing the cases among each other, the major differences can be seen in the magnitudes of the second maximum in the pressure difference with higher values found for both cases with lower MR (A0ML and A1ML) as well as in case A1I.
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FIGURE 10. Apex-base pressure difference for cases A0ML, A0MH, A1ML, and A1MH (A) and cases A1T, A1I, A1HK (B) in the eighth cycle and relative pressure field in a half cut along the LV long axis, exemplary for case A0MH at the onset of systole at t4 (C), the onset of diastole at t5 (D) and shortly after peak E-wave at t6 (E).





4. DISCUSSION

In this study, two SSMs were developed in order to describe two populations of patients after myocardial infarction: patients with and without LV aneurysms. Despite advances in drug and device therapy, heart failure subsequent to myocardial infarction remains a frequent cause of death. Thus, e.g., enhancement of therapeutic approaches that address LV remodeling following scar formation is highly desired to improve life expectancy and quality for patients with heart failure. Image-based CFD could thereby play a supportive role by modeling and predicting post-operative states. All the here considered patients are characterized by enlarged LVs, a condition which is often accompanied by MR, low EF, abnormalities in myocardial wall motion as well as myocardial wall thinning. Using these SSMs, seven mean cases are created, each representing a respective pathological configuration of MR grade and LV aneurysm. For each case, a mean end-diastolic shape is generated via the SSM together with the deformation field of the contraction from end diastole to end systole. This serves as a basis for an analysis of intraventricular hemodynamics via CFD. The numerical hemodynamic study was done using a recently proposed CCT-based CFD methodology, which was improved with respect to the earlier study in terms of physiological complexity and toward clinical translation. For a detailed discussion on the computational model, the reader is referred to Obermeier et al. (29). In order to improve the potential of the methodology toward clinical translation, the level of automation in pre-processing procedures was increased and solver settings were optimized, resulting in a 30 % reduction of the total required time for pre-processing, simulation, and post-processing. To investigate the potential of the CCT-based CFD model to reveal differences in hemodynamics between the different pathological states, various hemodynamic parameters were analyzed with the aim of identifying the best suitable biomarkers to characterize pathological features of intraventricular flow.


4.1. Statistical Shape Model

The two developed SSMs, which are based on multi-phase CCT data of 125 patients after myocardial infarction, aimed at providing BCs for numerical modeling of intraventricular hemodynamics. This aim was successfully realized. Additionally, the SSMs allow to analyze LV shapes by comparison of modes identified by PCA. A comparison of the first three modes showed differences in shapes and myocardial wall movement between the SSMs that are associated with presence of the LV aneurysm. The SSMs successfully represent the major features of the investigated pathology, including local shape changes due to aneurysm development and LV volume enlargement with sphericity change as well as an ability to represent hypokinetic segments caused by antero-apical, or antero-apical and basal LV aneurysms and/or scar formation. This affirms the potential ability of the SSM to be used as a diagnostic tool on its own as it was also proposed in other studies (47). However, our major aim was to describe the complex shape and contraction of the LVs in a simple way.

There is a set of earlier developed SSMs or so-called atlases for the LV (19, 47–50). Bai et al. (49) and Gilbert et al. (48) also give an overview of studies in which LV SSMs were developed. These SSMs were based on different imaging modalities including CT (19), MRI (47, 49), and echocardiography (50), which are - depending on spatial and temporal resolution - better or less suitable for subsequent use in numerical simulations. An SSM based on CCT can, however, be assumed to exhibit a robust quality regarding spatial resolution and independence of image quality from user-biases.

All of the SSMs, as well as ours, show a rather smooth ventricular shape neglecting the details of papillary muscles and trabeculae carneae. Also, the size of datasets used for SSM generation varies between approximately 100 as used in our study and several thousands. Both SSMs developed in our study describe 90 % shape variance with approximately 30 modes. Thus, the number of cases used to generate these SSMs as well as the representative cases A0ML, A0MH, and A1ML can be considered sufficient. However, the number of cases used to generate the representative cases A1MH, A1T, A1I, and A1HK seems to be low and should be increased in the future. The required number of modes to represent the shape variance is much larger than the number of modes describing the variance of normal subjects [e.g., eight in Bai et al. (49)]. A similar behavior can be noted by a SSM describing normal subjects as well as patients with dilated cardiomyopathy or with heart valve diseases, requiring 92 modes to describe 99 % shape variance (50). Beside the limited number of cases used in the development of the SSMs, the SSM methodology used in this study is limited to linear PCA. Nonlinear PCA (51) should be investigated in the future. Since SSMs simplify the shape and the contraction motion, these simplifications could be associated with uncertainties or bias in CFD results. This impact also requires to be investigated separately. Finally, it is desired in the future to extend the current SSM of the LV by shape models describing LA, ascending aorta as well as AV and MV.

Looking closer at the ventricular shape of the SSM-created mean shapes A1T, A1I, and A1HK (see Figure 6 at t1), one can see the curving and the characteristic neck resulting from myocardial thickening in case of A1T and the curving near the mid-LV anteroseptal and inferoseptal segment (segments 8 and 9) as described by Di Donato et al. (30). Regarding the mean shapes of cases A1T, A1I, and A1HK, less movement is observed in the aneurysmatic regions. We thus conclude the created mean shapes to represent the respective pathology in an adequate manner.



4.2. Left Ventricular Hemodynamics

The comparison of intraventricular flow features between SSM-based mean cases represents the major focus of this study. To analyze the intraventricular hemodynamics, a set of qualitative and quantitative measures were used, including large-scale flow features, energetic aspects, washout behavior as well as flow driving forces using pressure field information. These markers allow to identify differences between the investigated groups.

In an earlier study (29), we investigated four patient-specific cases each originating from one of the here presented cohorts A0ML, A0MH, A1ML, and A1MH. We found similar large-scale flow patterns in the representative and individual cases, with diastolic jets becoming less coherent with rising MR grade. This finding also correlates well with MRI-based observations (8) and is likely to be caused by the highly disturbed flow in the LA due to the regurgitation jet (29, 52). However, the individual cases showed a higher shape variability and complexity compared to the mean cases that results in higher individual differences regarding diastolic jet direction and regions of blood stagnation. Considering the impact of the MR on the intraventricular hemodynamics, we found increased systolic SED with rising MR grade in both individual and mean cases. This could be associated with an energy loss on small scales due to the regurgitation jet. This results in a lower energetic maximum of the SKE during systole and probably in a rising ratio of SKE at peak diastole to peak systole as also reported in the MRI study by Al-Wakeel et al. (8). Note, that the results associated with the regurgitation jet should be considered with caution due to a simplified modeling of the MV shape and generic valve opening and closing.

Considering differences in SKE between non-aneurysmatic and aneurysmatic cases A0ML, A0MH, A1ML, and A1MH, where SVs are comparable, the lower cyclic-mean of the aneurysmatic cases indicates a less energetic redirection of blood through these LVs, which may be caused by pathological contractions in aneurysm regions. This may lead to higher loads the LVs have to overcome to ensure a stable cardiac output and may in turn favor further remodeling (1).

Concerning the intraventricular pressure field, our results are in agreement with published pressure field distributions in a three-chamber view and the temporal course of apex-base pressure gradients (53). In the future, the pressure field analysis could be extended by an analysis of hemodynamic forces as described by Vallelonga et al. (54). Note, that the current numerical framework considers the LV as an isolated organ, thus impeding assessment of absolute pressure values. Extending the current model by a Lumped Parameter Model [e.g., a three-element Windkessel model as done by Gao et al. (55)] is a necessary next step to include an LA-LV and LV-arterial coupling.

Comparing the blood washout of the four mean cases (aneurysmatic and non-aneurysmatic with high and low MR), a better blood washout is observed in the non-aneurysmatic cases, matching clinical observations (56). As LVEDVs, SVs, and EFs of these four cases are comparable, the reason is likely to be found in the mean shapes and ventricular contraction. In the aneurysmatic cases, less movement is seen in the apex region (i.e., segments 13–17), possibly interfering with a suction effect and mixing in this area. When we investigated the four patient-specific cases in Obermeier et al. (29), we contra-intuitively found a slightly better washout in the aneurysmatic-cases. Yet, the SVs of these cases were 25–30 % higher than those of the non-aneurysmatic cases. This may indicate SSM-based mean shapes to be less affected by individual variations and provide more generalizable results. However, such a statement must be tested in depth by comparing the mean cases to a variety of patient-specific cases.

Considering the washout, focus should be attended on the apex region because this is a region of high thrombus formation risk after myocardial infarction (57–59). These clinical studies also note thrombus formation occurring preferably in patients with anterior myocardial infarction, whereas thrombus formation in patients with inferior infarction or anterior infarction without severe apical-wall-motion abnormality is rare. This correlates well with our results, showing regions with poor washout behavior (especially in the apex region) as visible in Figures 8, 9 at 0.92 s.

Interesting observations are also made when comparing the washout of different aneurysm types (i.e., cases A1T, A1I, and A1HK). While the direct flow rate of fresh blood in case A1T (30.8 %) is in the same range as observed in healthy LVs (44 ± 11 %) (60), there is still 20 % of old blood present after eight cycles, which is high even in comparison to the other pathological states. This underlines the necessity in washout analysis to evaluate fresh as well as old blood. To emphasize is furthermore the extremely poor washout in case A1HK, in terms of fresh and old blood. A connection to the contraction field seems likely. In this case, less movement in basal and mid LV regions is visible, whereas the strongest movement is present in the apex. When viewing the pathway of blood (Figure 9) of case A1HK, movement and mixing can primarily be observed in longitudinal direction toward the apex, whereas mixing in radial direction is small. From these observations, a hypokinetic movement can be linked to an increased risk of thrombus formation in comparison to other aneurysm types.

Summing up, the SSM-created mean cases are able to represent characteristic flow features that were previously observed in patient-specific investigations of the respective pathology (higher systolic SED and less coherent diastolic jets in MR) and are in line with clinical observations (worse washout in aneurysmatic cases). Our findings show differences in intraventricular hemodynamics associated with different LV remodeling changes caused by myocardial infarction: local (aneurysm development) and global (volume and sphericity index increase) changes in shape as well as development of an MR of varying severity and abnormalities of the myocardial wall movement with hypokinetic segments. In combination with further model developments and investigations toward the selection of best suitable hemodynamic biomarkers assessing heart illnesses, the proposed numerical framework may support treatment decisions by distinguishing different pathological states from healthy states and among each other.



4.3. Model Discussion and Limitations

Modeling the complex LV anatomy and physiology in a way that points toward translation into clinical routine induces some simplifications, which are emphasized in the following.

The incorporation of valves with their complex shape and motion poses a major challenge in a detailed numerical modeling of the LV (39, 61). We modeled the valves in 2D via a porous baffle interface. This is a simplified approach, which delivered reasonable results in recent studies (38, 39). In our study, the 2D valve representation induced the formation of ring vortices below the MV during both E-wave and A-wave, as visible in the visualization of Q-criterion isosurfaces provided as Supplementary Material. These ring vortices were observed, e.g., in Ebbers et al. (53) and discussed in detail by Pedrizzetti et al. (1). In the Q-criterion visualizations it furthermore becomes visible, that with rising MR grade, vortex decay in diastole starts earlier, an observation that correlates well with the study of Al-Wakeel et al. (8).

In the MR-cases, a generic planar regurgitation area is applied, such that a reasonable pressure loss over the MV results and the case-specific MR grade (regurgitation volume in % of the SV) is met. Following this approach, the 3D character of the valves cannot be accounted for and the projected orifice area in diastole as well as during MR cannot be realized in a case-specific manner. This also includes the modeling of a regurgitation jet angle, which could not be obtained from our data base. As the here investigated cases are SSM-based and non-patient-specific, including these characteristics would, e.g., require an additional SSM per valve. As the valves and their movement could not be accurately captured in the available CCT data, this was not possible at current development state. The same applies for case-specific modeling of LA, aorta, papillary muscles, and trabeculae. Extending the model by these aspects is planned in future development steps. For a detailed discussion on the impact of these simplifications onto the intraventricular hemodynamics, the reader is referred to Obermeier et al. (29).

The LV motion is derived based on end-diastolic and end-systolic states. Temporal resolution of the CCT data did not allow for an accurate tracking of intermediate states. Consequently, phenomena as the torsional motion of the LV cannot be implemented. During systole, apex and base are rotating in opposite directions. This twisting mechanism is associated with a momentum change of blood, which may affect intraventricular flow patterns (62). Yet, the influence of LV torsional motion onto flow and energy dynamics was investigated via image-based CFD by Vasudevan et al. (63) and concluded to be insignificant. Similar results are reported from the image-based CFD model of Canè et al. (64), where torsional motion did not influence energy loss and only slightly affected velocity, vorticity and wall shear stress. Our approach of two-state-based deformation derivation is motivated by a minimization of data requirements of the computational model in the sense of a possible translation of the model to clinical routine workflows. Yet, the influence of neglecting intermediate states remains to be clarified in depth, e.g., via a study on the impact of different deformations on flow parameters like inflow orientation and vortex formation.

Last to discuss is the incorporated model for small scale flow features. In the context of turbulence analysis, a Large Eddy Simulation (LES) is more appropriate than RANS, due to the transitional flow regime (65, 66). Yet, the present study does not focus turbulence on analysis. Further, the increasing requirements on the computational mesh as well as the need to compute a significantly larger number of cells when using LES does not align with the goal of a development toward clinical translation. Furthermore, in the context of ventricular assist devices, Zhang et al. (67) compared several turbulence models to experimental data, and all models reasonably replicated the fluid flow. A study opposing RANS and LES models in LV hemodynamics might, however, provide further insights.




5. CONCLUSION

The proposed CCT-based analysis of hemodynamics combined with SSM-based description of the heart shape and contraction pattern for subcohorts of patients seems to be a promising approach facilitating an analysis of intracardiac flow. Modeling of hemodynamics of mean shapes as a kind of reduced order modeling instead of patient-specific simulations could accelerate intracardiac flow analysis and reduce requirements in computational power that is necessary to translate the modeling-based analysis of intraventricular flow into the clinic. The proposed approach has the potential to increase the significance of CCT for diagnosis and treatment decisions. However, further enhancement of the computational framework, identification of suitable hemodynamic parameters as well as a clarification of the reduced order modeling level and its representativeness are necessary to embed the approach in clinical routine workflows to support clinicians.
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Systemic sclerosis (SSc) is a connective tissue disease characterized by immune-system alterations, fibrosis involving the skin and internal organs and diffuse microangiopathy. Pulmonary arterial hypertension (PAH) is a severe complication of SSc affecting about 10–15% of the patients and it is a leading cause of mortality. Due to the devastating nature of SSc-PAH, there is a clear need to systematically adopt appropriate screening programs. Nail fold videocapillaroscopy (NVC) studies have shown a more severe peripheral microvascular dysfunction in SSc patients with PAH suggesting that abnormalities in peripheral microcirculation may correlate with pulmonary microangiopathy. This is a cross-sectional study involving four tertiary University Rheumatology Units in the Center-North of Italy. Seventy patients, 35 adults with SSc and PAH confirmed by RHC (F/M 34/1; median age 65.2 ± 8.9 SD yrs), and 35 SSc patients without PAH were enrolled (F/M 3471; median age 63.3 ± 10.3 SD yrs). Clinical, laboratoristic and instrumental data were collected and NVC was performed in all patient. Specific NVC parameters were evaluated and a semi-quantitative rating scale was adopted to score these changes. Finally, patients were distributed into the suitable NVC pattern belonging to the scleroderma pattern. Our aim was to compare the peripheral microangiopathy changes in SSc patients with and without PAH, and to investigate the relationship between NVC findings and the main hemodynamic parameters of pulmonary vasculopathy. Patients with SSc-PAH+ showed a significant higher frequency of interstitial lung disease (ILD). No significant differences regarding clinical and laboratoristic parameters were observed. NVC abnormalities, avascular areas were more frequent in SSc patients with PAH, respect to those without (p = 0.03), and capillary density was significantly lower when considering grade 3 (p = 0.02). A higher NVC semiquantitative mean was found in SSc-PAH+ patients and a greater rate of the “late” pattern was detected in SSc-PAH+ subjects in respect to PAH- (57.1% vs. 25.7%) (p = 0.03). A significant correlations between pulmonary pressure values (sPAP by TTE and mPAP by RHC) and the capillary density (Spearman's rho 0.35, p = 0.04 for both). Our findings provide additional evidence to the literature data, confirming that a higher degree of peripheral nailfold microangiopathy is more common in SSc-PAH patients, and further strengthening the concept that NVC changes may run parallel with similar abnormalities inside pulmonary microcirculation.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a life-threatening and progressive disease characterized by vasoconstriction and remodeling of the pulmonary vasculature leading to increased pulmonary vascular resistance (PVR) that may result in right heart failure and death (1, 2).

According to the 6th World Symposium on Pulmonary Hypertension Task Force and the current Guidelines of the European Society of Cardiology/European Respiratory Society (ESC-ERS) (3, 4). PAH is defined by an elevated mean pulmonary arterial pressure (mPAP) >20 mmHg, normal pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg, and elevated pulmonary vascular resistance (PVR) ≥3 Wood Units at rest. Some of the pathological changes involved with PAH are pulmonary endothelial dysfunction and inflammation promoting the remodeling of small- and medium-sized pulmonary arterioles thrombosis and obstruction of pulmonary blood vessels with proliferation of the vascular endothelium that may lead to the formation of the obstructive plexiform lesions (5). Recently, the possibility of a co-existing peripheral microangiopathy has been reported in idiopathic PAH (6, 7) and the peripheral microvascular changes play a decisive role also in systemic sclerosis (SSc). SSc is a challenging immune-mediated connective tissue disease (CTD) affecting skin and internal organs (8–11). SSc represents the main CTD associated with PAH occurring in approximately 10–15% of SSc patients (12–15). Despite the possibility of having new-targeted therapies, slowing down the progression of PAH, this condition is still a leading cause of death in SSc (16, 17). Therefore, an early accurate diagnosis should be mandatory to improve the survival of SSc patients (18). Nailfold video-capillaroscopy (NVC) is a well-known, validated, non-invasive imaging technique, which allows assessing peripheral microcirculation and diagnosing different diseases affecting peripheral microcirculation (19). Some NVC studies have shown a more severe peripheral microvascular dysfunction in SSc patients with PAH compared to those without PAH, suggesting that abnormalities in peripheral microcirculation may correlate with pulmonary microangiopathy (7, 20–24).

The aim of the present study was to compare the peripheral microangiopathy changes in SSc patients with and without PAH, and to investigate the relationship between NVC findings and the main hemodynamic parameters of pulmonary vasculopathy.



PATIENTS AND METHODS

This was a cross-sectional, case-control study involving four tertiary University Rheumatology Units in the Center-North of Italy with expertise in SSc diagnosis and management, as well as in NVC (19–21, 25, 26). PAH assessment was made by the local Cardiology Units with experience in right heart catheterization (RHC). All patients satisfied the ACR/EULAR 2013 classification criteria for SSc (27).

The DETECT-PAH algorithm (17, 18) was used to screen SSc patients and identify those with a high-risk of PAH. Briefly, the DETECT algorithm is a tool to identify patients with PAH in the asymptomatic stages, through the study of clinical variables, pulmonary function tests, immunological, biological, electrocardiographic and finally echocardiographic parameters. Those with a high PAH probability underwent RHC. On the contrary, RHC was not performed in those with a low probability of PAH due to ethical reasons.

Patients with SSc were divided into “cases,” those with a high probability of PAH by DETECT-PAH algorithm and a RHC-confirmed diagnosis of PAH (mPAP>20 mmHg+PAWP ≤ 15 mmHg + PVR≥3 Wood Units at rest) (3, 4) and “controls,” those with a low probability of PAH by DETECT-PAH algorithm. Controls were matched for sex, age, and disease duration.

Written informed consent was obtained from all participants and data were collected in a general database. The study received approval from the local Ethical Committees and performed according to the Declaration of Helsinki.

The patients' demographic and clinical findings were carefully considered. Data collected at registration included: age, disease duration, type of skin subset (limited/diffuse), presence of Raynaud's phenomenon (RP), modified Rodnan skin score, other skin involvement (subcutaneous calcinosis, telangiectasia), digital ulcers-DUs, lung involvement, gastro-intestinal symptoms (dysphagia, reflux), cardiopulmonary signs and symptoms (heart failure, pericardial effusion, dilated cardiomyopathy), sicca syndrome (xerostomia/xeropthalmia), and joint involvement (tenosynovitis, arthritis, tendon friction rubs), as previously described (20, 21, 28). Laboratory and instrumental evaluations included antinuclear antibodies (ANA), anti-extractable nuclear antigens (anti-ENA), SSc-related antibodies (mainly anti-centromere/CENP-B and anti-topoisomerase I/Scl-70), diffusion capacity for carbon monoxide (DLCo) and high-resolution computed tomography-HRCT were reported (17, 18, 20, 21, 28).


Nailfold Videocapillaroscopy and Image Analysis

NVC was performed in all patients during their regular assessment (within 3-months before and after the RHC) using a videocapillaroscope with a 200x magnification optical contact probe. All fingers of both hands, excluding thumbs, were examined for each patient. Two adjacent fields of 1 mm in the middle of the nailfold were captured from all fingers at least, according to the current method (21, 25, 26). The derived digital images were stored and the same experienced investigator for each Unit (FI, DG, RDA, VR), blinded to the clinical data, was responsible for reviewing and scoring the NVC images.

The following parameters were considered, according to previous categorizing methods: presence of enlarged/giant capillaries, micro-hemorrhages, loss of capillaries (avascularity), disorganization of the vascular bed, morphology (tortuous, ramified/bushy capillaries, bizarre loops). Altered capillary flow, appearing as granular/sludge and loops' length (normal/short/elongated loops), were evaluated.

A semi-quantitative rating scale was adopted to score these changes: grade 0 = no changes; 1 = < 33%; 2 = 33–66% 3 = >66% of changes on the total number of capillaries/mm. The mean score for each subject was obtained from the analysis of all fingers assessed (19, 26).

The degree of capillary density was considered to be 0 when capillaries were >9/mm, 1 for 7–9 capillaries/mm, 2 for 4–6 capillaries/mm and 3 for <4 capillaries/mm.

The rating system for avascular areas (avascularity of the capillary bed) was classified as follows: grade 0 = no obvious avascular areas; grade 1 = mild (one or two discrete areas of vascular deletion); grade 2 = moderate (more than two discrete areas of vascular deletion); grade 3 = severe (presence of large, confluent avascular areas). Finally, patients were distributed into the suitable NVC pattern belonging to the scleroderma pattern: (i) early (few giant capillaries, few hemorrhages, relatively preserved capillary distribution, not obvious loss of capillaries). (ii) active (frequent giant capillaries, frequent hemorrhages, moderate loss of capillaries with some avascular areas, mild disorganization of the capillary bed, absent or some ramified capillaries). (iii) late (irregular enlargement of the capillaries, few or absent giant capillaries, absence of hemorrhages, severe loss of capillaries with confluent avascular areas, severe disorganization of the capillary array, frequent ramified/bushy capillaries) (19).



Statistical Analysis

Qualitative variables (e.g., sex, clinical phenotype, organ involvement, laboratory data, medication use, and NVC findings) were reported using the absolute frequency and/or its corresponding percentage. Quantitative variables (e.g., age, diseases duration, echocardiographic and hemodynamic data) were reported using the mean ± the standard deviation (SD).

Baseline demographic, laboratory, and disease-related data were compared among cases and controls using the Chi-Square test (for qualitative variables) and Mann-Whitney U test (for quantitative variables). NVC findings were compared among those with and without a RHC-confirmed diagnosis of PAH using the Cochran-Armitage test for trend.

The correlation between hemodynamic and NVC findings was evaluated using the Spearman's rank correlation coefficient. A p value < 0.05 was considered significant. The analyses were carried out using STATA v.14.




RESULTS

70 patients, 35 adults with SSc and PAH confirmed by RHC, and 35 disease controls, matched for sex, age, and disease duration were enrolled in the study. Demographic, clinical, laboratory and hemodynamic parameters of SSc patients, with and without PAH, are given in Table 1.


Table 1. Demographic, clinical, laboratory and hemodynamic parameters of SSc patients, with and without pulmonary hypertension.
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As regards NVC abnormalities, avascular areas were more frequent in SSc patients with PAH, respect to those without (p = 0.03), and capillary density was significantly lower when considering grade 3 (p = 0.02). Moreover, a higher NVC semiquantitative mean score (percentage of all abnormalities >66%) was found in SSc-PAH+ patients (Table 2). Finally, a greater rate of the “late” pattern was detected in SSc-PAH+ subjects in respect to PAH- (57.1% vs. 25.7%) (p = 0.03). When comparing the hemodynamic parameters in the group with PAH, we found significant correlations between pulmonary pressure values (mPAP by RHC) and the capillary density (Spearman's rho 0.35, p = 0.04 for both) (Table 3). No correlation between other abnormalities was detected, particularly regarding avascular areas (Table 3). Figure 1 highlights the correlations between mPAP by RHC along with the capillary density scores, knowing that scores 0–1 and 2–3 have been paired to better illustrate the statistical difference.


Table 2. Capillaroscopic findings in patients with or without pulmonary hypertension (PAH).
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Table 3. Correlation between capillaroscopic parameters and the main haemodynamic/echocardiographic findings regarding 35 SSc patients with pulmonary hypertension.
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FIGURE 1. Mean pulmonary arterial pressure (mPAP) in SSc patients with a capillary density score of 0–1 vs. 2–3. The horizontal line in the box represents the median, lower and upper boundaries of the box represent the 25th (Q1) and the 75th (Q3) percentiles. Whiskers represent the minimum and the maximum value. The minimum, 25th, 50th (median) and 75th percentile and maximum values were 26.0, 27.5, 29.0, 31.5, and 48.5 in those with capillary density score of 0–1. The minimum, 25th, 50th (median) and 75th percentile and maximum values were 25.0, 31.0, 38.0, 46.0, 60.0 in those with capillary density score of 2–3. P-value for comparison: 0.01.




DISCUSSION

The main result of our study was that a higher degree of peripheral nailfold microangiopathy, mainly avascular areas and low capillary density is more common in SSc-PAH patients.

Microvascular dysfunction plays a key role in SSc pathogenesis, leading to the typical clinical manifestations of the disease, such as RP, DUs, skin and internal organs involvement (9–11). Furthermore, endothelial disfunction and vascular inflammation in SSc result in accelerated atherosclerosis and macrovascular damage, as demonstrated by Ciccone et al. (29), which observed an increased carotid intima-media thickness values in SSc compared to NoSSc patients and controls.

Hearth is frequently affected, and the burden of cardiac complications leads to a reduction in life expectancy of these patients (12–15). In particular PAH is characterized by increased resistance of pulmonary vessels because of remodeling and obstruction of pulmonary arterioles with subsequent increase of the mean pulmonary artery pressure and is usually diagnosed 10 to 15 years after the onset of the disease, so the majority of the SSc patients are usually presented with serious manifestations, severe hemodynamic impairment and associated with poor prognosis and increased mortality especially in male subjects (18, 28, 30). Early screening through systematic evaluation of asymptomatic SSc patients could diagnose PAH at an early stage with a consequent better prognosis of the disease (17).

NVC is a safe, inexpensive, simple, and non-invasive imaging technique used to analyze the morphology of capillaries mainly in the nailfold area (19), providing a potential early screening tool for the diagnosis of otherwise asymptomatic organ involvement, such as PAH (31, 32).

Previous studies demonstrated some correlations between NVC abnormalities and the severity of internal organs involvement, including PAH (20, 23, 24, 30, 31). In a 3-year prospective study, the sequential loss of capillaries was recognized as a marker for the occurrence of PAH (31). SSc-PAH patients have also been associated with higher scores of capillary loss and disorganization of the nailfold capillary bed (32) and among observational studies, that employed RHC for PAH diagnosis, capillary density was found significantly reduced in SSc-PAH+ patients (21, 22, 32). In our study, the largest group of SSc-PAH+ patients so far investigated, we observed a significant extremely low degree of capillary density (<4 loops/mm) in PAH-SSc patients, in agreement with the finding of the previous studies. Our data confirmed the higher NVC rating scores more frequent in the SSc using the semi-quantitative assessment, in SSc-PAH group (Table 2) while, using the same scoring method for avascular area, we reported the higher frequency of capillary dropout in SSc-PAH+ patients (21) as reported in the literature studies (21, 22, 32). We also evaluated the different qualitative patterns across studies (21–24, 32). Corrado et al. (22) found that the percentage of patients presenting the more severe NVC patterns (active/late) was overall significantly greater in SSc-PAH+ compared to SSc-PAH- (73.2% vs. 50% respectively. Hofstee et al. (33) reported a lower capillary density in SSc with PAH, although loop dimensions were comparable. Finally, Riccieri et al. described more severe NVC patterns (active/late) in 11 (92%) and only in 5 (42%) patients, respectively (21). Our data are almost overlapping, confirming a higher significant percentage of the active/late pattern in our SSc-PAH+ patients (p = 0.03) (Table 2). It should be emphasized that both “active” and “late” patterns are characterized by the presence of discrete/large areas of capillary loss (19), reflecting a greater internal organs involvement in respect to the presence of the “early” pattern (34).

Our study confirmed even the relationship between echo and/or RHC detected mPAP, and capillary density, in particular the increase of PAP was related to the decrease of the number of nailfold capillaries. Preliminary data reported that increasing echocardiographically estimated sPAP correlates with the severity of the scleroderma pattern (34), particularly with the late pattern. Our data more consistently support the idea that a lower capillary density of the peripheral microcirculation reflects increased pressures at the pulmonary artery level (35). The NVC capillaries changes might reveal what is going on in the pulmonary circulation, supporting the possible hypothesis that nailfold microangiopathy may be related to those vascular abnormalities presenting in the pulmonary circulation with reduced capillary density and broad avascular areas. Another valuable observation of the study was the female prevalence in our PAH patients' cohort, confirming the registries worldwide PAH data showing a female predominance of pulmonary hypertension. Dysregulation of estrogen synthesis and metabolism seems to play a major role in these sex-related differences (28, 35), so further analyses on larger sample size are needed to better understand the penetrance of PAH in SSc women in order to translate to a better prognosis and/or a better quality of life. Finally, if the association between PAH and ILD is expected in SSc (17, 18), even together with NVC alterations (36), the lack of association with DU's is conflicting and needs of further investigation (37).

The study has also a few limitation. Although this was the largest multicentric study on this topic so far, the sample size is relatively small and it does not allow us to take into account other potential confounders. Second, a formal reliability exercise among cardiologists performing echocardiographic examinations was not carried out before the study's start. However, the participating centers have a great experience in the diagnosis and management of SSc and followed shared procedural protocols.

In conclusion, we found precise NVC changes using both a specific evaluation system of avascular areas and capillary density, as well as a semi-quantitative evaluation scale of overall scores. More specifically, a clear association emerged between scores referring to low capillary density/avascular areas and the presence of PAH, also with respect to the qualitative assessment, through the scleroderma pattern late. In addition, low capillary density correlates directly with mean pulmonary pressure. Overall, our findings provide additional evidence to the literature data, confirming that a higher degree of peripheral nailfold microangiopathy is more common in SSc-PAH patients, and further strengthening the concept that NVC changes may run parallel with similar abnormalities inside pulmonary microcirculation (23, 24). If confirmed by further investigations in larger patients' series, NVC microvascular alterations could be included in the armamentarium of PAH early detection and so to contribute to a better survival of the patients. There is a need for prospective, multicenter, possibly cross-national studies to validate capillaroscopic findings in the early recognition of this life-threatening condition.
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Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting 32 million individuals worldwide, particularly the elderly. It is the main cause of ischemic strokes. Oral anticoagulation (OAC) is the gold standard strategy for stroke prevention. Still, there is a not negligible share of patients who have contraindications to this therapy, more frequently due to an increased risk of bleeding. AF is often associated with moderate-severe mitral regurgitation (MR), the second most frequent valvular disease in elderly patients. Data from the literature reported that more than half of patients with severe mitral regurgitation are not suitable candidates for cardiac surgery. Given the progressive aging of the population and the simultaneous increase in the number of patients with comorbidities, the advent of new therapeutic strategies, such as the combined approach of Left Atrial Appendage Occlusion (LAAO) and MitraClip procedure, is acquiring great interest. At present, the category of patients who may benefit from combined percutaneous therapies and the long-term risks and benefits might not have been identified. Despite the efforts of researchers, the correct selection of patients is a very important clinical need that has not yet been met to avoid committing human and financial resources to interventions that may be unnecessary. It is conceivable that the most modern and recent innovations in cardiovascular imaging, particularly three-dimensional echocardiography and new methods of volume imaging, could improve our ability to select patients appropriately. Since data in the literature are scarce, future studies will be needed to evaluate the efficacy and safety of combined MitraClip and LAA occlusion.

Keywords: MitraClip, Left Atrial Appendage Occlusion, percutaneous transcatheter mitral valve repair, atrial fibrillation, combined percutaneous procedures


INTRODUCTION

Population aging brings to the attention of cardiologists more and more complex patients with multiple comorbidities; therefore, the need for combined percutaneous procedures is affirming in the field of interventional cardiology. Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting 32 million individuals worldwide, and has a high impact on the costs of the health system (1). Its incidence increases with age, reaching about 6% in people over 60 (2). It is characterized by grossly disorganized atrial electrical activity and an increased thromboembolic risk. It is responsible for 15–20% of cerebrovascular accidents of ischaemic origin. In non-valve atrial fibrillation (NVAF), 90% of blood clots form at the level of the left appendage, a small, ear-shaped sac in the muscle wall of the left atrium (3, 4). Anticoagulant therapy is the gold standard in reducing the risk of stroke, but about 1 in 10 patients do not receive anticoagulant therapy due to contraindications: previous bleeding, anemia, chronic renal failure, and liver cirrhosis (5). The current guidelines recommend anticoagulant therapy in patients with CHA2DS2-VASc score ≥2. Direct-Acting Oral Anticoagulants (DOACs) are recommended as first-line therapy in patients with NVAF, while Vitamin K Antagonist (VKAs) are used in AF patients with mechanical valve prosthesis or moderate-to-severe mitral stenosis. Lifelong dependence on anticoagulation in patients with AF is inevitably associated with an increased risk of bleeding complications as well as cardioembolic events in the event of inadequate therapy and, ultimately, significant lifestyle changes (e.g., consulting with the doctor before taking medications, certain vegetables, or supplements, regular blood tests and avoiding major dietary changes when taking VKAs) (6). Consequently, real-world data has demonstrated that the adherence to the therapy is poor, and up to 25–30% of patients stop OAC on long-term follow-up (7). AF in about 30% of cases is associated with mitral valve disease, more frequently with moderate-severe mitral regurgitation (MR) (8). MR is, after degenerative aortic stenosis, the second most frequent valvular disease in elderly patients, which, if not properly treated, has a very high mortality. More than half of patients with severe mitral regurgitation are not suitable candidates for cardiac surgery. Percutaneous transcatheter closure of the LAA and percutaneous transcatheter mitral valve repair with the MitraClip system are new therapeutic strategies in patients at high risk of hemorrhagic and cardioembolic events. The percutaneous repair procedure with the “edge to edge” technique using MitraClip is a procedure based on the same principle of surgical correction proposed by Alfieri in the early 90s: a double orifice valve is created through a permanent suture between the free margin of the two mitral flaps (9). Compared to conventional surgery, using a transcatheter antegrade approach, the MitraClip System (Abbott Vascular, Abbott Park, IL, USA) is less invasive. Percutaneous occlusion of LAA consists of the positioning of a device in the site where thrombi are most frequently allocated. Since 1949, heart surgeons have performed the combination of mitral valve repair and LAA exclusion in patients with MR and AF; the LAA occlusion is recommended in patients with AF who undergo heart surgery (10). These important clinical findings have prompted interventional cardiologists to start this combined approach percutaneously. The last ESC guidelines recommended the MitraClip procedure for symptomatic patients with severe primary or secondary MR, who are judged inoperable or at high risk for surgical repair and LAA closure, for stroke prevention, in patients with AF and contraindications for long-term anticoagulant treatment. Therefore, the purpose of this review is to evaluate the clinical aspects and advantages that can derive from performing the two procedures in the same session in selected groups of patients.



MITRACLIP

The MitraClip (Abbott Vascular Santa Clara, CA, USA) is a percutaneous mitral regurgitation repair procedure that consists of the insertion of one or more clips between the anterior and posterior mitral leaflets with the formation of a double orifice valve and subsequent reduction of the degree of regurgitation. The data of the EVEREST trials (11, 12). and results of registries (13) demonstrated that the MitraClip procedure was feasible and safer than surgical mitral-valve repair but was not as effective in reducing the severity of mitral regurgitation. More recently two trials, MITRA-FR (Percutaneous Repair with the MitraClip Device for Severe Functional/Secondary Mitral Regurgitation) and COAPT (Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation) assessed the efficacy and safety of MitraClip in patients with systolic heart failure and severe secondary MR (14, 15). A priori, these two trials targeted the different patient populations with the same disease using the same device but the results of these trials were diametrically opposed: MITRA-FR being neutral and COAPT being highly positive with respect to the efficacy of the MitraClip procedure. MITRA-FR and COAPT targeted the same disease entity with the same device, the MitraClip. However, COAPT enrolled a subset of patients who had more severe MR and less advanced LV disease (dilation/dysfunction) compared to patients with MITRA-FR. These differences may explain the different outcomes observed in COAPT vs. MITRA-FR. Indeed, patients with too severe LV (Left ventricle), or right ventricle, dilation/dysfunction (i.e., too extensive LV myocardial damage) may not benefit from the MitraClip procedure. In view of the results of the studies MITRA-FR and COAPT, it, therefore, seems reasonable to conclude that the MitraClip procedure reduces hospitalization of patients with heart failure and mortality in patients who fulfill the following criteria: (1) ≥ moderate-to-severe (3+) secondary MR, defined as EROA ≥30 mm2 and/or regurgitant volume >45 ml; (2) LVEF between 20 and 50% and LV end-systolic diameter <70 mm) despite optimal (maximally tolerated) guideline-directed medical therapy (GDMT) with cardiac resynchronization and coronary revascularization if appropriate. Furthermore, the goal of the procedure should be to obtain an acute reduction of the MR severity to ≤ mild (1+) and the implantation of additional clips should be considered to achieve this goal (16). This procedure is currently indicated in patients affected by severe MR and prohibitive surgical risk, namely patients deemed not good surgical candidates for MitraClip after the discussion about the potential its feasibility (17). So the 2021 European Society of Cardiology Guidelines for the management of valvular heart disease recommended transcatheter edge-to-edge repair (TEER) with MitraClip, for patients with symptomatic, severe primary mitral regurgitation, that fulfill the echocardiographic criteria of eligibility and judged inoperable or at high surgical risk by the Heart Team (class of recommendation IIb, level of evidence B). For patients with severe secondary mitral regurgitation, the ESC Guidelines recommended MitraClip procedure for selected symptomatic patients, not eligible for surgery and fulfilling criteria suggesting an increased chance of responding to the treatment (class of recommendation IIa, level of evidence B). At the same time, in high-risk symptomatic patients not eligible for surgery and not fulfilling the criteria suggesting an increased chance of responding to TEER, the Heart Team may consider in selected cases a MitraClip procedure (or other transcatheter valve therapy if applicable), after careful evaluation for ventricular assist device or heart transplant (18). Anatomical evaluation of the mitral valve, particularly in the degenerative form, is of fundamental importance for the feasibility of the MitraClip. The main contraindications are extensive calcifications on free margins of leaflets, area <3 cm2, mean gradient >5 mmHg, perforation of leaflets, active endocarditis, rheumatic mitral valve disease.



PATIENT SELECTION AND IMAGING GUIDED MITRACLIP IMPLANTATION

The patient selection and pre-procedural echocardiographic evaluation, in particular, to diagnose the pathoanatomic mechanism, the severity of the mitral regurgitation, the right and left ventricular size and function, the left atrial size, pulmonary hypertension, and severity of tricuspid regurgitation are crucial to identify ideal candidates for MitraClip. We describe the procedure's steps in detail, stressing the importance of collaboration between the echocardiographer and the interventional cardiologist. Two-dimensional transesophageal echocardiography (2D TEE) is the primary imaging modality for the guidance of the procedure. Realtime three-dimensional (3D) TEE has recently been introduced as an additional imaging modality (Figure 1). In comparison with 2D TEE, 3D TEE provides additional information in some procedure steps, such as precise positioning of the clip delivery system into the left atrium, and correct alignment of the clip arms perpendicular to the coaptation line, and confirmation of the right grasping location (19). Biner et al. demonstrated that using 2D and 3D TEE in combination is associated with a remarkable 28% reduction in procedure times (20). Fluoroscopy provides additional helpful information on the positioning and distance for delivery catheter advancement and MitraClip positioning. Fluoroscopy provides good spatial and temporal resolution over a wide field of view with continuous monitoring and easy identification of devices. Still, it can only provide monoplane information, does not allow visualization of soft tissue, and is related to the use of ionizing radiation and contrast medium. The two methods are therefore complementary, and the most recent innovation, such as fluoroscopic-echocardiographic fusion imaging with the new EchoNavigator (Philips Medical System, Best, The Netherlands) and TrueFusion (Siemens Healthinners, Erlangen, Germany) systems, allows simultaneous acquisition of both fluoroscopic and echocardiographic images and co-registration, thus overcoming the limitations of the two methods. The coordinates of the two images are integrated into the same reference system, thus obtaining a hybrid image, which has the advantage of being easily interpretable by the interventional cardiologist since the echocardiographic images in which the soft tissues and the functional aspect (e.g., valve regurgitation jets) are well-visualized, are integrated in real-time in the standard fluoroscopic projections where the catheters and devices are easily identifiable (21).
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FIGURE 1. Transesophageal echocardiogram. 3D mitral valve reconstruction with atrial view (or “surgeon's view”) and ventricular view sergi (A). Severe mitral regurgitation (MR) was documented with 3D color Doppler acquisition (B). 3D Glass image of MR (C). 3D mitral valve reconstruction (atrial view) after Mitra-Clip system placement in the lateral paracommissural region (black arrow) (D).




MITRACLIP PROCEDURE

The procedure can be divided into six steps:

• Trans-septal puncture (after cannulation of femoral vein);

• Introduction of the steerable guide catheter (SGC) into the left atrium;

• Advancement of the clip delivery system (CDS) into the left atrium and positioning of the MitraClip below the mitral valve leaflets;

• Crossing the valve and advancing the CDS into the left ventricle;

• Grasping the leaflets;

• Assessment of the result.


Trans-Septal Puncture

The trans-septal approach and puncture are crucial; the latter is one of the most important aspects of the MitraClip procedure. The optimal puncture has to be superior and posterior across the interatrial septum. In degenerative MR, 4–5 cm are required from the exit point in the left atrium to the mitral annulus to allow good mobility of the system; in functional MR, the line of coaptation is usually below the plane of the mitral annulus due to extensive tethering. Therefore, the puncture site in these patients needs to be inferior and closer to the annular plane (about 3.5 cm above the annular plane). To establish the exact position of the puncture, the TEE is indispensable. The two-dimensional picture shows the so-called “tenting”, i.e., the deformation that the pressure of the catheter exerts on the fossa ovalis before the tissue is passed through. To determine the exact point where the septum is perforated, three planes are needed with the 2D TEE: the bicaval view for superior-caudal orientation, the short-axis view for anteroposterior direction, and the four-chamber view to measure the height between the exit point and the annulus plane. In contrast, the 3D TEE provides all this information in a single image: a projection of the interatrial septum similar to the fluoroscopic left anterior oblique projection, including the mitral valve, allows a realistic visualization of the “tenting” and, in the same image, easily measures the distance between the puncture site and the mitral valve annulus.



Introduction of the Steerable Guide Catheter Into the Left Atrium

Once the septum is punctured, the guidewire is commonly positioned into the left upper pulmonary vein with care to avoid entering the left atrial appendage and the risk of perforation under fluoroscopic and TEE guidance.



Advancement of the Clip Delivery System Into the Left Atrium and Positioning of the MitraClip Below the Mitral Valve Leaflets

When the SGC is stably positioned in the left atrium, the guide wire is replaced by CDS. Then the catheter and clip are oriented toward the mitral valve by rotating the catheter 90°. For correct orientation, 2D ETE is essential, which uses two echocardiographic views: a 2-chamber view to establish the latero-medial position of the catheter and a long axis on the left ventricular outflow tract to establish its anteroposterior position. ETE 3D, on the other hand, allows real-time monitoring of maneuvers that position the catheter perfectly perpendicular to the line of mitral valve coaptation using a single 3D en face view.



Crossing the Valve and Advancing the CDS Into the Left Ventricle

Routinely, when the catheter is perpendicular to the valve plane, operators open the clip arms and orient them perpendicularly to the coaptation line of the leaflets. This step is critical as it will allow easier and faster grasping. In the routine practice, it is recommended to pass the opened clip into the left ventricle (22), many operators prefer to advance the clip closed, like Sherif et al. (23) at the site of the regurgitant jet under the mitral leaflets in the LVOT view under breath holding, because crossing the mitral valve with an open clip can cause it to rotate during translation from the left atrium to the left ventricle, prolonging the procedure.



Grasping the Leaflets

When the MitraClip is in a satisfactory position, the gripper is opened so as to grasp the leaflets between the grippers and the arms. This phase of the procedure is driven by the 2D ETE: identifying valve leaflets trapped between the grippers and the arms requires a high spatial and temporal resolution that 3D ETE does not yet possess. Once captured, the 3D ETE displays the clip attached to the two leaflets from a ventricular view, from which it is possible to evaluate the new morphology of the valve with the two neo-orifices. The presence of significant regurgitation may require a second clip. If the mean gradient is >5 mmHg and valve area <2 cm2, this is contraindicated due to the risk of mitral stenosis.



Assessment of the Result

Residual mitral regurgitation with color Doppler is performed by rotating the TEE probe medially (clockwise) and laterally (anticlockwise) relative to the view showing the MitraClip. The pulmonary vein flow pattern is assessed with the aim of achieving a systolic dominant pattern. Intraprocedural monitoring of left atrial pressure and the presence of V waves is also commonly performed to assess the success of reducing or eliminating significant mitral regurgitation (17). The mitral regurgitation quantification is dependent on pre and after-load of the left ventricle, general anesthesia, and whether inotropic or vasopressor drugs are used. This is especially the case for functional mitral regurgitation. In routine practice, 2D color Doppler imaging allows visual detection of residual mitral jets. The exact quantification of the grade of mitral regurgitation due to these multiple jets has yet to be validated, but their extension into the left atrium is routinely used. Then, an anatomical assessment of the valve using 3D echocardiography is performed to confirm that both leaflets are correctly and symmetrically joined by the clip or clips. If the result is satisfactory the clip is released, the delivery sheath is withdrawn back and the procedure is completed. At this point, it is essential to assess the size and the direction of shunting of the iatrogenic atrial sept defect because it appears that persistent interatrial shunting is associated with worse clinical outcomes and mortality (24).




LAA ANATOMY AND INDICATION FOR CLOSURE

Left Atrial Appendage (LAA) is mainly responsible for the formation of a thrombus that can cause strokes by embolization of the cerebral circulation (3). LAA is a structure derived from the primordial left atrium (LA), which develops during the third to sixth week of fetal cardiac development from the pulmonary venous bud and it has unique physiological characteristics (25). First of all, LAA is more compliant than the left atrium and has an important role in LA decompression during overload. The occlusion of LAA determined an improvement in the LA reservoir and conduit function. Moreover, LAA has an endocrine role. It accounts for the production of atrial natriuretic peptides (ANP) that contribute to natriuresis and diuresis. The distension of LAA is directly correlated with the production of ANP rather than elevation in the LA pressure or distension of the body of LA. For this reason, LAA closure can downregulate Renin-Angiotensin-Aldosterone System and Adrenergic Input (26). There are several morphological LAA classifications. The most commonly adopted one consists of four shapes: chicken-wing (~48%; presence of a significant bend), windsock (~19%; single dominant lobe without a significant bend), cactus (~30%; dominant central lobe with multiple secondary lobes), and cauliflower (~3%; short LAA without a dominant lobe that branches into several lobes) (27). The shape of the LAA may affect stroke risk. In particular, the presence of extensive trabeculations is correlated to higher risk. Furthermore, the LAA shape can increase the technical challenge for percutaneous LAA closure. Therefore, imaging is essential to pre-plan equipment selection and implantation strategy, to guide procedural device implantation, and also for device surveillance post implantation. The transesophageal echocardiography 2D (2D TOE) is routinely used in assessing LAA morphology, and recent 3D innovations such as multiplanar reconstruction (3D TOE MPR) and 3D TOE TrueView Glass rendering (Figure 2), have increased its accuracy. However, the gold standard in defining the morphology of the LAA remains the computed tomography (CT). LAA occlusion provides an alternative to oral anticoagulation for thromboembolic risk reduction in patients with nonvalvular atrial fibrillation (28). The earliest study was made by Madden et al. in 1948, which showed that the LAA was a source of thrombus formation in patients with AF and that its removal could prevent systemic thromboembolism (29). Subsequently, surgeons started to exclude progressively, the LAA during mitral valve intervention, in patients with AF. Over the years, many devise has been developed for the closure of the LAA by percutaneous interventional techniques. The first device designed for percutaneous LAA occlusion was the PLAATO device (Appriva Medical, Sunnyvale, California) (30). The device is made by a self-expanding nitinol cage covered by a polytetrafluoroethylene membrane. Despite the promising results, this device was taken off the market in 2016 (31). Currently, many percutaneous LAA closure devices have obtained CE mark. Watchman (Boston Scientific, Marlborough, MA, USA) and the Amplatzer Cardiac Plug (ACP) (Abbott, St Paul, MN, USA) are the most commonly used devices for mechanical orifice obstruction, and the Lariat device (SentreHEART, Redwood City, CA, USA) for epicardial suture ligation. The Watchman device is approved in many countries worldwide and is the only device studied in randomized trials, as well as in multicenter prospective non-randomized studies. The PROTECT AF (Watchman Left Atrial Appendage Closure Device for Embolic Protection in Patients with atrial Fibrillation) trial, a multicenter prospective RCT, established that the percutaneous LAA closure device was non-inferior to warfarin for the combined primary efficacy endpoint of cardiovascular mortality, all-cause mortality, and systemic thromboembolism (32). The PREVAIL (Prospective Randomized Evaluation of the Watchman Left Atrial Appendage Closure Device in Patients With Atrial Fibrillation vs. Long Term Warfarin Therapy) trial, was conducted to assess the safety and efficacy of LAA occlusion raised from the PROTECT AF study. The study concluded that LAA occlusion was non-inferior to warfarin for ischemic stroke prevention (33). For ACP and its second-generation, Amulet, multiple retrospective and prospective registries have reported successful device implantation in 95–100% of patients, with a low rate of major periprocedural adverse events. A recently published, industry-initiated, large, randomized, multi-center, trial (Amulet IDE trial), evaluating the safety and effectiveness of the Amulet occluder compared with the Watchman™ device, has shown that the Amulet occluder was non-inferior to safety and effectiveness of stroke prevention compared with the Watchman device (34). In light of the results of these trials, ESC guidelines suggest LAA closure, for stroke prevention, in patients with AF and contraindications for long-term anticoagulant treatment, e.g., intracranial bleeding without a reversible cause (class of recommendation IIb, level of evidence B) (35).
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FIGURE 2. Transesophageal echocardiogram. Left atrial appendage (LAA) flow velocity pattern by pulsed-wave Doppler (A). 2D TEE biplane LAA assessment. Note how the appearance of the appendage varies in the different views (B). 3D TEE evaluation of the LAA landing zone (C), with post-processing analysis measurements of the diameters and the area of the LAA (D,E). 3D colorized depth map of LAA occluder device using peri-operative TEE (F).




LAA IMPLANTATION TECHNIQUE

The LAA closure is implanted by a percutaneous procedure and is typically performed under general anesthesia or conscious sedation. Is reasonable to perform closure under general anesthesia to ensure patient immobility and transesophageal monitoring. Intravenous or oral antibiotic prophylaxis is administered once before and also after the procedure. Right femoral access, under ultrasound or fluoroscopic guidance to avoid vascular complications, is recommended. It is preferred over left access, to give more stability to transeptal puncture. One of the most critical parts of the procedure is the transeptal puncture. It can be performed with traditional transseptal systems such as an SL-1 sheath and Brockenbrough (BRK) needle. It can be guided under fluoroscopy guidance but it is strongly recommended to perform under echographic (ICE or TEE) vision; as for the other procedures “fusion” could provide an added value: the preferred site is the postero-inferior portion of the fossa ovalis which ensures maximum co-axiality between the long axis of the auricle and the catheter. This ensures the best orientation of the catheter during device release to avoid as much as possible movement of the catheter within the LAA, a potential cause of wall damage. If a patent foramen ovale (PFO) or an atrial septal defect is present is reasonable to use that access to the left atrium. In this case, the access will be more anterior and the approach to the LAA can be more difficult. It is crucial to administer heparin (before or upon transseptal crossing for a target activated clotting time (ACT) of >250 s.

Once access to the left atrium is obtained, a wire is advanced into the left superior pulmonary vein and subsequently, a 14F access sheath is exchanged and it is advanced into the left atrium.

A pigtail catheter is advanced in the access sheath to reach LAA and perform angiography. Is important to position the pigtail catheter tip into the deepest lobe of LAA. A two orthogonal views angiography can be used to confirm the sizing of the device. It is advisable to oversize by 20% the diameter of the device to larger than the largest size to decrease the risk of leaks.

Once a device has been chosen, the pigtail catheter remains in the LAA to maintain its position and prevent the advancement of the sheath. Once the device is prepared and ready for insertion, the pigtail catheter can be removed and the delivery catheter can be inserted. The procedure is followed under fluoroscopy usually using the cranial RAO projection on which a 3D volume or 2D images TEE can be superimposed. This allows appreciation of the long axis of the LAA, the Coumadin ridge, and the left superior pulmonary vein, and the movement of the guidewire as it passes from the left superior pulmonary vein into the LAA. The delivery catheter and the access sheath will be connected and then both are pulled to unfold the device. During the deployment of the device is recommended to hold the breath or the ventilation to find the best position. Then the device is opened and the correct anchorage is verified with the “tug test”. When the device is fully unfolded four elements (PASS criteria: P = position, A = anchor, S = size, S = seal), will be checked in fluoroscopy and TEE. If all four PASS criteria are met, the device can be released by rotating the delivery cable counterclockwise. A contract angiography of the left atrium can be performed to find the peri-device leak. Then the delivery cable can be retracted into the access sheath and removed. Femoral access can be closed by compression or vascular closure devices (36).



COMBINED INTERVENTION OF MITRACLIP AND LAA CLOSURE

The interest in combined percutaneous procedures is increasing in the field of interventional cardiology, especially in complex patients with multiple comorbidities. Percutaneous transcatheter mitral valve repair with the MitraClip system and left appendage occlusion (LAAO), are new therapeutic strategies in older patients with severe mitral insufficiency and atrial fibrillation that are at both high-risk of cardioembolic events and bleeding.

Currently, limited evidence exists regarding the combined procedure of MitraClip and LAAO and is mainly derived from single clinical cases or small sample trials (maximum 25 patients enrolled) (37, 38), showing the technical feasibility and safety of the combined procedure.

The two combined procedures could have important advantages: first of all, a single trans-septal approach can reduce the risk of complications compared to double puncture, although at different sites. Furthermore, the use of large sheaths in two different positions may increase the risk of significant residual septal shunting (39). In addition, single venous access would be required with less risk of bleeding; the procedure and fluoroscopy times would be reduced as the initial steps are the same and this could also reduce the length of hospital stay. Certainly, there are some doubts about the position of the trans-septal puncture, since for the MitraClip it is indicated in the postero-superior position, but for LAAO it is indicated in the postero-inferior position of the fossa ovalis, so there is a risk of not having a correct alignment for the second procedure. Previous reports have demonstrated the feasibility and safety of LAAO in combination with MitraClip (40). The MitraClip procedure is generally performed before LAAO because it is more technically demanding. In addition, the device's presence in the LAA could lead to technical difficulties in the introduction of the MitraClip, especially in the phase of steering and rotation of the device in the left atrium. In the LAAO procedure, dedicated deflectable catheters can help overcome the lack of alignment and allow correct positioning of the prosthesis. However, if the coaxial LAA approach is impossible, a second transeptal should be performed to achieve an optimal LAAO. Another tricky aspect is femoral venous access, as a 24F delivery sheath is required for the MitraClip, and a 14F for LAAO, so if the MitraClip is done first, effective hemostasis must be ensured e.g., with Proglide systems to close the orifice around the sheath and reduce the risk of bleeding. So, in what order should the two procedures be carried out? Francisco et al. (39) suggested performing the LAAO first rather than the MitraClip which would require an exchange for a shorter sheath compatible with the 14F Watchman delivery sheath, to avoid massive bleeding at the access site and they found that the presence of the device in left appendage served as a useful anatomical reference during manipulation of the MitraClip delivery system. On the contrary, D'Amico et al. (41), performed the MitraClip first, favoring transseptal puncture, and then to ensure effective hemostasis by switching from a larger to a smaller caliber guide catheter, completed the intervention with LAAO previous an eight-lumen suture. Therefore, from a clinical standpoint, patients referred for MitraClip implantation frequently present a profile suitable for LAA occlusion and conversely. The combined approach has advantages: a single procedure involves a single transseptal puncture and single vascular access reducing the risk of complications, finally, overall fluoroscopy time may be reduced compared to two individual procedures. On the other hand, there are disadvantages: the high trans-septal puncture for the MitraClip is less well-suited for LAA occlusion and the overall procedure time may be prolonged, with an added risk of volume overload or hemodynamic instability, especially considering the severely depressed systolic function of many of these patients. A combined MitraClip and LAAO procedure appear to be feasible and safe, with a favorable medium-term outcome of thromboembolism, bleeding, and heart failure hospitalization. The positioning of embolic brain protection systems via trans-radial would also allow reducing complications associated with prolongation of the combined procedure (42).



CLINICAL IMPLICATIONS

The combined approach of MitraClip and LAAO is a great stimulating innovation in interventional cardiology, as through a minimally invasive approach and with relatively acceptable risk, it allows to treat elderly patients with both diseases in which the intervention of reparative surgery is contraindicated and in which due to high bleeding risk, there's a contraindication for systemic anticoagulation. In most cases, these are complex patients with chronic diseases, with important comorbidities and therefore in polypharmacy, in whom ischaemic and hemorrhagic risk assessment is essential. However, patient selection is of crucial importance for the success of the two combined interventional procedures.



CONCLUSION

Percutaneous MitraClip intervention and LAA closure are generally recommended procedures for patients with severe mitral insufficiency and AF, who are at high risk of both surgical valve repair and bleeding during anticoagulation treatment. Certainly, it is a very interesting area that could offer opportunities to treat fragile patients, guaranteeing an improvement in symptoms, functional capacity, and quality of life. Thanks to the latest imaging innovations and more sophisticated interventional techniques, combined treatments in the same session would not seem utopian and could be the best strategy for selected high-risk patients. However, there are still insufficient data in the literature; therefore, further studies and maybe RCT will be needed to evaluate the safety and the long-term efficacy of the MitraClip and LAAO combined approach.
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Background: Transcatheter edge-to-edge repair (TEER) has developed from innovative technology to an established treatment strategy of mitral regurgitation (MR). The risk of iatrogenic mitral stenosis after TEER is, however, a critical factor in the conflict of interest between maximal reduction of MR and minimal impairment of left ventricular filling. We aim to investigate systematically the impact of device position on the post treatment hemodynamic outcome by involving the patient-specific segmentation of the diseased mitral valve.

Materials and methods: Transesophageal echocardiographic image data of ten patients with severe MR (age: 57 ± 8 years, 20% female) were segmented and virtually treated with TEER at three positions by using a position based dynamics approach. Pre- and post-interventional patient geometries were preprocessed for computational fluid dynamics (CFD) and simulated at peak-diastole with patient-specific blood flow boundary conditions. Simulations were performed with boundary conditions mimicking rest and stress. The simulation results were compared with clinical data acquired for a cohort of 21 symptomatic MR patients (age: 79 ± 6 years, 43% female) treated with TEER.

Results: Virtual TEER reduces the mitral valve area (MVA) from 7.5 ± 1.6 to 2.6 ± 0.6 cm2. Central device positioning resulted in a 14% smaller MVA than eccentric device positions. Furthermore, residual MVA is better predictable for central than for eccentric device positions (R2 = 0.81 vs. R2 = 0.49). The MVA reduction led to significantly higher maximal diastolic velocities (pre: 0.9 ± 0.2 m/s, post: 2.0 ± 0.5 m/s) and pressure gradients (pre: 1.5 ± 0.6 mmHg, post: 16.3 ± 9 mmHg) in spite of a mean flow rate reduction by 23% due to reduced MR after the treatment. On average, velocities were 12% and pressure gradients were 25% higher with devices in central compared to lateral or medial positions.

Conclusion: Virtual TEER treatment combined with CFD is a promising tool for predicting individual morphometric and hemodynamic outcomes. Such a tool can potentially be used to support clinical decision making, procedure planning, and risk estimation to prevent post-procedural iatrogenic mitral stenosis.

KEYWORDS
 mitral valve, mitral regurgitation, transcathether edge-to-edge repair, iatrogenic mitral stenosis, patient-specific, therapy planning, computational fluid dynamics


1. Introduction

Mitral regurgitation (MR) is one of the leading acquired valvular heart diseases in western societies with an increasing prevalence in people over 65 years of age (1, 2). The overall number of cases will rise further with increasing life expectancy and a growing population. While the gold standard for therapy is still found in surgical mitral valve repair, patients with high or prohibitive surgical risk may also be treated by transcatheter edge-to-edge repair (TEER) (3). The general principle of this treatment is to permanently connect the anterior and posterior leaflet at their tips. In case of a primary MR, e.g., due to a prolapse or flail leaflet, the device is supposed to catch the failing part of the leaflet and hold it back in position during systole. In the case of secondary MR, TEER is slightly narrowing the mitral annulus by applying a strain on the mitral leaflets, pulling them toward the orifice center and obtaining an improved coaptation.

The technique has first been proposed about 30 years ago by the Italian surgeon Ottavio Alfieri (4) as the Alfieri-stitch, performed as open heart surgery, and has resulted in two device series for TEER therapy to date. The MitraClip™(Abbott Laboratories, Abbot Park, IL, USA) was the first CE marked TEER device to be certified in 2013 and was investigated broadly in the two EVEREST studies (5, 6). In 2019, the PASCAL device (Edwards Lifesciences, Irvine, CA, USA) received a CE mark as the second device system on the market. Up to now, there are several generations and sizes of each device available (7). Comparison in the literature between MitraClip™ and PASCAL regarding clinical usage aligns with our own experience: a higher flexibility in adaptation to patient specific valve characteristics is reached with PASCAL, while the MitraClip™ system is more likely to allow shorter intervention times (7, 8).

However, recurrence of MR and the risk of iatrogenic mitral stenosis (MS) are major issues and reduce the therapeutic effect (9–12). The opinions on residual and recurrent MR are rather concordant (13, 14), whereas the risk of iatrogenic MS is discussed controversially. Early studies and case studies did not find evidence of an increased risk of post-op stenosis (5, 6, 15), while more recent studies witnessed cases of the high mitral gradient at diastolic filling after TEER in spite of seemingly normal pressure gradients during the intervention (9, 16). The challenge of balancing between residual regurgitation and increased mitral pressure gradient (MPG) after TEER is mentioned by several researchers (11, 14, 17, 18). Singh et al. (19) state an overall underestimated risk of iatrogenic MS and further call the best choice for measuring the MPG an “unanswered question.” An algorithm for estimating the required pre-interventional mitral valve area (MVA) to avoid an iatrogenic MS was developed by Kassar et al. (20). It is based on 3D ultrasound data and takes into account the amount of TEER devices and their position.

TEER procedures, in contrast to surgical interventions, are performed on the beating heart and thus allow for real-time monitoring of hemodynamic parameters, such as left atrial pressure, residual regurgitation, and MPG. Since the hemodynamic characteristics under anesthesia or sedation might not be comparable to hemodynamics in an awake state or even under physical stress, drug-induced stress testing represents a valuable option to test hemodynamics with a TEER device in place. This is, however, only done if necessary in cases of very low stroke volume (21) and not recommended to be used routinely as it bears potential side effects.

A clinical routine of TEER interventions lacks planning tools for device placing and risk assessment, particularly for borderline cases. Planning tools should ideally not only take individual patient characteristics into account but be also able to predict post-interventional residual MVA and MPGs under different activity levels to estimate the risk of MS.

Computational methods and image-based modeling provide tools to investigate several hemodynamic parameters on the basis of patient specific input data. Such approaches have, for instance, been applied to investigate left ventricular hemodynamic flow structures (22–24), the outcome after implantation of biological and mechanical aortic valve prostheses (25), MV tissue properties (26), as well as mitral hemodynamics with and without simulation of diseases and treatment (27). Caballero et al. (18) and Errthum et al. (28) were the first to use advanced computational methods to systematically investigate post-interventional hemodynamic characteristics for one case and several TEER strategies, as well as for specific devices. Lately, Dabiri et al. (29) analyzed a bigger cohort with regard to residual MR by means of finite element modeling and smoothed particle hydrodynamics.

In this work, we want to investigate the influence of the device position on diastolic hemodynamic parameters with regard to iatrogenic stenosis at an individual level of treatment planning. Therefore, we systematically apply virtual TEER treatment in a cohort of 10 patients at three different positions with position based dynamics. Diastolic hemodynamic parameters at conditions of rest and moderate stress are subsequently simulated by means of a low-complexity computational fluid dynamics (CFD) approach (30). The simulation results are further compared to clinical routine data of mitral TEER patients for a plausibility check.



2. Materials and methods

The workflow of this study is displayed in Figure 1. Patient-specific geometries of LV and MV obtained from 3D transesophageal echocardiography (TEE) data are virtually treated by using a position based dynamics approach. Pre- and post-treatment diastolic hemodynamic parameters are further simulated with CFD.


[image: Figure 1]
FIGURE 1
 Workflow of this in silico study to investigate the effect of trans-catheter edge-to-edge repair (TEER) device position on mitral valve area (MVA) and hemodynamic parameters.



2.1. Patient data

A cohort of 10 patients (age: 57±8 years, BSA: 1.96[1.94–2.13], n = 2 female, MR grade III, NYHA class III), diagnosed with severe primary mitral regurgitation, was retrospectively analyzed. An aspired share of 50% female cases within the cohort could not be achieved due to a limited database. All patients showed a primary mitral insufficiency without any further heart valve pathology and underwent surgical mitral valve repair since they were not considered high-risk patients. As no suitable 3D TEE data of a patient cohort receiving TEER data was available at the time of this study, we developed this workflow on a cohort with the same pathology but different treatment. Table 1 lists the patient data of the cohort. Written consent was obtained from all of these 10 patients, and the procedures were approved by the local Ethical Committees (Ethikkommission Charité—Universitätsmedizin Berlin: EA2/093/16).


TABLE 1 Clinical and demographic data of study cohort.

[image: Table 1]

For plausibility check, the simulation results are compared to clinical routine data of 21 patients (age: 79±6 years, BSA: 1.83[1.72–2.00], n = 9 female, MR grade II–IV) who received mitral TEER to treat MR of various causes (primary, secondary, and mixed). Mitral orifice areas were evaluated by planimetric measurements from 3D TEE images. Maximum and mean velocity and mitral pressure gradients were measured using continuous wave Doppler echocardiography images. All TEE images were acquired peri-operatively in routine practice with a GE Vivid E95 Ultrasound machine (GE Healthcare, Chicago, Illinois, USA).



2.2. Image processing

Pre-operative TEE images of the simulation cohort acquired with a GE Vivid E9 Ultrasound machine (GE Healthcare, Chicago, Illinois, USA) were processed using the software TOMTEC ARENA (TOMTEC Imaging Systems GmbH, Unterschleissheim, Germany). Imaging was performed with a synchronized electrocardiogram. Volumetric TEE sequences that were used for segmentation had a time resolution of 23 ± 5.5 frames per cycle. The automated LV-Analysis tool of TOMTEC ARENA was used to segment the LV over an entire cycle from 4D TEE images. Manual corrections were applied at the end-diastolic phase to improve the accuracy of the automated segmentation. A segmentation of the mitral valve in the early diastolic phase was obtained by manual adaptation of the automated valve segmentation during systole by means of the 4D MV-Assessment tool (TOMTEC ARENA). The MV commissure definition results from the automated systolic segmentation of Tomtec and was not changed during manual adaption. Only the leaflet reconstruction of the initial segmentation was adapted to the open state in a frame during diastole by moving the segmentation spline until it overlapped the leaflets.

Both MV and LV segmentation were exported as triangulated surface meshes in the STL format. The initial segmentation of Tomtec has a low spatial resolution. To enhance surface quality, the MV geometries are remeshed and smoothed, after which they have an average edge length of 1.3–1.8 mm. Detailed mesh statistics can be found in the Supplementary material. The manual adaptation may be associated with uncertainties in the resulting valve geometries. We investigated the effect of inter-user variability on manual valve segmentation by experts and its influence on CFD-computed hemodynamic results in our previous work (31, 32). Results showed that the proportional variation in pressure drop and maximal velocities is smaller than the expected uncertainty of ultrasound measurements of these parameters (33).



2.3. Virtual TEER of the mitral valve

To perform an automated virtual TEER at comparable positions, commissure points of the segmentation were added as landmarks to each valve data set. This information was used to divide the reconstructed valve surface into anterior and posterior segments and into sectors A1, A2, A3, P1, P2, and P3 (see Figure 2A). For this, the vertex positions of the valve mesh were transformed into a cylindrical coordinate system (r, φ, z) in which the height axis (z-component) was aligned with the normal vector of the annulus plane (blue vector in Figure 2). The origin of the new coordinate system was set to the center of gravity of the annulus (blue sphere in Figure 2). The zero angle component φal = 0 was aligned with the anterolateral commissure position (red sphere in Figure 2), and the angle component of the posteromedial commissure position φpm was determined (green sphere in Figure 2). Using this definition, the valve surface was segmented into anterior (all vertices with coordinates ∈{(r, φ, z) | φ∈[0, φpm]}) and posterior leaflets (vertices ∈{(r, φ, z) | φ∈[φpm, 2π]}) and into the six sectors {A, P}{1, 2, 3}. The boundaries between the sectors were located at [image: image] and [image: image] arc length of the respective leaflet segment (Figure 2A). Three device positions were defined to be at [image: image] arc length of the respective leaflet segment (left to right in Figure 2). Oriented at measurements of a commercially available TEER device, we defined the diameter of the grasped leaflet area to be 5 mm. Using the three arc length positions and the diameter, device placing areas were defined at the free ends of the leaflets.


[image: Figure 2]
FIGURE 2
 (A) Visualization of the automated setup for the device positioning. Red and green spheres depict the anterolateral (at φal = 0) and posteriomedial commissures (at φpm). Sectors in red-yellow mark the anterior leaflet segments (φ∈[0, φpm]), yellow-green sectors mark the posterior leaflet segments (φ∈[φpm, 2π]). The center of gravity of the annulus is marked by the blue sphere while the blue vector shows the annulus plane normal. The gray chains of spheres indicate lateral, central, and medial device positions and depict which sectors are to be connected in the simulation. (B) Geometries after virtual TEER and slight postprocessing. Similar to (A), commissure positions, annulus plane normal, and center of gravity are depicted.


The virtual TEER process is simulated by means of our previously developed approach (34–36). The approach simulates mitral valve dynamics with position-based dynamics (PBD), which is an efficient simulation technique designed for real time computer graphics applications. It uses a mass-constraint system to model elastic deformations where mesh vertices are represented as point masses with position and velocity. The elastic material behavior of mitral valves can be approximated by multiple constraints modeling distance, bending, and area conservation constraints. Dirichlet boundary conditions, external forces, and collision constraints model the final dynamics, e.g., simulating the closing of the mitral valve during systole. To model virtual TEER, we needed to relate the opposite device placing areas to each other. For this, we used ray casting. Rays originating from one of the device placing areas cast in the direction of the other leaflet were used to define springs between opposite device placing areas. In PBD, springs are modeled as positional constraints between two mesh vertices. For virtual device closure, spring rest lengths were set to zero. Using the zero rest length modeling for the springs, the opposite leaflets were deformed toward and opposite device placing areas were mapped onto each other in the simulation (see Figure 2B). We applied the same material parameterization as previously published in Walczak et al. (36) for simulating the closing of healthy and pathological mitral valves. No fiber directions, non-linearities, calcifications, chordae tendineae, papillary muscles, or trabeculae were modeled. Collision constraints prevented self-intersections. No external forces were applied. The annulus contour was kept fixed.



2.4. CFD simulations

A total of 70 CFD simulations were performed in Simcenter STAR-CCM+ (Siemens Industries Digital Software. Simcenter STAR-CCM+, version 2020.1, Siemens 2020) using a quasi-stationary approach to mimic peak diastolic flow, according to the same principles as in our previous work (30, 32). Continuity equation for incompressible fluids (Equation 1) and momentum equations (Equation 2) were discretized by means of a finite volume formulation and an implicit second-order scheme with Δt = 10−4 s was applied for temporal discretization. Blood was modeled as an incompressible non-Newtonian generalized Carreau-Yasuda fluid with dynamic viscosity (Equation 3) with η∞ = 0.0035Pa·s, η0 = 0.16 Pa·s, λ = 8.2 s, n = 0.2128, a = 0.64 [see (37)].
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Mesh base size was set to 1.0 mm with a refinement in the MVA down to 0.25 mm to ensure sufficient spatial resolution of expected detachment phenomena and acceleration at the leaflet tips. The conducted mesh independence study can be found in the Supplementary material. The atrium was modeled as a funnel with a single inlet which was set to a zero pressure boundary condition while the funnel wall, as well as the mitral valve, were assigned with a no-slip boundary condition and kept fixed. According to the referenced wall model (30), the ventricle serves as a velocity outlet representing the instantaneous LV movement at peak diastole.



2.5. Patient-specific boundary condition and modeling of hemodynamic parameters

For the quasi-stationary simulations at the peak-E wave, a boundary condition is required to represent the instantaneous wall movement and therewith induced volume change of the LV, which results in the peak E-wave flow rate (474.9 ± 117.9 ml/s, listed for each case in Table 1). The above mentioned automated LV analysis performed in TOMTEC ARENA was used to obtain the volume curve as exemplarily shown for Patient 2 in Figure 3. These image data were also taken to receive end-diastolic and end-systolic LV volume, resulting in stroke volume and ejection fraction as listed in Table 1. The peak diastolic time point was identified by the largest positive volume difference ΔV between two consecutive segmentations Δt (note the two vertical lines in Figure 3). Segmented LV geometries of these two time points were used to derive a patient specific boundary condition for the quasi-stationary CFD simulations by mapping the flow rate at peak E-wave by means of a distance map of the LV geometries at the respective time points. Therefore, the LV segmentations were exported as triangulated meshes in the STL format, and both geometries were aligned with the annulus center in the global origin by means of the software Blender (38). This step simplifies further alignment of the mitral valve and definition of internal coordinate systems in the CFD simulation setup. A surface distance map was calculated containing the distances in the normal direction from the LV with a smaller volume toward the other. In the CFD simulations, a velocity outlet boundary condition was applied at the LV wall. A surface distance map between the two chosen time steps was used to weight the fluid velocity at the walls such that the resulting volume flow in the simulations matched the instantaneous blood flow at peak E-wave (compare Figure 4).


[image: Figure 3]
FIGURE 3
 The blue solid line shows the volume curve VLV(t) of the left ventricle of Patient 2 over the time of one heartbeat. The dots are the time frames of echocardiographic imaging. dVLV(t) (green dashed line) denotes the LV volume change between two subsequent time frames. The biggest positive volume change (marked by the red vertical line) indicates the E-wave which is the moment of maximal blood flow through the mitral valve during diastole. The LV segmentations at this and the following time point (yellow vertical line) are chosen to create the surface distance map for the boundary condition of the computational fluid dynamics (CFD) simulation.



[image: Figure 4]
FIGURE 4
 Velocity outlet boundary condition for the simulation cohort resulting to obtain the E-wave flow measured by volumetric analysis. Positive values stand for an outward directed flow representing wall movement away from the center, while negative values represent a movement toward the center.


The peak E-wave flow rate of the clinical comparison data was estimated by multiplying the echo Doppler measured maximal velocity with the MVA, measured by planimetry: [image: image]. This delivered similar results as for the simulation cohort (447.6 ± 107.6 ml/s). After TEER, the clinical data had a residual MR of trace to mild and showed in average a drop of peak E-wave flow rate by 23%, resulting in 372.9 ± 115.9 ml/s. However, no significant linear regression was found between pre- and post-interventional flow rate values. Since the post-interventional simulations after virtual TEER are based on pre-interventional data only, we assume the same average drop in flow rates as observable in the clinical data. Hence, the post-interventional flow rates of the simulation cohort under the conditions of rest are 77% of the pre-interventional flow rates. With the observation, that the heart was capable of affording a higher flow rate pre-interventionally, we further presume the pre-interventional flow rate to serve as a reasonable estimation to mimic conditions of moderate stress after virtual TEER.

During TEER interventions, three of the basic hemodynamic surveillance parameters are the MVA, mean and maximum velocities, which are measured by ultrasound, and mean and maximum MPG, which are estimated by means of the simplified Bernoulli Equation (Equation 4). The MVA is an important indicator for assessing the suitability of a TEER procedure for a patient since guidelines recommend to only consider patients with a MVA>4 cm2 for TEER (14). During and after the procedure, MVA and MPG are used to judge the risk of MS. These parameters were also analyzed in the simulation cases of this study. Thereby, the effective MVA before and after virtual TEER was measured by means of the shrink-wrap approach developed by Razafindrazaka et al. (39). Maximum velocities were monitored during the simulation time. They occured at the shear layer of the leaflet tips during early simulation time and travelled with the vortex structures toward the mid ventricle. The static pressure was numerically calculated by solving the Poisson-Equation within STAR-CCM+ since the simulations work with an incompressible fluid. It was extracted along a line probe that is set between the annulus center and the apex for all cases before virtual TEER as shown in Figure 5A. After virtual TEER, a line probe was placed in each opening of the double orifice (Figure 5B) and the results of both probes were averaged. Note that in clinical routine mean and maximum of both velocity and MPG are available. The simulations performed with the presented setup, however, only allow for the assessment of maximum values of velocities and pressure gradients.
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FIGURE 5
 Line probes defined in STAR-CCM+ to extract the pressure in (A) pre-interventional geometries with single orifice and (B) post-interventional geometries with double orifice.




2.6. Statistical analysis

Statistical analysis of simulated and clinical data was performed using IBM SPSS Statistics 28 software (IBM Company, USA). Mean and SD were reported for normally distributed parameters as assessed by the Shapiro-Wilk test due to the high statistical power of the test and due to the small size of both cohorts. Otherwise, median and interquartile [IQR] ranges were used. The two-tailed student's t-test was used to test for significant differences within normally distributed parameter differences, while the Mann–Whitney U and Wilcoxon signed-rank tests were used for testing non-normally distributed parameter differences. Paired tests were used to compare differences between pre- and post-treatment and between different device positions. All tests used a standard significance level of 0.05.




3. Results

In the following, results of the simulations before and after virtual TEER under conditions of rest and stress are presented and compared to clinical routine data. First, the influence of virtual TEER on the MVA was analyzed. Furthermore, the results of image data analysis delivering the boundary conditions for CFD and hemodynamic results of the CFD simulations themselves were investigated. Table 2 summarizes the results.


TABLE 2 Hemodynamic results after virtual trans-catheter edge-to-edge repair (TEER) at rest and stress conditions for different device positions.

[image: Table 2]


3.1. Mitral valve area

Placing a TEER device, virtually or in a real procedure, has the two effects of both reducing the mitral orifice area and usually converting the single orifice of the native valve into a double orifice. The projected MVAs of the segmented mitral valve geometries measure a mean and SD of 7.50 ± 1.62 cm2 and reduce to 2.56 ± 0.63 cm2 after virtual TEER when averaging over all device positions. Comparison of the remaining MVA after virtual device placement at different positions shows that central positions lead to a significantly stronger reduction of MVA than eccentric positioning of the device (paired t-test) at either lateral (p = 0.002) or medial (p = 0.035) segments of the leaflets. A virtual TEER at the A1-P1 segments (lateral) leads to a mean MVA of 2.65 ± 0.68 cm2 and A3-P3 (medial) leads to a mean MVA of 2.72 ± 0.62 cm2. This is a reduction of MVA to 35 and 36% of the original MVA, respectively. Central device positioning at segments A2-P2 reduces the MVA to 31%, measuring 2.30 ± 0.58 cm2. This leads to an average difference of 0.35–0.42 cm2 between central and eccentric device positions (see Figure 7A). Having a closer look at the MVAs of the single patient cases after virtual TEER, two of them get close to the clinical definition of severe stenosis (MVA <1.5 cm2) according to (3). Patient 3, e.g., shows a pre-interventional MVA of 5.58 cm2 which reduces to 1.54 cm2 after central device placement while lateral and medial positions lead to 2.02 and 1.79 cm2, respectively. With a pre-interventional MVA of 5.92 cm2, Patient 6 exhibits remaining MVAs of 1.67 and 1.69 cm2 after central and medial device position, while lateral positioning entails a much bigger MVA of 2.43 cm2. All other cases maintain MVAs of >1.7 cm2, independent of the device position, and would therefore not be judged as severe stenosis cases according to the guidelines (3). A brief comparison to clinical routine data shows good agreement regarding measurements of post-interventional MVA, which are 2.53 ± 0.79 cm2. Pre-interventional MVA, on the contrary, measures significantly smaller values of 4.75 ± 0.99 cm2.

Figure 6 depicts respective changes of MVAs in the simulation cohort for each patient after virtual TEER at central or eccentric (lateral and medial) positions in a scatter plot. Regressions for central and eccentric positions show a low coefficient of determination (R[image: image] = 0.49), hence large scattering for eccentric device positions. In contrast, MVA after central virtual TEER shows lower scattering with R[image: image] = 0.81. For an illustration of the mitral valve geometries and detailed MVA results of all cases at all device positions the reader is referred to the Supplementary material.


[image: Figure 6]
FIGURE 6
 Scatter plot of MVA in the simulation cohort after virtual TEER at all positions respective to MVA before virtual treatment. The dashed line shows a regression of central device positions (R[image: image] = 0.81), and the dotted line shows the regression for eccentric device positions (R[image: image] = 0.49).




3.2. Hemodynamic parameters

The quantitative analysis of hemodynamic parameters is focused on the simulations results of maximal velocities and pressure gradients at peak E-wave flow. Further, the intraventricular flow structures evolving at different device placement locations are looked at qualitatively for exemplary cases.


3.2.1. Maximum velocity and pressure gradient

Prior to virtual TEER, the maximal velocities in the simulation cohort were 0.90 ± 0.16 m/s. The simulations after virtual TEER at all positions showed that maximal velocities rise to 2.04 ± 0.45 m/s at rest conditions and significantly higher to 2.59 ± 0.57 m/s under conditions of light stress. This is an increase of 127% at rest and 188% under stress in relation to the pre-interventional simulations. In the clinical data, on the contrary, the maximal velocities only rose by 38% from 0.96 ± 0.21 m/s before to 1.33 ± 0.21 m/s after the TEER therapy.

Figure 7B shows that central device positions lead to a significantly higher rise in maximal velocities than eccentric device positions. At rest, maximal velocities show a larger increase of 0.23–0.27 m/s after central virtual TEER, than after eccentric device placement at the lateral or medial position. Stress boundary conditions in combination with a central device position, averagely resulted in 0.19–0.37 m/s higher maximal velocities than stress simulations with eccentric device positions. These results are listed in detail in Table 2.

Similar tendencies are seen for the MPG. It increased from 1.46 ± 0.63 mmHg before virtual TEER to 16.30 ± 9.00 mmHg at rest and 27.36 ± 13.34 under stress considering all device positions. Pre-interventional MPGs of the clinical comparison data were significantly higher with 3.85 ± 1.72 mmHg and lower after the procedure with 7.24 ± 2.28 mmHg. Figure 7C shows a stronger increase of MPG at central compared to eccentric device position. In detail, the MPG rose on average roughly 5 mmHg higher after central device positioning than after eccentric virtual TEER at rest and about 5–9 mmHg higher under stress (Table 2). The stronger spread in measured velocities and pressure differences under conditions of stress is visible in Figures 7B,C. Regarding the objective of providing tools to support clinical therapy planning and decision making by predicting possible patient outcomes after treatment, it is important to consider habits of estimating hemodynamic parameters in clinical routine when comparing results of clinical and simulation outcomes. Therefore, simulated results are plotted over estimations, that can be drawn from easily accessible parameters, such as volume flow ([image: image]) and MVA (Figure 8). The simulated values of velocity were, apart from few outliers, above the estimated values and regression of the point cloud is almost parallel to the angle bisector but shifted upward by 0.5 cm/s with R2 = 0.72 (Figure 8A). Estimations of the MPG and simulated values corresponded well for the pre-interventional cases, which are directly on the angle bisector of the plot (Figure 8B). Post-interventional cases, on the contrary, revealed considerably higher MPGs in simulations than estimated with the Bernoulli-Equation based on volume flow and MVAs.
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FIGURE 7
 (A) Boxplot of mitral orifice area (MVA) before virtual treatment (pre) and after virtual TEER placement at the lateral, central, and medial position, respectively. (B) Boxplot of pre- and post-interventional maximal velocities vmax. (C) Boxplot of pre- and post-interventional mitral pressure gradient ΔP.



[image: Figure 8]
FIGURE 8
 (A) Scatter plot of simulated maximal velocities pre and post virtual TEER at rest and stress, respectively, over the estimated maximal velocity using volume flow and MVA. (B) Scatter plot of simulated MPG (ΔP) over the estimated MPG by means of the simplified Bernoulli-Equation (Equation 4). The bisector is indicated by the magenta line in both plots, and a regression line is drawn in gray.




3.2.2. Ventricular flow structures

Intraventricular flow structures can, in contrast to velocity and pressure gradients, only be compared qualitatively among different simulation setups since ultrasound data do not capture them. Figure 9 shows streamlines of the early diastolic inflow jet of Patients 1 and 2. Pre-interventional flow (left) is opposed to post-interventional flow after medial, central, and lateral device positions, respectively. At the leaflet tips, the jet is rolling up at the shear layer of the tips, developing the diastolic vortex ring. The velocity maxima are located in the center of the jet. All device positions cause a division of the pre-interventional single orifice area into a double orifice. Under identical boundary conditions, the device positions have a strong influence on the vortex formation and jet direction. For example in Patient 1, a medial device position leads to a stronger vortex than central or lateral device positions, whereas lateral positioning directs the diastolic jet more towards the inerolateral LV wall. In this case, the maximum velocities differ only weakly between the device positions. For Patient 2, however, the effect of stronger acceleration after central compared to eccentric device position is more clearly exhibited than the effect on the jet direction. Nevertheless, after lateral device placement, the jet at the anterior LV wall turns out stronger, while a medial device positioning enhances the jet at the inferior LV wall. Illustrations of the flow structures of all patients can be found in the Supplementary material. Considering all patient cases, it becomes clear, that the device position has various effects, not only on changes in velocity and MPG but also on redirecting the diastolic jet and acting on the vortex formation and development.


[image: Figure 9]
FIGURE 9
 Streamline representation of the flow field for pre-interventional conditions and after virtual TEER at medial, central, and lateral device positions, respectively, for Patients 1 and 2.






4. Discussion

In this study, we established a workflow of virtual TEER device placement in patient-specific mitral valve geometries and modeled the impact of the device position on diastolic hemodynamics under rest and stress conditions. Our key findings are that MVA reduces most at central device positions, which leads to a stronger increase in hemodynamic parameters associated with iatrogenic mitral stenosis. Vortex structures are highly dependent on individual valve morphology and boundary conditions. Results and clinical application of the workflow are discussed in the following.


4.1. Mitral valve area

Virtual TEER treatment simulations allow an estimation of post-treatment MVA. We found that central device positions lead to a stronger reduction of MVA (Figure 7A). On average, central device positions led to a 0.36–0.42 cm2 smaller residual MVA after virtual TEER than eccentric device positions. This diverges from the results of Kassar et al. (20), who found the biggest reduction of MVA in a slightly eccentric position. Focusing on individual cases of the cohort, two out of ten can be considered borderline cases. They reach or come close to the cut-off range for severe mitral stenosis of MVA <1.5 cm2 (3) after central virtual device placement, whereas eccentric device positions result in MVAs above that limit. A virtual treatment tool as presented here could both help to identify such borderline cases and support the careful planning of device positioning with regard to residual MVA.

Furthermore, we were able to show that residual MVA in the simulated cases is also better predictable after central than after eccentric virtual device placement by exhibiting a stronger linear correlation with the pre-interventional MVA (compare Figure 6). This leads to the assumption that residual MVA after eccentric device positioning is more dependent on individual valve morphology, such as annulus area, leaflet length, and coaptation area.

While post-interventional MVAs of the simulated cases align well with the clinically measured MVA after TEER, the pre-interventional MVAs are significantly bigger in the simulation data, even though the planimetric measurement is suspected to overestimate the MVA (20). This may be caused by an overestimation of MVA by the shrink-wrap algorithm (39), which is stronger for single than for double orifices. Systematic studies on the difference in MVA measurements from ultrasound and segmented valve geometries are therefore vital.



4.2. Hemodynamics after virtual TEER

Analysis of pre- and post-treatment hemodynamics found that maximal velocities and MPG increased more after central than after eccentric virtual device placement (see Figure 7). This corresponds to the findings of smaller MVA for central device positions. However, a wide spread in the data is observed suggesting a strong dependence on individual factors. With regard to clinical applicability, we tested whether the maximal velocity and MPG could be predicted by the individual volume flow and MVA only and observed good correlations (see Figure 8). The ratio of peak E-wave volume flow and MVA is a simple estimation for the average velocity necessary to obtain a certain flow rate through an orifice area. In the diastolic flow, maximal velocities appear first at the rolled up shear layer close to the leaflet tips. After formation and progression of the diastolic jet, maximal velocities are found in the center of the jet. This also explains the discrepancy between pre- and post-interventional MPG. Since the pre-interventional vortex ring and jet are not fully developed yet, pressure measurements taken at the centerline do not capture maximal velocities at the leaflet tips (Figure 9). On the contrary, clinical pressure gradients are estimated by using the Bernoulli equation.

Intraventricular flow structures are discussed to act on cardiac efficiency (40) and CFD provides a quantitative tool for further investigations toward this question in cohorts of MR patients receiving mitral TEER treatment. Our results show that flow patterns vary widely between the simulated cases and are not only influenced by the device position but also by the valve morphology and the boundary conditions including LV shape and LV contraction patterns (Figure 4).

It can be summarized, that simple considerations allow estimating the resulting maximal velocities and MPG from MVA and peak-E wave flow rate. CFD may therefore not be necessary. However, when investigating the impact of a TEER device on the flow structures, which have been shown to be very individual, CFD is a suitable tool to use. The need for a more complex CFD modeling, assessing the whole heart cycle or the whole diastolic phase instead of modeling the peak E-wave should be evaluated in future studies.



4.3. Clinical application

Therapy planning tools for TEER interventions are tremendously needed when it comes to device positioning, choice of device, and outcome prediction on an individual patient level. Ideally, such tools do not only help in procedure planning but also identify borderline cases and assess the risk of iatrogenic MS. This may be approached on the level of MVA estimation regarding geometric changes after TEER only or in combination with the consideration of hemodynamic parameters. To prevent an underestimation of MS, e.g., in patients with low-flow/low-gradient characteristics (21), outcome scenarios could be simulated by taking into account the following factors:

• Ventricular recovery, a potential improvement of left ventricular function, and a corresponding increase in diastolic blood flow.

• A reduction or absence or regurgitating volume, resulting in a decrease of the absolute stroke volume and counteracting rises in MPG.

Furthermore, intra-procedural stress testing might be replaced by simulation approaches, thus preventing the exposure of patients to additional risks.

Our workflow is based on data that can easily be acquired in clinical routine. TOMTEC ARENA used for valve segmentation is broadly available and integrated into clinical systems. The virtual TEER treatment with PBD is fast and easy to use. Further steps of the analysis could be automatized for better usability. CFD is considered to be a valuable method for development of prediction tools and to investigate academic questions rather than being used in clinical routine.

When considering the translation of simulation results into clinically interpretable data, it must be taken into account that ultrasound-measured velocity data is likely to underestimate velocities and pressure gradients compared to catheter-based measurements (41). A similar phenomenon is to be expected whenever checking clinical data against our simulation results. Since velocity acquisition with ultrasound is physically only possible for the component along the beam direction, an underestimation will increase with a rising inclination of the jet direction respective to the ultrasound beam as observable in case of double orifices after TEER treatment. It is further to mention that our simulations only allow for representation of maximum values of velocity and MPG, whereas clinical judgment is mostly based on mean values of those quantities. Riegel et al. (42) state however, that both mean and peak values of velocity and MPG are suitable for judging relevant iatrogenic MS after MR treatment.

Finally, it is important to point out that a general statement regarding the suitability of a certain device position is not possible. It highly depends on the etiology, the individual morphology of the MV, and potential adaptation to the treatment. The necessity of a patient-individual focus in systematic treatment planning tools is thereby underlined. Future work could enhance the understanding of relations between the number and position of TEER devices in combination with specific MR etiologies.



4.4. Limitations

Although there are not many simulation studies regarding TEER treatment with cohorts containing more than 10 cases, we still acknowledge the limitation of power and its related effects on statistical analysis. Furthermore, we have only examined deployment of one virtual TEER device, while many patients receive more than one device for the treatment of MR (43). We have refrained from simulating specific device products as a part of our simplified methodology. The quasi-stationary modeling approach means that all meshes are fixed. Detailed structures of the LV and MV apparatus, such as chordae, papillary muscles, and trabeculae, are neglected. Note that LV torsion has, according to the work of Vasudevan et al. (44) and Canè et al. (45), no crucial influence on the investigated parameters and has not been included in the model. Manual interaction in the segmentation process can moreover lead to user-dependent uncertainties which may influence the CFD results. Results of our previous investigation (32) show, however, that the proportional variation in pressure drop and maximal velocities is smaller than the expected uncertainty of ultrasound measurements of these parameters (33). Furthermore, the estimation of rest and stress boundary conditions have to be understood as estimations rather than validated relations. Finally, a direct validation with clinical data of the simulated cohort was not possible since the included patients did not receive the simulated treatment. Our comparison with the clinical cohort could be considered a plausibility check or feasibility proof.




5. Conclusion

High inter-individual and device location-dependent variability between morphometric and hemodynamic parameters before and after virtual TEER treatment was found in our study. Virtual TEER treatment using a position based dynamics approach combined with CFD seems to be a promising tool for predicting residual MVA and hemodynamic outcomes for varying device positions. Post-interventional scenarios can be simulated for varying flow conditions, associated with rest or stress. Once these flow conditions are validated, this enables stress testing without any additional risks for patients. The method could hence be used in the future to support treatment decision making and procedure planning. However, in order to translate the proposed approach into the clinical workflow, a clinical validation study is vital.
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Cardiovascular diseases (CVDs), particularly ischemic heart disease (IHD) and stroke, present epidemiologically in a different way among sexes. The reasons of these sex-based differences should be delved into sex-specific cardiovascular (CV) risk factors and different mechanisms of atherosclerotic progression. Imaging techniques of both carotid and coronary atherosclerotic plaques represent a tool to demonstrate sex-related features which might be used to further and better assess CV risk of male and female population. The aim of this review is to evaluate current knowledge on sex-specific qualitative and quantitative plaque features of coronary and carotid atherosclerosis. We also discuss the clinical implication of a sex-based plaque phenotype, evaluated with non-invasive imaging techniques, such as CT-angiography and MRI-angiography, to stratify CV risk.
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Introduction: Patho-physiology of sex-related differences in atherosclerosis

Atherosclerosis is a progressive disease that affects arteries, characterized by the accumulation of lipids, macrophages, fibrous elements and smooth muscle cells within the vessel, forming the atherosclerotic plaque. Atherosclerosis is a chronic inflammatory condition that can lead to acute clinical events by plaque rupture and/or thrombosis, thus causing major events such as acute myocardial infarction (AMI), heart failure (HF), within the galaxy of ischemic heart disease (IHD), and stroke (1). These two cardiovascular diseases (CVDs) together represent the most common cause of death globally, with IHD and stroke responsible for 16 and 11% of the world’s total deaths, respectively, and that is why atherosclerosis is a condition of global interest (2, 3).

In the past decades, several studies have proven that atherosclerosis is strongly associated with several risk factors, such as hypertension, smoking, dyslipidemia, diabetes, obesity, age and family history, leading to the concept of vulnerable patient, at higher risk of developing acute CV events in the near future (4–6). Nonetheless, it is well known that CVDs presents differently among men and women: IHD in women develops after 7–10 years compared to men, in fact men are three times more likely to develop acute coronary syndromes (ACS) under the age of 60, while this tendency decreases with age and the likelihood among sexes equalizes over 75 years. With regards to cerebrovascular events, women over the age of 85 have a higher risk of developing stroke than men, leading to greater disability, mortality and case fatality in this group (7). Additionally, stroke is more likely to be the first manifestation of CVD in women, while IHD tends to be the first in men.

This knowledge has progressively led to the establishment of sex-specific CV risk assessment (8, 9), with sex referring to the biological characteristics of individuals as opposed to gender which indicates a broader concept rooted into society. Even though gender can influence health by reflecting the economic resources and healthcare access of the population, and despite the impossibility to define sex and gender in a binary way, the literature offers very few examples of non-binary trials or gender-related studies (10, 11). Thus, in this review we will use the term sex, but we emphasize its limitations.

Regarding sex-specific CV risk-factors, attention should be paid also to the modern role of women in the Western society: nowadays working patterns and activities are similar among sexes, but with women often having family responsibilities on top of time- and energy-consuming working roles. This joint social burden led to increased psychosocial stressors which further increase CV risk (12). Thus, modern female lifestyle and under-recognized risk factors, such as anxiety, depression, physical and psychological abuse, socioeconomic status and health literacy should be taken into consideration when adopting CV risk prevention strategies, especially during and after Sars-CoV-2 pandemic which exacerbated these risk factors (13).

The mechanisms underlying sex as a variable in atherosclerosis are constantly under-study, but the main finding is that until menopause women are protected by estrogens which seem to have an athero-protective role. In particular, estrogens have a pluripotent effect on the cardiovascular system, affecting the endothelium, coagulation, inflammation and adhesion (14). 17beta-estradiol (E2) is the most common form of circulating estrogen and by binding with estrogen receptors (ERs) it triggers a signaling cascade that alter gene expression affecting atherogenesis: For example, in hepatocytes the ER signaling activation is crucial to reverse cholesterol transport and protects against lipid accumulation in women. Furthermore, ER inhibits the proliferation of vascular smooth muscle cells in case of high level of glucose and, considering that those cells are a source of reactive oxygen species (ROS), which advances atherosclerosis, estrogen-ER complex performs its protective role. Finally, ER decreases differentiation of vascular muscle cells in osteoblastic-like cells, thus reducing occurrence of calcification within atherosclerotic lesions (15).

The important role of sex hormones also drove attention to sex hormone-binding globulin (SHBG), a protein that binds to and regulates available testosterone and estradiol. SHBG seems to be a potential risk stratification tool for predicting CV risk. In particular, there is an inverse association between serum SHBG levels and vascular risk factors (insulin resistance, diabetes, metabolic syndrome for example) and outcomes (IHD and stroke), which might be linked to either high free testosterone with consequent downstream pro-androgenic effects, or activation of inflammatory pathways (16, 17).

Moreover, proteomic studies have shown that female and male endothelial cell secretome responds differently to cellular stress induced by the same injury. Endothelial cells seem to adopt different strategies: in male more commonly apoptosis, while in female cells autophagy. Among the proteins secreted during apoptosis, PTX3 was found to have a crucial role in male-specific endothelial response to stressors. These results suggest a novel mechanism for sex-specific pathophysiological responses and identify PTX3 as a possible pharmacological target, considering its role as regulator of pro- and anti-inflammatory signals at the vascular bed, which should be further studied (18).

Female-specific risk factors, both modifiable and not, should also be taken into consideration. Adverse pregnancy outcomes (i.e., gestational hypertension, preterm delivery, preeclampsia/eclampsia) are associated with increased long-term CV risk of the mother and the mechanism seems to be an altered inflammatory state which affects maternal vasculature (19, 20). Lifetime estrogen exposure, early menarche and short reproductive life span in particular, represent another unmodifiable risk factor, as shown in a recent meta-analysis that highlights how a reproductive life span < 33 years is associated with higher rate of CVD events in midlife (21). Among the modifiable female-specific risk factors use of combined oral contraceptive and menopausal hormone therapy play an important role that is still under study (22). Even though systemic autoimmune disease is not a sex-specific risk factor, it should be taken into consideration that females are disproportionally affected, accounting for the 78% of patients (23). On one hand, chronic inflammation caused by autoimmune disease is associated with endothelial dysfunction and atherosclerosis progression, on the other hand steroid used to treat these conditions worsen hyperglycemia and dyslipidemia (24).

Clinical and pathological evaluation has revealed that males develop atherosclerotic plaque earlier, with the atherogenesis starting at a younger age in men than women; intima-media thickness (IMT) is usually greater in men until the age of 75, when we assist to the late catch-up phenomenon in women. Plaque inflammatory state seems to be greater in males than females and more vulnerable/unstable features are seen in non-invasive imaging of the male population. Moreover, plaque burden is greater in males while individual stenosis is greater in females, but plaque burden, associated with vulnerability, better predicts adverse ischemic events (25).

In this setting, non-invasive imaging techniques such as ultrasound, computed tomography angiography (CTA) and magnetic resonance angiography (MRA) can provide a useful tool to analyze plaque features among men and women. Thus, the aim of this review is to evaluate the current knowledge on sex-related differences of atherosclerosis in order to better stratify CV risk and target a preventive and effective therapy to the sub-population.



State of the art: Quantitative and qualitative aspects of carotid and coronary atherosclerotic plaque among men and women


Sex-related features in coronary atherosclerosis

CTA has proven to be a valid technology that can easily identify patients at risk of subsequent CV events, and it can guide treatment management, improving outcome (Table 1). Recent studies have shown that a quantitative analysis of atherosclerotic plaque burden on cardiac-CTA (CCTA) can stratify the risk of future events better than traditional CV risk factors, coronary artery calcification (CAC) and coronary artery stenosis severity (26). In particular, low-attenuation plaque burden proved to be the strongest predictor of fatal or non-fatal myocardial infarction and with a low-attenuation plaque burden greater than 4% the risk of having a myocardial infarction is 5 times higher. Thus, CCTA adds important prognostic information but whether this assessment has an equal prognostic value in men and women is still under study. In fact, as Williams et al.(27) hypothesized based on the SCOT-HEART multicenter randomized controlled trial, sex differences in CAD may be explained by CT plaque assessment, which included evaluation of adverse plaque characteristics: positive remodeling, low-attenuation plaque, spotty calcification and the “napkin ring” sign (Figure 1). They discovered that women had lower CAC score, less frequent adverse plaque features, less obstructive CAD and overall lower quantitatively assessed plaque burden, leading to fewer subsequent MI compared to men. These findings, in agreement with the CONFIRM registry (28) and the ICONIC (29) study results, suggest that, while women presenting with stable chest pain have a specific, sex-based, plaque phenotype, symptomatic patients presenting with ACS have no sex difference in quantitative plaque features in culprit lesions. Indeed, there was no difference in necrotic core volume despite women having lower fibrous/fibrofatty plaque volume compared to men. Thus, even though women with stable angina presents with a different set of plaque features, when it comes to culprit lesions causing MI, both sexes seem to have similar plaque characteristics. Recent studies also showed that, within a given CAC score group, women tend to have smaller number, but larger size and density of calcified plaques compared to men, reflecting a more advanced atherosclerotic state/higher levels of inflammation, in line with less frequent obstructive disease but higher CVD mortality among women (mean age: 56.2 years) compared with men (30) (Figure 2).


TABLE 1    Studies regarding coronary atherosclerosis.
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FIGURE 1
Thirty-six years old male showing fibrofatty plaque with positive remodeling on mid-lef anterior descending artery (arrow, A). Plaque analysis confirmed the fibrofatty composition of coronary plaque demonstrating the positive remodeling (arrowhead, B,C).
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FIGURE 2
Eighty-five years old male showing mixed coronary plaque on proximal left anterior descending artery (arrow, A). Composition of plaque was composed by calcium (arrow, B,C) and fibrofatty portion (arrowhead B,C).


Additionally, El Mahdiui et al. (31) in their study evaluated plaque composition by serial CTA taking into consideration the influence of menopause. What they demonstrated is that men had more fibrofatty percentage atheroma volume (PAV), but pre-menopausal women, younger than 55 years, had greater regression of fibrous and non-calcified PAV over time compared to men of the same age, and given the positive association between non-calcified plaques with ischemia and ACS, these findings are in agreement with the lower risk of symptomatic CAD in young women (32). On the contrary, the lack of this regression in post-menopausal women suggests a progressive match to the non-calcified PAV of men with consequent increased risk of CAD in accordance with epidemiological data.

The PARADIGM study (33), a dynamic multinational observational registry of patients who underwent clinically indicated serial CCTA, also showed that total and compositional plaque volume (PV) progression rate differed among sexes: women had lower overall atherosclerotic burden in all age groups, reduced development of high-risk plaques and a PV progression mainly driven by calcified PV (faster calcified and slower non-calcified progression) while men had more non-calcified PV progression. The study demonstrated a 9-year delay in women for developing the total coronary atherosclerotic burden of men. The protective role of estrogen, until menopause, on development and progression have been suggested, especially taken into consideration the inhibitory effect of estrogen on vascular calcification (34). However, estrogen influence seems to be over-taken by the presence of risk factors resulting in worse outcome and prognosis for young women presenting with acute coronary syndrome compared to young men (35).

Finally, Xie et al. (36) found that non-obstructive left-main plaque was associated with 50% higher risk for adverse events among women, independently of CAD burden in other vessels, whereas this association was not significantly present among men; similarly, they found that women had a risk for future events 1.8-fold higher than men. Finding these sex-specific differences in prognosis provides an important risk and prognostic marker that should be considered during risk stratification of women. Thus, when evaluating prognosis, location of non-obstructive plaque should be considered.

New insights have been given by arterial and plaque characterization through intravascular ultrasound (IVUS), particularly concerning endothelial shear stress (ESS) which, with lower values, induces endothelial cell dysfunction and plaque progression. As Wentzel et al. (37) suggested in their study, which analyzed data from the PREDICTION study, coronary arteries and plaques were significantly smaller in females compared to males but ESS and ESS-related plaque progression were similar in both sexes. Only after stratifying for age they found that ESS-related plaque growth was more marked in women < 55 years and that female population showed a continuous reduction in magnitude of ESS-dependent plaque progression until 75 years of age, partially explaining the “catch up phenomenon” in female atherosclerosis.



Sex-related features in carotid atherosclerosis

Epidemiology tells us that men have higher lifetime risk of stroke than women, but if women suffer from a stroke it is usually more severe, leading to greater disability (38). These epidemiological dissimilarities may have root in a sex-based pattern of carotid atherosclerosis, which is constantly under study especially through plaque imaging, including ultrasound and CTA, but mainly MRI (Table 2). It is well known that imaging biomarkers of vulnerability exist and that they predict stroke risk: intraplaque hemorrhage (IPH), best seen with MRI (39) but recently studied with CT as well (40); lipid-rich necrotic core (LRNC) either on CT and MRI; thin-rupture fibrous cap (TRFC), with contrast-enhanced MRI; carotid plaque thickness and surface morphology with all three imaging modalities; plaque volume with CT because of its high spatial resolution (41). These imaging features of vulnerability present differently among men and women. Indeed, men tend to have vulnerable plaques more frequently than women, as seen in the Rotterdam study (42) where they demonstrated that in a population with carotid wall thickening, IPH and LRNC, indicating plaque vulnerability, are highly frequent and more prevalent in men (Figure 3).


TABLE 2    Studies regarding carotid atherosclerosis.
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FIGURE 3
Fifty-six years old female showing fibrofatty plaque with concentric remodeling on right ICA (A). Plaque analysis confirmed the fatty composition of the plaque (B, white arrowheads).


Similarly, Ota et al. (43) assessed plaque characteristics in asymptomatic patients using 3-T MRI and they discovered that men present more frequently with LRNC, TRFC, larger percent volume of lipid core and IPH compared to women. With this features, atherosclerotic plaque is more prone to rupture, leading to subsequent ischemic events: hence, in their study Ota et al. suggested that 3-T carotid plaque MRI can identify high-risk phenotype and patients, and that their findings are consistent with epidemiological data, explaining why men age < 75 years have higher incidence of stroke than women.

Recently, in a study by Zhang et al. (44), both asymptomatic and symptomatic patients underwent 3-T carotid MRI. While in symptomatic carotid arteries, men showed similar plaque burden, despite larger vessel size, higher prevalence of LRNC and IPH compared to women, in asymptomatic carotid arteries men had more vulnerable features, such as higher percent LRNC and TRFC. Their findings are in agreement with the previous studies, indicating that asymptomatic male population tend to have vulnerable plaque features more frequently than women while plaque burden is similar in both sexes.

New insights have been given by the Plaque At Risk (PARISK) study (45), a prospective multicenter cohort study of patients with a high recurrent stroke risk with < 70% carotid stenosis. In particular, van Dam-Nolen et al. (46) examined patients with recent ischemic cerebrovascular symptoms and ipsilateral carotid stenosis < 70%, who underwent carotid MRI and CTA. They confirmed that men tend to have larger plaque volume, more vulnerable plaque composition (IPH, LRNC, TRFC) and more frequent coexistence of vulnerable features. They also suggested that sex-based plaque differences may not be related just to larger plaque burden in men: in fact, after adjusting the findings for total plaque volume, the prevalence of IPH and LRNC remained higher in men than in women, while the difference in IPH and LRNC volume disappeared, indicating that plaque burden does not fully explain the sex differences in carotid atherosclerosis and that sex plays an important role in the development of a vulnerable plaque rather than in the size of its components. This knowledge may lead to a sex-specific management of stroke and transient ischemic attack, with men benefitting from a carotid endarterectomy more than women (45).

Moreover, another work of van Dam-Nolen et al. (46) on the PARISK study, further evaluated the known importance of lipoprotein(a) as an independent risk factor for CVD and recurrent stroke (47). Not only they confirmed the positive association between Lp(a) levels and atherosclerosis, but also they suggested that Lp(a) distribution, as well as carotid plaque composition, differ between men and women and that Lp(a) levels peak during late perimenopause/postmenopause. Notably, they identified new associations between Lp(a) concentrations and plaque features: in male population elevated Lp(a) levels were associated with higher degree of stenosis, whilst in female population high Lp(a) levels tend to be associated with higher prevalence of IPH. This difference suggests that Lp(a) levels in women might be a stronger risk indicator for developing severe carotid atherosclerosis.

Additionally, Song et al. (48) examined sex differences in non-stenotic carotid plaque composition in patients with embolic stroke of undetermined source (ESUS) who underwent CTA. What they discovered is that in the atrial fibrillation cohort, used as control population, there was no significant sex difference in plaque volume and features, while among the ESUS cohort men had significantly higher IPH volume and IPH/LRNC ratio ipsilateral to stroke side compared to women, suggesting a differential contribution of atheroembolism from carotid plaque among men and women presenting with ESUS. Furthermore, they suggested IPH/LRNC ratio as a possible predictor of plaque rupture, stronger than LRNC alone, which may not always progress to rupture. In fact, IPH and increased neovascularity within a lipid-rich necrotic core can facilitate inflammation and core expansion, leading to greater rupture risk. Similarly, Saba et al. (49) observed that the ratio between IPH, indicated by Hounsfield units < 25 on CTA, and lipid volume is significantly associated with cerebrovascular events, hence representing a strong parameter for future events. Another study, by Singh et al. (50), also revealed that in patients with low-grade carotid stenosis the presence of IPH occurs more frequently with age, affecting less than 1% of patients before the age of 55 until a maximum of 12% by the age of 75 years, and with sex, affecting more men than women. An interesting result of this study was also the absence of IPH in females before the age of 65 years, which was progressively replaced with age, indicating that sex modifies the effect of age on carotid IPH. Hence, the infrequency of IPH in women before the age of 75 might explain the lower incidence of stroke among women of this age group when compared to men.




Discussion

Atherosclerosis differs among sexes, both from a physio-pathological point of view and clinically as well. Epidemiology shows that women presents with IHD after an average of 7–10 years compared to men; men under the age of 60 are three times more likely to present with ACS, ST-segment elevation myocardial infarction (STEMI) and NSTEMI (51); while this tendency decreases over 75 years, we see an increase of morbidity and mortality rate in women, with 7.4% in-hospital mortality for STEMI in women vs. 4.6% in men and 4.8 vs. 3.9%, respectively, for NSTEMI (52, 53). Moreover, women over the age of 85 have a higher risk of developing stroke than men, with 55,000 more females having a stroke than males every year, indicating that women might be treated less aggressively in primary and secondary prevention for this disease (7). Other data from the Heart Disease and Stroke Statistics—2022 Update (54) revealed that stroke is more prevalent in men until the age of 80 years, but over 80 this tendency inverts, and that more females than men die of stroke each year, indicating that the cause might be this higher prevalence in elderly women.

What the literature reveals is that these epidemiological disparities have a physio-pathological counterpart which can be studied histologically and with invasive methods, but also with non-invasive techniques. In this context, radiology with CTA, MRA and ultrasound provides useful tools that may be used not only for academic purposes but also for clinical ones, giving information regarding plaque characteristics that can be linked to outcome and prognosis (Table 3). Indeed, CTA provides information regarding plaque features of vulnerability (positive remodeling, low-attenuation plaque, spotty calcification, “napkin ring” sign) and thus prognosis. In fact, low-attenuation plaque volume (26) and IPH/LRNC ratio (49) appeared to be two strong prognostic markers that can predict fatal and non-fatal future MI the former, and cerebrovascular events the latter. In addition, through CCTA it is possible to understand the female-specific coronary plaque phenotype, which partially explains the epidemiological data mentioned above. Women before menopause tend to have lower CAC score, less high-risk plaque features, less plaque volume, less obstructive CAD (27) and greater fibrous and non-calcified PAV regression (31). After menopause, the literature seems to identify a different female-specific coronary plaque phenotype, which tends to be more similar to that one of men: Less non-calcified PAV regression (31) and smaller number but larger size and higher density of calcified plaque (30), progressively matching, with a 9-year delay, the total coronary atherosclerotic burden of men (33). Additionally, taken into consideration that non-calcified PV seems to be influenced mainly by environmental factors, while CAC and calcified PV are linked to genetics (55), CCTA might be a useful tool to early detect non-calcified plaque in order to start an early lifestyle intervention, thus preventing coronary plaque formation.


TABLE 3    Difference between men and women of high-risk plaque features in carotid and coronary arteries.
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Notably, the literature (27) shows that women presents with this specific, sex-based plaque phenotype more evidently when they are asymptomatic or in case of stable angina. Indeed, the above-mentioned sex-based features tend to flatten when ACS occurs, and no significant difference among men and women can be found in culprit lesions causing MI. The necrotic core volume is in fact similar among sexes. This finding might suggest the role of CCTA for risk stratification, before ACS occur, and the importance of primary prevention in order to treat aggressively those women presenting with high-risk features or markers of worse prognosis. With this regard, an interesting insight has been given by Xie et al. (36) who suggested that location of CAD should be assessed with CCTA in order to stratify the risk of future events in women: particularly, they found that non-obstructive left main plaque has a great prognostic implication, with a 50% higher risk for females of having adverse events, independently from CAD burden in other vessels.

Finally, a female-specific plaque phenotype can be seen in CT/MRI evaluation of carotid atherosclerosis as well. Women tend to have less features of vulnerability compared to men: less IPH, LRNC and calcified PV in particular, in accordance with a less frequent tendency to rupture compared to male carotid plaques (42, 43). Thus, CT and MRI represent valid techniques that can detect high-risk features, in order to discriminate which group of patients might benefit from an aggressive primary prevention therapy. Moreover, the ratio of IPH/LRNC seems to be a predictive marker of future plaque rupture and consequent cerebrovascular events, and various studies showed that the ratio is usually higher in the male population (48, 49). Ultrasound is worth mentioning because of its availability and cost feasibility; in addition, it offers accurate and reproducible imaging evaluation of lumen and vessel wall, particularly IMT. However, it has a low sensitivity and specificity for detection of other plaque features, such as fibrous cap, ulceration, plaque inflammation, IPH and LRNC (56). Ultrasound does not distinguish IPH and LRNC because they both appear hypoechogenic, making it difficult to evaluate the ratio, and it is affected by calcified components that create acoustic shadow. For these reasons, ultrasound is not useful for the assessment of most quantitative measurements of carotid plaque and it is not considered the imaging modality of choice (41).

As suggested by Nasir et al. (57) the question is how and if this information will modify medical management, especially if the assessment of plaque phenotype will lead to consideration of a lipid-lowering therapy of various intensities and/or whether the presence of high-risk plaque characteristics will influence the decision-making process of starting antiplatelet treatment.

Further studies should be carried forward in order to fully comprehend how these insights can impact the clinical management of atherosclerosis in men and women, but what we know so far from the literature is that there are undeniable differences among sexes in atherosclerotic presentation, that these phenotypes can be successfully evaluated throughout non-invasive imaging techniques and that this type of plaque assessment should be strengthened and enhanced because of its prognostic implication.
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Objectives: The aim of this study was to compare percutaneous catheter ablation vs. minimally invasive surgical ablation, evaluating the impact of repeated ablation on atrial function, and evaluating predictors of atrial fibrillation (AF) recurrence.

Background: When AF ablation fails, re-ablations are required in up to 40% of patients to treat recurrent arrhythmia; surgical ablation is more effective than catheter ablation.

Methods: Thirty-two patients with failed prior catheter ablation and referred for a second ablation (18 catheter and 14 surgical) were included in a descriptive observational study. Left atrial volumes, strain, and strain rate were measured with 2D speckle tracking echocardiography at baseline and 6 months after the procedures to assess left atrial functions. Patients received up to 1 year of clinical and Holter follow-up.

Results: At the 12-month follow-up, catheter ablation was effective in 56% and surgical ablation in 72% of patients (OR 2 (CI 0.45–8.84), p 0.36). Left atrial booster function was similar in all patients, but left atrial reservoir function was more impaired in those patients who underwent surgical ablation. Left atrial booster function was predictive of arrhythmia recurrence after both catheter and surgical ablation: late diastolic strain rate (LASRa) cut-off ≤ -0.89 s–1 (sensitivity 88%, specificity 70%, AUC 0.82) and ≤ -0.85 s–1 (sensitivity 60%, specificity 100%, AUC 0.82), respectively.

Conclusion: Surgical ablation has a more negative impact on LA reservoir function despite being slightly more effective in arrhythmia suppression. LA booster function is not significantly impaired by either procedure. LA booster function predicts arrhythmia elimination after a re-ablation (catheter or surgical).
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Introduction

After an initial radiofrequency catheter ablation, both percutaneous catheter (CA) and minimally invasive surgical (SA) ablation are accepted therapeutic options for the treatment of patients with recurrent atrial fibrillation (AF) (1). A second procedure is required in up to 40% of patients undergoing AF ablation. Indeed, the efficacy of a second ablation in patients with AF recurrence after a first ablation is reported to be approximately 58%, while antiarrhythmic drugs are only effective in 27% of these patients (2). The efficacy of AF ablation increases with the number of procedures: arrhythmia-free survival rate at 5 years after CA is reported to be around 29% with one procedure and can increase to 63% with two or more procedures (3). In addition, AF ablation with minimally invasive surgery has shown excellent short- and mid-term results. Data suggests that SA more effectively eliminates the arrhythmia in patients with recurrent AF after a failed CA, although CA is associated with fewer complications (4).

Nonetheless, the impact of such procedures on left atrial (LA) function is not well known. Additionally, guidelines on candidate selection for either procedure have not been well established due to lack of data regarding potential factors predicting procedural success, particularly for SA. Despite evidence that LA size, function and fibrosis (as surrogates of the underlying atrial AF substrate) are all related to the success of a first AF ablation procedure, no studies have specifically compared these parameters in the setting of redo CA and SA procedures.

Therefore, the aim of this study was to evaluate, first, the impact of redo CA and SA on atrial function and second, to analyze the potential role of LA size and function in selecting the best candidates for each technique, in order to optimize the rate of long-term success in eliminating the arrhythmia.



Materials and methods


Study population and study protocol

A descriptive observational study analyzed two cohorts of patients undergoing SA or CA. The study included 32 patients (81% men, 53 ± 7 years old) with symptomatic, antiarrhythmic, drug-refractory AF treated with at least one antiarrhythmic drug and with a failed prior percutaneous ablation. All patients had symptoms before the intervention: palpitations, shortness of breath, and anxiety for the possibility of a symptomatic AF episode. Table 1 shows the clinical [age, hypertension, BSA, paroxysmal or persistent AF, AF duration (84–72 months), and antiarrhythmic drugs] (2) and the echocardiographic characteristics of the studied population before CA and SA.


TABLE 1    Baseline clinical and echocardiographic parameters.
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Eighteen participants underwent repeated CA while fourteen subjects underwent a redo SA. We excluded patients with significant valve disease (more than mild regurgitation), severe ventricular hypertrophy (wall thickness in end-diastole > 14 mm), or major ventricular dysfunction (left ventricular ejection fraction ≤ 35%) and patients in AF during echocardiography at follow-up. A repeated procedure was indicated when patients persisted with symptomatic AF after a blanking period of 3 months after the first ablation, despite appropriate pharmacologic treatment. In all patients, two transthoracic echocardiographies were performed before the redo procedure, either CA or SA, and at the 6-month follow-up. All patients were in sinus rhythm when the echocardiogram was registered The Ethics Committee of our institution approved the study and all patients signed an informed consent.



Percutaneous radiofrequency catheter ablation

The LA and pulmonary veins were explored using a transseptal approach. A 3-dimensional map was constructed using an electroanatomic mapping system (CARTO®, Biosense-Webster, Diamond Bar, CA, USA) to support the creation and validation of radiofrequency lesions. Continuous radiofrequency lesions surrounding ipsilateral were delivered as previously described (5, 6). In patients with persistent AF, additional radiofrequency applications were made along the LA roof (between superior pulmonary veins), LA posterior wall, and mitral isthmus (between inferior pulmonary veins) at the discretion of the operator. Radiofrequency was delivered through an irrigated-tip thermocouple-equipped catheter, using a target temperature of 45°C at 40 W. The endpoint was a reduction of local electrogram to < 0.15 mV and the establishment of a bidirectional conduction block between the LA and pulmonary veins (6).



Surgical ablation

Patients were treated with a minimally invasive surgery protocol (4) using video-assisted thoracoscopy, under general anesthesia. Pulmonary vein isolation was performed from the epicardial side with a bipolar RF ablation clamp (Nasdaq:ATC, AtriCure, Inc., Ohio, USA). At least 2 overlapping applications around each of the ipsilateral veins were performed, and isolation was confirmed by the absence of pulmonary vein potentials and exit block during pacing. Ablation of ganglionic plexi was also performed, with an additional application in the interatrial Waterston groove on the right side, while Marshal’s ligament was cut on the left side. In all patients, the LA appendage was excluded by stapling and then cutting.



Clinical follow-up

After CA and SA, all patients continued oral anticoagulation to maintain an international normalized ratio between 2.0 and 3.0 for a minimum of 3 months; therapy was continued at the discretion of the treating cardiologist on the basis of the CHA2DS2-VASc score (1). Previous antiarrhythmic therapy was maintained for at least 1 month and then discontinued if there were no arrhythmia recurrences 3 months after ablation, except in two patients previously prescribed beta-blockers due to ischemic heart disease and ventricular extrasystolia. Clinical follow-up consisted of outpatient check-ups with serial ECG ambulatory monitoring to evaluate the recurrence and frequency of any potential arrhythmia. All patients underwent a 7-day continuous ECG recording to detect asymptomatic AF episodes at 6 and 12 month follow up. In symptomatic patients but with sinus rhythm in the ECG, ECG monitoring was limited to 48 h.

The ablation procedure was considered successful if no recurrences of atrial tachycardia lasting > 30 s were present during follow-up, after a blanking period of 3 months (1). Also, clinical improvement, defined as fewer clinical palpitations and hospitalizations due to arrhythmia, was evaluated.



Echocardiography

All patients underwent transthoracic and transesophageal echocardiography prior to the CA or SA procedure, including conventional 2-dimensional echocardiography to detect predictors of success for CA and SA. Echocardiographic follow-up was performed at 6 months to detect the effect of CA and SA. All images were obtained using the IE33 Philips ultrasound system (Philips, Andover, MA, USA), digitally stored, and transferred to a workstation for off-line analysis using dedicated software (Qlab, version 7.1, Philips Medical Systems).

The LA anteroposterior diameter and left ventricular dimensions were measured in the long parasternal axis; left ventricular ejection fraction was determined using the biplane Simpson method using biplane apical views. LA volumes were measured via the disc summation method from apical 4-chamber views, in LA and right atrium. LA function was assessed using myocardial deformation imaging derived from 2D speckle tracking (7, 8) by offline analysis of standard apical 4-chamber views. Special care was taken at the time of image acquisition to focus on the LA and to have a frame rate in the range of 50–70 fps. After selecting 3 points (8) (the inferior part of the LA septum, the inferior part of the LA lateral wall, and the LA roof), an endocardial border trace was generated by the software (Figure 1). The reference point for the initiation of 2D speckle tracking is QRS. The LA strain and strain rate traces were calculated and depicted. The left atrium was divided into 7 segments. The strain and strain rate curves were measured for each segment and the results represent the average value. From the average strain curves, myocardial LA longitudinal systolic strain (LASs l) was calculated, representing LA reservoir function. LA systolic strain rate (LASRs l) also represents LA reservoir function; early diastolic strain rate (LASRe l) represents conduit function; and late diastolic strain rate (LASRa l) represents LA booster function (Figure 1).
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FIGURE 1
Endocardial border was automatically traced with speckle tracking. LASsl, representing LA reservoir function, was identified as the peak positive strain value during LV systole. In the LA strain rate curve, we identified the peak positive strain rate (LASRsl) at the beginning of LV systole, the peak negative strain rate during early diastolic (LASRel) strain rate, representing conduction function and late diastolic (LASRal) strain rate after the P-wave on the electrocardiogram, representing LA active contraction.




Statistical analysis

Data is reported as median and interquartile range. Continuous variables were tested by the U Mann-Whitney test, and paired data by Wilcoxon analysis where appropriate. Categorical variables are presented in proportions, and were compared via the Fisher exact test. We used ROC methodology to evaluate the optimal cut-off value for predicting recurrence in our sample. Classification trees (9) were constructed in order to select the best LA parameters for predicting ablation success (AF recurrence or non-recurrence). A P-value ≤ 0.05 was considered statistically significant. The Lin concordance coefficient was calculated to study the reproducibility of the measured variables (8). Statistical analysis was performed using R software for Windows version 3.1.1 (R project for Statistical Computing; Vienna, Austria).




Results


Baseline characteristics and clinical follow-up at 1 year

Table 1 shows the clinical and echocardiographic characteristics of the population studied pre-CA and SA. There were no significant echocardiographic differences between groups undergoing CA or SA, including LA size and function parameters. Hypertension was more frequent in CA patients compared with patients undergoing SA. At the 1-year follow-up, SA was slightly more effective, achieving success in 72% of patients compared with 56% of CA patients [OR 2 (CI 95% 0.45–8.84), p = 0.36].

Of the SA failures, 4/14 patients (28%) occurred before 6 months follow-up without any other recurrences between 6 and 12 month follow. Of the CA failures, 4/18 patients (22%) occurred before 6 months and increased to 8/18 patients (44%) before 12-month visits. Clinical improvement, defined as fewer clinical palpitations and hospitalizations due to arrhythmia, was observed in 16 of 18 (89%) patients from the CA group and in 13 of 14 (93%) from the SA group (p = 0.99).



Impact of successful repeated atrial ablation on LA function at 6 months

Figure 2 shows the effect of CA and SA on LA size and function [reservoir (LASsl) and booster LA functions (LASRal)] as studied with deformation imaging of the LA wall (pre- and 6 months after ablation). Both procedures reduced the LA maximum volumes, but did not significantly impair LASsl or LASRal. Comparison between CA and SA only showed a difference in the reservoir function effect. First, LA size showed a similar decrease after both procedures: in patients undergoing CA, maximum LA volume decreased by a median Δ -12 [-2/-21] ml and, for SA, this decrease was Δ -8 [-1/-13] ml (p = 0.59). Second, LA reservoir function was more impaired after SA [LASsl decreased by Δ -4.65 (-0.02/-9)%], than after CA [LASsl increased by Δ + 0.75% (-1.1/ + 2.8) (p 0.04)]. Third, LA booster function was similarly affected in patients undergoing SA (LASRal decreased by Δ -0.03 (-0.55/ + 0.29)s–1] and in those treated with CA [LASRal decreased by Δ -0.10–1 (-0.23/ + 0.20)]s–1 (p = 0.83).
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FIGURE 2
Effect of catheter (CA) and surgical ablation (SA) on LA size (LA 2D maximum volume) and LA reservoir (LASsl) and LA booster function (LASRal). PRE, pre-ablation (black bars) and POST, post-ablation (gray bars). CA, Catheter ablation; SA, surgical ablation. *p < 0.05 POST vs. PRE.


Figure 3 shows the effect of CA and SA on LA size and function, according to the success of the procedure in eliminating the arrhythmia. LA size was reduced in all subgroups (CA/SA, successful/non-successful) but the reduction was significant only in patients with successful CA. Compared to preprocedure imaging, LA booster function showed no significant changes and was stable after both CA and SA, independently of the success of the ablation. LA reservoir function slightly improved after successful CA (p = 0.47) and slightly decreased after non-successful CA (p = 0.09). However, LA reservoir function slightly worsened after SA whether successful (p = 0.26) or not (p = 0.07).
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FIGURE 3
Effect of catheter (CA) and surgical ablation (SA) on LA size (LA maximum volume), LA reservoir function (LASsl) and LA booster function (LASRal) depending of the success of the procedure in eliminating AF. PRE: pre-ablation and POST: post-ablation. CA, Catheter ablation; SA, surgical ablation. *p < 0.05 PRE vs. POST.




Predictors of success after repeated atrial ablation

Tables 2, 3 show the baseline characteristics of patients undergoing CA and SA, respectively, according to the success of the procedure. Despite similar LA size, LA reservoir and booster function were significantly more preserved, as shown by higher LASsl, LASRsl and LASRal, in patients undergoing a successful redo CA (Table 2). A similar trend was observed in the SA group, with better LA booster function in patients with a successful SA (Table 3).


TABLE 2    Baseline characteristics of patients undergoing CA according to the success of the procedure.
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TABLE 3    Baseline characteristics of patients undergoing SA according to the success of the procedure.
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The LA booster function (LARSa l) predicted the success of second procedures, whether CA or SA. The patients with LASRal < -0.85 s–1, 93% (13/14) had no AF recurrence (54% in the CA group, 7 patients; 46% in the SA group, 6 patients). Among patients with impaired LA booster function (LASRal ≥ -0.85 s–1), the arrhythmia was eliminated after the second procedure in 39% (7/18): 3 CA patients and 4 SA patients. The remaining 61% (11/18) had a non-successful second procedure [64% (7/11) CA patients and 36% (4/11) SA patients] (Figure 4).
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FIGURE 4
Classification Tree Model to predict arrhythmia elimination with repeated procedures (CA or SA) based on LA contractile function as determined by LASRal. Patients with non-recurrence of AF are represented by gray bars (Top) and those with recurrence of AF by black bars (Bottom).


In the ROC (Receiver operating characteristic) analysis, LA booster function (LASRal cut-off ≤ -0.89 s–1) predicted arrhythmia elimination after CA (sensitivity 88%, specificity 70%, AUC 0.82). LA reservoir function also predicted CA success (LASsl cut-off > 15%; sensitivity 71%, specificity 80%, AUC 0.79). Among patients undergoing SA, the LA booster function was the only predictor of ablation success: LASRal cut-off ≤ -0.85 s–1 (sensitivity 60%, specificity 100%, AUC 0.82).

Of the CA failures, 4/18 patients (22%) occurred before 6 months and increased to 8/18 patients (44%) before 12-month visits.” LASs (not LA size) post CA at 6 months predicts the recurrence at 12 month (OR 0.64, IC 0.44–0.92; p 0.02).



Reproducibility study

The reproducibility of LASRal measurements was excellent: Both inter-observer and intra-observer Lin concordance was 0.97 (Figure 5). The concordance value is classified as Poor (< 0.90), Moderate (0.90–0.95), Substantial (0.95–0.99), and Almost perfect (> 0.99) (9).
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FIGURE 5
Reproducibility of LASRal measurements: inter-observer Lin concordance and intra-observer concordance.





Discussion

The main finding of the study was that LA booster function is preserved after repeated CA and SA, suggesting that repeated ablation is useful for avoiding AF complications and increasing the success of ablation procedures without further harm to LA function induced by ablation lesions and potential induced scarring. In a previous meta-analysis (10), successful CA in AF patients significantly decreased LA size and did not appear to adversely affect LA function, as studied via 3D echocardiography and magnetic resonance. This finding was also reported in the subgroup of patients undergoing repeated CA ablation (11). In our study, LA remodeling (reduction of LA size) was observed in both CA and SA.

A previous study also suggested that minimally invasive surgical AF ablation (12) (first and repeated procedures) improves LA function as measured via 2D speckle-tracking echocardiography. In our study we evaluated the impact of SA on LA size and function, and compared it with that seen in patients undergoing repeated CA where previous CA had failed. We found that, at the 6-month follow-up, LA reservoir function had decreased more in patients treated with SA than in those receiving repeated CA. The LA reservoir function depends on left ventricular systolic function and LA compliance. In our patients, left ventricular systolic function was preserved, but the impairment of LA compliance was higher in the SA group of patients than in CA patients. This finding might be secondary to several factors: a more extensive ablation, more wall fibrosis due to the epicardial approach, superior transmurality of the bipolar radiofrequency lesion, concomitant ablation of ganglia, and the elimination of LA appendage by SA. All these factors might influence LA compliance, and consequently, LA reservoir function. However, LA booster function was not significantly impaired by ablation after either the CA or SA procedure.

While electrical restoration is mandatory, restoration of LA contraction, and mechanical function is also important after CA and SA. Long-term cardiovascular events could depend on the evolution of LA function in these patients, as they could potentially maintain sinus rhythm after ablation, but with reduced LA function, and consequently, an increased risk of embolism and AF recurrence.

Enlarged LA and impaired ResF (LA ResF [emptying fraction (LAEF) and expansion index (LAEI)]) at 3-month post-ablation for AF are strongly associated with long-term outcomes (cardiac hospitalization for heart failure or acute ischemic events, stroke/TIA, and all-cause death), independent of LV function or cardiac rhythm at follow-up (13).

Indeed, the continuation of the anticoagulation treatment currently depends on the CHA2DS2-VASc score; however, knowing the status of LA function might have therapeutic implications in the future management of these patients. Some studies report that LA strain is reduced in patients with AF, stroke, and low risk CHADS 2 scores (14). Finally, this is important in terms of the strong cardiovascular prognostic implication of LA contractile function in patients with chronic hypertension and diastolic dysfunction (15) frequently underlying AF.

Actually LA function determined by 2D Speckle tracking appears to be a promising technique for diagnosis and therapeutic decision-making (16).

It is a powerful biomarker for adverse events in different cardiovascular diseases. Recent review describes the methodology, benefits, and pitfalls of measuring LA longitudinal strain function by echocardiography (17).


Predictors of success after repeated atrial ablation

Another finding in our study was that the LA function status predicts the success of a second ablation procedure (CA and SA) in eliminating arrhythmia after 1-year follow-up. LA function measured via 3D echocardiography failed to detect predictors of a second CA (18). Some studies have aimed to assess factors related to the success of a second CA. Wójcik et al. (19) studied 42 patients after a second ablation procedure (5 of them undergoing SA) and identified 3 predictors of success: paroxysmal AF, normalized LA area ≥ 10.25, and a high score with a combination of the AF type, LA size, renal insufficiency, presence of metabolic syndrome or cardiomyopathy (ALARMEc score). Similarly, Tang et al. (20) studied patients before undergoing a second AF ablation procedure. Increased anteroposterior LA diameter, measured by M-mode after the first procedure, was the only independent predictor of AF recurrence after the second procedure. Interest in understanding atrial fibrillation substrate is growing as a predictor for the success of repeated procedures of CA (21). Finally, via myocardial deformation imaging techniques, we previously demonstrated that LA reservoir function (LASs l) is the best predictor of AF recurrence described to date. After repeated CA, at the 6-month follow-up, the sensitivity, and specificity were high (LASsl cut-off > 12%, sensitivity 84%, specificity 90%, AUC 0.89) (8). The present study confirms the importance of LA reservoir function in predicting AF recurrence, but extends its prognostic utility up to 12 months after CA (LASsl cut-off > 15%; sensitivity 71%, specificity 80%, AUC 0.79). The LA reservoir function, as measured by myocardial deformation imaging techniques, inversely correlates with fibrosis in the atrial wall, detected using cardiac magnetic resonance (22), and also with fibrosis detected by histology in atrial wall samples extracted during cardiac surgery in patients with severe mitral insufficiency (23). Therefore, LASsl can be considered as a surrogate of atrial wall fibrosis measurement. Finally, the data we present shows the relevance of LA booster function (LASRal) in predicting the success of CA after a 12-month follow-up.

Only one study has addressed the identification of factors that might predict the success of SA after a failed percutaneous ablation (24). In this study, > 1-year persistent AF and non-dilated LA (anteroposterior diameter < 45 mm) were related to the success of SA in eliminating the arrhythmia. In contrast, our present study, which only included patients in sinus rhythm, demonstrated the value of LA booster function, in addition to LA size, in predicting the success of SA.

New LA functional parameters derived from 2D speckle tracking are of great utility in detecting effect and predictors of second AF procedures (CA vs. SA). From the clinical point of view, patients treated with CA have a less impaired LA reservoir function than patients treated with SA, thus, CA seems to be the best option for patients with more preserved LA booster and reservoir function. However, patients that require a second procedure and with more advanced atrial disease (greater LA reservoir impairment), but preserved booster function might benefit more from SA, while those with very advanced LA disease (greater LA booster impairment) could potentially be treated just with antiarrhythmic and rate-control drugs. Certainly, further studies on a larger population are required to confirm this recommendation. However, our findings provide data that could generate hypotheses for future research.

One limitation of our study was the relatively small sample size. Only patients in sinus rhythm could be studied, so the effect of ablation and predictors found in this study only relates to this subgroup of patients. Another limitation involves the technique itself, as the platform used was designed for the analysis of the ventricle. Special care in LA tracking must be taken into account; pulmonary veins, and LA appendage could be a problem with tracking, so these structures must be avoided during the delineation of the endocardial border. In our study, we obtained acceptable tracking in all segments in 95% of the patients and our reproducibility was good, as reported elsewhere (20). The translation to other commercially available platforms and vendors of our proposed cut-off values in strain and strain rate measurements requires further validation. Another limitation is that we only performed the analysis in the 4-chamber view; valuable information could also be acquired by adding and averaging LA analysis in the 2-chamber view. Also as chronic hypertension can affect atrial function, the different prevalence of hypertension in the two groups could be a limitation to compare baseline LA function in the CA and SA groups. However, it should not impact on the effect of the intervention in each group.




Conclusion

The present study proved the efficacy of adding LA function values to LA size to improve the selection of candidates for repeated procedures of AF ablation, whether CA or SA. The analysis of LA function allows a more accurate selection of patients that could suffer an AF recurrence after CA or SA. The surgical procedure does not further impair LA booster function, which must be preserved to avoid dyspnea and improve symptoms in patients with mild hypertrophy or diastolic dysfunction. This could result in improvements in the efficiency of repeated ablation and reduced complications from these procedures. Finally, the clinical impact of these findings in the long-term warrants further investigation.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Comitè Ètic Hospital Clínic de Barcelona. The patients/participants provided their written informed consent to participate in this study.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Abbreviations

AF, atrial fibrillation; CA, percutaneous Catheter ablation; LA, left atrial; LASsl, LA systolic longitudinal strain; LASRal, LA late diastolic longitudinal strain rate; SA, Surgical ablation.


References

1. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomström-Lundqvist C, et al. ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with the European association of cardio-thoracic surgery (EACTS). Eur Heart J. (2020) 42:373–98.

2. Calkins H, Reynolds MR, Spector P, Sondhi M, Xu Y, Martin A, et al. Treatment of atrial fibrillation with antiarrhythmic drugs or radiofrequency ablation. Two systematic literature reviews and meta-analyses. Circ Arrhythm Electrophysiol. (2009) 2:349–61.

3. Weerasooriya R, Khairy P, Litalien J, Macle L, Hocini M, Sacher F, et al. Catheter ablation for atrial fibrillation: are results maintained at 5 years of follow-up? J Am Coll Cardiol. (2011) 57:160–6.

4. Boersma LV, Castella M, van Boven W, Berruezo A, Yilmaz A, Nadal M, et al. Atrial fibrillation catheter ablation versus surgical ablation treatment (FAST): a 2-center randomized clinical trial. Circulation. (2012) 125:23–30. doi: 10.1161/CIRCULATIONAHA.111.074047

5. Pappone C, Oreto G, Lamberti F, Vicedomini G, Loricchio ML, Shpun S, et al. Catheter ablation of paroxysmal atrial fibrillation using a 3D mapping system. Circulation. (1999) 100:1203–8.

6. Calvo N, Nadal M, Berruezo A, Andreu D, Arbelo E, Tolosana JM, et al. Improved outcomes and complications of atrial fibrillation catheter ablation over time: learning curve, techniques, and methodology. Rev Esp Cardiol. (2012) 65:131–8.

7. Voigt JU, Pedrizzetti G, Lysyansky P, Marwick TH, Houle H, Baumann R, et al. Definitions for a common standard for 2D speckle tracking echocardiography: consensus document of the EACVI/ASE/industry task force to standardize deformation imaging. J Am Soc Echocardiogr. (2015) 28:183–93.

8. Montserrat S, Gabrielli L, Bijnens B, Borras R, Berruezo A, Poyatos S, et al. Left atrial deformation predicts success of first and second percutaneous atrial fibrillation ablation. Heart Rhythm. (2015) 12:11–8. doi: 10.1016/j.hrthm.2014.08.032

9. James G, Witten D, Hastie T, Tibshirani R. An Introduction to Statistical Learning. New York, NY: Springer Texts (2013).

10. Zhuang Y, Yong Y, Chen M. Updating the evidence for the effect of radiofrequency catheter ablation on left atrial volume and function in patients with atrail fibrillation: a meta-analysis. JRSM Open. (2014) 5:1–18.

11. Montserrat S, Sitges M, Calvo N, Silva E, Tamborero D, Vidal B, et al. Effect of repeated radiofrequency catheter ablation on left atrial function for the treatment of atrial fibrillation. Am J Cardiol. (2011) 108:1741–6.

12. Gelsomino S, Lucà F, Rao C, Parise O, Pison L, Francis W, et al. Improvement of left atrial function and left atrial reverse remodeling after surgical treatment of atrial fibrillation. Ann Cardiothorac Surg. (2014) 3:70–4.

13. Wen S, Pislaru SV, Lin G, Scott CG, Lee AT, Asirvatham SJ, et al. Association of post-procedural left atrial volume and reservoir function with outcomes in patients with atrial fibrillation undergoing catheter ablation. J Am Soc Echocardiogr. (2022) 35:818.e–28.e. doi: 10.1016/j.echo.2022.03.016

14. Azemi T, Rabdiya VM, Ayirala SR, McCullough LD, Silvermana DI. Left atrial strain is reduced in patients with atrial fibrillation, stroke or TIA, and low risk CHADS 2 scores. J Am Soc Echocardiogr. (2012) 25:1327–32.

15. Kaminski M, Steel K, Jerosch-Herold M, Khin M, Tsang S, Hauser T, et al. Strong cardiovascular prognostic implication of quantitative left atrial contractile function assessed by cardiac magnetic resonance imaging in patients with chronic hypertension. J Cardiovasc Magn Reson. (2011) 13:42. doi: 10.1186/1532-429X-13-42

16. Yuda S. Current clinical applications of speckle tracking echocardiography for assessment of left atrial function. J Echocardiogr. (2021) 19:129–40. doi: 10.1007/s12574-021-00519-8

17. Thomas L, Muraru D, Popescu BA, Sitges M, Rosca M, Pedrizzetti G, et al. Evaluation of left atrial size and function: relevance for clinical practice. J Am Soc Echocardiogr. (2020) 33:934–52.

18. Montserrat S, Gabrielli L, Borras R, Poyatos S, Berruezo A, Bijnens B, et al. Left atrial size and function by three-dimensional echocardiography to predict arrhythmia recurrence after first and repeated ablation of atrial fibrillation. Eur Heart J Cardiovasc Imaging. (2014) 15:515–22. doi: 10.1093/ehjci/jet194

19. Wójcik M, Berkowitsch A, Greiss H, Zaltsberg S, Pajitnev D, Deubner N, et al. Repeated catheter ablation of atrial fibrillation: how to predict outcome? Circ J. (2013) 77:2271–9.

20. Tang RB, Yanl XL, Dong JZ, Kalifa J, Long DY, Yu RH, et al. Predictors of recurrence after a repeat ablation procedure for paroxysmal atrial fibrillation: role of left atrial enlargement. Europace. (2014) 16:1569–74. doi: 10.1093/europace/euu013

21. Sitges M, Montserrat S. Understanding atrial fibrillation substrate: the case of repeated procedures of catheter ablation. Europace. (2014) 16:1541–2.

22. Kuppahally SS, Akoum N, Burgon NS, Badger TJ, Kholmovski EG, Vijayakumar S, et al. Left atrial strain and strain rate in patients with paroxysmal and persistent atrial fibrillation: relationship to left atrial structural remodeling detected by delayed-enhancement MRI. Circ Cardiovasc Imaging. (2010) 3:231–9. doi: 10.1161/CIRCIMAGING.109.865683

23. Cameli M, Lisi M, Righini FM, Massoni A, Natali BM, Focardi M, et al. Usefulness of atrial deformation analysis to predict left atrial fibrosis and endocardial thickness in patients undergoing mitral valve operations for severe mitral regurgitation secondary to mitral valve prolapse. Am J Cardiol. (2013) 111:595–601. doi: 10.1016/j.amjcard.2012.10.049

24. Castellá M, Pereda D, Mestres CA, Gómez F, Quintana E, Mulet J. Thoracoscopic pulmonary vein isolation in patients with atrial fibrillation and failed percutaneous ablation. J Thorac Cardiovasc Surg. (2010) 140:633–8.













	 
	

	TYPE Original Research
PUBLISHED 11 November 2022
DOI 10.3389/fcvm.2022.1015983





Adverse association of epicardial adipose tissue accumulation with cardiac function and atrioventricular coupling in postmenopausal women assessed by cardiac magnetic resonance imaging

Shan Huang1, Ke Shi1, Li Jiang1, Yan Ren2, Jin Wang1, Wei-Feng Yan1, Wen-Lei Qian1, Yuan Li1 and Zhi-Gang Yang1*

1Department of Radiology, West China Hospital, Sichuan University, Chengdu, Sichuan, China

2Department of Endocrinology, West China Hospital, Sichuan University, Chengdu, Sichuan, China

[image: image]

OPEN ACCESS

EDITED BY
Sabina Gallina, University of Studies G. d’Annunzio Chieti and Pescara, Italy

REVIEWED BY
Neftali Eduardo Antonio-Villa, Instituto Nacional de Cardiologia Ignacio Chavez, Mexico
Hermann Körperich, Heart and Diabetes Center North Rhine-Westphalia, Germany

*CORRESPONDENCE
Zhi-Gang Yang, yangzg666@163.com

SPECIALTY SECTION
This article was submitted to Cardiovascular Imaging, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 10 August 2022
ACCEPTED 24 October 2022
PUBLISHED 11 November 2022

CITATION
Huang S, Shi K, Jiang L, Ren Y, Wang J, Yan W-F, Qian W-L, Li Y and Yang Z-G (2022) Adverse association of epicardial adipose tissue accumulation with cardiac function and atrioventricular coupling in postmenopausal women assessed by cardiac magnetic resonance imaging.
Front. Cardiovasc. Med. 9:1015983.
doi: 10.3389/fcvm.2022.1015983

COPYRIGHT
© 2022 Huang, Shi, Jiang, Ren, Wang, Yan, Qian, Li and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: This study aims to investigate the association of epicardial adipose tissue (EAT) accumulation with cardiac function and atrioventricular coupling in a cohort of postmenopausal women assessed by cardiac magnetic resonance imaging (CMR).

Materials and methods: Overall, 283 postmenopausal women (mean age 61.5 ± 9.1 years) who underwent CMR examination were enrolled. Participants were classified into four groups by the quartile of EAT volume. EAT volume was quantified on short-axis cine stacks covering the entire epicardium. CMR-derived cardiac structure and function, including left atrial (LA)- volume, emptying fraction, deformation, and left ventricular (LV)- mass, volume, ejection fraction, and deformation, were compared among the four groups of graded EAT volume.

Results: Left ventricular mass (LVM) and LV remodeling index were both increased in the group with the highest EAT volume, compared to those in the lowest quartile (p = 0.016 and p = 0.003). The LV global longitudinal strain (LV-GLS), circumferential strain (LV-GCS), and LA- reservoir strain (LA-RS), conduit strain (LA-CS), and booster strain (LA-BS), were all progressively decreased from the lowest quartile of EAT volume to the highest (all p < 0.05). Multivariable linear regression analyses showed that EAT was independently associated with LV-GLS, LA-RS, LA-CS, and LA-BS after adjusting for body mass index and other clinical factors.

Conclusion: Epicardial adipose tissue accumulation is independently associated with subclinical LV and LA function in postmenopausal women. These associations support the role of EAT in mediating deleterious effects on cardiac structure and function.
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Introduction

During menopausal transition, women are susceptible to metabolic alterations. Redistribution of body fat from the subcutaneous area to the intra-abdominal visceral area is an important metabolic change for women after menopause. Previous studies have shown that epicardial adipose tissue (EAT) volume tends to be expanded particularly in postmenopausal women (1, 2). EAT was indicated to be associated with hypertension, coronary microvascular dysfunction, and diastolic filling restriction in women but not in men (1, 3, 4). In addition, studies have shown that in the presence of hemodynamic stress, women tend to present more frequently with left ventricular (LV) hypertrophy, smaller LV volumes, and preserved ejection fraction, compared to age-matched men (5, 6). These notable sex differences indicate that estrogen deficiency and EAT might play a role in mediating cardiac abnormalities in postmenopausal women.

Cardiac magnetic resonance (CMR) imaging has been widely used in the evaluation of heart structure and function. CMR tissue tracking has been validated to have excellent producibility and reproducibility in evaluating LV myocardial deformation. Recently, the importance of left atrial (LA) phasic function and feature tracking strain has been increasingly recognized. A prior study indicated that LA dysfunction preceded the onset of heart failure (7). CMR-derived phasic LA function and strain have been suggested to be able to serve as sensitive imaging biomarkers in the assessment and stratification of diastolic dysfunction (8, 9). Furthermore, CMR has been validated to be able to quantify the epicardial fat tissue using a simple volumetric technique on a standard clinical steady-state free-precession sequence (10).

To the best of our knowledge, few studies on this subject have assessed EAT volume and cardiac structure and function by using CMR. Therefore, we aimed to investigate the association of EAT accumulation with cardiac function and atrioventricular coupling in a cohort of postmenopausal women by CMR.



Materials and methods


Study population

This study was approved by the Biomedical Research Ethics Committee of our hospital and conducted in accordance with the Declaration of Helsinki. Written informed consent was waived due to the retrospective nature of this study.

In this cross-sectional study, we included a cohort of 283 postmenopausal women who underwent CMR examination between January 2015 and June 2021. The menopausal status of the participants was recorded according to self-report. Women with both natural menopause and surgical menopause were included. The demographic and clinical characteristics of the included individuals were recorded according to digital medical records. Triglyceride-to-high density lipoprotein cholesterol ratio (TG/HDL) was calculated to indicate insulin resistance level (11).

Exclusion criteria were as follows: (a) patients with pericardial effusion; (b) atrial fibrillation; (c) obstructive coronary artery disease and myocardial infarction, (d) myocarditis and pericarditis, (e) moderate to severe valvular disease, (f) primary and secondary cardiomyopathies, and (g) poor image quality and unavailable to derive CMR parameters.



Cardiac magnetic resonance protocol

All CMR scans were performed using a 3.0T scanner (Siemens Healthcare, Erlangen, Germany). Balanced steady-state free-precession sequence was used to obtain cine images. Three long-axis views (2-chamber, 3-chamber, 4-chamber) and consecutive short-axis slices covering the entire LV were obtained with the following parameters: temporal resolution, 33.22 ms; repetition time, 2.77 ms; echo time, 1.31 ms; field of view, 234 mm × 280 mm and slice thickness, 8 mm.



Imaging analysis


Measurement of left ventricular structure and function

All CMR parameters were assessed using a commercially available software (CVI42; Circle Cardiovascular Imaging, Inc., Calgary, AB, Canada). LV structural parameters, including LV end-diastolic volume (LV-EDV), LV end-systolic volume (LV-ESV), and LV mass (LVM), were attained by manually tracing the endocardial and epicardial contours of the left ventricle at the end-diastolic and end-systolic phases on the short-axis stacks. LV functional parameters included LVEF and LV myocardial strain. LV myocardial strain indices were acquired by loading the short-axis stacks and the two-chamber and four-chamber long-axis images into the feature tracking module. The software then computes the LV global radial (LV-GRS), circumferential (LV-GCS), and longitudinal peak strain (LV-GLS) (12).



Measurement of left atrial structure and function

Left atrial parameters were obtained as previously described (13). LA structural parameters included maximum LA volume (LAVmax), minimum LA volume (LAVmin), and pre-atrial contraction LA volume (LAVac). LA functional parameters included phasic volumetric-based LA emptying fractions and LA strain-based indices. LA endocardial and epicardial borders were manually delineated in the two- and four-chamber long-axis images using LV end-diastole as a reference phase. LA appendage and pulmonary veins were excluded from the LA volume. Then, the software automatically traced the atrial border in the subsequent phases. Manual adjustments were performed to obtain optimal tracking of the LA border. The software then computes the LA peak longitudinal reservoir strain (LA-RS), conduit strain (LA-CS), and booster strain (LA-BS). Total LA emptying fraction (LAEFT), a measure of reservoir function, was calculated as (LAVmax–LAVmin)/LAVmax. Passive LA emptying fraction (LAEFP), a measure of conduit function, was calculated as (LAVmax–LAVac)/LAVmax. Booster LA emptying fraction (LAEFB), a measure of atrial contractile pump function, was calculated as (LAVac–LAVmin)/LAVac. Representative images of LV and LA longitudinal strain are shown in Figure 1.
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FIGURE 1
Cardiac magnetic resonance (CMR)-derived left ventricular and atrial longitudinal strain. Panels (A,B) show the pseudocolor maps of LV longitudinal strain in the four-chamber view at the end-diastolic and end-systolic phases. Panel (C) shows representative plot of LV longitudinal strain. Panels (D,E) show the pseudocolor maps of LA longitudinal strain in the four-chamber view at the end-diastolic and end-systolic phases. Panel (F) shows a plot of LA longitudinal strain, along with measures of reservoir, conduit, and booster strain. LA-RS, LA reservoir strain; LA-CS, LA conduit strain; LA-BS, LA booster strain.




Measurement of epicardial adipose tissue volume

The measurement of EAT volume has been previously described (10, 14). The areas of EAT were delineated on consecutive short-axis cine images. Epicardial border and visceral pericardial border on each slice from the level of the mitral valve to the apical slice were manually traced (Figure 2). Then the EAT volume was calculated by summation of the results of each slice’s area multiplied by the slice thickness based on the modified Simpson’s rule.
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FIGURE 2
Volumetric assessment of the epicardial adipose tissue (EAT) on short-axis slices. Panels (A,B) are representative images of one short-axis slice. Epicardial adipose tissue is shown in yellow. Paracardial adipose tissue is shown in red. Pericardial adipose tissue is epicardial adipose tissue plus paracardial adipose tissue. The EAT volume was calculated by summation of the results of each slice’s area multiplied by the slice thickness based on the modified Simpson’s rule.


Morphological LA and LV parameters and the EAT volume were indexed to body surface area (BSA). Reproducibility was assessed for EAT volume and LA and LV strain parameters. To determine the intra-observer reproducibility, one observer (SH) performed all the measurements at first and repeated in 30 randomly selected CMR scans 1 month later. And inter-observer reproducibility was evaluated by comparing the measurements from the same collection of images by another experienced observer (KS).




Statistical analysis

Statistical analyses were conducted with SPSS (Version 19; IBM, Armonk, NY, USA) and Graphpad Prism (Version 7.0a, GraphPad Software Inc., San Diego, CA, USA). Baseline characteristics and CMR indices were all summarized across the quartile of EAT volume. Continuous data are expressed as the means ± SDs or medians with interquartile ranges. Categorical data are expressed as numbers (percentages). Continuous variables were compared among the four groups of EAT volume using one-way analysis of variance (ANOVA). Dichotomous variables were compared among groups by using χ test. Pearson’s or Spearman correlation analyses were performed to evaluate the bivariable correlations among EAT volume and other CMR parameters as appropriate. Multivariable linear regression analyses were conducted using body mass index (BMI), EAT and clinical factors as independent variables and LA and LV myocardial longitudinal strain as dependent variables. Candidate variables with no collinearity and a p-value < 0.1 in the univariate analyses as well as factors based on clinical grounds were included in the multivariable models. The intraclass correlation coefficient (ICC) was used to assess the inter- and intra- observer reproducibility. Two-sided p < 0.05 was considered statistically significant.




Results


Baseline characteristics of the included participants

In total, 283 postmenopausal women were enrolled in this study. Baseline demographic and clinical characteristics were summarized across the quartiles of EAT volume in Table 1. The ranges of EAT volume of the four groups were Q1: <37.5 ml/m2, Q2: 37.5∼48.9 ml/m2, Q3: 48.9∼62.0 ml/m2, and Q4: > 62.0 ml/m2, respectively. The average age of the study cohort was 61.5 ± 9.1 years. Six women in the study population had surgical menopause. There were graded increases in BMI and TG/HDL across the quartiles of EAT. And BMI was significantly correlated with EAT volume (r = 0.354). EAT was inversely correlated with the level of HDL cholesterol (r = −0.214). Age was found to be related to EAT volume (r = 0.399). Women with higher EAT volumes were significantly older than those in the lower quartile. Presence of hypertension was more frequent in participants with a larger EAT volume. The presence of diabetes mellitus had a graded increase from the lowest to the highest quartile of EAT, but the difference was not statistically significant.


TABLE 1    Baseline characteristics of the included participants.
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Comparisons of cardiac magnetic resonance-derived cardiac structure and function among quartiles of epicardial adipose tissue volume

Cardiac structural and functional parameters by CMR according to the quartile distribution of EAT volume are presented in Table 2 and Figure 3. The mean EAT volumes of the four groups were Q1 = 29.7 ± 5.9 ml/m2 vs. Q2 = 42.7 ± 3.3 ml/m2 vs. Q3 = 54.8 ± 4.1 ml/m2 vs. Q4 = 73.3 ± 9.6 ml/m2. LVM and LV remodeling index were both increased in the group with the highest EAT volume, compared to those in the lowest quartile. LV-EDV and LV-ESV did not show any difference across the four groups. There was no significant difference in LVEF among the groups. The LV-GLS and LV-GCS, but not LV-GRS, was significantly reduced in the highest quartile of EAT.


TABLE 2    Cardiac structural and functional parameters by cardiac magnetic resonance (CMR) and their correlations with epicardial adipose tissue (EAT) volume.
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FIGURE 3
Comparisons of LVM (A), LV-GLS (B), LA-RS (C), LA-CS (D), LAEFT (E), and LAEFP (F) among quartiles of epicardial adipose tissue (EAT) volume. LVM, left ventricular mass; LV-GLS, LV global longitudinal strain; LA-RS, left atrial reservoir strain; LA-CS, LA conduit strain; LAEFT, total LA emptying fraction; LAEFP, passive LA emptying fraction. *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001.


LAVmin and LAVac were markedly enlarged in participants with larger EAT volumes. But no significant difference was found in LAVmax among the groups. Regarding volume-based LA function, LAEFT and LAEFP were markedly decreased in the higher EAT group. No significant difference was observed in LAEFB among the four groups. The strain-based LA function indices, including LA-RS, LA-CS, and LA-BS, all progressively decreased from the lowest quartile of EAT volume to the highest.



Associations between epicardial adipose tissue and cardiac structural and functional indices

Univariate correlation analyses of EAT and other CMR indices are presented in Table 2. EAT volume had a weak correlation with LVM (r = 0.204) and the remodeling index (r = 0.242). LV-GLS (r = −0.250), LV-GCS (r = −0.174), and LV-GRS (r = −0.134) were inversely correlated with EAT volume. Volume-based LA function indices were negatively related to EAT volume, with only LAEFT (r = −0.346) and LAEFP (r = −0.442) being statistically significant. LA-RS (r = −0.424) and LA-CS (r = −0.527), and LA-BS (r = −0.169) were also correlated with EAT volume.

In the multivariable linear regression analyses, age, systolic blood pressure, heart rate, hypertension, diabetes, dyslipidemia, menopausal age, surgical menopause, TG/HDL, BMI, and EAT volume were included as independent variables. Among them, BMI (β = −0.261), EAT volume (β = −0.149) and diabetes (β = −0.286) were found to be independently associated with LV-GLS. Furthermore, EAT volume was also found to be independently correlated with LA-RS (β = −0.277), LA-CS (β = −0.324), and LA-BS (β = −0.210) (Table 3).


TABLE 3    Multivariable linear regression of epicardial adipose tissue (EAT) and cardiac function parameters.
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Intra- and inter-observer reproducibility of cardiac magnetic resonance parameters

The intra-observer and inter-observer reproducibility of EAT volume, and LA and LV strains were considered excellent (ICCs ranged from 0.882 to 0.952) (Supplementary Table 1).




Discussion

In this study, we used CMR to explore the associations of EAT with cardiac functional and structural parameters. First, we found that LV global longitudinal strain was progressively reduced with the increasing of EAT volume. Second, the phasic emptying function and deformation of LA were also found to be gradually decreased from the lowest quartile of EAT volume to the highest. Third, EAT was correlated with LV GLS and LA strains independent of age, systolic blood pressure, heart rate, hypertension, diabetes, dyslipidemia, menopausal age, surgical menopause, TG/HDL, and BMI.

Previous studies on EAT mainly focused on EAT thickness around the right ventricular free wall or pericardial adipose tissue (epicardial adipose tissue plus paracardial adipose tissue) measured by echocardiogram or CT. Kim et al. found that pericardial adipose tissue (PAT) was more strongly associated with the subclinical LV dysfunction than BMI and waist circumference (15). However, EAT is embryologically different from paracardial adipose tissue. And EAT is anatomically more closely connected to the coronary arteries and myocardium than paracardial adipose tissue (16). The proinflammatory cytokines released by EAT can directly impair the myocardium, due to the absence of a fascial plane between the two structures (17). A previous echocardiographic study that included 1,004 participants found that only EAT was significantly correlated with diastolic dysfunction, whereas, PAT was not associated with the decreased diastolic function (18). Therefore, we focused on investigating the specific association of EAT, not PAT, with the cardiac structure and function during the same CMR examination.


Association of epicardial adipose tissue with volumetric- and strain-based phasic left atrial function

Impairment of LA function has been proposed to precede the development of heart failure in a large longitudinal population of asymptomatic participants (7). In our study, we found that LAEFT and LAEFP, but not LAEFB, gradually decreased as the EAT volume accumulated. Evidence about the booster function of LA is still conflicting (19, 20). Even though the volumetric booster function was not significantly different among the groups, the booster strain along with the other two components of LA strain, demonstrated significant differences across the quartile of EAT in our study. This is because that strain-based indices are more sensitive in evaluating atrial mechanics than volumetric indices (21). As for the reservoir function, it is an indicator for LA compliance, reflecting the relaxation of LA during LV systole. The reservoir strain has been previously demonstrated to be correlated with LV filling pressure (22) and the incidence of heart failure (7). The LA-CS of the conduit phase also had a strong association with EAT volume. Considering that conduit function is mainly influenced by the LV relaxation, the abnormality of conduit strain could indicate an early stage of LV diastolic dysfunction.

In a prior study, the researchers demonstrated that LA strain was correlated with EAT in patients with coexisting obesity and diabetes (23). However, possibly due to the small sample size of this study, no significant correlation was observed between EAT and LA function when the patient group and control group were evaluated separately. The researchers assumed that this might indicate that abnormal LA function only occurs when the EAT volume is over a certain amount. Our study was supportive of this assumption. The volume- and strain-based LA function were all significantly reduced in the highest amount of EAT compared to the low quartile of EAT volume.



Association of epicardial adipose tissue with left ventricular systolic function

The relationship between EAT and LV diastolic function has been well-established in several echocardiographic studies (24). However, evidence about the association between EAT and LV systolic function remains to be elucidated. Several studies using speckle tracking strain analysis by echocardiography demonstrated that EAT is inversely correlated with LV global longitudinal strain (25, 26). Consistent with these results, we observed that longitudinal strain was reduced in the high EAT group. We assumed that the link between EAT and longitudinal strain could be explained by microvascular dysfunction and interstitial fibrosis induced by adipokines and cytokines secreted by EAT (25). These abnormalities mainly affect the subendocardial layer of the myocardium, leading to a reduction in longitudinal LV mechanics in the subclinical stage of disease.



Potential mechanisms underlying the influence of epicardial adipose tissue on cardiac structure and function

Several relevant mechanisms have been proposed to explain the associations between EAT and cardiac structure and function (27). The first is that EAT could impair LV diastolic filling by a regional mechanical force. Findings of impaired diastolic function and enlarged LA volume in the absence of LV hypertrophy observed in uncomplicated obesity suggest the mechanical role of local adipose depot around the ventricles (28).

Furthermore, EAT could also affect LV structure and function by a paracrine pathway due to the anatomic proximity of EAT to the myocardium (29). A recent study by Ng et al. which quantified the intramyocardial fat content and myocardial interstitial fibrosis by CMR, suggested that the redundant EAT might impair the contractile function by mediating an increase in myocardial fat accumulation and interstitial fibrosis (25).

Third, in our diverse population of postmenopausal women with a relatively high presence of hypertension, obesity and diabetes, there was a possible systemic inflammatory effect induced by these comorbidities that caused the expansion of EAT volume and abnormalities in the heart (30, 31). Under the influence of systemic inflammation, EAT can release various pro-inflammatory cytokines. Thus, the EAT can further aggravates these systemic inflammatory influences on the myocardium and has a deleterious impact on cardiac structure and function. However, a prior clinical study by Woerden et al. did not observe significant association between EAT and the level of C-reactive protein or leucocytes (32). Possibly because the effect of EAT is too small to be reflected via peripheral venepuncture. Also, the sample size is relatively small.

As our correlation analyses showed, age and EAT were both independent factors that inversely correlated with LV-GLS and LA strains. Several previous studies also found a strong relation between age and EAT (14, 33). In the study by de Vos et al. age-adjusted regression analyses showed that EAT was positively related to weight, BMI, waist circumference, waist-to-hip ratio and subclinical coronary atherosclerosis (34). However, we were unable to examine the effect of aging process on EAT expansion and other cardiac abnormalities in this study.



Limitations

This study has several limitations. First, this was a cross-sectional study. Therefore, we were unable to demonstrate a causal relationship between the increased EAT, laboratory biomarkers, co-morbidities and abnormalities in cardiac structure and function. Second, data on waist circumference, waist to hip ratio or abdominal visceral adipose fat are lacking in the majority of included participants, since this was a retrospective study. Inclusion of these data would have made our study more comprehensive. Third, this study only included postmenopausal women. Whether these results could also be applied to men or premenopausal women needs to be elucidated. Finally, due to the lack of long-term follow-up data, we were unable to evaluate the prognostic role of EAT in our study population. Further longitudinal studies are required to examine the potential of EAT in predicting cardiovascular outcomes.




Conclusion

The accumulation of EAT is independently associated with LV and LA function in postmenopausal women. These associations support the role of EAT in mediating deleterious effects on cardiac structure and function. The assessment of EAT volume may facilitate clinicians to have added information on the impairment of cardiac function. Researchers could commit themselves to developing medicine targeting the epicardial fat tissue to prevent the cardiac remodeling and dysfunction.
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Four-dimensional flow magnetic resonance imaging (MRI) has evolved as a non-invasive imaging technique to visualize and quantify blood flow in the heart and vessels. Hemodynamic parameters derived from 4D flow MRI, such as net flow and peak velocities, but also kinetic energy, turbulent kinetic energy, viscous energy loss, and wall shear stress have shown to be of diagnostic relevance for cardiovascular diseases. 4D flow MRI, however, has several limitations. Its long acquisition times and its limited spatio-temporal resolutions lead to inaccuracies in velocity measurements in small and low-flow vessels and near the vessel wall. Additionally, 4D flow MRI requires long post-processing times, since inaccuracies due to the measurement process need to be corrected for and parameter quantification requires 2D and 3D contour drawing. Several machine learning (ML) techniques have been proposed to overcome these limitations. Existing scan acceleration methods have been extended using ML for image reconstruction and ML based super-resolution methods have been used to assimilate high-resolution computational fluid dynamic simulations and 4D flow MRI, which leads to more realistic velocity results. ML efforts have also focused on the automation of other post-processing steps, by learning phase corrections and anti-aliasing. To automate contour drawing and 3D segmentation, networks such as the U-Net have been widely applied. This review summarizes the latest ML advances in 4D flow MRI with a focus on technical aspects and applications. It is divided into the current status of fast and accurate 4D flow MRI data generation, ML based post-processing tools for phase correction and vessel delineation and the statistical evaluation of blood flow.
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Introduction

Since its emergence in 1993 (1–3), four-dimensional (4D) flow magnetic resonance imaging (MRI) has evolved as a non-invasive imaging technique to visualize and quantify blood flow and has been used for clinical imaging since the early 2000s (4, 5). 4D flow MRI is based on a time-resolved 3D phase contrast MRI sequence and is widely applied to the heart and vessels.

The quantification of net flow and peak velocities from 4D flow MRI has shown to be of diagnostic relevance for cardiovascular diseases such as the grading of stenoses, aortic coarctation, or aortic- and mitral valve regurgitation (6–9). Also, the visualization of the direction of the blood flow is important, for example in aortic aneurysms, aortic dissections and coarctations, in hypertrophy cardiomyopathy (6, 10), as well as in congenital heart disease, such as univentricular hearts or transposition of the great arteries (11, 12). Moreover, 4D flow MRI allows the direct quantification of regurgitant flow compared to traditional indirect methods (i.e., subtracting stroke volume calculated from aortic 2D flow MRI from stroke volume measured by left ventricular segmentation) in mitral valve insufficiency (13). Furthermore, 3D visualization of the blood flow using pathlines can help interpreting complex flow patterns pre- and post-surgery, such as the Fontan procedure (14). Also, other biomarkers such as kinetic energy (KE) (15, 16), turbulent kinetic energy (TKE) (17, 18), viscous energy (VE) loss (16), wall shear stress (WSS) (19, 20) or pulse wave velocity (PWV) (21) have shown significant differences in patients with cardiovascular disease compared to normal subjects.

Four-dimensional flow MRI, however, has several limitations. Due to its velocity encoding scheme, 4D flow MRI takes at least four times as long as cine MRI scans (i.e., around 10 min). This poses limits on the clinical application due to additional costs, patient discomfort and motion artifacts. Additionally, limited spatio-temporal resolutions, constrained by the signal-to-noise-ratio (SNR) and scan time, lead to inaccuracies in velocity measurements in small vessels, low-flow venous vessels and near the vessel wall due to partial volume effects (14). This in turn creates inaccurate grading of stenoses and inaccuracies in WSS estimation (22, 23). Additionally, 4D flow MRI is subject to inherent inaccuracies of the MRI measurement process such as residual phase errors, induced by eddy currents, concomitant fields, or even mechanical vibrations (24), which can lead to errors in velocity estimations. Although tuning of the scanners’ pre-emphasis can help to correct for non-linearities in the gradient field, these inaccuracies, as well as phase aliasing effects, must be corrected for retrospectively, creating long post-processing times using dedicated software. The post-processing times are prolonged as net flow and peak velocities are typically evaluated by (manually) placed 2D planes and contours at the location of the corresponding vessel or valve within the 3D acquisition. Parameters such as KE, VE, TKE and WSS require even a careful delineation of the 3D vessel lumen.

Various machine learning (ML) techniques have been proposed to overcome these limitations. Existing scan acceleration methods, such as compressed sensing (CS) (25–27) have been extended using ML reconstructions which are able to speed up the image reconstruction time up to a couple of seconds (28). Also, ML super-resolution methods can assimilate high-resolution computational fluid dynamic (CFD) simulations and 4D flow MRI, which leads to more realistic velocity results. ML based techniques, such as U-Nets, used to localize vessels and segment vessel boundaries, have been applied to 4D flow MRI to automate contour drawing and 3D segmentation. ML efforts have also focused on the automation and acceleration of other post-processing steps, by learning phase corrections and anti-aliasing.

This review summarizes the latest ML advances in 4D flow MRI with a focus on technical aspects and applications, including all original research articles published on the topics of (4D) flow MRI and ML published until November 2022. It is divided into the current status of (1) scan acceleration and image reconstruction, (2) super resolution and data assimilation for fast and accurate 4D flow MRI data generation, as well as ML based post-processing methods for (3) phase corrections, (4) vessel segmentation and (5) the statistical evaluation of blood flow.



Scan acceleration and image reconstruction

4D flow MRI uses additional magnetic field gradients to encode the velocity of moving blood. These gradients are applied to each spatial direction separately, which results in four different images, the reference image and three flow encoded images, also called 4-point encoding (Figure 1A). As the scan time is therefore four times as long, various acceleration techniques have been proposed (25, 29–32). These acceleration methods skip datapoints in k-space (undersampling), which creates aliasing artifacts in the image when using a conventional reconstruction. Most image reconstruction algorithms of these techniques take advantage of information redundancies – similar to those used for image compression – such that the full information content can be derived (27). However, the runtimes for those (iterative) reconstruction algorithms range between 10 and 60 mins, a drawback that can be tackled with machine learning (ML) approaches.
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FIGURE 1
(A) 4D flow MRI image acquisition scheme using a spoiled gradient echo sequence with additional bipolar gradients for motion encoding (red). The velocity maps of this exemplary 4D flow MRI dataset of the aortic arch are obtained by subtracting the phase ϕ of the reference and the three flow encoded images. Magnitude images for the four acquired images are averaged, or in other applications, used for turbulence encoding. All images are time-resolved, representing one cardiac cycle. The velocity encoding strength (VENC) in [cm/s] is set by the user and is inversely proportional to the area of the bipolar gradient. The VENC is usually chosen in the range of the maximum expected velocity to prevent velocity aliasing. (B) Fully sampled and randomly undersampled k-space and their corresponding images. The undersampled data displays incoherent artefacts in image space (P(0)). In data recovery training with the FlowVN (28). P(0) is the Fourier transform of the undersampled k-space and the starting point of the training. The training loss is defined by the difference of the reconstructed image with the fully sampled data (P*). The data consistency is calculated in k-space as the difference between the sampled datapoints. After k iterations image P(k) is achieved. Abbreviations: TR = repetition time, TE = echo time, x,y,z = spatial dimension, v = velocity, γ = gyromagnetic ratio, FFT = fast Fourier transform, P = image, k = iteration steps.


Most approaches for ML image reconstruction are based on artifact-removal of undersampled data in image space, rather than training a network to retrieve the full image content directly from the undersampled k-space. In 2019, Vishnevsky et al. (28) implemented a variational neural network (FlowVN) for fast, automatic image reconstruction of undersampled 4D flow MRI data. During training, fully sampled data served as a ground truth and was retrospectively undersampled using a random undersampling pattern as used in CS (33–37) applications (see Figure 1B). The starting point of the FlowVN training was an image with random, noise-like undersampling artifacts (the Fourier transform of a randomly undersampled k-space) as shown in Figure 1B. The network used this image, the undersampled k-space data (real and imaginary parts), and the coil sensitivity maps as inputs for training. It consisted of 3D convolutional layers and data consistency steps. This design [similar to Hammerik et al. (38)] enabled that (1) the network learns differences between the ground truth and the artifact image and (2) that the data points in k-space for sampled and undersampled data match. The output were artifact-free images close to the fully sampled data. The network could demonstrate its similar performance to a regular CS image reconstruction; however, the runtime was 21 s for the FlowVN vs. 10 min for the CS reconstruction. Also, when applied to 13 times undersampled patient data, the FlowVN was 30 times faster and systolic peak velocity errors were only marginally lower (–1.59% for FlowVN and –1.18% for CS). In a different study, Haji-Valiyadeh et al. (39) used a 3D U-Net to remove aliasing artifacts from undersampled radial 2D flow MRI data for the purpose of fast, real-time data acquisition. They developed a network trained on 510 radial, real-time 2D flow datasets, which were artificially created from the images of Cartesian 2D flow dataset. The undersampling artifact removal of the network was then tested in an actual free-breathing real-time 2D flow sequence for acceleration factors up to 28. In a comparison to a CS reconstruction of the real-time data the 3D U-net filtering was almost 5 times faster and could recover higher peak velocity values than the CS reconstruction. Peak velocity values were also closer to the ground truth of non-real-time image acquisition, represented by an average heartbeat composed of by all the heartbeats throughout the acquisition, when compared with the CS reconstruction. Another way of 4D flow MRI scan acceleration was recently suggested by Kim et al. (40). The proposed network learns to recover velocity maps as obtained by regular 4-point encoding (referring to 4 acquisitions, as illustrated in Figure 1A) by replacing it with a sampling scheme that requires only three acquisitions and learning the phase reconstruction subsequently. Velocity results demonstrated a good agreement between both encoding schemes (regression slope = 0.96 and R2 = 0.992).



Super resolution and data assimilation

To increase the spatio-temporal resolution of 4D flow MRI, which is limited by SNR and scan time, ML super-resolution techniques can be applied. These techniques learn on paired high- and low-resolution datasets to resolve an image resolution higher than the input resolution. As there is typically a lack of high-resolution in vivo data, most super-resolution approaches for 4D flow MRI rely on synthetic images created by CFD simulations. These simulations solve the Navier Stokes equation in a given vessel geometry and under given inflow conditions and can be computed at resolutions much higher than the maximum achievable resolutions with 4D flow MRI, while maintaining correct physics.

In 2020, Ferdian et al. (41) developed a framework to derive synthetic high-resolution 4D flow MRI images from CFD simulations in the aorta for training a super-resolution network. They used three aortic geometries to generate simulations with high spatial resolution and a temporal resolution of 71 cardiac frames, using inlet and outlet conditions at the ascending and descending aorta. From the simulations synthetic 4D flow MRI images were generated by deriving the velocity fields and dividing them into their spatial vx, vy, and vz components, similar to a 4D flow MRI acquisition (Figure 2). Then, a complex signal was created with the velocity maps as the signals phase and a simulated magnitude, followed by a fast Fourier transform (FFT) to generate a synthetic k-space (Figure 2). To mimic MRI characteristics the CFD data was down-sampled in k-space i.e., high frequency components were cut off, and Gaussian noise was added to the complex signal to achieve a pre-defined SNR. After inverse fast Fourier transform (IFFT) the image represented a complex, MRI-like low-resolution signal. A super-resolution residual network (4DFlowNet), based on the generator of the SRResNet network (42), was then trained to recover the high-resolution data. Training was performed on the paired synthetic high- and low-resolution 4D flow MRI data. The input layers consisted of two parts, the anatomical one (with channels: phase-contrast magnetic resonance angiogram and magnitude image), and the velocity one (with channels: vx, vy, and vz velocity maps). In this setup, the anatomical channels selected the vessel regions and supported de-noising. As only three aortic geometries were available, the network training was patch-based, that means 16 × 16 × 16 randomly selected voxel patches, with a flow region of at least 20%, were used for training. The super-resolution network could successfully recover simulated data with a resolution down-sampled by a factor of 2 and at varying SNR levels. The network was then applied to high-resolution phantom and high- (2 mm) and low-resolution (4 mm) volunteer 4D flow MRI datasets. The study showed that the super-resolution network had smaller flow rate errors averaged in an ROI at in- (–0.6%) and outlet (5.8%) than interpolated data at in- (7%) and outlet (5.8%) in the phantom and (1.1%) and (3.8%) in vivo. In a similar study, Rutkowski et al. (43) used high-resolution, CFD-derived vector fields to create synthetic, MRI like, high- and low-resolution data pairs. CFD simulations were calculated on cerebrovascular flow models of five patient-specific aneurysms on which data augmentation (changes in diameter size, aneurysm geometry, synthetic vessel creation) was applied. The vessels had rigid walls and a time-resolved inflow profile as an inlet condition. Simulations were repeated 6 times with different inflow profiles, which led to 180 unique time-varying velocity fields. For training, a CNN similar to standard super-resolution networks (44) was used. 32 × 32 × 32 velocity field blocks were extracted from the simulated MRI acquisition. The loss function was based on magnitude weighted least squares and the network was tested in retrospectively down-sampled phantom data, allowing for a comparison against the original high-resolution dataset. Also, the network was applied to 20 time-averaged 4D flow MRI patient datasets (0.4–0.6 mm isotropic spatial resolution, 20 frames). As a result, the network could remove background noise up to 64%. Overall, the 4D flow MRI derived velocities had lower noise and a higher spatial resolution when enhanced with the CNN. Vessel boundaries could be delineated better, and the velocities close to the walls were estimated more accurately, including smoother velocity gradients near the wall. In the future, these simulations and ML frameworks might be extended to more advanced 4D flow MRI acquisition schemes, including turbulence induced signal dephasing in the magnitude images. Dirix et al. (45) developed a similar framework for synthesized 4D flow MRI images using multipoint encoding to achieve turbulence assessment (45).
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FIGURE 2
Overview of frameworks for 4D flow MRI super-resolution training and data assimilation for 4D flow MRI and CFD data: Ferdian et al. (aortic simulation) (41), Rutkowski et al. (cerebrovascular simulations) (43), Kissas et al. (49), Fathi et al. (50), Dirix et al. (45), Ferdian et al. (54). Exemplary data in this figure was created with GTFlow (Gyrotools, Zürich, Switzerland).


For ML it can be advantageous (faster, more accurate, less training data) to restrict the space of solutions. Generally, data fidelity terms in the loss function of neural networks minimize the distance between the predicted output and the measured data. Physics-informed networks include a regularization part that enforces the underlying physical principles of a given dataset. For 4D flow MRI this can for example be the conservation of mass and momentum in the flow domain, which leads to a correct solution even with limited training data (46). In contrast, other non-machine learning-, but physics-based methods use divergence free velocity fields as a constraint to 4D flow MRI data (47) and CFD based velocity field optimizations to inform the 4D flow MRI data about CFD physics (48). The physics informed neural network introduced by Raissi et al. (46) was picked up by Kissas et al. (49) and Fathi et al. (50) in 2020 for 4D flow MRI implementations. The network from Kissas et al. (49) solves partial differential equations using a neural network to predict flow and pressure from 4D flow MRI measurements of the carotid bifurcation. It was trained on simulations with 1D Navier Stokes equations. Fathi et al. (50) trained a deep neural network with the aim to remove noise and to increase the resolution of 4D flow MRI data. They restricted the space of solutions of the applied network by a regularization term on the Navier Stokes equations within a pre-defined region inside the blood flow. The data fidelity term (the same as in (46)) was applied to the entire data. The network then output vx, vy, and vz velocity components, pressure, and the magnitude image. The network was trained using synthetic 4D flow MRI data and tested on 4D flow MRI scans of a silicon phantom. For their workflow only a rough segmentation of the blood flow region was necessary (in which Navier Stokes was valid), and in contrast to other techniques, no strict boundaries or inflow conditions had to be defined, which made it less error prone. They could demonstrate a significant reduction in velocity errors during simulation, however, phantom measurements showed marginal improvements of velocity estimation. Very recently, a super resolution 4D flow network (SRflow) has been published by Shit et al. (51) in which they achieved a higher velocity-to-noise ratio in images with a 4-times increased resolution using their super-resolution approach than using a regular cubic B-spline interpolation.

4D flow derived biomarkers, such as WSS, have been associated with endothelial cell remodeling, for regions of low WSS (or high oscillatory WSS) in particular. Also, high WSS has been associated with disease patterns such as in aortic stenosis and aortic dissection. However, limited spatial resolution, partial volume effects and segmentation inaccuracy do not allow for accurate WSS, which is typically solved with curve-fitting and interpolation (52, 53). 4D flow MRI derived WSS therefore typically results in an underestimation when compared to CFD (22). Ferdian et al. (54) developed a U-Net based ML network (WSSNet) to directly estimate WSS from 4D flow MRI, trained on patient-specific CFD simulations and synthetic 4D flow MRI. The datasets consisted of 37 aortic geometries and simulated velocities. The input of the WSSNet were 2D maps of simulated velocities close to the vessel border and their coordinates with respect to the border. The network learned the connection between geometry, velocity and WSS, and the output were estimated WSS values (which were compared to WSS values calculated from the CFD data). To generalize better to 4D flow MRI, synthetic low-resolution 4D flow MRI was created from the CFD data and the training repeated. Then the network was applied to 43 real, in vivo 4D flow MRI datasets and compared against the fitting algorithms for WSS estimation. The mean absolute error of the estimated WSS using the network was 0.55 ± 0.60 Pa (relative error 4.34 ± 4.14%). The values correlated well with the WSS from the CFD simulations, reporting a correlation coefficient of r = 0.92 ± 0.05. The estimated WSS showed 2–3 times higher WSS values when compared to regular fitting methods and more robustness to artificially introduced noise.



Phase corrections

Since velocity maps are derived from the phase of the 4D flow MRI signal, sources that introduce phase offsets, such as eddy currents, can impair the data quality. Phase corrections and anti-aliasing can be performed retrospectively to the acquisition but are user-dependent and time-consuming. ML techniques, however, can learn and apply these corrections.

Eddy current induced background phase can be corrected for by linear or polynomial fits of the phase in static tissue regions. The calculated phase error fields can then be applied the flow regions to correct the estimated velocities. You et al. (55) used 139 (85 training, 14 validation, 40 testing) abdominopelvic 4D flow MRI datasets to train a multichannel 3D U-Net that automatically generates phase error fields for correction. Flow analysis was performed on the testing datasets and compared against a regular background phase correction as a reference, which included a manual detection of static tissue regions using dedicated software. Assuming in- and outflow values to be the same, non-corrected images showed an offset due to background fields and a low correlation between in- and outflow values. The Pearson’s correlation coefficient r was reported to be r = 0.5, with a p-value of p < 0.001. After manual correction this increased to r = 0.98, p < 0.001 and after automatic ML correction to r = 0.91, p < 0.001. Flow differences reduced from uncorrected –0.14 L/min to corrected 0.05 L/min for regular and ML correction. This technique demonstrated the use of a fast, automated correction and the feasibility of ML training for this task, demonstrating similar results as manual correction. However, also (semi-) automatic algorithms for the selection of static tissue regions and fitting exists (and usually perform well), which were not included as a reference in the study.

Aliasing effects, or phase-wraps, can occur if the velocity encoding, defined by the VENC, was chosen too low. High velocities, higher than the VENC value, will appear as wrapped phases (transitioning from + π to –π) in the velocity map (Figure 3A), which must be corrected for retrospectively. The correction, however, requires the identification of the aliased voxel in 3D and for all time frames. There are several semi-automatic solutions that support 2D voxel wise un-wrapping by region-merging and graph cut optimization (56, 57), which, however, require a start point for unwrapping or rely on spatio-temporal smoothness (58, 59). These methods were also adapted to be applicable to 4D flow MRI by using a Laplacian algorithm (60). Robust, automatic detection of all aliased voxel in all time frames, however, remains challenging and large, aliased regions or regions with multiple wraps remain a problem. In Berhane et al. (61) a U-Net CNN was used to automatically detect and correct aliasing in 667 4D flow dataset (VENCs ranging between 60 and 500 cm/s, 534 with contrast agent, 321 bicuspid aortic valve (BAV), 247 tricuspid aortic valve, 99 controls). Aliasing was either introduced during acquisition or retrospectively added. An additional 10 subjects were acquired with three different VENC settings (60, 100, 175 cm/s) to show the accuracy of the unwrapping method. From all datasets static segmentations of the thoracic aorta were created. Datasets without aliasing (N = 305) were used to introduce aliasing in predefined regions, serving as labeled pairs of ground truth and aliased voxels. The data was split up in training (and validation) and testing, with a binary mask for the aliased voxels as a network output. Test results provided much better correction when compared to an automated method (from Salfity (58, 59)). The difference of the performance of the techniques was significant with a Dice score (DS) between 0.89 and 0.99 (for the different VENCs) for the CNN and between 0.84 and 0.90 for the conventional algorithm. Ten datasets scanned with different VENCs showed similar peak velocity, net and peak flow rates for the conventional anti-aliasing algorithm and the CNN corrected datasets. However, no comparison against a 4D Laplacian algorithm was done and also multiple phase wrapping was not taken into account. Also, phase-unwrapping at the vessel wall was limited, which leaves the phase-unwrapping problem open to find a fully automatic solution.
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FIGURE 3
(A) Simulated parabolic flow with a central peak velocity of 220 cm/s and the aliasing effect create in the phase-difference image and the velocity map when a lower VENC e.g., of 200 cm/s is chosen. (B) Temporal evolution of the magnitude and PC-MRA signal in an aortic 4D flow MRI dataset. Magnitude images do not allow for fast segmentations based on thresholding as blood and tissue have a similar contrast. PC-MRA images lose their signal when there is no apparent blood flow e.g., during diastole.




Vessel segmentation

4D flow MRI requires accurate delineation of the vessel lumen for calculation of mean velocities, flow and WSS. The blood-tissue contrast of the sequence is low, especially without the use of contrast-agents, which is why for segmentation angiogram-like images are generated from the absolute velocity. These PC-MRAs can be calculated in a time-resolved way, but do not have sufficient signal in regions and time frames with low velocities, which is why they cannot be used for accurate, fully automated segmentations (see Figure 3B). 3D segmentation is therefore done in a semi-automatic way for static images and there is a strong need for fast, robust and automatic delineations.

Classifying machine learning tasks like the U-Net (62) have been used broadly to define labels and their location in 2D or 3D images. They are built up by an encoder part, so the down-sampling of spatial information, and a decoder part, restoring the spatial information. The networks are trained on paired datasets of the original image and the matching voxel-based segmentation. To compare the geometric segmentation results the DS and the Hausdorff distance (HD) are used. The DS ranges from zero to one and calculates the voxel-based match between learned and ground truth geometry. The HD is the maximum value of all (Euclidian) distances calculated between each point of a geometry and the closest point of another geometry.

Bratt et al. (63) trained a U-Net to segment the aortic valve from 2D flow MRI magnitude images, based on manual, time-resolved segmentations. They achieved a DS of 0.94 using 150 aortic datasets for training. In 190 additional testing datasets (patients with coronary artery disease) the ML based segmentation demonstrated high correlations in the analysis of net forward flow through the aortic valve when compared to a manual delineation (r = 0.99, p < 0.001) and it performed better than a commercial automatic segmentation [significant differences in flow 1.85 ± 1.8 ml (U-Net) vs. 3.33 ± 3.18 ml (automatic)]. Also, in a different patient cohort with BAV and stenotic aortic valves acquired at a different scanner and vendor the network performed equally well in comparison to manual segmentations (correlation r = 0.99, p < 0.001). In a similar study, Garcia et al. (64) trained a network to detect and track the movement of the aortic and the mitral valve in 3-chamber cine (bSSFP) images. The resulting position of a 2D plane through the valve was interpolated onto 4D flow MRI data acquired in the same scan session in 106 subjects resulting in significant differences in flow and peak velocity between aortic- and mitral valve disease patients and controls (no comparison between manual and ML segmentation was conducted). Tsou et al. (65) trained two networks, a MultiResUNet (66) and a U-Net to perform 2D contour delineations of the cerebral aqueduct on 333 (266 training, 67 validation) cerebral 2D flow MRI datasets. Cerebrospinal fluid flow through the aqueduct was similar for both segmentation approaches when compared to segmentations of a radiologist. The DS was slightly higher for the MulitResUNet than for the U-Net (DS = 0.933 vs. DS = 0.928, respectively) and the MulitResUNet was less prone to segmentation errors than the U-Net.

In 2020, Berhane et al. (67) used 4D flow MRI scans of a wide range of age, body mass index and aortic valve types of 1,018 subjects (528 BAV and 376 tricuspid aortic valves, 114 healthy controls) to train a CNN based 3D U-Net (62) segmentation network for labeling the aorta in a systolic timeframe. Training datasets were constituted from manually labeled images, done by >20 operators. The segmentations resulted in a DS of 0.951 and HD of 2.8 mm for the testing dataset (499 training, 101 validation, 418 testing). Additionally, a centerline was automatically detected, and perpendicular slices were chosen with the vessel boundary being the segmentation. These values were then compared against each other in peak velocity (< 0.001 m/s, LOA 0.01% for the CNN at all regions) and net flow (–0.2 to 0.1 mL/cycle, LOAs 6.4–9.2%) to quantify differences. Interestingly, most deviations in the testing cohort with a DS below 0.9 were around the aortic outflow tract or at the superior extend of the aortic branches, indicating a difference in the segmentations extend. Also, the CNN achieved DS similar to the interobserver values (DS = 0.95). This ML workflow can certainly be used on a wide range of 4D flow MRI images, eventually it requires retraining if different PC-MRA calculation methods are used. Similarly, Garrido-Oliver et al. (68) trained a 3D nnU-Net (69) for static segmentations of the aorta and a Deep Q-Network (DQN) (70), based on reinforcement learning, for landmark detection on 323 patients (BAV, genetic syndrome, aneurisms) who received 4D flow MRI scans. For the aortic segmentations they achieved a DS of 0.949. The landmark detection algorithm performed well in the identification of the supra-aortic vessels, and it performed less good in the detection of the sinotubular junction and the pulmonary artery bifurcation. The sinotubular junction, however, was also challenging to be identified by human observers. Both studies, (67) and (68), did not take the motion of the aorta into account but included only time-averaged images.

So far, only limited studies exist on training time-resolved segmentations from 4D flow MRI. However, time-resolved segmentations are of interest when investigating stiffness by PWV (71–74), and to avoid inaccuracies in flow estimation, as the aortic root can move up to 8 mm within one heartbeat (75). Segmentation of time-resolved images is very time-consuming as it requires a 3D segmentation for each of 10–40 timeframes. In 2022, Bustamante et al. (76) created a framework to segment all 4 cardiac chambers, the aorta, and pulmonary arteries for all time frames from contrast-enhanced 4D flow MRI data. A 3D U-net was developed on 205 4D flow dataset (144 training, 20 validation, 41 testing), which contained a variety of cardiac disorders (N = 165). Forty cardiac frames were acquired and treated as independent segmentations. The segmentations were compared against ground truth, manually corrected, atlas-based segmentations also developed by Bustamante et al. (77). This method registers a general segmentation mask onto the image, which is, however, computationally expensive. The results showed good overall scores, the best scores achieved in the aorta. Time-averaged DS were >0.9 for all anatomies, similar to Berhane et al. (67).

To avoid the problem of poor myocardium-to-blood contrast in 4D flow MRI and time intensive pre-registration on atlases, Corrado et al. (78) used a stack of 2D time-resolved short-axis cine (bSSFP) images acquired at the same scan session to segment 4D flow MRI of mainly healthy subjects (N = 105). They used a pretrained fully convolutional network (FCN) from Bai et al. (79) trained on 4,875 short axis bSSFP images of the UK biobank study to create a 3D segmentation of the left and right ventricle. Then a 3D-to-3D registration of the time-averaged bSSFP and 4D flow data was done to map the segmentation results onto the 4D flow dataset. The automated segmentation (LV: DS = 0.92, RV: DS = 0.86) showed good agreement with manual segmentations (LV: DS = 0.91, RV: DS = 0.87).

Corrado et al. (80) also developed a ML based plane selection (80), which automatically defines measurement planes perpendicular to the 8 great vessels: ascending aorta, main pulmonary artery, superior and inferior vena cava, and the 4 pulmonary veins. The training was done on 323 subjects (241 training, 42 validation, 40 testing; in total 186 healthy controls, 123 patients and 14 with unknown health status). A 3D CNN predicted the probability of a predefined patch (32 × 32 × 32 voxels) containing a vessel and also location, size and a double oblique plane on that vessel. The CNN was based on residual learning [ResNet (81)] with residual blocks for feature extraction and convolutional blocks for downsampling. At each plane either done by ML or manual selection, a segmentation of the vessel was performed automatically based on the PC-MRA and net flow was calculated and compared. As a result, the correlation between the ML algorithm and two manual observers was slightly lower (observer 1 vs. algorithm: r = 0.68 and observer 2 vs. algorithm: r = 0.72) that the difference between the two observers (r = 0.81). Also, the algorithm was more accurate on straighter vessels such as the SVC and worse in the ascending aorta. The performance was stable for all flow estimations (as this was probably insensitive to small variation in measurement plane). Also, the patient datasets were an additional challenge for the network suggesting more diverse datasets. Overall, the ML method was faster than atlas-based approaches. Processing times when applying the ML were 18s vs. 300–400 s for a manual observer. The study suggested a reinforcement learning approach for measurement plane planning in the future.

Contrast enhanced 4D flow MRI is used for many clinical examinations and creates a better blood-tissue contrast than conventional 4D flow MRI. In medical imaging, realistic but fictitious images can be produced by generative adversarial networks (GANs), and CycleGANs (82, 83) in particular. Bustamante et al. (84) used a cyclic GAN, to artificially transform non-contrast cardiac enhanced scans into contrast enhanced data. The cyclic GAN can be considered as unsupervised learning which needs two images sets as input, which do not have to be exact pairs. It consists of two generators or data transformation functions that transform (1) non-contrast data into contrast data and (2) contrast data into non-contrast data. It also consists of two discriminators that distinguishes (1) artificial from real contrast data and (2) artificial from real non-contrast data. They used 69 with and 72 datasets without contrast agents for training a 2D GAN. In total additional 81 non-contrast aortic datasets were used for testing and were converted into artificially enhanced datasets using the GAN. For training, the data was cropped and rearranged as 120 2D slices in a coronal view, using only the magnitude image as an input. The quantitative evaluation of the artificially enhanced test data showed an increase in contrast-to-noise ratio (CNR) by 88%, and an increase in SNR by 48%. This was achieved while maintaining a structural similarity index, describing structural information, of 0.82 ± 0.01 and a mean relative error of 0.09 ± 0.01 between enhanced and original images. Also, segmentation on artificially enhanced data performed better than on regular data.



Statistical evaluation of blood flow

ML has the potential to support the statistical classification of healthy controls and patients with cardiovascular disease based on 4D flow MRI data using supervised or unsupervised learning. For classification, typically a set of hemodynamic features is derived from the data (such as velocity, vorticity, etc.), then the number of features is reduced by a feature-selection step e.g., using a sequential forward search. A set of different classifiers is then tested during (supervised/unsupervised) training and the best performing features, feature-selection steps and classifiers might be used for future predictions.

Niemann et al. (85) developed a method for feature-based classification of patients with BAV and healthy controls, based on aortic 4D flow MRI. They trained a network to classify between (1) BAV (N = 22) and healthy controls (N = 90), (2) BAV and “older” healthy controls (N = 30) and (3) male and female subjects. Their framework included hemodynamic feature selection, model training and hyperparameter tuning. Selected features were parameters such as minimum, maximum and mean velocities derived from planes perpendicular to the aortic centerline. Classifiers used for training were methods such as random forest (RF) and support vector machine (SVM). The results for classifying the task were for (1) an accuracy of 93% with features time-to-peak vorticity, time-to-peak in-plane velocity and peak-systolic in-plane mean velocity using sequential forward search (SFS) as a feature-selection method and RF as a classifier, for (2) an accuracy of 100% with features peak-systolic mean velocity, time-to-peak-systolic-through-plane mean velocity and diastolic median right rotation volume using SFS as a feature selection method and SVM a classifier, and for (3) an accuracy of 69% with features peak velocity, peak systolic velocity and time-to-peak-systolic-through-plane velocity using SFS as a feature selection method and RF as a classifier. The results of the classification model demonstrated a good distinction between BAV and controls and only moderate distinction between male and female subjects. Also, in Franco et al. (86) the hemodynamics of the thoracic aorta in 4D flow MRI data of patients with BAV was analyzed searching for new biomarkers. The aim was to find a ML model that distinguishes three classes: BAV patients with (N = 49) and without (N = 18) dilated ascending aorta and healthy controls (N = 48). A total of 17 hemodynamic features such as e.g., forward velocity, velocity angle, vorticity, KE, TKE and WSS were extracted from 4D flow MRI data in two parts of the aorta. Then a set of classifiers (linear discriminant analysis, k-nearest neighbors, quadratic discriminant, Mahalanobis distant, SVM, neural network, RF) were tested and used to train a neural network with multiple layers. The performance was evaluated with repeated cross-validation and Pearson correlation between the hemodynamic features. Overall, the model classifying the data showed, that linear discriminant analysis (96.3% accuracy) and random forest (96.0% accuracy) were the best performing classifiers using the features: velocity angle, forward velocity, vorticity, and backward velocity in the ascending aorta.



Conclusion

Current 4D flow MRI acquisitions are constrained by their scan time, spatio-temporal resolution, and SNR, limiting their accuracy and clinical application. Semi-automatic post-processing steps, including phase corrections and segmentation for vessel delineation are time-consuming and in need for automation. This review shows various ways of accelerating image reconstruction times and post-processing tasks using ML, when compared to the current state-of-the-art approaches. Code and data have been made publicly available for many ML applications reviewed for this article (as summarized in Table 1), which supports their reproducibility, applicability and development. A table summarizing all papers reviewed and their technical details can be found in the Supplementary Table 1.


TABLE 1    Available code for all original research papers screened for this review.
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In the future, it will be essential that accurate cardiovascular 4D flow MRI can be performed in a single, fast scan. That includes an easy choice of VENCs (by retrospective correction of anti-aliasing and phase offsets) and spatio-temporal resolutions that might be increased by super-resolution approaches retrospectively to the scan and for vessels with slow flow and small geometries. It is important, that the analysis of the data is performed in an automated, operator independent and robust way, to allow accurate assessment of biomarkers such as peak velocities and WSS for diagnosis and clinical decision making. Classification of disease by 4D flow MRI-derived biomarkers has the potential to be reinforced by ML technologies.
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Women’s engagement in medicine, and more specifically cardiovascular imaging and cardiovascular MRI (CMR), has undergone a slow evolution over the past several decades. As a result, an increasing number of women have joined the cardiovascular imaging community to contribute their expertise. This collaborative work summarizes the barriers that women in cardiovascular imaging have overcome over the past several years, the positive interventions that have been implemented to better support women in the field of CMR, and the challenges that still remain, with a special emphasis on women physicians.
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Introduction

Women have long struggled for equal footing in many aspects of society. While, in recent years, their unique value in some areas traditionally dominated by men has become better understood, women still work to achieve recognition in many professional fields. Expressly, women in medicine often have not been granted the privileges that are afforded to men with the same degrees and training. In cardiovascular imaging and cardiovascular MRI (CMR), in particular, the challenges faced by women make it difficult for them to enter the field and reduce their likelihood of staying.

The first barrier to entry in the field of cardiovascular imaging is the long and challenging training, consisting of medical school and residency (in either diagnostic radiology or internal medicine), followed by cardiology and dedicated cardiac imaging or cardiovascular fellowships. Those who choose to engage in cardiovascular imaging research, either as a scientist pursuing a Ph.D. or a physician-scientist, must take on additional training. This lengthy process may cause women to hesitate when making the decision to pursue a career in cardiovascular imaging. The long career process is a gender-neutral consideration; however, in parallel, in the current era, women in some societies bear more responsibility for the family. As such, they must be capable of contributing more substantially to the support of their families and the inevitable family circumstances, including birth, death, divorce, relocation, and consequences of financial troubles. The long educational process before becoming fully-trained in cardiovascular imaging, along with the gender pay gap, may contribute to these obstacles.

Once this training is completed, women may still face challenges in clinical cardiovascular imaging practice. In many countries, cardiology and radiology have traditionally been viewed as “male” specialties, making it difficult for women to excel (if they even select these specialties in the first place). Among CMR experts, more men hold tenured academic positions than women (68% vs. 32%).1 As a result, women are outnumbered by men in the fields of cardiology and radiology (1). Although institutions may seemingly accept the female presence in their respective departments, they may still underappreciate the contributions of women colleagues and are more likely to appoint men to leadership positions.

These lower numbers of women physicians in fields such as cardiovascular imaging may reduce the quality of care offered to patients, as the presence of women in multi-disciplinary teams has resulted in improved outcomes measured by lower patients’ 30-day mortality and readmission rates (2, 3). Modern medical practice requires many individuals with different areas of expertise, and the advanced imager is an essential part of the team taking care of cardiovascular patients. Advanced imaging using approaches including cardiovascular magnetic resonance (CMR) has revolutionized the field of cardiology with high spatial resolution and three-dimensional capabilities. CMR is now indicated for various cardiovascular conditions, with extensive evidence available to showcase its impact on overall outcomes and clinical practice (4, 5). Unfortunately, as described above, women in the field of CMR—among other subspecialties—face the challenge of balancing personal life, family responsibilities, and career demands. Specialized training inherent to CMR adds to this challenge. Unfortunately, only a few dedicated centers provide advanced CMR training, the competition is hard, and a strong biographic sketch is necessary to be accepted.

This manuscript is meant to provide an understanding of the current state of women in cardiovascular imaging and CMR and to suggest some practical changes that could be enacted to help recruit and retain women in CMR. To this end, the historical role of women in cardiovascular imaging, the challenges women face in CMR, the current state of the field by the numbers, the importance of the presence of women in CMR, and the potential solutions to these challenges are discussed. While the importance of women in all aspects of CMR is acknowledged, this work is meant primarily to highlight those challenges faced by female cardiologists and radiologists in the field of cardiovascular imaging.



History of women in CMR

Women have played an essential role in the development of medical imaging. A prime example is Marie Curie, an early pioneer of “in-the-field” medical imaging. While best known for her research on radioactivity, Professor Curie was pivotal in implementing mobile x-ray units during World War I (6).

Compared to x-ray, cardiovascular magnetic resonance (CMR) is a relatively recent addition to the medical imaging toolbox, with its origins in the early 1980s. However, women were among the early developers of this emerging technology. For example, Dr. Joanne Ingwall was instrumental in promoting cardiovascular spectroscopy (7) and served as the first female president of the International Society for Magnetic Resonance in Medicine (ISMRM). In the 1990s, Daisy Chien, Ph.D., developed MRI pulse sequences for cardiovascular imaging, including magnetic resonance angiography, spin-echo T2 MRI for the detection of acute myocardial infarction, perfusion imaging, and left ventricular segmental TrueFISP imaging (8–11). Her scientific status led to a position on the ISMRM Board of Trustees. Katherine Wu, M.D. demonstrated microvascular obstruction as a predictor of adverse outcomes. Her work using CMR to predict sudden cardiac death outcomes helped push CMR into mainstream clinical use (9). Similarly, Brigitte Poncelet-Belliveau, Ph.D., developed a broad spectrum of CMR sequences and applications, including blood oxygen level-dependent contrast (BOLD), echo planar imaging, myocardial perfusion, and T2-TrueFISP (12–14). In the 2000s, Dr. Vivian Lee, a radiologist and ISMRM Gold Medal Winner, developed the MRI research program at New York University. She worked to improve methods of assessing vascular disease with 3D gadolinium MRA and non-contrast methods. She also developed CMR viability imaging (15–17) and served on the Board of Trustees and later as President of the ISMRM.

By the early-to-mid 2000s, an increasing number of women from many fields (physicists, cardiologists, radiologists, and technologists) had entered the field of CMR. Critical work in translating the CMR methods into cardiovascular applications was carried out by key individuals, such as Jeanette Schulz-Menger, M.D. with her work in inflammatory disease and myocarditis (18–20)—and the first female president of the Society for Cardiovascular Magnetic Resonance (SCMR), as well as a member of the ISMRM Board of Trustees, Subha Raman, M.D., the second female president of the SCMR, with her innovative treadmill CMR research (21), Chiara Bucciarelli-Ducci, M.D.’s—the second chief executive officer (CEO) and first female CEO of the SCMR—contributions to better understanding myocardial infarction in the setting of non-obstructive coronary arteries (MINOCA) (22) and many other women imaging experts. While CMR has become more widespread over the past 15 years, new methods are continuously being developed, validated, and deployed for patient care through integrated technological, translational, and clinical development.



Barriers to entering and remaining in the CMR field

Professional women in all careers face layered challenges. CMR is a physically and mentally demanding and fast-paced specialty. Here we describe some aspects of CMR that deter women from entering the field and the challenges of remaining engaged in the field. Although the field of CMR benefits from multi-disciplinary collaboration between specialists in cardiology, radiology, and physics/engineering, these different groups face different obstacles. While many similar challenges are experienced by women scientists in cardiovascular imaging, portions of this section are more applicable to women physicians, as the pathways for cardiologists and radiologists overlap more than that of the technical experts.


Absence of female physicians

Historically, women were not allowed to train as doctors. As a result, parity in medical school intake has only been achieved in the last few decades (23, 24) with some countries continuing to lag (25). Fortunately, this recruitment barrier appears now largely resolved, with medical school graduates comprising an equal number of males and females. Improved female representation of women in medical schools is promising for increased representation of women in cardiology, diagnostic radiology, and cardiac imaging.

Even with this growing number of women in medical schools, it is interesting how medical professionals may mistakenly infer that women are now broadly well-represented, overestimating the true representation. The misperception could produce growing reservations or less support for gender equality initiatives and political support (26).

In reality, there is a progressive decline in female representation from each training step to clinical practice in cardiology. In the United States, women comprise 51% of medical school graduates and 43% of internal medicine residents, yet they are underrepresented in cardiology training and practice (27). Currently, 12–28% of cardiology trainees (23, 24, 28) and 24–30% of radiology trainees are female (29). In comparison, only 12–14% of fully trained cardiologists are women. Worldwide, women are less likely to reach the highest levels of cardiology (23, 24, 27, 28, 30–32). Though some of this disparity will inevitably improve as current trainees complete their training, the attrition rate remains high.

Literature reports that many women have been actively discouraged from becoming cardiologists. For example, numerous female cardiologists were told as young doctors not to become cardiologists because they are female (33) and sometimes because they were too “nice,” an assertion male doctors rarely encounter. Women also report being denied consultant, i.e., attending, cardiologist jobs, as other consultants would not work with women (33). In addition, although challenging to quantify formally, many women experience discrimination when applying for medical training posts or other career opportunities during their reproductive years, as it is often perceived that they may become pregnant and unavailable for clinical duties and call schedules. A male candidate is thus often preferred. When faced with these attitudes, many women will simply choose a specialty that demonstrates that they want them.



Work–life balance and the risk of burn-out

The demands of cardiology make an appropriate work-life balance difficult to maintain. Women looking to choose their specialty often consider this aspect carefully and are more likely than men to value family-friendly specialties, female-friendly specialties, and stable hours (34). Prospective trainees see the reality of life as a cardiologist: 38% of prospective female cardiology trainees report their female mentors not having a reasonable work-life balance (35). There is also the issue of long hours: in Japan, 50% of female cardiologists work more than 960 h of overtime a year, with more than 60% considering leaving the field due to gender discrimination, pregnancy, and children (36). Once within the cardiology specialty, trying to maintain a reasonable work-life balance can hinder training and career opportunities (35).

Similarly, for radiology, the rigors of rotations, an ever-increasing workload, and call schedule make at least half of the female radiology trainees and junior faculty prone to burn-out stemming from a poor work-life balance (37). In fact, burn-out is more prevalent among female radiology trainees entering parenthood because the radiology and cardiothoracic radiology training and early junior faculty years occur during the prime childbearing ages (38). Given this inference and the demographic shift of increasing mean childbearing age, radiology trainee-parents become a minority, with only 21% having one or more children (39). Additionally, 27% of radiology trainees are women likely experiencing work-life imbalance during early motherhood, thus precipitating burn-out among female diagnostic radiologists, making the specialty unattractive to women.

In an American College of Cardiology (ACC) life survey, female cardiologists and cardiology trainees had a 7% higher burn-out prevalence than male peers (40). Based on a Medscape survey of physicians from June to September 2021, radiology was the seventh most common medical specialty to be associated with burn-out (49%), with the highest level occurring among women compared to men (65% vs. 44%) (41). This results in low self-esteem, decreased career satisfaction, social dysfunction, poor well-being, and inevitable attrition from the profession.



Lack of female role models

Despite improvement over the decades, there remains a paucity of female role models and mentors within cardiology. Women cite a lack of female role models that creates hesitancy to apply for cardiology specialty training (34). However, simply being able to see that female cardiologists exist and succeed may be sufficient to encourage young women to pursue cardiology training (42). The value of female role models for diagnostic radiology and engineering sciences also holds true.



Discrimination, harassment, and bullying

Women face discrimination, bullying, and harassment more frequently than men. Discrimination occurs across the world and is reported by female cardiologists 62% of the time in the UK, 65% in the US, and 68% worldwide. In the US, this figure has changed little over the past two decades (31, 43–45). Examples of gender-based discrimination include women not being introduced by their professional titles, patients transferring their care to male colleagues, and an implicit assumption by some men that women are simply not up to the pressures of cardiology with a corresponding loss in career opportunities (46, 47).

Regarding bullying, surveys of both trainees and consultants in the UK found that women were significantly more likely to have experienced bullying than men, and this bullying was usually sexist in nature. Women also report high levels of sexual harassment (36% of British and 12% of worldwide female cardiologists) (43, 44, 48).

Women may turn to senior female role models to seek advice to deal with these problems; however, the limited number of women in leadership of institutions, professional societies, and editorial boards limits availability. Additionally, many of these female role models face impossible pressures to succeed themselves and, at times, may adopt a more stereotypically masculine behavior and shun other women, keeping solidarity with their male peers (49). Improved networking among women professionals might provide another level of support.



Family planning

Female cardiologists frequently express concern about how to plan their family while also having a career (34). This is not helped by perceived unfriendliness from their employer—43% of female cardiologists in the US have been asked about family planning in an interview setting.

Female cardiologists are less likely to be married (75% women vs. 89% men) and less likely to have children (72% women vs. 87% men). Many factors contribute to this discrepancy: in addition to institutional hostility, women who adopt part-time work patterns or take more extended periods of maternity leave are frowned upon and miss out on opportunities at work (50). Female cardiologists are also more likely to require paid childcare, whereas male cardiologists often have spouses that care for their children (46, 51). The outdated yet prevalent cultural norm of the female shouldering most of the childcare burden appears to prevail even when the female is the primary salary earner.

Maternity leave policies differ significantly worldwide. In the US, an outlier in parental leave policies, 50% of female cardiologists took eight weeks or less of maternity leave, with only 3% taking more than 6 months. One-quarter reported that their maternity leave was unpaid, and more than half felt pressured to return to work early. Cardiologists in training felt particularly pressured compared to those that had completed training. One-third of female cardiologists in the US also reported being asked to do extra service or call prior to their maternity leave (50, 52).

Maternity leave of female cardiologists outside of the US has not been studied in as much detail as in the US; however, in a worldwide survey of female surgeons (a similar cohort to female cardiologists), average maternity leave was between 7 and 12 months. However, in this worldwide survey, only half felt that their employer was generally supportive, and 80% of female surgeons reported being told that a surgical career was incompatible with parenthood (53).



Radiation exposure

Likely for safety reasons, pregnant people were often excluded from any place where radiation exposure could occur. While CMR per se does not involve radiation, advanced imagers often train in both CMR and cardiovascular computed tomography (CCT), using X-rays for imaging. More recently, this level of extreme caution around pregnant people has been replaced by warnings coupled with more monitoring. For example, there are now guidelines regarding radiation exposure that set strict limits and include using a fetal monitoring badge (54, 55). These guidelines are not overly restrictive and allow training and career progression to continue even when pregnant safely. Despite this added vigilance, women are increasingly more concerned about radiation exposure than previous cohorts (50, 51, 54, 55). This concern may potentially result in less exposure to training or scanning involving radiation and fewer opportunities due to this reduced experience.



Responsibilities outside of work

With arduous long hours, overnight calls, and at times, a competitive, cutthroat work environment, the fields of radiology or cardiology are often not conducive to family life, discouraging women from considering these fields as a career. As mentioned, female cardiologists often have more domestic responsibilities than their male counterparts, spending around 8.5 h more on household tasks per week than their male peers. They also shoulder more caretaking—for sick children and parents in need—compared to their male counterparts (56, 57). With average work weeks of 40–60 h, these extra responsibilities outside of work can quickly create unsustainable pressure (58). Flexible work patterns can help, but these can be difficult to negotiate and achieve (23, 51). Part-time working patterns are often unavailable to trainees, who are most likely to have very young children. Where part-time work is allowed, there is still very low uptake: only 4% of cardiology trainees in the UK work part-time (59). Once fully trained, working part-time is also uncommon: only 10% of female cardiologists in the UK work part-time as opposed to 4% of men (44). Part-time work brings its own challenges: lower pay, fewer career opportunities, and loss of status. A recent British survey showed that cardiologists who work part-time are perceived as having lower status (44).



Academia

Women are underrepresented in cardiovascular academia: only 17% of faculty appointments are women. Women have significantly lower rates of the first authorship, particularly in high-impact journals, and are cited less often (60–63). Female cardiologists are often neither involved in the high-impact trials nor on the writing committees of clinical guidelines (64–66). Women in academia also have less success in career development awards, with gender differences persisting in a number of awards for clinician-researchers in the US, even when adjusting for confounders (67). Similarly, women in radiology are under-represented, with only 34% of women joining academia in the US. However, this number declines at higher levels of leadership, reaching just 25% among section chiefs and vice chairs and 9% among chairs (68).



Salary

Significant gender inequity persists when it comes to compensation. Female cardiologists continue to earn, on average, $32,000 less than male cardiologists in both private practice and academia, even after controlling for location, subspecialty, and full-time status (65, 66, 69). This disparity in earnings is exacerbated by the cost of children, both in fewer work hours or hired child care: either women are predominantly responsible for looking after their children (and thus not able to work and earn), or they must arrange paid childcare, which will cost around 11–20% of their salary (44, 53, 56).



Political dimension

As mentioned above in their independent sections, societal habits and traditions, such as family planning, marriage, divorce, relocation, work-life balance and the risk of burn-out, lack of female role models, discrimination, harassment, and bullying, radiation exposure, responsibilities outside of work, academia and salary, among others, where women are submitted to more substantial constraints than men, have reached a political dimension in some countries in the world, leading to action and legislation specifically to help women with these aspects for better professional equity (70).




Current CMR practice in the world

Utilizing the data obtained by a survey launched by the Society for Cardiovascular Magnetic Resonance (SCMR) in 2017 that is currently under review by the Journal of Cardiovascular Magnetic Resonance (see text footnote 1), an analysis was performed to identify women’s participation in CMR practice around the world. Of 1,086 respondents, 337 (31%) were women, as shown in Figure 1.
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FIGURE 1
Gender distribution of CMR surveyed practitioners.


The percentage of female CMR practitioners who responded to the survey varied significantly depending on the geographical location (Figure 2). Female respondents were as follows: in New Zealand, Thailand, Romania, Indonesia, Egypt, Uruguay, and Kuwait, women represented 67–80% of respondents; in Norway, Malaysia, Sweden, Hong Kong, Lithuania, Algeria, Republic of Korea, and Finland, 50–57% of respondents were women; in Mexico, India, Canada, the UK, Italy, Singapore, Denmark, Spain, China, South Africa, Australia, Argentina, Colombia, Austria, South Korea, Chile, and Switzerland, 32–47% of respondents were women; in Saudi Arabia, the Czech Republic, Brazil, Germany, and the US, Greece, and Hungary, only 20–25% of respondents were women; in Portugal, Ireland, and Japan, 14–17% of respondents were women; and only 3% of the Netherlands respondents were women.
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FIGURE 2
Top 20 countries of origin of surveyed respondents (n = 1,071). The top 20 countries with the most respondents are shown. The data from all other respondent countries are not displayed in the graph. The detailed description of the responders and their gender (within parentheses) were as follows, for USA 309 (F:73/M:236), UK 112 (F:46/M:66), Brazil 85 (F:21/M:64), Germany 62 (F:15/M:47), Japan 50 (F:7/M:43), Canada 42 (F:18/M:24), India 31 (F:14/M:17), the Netherlands 30 (F:1/M:29), Switzerland 22 (F:7/M:15), Italy 22 (F:9/M:13), China 18 (F:7/M:11), Australia 18 (F:6/M:12), Spain 18 (F:7/M:11), South Africa 17 (F:6/M:11), Malaysia 15 (F:8/M:7), Mexico 15 (F:7/M:8), Sweden 12 (F:6/M:6), Egypt 10 (F:7/M:3), Greece 10 (F:2/M:8), Singapore 10 (F:4/M:6). The rest of the surveyed countries are described in the Supplementary material.


In the Philippines, El Salvador, Nicaragua, Iran, Georgia, Russia, Panama, Myanmar, Morocco, and Monaco, there were 1–3 respondents, and all of them were only women.

There were no responses from Turkey, France, Belgium, United Arab Emirates, Qatar, Bangladesh, Slovakia, Poland, Pakistan, Ecuador, Andorra, Venezuela, Oman, Mongolia, Lebanon, Vietnam, and Kazakhstan women.

The age distribution by ranges showed almost a consistent trend of 30% of women respondents for ages less than 60 years; women made up a smaller percentage of older respondents (8% in the range of 61 to 70 years old, and 0% older than 70 years). This is concordant with the history of CV imaging and CMR, mainly dominated by males in the past. However, an exciting and encouraging fact revealed is that the highest percentage of women respondents was in the youngest surveyed range (from 21 to 30 years old), demonstrating an apparent increase in women joining the field in recent years (Figure 3).
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FIGURE 3
Age distribution of surveyed CMR practitioners. This graph displays the age range distribution of the CMR surveyed practitioners with the breakdown of the percentage of women respondents.


When examining the most common practice types of those working in CMR, it is interesting to note that for both men and women, there is more CMR practice in the academic and government scenarios compared to private practice, as displayed in Figures 4, 5. One might speculate that the economics of performing, interpreting, and reimbursement of CMR may contribute to this difference. However, there may also be less representation of private practices and small private hospitals within the SCMR; thus, the data should not be overinterpreted.
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FIGURE 4
Stage of training or primary practice type of the CMR survey practitioners. This bar graph shows the different types of primary practice or stages of training of those CMR surveyed practitioners. The distribution is shown in percentages of total (male and female) in green and just female respondents in pink.
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FIGURE 5
Women’s primary CMR practice of the CMR survey practitioners. Responses in this category = 308. This pie graph shows the distribution of the women’s primary CRM practice as employed physicians at different kinds of institutions such as academic, community, or government hospitals (n = 126, 41%), attending or staff physicians (n = 59, 19%), technologists or radiographers (n = 39, 13%), private practice or independent physicians (32, 10%), pre-grade students or trainees (23, 7%), physician trainees, residents or fellows (19, 6%), and scientist (non-clinician) (10, 3%).




Recruiting and retaining women in cardiovascular imaging

Both recruiting women and retaining women physicians and scientists in cardiovascular imaging are essential to increasing their numbers. Progress is slow, but it is also encouraging: the proportion of women is increasing in medical school and in cardiology and radiology training programs (23, 27). Likewise, the number of women physicists and engineers is growing. However, over the past decade, the percentage of women in diagnostic radiology training has remained steady at 30% (29, 71). As women’s numbers and leverage increase, they will begin to assert themselves to negotiate more favorable conditions: good parental leave policies, flexible work patterns, and equal pay (51, 72). These should be available for both women and men to help eliminate tendencies to avoid hiring female candidates. Those running training programs should consider optimizing work conditions for everyone to continue attracting the best candidates.

To increase the number of women entering cardiology, diagnostic radiology, and cardiac imaging, it is essential to target women interested in medicine or a biomedical career early in the process while in high school, college, or medical school. Additionally, there are too few mentors targeted explicitly toward working with women. Imaging societies must provide avenues for trainees and early career professionals to interact with expert advanced cardiovascular imagers. In addition to increasing the number of mentors from both genders, educating and engaging those in leadership about gender disparities and biases are essential. Professional societies should create initiatives to ensure that diversity is a priority and that women advanced imagers are supported to increase representation. This should happen both at the level of societal leadership, societal committees, and core groups.

Despite rising awareness of women’s unique challenges, the need for flexible working patterns, and better family planning policies, barriers remain. The recent global pandemic has shown how quickly progress can be eroded: women have faced a disproportionate impact, taking on increased domestic and childcare responsibility, affecting jobs and salaries (73, 74).

The early career remains a challenging period for female professionals due to the tension between job requirements and additional family responsibilities, including childbearing. Supporting female physicians and scientists during this difficult time by instituting policies for maternity leave and ensuring flexible work hours (including part-time positions, telework, and different adaptable strategies) can help retain women as advanced imagers in the field. The increasing burn-out rate among female physicians should serve as an impetus for many institutions to adopt and support physician-parent wellness, such as a prolonged family leave policy and sustaining gender diversity and parity in advancements and leadership for female faculty. Establishing and supporting groups, such as women in radiology or parenting mentorship, will pay dividends in the form of improved retention of female faculty and well-being. This premise is based on the literature that radiology trainees and junior faculty reported increased networking (94%) compared to senior faculty (69%) and increased research involvement, which accelerated the professional development and contributed to a more diverse and enabled workforce (75).

Institutions and professional societies must enforce a no-tolerance policy for sexual harassment or bullying in the workplace. Institutional leadership’s responsibility is to create a culture to promote a safe environment where victims of sexual harassment and gender bias feel empowered to report it.

Additionally, institutions should regularly conduct reviews and analyses of faculty salaries to uncover any unconscious biases in salary negotiation.

The empowerment strategies in cardiovascular imaging parallel women’s empowerment in cardiology, diagnostic radiology, and physics/engineering, which include increasing opportunities for leadership training and women in leadership positions who can serve as role models such as advocates, coaches, and mentors for other women (Figure 6).
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FIGURE 6
Women’s role at the CMR Service per Type of Institution of the CMR survey practitioners. Responses in this category = 337. This stacked bar graph shows the women’s role at the CMR service per type of institution, where 64% practice in the university, academic, or teaching environment. Although it is where women primarily participate in leadership roles, 26% of women develop their professional activities in the community or non-academic institutions, where 76% participate as technologists. Women scientists are working only in universities or academic institutions. Detailed data shown in the graph description is in the table at the bottom of the figure.


To improve retention rates of women in cardiology, societies such as the British Cardiac Society (BCS) and American College of Cardiology (ACC) have created Women in Cardiology (WIC) groups that serve as important leadership, career development, and advocacy forums for female cardiologists (76). In addition, the ACC has introduced several initiatives, including courses such as “Upping your game – clinical trials training,” aimed at providing opportunities for learning and networking for underrepresented minorities and women in the field. Furthermore, the Association of American Medical Colleges (AAMC) offers a “Mid Mid-Career Women Faculty Leadership Development Seminar” every year for mid-career women faculty who have been at the associate professor level for at least two years with “the knowledge and skills necessary to support their continued progress along the path to leadership in academic medicine and science.” The seminar includes organizational leadership topics and career-advancing strategies considered highly important for effective leadership throughout “various mission-critical activities.”

Some institutions have programs to mentor and promote women faculty. For example, at the University of Pennsylvania, there is a program called FOCUS (77) that focuses on the health and leadership of women with separate sections for medical students, residents and fellows, junior faculty, and senior faculty. This program addresses the key national issue of the underrepresentation of women in senior levels of academic medicine. Moreover, with the support from the Dean of the Medical School, FOCUS launched initiatives including seminars, workshops, and conferences related to career development and mentoring; faculty research seed grants and recognition awards, and medical student fellowships in mentored projects involving women’s health research to recruit, retain, and promote female leadership. These kinds of institutional and medical societal programs are crucial to providing leadership training and empowerment for female academic physicians.

Similarly, on the radiology side, there is a very active American Association for Women Radiologists (AAWR) that educates and enhances the professional fulfillment of female radiologists. In addition, almost every academic radiology department in the United States has adopted and supported women in radiology groups providing bona fide opportunities for mentorship and leadership growth (75). The Radiological Society of North America (RSNA) has embraced several committees empowering women across subspecialties. One such example is the Committee for Diversity, Equity, and Inclusion (DEI), whose member efforts are geared toward increasing the visibility of women in the field. For example, 57% of RSNA committee chairs are women; nine women have served on the RSNA Board of Directors, and seven women have served as RSNA President. Recognizing the need for women’s empowerment in radiology, the AAWR was formed 25 years ago to promote, educate, and advocate for women radiologists. The AAWR holds regular meetings and workshops tailored to meet women’s needs in radiology.

While there are no explicitly tailored programs/workshops for women empowerment in the cardiovascular imaging subspecialty, the North American Society of Cardiovascular Imaging (NASCI) has worked diligently to increase the representation and visibility of women within the society. In terms of women’s reputation in leadership (as tabulated below), NASCI follows closely with the Society for Cardiovascular Magnetic Resonance (SCMR). Table 1 (78–89) shows a current year comparison of the women’s participation in main US-based international cardiovascular imaging societies, using the leadership roles in executive officer positions and committees chairs as a surrogate of female involvement in the field. Note that the comparison is limited by what was available on each society’s publicly available website and differences between each organizational governance rule and represents more of an “at-a-glance” assessment of women’s representation in these societies. The American Society of Echocardiography (ASE) seems to be particularly successful in elevating women to leadership roles.


TABLE 1    Female leadership participation in the major US-based cardiovascular imaging societies.
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Although women are well-represented in NASCI, gender parity has not been reached in all reaches of the society. The number of women speakers and moderators (n = 35; 33%) at the 2021 annual meeting indicates that we need to understand women’s needs better and increase their engagement in future meetings. These findings are reproduced at other organizations’ meetings. Improved support for women’s engagement may include providing childcare during the meeting, lactation rooms, work and life integration workshops, one-on-one mentor-mentee sessions, and/or short-term coaching sessions, which describe how to navigate through the system to offset any future decline of leadership role or active participation during the annual meetings.

From the highest leadership perspective, women are still underrepresented in imaging, as shown in Table 1. In addition, the percentage of female presidents of the imaging societies was lower than its female membership. However, in the executive officers (defined differently among societies but typically in addition to the president, including positions like the vice president, treasurer, and secretary, among other offices) and committee chairs, there is a higher representation of women than traditionally seen. To increase female leadership at the top, a pipeline of leaders must be developed through leadership education and mentoring. Both the American Society of Echocardiography (ASE) and the American Society of Nuclear Cardiology (ASNC) have leadership programs, although not explicitly geared toward women.

Recently, in 2020, The European Association of Cardiovascular Imaging (EACVI) formed its Task Force of Women in CV Imaging. The task force represents an initiative within the EACVI to connect members interested in promoting women’s representation both in the career setting and leadership roles and in clinical research development in CV diseases in women. This task force intends to unite women in CV imaging worldwide and provide opportunities that may not be available to all women professionals. The main goal intends to help low-to-middle-income country women imagers train within a European country with strong CV imaging expertise with a plan to then return to their home country and serve the community, providing continuous support by addressing challenging cases via remote communication (88).

The increasing involvement of women in the SCMR also corresponds to the initiation and sustained activities of the SCMR Women in CMR Group, which was the brainchild of Dr. Dara Kraitchman (Figure 7). The Women in CMR group meets at the annual SCMR Scientific Sessions and throughout the year. Since the advent of this group, a steady increase in women’s engagement in leadership positions within the SCMR over the past decade has been evident (Figure 7). In addition, women leaders have also stimulated and founded new interest groups like those focused on cardio-rheumatology and cardio-oncology, as well as the CMR translation working group that has advocated for the translation of key CMR documents into other languages to promote international dissemination of the field. These data indicate a shift in thinking and demonstrate positive support for women’s engagement within the CMR community. Intersocietal joint activities (e.g., between the SCMR and ISMRM or other imaging societies) may help to amplify awareness of women’s issues within the field of CMR and imaging, as well as help to jointly work on action items to solve some of the ongoing challenges.
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FIGURE 7
Women’s representation in SCMR leadership. The blue background represents the first CEO (male) and the pink the second and current CEO (female) of SCMR. The thick pink line marks the Women in CMR (Special group of SCMR) establishment as a Task Force by Dara L. Kraitchman, Ph.D., and supported by the E.C. leadership by Victor A. Ferrari, MD. EC, Executive Committee; BOT, Board of Trustees; WIC, women in CMR (Special group of SCMR).




How CMR has made an impact on women’s cardiovascular health

Even as women have become more involved in the field of CMR, CMR has likewise impacted women’s cardiovascular health (90). Among the cardiovascular diagnoses affected are myocardial infarction in the setting of non-obstructive coronary arteries (MINOCA), small vessel disease ischemia, ischemic heart disease in general, rheumatological disorders, and cardio-oncology.

Historically, women with acute coronary syndrome exhibit symptoms that differ from men. Chest pain may be vague or completely absent. Women may present with fatigue or shortness of breath as a primary symptom. In the past, when women presented with an acute coronary syndrome with elevated cardiac enzymes but non-obstructive coronary arteries or MINOCA, the next steps in management were unclear. Implementing CMR in this diagnosis has helped to elucidate an underlying etiology clarifying if a patient has myocarditis, stress cardiomyopathy (Takotsubo), coronary dissection, or coronary spasm (22, 91). CMR’s strengths in comprehensively evaluating the myocardium and its pathophysiologic health (e.g., looking for edema, inflammation, and fibrosis), as well as other cardiac structures like the coronary arteries, elevate its importance in being used early in the patient presenting with chest pain.

In the non-acute chest pain setting, CMR is exceptional in identifying small vessel ischemia using vasodilator perfusion. In newer methods, myocardial perfusion may be quantified, and endocardial-to-epicardial myocardial blood flow ratios assessed. Dr. Noel Bairey Merz, a Professor of Medicine at the Cedars Sinai Heart Institute, and others demonstrated the utility of CMR in evaluating women with chronic chest pain who have non-obstructive coronary arteries (22). With a diagnosis of small vessel disease, clinicians then have a therapeutic target; whereas, in the past, without a definitive diagnosis, treatment was directed as a “best guess,” or worse yet, women were told that their chest pain was non-cardiac.

Diagnosing epicardial coronary artery disease in women has also not been straightforward. Exercise treadmill has a notoriously high false-negative rate in women; nuclear stress testing may yield false positive or equivocal results with breast attenuation. However, CMR stress testing provides a comprehensive assessment of myocardial ischemia, independent of a woman’s body mass index or body habitus (92).

Another field that CMR has changed is that of cardio-rheumatology. Rheumatological disorders such as systemic lupus erythematosus, dermatomyositis, and polymyositis affect women greater than men (e.g., 90% of patients with lupus are women between the ages of 15 and 45 years of age). Again, the ability to discern when the heart is actively affected helps guide the management of the rheumatological patient. Newer parametric mapping methods now offer the ability to serially follow patients, even without contrast, to monitor patients’ response to therapy (93, 94).

Cardio-oncology and a host of therapeutic-related adverse events affect both men and women. However, breast cancer cardio-toxicities have mainly utilized CMR effectively to monitor anthracycline toxicities. Active research is ongoing, using CMR to monitor chemo- and immunotherapeutic toxicities, parametric mapping, and myocardial strain. Beyond identification of cardiomyopathy, CMR may also detect therapy-related acute myocarditis. In women who have undergone chest irradiation and are at risk for premature atherosclerosis, CMR provides a comprehensive assessment of ischemic heart disease using pharmacologic or exercise stress testing (95, 96).

The aforementioned uses of CMR are not meant to comprise an exhaustive list but rather demonstrate a few common examples in which CMR has impacted women’s cardiovascular health. Research and clinical translation are ongoing in a multitude of disease processes. MRI pulse sequences and technology are continuously developing, and new CMR applications are constantly evolving.

It is of particular relevance to highlight the role of CMR in improving cardiovascular care since women are under-represented in clinical trials (97–99), limiting biological understanding and contributing to health inequities, social injustice (99), and impacting their health directly as the state-of-the-art treatments and recommendations have been historically mainly male-oriented (100). Within CMR clinical studies and trials, dedicated emphasis in understanding sex as a biologic variable also needs additional attention and should be a goal for current and future studies.



Conclusion

While there have been challenges to entering and remaining in the field, recent data show that women have become an integral part of the cardiovascular imaging workforce. However, additional work remains to support and increase women’s representation in cardiovascular imaging, academia, and multi-disciplinary societies. Recognition of the need for diversity is more widespread, as well as recognition of the need to better support women in all career stages. For example, women’s representation on moderator and speaking panels requires additional mindfulness and work on the part of the organizers, not simply to fulfill a quota but to add to the depth, breadth, and richness of the meetings as there are qualified women who have valuable and unique expertise to share in the scientific sessions. Similarly, active women’s participation in leadership roles within professional societies adds valuable insights and diversity to the growing field. It should be restated clearly that the entire effort to help engage women in cardiology and radiology is not only fair and proper but also enhances the field—increasing the resilience and level of care.

There has been significant progress in advancing cardiovascular magnetic resonance and cardiovascular imaging. Translational applications of cardiovascular imaging make a difference in cardiovascular diagnosis, management, and prognosis. While the initial involvement of women professionals was low, the engagement of creative, thoughtful physicists, engineers, cardiologists, and radiologists within the field has grown and continues to grow. At this moment, we are just beginning to bend the curve. However, sustained vigilance and creative effort will ensure that the future of women in cardiovascular imaging is hopeful and bright.
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Objective: Type IV collagen (Col-IV) is a prospective biomarker for diagnosing and treating of unstable thoracic aortic aneurysm and dissection (TAAD). This study aims to evaluate the feasibility of 68Ga-labeled WVP peptide (68Ga-DOTA-WVP) as a novel Col-IV-targeted probe for TAAD biological diagnosis using PET/CT.



Methods: WVP peptide was modified with bifunctional chelator DOTA for 68Ga radiolabeling. Immunohistochemical staining was used to evaluate the expression and location of Col-IV and elastin in aortas treated with 3-aminopropionitrile fumarate (BAPN) at different time points (0, 2, and 4 weeks). The imaging performance of 68Ga-DOTA-WVP was investigated using Micro-PET/CT in a BAPN-induced TAAD mouse model. The relationship between 68Ga-DOTA-WVP uptake in aortic lesions and the serum levels of TAAD-related biomarkers including D-dimer, C-reactive protein (CRP), and serum soluble suppression of tumorigenicity−2 (sST2) was also analyzed.



Results: 68Ga-DOTA-WVP was readily prepared with high radiochemical purity and stability in vitro. 68Ga-DOTA-WVP Micro-PET/CT could detect Col-IV exposure of unstable aneurysms and early dissection in BAPN-induced TAAD mice, but little 68Ga-DOTA-WVP uptake was shown in the control group at each imaging time point. The differences of Col-IV expression and distribution of 68Ga-DOTA-WVP both in TAAD and control groups further verified the imaging efficiency of 68Ga-DOTA-WVP PET/CT. Additionally, a higher sST2 level was found in the imaging positive (n = 14) than the negative (n = 8) group (9.60 ± 1.14 vs. 8.44 ± 0.52, P = 0.014).



Conclusion: 68Ga-DOTA-WVP could trace the exposure and abnormal deposition of Col-IV in enlarged and early injured aortas, showing a potential for biological diagnosis, whole-body screening, and progression monitoring of TAAD.



KEYWORDS
molecular biological diagnosis, type IV collagen detection, WVP peptide, PET/CT imaging, thoracic aortic aneurysm and dissection





Introduction

Thoracic aortic aneurysm and dissection (TAAD) is a life-threatening vascular disease, especially when unstable aneurysms with inflammatory conditions progress to aortic dissection, which starts from a tear in the intimal layer of the aorta and bleeding within the media (1, 2). Dissection expands rapidly, leading to serious complications such as rupture or organ ischemia (3). Current clinical guidelines suggest surgical intervention for aortic aneurysm and dissection when the vessel reaches >5–5.5 cm or a growth rate of >0.5 cm/year (4, 5). Unfortunately, this approach oversimplifies complex aortopathy. Up to 50% of ascending thoracic dissections occur in vessels with diameters below the threshold for surgical intervention (6). It has been pointed out that misdiagnosis and delayed management often occurs in clinical workflow even among transfers to aortic referral centers and dramatically worsens the outcomes of patients with TAAD (7, 8). On the other hand, in individuals with thoracic aortic disease, elective endovascular aortic repair and replacement surgery have improved and may be lifesaving; however, these conditions are still associated with increased risk of failure and adverse outcomes (9). Detailed information on the associated findings of the structural and functional biological characteristics are helpful in selecting the best management plan and repeatedly assessing the patient's response to treatment. Therefore, a multidisciplinary approach and earlier and more precise molecular biological diagnosis of unstable aneurysms are imperative to screen the high-risk patients who can benefit from appropriate surgical timing and correct surgical treatment strategy in clinical scenarios to optimize outcomes of TAAD patients.

Molecular imaging, such as hybrid positron emission tomography (PET)/computed tomography (CT), as an adjunctive tool to conventional structural imaging technology, can be used to non-invasively assess anatomic, hemodynamic, and molecular biological features of the aorta, providing a more accurate selection of patients who can benefit from preventative surgical intervention and different options of surgery (10). The complexity of aortic disease is more fully revealed with new functional imaging techniques than with conventional anatomic analysis alone by using a suitable probe to personalize a surveillance regimen or define a more precise intervention threshold to prevent aortic complications (11, 12).

It has been demonstrated that progressive endothelial injury occurs before intimal tearing, including endothelial cell (EC) loss, increased permeability, and subsequent exposure of the subendothelial basement membrane (11, 13). Type IV collagen (Col-IV), a major component of the subendothelial basement membrane, is initially exposed at the sites of EC loss and vessel injury. Patients with TAAD exhibit significantly increased exposure of aortic collagen into the arterial lumen, which may present a novel target for molecular imaging and therapy (14). In our previous studies, a multimodal Col-IV-DOTA-Gd-rhodamine targeted Col-IV by peptide WVP (KLWVLPK) probe was designed to identify the exposed Col-IV in the degenerated aorta for early detection of TAAD via magnetic resonance imaging (MRI) and monitor disease progression in TAAD (15). We also reported a multifunctional nanosystem for delivery (TP-Gd/miRNA-Col-IV) that targets the exposed Col-IV by peptide WVP for nucleic acid therapy to treat TAAD and found such targeted therapy could stabilize the vascular structures, preventing the deterioration of TAAD (16). However, there is still a lack of research on radionuclide-based probes for Col-IV imaging that would be more sensitive to monitor TAAD progression than MRI owing to priority of molecular functional detection and whole-body imaging. Thus, the capability for making a biological diagnosis of TAAD remains to be assessed.

Herein, the Col-IV-targeted WVP peptide was radiolabeled with 68Ga (68Ga-DOTA-WVP) as a novel PET probe for TAAD imaging. This study aims to evaluate the feasibility of 68Ga-DOTA-WVP as a Col-IV-targeted probe for PET/CT of unstable thoracic aneurysms and early TAAD biological diagnosis. To the best of our knowledge, this is the first example regarding the development of a WVP-based PET probe for TAAD imaging.



Materials and methods


Materials

WVP peptide was manufactured using the solid-phase peptide synthesis method by ChinaPeptides Co., Ltd. (Shanghai, China). During the synthesis process, the C-terminus of WVP was modified with DOTA to obtain DOTA-WVP. Sodium acetate (NaOAc), hydrogen chloride (HCl), 3-aminopropionitrile fumarate salt (BAPN), Sirius red, and picric acid were supplied by Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-mouse Col-IV and elastin were purchased from Abcam, Inc. (Cambridge, UK). Other chemicals and solvents were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).



Preparation of 68Ga-DOTA-WVP and quality control

68Ga was eluted from a 68Ge/68Ga generator (ITG, Baden-Württemberg, Germany) with 4 ml of 0.5 M HCl solution and collected in a 10 ml sterile vial. One milliliter of eluted 68GaCl3 was mixed with 65 μl of DOTA-WVP (1 mg/mL) dissolved in 1 M NaOAc. Then the reaction mixture was incubated at 95°C for 15 min. After being cooled to room temperature, the formed 68Ga-DOTA-WVP was analyzed using the Agilent 1260 high-performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA, USA) equipped with a UV-Vis detector (λ = 220 nm) and radioactive flow detector (BioScan, Poway, CA, USA). The SunFire C18 column (5 μm, 4.6 × 250 mm, Waters, Osaka, Japan) was used at a flow rate of 1 ml/min using the following gradient method: 0.1% trifluoroacetic acid in water and acetonitrile (CH3CN) (0–20 min, 15%–45% CH3CN). The final product was diluted with 0.9% saline and filtered through a 0.22 μm Millipore filter. To assess in vitro stability, 500 μl of 68Ga-DOTA-WVP (4 mCi) was mixed with 500 μl of phosphate-buffered saline (PBS, 0.1 M, pH = 7.4) at room temperature. The radiochemical purities (RCPs) were tested using HPLC at different time intervals (1, 2, and 3 h).



Animal experiment and experimental model of TAAD

All animal experiments complied with the Guidelines for the Care and Use of Research Animals established by the ethical committee of Shanghai General Hospital. C57BL/6J male mice were purchased from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences (Shanghai, China). Three-week-old male mice (weight: 8–12 g) were fed a normal diet (control) or 0.1% Wt/Vol BAPN in drinking water for 6 weeks to establish the TAAD disease model. The lower dose of BAPN used in this study to extend the survival of the mice to monitor the whole process of TAAD formation and evaluated the efficiency of 68Ga-DOTA-WVP for early detection of unstable aortic aneurysm and diagnose early dissection (17, 18). Animals grouped TAAD (n = 62) and control (n = 10) performed PET/CT imaging and immunohistochemistry staining in different pathogenesis to compare 68Ga-DOTA-WVP uptake in aorta and expression of Col-IV on aortic lesions.



PET procedures

The 68Ga-DOTA-WVP solution (100 μl, 200 μCi) was administered as an intravenous bolus to mice with TAAD and the control mice. PET images were acquired at 0.5, 1, and 2 h after injection using a Micro-PET/CT scanner (Siemens Inveon PET/CT scanner, Siemens Healthineers, Erlangen, Germany). All PET studies were reconstructed as a series of three-dimensional (3D) PET images using a two-dimensional-ordered subsets expectation maximization algorithm (four iterations, six subsets), resulting in a voxel size of 0.86 × 0.86 × 0.79 mm. Whole-body CT was used for attenuation correction, and PET studies were corrected for random coincidences, dead time, scatter, and decay.



Image analysis

PMOD software 3.8 (PMOD Technologies, Ltd., Zurich, Switzerland) was used to perform image analysis. The CT and PET images were co-registered using the “Fuse it” toolkit. Abnormal findings that visually matched the characteristics of TAAD were outlined in transverse slices and automatically adapted to 3D volume. Volumetric regions of interest (VROIs) were placed on the anatomical CT images to identify the thoracic aorta and drawn around the high uptake area within the aortic wall lesions. Additional VROIs were drawn in other important organs, including the liver, muscle, heart, brain, bone, lung, and intestine, to measure the in vivo biodistribution of the novel peptide probe. The VROIs in the control group were created in the same manner.

The 68Ga-DOTA-WVP uptake was analyzed in the VROI with respect to the maximum standardized uptake value (SUVmax). To determine the probe uptake in the early and late phases (static) in the defined TAAD regions, data were compared and analyzed at three time points (0.5, 1, and 2 h) in the TAAD group to explore the in vivo dynamic information of the novel peptide probe.



Immunohistochemistry

After imaging, the aortas of mice were excised, embedded in an optimal cutting temperature compound, sectioned, and stained for immunohistochemistry using rabbit anti-mouse Col-IV and elastin antibodies and the secondary antibody was goat antirabbit IgG. Elastin on sections of the aorta in the control mice and mice with TAAD was incubated for 5 min in Lugol's iodine solution, washed twice with PBS, and then incubated with sodium thiosulfate for 5 min. Next, sections were washed for 5 min with running tap water, followed by 70% ethanol, incubated with aldehyde-fuchsin for 10 min, washed with 70% ethanol until they no longer bleached, and stained with Acid Orange G for 10 s.

Collagen was stained directly with Sirius red and saturated aqueous picric acid (1.3% in water). Nuclei were stained with Weigert's hematoxylin for 8 min, washed with running tap water for 10 min, stained with picric-Sirius red for 1 h, and then washed in two changes of acidified water. This achieved near-equilibrium staining that did not increase with longer staining times as shorter times were not sufficient, even when the colors appeared adequate. The slides were then dehydrated in three changes of 100% ethanol, cleared in xylene, and mounted in a resinous medium. The results were observed using a digital slide scanner (3DHISTECH. Ltd).



Enzyme-linked immunosorbent assay analysis of blood

All collected blood samples were divided into positive (SUVTAAD ≥ 1.6 SUVliver) and negative (SUVTAAD < 1.6 SUVliver) imaging groups based on the data from 68Ga-DOTA-WVP PET/CT imaging. Blood samples were collected in anticoagulant tubes and centrifuged for 10 min. The supernatant was used to measure the levels of serum D-dimer, C-reactive protein (CRP), and serum soluble suppression of tumorigenicity-2 (sST2) using enzyme-linked immunosorbent assay.



Statistical analysis

Data were expressed as mean ± standard deviation. The differences between the two groups were analyzed using unpaired Student's t-tests, and comparisons between more than two groups were conducted using one-way analysis of variance, followed by Bonferroni's post hoc test. For normally distributed data, we used Pearson's correlation test, and we used Spearman's correlation test for data with skewed distribution. Statistical analysis was performed using SPSS 24.0 (IBM Corp., Armonk, NY, USA). P-values < 0.05 were considered statistically significant.




Results


Radiochemistry

The WVP peptide was effectively radiolabeled with 68Ga via the bifunctional chelator DOTA in 15 min. As shown in Figures 1A,B, the HPLC results of 68Ga-DOTA-WVP had a single radioactive peak with a retention time of 10.16 min, which was consistent with that of the corresponding DOTA-WVP (10.13 min). The RCP of 68Ga-DOTA-WVP was calculated to be more than 99% without further purification. No obvious changes in the labeling peptide were found in PBS at room temperature within 3 h, suggesting good stability of 68Ga-DOTA-WVP in vitro.
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FIGURE 1
HPLC results of 68Ga-DOTA-WVP. (A) The radioactive peak shows the position of 68Ga-DOTA-WVP. (B) The UV peak shows the position of DOTA-WVP peptide, which is consistent with the 68Ga-DOTA-WVP, indicating that the precursor was successfully radiolabeled with 68Ga.




Exposure of Col-IV at the site of EC loss in the early stage of TAAD

Three-week-old C57BL/6J mice (n = 12, weight: 8–10 g) were fed 0.1% Wt/Vol BAPN in drinking water for 4 weeks and observed EC loss occurred as early as the first week of BAPN administration by Evans blue staining, and the area of EC loss increased with progressive TAAD development, as reported in a previous study (15). Elastin staining revealed slight disordering and disruption of elastic fibers that could be detected in the aortic arch after 2 weeks of BAPN administration (Figures 2A,B). Col-IV located under the aortal intima was exposed and gradually increased with BAPN administration during the development and worsening of TAAD from 2 weeks to 4 weeks confirmed using Sirius red staining (Figures 2A,C). These results demonstrated that exposure of Col-IV is a crucial characteristic of early stage of TAAD and high-risk TAAD.


[image: Figure 2]
FIGURE 2
Pathological features of TAAD at different stages (0, 2 and 4 weeks). Mice were fed 0.1% BAPN for 4 weeks to simulate the different stages of TAAD development. (A) H&E staining on the aortic arch. (B) Elastin staining on the aortic arch (red arrow). (C) Sirius red staining of collagen on the aortic arch (green arrow indicates Collagen). The scale bars on the three panels are 50 μm. The blue dashed line is the intima, indicating the vascular lumen (blue asterisk indicates lumen of aorta).




Micro-PET/CT imaging and biodistribution on early stage of TAAD

Following BAPN administration for 2 weeks (early stage of TAAD), the mice (n = 12) were intravenously injected with 100 μl of the 68Ga-DOTA-WVP solution [(68Ga) = 2 mCi/ml] and PET/CT imaging was performed at 0.5, 1, and 2 h after injection. Significantly increased uptake was observed in the thoracic aortic region, followed by the heart (Figure 3). The thoracic aortic lesions were visualized by PET/CT imaging at 0.5 h after injection and signals decreased fast at 1 h and 2 h imaging after injection 68Ga-DOTA-WVP owning to good wash-out dynamics in vivo. 68Ga-DOTA-WVP was excreted through the urinary system; thus, the kidneys and bladder retained abundant tracers. The in vivo biological distribution analysis verified the spatial distribution of the images within the analyzed tissues. The 68Ga-DOTA-WVP peptide probe focused on injured aortic lesions and had low background signals. In addition, the brain exhibited barely tracer uptake, and the intestine exhibited little tracer uptake, which is important to facilitate accurate diagnosis and reduce radiation dose.


[image: Figure 3]
FIGURE 3
(A) Micro-PET/CT imaging and (B) biodistribution of 68Ga-DOTA-WVP in mice with early stage of TAAD. The thoracic aorta and other tissues of interest were analyzed to determine the uptake levels of 68Ga-DOTA-WVP. Data are expressed as SUVmax and the percentage of injection dose (% ID).




Molecular biological detection of TAAD by serial PET/CT imaging

We evaluated the efficacy of 68Ga-DOTA-WVP in detecting unstable TAAD lesions using PET/CT (TTAD group: n = 20 and control group n = 10). The aortic diameters of thoracic aneurysm become progressively enlarged with prolonged BAPN administration shown by representative photographs thoracic aorta. Whole-body static images were compared at 0.5 h after injection of 68Ga-DOTA-WVP in mice with TAAD and control mice group in different pathologic stage (Figure 4). The thoracic aortic wall with Col-IV abnormal deposition and exposure presented markedly higher uptake of the peptide probe in the TAAD group as early as 2 weeks compared with that in the control group, which was consistent with the results of Elastin and Col-IV staining. Additionally, the 68Ga-DOTA-WVP uptake in thoracic aortic lesions gradually increased with the longed BAPN administration, which could be visualized clearly at 4 weeks on serial PET/CT images and accompanied by TAAD progression and marked by more exposure of Col-IV. This was also in agreement with the immunohistochemical staining results (Figure 4). The retention of 68Ga-DOTA-WVP in kidneys was significantly higher in the TAAD group than in the control group at 0.5 h after injection (11.53 ± 6.56 vs. 1.21 ± 0.35, P < 0.001). Moreover, the 68Ga-DOTA-WVP uptake in the heart was also significantly increased in the TAAD group compared to that in the control group at 0.5 h after injection (1.74 ± 1.23 vs. 0.19 ± 0.08, P < 0.001).


[image: Figure 4]
FIGURE 4
68Ga-DOTA-WVP PET/CT images of mice with TAAD in different stages and control mice. The in vivo images were verified by photographs of macroscopic features of the thoracic aorta and histological staining (blue asterisk = lumen of aorta; blue dashed line = intima; green arrow = collagen expression; black arrow = TAAD lesions).




Predictive value of 68Ga-DOTA WVP uptake for assessing the severity of TAAD

The weight of the TAAD mice decreased significantly compared to the normal ones (11.60 ± 2.18 vs. 22.31 ± 1.91, P < 0.001) (Figure 5A). In contrast, the 68Ga-DOTA-WVP uptake in thoracic aortic lesions increased significantly in TAAD mice (2.14 ± 1.64 vs. 0.23 ± 0.11, P < 0.001) (Figure 5B). The uptake value of 68Ga-DOTA-WVP in thoracic aortic lesions showed an obvious increase with the progression of TAAD after BAPN administration using serial PET/CT imaging (Figure 5C). The mice did not die from rupture of TAAD until 3 weeks of BAPN administration. The first dead TAAD mouse died from rupture was found 23 days after BAPN administration and gradually increased until 66% (33/50) of TAAD mice died from rupture at 6 weeks after BAPN administration (Figure 5D).
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FIGURE 5
(A) Changes in body weight of mice control and TAAD treated mice. (B) Increased uptake of 68Ga-DOTA-WVP in mice with TAAD in thoracic aortic lesions. (C) The comparison of 68Ga-DOTA-WVP uptake in thoracic aortic lesions between 2 and 4 weeks after BAPN treatment. (D) Ruptures in mice with progressive TAAD (n = 50).


We also present a case report of a TAAD mouse dying from rupture which indicates the predictive value of 68Ga-DOTA-WVP PET/CT imaging when assessing the severity of vascular damage after BANP administration. The body weight of this mouse increased slowly and was lighter than other mice in group 2 from 2 to 4 weeks post BAPN administration. When imaged at 4 weeks, the mouse had the lowest body weight among all surviving TAAD mice and was subsequently euthanized by overexposure to isoflurane and found blood clot in chest cavity after dissected. Whole-body images showed a significantly intense concentration of probe was detected in the thoracic and abdominal aorta, heart, and lung. This possibly demonstrated whole body vasculature damage from BAPN administration (Figure 6).


[image: Figure 6]
FIGURE 6
A case of rupture among the TAAD mice. Whole-body 68Ga-DOTA-WVP PET/CT images showed significant high uptake of the probe in the aorta, heart, and lung, indicating the large extent and severity of vascular damage caused by BAPN administration. Thoracic aortic dissection is showed in the blue cross and abdominal aortic dissection is shown in the blue cross.




Relationship between 68Ga-DOTA-WVP uptake and serum biomarkers

The relationship between 68Ga-DOTA-WVP uptake on the thoracic aortic wall and serum levels of CRP, D-dimer, and sST2 were analyzed. There was no significant association between 68Ga-DOTA-WVP accumulation and serum levels of those biomarkers. We then compared the levels of these biomarkers between the 68Ga-DOTA-WVP PET/CT positive (n = 14) and negative imaging groups (n = 8). The sST2 level was significantly higher in the positive imaging group than in the negative group (9.60 ± 1.14 vs. 8.44 ± 0.54, P = 0.014); however, the levels of CRP and D-dimer did not differ significantly between the groups (Figure 7).
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FIGURE 7
Scatter diagrams of the association analysis of 68Ga-DOTA-WVP uptake on thoracic aortic wall and serum levels of (A) CRP, (B) D-dimer, and (C) sST2. (D) Comparison of the serum level of sST2 between the positive and negative imaging groups.





Discussion

In the present study, the novel probe 68Ga-DOAT-WVP was designed and successfully prepared for PET imaging, and we found that 68Ga-DOAT-WVP PET/CT imaging could extensively detect unstable aneurysms and enable early diagnosis of TAAD (after 2 weeks of BAPN administration) by targeting Col-IV, which was exposed to a small tear site of the intimal aorta. During TAAD development, Col-IV exposure gradually increased with BAPN administration and processive TAAD, owing to the compensatory repair of the degenerated aorta, which was consistent with the gradual increase in 68Ga-DOTA-WVP uptake and intensive signal on thoracic aortic wall lesions in vivo PET/CT imaging. Importantly, the in vivo biodistribution results showed high 68Ga-DOTA-WVP uptake in the heart, but lower uptake in the liver, brain, lung, bone, muscle, and intestine, which was beneficial to acquire good imaging quality and have robust potential applications in clinical screening of high risk TAAD patients.

The accuracy of diagnosing unstable aneurysms and early TAAD has varied in each trial, and the appropriate imaging technique to apply in each at-risk population remains unclear. Molecular imaging techniques, such as PET/CT, have shown promise in detecting vessel wall instability at an early stage (19, 20). Our results suggest that 68Ga-DOTA-WVP PET/CT imaging could provide whole-body molecular information on Col-IV exposure and expression as an ideal biological characteristic target of unstable TAAD lesions. We showed firstly that 68Ga-DOTA-WVP administration resulted in a clear and significantly high uptake in aortic lesions in whole body imaging, which was confirmed by the high SUVmax after 2 and 4 weeks following BAPN administration, whereas no obvious uptake was observed in the control group at the same time points. Patients with TAAD reportedly exhibit significantly increased expression of collagen, which may be a new target molecule in the molecular imaging of TAAD (21). This finding concurs with the current study's finding. In the early stages of aneurysm, the basement membrane components that contain collagen increased in the thickened area, and the basement membrane becomes thin from the degeneration of elastin and depletion of smooth muscle cells in the later stages. Smooth muscle cells in unstable aortic aneurysms and dissected aortic media exhibit phenotypic switching from the contractile to synthetic type. Synthetic smooth muscle cells increase collagen synthesis and matrix metalloproteinase-2 production, both of which can promote abnormal collagen deposition and elastin degradation in TAAD and support the intense accumulation of 68Ga-DOTA-WVP trace Col-IV expression in high-risk aneurysms and the early stages of dissection (22).

Col-IV can not only be exposed and posited on the intima beneath the TAAD, but also in the pathological tissues of renal fibrosis, atherosclerosis, and hepatic fibrosis, which is consistent with our results that the heart and kidneys also showed high uptake of 68Ga-DOTA-WVP (23). On one hand, the most reasonable explain of high accumulation of 68Ga-DOTA-WVP observed in heart and kidney in TAAD mice was caused of systematic aortic pathologies induced from BAPN administration in this TAAD model. But in the other hand, we should also pay an attention to the relationship of TAAD and heart as well as renal disease based on common pathogenesis. Renal injury was indicated by prolonged excretion time in mice with TAAD compared to that of the normal mice in the control group. However, previous studies demonstrated that type IV collagen that accumulates in the glomerular mesangium and renal interstitium contributes to the progression of chronic renal disease via the TGF-β signal path (24). Therefore, the importance of evaluation heart and renal abnormal function should be emphasized in patients with TAAD based on the common pathological change of type IV collagen deposition. Additionally, Kurata demonstrated that the severity of atherosclerosis and number of renal cysts were correlated with thoracic aortic circumference. Type IV collagen was noted in background renal tissue in cases with numerous renal cysts and suggests that a syndrome that affects the aorta and renal tubules, as well as atheroma, may exist (25). Therefore, abnormal exposure and deposition of Col- IV involving dysfunction of other important organs might be an target for noninvasive molecular imaging and nanosystem therapy for patients with TAAD. Whole-body PET/CT imaging and systematic evaluation using 68Ga-DOTA-WVP may play an important role in systematic assessing function changes of heart, renal and atherosclerosis in patients with TAAD. Reportedly, immune responses against collagen type IV contributed to vascular injury, affecting the development of atherosclerosis (26). Steffensen and Rasmussen summarized the important role causal involvement of collagen type IV in macrovascular diseases as the marker of intact basement membrane and stability of cellular homeostasis (27). The progression of atherosclerosis and other macrovascular diseases is accompanied by degrading collagen type IV and an increased production of abnormal interstitial collagen in the intima (28). Col-IV exposure is a prospective target to biological diagnosis and therapy and the application of 68Ga-DOTA-WVP PET/CT imaging targeted Col-IV detection in various other diseases accompanied by Col-IV deposition and exposure should be studied in future research.

Reportedly, the sST2 level was significantly elevated in patients with severe aortic valve stenosis who presented with pulmonary hypertension and associated with earlier death and high mortality (29). Another study demonstrated the prognostic value of sST2, which is an independent predictor of adverse outcomes in different aortic diseases (30). Additionally, sST2 can act as a heart damage biomarker because it acts as a decoy receptor for interleukin (IL)-33 and blocks the binding of IL−33 to membrane-bound ST2 to interrupt myocardial and vascular benefits (31). Our results showed that the level of sST2 was significantly increased in the 68Ga-DOTA-WVP PET/CT positive imaging group compared to the negative imaging group, which reflected the damage caused by sST2 in the heart and thoracic aortic wall. However, no relationship was observed between probe uptake and sST2 levels. CRP and D-dimer are systemic laboratory diagnostic biomarkers have been investigated and linked to the risk for aortic aneurysms or its outcomes but not sensitive and specific enough in clinical application. Reportedly, CRP is an independent risk factor in detection of vascular inflammation was associated with abdominal aortic aneurysm progression but few studies in TAAD (32). Inflammation and coagulopathy are non-specific characteristic in aortic aneurysm and dissection, while 68Ga-DOTA-WVP was designed to target imaging exposure of Col-Ⅳ to detect aorta damage earlier and specifically in unstable TAAD in this study. Therefore, no significant association between 68Ga-DOTA-WVP accumulation and the serum levels of these non-specific biomarkers in PET/CT positive and negative imaging groups of TAAD mice (33). The negative association also could be caused by insufficient sample size in this study and further research is needed on the topic.

The main limitation of this pilot study is the lack of reliable binding and inhibition experiments to quantify the quantitative-efficacy relationship between the uptake of 68Ga-DOTA-WVP and Col-IV expression, which will be studied further. Secondly, this pilot study lacks sufficient sample size for serial visualization of TAD progression using PET/CT to quantitatively analyze the relationship between probe uptake in vivo and Col-IV exposure at different time points as well as lack of confocal microscope photography scanning due to the COVID-19 pandemic. In our timeframe of experimentation, most aorta samples did not develop dissection. However, we observed that many animals with significant accumulation of 68Ga-DOTA-WVP in the aorta died from TAAD rupture. In our future study, we will continue analyzing the relationship between probe uptake and formation of dissection as well as the specificity of the probe for TAAD detection. Another limitation is that, although we showed that 68Ga-DOTA-WVP could be used to detect early TAD in a mouse model, this agent needs to be investigated further in large animals and eventually confirmed in humans. Furthermore, we should also visualize the aorta using CT-enhanced scans to co-locate TAAD lesions from structural information of size and functional imaging of Col-IV exposure via hybrid PET/CT imaging, which will be conducted in our following study.



Conclusions

In summary, we prepared 68Ga-DOTA-WVP through a simple method with a high RCP and stability and demonstrated its ability to detect the biological characteristics of unstable aneurysms and early TAAD. Biological diagnosis of dissection plays an important role in clinical management. Thus, the current study proposes a promising method for dissection screening in high-risk patient populations, monitoring disease progression and assessing therapeutic response. Therefore, clinicians may benefit from PET-based whole-body risk assessments in guiding patient management and surgical decisions.
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PDESIs

Antinuclear antibodies.
Anti-Scl70

Anti-centromere

Right atrial area

Tricuspid regurgitation gradient
SPAP

mPAP

PAWP

TPR (Wood units)

SSc PAH+ (n = 35)

34(97.1%)
65289
166.7 + 121.3
28(80.0%)
7 (20.0%)
35 (100.0%)
20(57.1%)
9(25.7%)
8(22.9%)
24 (68.6%)
8(22.9%)
12 (34.3%)
11 (31.4%)
23(65.7%)
17 (48.6%)
87+94
12 (34.3%)
23(65.7%)
14 (40.0%)
29(82.9%)
8(22.9%)
17 (48.6%)
24646
49.9 13,4
509+ 18.3
36094
10.4 £ 4.1
86+4.7

SSc PAH- (n = 35)

34(97.1%)
633103
1683 + 18.4
24 (68.6%)
11 (31.4%)
35(100.0%)
11(31.4%)
18 (61.4%)
12 (34.3%)
19 (64.3%)
7 (20.0%)
15 (42.9%)
16 (45.7%)
25 (71.4%)
12 (34.3%)
75£52
16 (45.7%)
12 (34.3%)
7 (20.0%)
35 (100.0%)
14 (40.0%)
17 (48.6%)

p-value

0.99
038
0.61
027

0.99
0.03"
0.03"
029
0.22
0.77
0.46
022
0.61
0.23
0.39
0.33
0.01
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0.01*
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Mitral regurgitation (MR) fraction [%]

E-wave flow [ml/s]
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Lower LV ejection fraction limits 51%
Upper LV mass limits 57 g/m?
Upper limits for LV mass/volume ratio 0.90
Upper myocardial T1 limits 1,208 ms.
Upper myccardial T2 limits 47ms
Upper myccardial ECV limits 285%
Upper skeletal T1 limits. 1,206ms
Upper skeletal ECV limits 149%

Men

49%
73 g/m?
1.11
1,208 ms
47 ms
285%
1,206 ms
149%

ECV, extracellular volume, LV, left ventricle, T1, longitudinal relaxation time, T2, transversal

relaxation time.
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Age (years)

Female

Dicbetes

Dyslipidemia

Hypertension

Obesity (BMI > 30 kg/m?)

ARDS at acute phase

Peak troponin lc at acute phase (ng/ml)
Delay time from peak Troponin (months)
Heart rate (bpm)

Systolic BP (mmHg)

Diastolic BP (mmHg)

End-diastolic LV volume (mL/m’)

LV ejection fraction (%)

LV mass (¢/m?)

LV mass / volume ratio

End-diastolic RV volume (mL/m?)

RV ejection fraction (%)

Myocardial T1 (ms)

Myocardial T2 (ms)

Myocardial ECV (%)

Delayed retention myocarditis pattern
Skeletal T1 (ms)

Skeletal ECV (%)

Hematocrit (%)

G Reactive Protein (mg/mL)

Troponin lc (ng/mi)

Nt-pro BNP (pg/mL)

Albunin (g/L)

€GFR (m/min/1.73 m?)

66 (59-71]

2(11%)
7 @87%)
6(82%)
8(42%)
767%)

16 (84%)

242 [83-896)]
322639
80.0 (64.8-82.1)
134 [132-155]
81 [72-85)
63(55-72)

58 [52-65]

70 (59-80]
1.20 0.91-1.27)
56 (53-68)

55 [51-59]
1,257 [1,221-1,270)
380 [36.0-40.2)
27.6[25.4-31.5]
2(11%)
1,149 [1,110-1,149]
16,5 [14.4-22.4)
42.4 [40.3-43.9]
44
60(2.0-13.0]
111 [36-259]
415 [30.1-46.4)
90 [84-90]

ARDS, acute respiratory distress syndrome; BNR, brain natriuretic peptide; BMI, body
mass index; BR, blood pressure; ECV, extracellular volume; éGFR, glomeruar fitration rate
estimated with the CKD-EPI formula and truncated at 90 mi/min/1.73 m?; LV, left ventricie;
RV, right ventricle; T1, longitudinal relaxation time; T2, transversal relaxation time.
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1t CMR 2"4 CMR P-value

BMI (kg/m?) 27.4[254-319]  309[28.8-33.60] 0.103
Heart rate (bpm) 770(65.4-822]  64.1[575-79.3  0.046
Systolic BP (mmHg) 134 [125-145) 142 [127-156]  0.178
Diastolic BP (mmHg) 81 [72-85) 81 [77-90) 0.166
End-diastolic LV volume 63 (53-71) 61(51-69) 0576
(mUm)

LV ejection fraction (%) 60 [53-66] 56 [52-62) 0.388
LV mass (g/m?) 70 [60-82] 68 [59-82) 0419
LV massAvolume ratio 123[1.06-1.26)  1.12[1.02-134] 0650
End-diastolic RV volume 63 (53-71) 61(51-69) 0576
(mUm?)

RV ejection fraction (%) 60 [53-65) 56 [52-62) 0383
Myocardial T1 (ms) 1,257 [1,225-12,646] 1,233 [1,192-1,256] 0.038
Myocardial T2 (ms) 376(359-395]  380(365-405] 0576
Myocardial ECV (%) 27.4[257-81.1]  259[28.1-27.3  0.007
Delayed retention 2(14%) 2 (14%) 1.000
myocarditis pattern

Skeletal T (ms) 1,122[1,104-1,173] 1,134 [1,104-1,228] 0.382
Skeletal ECV (%) 156(14.2-19.2) 127 [122-149]  0.001
Hematocrit (%) 422[40.1-43.4)  42.4[39.2-445  1.000
C Reactive Protein (mg/mL) 46 414-93) 0028
Troponin e (ng/m) 55[2.0-13.2) 50[2.75-12.25)  0.893
Nt-pro BNP (pg/mL) 111 (41-133] 56 [35-52) 0.285
Albumin (g/L) 420[403-47.4)  441[42.7-460] 0383
©GFR (mV/min/1.78 m?) 90 (87-90] 90 (82-90) 0221

BMI, body mass index; BNF, brain natriuretic peptide; B, blood pressure; ECV,
extracellular volume; eGFR, glomerular filtration rate estimated with the CKD-EP! formula
and truncated at 90 mi/min/1.73 m?; LV, left ventricle; RV right ventricle; T1, longitudinal
relaxation time; T2, transversal relaxation time.
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Age (years)

Hypertension 7 (%)

AF duration (months)

Paroxysmal AF n (%)
Antiarrhythmic drugs (number)
LV hypertrophy n (%)

LV EF (%)

LA anteroposterior diameter (mm)
LA AP diameter/BSA (mm/m?)
LA maximum volume (ml)

LA maximum volume/BSA (ml/m?)
LASs; (%)

LASRs; (s™1)

LASRe; (s71)

LASRa; (s71)

RA maximum volume (ml)

A wave (cm/s)

Successful SA
(n=10)

50 [50-57] 8 (80%)
2 (20%)
72 [48-120]
7 (70%)
2[1.25-2]
2 (20%)
63 [60-65]
40 [37-42]
20 [18-21]
49 [44-61]
25 [23-35]
17 [13-20]

095 [0.79-1.77]
—1.15 [—2.02/—0.87)]
—0.95 [—1.47/—0.52)]

49 [41-59]
58 [41-66]

Non-successful SA

(n=4)

47 [38-58]3 (75%)
1(25%)
72 [48-150]

4 (100%)
2[2-2]
1(25%)

58 [40-60]
39 [37-44]
20 [18-24]
55 [49-71]
31 [23-36]
13 [13-15]

0.70 [0.57-0.92]
—130 [—1.92/—1.13]
—0.50 [—0.73/—0.39]

53 [50-75]
37 [27-43]

p-value

0.26

0.92
0.51
0.60

0.05
0.88
1
0.36
0.81
0.22
0.17
0.39
0.04
0.41
0.05

Data expressed as number of patients () and percentage or median and interquartile range as appropriate. AF, atrial fibrillation; AP, anteroposterior; A wave, late diastolic transmitral

wave; BSA, body surface area; EF, ejection fraction; LA, left atrium; LV, left ventricle; RA, right atrium; Ss;, systolic strain; SRay, late diastolic strain rate, SRey, early diastolic strain rate;

SRs;, systolic strain rate.
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Paroxysmal AF n (%)
Antiarrhythmic drugs (number)
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LV EF (%)
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LASRs; (s~1)
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LASRa; (s™1)
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(n=10)

53 [50-56]

4 (40%)
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7 (70%)
15[1-2]

4 (40%)

60 [59-62
41[32-44
20[17-22
64[36-92
36 [17-44
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098 [0.83-1.

17]
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30 [19-54
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(n=8)

52 [46-69
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13[7-17]
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—1.18[—175/—1.02]
—0.69 [~0.80/—0.54]
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p-value

0.86
0.07
0.85
0.34
0.61
0.64
0.87
0.48
0.49
0.79
0.87
0.03
0.02
0.86
0.02
0.43
0.53

Data expressed as number of patients () and percentage or median and interquartile range as appropriate. Bold values indicate statistical significance. AF, atrial fibrillation; AP:
anteroposterior; A wave, late diastolic transmitral wave; BSA, body surface area; EF, ejection fraction; LA, left atrium; LV, left ventricle; RA, right atrium; Ssy, systolic strain; SRay, late
diastolic strain rate, SRey, early diastolic strain rate; SRs;, systolic strain rate.
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Hypertension (%)

Body surface area (BSA) (m?)
Antiarrhythmic drugs (number)

AF duration (month)

Paroxysmal AF n (%)

LV hypertrophy n (%)

LV EF (%)

LV end-diastolic diameter (mm)

LV end-systolic diameter (mm)

LA anteroposterior diameter (mm)
LA anteroposterior diameter/BSA (mm/m?)
LA maximum volume (ml)

LA maximum volume/BSA (ml/m?)
LASs; (%)

LASRs; (s~ 1)

LASRe; (s 1)

LASRa; (s—1)

Catheter ablation
(n=18)

52[49-59]
11p (61%)
1.99 [1.92-2.07]
2[1-2]

84 [36-114]
10 (56%)

6 (33%)

60 [60-60]
49-57]
31-36]

55 [
33
41 [34-44]
21[18-22]
68 [50-78]
36 [22-42]

17 [12-19]

0.71 [0.67-1.10]

—1.19 [-1.58/—1.03]

—0.80 [—1.07/—0.59]

Surgical ablation
(n=14)

55 [47-57]
3p (21%)
2.15 [1.81-2.17]
2[15-2]
72 [48-133]
11 (79%)
3 (21%)
60 [59-65]
52 [50-55]
32 [27-34]
40 [37-42]
20 [18-21]
52 [46-61]
27 [24-35]

15 [13-18]
0.90 [0.72-1.40]
~1.20 [~1.65/0.90]
~0.80 [~1.02/—0.52]

p-value

0.94
0.04
0.50
0.37
0.69
0.27
0.69
0.67
0.19
0.34
0.77
0.45
0.25
0.87
0.63
0.89
0.97
0.73

Data expressed as number of patients (1) and percentage or median and interquartile range, as appropriate. AF, atrial fibrillation; BSA, body surface area; EF, ejection fraction; LA, left

atrium; LV, left ventricle; Ss;, systolic strain; SRay, late diastolic strain rate, SRey, early diastolic strain rate; SRs;, systolic strain rate.
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Demographics

Age (y)

Sex Male: Female
Height cm)

Weight (kg)

BSA (m?)

PRV (ml/cycle)

TRV (ml/cycle)

LV EDVi (m/m?)

LV SVi (ml/m?)

LV mass index (g/m?)
RV EDVi (ml/m?)

RV SVi (ml/m?)

RV mass index (g/m?)
RV ESVi (ml/m2)

Volunteers
(n=10)

324 £ 112
55
173 £ 8.7
78 +£20.6
194027
156+ 1.70
0114034
85.5+17.2
453 + 8.16
60.1 £ 8.0
92.8 + 133
413+ 86
30.5 £ 4.7
514473

FToF
(n=12)

323+ 112
&7
168.6 + 8.6
71122
18+£0.15
17.1 £ 21.07*
1.06 + 1.36"
90.9 + 232
442 103
579+56.1
112.6 £ 20.4*
45.7 £ 148
36.2 + 12.7
66.8 + 11.7

FToF Atlas
(n=95)

19.5 & 12.71
57:38
154.7 £ 19.7t

58 = 26.0t
1.5t
208118
NA
7814

37.1+80
76 = 141
147 & 141

529 + 14.8
4211
90 = 27t

'p < 0.05, *p < 0.01 FToF vs. volunteers, 'p < 0.05 rToF vs. rToF Atlas; BSA, body
surface area; EDVi, indexed end diastolic volume; ESVi, indexed end systolic volume; LV
Left ventricle; PRV, pulmonary regurgitation volume; SD, standard deviation; SVi, indexed
stroke volume; TR, tricuspid regurgitation; NA, not available.
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Volunteer rToF T-test*

RV vorticity™ 236+65 265459 0.59
Tricuspid vorticity 235£65 206 +£54 035
RVOT vorticity 512+19 104 £565 0.006

“ttestis significant at P < 0.05, “*vorticityis measured in (1/5)/100. Vorticity was measured
across multiple timeframes and averaged over the diastolic phase.
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Van Dam-Nolen
etal. (46) babi

Schreiner et al.
(47) babi

Song et al. (48)
babi

Singh et al. (50)
babi

Number
(patients)
1,006
131

567

224

182

15,124

189

906

Date
published
2012
2010

2021

2022

2021

1996

2021

2017

Research

Carotid plaque components as
determinants of plaque progression
and destabilization

MRI carotid plaque assessment as a
tool to demonstrate sex differences
indicative of higher-risk plaque

To compare carotid atherosclerotic
features among sexes

To investigate sex differences in
carotid plaque composition and
morphology in patients with stroke

To investigate the relation of
lipoprotein(a) levels and carotid
atherosclerotic plaque features

To study the association of
lipoprotein(a) with preclinical
atherosclerotic disease in different
race and gender groups

Sex differences in non-stenotic carotid
plaque composition in patients with
embolic stroke of undetermined
source (ESUS)

Age-specific sex differences in the
presence of IPH

Main results

Intraplaque hemorrhage (IPH) and lipid core (indicators of unstable
plaque) more prevalent in men than women

Presence of thin/ruptured fibrous cap and lipid-rich necrotic core
(LRNC) were more common in men; men had larger volumes of percent
hemorrhage and necrotic core

In both symptomatic and asymptomatic arteries, men had greater
lumen, wall and total vessel area, higher mean wall thickness, higher
prevalence of LRNC

Total plaque volume was higher in men; IPH and LRNC more prevalent
in men; men had more often coexistence of calcifications, LRNC and
IPH, of thin/ruptured fibrous cap, LRNC and IPH and of all plaque
features

In women increased plasma Lp(a) was associated with IPH, in men with
degree of stenosis

Lp(a) was associated with increased wall thickness in men while in
women the association was stronger when smoking and diabetes were
present

Men had higher calcified plaque volume and IPH/LRNC ratio in carotid
ipsilateral to stroke side; control cohort showed no sex difference in
plaque volumes ipsilateral to stroke

IPH was more prevalent in men for all ages; male sex modified the effect
of age on the presence of IPH; with increasing age post-menopause, the
odds of IPH in women become closer to that of men
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Number
(patients)

1,769

1,769

5,632

468

63,215

211

1,255

5,166

16,861

9,674

Date
published

2020

2021

2016

2021

2018

2021

2020

2017

2019

2018

Research objectives

Role of non-calcified low-attenuation
plaque burden assessed by
coronary-CTA as a predictor of future
risk of myocardial infarction (MI)

Role of CCTA plaque assessment in
explaining prognostic differences
among men and women presenting
with chest pain

Sex-specific associations between
per-vessel CAD and major adverse CV
events (MACE) over a 5-year period

Investigate sex and age differences in
atherosclerotic features assessed by
CCTA prior to acute coronary
syndrome

Sex differences in calcified plaque
assessed by Agatson score and other
CAC measures

Role of sex and menopause on
long-term plaque progression and
evolution of plaque composition

Role of sex in total and compositional
plaque volume progression in patients
with CAD

Prognostic significance of
non-obstructive left main CAD
among sexes

Gender differences in non-STEMI
acute coronary syndrome

Sex-related effects in outcomes in a
large regional STEMI system of care

Main results

Low-attenuation plaque burden the strongest predictor of
fatal or non-fatal MI (low-attenuation

burden > 4% = nearly 5 times higher risk to have
subsequent MI)

Women (58 =+ 9 years) less likely to have adverse plaque
features compared to men and lower risk of subsequent MI

Obstructive CAD more prevalent in men. Strong
association between increased MACE risk and extent of
per-vessel obstructive CAD

Females had lower total plaque volume and
fibrous/fibrofatty plaque volume within both the age groups

Within CAC subgroups women had fewer calcified lesions
and greater lesion size; CAC was associated with 1.3-fold
higher risk for CV death among women; women with
larger sized and more numerous CAC lesions had 2.2-fold
higher CV mortality compared to men

Women had less fibrofatty atheroma volume on a
per-lesion analysis; women < 55 years had more regression
of fibrous and non-calcified atheroma volume over time
compared to men

9-year delay in women in developing total PV than in men;
high-risk plaques more prevalent in men; women had
greater calcified PV progression, slower non-calcified PV
progression and less development of high-risk plaques

Presence of non-obstructive LM plaque increased the risk
for composite outcome and adverse events in women

At baseline women were older and more often with history
of prior CVD; women had higher in-hospital mortality,

23 min longer stay at ED, less likely to receive early invasive
strategy compared to men

Length of stay was longer for women; females were less
likely to survive at discharge and to be discharged to home
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ASE [Ref ASNC [Ref. (82, NASCI [Ref. | SCCT [Ref. (84,  SCMR [Ref. (86,

(76-78)] 83)] (79-81)] 85)] 871
Presidents over the past 10 years 4 1 3 1 2
No. of women (% women) (40) (10) (30) (10) (20)
Current executive officers** 4/8 2/7 3/6 1/7 2/5
No. of women/#positions (% women) (50) (28.5) (50) (14) (40)
Current committee chairs 9/18 4/20 8/19 4/10 8/18
No. of women/#positions (% women) (50)* (20) (42) (40) (44)

ASE, American Society of Echocardiography; ASNC, American Society of Nuclear Cardiology; NASCI, North American Society for Cardiovascular Imaging; SCCT, Society of
Cardiovascular Computed Tomography; SCMR, Society for Cardiovascular Magnetic Resonance.

*These data reflect what was reported on the specific society’s public website on 26 June 2022.

**The “Executive Officers” varied slightly between societies but most often included a president, vice-president, treasurer, secretary, and past-president, among other roles.
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Women's role at the CMR Service per Type of Institution
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CMR Fellow
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iype of instieion NRacITg Academic Institution Charity
B n=337 (%) n=215 (%) n=89 (%) n=16 (%) n=14 (%) n=3 (%)
Medical Director of CMR (Department,
Service, Area, Lab, etc) 27(8) 17(8) 6(7) 2(13) 2(14) 0(0)
Participating Faculty/Staff of CMR
Facility 32(9) 18(8) 12(13) 1(6) 1(7) 0(0)
CMR Fellow 21(6) 16(7) 33) 1(6) 1(7) 0(0)
Technologists 247(73) 154(72) 68(76) 12(75) 10(71) 3(100)
Scientist 10(3) 10(5) 0(0) 0(0) 0(0) 0(0)
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LV-GLS LA-RS LA-CS LA-BS

Variables Univariable Multivariable 8 Univariable 8 Multivariable Univariable Multivariable Univariable Multivariable
Age, years —0.123* —0.479* —0.381 —0.546* —0.374 —0.191* —0.213
SBP, mmHg —0.189* —0.125 —0.148* —0.044

HR, min~! —0.039 0.015 —0.007 0.052

Hypertension —0.150* —0.220* —0.282* —0.077

Diabetes —0.312* —0.286 —0.175* —0.159 —0.178* —0.166 —0.083

Dyslipidemia —0.066 —0.087 —0.109 —0.015

Menopausal age, years —0.022 —0.106 —0.099 —0.057

Surgical menopause 0.056 0.093 0.089 0.065

TG/HDL —0.025 —0.081 —0.126 0.004

BMLI, kg/m? —0.243* —0.261 —0.182* —0.200* —0.093

EAT volume, ml/m? —0.250* —0.149 —0.424* —0.277 —0.527* —0.324 —0.169* —0.210

Multivariable regression models were constructed with LV and LA myocardial longitudinal strain as dependent variables and age, SBP, HR, hypertension, diabetes, dyslipidemia, menopausal age, surgical menopause, TG/HDL, BMI, and EAT as independent
variables. Abbreviations as in Table 2. *p < 0.05 in the univariable linear regression analyses.
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Variable Ql (n=72) Q2 (n=71) Q3 (n=70) Q4 (n=70) Correlation coefficients

R 95% CI P-value
LVM, g/m? 351472 36.2+ 8.4 38.9 +£10.5 4224137 0.204 0.084-0.318 0.001
Remodeling index* 0.48 + 0.09 0.49 4 0.11 0.53 +0.11 0.53 £0.10 0.242 0.123-0.353 <0.001
LV-GRS, % 343+ 8.1 33.349.1 320497 30.5 +10.8 —0.134 —0.257—0.009 0.031
LV-GCS, % —21.0+23 —20.6 £2.6 —200+3.1 —189+45 —0.174* —0.307—0.028 0.005
LV-GLS, % —15.5+3.0 —147 £3.0 —135+3.4 —129+4.1 —0.250* —0.379—0.108 <0.001
LAV 45, ml/m? 32.6 (27.9,41.2) 37.4(25.5,42.3) 37.6 (27.8, 46.9) 38.0 (27.5, 48.2) 0.136 0.006-0.261 0.035
LAV, ml/m? 20.8 (17.5, 26.8) 25.6 (17.2,31.6) 27.7(20.0, 33.7) 28.5 (20.3, 43.6) 0270 0.145-0.387 <0.001
LAV iy, ml/m? 12.2 (9.4,16.7) 13.6 (7.9, 16.6) 14.9 (10.4,21.2) 16.6 (11.7,26.7) 0.224 0.097-0.344 <0.001
LAEFT, % 0.63 % 0.07 0.62 % 0.10 0.55 +0.14 0.51+0.17 —0.346 —0.453—0.230 <0.001
LAEFP, % 0.34 4 0.10 0.30 % 0.09 0.25 £ 0.10 0.21+0.11 —0.442 —0.538—0.334 <0.001
LAEFB, % 0.43 % 0.09 0.46 4 0.11 0.41 £0.15 0.39 £0.16 —0.126 —0.248-0.001 0.051
LA-RS, % 43.6+ 133 42.7 4+ 14.3 33.9+13.4 27.2+13.0 —0.424 —0.522—0.315 <0.001
LA-CS, % 2624 9.7 243499 17.8+£83 11.6+£75 —0.527 —0.614—0.426 <0.001
LA-BS, % 174457 18.7+7.1 162482 145479 —0.169 —0.289—0.044 0.008

LV remodeling index was calculated as LVM/ LV-EDV. *LV-GCS and LV-GLS were calculated as absolute value in the correlation analyses. LVM, LV mass; LV-GRS, LV global radial strain;
LV-GCS, LV global circumferential strain; LV-GLS, LV global longitudinal strain; LAV 4, maximum left atrial volume; LAV, pre-atrial contraction LA volume; LAV,;,, minimum LA
volume; LAEFT, total LA emptying fraction; LAEFP, passive LA emptying fraction; LAEFB, booster LA emptying fraction; LA-RS, LA peak longitudinal reservoir strain; LA-CS, LA peak
longitudinal conduit strain; LA-BS, LA peak longitudinal booster strain. P-values of statistical significance are shown in bold.
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Variable

EAT ranges, ml/m?
Age, years
Height, cm
Weight, kg
BSA, m?

BMI, kg/m?
SBP, mmHg
DBP, mmHg
Heart rate, min~!
Menopausal age, years
Hypertension, 7 (%)
Diabetes, 1 (%)
Dyslipidemia, 7 (%)
TG, mmol/L

TC, mmol/L

HDL, mmol/L

LDL, mmol/L

eGFR, ml/min/1.732 m?
TG/HDL

EAT volume, ml/m?
LV-EDV, ml/m?
LV-ESV, ml/m?
LVEE%

Ql (n=72)

<37.5
57.3+8.5
1.57 £0.05
55.5+7.8
1.64 £0.12
224 £2.7
127.9 £20.4
79.3+£14.3
79.1 £15.5
50 (48, 51)
18 (25)

22 (30.5)

13 (18.1)
1.32(0.98,1.81)
4.19 (3.45,4.83)
1.42 (1.26, 1.54)
2.63 (1.96, 3.34)

89.4 £15.5
0.55 (0.45, 0.97)
29.7 £59
73.8£10.2
29.1+£6.3
61.1+49

Q2 (n=71)

37.5~489
59.547.4
1.57 £0.05
59.4 9.6
1.69 £0.15
240433
132.1+1838
78.0 +11.1
77.5+13.5
49.5(46.7,51.2)

31 (43.7)

25(35.2)

20 (28.2)
1.29 (0.80, 1.76)
4.55(3.82,5.17)
1.47 (1.27,1.71)
2.71(2.21,3.33)

91.2 4 16.4
0.61(0.36,0.97)
427433
75.1 4 14.1
306492
59.9 4 6.6

Q3 (n=70)

48.9~62.0
63.0£9.1
1.57 +0.06
60.7£9.9
1.70 +£0.15
247 +£35
137.6 +17.9
81.7 + 14.2
78.1 £ 15.9
50 (48, 50)

41 (58.6)

28 (40.0)

21 (30.0)
1.50 (1.12, 1.85)
4.62 (4.03, 5.44)
1.28 (1.12, 1.51)
2.69 (1.85, 3.16)

85.6 £ 16.7
0.80 (0.50, 1.15)
548 +£4.1
745 + 14.1
296 +8.1
603+£7.3

Q4 (n=70)

>62.0
66.4 % 9.0
1.56 £ 0.06
62.1+8.1
1724012
256432
134.0 £ 17.9
787+ 114
774+ 117
49 (47,50.5)
45 (64.3)
31(443)
23(32.8)
1.58 (1.17, 1.86)
476 (4.21, 5.46)
1.29 (1.03,1.53)
235 (1.83, 2.80)
79.1+ 162
0.79 (0.59, 1.28)
733+96
80.5 + 237
3574213
57.9+ 11.0

P-value

<0.001
0.325
<0.001
0.009
<0.001
0.045
0.483
0.976
0.813
<0.001
0.322
0.214
0.055
0.005
0.001
0.060
0.002
0.005
<0.001
0.756
0.825
0.514

The values are the mean + SD, median (interquartile ranges) and numbers (percentages). EAT, epicardial adipose tissue; BSA, body surface area; BMI, body mass index; SBP, systolic

blood pressure; DBP, diastolic blood pressure; TG, plasma triglycerides; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFR, estimated glomerular

infiltration rate; LV-EDV, left ventricular end-diastolic volume; LV-ESV, LV end-systolic volume; LVEE, left ventricular ejection fraction. P-values of statistical significance are shown in

bold.
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Parameter n =236
Male (%) 124 (52.9%)
Age (years) 54.6 (£15.6)
Height (cm) 1.62 (£0.1)
Weight (kg) 71.8(L184)
BSA (cm) 1.75 (1.62-1.90)
Obesity (%) 90 (38.1%)
Arterial hypertension (%) 96 (40.7%)
Diabetes (%) 80 (33.9%)
Dyslipidemia (%) 42 (17.8%)
Previous myocardial infarction (%) 42 (17.8)
Tricuspid regurgitation (%) 158 (66.9%)
Mild-TR (%) 138 (68.5%)
Moderate-TR (%) 14 (5.9%)
Severe-TR (%) 6 (2.5%)
Right ventricle

RVd (mm) 36 (33-40.2)
RVFAC (%) 40.4 (35-48)
TAPSE (mm) 20 (17.4-22)
RV-synchrony (ms), n = 141 22 (3.5-44)
TEl index 0.53. (£0.17)
E Wave (cm/s), n = 141 S.0(7-12)
A Wave (cm/s), n = 141 13 (9.25-16)
S Wave (cm/s), n = 141 11 (9.8-12.4)

E/A, n=141 0.76 (0.62-0.94)
Right atrium

Volume (mi/m?) 31 (21-44)
Area (cm?) 14 (11.6-17)
Reservoir phase (%) 41.7 (30.3-55)
Conduit phase (%) 22 (13.4-30)
Contractile phase (%) 18.8 (13.3-28.9)
sPAP (mmHg) 33 (28-41)
PH categories

No-PH (%) 131 (65.5)
With-PH 102 (43.2)
Mild (%) 58 (56.9)
Moderate (%) 15 (14.7)
Severe (%) 29 (28.4)
Ventricular and atrial strain

RV-FWS (%) —26.86 (—21.2 to —31.22)
RA-GS (%) 42.2 (30.6-55)

BSA, body surface area; RVd, right ventricle diameter; FAC, fractional area change;
TAPSE, tricuspid annular plane systolic excursion; RVS, right ventricular Synchrony;
TR: tricuspid regurgitation.
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Outcome

Pulmonary Hypertension

Intermediate-High PH
High PH

Pulmonary Hypertension

Intermediate-High PH
High PH

Cut-Off

—27.30

—22.60

—22.10
26.30
34.36
37.20

SE

0.700 (0.600-0.787)
0.773 (0.621-0.88)
0.896 (0.726-0.978
0.809 (0.731-0.873
0.793 (0.728-0.848

0.679 (0.611-0.743

SPE

0.569 (0.479-0.655)
0.801 (0.736-0.855)
0.791 (0.728-0.845)
0.515 (0.413-0.615)
0.773 (0.621-0.885)
0.862 (0.683-0.961)

PPV

0.555 (0.465-0.665)
0.479 (0.389-0.676)
0.382 (0.304-0.761)
0.683 (0.589-0.777)
0.937 (0.878-0.956)

© )

0.972 (0.922-0.979

NPV

0.711 (0.613-0.780)
0.937 (0.878-0.956)
0.981 (0.942-0.987)
0.675 (0.572-0.758)
0.466 (0.378-0.664)

( )

0.277 (0.221-0.603

LR+

1.62 (1.28-2.05)
3.88 (2.79-5.40)
4.29 (3.19-5.76)

1.67 (1.342-2.072)

3.487 (2.012-6.042)

4.928 (1.97-12.30)

LR-

0.527 (0.37-0.73)

0.284 (0.16-0.49)

0.131 (0.044-0.38)
0.371 (0.248-0.553)
0.268 (0.194-0.370)
0.371 (0.289-0.476)

AUC

0.648 (0.57-0.72)
0.825 (0.75, 0.9)
0.886 (0.832, 0.94)
0.691 (0.621, 0.762)
0.84 (0.778, 0.902)
0.809 (0.733, 0.885)

RV-FWS, right-ventricular free-wall strain;, AUC, area under the curve; SE, sensitivity; SPE, specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio; PPV, positive predictive value; NPV, negative

predictive value.
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Model Parameter B SE Wald OR (95% CI) P value

Pulmonary RV-FWS  1.402 0.311 4.497 4.06 <0.001
hypertension > —27.30 (2.23-7.63)
RA-GS 2.701 0.474 5.699 14.90 <0.001
< 26.30 (6.22-40.66)
Intermediate-high RV-FWS 2.687 0.441 6.088 14.69 <0.001
probability of > —22.60 (6.43-36.74)
pulmonary RA-GS 2.830 0.457 6.18 16.95 <0.001
biypertension <3436 (7.23-44.12)
High probability of ~ RV-FWS  3.682 0.683 5.391 39.73 <0.001
pulmonary > —22.10 (11.96-187.05)
hypertension RA-GS  2.778 0.509 4.635 16.10 <0.001
<37.20 (5.50-60.48)

BSA, body surface area; RV, right ventricle; RA, right atrium.
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Age—years, mean  SD
Female sex, n (%)

BMI, mean & SD

Hypertension, n (%)

Systolic blood pressure - mmHg, mean  SD
Diastolic blood pressure - mmHg, mean  SD
Diabetes melltus, n (%)

Hypercholesterolemia, n (%)

Coronary artery disease, n (%)

Valvular heart disease, n (%)

Cronic kidney disease, n (%)

Chronic obstructive pulmonary disease n (%)
Cancerfhistory of cancer, n (%)

Patent foramen ovale, n (%)

CHA2DS2-VASC, n (%)

Overall
n=72

677117
30 (41.6)
27543
49 (68)
1224
75+3
17 (23.6)
53 (73.6)
11(15.3)
707)
6@
9(12.5)
11(15.3)
11(15)
5.1(1.7)

AF
n=23

706+ 12.6
10 (43.5)
27849
17 (739)
12348
76410
6(26)
12 (52.2)
6(23)
4(17.4)
3(19)
3(19)
4(17.4)
2(87)
58(0.8)

No AF
n=49

66.4+11.2

20(408)
27.4£40
32(65.3)
121£5
754
11 (22.4)
41(84)
5(10)
3(6.1)
36
6(12.2)
7(143)
9(18.4)
4.7 (04)

p-value

0.18
0.83
0.75
0.46
0.66
0.77
0.73
<0.01
0.08
0.13
029
0.92
0.73
0.29
0.01

BMI, Body Mass Index; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age =75 years, Diabetes mlitus, Stroke, Vascular disease, Age 6574 years, Sex category (fernale).

Statistically significant p-values are reported in bold.
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Overall

n=72
Implantation of ICM after the index stroke (months) 36(1)
Mean follow-up with ICM (months) 30.9(19)
Diagnosis of AF after ICM implantation (months)
AF burden (n)

AF
n=23

25(1.1)
32.3(36)
6535)
10 (3-234)

No AF
n=49

4115
30.2(2.3)

Values are expressed as mean (SD), except AF burden expressed as median (IQR). AF, atrial fibrillation; ICM, Insertable Cardiac Monitor; AF Burden, number of AF episodes lasting

more than 2 min.
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EDD (mm)

SWT (mm)

LVMI (g/m?)

TAPSE (mm)

LAES Area (cm?)
LAVI (ml/m?)

LATEF

LAAEF

LAPEF

E velocity (cm/s)
Avelocity (cm/s)
Mitral E velocity DT (ms)
Mitral E/A ratio

A duration (ms)

PV S velocity (omvs)
PV D velocity (cm/s)
PV AR velocity (cmvs)
PV AR duration (ms)
PVSID

Lateral TDI e’
Septal TDI ¢’

Mean TDI ¢’

Lateral TDI E/e’
Septal TDI E/e’
Mean TDI E/e’
PALS A4-C (%)
PALS A2-C (%)
PACS A4-C* (%)

LA Conduit strain Ad-G* (%)
LVLS A4-C* (%)

Values are expressed as mean (SD).

Overall
n=72

63.0(5.5)
47.6(6.8)
102(1.5)
90.6(24.1)
24.4(39)
21.7 (4.5)
345(11.3)
0.5(0.14)
03(0.1)
03(0.1)
76.3(20.7)
86.9(22.0)
2362 (509)
09(0.9)
170.6 (3.7)
62.4(12.6)
423(11.9)
38.1(8.6)
167.7 (31.6)
1.4(0.4)
9.4(3.0)
66(1.9)
80(2.9)
8:8(3.5)
12.3 (4.5)
105 (3.8)
34.3(14.5)
29.0(13.1)
150(7.8)
195 (23)
~18.9(3.9)

AF
n=23

60.0(6.6)
486 (6.0)
10.4(1.7)
93.4(26.6)
23.9(3.1)
24.46.1)
40.4 (13.4)
0.4 (0.1)
02(0.1)
02(02)
837 (206)
89.1(30.2)
253.3 (63.8)
1.0(083)
178.3 (31.3)
632 (12.2)
492 (15.7)
35.7(7.0)
182.9(33.1)
1.4(0.5)
9029
6.4(1.8)
7722
10.1 (4.1)
14.1(6.3)
12.1(4.4)
222 (10.7)
23.4 (1)
80(39)
216(2.8)
~166(3.3)

No AF
n=49

64.4 (4.3)
47167
102 (15)

89.4(23.2)
24.5(3.4)
205 (3.8)
31.7Q.1)
05(0.1)
03(0.1)
03(0.1)
729 (20.1)

859 (17.4)

228.4(42.2)
0903

167.2 (37.3)
62.0 (12.9)
46.49.7)
39.3(9.1)

160.6 (28.6)
14(03)
96(3.1)
66(1.9)
82(23)
83(3.1)
11.4(39)
9832

397 (12.7)

31.8(13.4)
182(6.9)
14935)

-1993.7)

Unadjusted OR

0.85 (0.76-0.95)

1.22 (1.06-1.39)
0.01(0.01-037)
0.01(0.01-0.37)

1.03 (1.01-1.05)

1.02 (1.01-1.04)

1.14(1.01-1.27)
1.17 (1.02-1.35)
0.85(0.78-0.92)
0.93 (0.87-0.99)
0.70 (0.58-0.83)
0.90 (0.82-0.98)
0.76 (0.63-091)

p-value

0.007
0.330
0.690
0.560
0.450
0.006
0.008
0.013
0.051
0.080
0.042
0.650
0.100
0.100
0.210
0.720
0.450
0.100
0.010
0.900
0.410
0.570
0.420
0.070
0.045
0.039
<0.001
0.011
<0.001
0.005
0.001

Adjusted OR p-value
0.72 (0.48-0.90) 0.005
069 (0.46-0.95) 0.041

A4-C, apical four-chambers; A2-C, apical 2-chambers; AF; atrel fibrilation; LVEF; Left Ventricular Eiection Frection; EDD, End Diastolic Left Ventriculer Diameter; SWT, Septal Wall
Thickness; LVMI, Left Ventricular Mass Index; LAES Area, Left Atrium End Systolic Area; LAVI, Left Atrial Volume Index; LATEF; Total Left Atrial Emptying fraction; LAAEF, Active Left
Atrial Emptying Fraction; LAPEF, Passive Left Atrial Emptying Fraction; DT, Deceleration Time; PV, Pulmonary Vein; AR, Atrial Reversal; TD), Tissue Doppler Imaging; PALS, Peak Atrial
Longitudinal Strain; PACS, Peak Atial Contractile Strain; LVLS, Left Ventricular Longitudinal Strain. Statisticall significant p-values are reported in bold. "For PACS, LA Condit strain
and LVLS, Ad4-C results are presented because of the better quality of the images.
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