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Editorial on the Research Topic
Insights in cardiovascular imaging: 2022



Technical developments with cardiovascular imaging techniques, such as echocardiography, cardiac magnetic resonance (CMR), cardiac computed tomography angiography (CCTA), and intravascular imaging, including optical coherence tomography (OCT) and intravascular ultrasound (IVUS), have drastically improved both diagnostic classification and risk stratification of patients with cardiac diseases. In addition, cardiovascular imaging enabled a better understanding of cardiac physiology and pathophysiology, providing important links between genotypes and clinical features in patients with cardiomyopathies and other myocardial disorders. Due to the wider availability of both basic and advanced cardiovascular imaging tools, continuous training of cardiologists to use these tools and interpret cardiovascular imaging findings has become essential. Thus, the presentation of cases where cardiovascular imaging helped define the diagnosis and influence the therapeutic management of patients with cardiac diseases is essential, to increase awareness among clinicians about the role of cardiovascular imaging in modern cardiovascular medicine. Hereby, each imaging technique separately or the combination of imaging tools within a multimodality imaging approach may not only provide the correct diagnosis but also aid the monitoring of treatment strategies. This in addition to the continuous spread of knowledge among experts will contribute to more precise diagnostic algorithms, aiding prompter and more efficient subsequent patient management.

In total 28 research papers were published in this Research Topicand herein, the most important and impactful research findings are summarized. Several of the studies used cardiac magnetic resonance (CMR) for the characterization of cardiac disorders. The feasibility of comprehensive CMR using a low-field MR scanner (0.55 T system with an 80 cm bore) was demonstrated by Varghese et al.. The system provided images with a reasonable quality that enable evaluation of cardiac function, perfusion, viability, and tissue mapping. Although future technical developments are still necessary to improve image quality, such clinical CMR protocols may be utilized in patient cohorts with claustrophobia or severe obesity, who cannot undergo CMR examinations in conventional normal or high-field scanners with narrower bores.

The work of Cheng et al., focuses on CMR techniques and especially those that may help to explore myocardial tissue morphology and function on a deeper level. Such CMR sequences, including mapping techniques and myocardial strain, can detect impaired microvascular integrity and early-stage myocardial fibrosis even without the need for contrast agent injection and within faster CMR scan protocols. Which types of heart disease will profit from such deeper phenotyping and if the latter can impact outcomes in patient care, merits further investigation in future studies.

Four studies of our special issue focused on the myocardial strain assessed by CMR. Hashemi et al., demonstrated for the first time that patients without heart failure symptoms but at increased cardiovascular (CV) risk, demonstrate features seen in patients with heart failure with preserved ejection fraction (HFpEF), such as impaired myocardial deformation indexes at rest but normal strain during handgrip stress. Such individuals may lack clinical symptoms due to the compensation capacities of the myocardium and increased myocardial deformation during stress. This novel finding may imply that some patients at increased CV risk (stage A of heart failure by current guidelines) are candidates for developing HFpEF, which triggers the question if such individuals would be good candidates for preventive heart failure treatments in future pharmacological trials. Strain acquisitions were performed using strain-encoded MR (SENC) in this trial, which has been used in several previous studies for the diagnostic classification and risk stratification of patients with ischemic heart disease and non-ischemic cardiomyopathies (1–4). Basically, phase-based SENC and cine-based feature tracking imaging (FTI) techniques are currently available for quantification analysis of myocardial deformation. Both techniques have advantages and drawbacks. FTI obviates the need for additional acquisitions because strain assessment can be performed using standard cine images. FTI-derived strain is widely available and its ability for the diagnosis of ischemia and for the risk stratification of patients with cardiomyopathies has been demonstrated in previous studies (5–7). SENC on the other hand, provides a single heart-beat evaluation of myocardial strain with high reproducibility, especially in terms of regional analysis (1, 4).

Using a similar methodology, Hashemi et al., also demonstrated that myocardial deformation measurements by SENC are associated with the functional capacity of patients with HFpEF and of those with heart failure with reduced ejection fraction (HFrEF) as well as with quality-of-life measures. In addition, the amount of preserved myocardial contractility by SENC enabled discrimination between symptomatic and asymptomatic individuals, even in those with normal LV-ejection fraction.

In another study, Gräni et al., used feature tracking imaging (FTI) to assess segmental myocardial strain in patients who underwent primary percutaneous coronary intervention (PCI) due to ST-elevation myocardial infarction (STEMI). Segments with late gadolinium enhancement (LGE) and additional microvascular obstruction (MVO) exhibited reduced strain; in this setting, FTI enabled the identification of such segments with MVO with relatively good diagnostic accuracy. Thus, a segmental strain may be a useful marker for contrast-free and fast detection of segments with a higher probability to remain dysfunctional during follow-up, aiding the early risk stratification of patients with STEMI. Using a similar methodology, Liu et al., combined myocardial strain by FTI and LGE imaging to differentiate patients with hypertrophic cardiomyopathy (HCM) from those with hypertensive heart disease (HHD). Based on multivariable regression analysis, a combined model of global radial strain by FTI and LGE allowed accurate classification of these two distinct clinical entities. This study may have important implications for patient care since therapeutic management largely varies between HCM and HHD.

Another CMR study, by Massalha et al., investigated the presence of post-infarction pericarditis, diagnosed by pericardial LGE in patients with re-perfused STEMI. Pericardial LGE was present in 77.5% of the patients after STEMI and was not related to the presence of myocardial LGE or MVO. Unexpectedly, however, pericardial LGE was associated with a lower MACE rate during the follow-up period. This is an interesting finding, which possibly indicates that myocardial injury may activate the epicardium as a potential source of regenerative or reparative processes, and requires more in-depth analysis in future studies.

In another study, Treiber et al., measured the influence of volume fluctuations due to different hydration statuses on the resultant native T1 values in 2,047 patients from a clinical all-comers CMR registry. For the first time in the current literature, a weak, albeit relevant influence of volume status was noted on native T1. Patients with volume expansion exhibited significantly higher native T1 values than non-volume-overloaded or dehydrated patients. Despite the effect of volume status on native T1, the latter was a predictor of all-cause mortality in this large, all-comer cohort. This is an important article highlighting the capabilities but also limitations of native T1 measures, which need to be considered by clinicians and scientists who study myocardial disorders such as myocarditis, cardiomyopathies, and cardiac amyloidosis. In this regard, an abnormal T1 value in the presence of normal metrics for myocardial morphology and function may not be enough for establishing the diagnosis of a myocardial disorder due to such variations, as described by Treiber et al. Thus native T1 needs to be judged together with other imaging parameters, clinical variables, and biochemical markers and not as a “stand-alone” value.

Morbus Fabry is a relatively rare X-chromosome-linked hereditary disorder that is caused by a defect in the glycosphingolipid metabolism due to deficiency of the α-galactosidase A enzyme. In an overview article, Umer et al., summarized the role of CMR for the diagnostic classification and risk stratification of patients with Fabry disease. Hereby, the versatility of CMR provided an assessment of myocardial function and strain, LGE, native T1 mapping, and extracellular volume (ECV), which along with biomarker testing can effectively detect most cases with early organ involvement due to Fabry disease. In this context, it is important to note that fibrosis by native T1 mapping and LGE may become apparent with Morbus Fabry prior to left ventricular hypertrophy (8). Thus, CMR in conjunction with biochemical markers may aid the early detection of organ involvement in mild Fabry disease, which may improve clinical outcomes by prompter initiation of enzyme replacement therapy in such patients.

In another study, Snel et al., evaluated the ability of several CMR parameters to detect subclinical alterations in cardiac morphology, function, and tissue characteristics in young adults with CV risk factors, such as hypertension, type 2 diabetes mellitus and being overweight. In this study, including 311 subjects, sedentary life-style related risk factors were shown to be associated with subclinical alteration of myocardial function. The clinical impact of this observation and its association with future adverse cardiac events merits further investigation and in-depth analysis in future studies. Similar to the study by Hashemi et al., it will be intriguing to investigate if early lifestyle modification or pharmacological interventions in such patients can reverse myocardial dysfunction and improve patient outcomes.

In a commentary article, Tesche et al., discuss several cardiac computed tomography angiography (CCTA) markers, such as epicardial adipose tissue, pericoronary adipose tissue fat attenuation, and high-risk coronary plaque features such as positive remodeling, spotty calcifications, low-attenuation plaques, and the napkin-ring sign, including their role as potential precursors of plaque rupture causing acute coronary events. Epicardial adipose tissue (EAT) was recently shown to be associated with low-attenuation plaque burden (Yamaura et al.), which is a known predictor of MACE. Indeed, a growing body of evidence supports the value of EAT as a surrogate marker of coronary wall inflammation, potentially triggering plaque progression and destabilization (9). In addition, EAT has been shown to be associated with non-calcified atherosclerotic plaque burden and increased risk for future cardiac events (10, 11). Importantly, CCTA can visualize and precisely quantify all these markers within a single examination. The body of evidence is growing in this exciting field of CCTA research while there are ongoing trials that are investigating in parallel the effects of lipid-lowing therapies on plaque progression using serial CCTA imaging (DRKS-ID-DRKS00031954). In addition, modern photon counting detectors represent a novel technological achievement, which provides multi-energy capabilities, increased spatial resolution, and tissue contrast with simultaneously reduced radiation exposure for the patients. With this new technology, numerous limitations of traditional CCTA imaging, such as blooming artifacts with strongly calcified plaques and beam-hardening artifacts with coronary stents, can be improved or even completely overcome (12). Plaque characterization and assessment of EAT and peri-coronary tissue may also improve, providing even more accurate risk stratification in patients with CAD.

Another CT study, by Sharkey et al., introduced a nine-structure segmentation model of the heart and great vessels, which was based on a convolutional neural network. This model was tested in patients with pulmonary artery disease and volumetric imaging was correlated with invasive hemodynamic measures. The automated segmentation algorithm enabled overall accurate segmentation of anatomical structures and failed only in cases of poor contrast opacification. Despite the observed limitations, this article demonstrates the potential of automated segmentation, which may be equal to or even outperform human volume measurements in future studies.

Finally, the role of artificial intelligence (AI) in cardiovascular imaging is highlighted by Wellnhofer et al. The authors anticipate that advances in computing power in combination with novel AI algorithms for medical applications will largely impact future patient care. The need for high-quality image data to achieve good machine learning practices and novel regulatory approaches is thoroughly discussed and ethical and legal concerns are presented in this context.

Advances in cardiac imaging are of great clinical importance in current practice. Due to the plethora of imaging techniques and the associated costs, expansion of the diagnostic capabilities of each modality, and selection of the right imaging technique that will enable complete assessment of heart pathology is essential for optimal patient care. All the articles included in this Research Topic demonstrate how cardiovascular imaging can aid the diagnostic classification and risk stratification of patients with a wide variety of cardiac diseases. Standardization and harmonization of image analysis and interpretation among cardiologists and cardiac imagers need to be incorporated into the daily clinical practice, helping to further improve patient care and clinical outcomes.
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Background: Young adult populations with the sedentary lifestyle-related risk factors overweight, hypertension, and type 2 diabetes (T2D) are growing, and associated cardiac alterations could overlap early findings in non-ischemic cardiomyopathy on cardiovascular MRI. We aimed to investigate cardiac morphology, function, and tissue characteristics for these cardiovascular risk factors.

Methods: Non-athletic non-smoking asymptomatic adults aged 18–45 years were prospectively recruited and underwent 3Tesla cardiac MRI. Multivariate linear regression was performed to investigate independent associations of risk factor-related parameters with cardiac MRI values.

Results: We included 311 adults (age, 32 ± 7 years; men, 49%). Of them, 220 subjects had one or multiple risk factors, while 91 subjects were free of risk factors. For overweight, increased body mass index (per SD = 5.3 kg/m2) was associated with increased left ventricular (LV) mass (+7.3 g), biventricular higher end-diastolic (LV, +8.6 ml), and stroke volumes (SV; +5.0 ml), higher native T1 (+7.3 ms), and lower extracellular volume (ECV, −0.38%), whereas the higher waist-hip ratio was associated with lower biventricular volumes. Regarding hypertension, increased systolic blood pressure (per SD = 14 mmHg) was associated with increased LV mass (+6.9 g), higher LV ejection fraction (EF; +1.0%), and lower ECV (−0.48%), whereas increased diastolic blood pressure was associated with lower LV EF. In T2D, increased HbA1c (per SD = 9.0 mmol/mol) was associated with increased LV mass (+2.2 g), higher right ventricular end-diastolic volume (+3.2 ml), and higher ECV (+0.27%). Increased heart rate was linked with decreased LV mass, lower biventricular volumes, and lower T2 values.

Conclusions: Young asymptomatic adults with overweight, hypertension, and T2D show subclinical alterations in cardiac morphology, function, and tissue characteristics. These alterations should be considered in cardiac MRI-based clinical decision making.

Keywords: young adults, cardiovascular magnetic resonance imaging, overweight, hypertension, type 2 diabetes, cardiac function, myocardial tissue characterization


INTRODUCTION

Increased western diet consumption combined with a sedentary lifestyle drives the global prevalence of being overweight and having obesity (1). While previously mostly seen in aging populations, today younger populations are more frequently affected (2). Consequently, the onset of both hypertension and type 2 diabetes (T2D) is also shifting to younger age groups (3, 4), subsequently increasing cardiovascular disease prevalence (5).

Non-ischemic cardiomyopathy is the most frequent cause of sudden cardiac death in the young, whereas the prevalence of ischemic cardiomyopathy increases with age (6). Young adults with non-specific cardiovascular symptoms are therefore often referred for MRI to rule out non-ischemic cardiomyopathy (7). Pathological cardiac MRI findings include left ventricular hypertrophy (LVH), chamber dilatation, and decreased ejection fraction (EF) (8). Early changes in cardiomyopathy are subtle and could overlap comparable alterations in overweight, hypertension, and T2D (9). Large cohort studies in mature adults (mean age, 55–62 years old) show overweight to be independently associated with increased LV mass and cardiac volumes, hypertension with increased LV mass, and T2D with smaller volumes (10–13). As included populations were asymptomatic and free of cardiovascular disease, the aforementioned alterations can be considered risk factor-related cardiac adaptation. To our best knowledge, the impact of these risk factors in younger adults has not been demonstrated yet.

Quantitative myocardial tissue characterization has an increasingly complementary role in the diagnosis of non-ischemic cardiomyopathies (14). For example, cardiomyopathies featuring myocardial fibrosis or edema show respectively prolonged native T1 and T2 mapping values (15, 16), and in some cases, also increased extracellular volume (ECV) (17). In high-risk populations, these mapping values could be different, which should be taken into account to avoid misdiagnosis. In athletes, for example, native T1 and T2 mapping and ECV have already been described to be discriminative for the athlete's heart and cardiomyopathy (14, 18). Previous studies in mature hypertensive populations have reported higher native T1 values and ECV in presence of LVH (19), however, as these increases were smaller than seen in patients with hypertrophic cardiomyopathy (HCM), these markers may serve as potential discriminators (20). In mature patients with T2D, ECV was mainly higher without clear changes in native T1 values (21). In both younger and older adult obese populations, no differences were reported in native T1 values and ECV (22, 23). T2 mapping values have only been reported in mature hypertensive and T2D subjects, both show higher values than in healthy controls (24, 25).

The aim was to investigate the impact and possible combined effects of overweight, hypertension, and T2D on cardiac morphology, function, and tissue characteristics in an asymptomatic young adult population.



METHODS


Study Population

This prospective cross-sectional single center study was approved by the local Medical Ethics Review Committee, in accordance with the declaration of Helsinki, and all subjects signed informed consent prior to participation. We recruited individuals aged 18–45 years old with at least one cardiovascular risk factor: overweight, hypertension, or T2D. Overweight was defined as a body mass index (BMI) ≥ 25 kg/m2, hypertension as under pharmacological treatment or three consecutive blood pressure measurements ≥ 140/90 mmHg, and T2D as under pharmacological treatment or hemoglobin A1c (HbA1c) ≥ 48 mmol/mol. Healthy individuals without cardiovascular risk factors were additionally included as controls. All subjects were recruited using public advertisements and scanned between August 2017 and July 2019 strictly for study purposes without a clinical indication. Exclusion criteria for participation were cardiac history, cardiac symptoms, and cardiovascular comorbidities. Current smoking and exercising (>3 h/wk) were also exclusion criteria to minimize the impact of other covariates on the heart (10, 26). Body weight, blood pressure, and hip and waist circumference were measured. Body weight was measured while wearing only MRI-safe clothes and rounded down to correct for this. Blood pressure was measured in a sitting position after resting for at least 5 min (27). Blood samples were obtained shortly before the MRI examination to assess HbA1c, glucose, and hematocrit.



MRI Data Acquisition

All study participants underwent cardiac MRI on a 3Tesla scanner (MAGNETOM Prisma, Siemens Healthineers, Erlangen, Germany) equipped with a 60-channel phased-array coil. All examinations were performed by experienced operators using breath-holds and electrocardiographic gating.

Steady-state free precession (SSFP) sequences were used to acquire short-axis cines covering the entire heart with a slice thickness of 6 mm, an interslice gap of 4 mm, and 25 phases per cardiac cycle (28). Long-axis cines were acquired with the same settings and included a single slice in 4-chamber view, and in 2-chamber view and outflow tract of the left and right ventricle. Detailed imaging parameters are provided in Supplementary Table S1.

T1 mapping was performed using a Modified Look-Locker Inversion Recovery 5(3)3 sequence on a basal, midventricular, and apical 8 mm short-axis slice (14). Measurements were performed before and at least 10 min after administration of 0.2 mmol/kg Gadoteric acid (Dotarem, Guerbet, Paris, France) (28). T2 mapping was performed on the same three short-axis slices before contrast administration using a T2-prepared SSFP sequence with different T2-preparation times (0, 30, and 55 ms) (14).



Image Analysis

All image post-processing was performed on cvi42 (Circle Cardiovascular Imaging, Calgary, Canada). Cardiac function analysis was performed by contour-tracing the short-axis cines according to previously published instructions (29).

Native and post-contrast T1 maps were generated for each short-axis slice using the motion-corrected images with different inversion times. T2 maps were generated using motion-corrected images with different echo times. All generated maps were manually segmented and reported according to the 16-segment American Heart Association model (14). Apical segments were excluded from the global analysis because of the increased risk of artifacts (30).



Statistical Analysis

Statistical analysis was performed using SPSS (version 24.0, IBM Corp., Armonk, NY, USA). Continuous variables were presented as mean ± SD.

Multivariate linear regression models were created for LV mass, LV and right ventricular (RV) end-diastolic volume (EDV), stroke volume (SV), EF, native T1, ECV, and T2. As LV and RV SV are similar in subjects without valvular leakage, their corresponding models are also similar (10), and therefore we did not report the model of the RV SV. Each model was initially fitted using the non-modifiable-independent clinical variables age, gender, and height. Height was used to scale for body size instead of body surface area to prevent from underestimating the effect of overweight with BMI (10, 11). The initial models were then expanded by adding the independent clinical variables related to cardiovascular risk factors, including BMI, waist-hip ratio, systolic (SBP) and diastolic blood pressure (DBP), and HbA1c. Heart rate (HR) was also included in the full model as it is often increased in high-risk populations and also is an additional risk factor for cardiovascular disease (31). Weight was not included as an independent variable, because of the correlation with height. In the full models, the ß-coefficient represents the change in a dependent variable given a change of one SD in an independent variable, with SD calculated based on the entire study population. Values of p below 0.05 were considered statistically significant.

The percentage of variation in each cardiac MRI outcome that was explained by the full model was indicated with the coefficient of determination, i.e., the R2 value (32). Subsequently, the R2 value of the full model was reduced with the R2 value of the initial model to indicate the percentage of variation that was explained by cardiovascular risk factors in addition to the non-modifiable variables. For each significant independent variable in the full model, the semi-partial correlation coefficient was squared to calculate the unique variance explained by that variable (32). The presence of multicollinearity between independent variables was assessed using Pearson correlation (>0.8) and the variance inflation factor (>5) (33).




RESULTS


Study Population Characteristics

Three hundred and twenty-two subjects were recruited for participation. Eleven subjects were excluded from analysis as the cardiac MRI examination was unsuccessful due to either claustrophobia or scanner bore size limitations. Three hundred and eleven subjects (age, 32 ± 7 years; men, 49%) were included (Table 1). Of them, 91 subjects were free of risk factors (i.e., controls), and 220 subjects had at least one risk factor. The presence and overlap of cardiovascular risk factors are summarized in Table 1 and visualized in Figure 1. All MRI scans were screened for hemodynamically significant valvular abnormalities on all acquired long-axis cines and also for the presence of late gadolinium enhancement, none were observed. Subjects with either two or three risk factors showed higher HRs than subjects without or with one risk factor (80 ± 13 vs. 69 ± 11 bpm, p < 0.01). Additional cardiac MRI morphology, function, and tissue characteristics per gender are provided in Supplementary Table S2, and gender-specific per risk factor in Supplementary Tables S3, S4. The univariate analyses of independent clinical variables on cardiac MRI values are reported in Supplementary Tables S5–S14. Multicollinearity between independent variables was not demonstrated (Supplementary Tables S15, S16).


Table 1. Study population characteristics.
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FIGURE 1. Presence and overlap of overweight (O), hypertension (H), and type 2 diabetes (D) in the study population (n = 311). Controls (C) were free of risk factors.




LV Morphology and Function

The multivariate linear regression models for cardiac morphology and function are reported in Table 2. The contribution of independent variables to the variation in cardiac MRI outcomes is visualized in Figure 2 and Supplementary Figure S1. Higher LV mass was independently associated with increasing BMI (ß = 7.3 g per SD (5.3 kg/m2), p < 0.001), SBP (ß = 6.9 g per SD (14 mmHg), p < 0.001), and HbA1c (ß = 2.2 g per SD (9.0 mmol/mol), p < 0.05). LV mass was lower with increasing HR (ß = −4.5 g per SD (11 bpm), p < 0.001), while waist-hip ratio and DBP had no impact on LV mass. Among all ventricular parameters, the full model explained the most variation in LV mass of which 18% was added by risk factors.


Table 2. Multivariate linear regression models for cardiac morphology and function.
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FIGURE 2. The relative contribution of risk factors to the explanation of variation in cardiac MRI results. LV, left ventricle; M/V, mass/volume; EDV, end-diastolic volume; SV, stroke volume; EF, ejection fraction; RV, right ventricle; ECV, extracellular volume; BMI, body mass index; WH, waisthip; SBP, systolic blood pressure; DBP, diastolic blood pressure.


Higher LV mass/volume ratio was associated with increasing BMI (ß = 0.015 g/ml per SD, p < 0.05), waist-hip ratio (ß = 0.019 g/ml per SD (0.078), p < 0.05), SBP (ß = 0.028 g/ml per SD, p < 0.001), and HR (ß = 0.018 g/ml per SD, p < 0.01). Associations with DBP (p = 0.06) and HbA1c (p = 0.08) were not significant. Compared to other ventricular parameters, cardiovascular risk factors explained the most variation in the LV mass/volume ratio (R2 = 24%).

Higher LV EDV was associated with increasing BMI (ß = 8.6 ml per SD, p < 0.001). LV EDV was lower with increasing waist-hip ratio (ß = −7.5 ml per SD, p < 0.001), and HR (ß = −12.2 ml per SD, p < 0.001). Furthermore, the association between LV EDV and SBP was not significant (p = 0.06), while DBP and HbA1c also had no impact.

Higher LV SV was associated with increasing BMI (ß = 5.0 ml per SD, p < 0.001) and SBP (ß = 3.7 ml per SD, p < 0.01). LV SV was lower with increasing waist-hip ratio (ß = −4.0 ml per SD, p < 0.01), DBP (ß = −3.6 ml per SD (10 mmHg), p < 0.05), and HR (ß = −7.1 ml per SD, p < 0.001). HbA1c had no impact on LV SV. The LV EF was only associated with SBP (ß = 1.0% per SD, p < 0.05) and DBP (ß = −1.1% per SD, p < 0.05). The variation explained in LV EF by the full model (R2 = 5%) was the lowest among all ventricular parameters.



RV Morphology and Function

Similar to the LV, the RV EDV was higher with increasing BMI (ß = 9.9 ml per SD, p < 0.001) and lower with increasing waist-hip ratio (ß = −7.4 ml per SD, p < 0.001) and HR (ß = −15 ml per SD, p < 0.001; Table 2). Conversely to the LV, the RV EDV was also higher with increasing SBP (ß = 4.9 ml per SD, p < 0.05) and HbA1c (ß = 3.2 ml per SD, p < 0.05), while RV EDV was lower with increasing DBP (ß = −5.7 ml per SD, p < 0.05).

The RV EF was positively associated with HR (ß = 0.7% per SD, p < 0.05) and negatively with HbA1c (ß = −0.8% per SD, p < 0.01). The other variables had no impact on the RV EF.



Myocardial Tissue Characteristics

The multivariate linear regression models for myocardial tissue characteristics are reported in Table 3. Higher native T1 values were associated with increasing BMI (ß = 7.3 ms per SD, p < 0.01). Associations with SBP and DBP were not significant (p = 0.07), and all other variables had no impact. Only a little variation in native T1 values was explained by the full model (R2 = 5%).


Table 3. Multivariate linear regression models for myocardial tissue characteristics.
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Higher ECV was associated with increasing HbA1c (ß = 0.27% per SD, p < 0.01). ECV was lower with increasing BMI (ß = −0.38% per SD, p < 0.01) and SBP (ß = −0.48% per SD, p < 0.01). The full model explained 38% of the variation in ECV, of which 7% was added by cardiovascular risk factors.

T2 values were lower with increasing SBP (ß = −0.39 ms per SD, p < 0.01) and HR (ß = −0.95 ms per SD, p < 0.001). All other variables had no impact on T2 values. Cardiovascular risk factors explained 33% of the variation in T2 values (full model R2 = 41%).




DISCUSSION

In this cross-sectional cardiac MRI study, we demonstrated that cardiovascular risk factors in an asymptomatic young adult cohort are associated with subclinical cardiac alterations. Substantial variation in LV mass, LV mass/volume ratio, cardiac volumes, ECV, and T2 values was explained by independent clinical variables related to overweight, hypertension, and T2D. Variation in EF and native T1 values, however, was explained to a lesser extent.

With multivariate regression analysis, we showed that increased BMI, SBP, and HbA1c are independently associated with higher LV mass in young adults. The independent linkage of BMI and SBP on LV mass caused by respectively volume and pressure overload was in agreement with previous cardiac MRI findings in mature adult populations (age range, 41–85 years) (10–12) and an echocardiographic study in adolescents (mean age, 16 ± 2 years) that reported increasing LV mass with increasing blood pressure (34). The positive association between HbA1c and LV mass was in line with results in mature study cohorts (11, 35), but also with echocardiographic findings in young adults (mean age, 27 ± 7 years) (36). In the current study, risk factors explained less variation in LV mass compared to studies in mature populations (age range, 45–85 years) (10, 11). This difference might be age-related, as young adults are more likely to be exposed to these risk factors for a shorter period. Furthermore, in asymptomatic mature populations, increased LV mass is linked with heart failure events (37). This deleterious effect of increased LV mass could also occur in the growing young adult risk population, possibly worsening when conditions remain unchanged later in life.

Cardiac and SVs were significantly associated with BMI, waist-hip ratio, blood pressure, and HR, while associations with HbA1c were less obvious. In previous studies, being overweight was linked to chamber dilatation with BMI as an independent predictor (10–12, 38). Although BMI is the gold standard to define overweight, it does not reflect on the actual body fat distribution which strongly correlates with cardiovascular risk, therefore we also included waist-hip ratio as an independent variable (39). As expected, increased BMI was associated with higher cardiac volumes, but surprisingly, a higher waist-hip ratio was associated with lower cardiac volumes and increased mass/volume ratio. These results confirm that especially central body fat deposition is associated with adverse concentric remodeling (40). We also found that cardiac volumes are lower with increased HR, confirming results in a previous study (38). Another study hypothesized that increased resting HR contributes to initial cardiac remodeling, requiring smaller cardiac volumes, and this possibly also applies to our young population (41). The opposite effect of SBP and DBP on end-diastolic and SVs was also in concordance with previous findings in mature populations (10–12). In this study, HbA1c only showed a positive association with RV volumes, while no impact on the LV was found which confirmed findings in a previous study in young T2D subjects (aged 32 ± 7 years) that only examined the LV (4). In mature populations, however, T2D was associated with smaller LV and RV volumes (10, 11), suggesting that the impact of T2D on cardiac volumes could be age-related. As the aforementioned alterations in cardiac dimensions can overlap early findings in dilated cardiomyopathy, these need to be considered in imaging diagnostics (9).

The full models for LV and RV EF only explained respectively 5 and 20% of the existing variation. These low percentages, combined with the substantially higher explained variation for RV relative to LV function, confirmed regression models previously reported in mature populations (10–12). Similar to these studies, we showed that overweight-related variables had no impact on the EF (10–12). We also showed that SBP had a positive association, while DBP and HbA1c were negatively associated with EF. These results are in line with findings in older adult populations, suggesting that hypertension and T2D cause subclinical systolic changes irrespective of age.

To our best knowledge, this is the first study that explained variation in myocardial tissue characteristics (including T1, T2, and ECV) using multivariate regression analysis with cardiovascular risk factor-related predictors. BMI showed a significant association with native T1 values, while previous studies showed similar T1 values in both overweight (aged 41 ± 13 years) and obese subjects (aged 32 ± 7 years) relative to normal weights (22, 42). Comparable to our results, T2D populations had similar T1 values relative to controls (21). Previous studies reported increased T1 values in hypertensive subjects with LVH (15). We found no such association, which is probably related to the relatively small LV mass increase in our hypertensives.

Current results indicate that increased BMI and blood pressure are associated with reduced ECV, suggesting hypertrophy of myocytes similar as seen in athletes (43). Conversely, ECV is often increased in non-ischemic cardiomyopathies (14). ECV could therefore potentially discriminate adaptations associated with overweight, obesity, or hypertension from early pathology, such as previously suggested to distinguish the athlete's heart from HCM (20, 44). The positive association between HbA1c and ECV was in agreement with findings in subjects with T2D (21). Increased ECV is linked to heart failure (45), underlining the importance of its early recognition.

Heart rate was the most significant negatively associated predictor of T2 values. This can be explained by the nature of the T2-prepared SSFP sequence, which can produce incomplete T1 relaxation during increased HRs, influencing T2 values (46). Individuals with cardiovascular risk factors often have increased HRs, as confirmed in the current study (31). Using standard T2-prepared SSFP sequences could therefore result in underestimation of true T2 values in these populations, which needs to be taken into consideration (28).

Increased SBP was the only other independently associated predictor of (lower) T2 values. Our findings confirm similar T2 values reported for normal-weight and overweight subgroups (age 41 ± 13 years) (42), however, they are in contrast with studies reporting higher T2 values in T2D populations (aged 56 ± 12 years) and hypertensives with LVH (aged 54 ± 16 years) (24, 25). Most likely, in the latter group, higher T2 values are caused by the used scanning techniques, FLASH, which is not susceptible to HR effects. Discrepancies might be explained by longer exposure to risk factors causing T2 alterations similar to those found in non-ischemic cardiomyopathies (16).


Limitations

Firstly, we did not measure the metabolic risk factors triglyceride and cholesterol (47), therefore their impact on cardiac outcomes was not tested. Nevertheless, as previously reported in mature populations, these risk factors have substantially less impact on the heart than the risk factors included in our study (10–12). Secondly, in this young asymptomatic population, we could not link the demonstrated subclinical cardiac alterations with long-term adverse events due to the cross-sectional study design. Longitudinal studies on young high-risk populations may provide insights on this matter. Thirdly, our prospectively included young adult population was relatively small compared to mature populations in previous studies using a retrospective study design (10–12). Nevertheless, our population size allowed for appropriate multivariate linear regression (48).




CONCLUSION

In summary, we showed in an asymptomatic young adult population that sedentary lifestyle-related risk factors are associated with subclinical cardiac alterations on MRI, and this needs to be considered in clinical decision-making. These findings are also comparable to studies in more mature populations, which already demonstrated that subclinical cardiac alterations are associated with long-term adverse cardiac events. If current trends in risk factor prevalence keep rising, this may cause additional cardiovascular disease burden, especially in Westernized countries.
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Background: Post myocardial infarction pericarditis is considered relatively rare in the current reperfusion era. The true incidence of pericardial involvement may be underestimated since the diagnosis is usually based on clinical and echocardiographic parameters.

Objectives: This study aims to document the incidence, extent, and prognostic implication of pericardial involvement in ST-segment elevation myocardial infarction (PISTEMI) using cardiac MRI (CMR).

Methods: One hundred and eighty-seven consecutive ST-segment elevation myocardial infarction patients underwent CMR on day 5 ± 1 following admission, including steady-state free precession (SSFP) and late Gadolinium enhancement (LGE) sequences. Late Gadolinium enhancement and microvascular obstruction (MVO) were quantified as a percentage of left ventricular (LV) mass. Late Gadolinium enhancement was graded for transmurality according to the 17 AHA left ventricle (LV) segment model (LGE score). Late pericardial enhancement (LPE), the CMR evidence of pericardial involvement, was defined as enhanced pericardium in the LGE series and was retrospectively recorded as present or absent according to the 17 AHA segments. Late pericardial enhancement was evaluated adjacent to the LV, the right ventricle, and both atria. Clinical, laboratory, angiographic, and echocardiographic data were collected. Clinical follow-up for major adverse cardiac events (MACE) was documented and correlated with CMR indices, including LGE, MVO, and LPE.

Results: Late pericardial enhancement (LPE+) was documented in 77.5% of the study cohort. A strong association was found between LPE and the degree and extent of myocardial injury (LGE, MVO). Both LGE and MVO were significantly correlated with increased MACE on follow-up. On the contrary, LPE presence, either adjacent to the LV or the other cardiac chambers, was associated with a lower MACE rate in a median of 3 years of follow-up HR 0.39, 95% CI (0.21–0.7), p = 0.002, and HR 0.48, 95% CI (0.26–0.9), p = 0.02, respectively.

Conclusions: Prognostic implication of pericardial involvement in ST-segment elevation myocardial infarction was documented by CMR in 77.5% of our STEMI cohort. Late pericardial enhancement presence correlated significantly with the extent and severity of the myocardial damage. Unexpectedly, it was associated with a considerably lower MACE rate in the follow-up period.

Keywords: ST-segment elevation myocardial infarction, post myocardial infarction pericarditis, late Gadolinium enhancement, late pericardial enhancement, cardiac MRI, prognosis


INTRODUCTION

Post-myocardial infarction pericarditis occurs within several days following ST-elevation myocardial infarction (STEMI) (1–4). Its reported incidence has decreased dramatically from 20% to <5% since the early reperfusion era (1–6). Most of the reports addressing its incidence were based on the combination of clinical, electrocardiographic, and echocardiographic data (1–6).

The current practice of CMR performed early in the post-STEMI period suggested that pericardial involvement is more frequent than previously reported. This led us to conduct a dedicated, early post-STEMI CMR study to document the actual incidence and clinical significance of pericardial involvement. Cardiac MRI using the late Gadolinium enhancement (LGE) sequence is the modality of choice for assessing myocardial and pericardial pathologies (7, 8). The reported sensitivity and specificity of CMR for detecting pericardial involvement is 94–100% (9). Thus, CMR is superior to echocardiography in assessing and characterizing both myocardium and pericardium (9).

The current study documents the incidence, location, and extent of pericardial involvement using CMR in consecutive STEMI patients (PISTEMI). Clinical follow-up was conducted as well in order to evaluate the long-term clinical significance of PISTEMI.



METHODS


Study Population

The study includes a single-center cohort of 187 consecutive patients who presented with a first STEMI. All study patients underwent primary percutaneous coronary intervention within 12 h of symptoms onset. Demographic characteristics, co-morbidities, pain-to-balloon time, ECG characteristics including MI location, and ΣST-segment elevation at presentation were documented. Laboratory results collected included serial troponin, creatine phosphokinase (CPK), and C-reactive protein (CRP) levels.

Echocardiographic and angiographic parameters were recorded as well. The Institutional Ethics Review Board approved the study.



Cardiac MRI

All patients underwent cardiac MRI (CMR) on day 5 ± 1 following admission. Cardiac MRI was performed using a 1.5-T magnet (General Electric, Optima mr450w GEM versionDV26) (N = 101/187 patients) and a 3-T magnet (Philips Ingenia 3T version 5.4.1.2) (N = 86/187 patients) according to scanner availability. Conventional CMR sequences included: balanced steady-state free precession (B-SSFP) cine imaging for cardiac function evaluation and LGE imaging for tissue characterization. Late Gadolinium enhancement was performed 8–12 min following the intravenous administration of Gadolinium-based contrast agent (0.1 mmol/kg of Gadoterate meglumine, Guerbet, S.A. France). A phase-sensitive inversion recovery technique was used. The in-plane resolution of the LGE images was 2 mm. Late Gadolinium enhancement sequences were performed with and without fat suppression to distinguish between pericardial fat and pericardial enhancement.

Left and right ventricular ejection fractions (LVEF, RVEF), LGE%, and microvascular obstruction (MVO) % of LV mass were calculated in the short axis plane using a dedicated platform (Medis Medical Imaging version 7.6 Leiden, Netherlands). The LGE signal intensity threshold for scar quantification was set at five standard deviations (SD) above the reference ROI in the remote unaffected myocardium (10). This threshold was used for the quantification of both LGE% and MVO%. The segmental left ventricle (LV) myocardial analysis was performed according to the AHA 17-segment model (11). The extent of myocardial involvement (according to LGE presence) per segment was graded as follows: grade 0: no LGE, grade 1: 1–25%, grade 2: 26–50%, grade 3: 51–75%, and grade 4: 76–100% of the myocardial wall thickness. Late Gadolinium enhancement score was calculated by summing all segmental LGE grades. The presence or absence of MVO was documented using the AHA 17-segments model per myocardial segment. Microvascular obstruction score was calculated by the sum of all segments with MVO.

Late pericardial enhancement (LPE) was retrospectively evaluated and was defined as the presence or absence of enhanced pericardium on the LGE series (Figures 1, 2). Late Gadolinium enhancement series were obtained with and without fat suppression and were used to differentiate LPE from fat in the pericardium. Qualitative assessment of pericardial enhancement on the LGE images (LPE) was evaluated visually as present or absent in the left ventricular (LV), right ventricular (RV), right atrial (RA), and left atrial (LA) walls. For the LV, LPE was analyzed using the AHA 17 segment model, excluding the septal segments and apex segments 2, 3, 8, 9, 14, 17). The septal segments were excluded since anatomically, the pericardium does not cover the septum. The LPE adjacent to the RV, RA, or LA was considered a single segment for each chamber. Late pericardial enhancement score was calculated by summing all involved pericardial segments (LPE+) in the LV, RV RA, and LA. Late pericardial enhancement was evaluated in a control group of 34 consecutive patients referred for evaluation of non-acute pathologies, including [cardiomyopathy (n = 25), RV dysplasia (n = 1), viability (n = 5), and LV non-compaction (n = 1)]. Late pericardial enhancement in this cohort was documented in only two patients (2/34, 5.8%) and only four pericardial segments (4/479, 0.8%).


[image: Figure 1]
FIGURE 1. CMR in a patient with extensive anterior MI-short axis view.



[image: Figure 2]
FIGURE 2. CMR in a patient with extensive anterior MI-four-chamber view. Late Gadolinium enhancement (L), demonstrating anteroseptal and inferolateral transmural MI with microvascular obstruction (M). Extensive late pericardial enhancement (LPE) is demonstrated involving the left ventricle (white arrows), right ventricle (arrowhead), right atrium (dotted arrow), and left atrium (curved arrow).


The correlation between LPE presence and different clinical, laboratory, and CMR parameters was examined. Late pericardial enhancement segmental location was correlated with segmental distribution and the extent of the myocardial damage (LGE and MVO scores).

Pericardial effusion on CMR was determined using SSFP in the four-chamber plane and was defined as pericardial width ≥4 mm (3).

The current study did not include T2 sequences in evaluating pericardial involvement, as LPE is better suited for evaluating the focal pericardial involvement in STEMI, as compared with T2 sequences. Post-processing for LGE, MVO, and LPE was performed by two experienced cardiovascular imagers (OG-16 years of experience and YB-9 years of experience).



Post-MI Pericarditis: An Integrated Approach

In order to establish the clinical significance of the CMR findings demonstrating pericardial involvement (PISTEMI), we set out to integrate it together with other findings related to diagnosis of pericarditis (1, 3), including increased CRP levels and the presence of pericardial effusion (defined as effusion ≥4 mm on CMR). We assume that the combination of pericardial enhancement in addition to increased inflammatory indices or the presence of pericardial effusion indicates an active pericardial inflammatory process (pericarditis).



Clinical Follow-Up

Clinical follow-up for major adverse cardiac events (MACE) was performed. Major adverse cardiac event included recurrent MI, acute stroke, acute coronary syndrome necessitating urgent hospitalization and\ or percutaneous coronary intervention, hospitalization for heart failure, and cardiovascular death in a median of 3 years of follow-up.

Kaplan-Meier survival analysis (Kaplan and Meier, 1958) was conducted to compare the incidence of MACE in patients with LPE vs. others. A similar analysis was conducted for patients with a left ventricle LPE (LV LPE) vs. others. A log-rank test was conducted to determine if there were differences in MACE incidence.



Statistical Analysis

Statistical analysis was performed using the SPSS statistical software 25.0.0 (IBM, Armonk, NY, USA) and the R foundation statistical computing and graphics software (version 4.0.0). All statistical tests were two-sided, and a p-value of <0.05 was considered significant. Categorical variables are reported in frequencies and percentages. The significance of categorical variables between groups was assessed using the chi-square test or Fisher's exact test.

We tested all variables for normal distribution by the Kolmogorov-Smirnov test and visualized the QQ-plot, plotting the distribution and variance of the residuals. Normally distributed continuous variables were reported as mean and SD values, and differences between groups were assessed using the student's t-test. Continuous variables not normally distributed were reported as median and interquartile range (IQR, 25th−75th percentiles) values, and significance was assessed using the Mann-Whitney-Wilcoxon or Kruskal-Wallis tests. Interobserver variability for the presence or absence of LGE, MVO, and LPE was assessed using blinded data from the study cohort. Inter-observer variability demonstrated a Cohen's κ weighted score of 0.76 [P < 0.001. 95% CI (0.68, 0.84)], indicating a good inter-observer agreement.

The study cohort was divided into two groups according to the presence or absence of LPE on CMR. A multivariable binary logistic regression model was constructed for the prediction of pericardial involvement. The model consisted of variables that were statistically significant in univariate tests and of clinically relevant indices. Notably, variables with missing values for more than 15% of the cohort (CRP) were excluded from the multivariate analysis. A K-M survival curve and Cox proportional hazard regression analysis examined the CMR indices and MACE association.




RESULTS

Involvement of the pericardium (LPE+) overlying the ventricles and\or the atria was demonstrated in 145/187 patients (77.5 %). Among these 145 patients, spatial pericardial involvement was demonstrated as follows: LPE overlying the LV (120/187, 64.2%), RV (60/187, 32.1%), RA (52/187, 27.8%) and LA (11/187, 5.9%) (Figure 3).


[image: Figure 3]
FIGURE 3. Illustration of the heart in the four-chamber view demonstrating the pericardial involvement (LPE+) adjacent to each cardiac chamber. LV, left ventricle; RV, right ventricle; RA, right atrium; LA, left atrium.


The study cohort was divided accordingly into LPE+ and LPE– subgroups. Baseline characteristics, laboratory and echocardiographic findings are presented in Table 1. No significant differences in demographics, baseline characteristics, co-morbidities, MI location, or ECG features were found between the two groups (Table 1, Supplementary Table 1).


Table 1. Baseline characteristics of patients with or without pericardial involvement on CMR.

[image: Table 1]

LPE+ patients had higher peak CPK levels (1,700 [IQR: 900–3,133] vs. 1,067 [IQR: 482–2,709], p = 0.03) and a lower LVEF on the first echocardiogram performed following primary PCI (44.6% ± 9.6 vs. 48.1% ± 10.3, p = 0.03).

Clinical signs of pericarditis were documented and included: pericardial chest pain in 5/187 patients (2.6%), typical ECG changes in 4/187 patients (2.1%), and pericardial effusion at trans-thoracic echocardiography in 6/187 patients (3.2%). Thus, a total of 13/187 patients demonstrated at least two clinical signs consistent with the diagnosis of pericarditis. Out of these patients, two patients only were treated with Colchicine (Table 2).


Table 2. CMR characteristics of patients with or without pericardial involvement on CMR.

[image: Table 2]

A robust association was found between the LGE score, expressing the degree and extent of the myocardial damage and the presence of LPE (P < 0.01) (Table 2; Figures 4, 5). Furthermore, a strong association was found between LPE overlying the left ventricle (LV LPE) and the severity of the myocardial damage expressed as LGE and MVO scores (p = 0.031 and p = 0.002, respectively).


[image: Figure 4]
FIGURE 4. The correlation between myocardial damage and pericardial enhancement. The correlation between LPE and LGE score.



[image: Figure 5]
FIGURE 5. The correlation between myocardial damage and pericardial enhancement. The correlation between the LGE transmurallity (LGE grade in each segment) and LPE incidence (probability of LPE in that segment).


No statistically significant correlation was found between the location of the myocardial damage and LPE presence. The prevalence of pericardial effusion detected by CMR was similar in the presence and absence of LPE (47.6 vs. 51.2%, p = 0.81) (Table 2). Moreover, the presence of pericardial effusion was not correlated with the LPE score (3 [IQR: 1–5] vs. 3 [IQR: 2–6], p = 0.55).

A binomial multivariable logistic regression model was performed to ascertain the effects of age, gender, LGE score, and MVO score on the likelihood of LPE+. Late Gadolinium enhancement score was found to be a robust predictor for pericardial involvement (p = 0.002). The logistic regression model was statistically significant [[image: image] = 15.8, p = 0.007], and the area under the ROC curve was 0.74 (95% CI, 0.64–0.81) (Table 3). No significant difference in complications during hospitalization or length of stay was demonstrated between the LPE+ and LPE– groups (Table 1).


Table 3. Binomial multivariate logistic regression model for the different predictors of pericardial involvement (LPE+).

[image: Table 3]

Post-discharge clinical follow-up was available in 85% of patients (159/187) for a median period of 3 years. Overall, 46/159 patients (28.9%) sustained at least one MACE, including recurrent MI (9/159, 5.6%), acute stroke (3/159, 1.8%), acute coronary syndrome necessitating urgent hospitalization and\or percutaneous coronary intervention (15/159, 9.4%), hospitalization for heart failure (18/159, 11.3%), and cardiovascular death (1/159, 0.6%). The presence and extent of LGE, MVO, and LPE in the follow-up patients were not different from those lost to follow-up. A detailed comparison of MACE between subgroups of the cohort can be found in the Supplementary Material (Supplementary Table 2).

Patients with a higher LGE score and MVO % of LV mass were more likely to sustain MACE during the follow-up period (43 vs. 22%, p = 0.006 and 40 vs. 23%, p = 0.024, respectively). Patients with LPE+ involving more than one pericardial segment demonstrated a lower MACE incidence than patients without pericardial enhancement (LPE–) (23 vs. 38%, p = 0.042). Pericardial involvement adjacent to the LV (LV LPE) was also associated with a significantly lower MACE rate (22 vs. 41%, p = 0.009). A univariate log-rank survival analysis revealed a statistically significant difference in survival distributions between LV LPE (+) and LV LPE (–) patients (p = 0.04). However, significance was not maintained when comparing whole myocardium LPE (p = 0.12).

A multivariable Cox proportional hazard model adjusted for age, gender, LGE score, and MVO% demonstrated that LPE+, involving more than one pericardial segment, was associated with a significantly lower MACE rate [HR 0.46, 95% CI (0.25–0.86), p = 0.02] (Table 4; Figure 6). Pericardial involvement adjacent to the LV (LV LPE) was also associated with a significantly lower MACE rate [HR 0.39, 95% CI (0.21–0.7), p = 0.002] (Figure 7).


Table 4. A multivariable Cox proportional hazard model for predicting MACE, adjusted for age, gender, LGE score, and MVO % of LV mass.
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[image: Figure 6]
FIGURE 6. Kaplan-Meier curves analysis with the MACE-free rate on the y-axis (events) vs. time to event (years) on the x-axis stratified by pericardial involvement adjacent to any pericardial chamber (LV, RV, RA, LA) (LPE+, LPE–) after adjustment for age, gender, LGE, and MVO%. LPE, late pericardial enhancement; LV, left ventricle; RV, right ventricle; RA, right atrium; LA, left atrium.



[image: Figure 7]
FIGURE 7. Kaplan-Meier curve analysis with the MACE-free rate on the y-axis (events) vs. time (years) on the x-axis stratified by LV pericardial involvement (LV LPE+ or LV LPE–) after adjustment for age, gender, LGE score, and MVO% of LV mass.


The integrated approach for diagnosing post-MI pericarditis (PMIP), which combines the CMR findings of LPE together with either elevated CRP levels and/or the presence of pericardial effusion, demonstrates that 78 patients (41.7%) had PMIP. No significant differences in demographics, baseline characteristics and co-morbidities, were found between the two groups (Table 5). PMIP+ patients have significantly higher levels of inflammation and myocardial injury biomarkers (leucocyte count, CRP, CPK, and Troponin) (Table 5).


Table 5. Baseline characteristics of patients with or without post-MI pericarditis (CMR evidence of LPE plus either elevated CRP and/or pericardial effusion).

[image: Table 5]

A multivariable Cox proportional hazard model adjusted for age, gender, LGE score, and MVO% demonstrated that PMIP, as suggested in the integrated approach, was also associated with a significantly lower MACE rate [HR 0.46, 95% CI (0.23–0.91), p = 0.02] (Table 6).


Table 6. A multivariable Cox proportional hazard model for predicting MACE, adjusted for age, gender, LGE score, and MVO % of LV mass.
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DISCUSSION

The present CMR study demonstrated an unexpectedly high incidence of PISTEMI. Late pericardial enhancement (LPE+), the MRI manifestation of pericardial involvement, was documented in 77.5% of the patients on early post-STEMI. Cardiac MRI LPE was documented adjacent to the injured and non-injured LV myocardium, the RV, and both atria.

Post-myocardial infarction pericarditis is traditionally classified as early and late (Dressler syndrome). Its reported incidence has markedly declined in the reperfusion era from 20% to <5% (1–6). Dressler syndrome almost disappeared in the reperfusion era occurring in <0.1% of patients (12). As per current clinical practice, pericarditis is diagnosed by the presence of chest pain, pericardial friction rub, typical ECG changes, and echocardiographic evidence of pericardial effusion (2, 3, 6). Cardiac MRI is considered the modality of choice for myocardial and pericardial characterization, offering superior imaging compared with echocardiography (7–9). However, routine pericardial imaging using CMR is not performed and is recommended only in equivocal cases (13). Pericardial enhancement on the CMR LGE series is considered as evidence of active pericardial inflammation, with reported sensitivity ranging from 94 to 100% (7–9, 14, 15).

In the current study, clinical evidence of pericarditis was present in only 13/187 patients (6.9%), while PISTEMI CMR evidence was documented in 145/187 patients (77.5%).

In addition, we documented a strong correlation between PISTEMI and infarct severity. A similar correlation was reported both in the pre and post-reperfusion era. However, the reported incidence of post-STEMI pericarditis was much lower in comparison (4). Lador et al. reported post-STEMI pericarditis as relatively rare, with larger infarct size and worse short-term outcomes (5). The currently accepted concept is that post-STEMI pericarditis has become infrequent since early reperfusion (4, 5). Our CMR-based data documented early pericardial involvement in over 3/4 of our STEMI cohort. The utilization of CMR as the imaging modality of choice in our study, instead of the classical approach to post STEMI pericarditis diagnosis, explains this significant difference in prevalence. All patients in our cohort underwent early CMR, which, as stated above, is highly sensitive in detecting pericardial involvement, while the reports mentioned above are based on the combination of clinical and echocardiographic data only (2–6).

A single group of investigators reported the utilization of CMR in pericardial involvement diagnosis in two letters to the editor (16, 17). In accordance with our findings, these authors also found an increased incidence of pericardial involvement in STEMI patients, correlating with infarct size and transmurality (16). These reports defined pericardial injury as the presence of pericardial effusion and/or pericardial enhancement on CMR. The reported incidence of pericardial injury was 48%, while LPE was present in only 30% of their patients. Our study, which defined PISTEMI by the presence of pericardial enhancement, demonstrated a higher pericardial enhancement incidence of 77.5%. This discrepancy is related to the fact that the current study assessed the pericardium globally, addressing the pericardium adjacent to all four cardiac chambers. In contrast, these previous reports addressed only the pericardium adjacent to the left ventricle. In addition, differences in LGE acquisition parameters, including in-plane resolution (which were not specified in the aforementioned reports), could also contribute to this discrepancy (16, 17). The present study documented a meaningful correlation between LPE presence and infarct extent and severity. This correlation was also documented in the previous letters to the editor (16, 17). As mentioned, we have documented pericardial involvement adjacent to all four cardiac chambers, with no distinct correlation to the segmental location of the injured myocardial segments. To the best of our knowledge, this is the first report describing a global pericardial response early after STEMI. These findings might suggest that the pericardial involvement is not just an indicator of infarct severity but a more complex process related to other factors.

Post-STEMI pericarditis in the pre-reperfusion era was associated with increased long-term mortality, although it was not found to be an independent prognostic factor in follow-up studies (1–4, 6). Our study is the first CMR-based series reporting follow-up data concerning pericardial involvement in STEMI patients. As expected, patients with increased LGE and MVO sustained more MACE events. In contrast, patients with PISTEMI, defined as LPE+, had a better long-term prognosis with significantly lower MACE incidence at a median follow-up of 3 years. In addition, patients with CMR evidence of LV LPE had significantly better outcomes than those without LV LPE. While the current hypothesis-generating manuscript is not designed to provide a pathophysiological explanation to the reported findings, we assume that regenerative/reparative processes involving the left ventricle are more likely to be correlated to prognosis than the other myocardial chambers. This unexpected result raises the question of whether pericardial enhancement should still be considered a complication of acute MI.

Moreover, our data introduces a novel idea suggesting that PISTEMI results from a physiologic rather than a pathologic mechanism triggered by the myocardial injury. Experimental animal studies focusing on myocardial damage in Zebrafish and low mammalians have recently suggested that cardiac injury may activate the epicardium as a source of a regenerative or/and reparative process (18–21). A similar mechanism was not demonstrated in higher mammalians. In addition, a hint that a reparative myocardial mechanism still exists in the human heart may be found in two recent papers in pediatric patients, reporting better outcomes following cardiac surgery and viral myocarditis in children with increased circulating micro- RNA (22, 23). The presence of elevated CRP in the LPE+ group (and LV LPE+) in our study might additionally suggest that pericardial enhancement is in part a result of an immune reaction. Recently, a possible benefit from anti-inflammatory drug administration (Colchicine) in acute MI was reported (24). Close attention to the endpoint events in this study emphasizes that the anti-inflammatory treatment lowered vascular (strokes and urgent hospitalization for angina) rather than myocardial complications (24). Indeed, previous studies have warned against the utilization of anti-inflammatory drugs (Methylprednisolone and Indomethacin) in acute MI. Both drugs were associated with scar thinning, infarct expansion, and ventricular functional impairment (25–27).

Thus, our observation of frequent PISTEMI, together with those mentioned above in experimental and clinical studies, raises the challenging hypothesis that pericardial involvement is a part of a yet undefined residual myocardial repair process in the human heart. The current study did not measure specific biochemical factors and therefore cannot support this assumption with a defined physiological mechanism.

The major clinical implication of our findings is the clear understanding that pericardial involvement detected by CMR is common, occurring in more than 3/4 of STEMI patients. Thus, it should not be regarded as a post STEMI complication.

Moreover, this study documented that pericardial involvement was associated with pericardial effusion detected by echocardiography in only 3% of the cases. This is of high clinical importance since it challenges the traditional criteria of pericardial involvement diagnosis, which rely mainly on echocardiographic evidence of pericardial effusion. Cautioning that CMR detection of pericardial involvement should not be “automatically” considered as a clinical complication.



LIMITATIONS

This is a retrospective single-center study with the related inherent limitations. The study cohort included scans performed both on 1.5 and 3 T MR scanners. Still, there was no significant difference between scanner field strength and the documented LPE presence.

Although CMR offers high spatial resolution on LGE images, there is an inability to separate the epicardial and parietal layers due to their anatomic proximity. Since the thickness of pericardium is usually <4 mm and the LPE signal is subtle, LPE quantification (similar to LGE quantification) cannot be performed. Compared to acute inflammatory pericarditis, pericardial involvement is local rather than global, rendering T2 sequences non-contributing to pericardial involvement diagnosis.

Factors involved in myocardial repair described in the animal studies were not studied in the current study.



CONCLUSIONS

The current CMR study demonstrated that early pericardial involvement detected by CMR is common, occurring in more than 3/4 of STEMI cases, involving the pericardium adjacent to all four cardiac chambers. PISTEMI is correlated with the extent and severity of the myocardial injury. PISTEMI is associated with a decrease in the major adverse events rate on follow-up.
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Introduction: Transcatheter aortic valve implantation (TAVI) can improve left ventricular (LV) mechanics and survival. Data on the predictive value of left atrial (LA) strain following TAVI are scarce. We aimed to evaluate the association of LA strain measured shortly post-TAVI with functional and anatomical reverse remodeling of the LA and LV, and its association with mortality.

Methods: We prospectively investigated 90 patients who underwent TAVI. Transthoracic echocardiography including strain analysis was performed shortly after TAVI and repeated 6 months later. CT angiography (CTA) was performed for pre-TAVI planning and 6 months post-TAVI. Speckle tracking echocardiography was used to determine LA peak reservoir strain (LASr) and LV global longitudinal strain (LV-GL), LA volume index (LAVi) was measured by TTE. LV mass index (LVMi) was calculated using CTA images. LA reverse remodeling was based on LASr and LAVi changes, whereas LV reverse remodeling was defined as an improvement in LV-GLS or a reduction of LVMi. The association of severely reduced LASr (<20%) at baseline with changes (Δ) in LASr, LAVi, LV-GLS and LVMi were analyzed using linear regression, and Cox proportional hazard model for mortality.

Results: Mean LASr and LV-GLS were 17.7 ± 8.4 and −15.3 ± 3.4% at baseline and 20.2 ± 10.2 and −16.6 ± 4.0% at follow-up (p = 0.024 and p < 0.001, respectively). Severely reduced LASr at baseline was associated with more pronounced ΔLASr (β = 5.24, p = 0.025) and LVMi reduction on follow-up (β = 5.78, p = 0.036), however, the majority of the patients had <20% LASr on follow-up (44.4%). Also, ΔLASr was associated with ΔLV-GLS (adjusted β = 2.10, p < 0.001). No significant difference in survival was found between patients with baseline severely reduced LASr (<20%) and higher LASr (≥20%) (p = 0.054).

Conclusion: LV reverse remodeling based on LVMi was present even in patients with severely reduced LASr following TAVI, although extensive LA damage based on LA strain was demonstrated by its limited improvement over time.

Clinical Trial Registration: (ClinicalTrials.gov number: NCT02826200).

Keywords: left atrial function, transcatheter aortic valve implantation, reverse remodeling, CT angiography, speckle tracking echocardiography


INTRODUCTION

Aortic valve stenosis (AS) is the most common valvular heart disease with growing prevalence in developed countries (1, 2). Symptomatic, severe AS is associated with high morbidity and mortality, therefore early identification of high-risk patients is of major importance. Severe AS induces structural and functional changes of the cardiac chambers due to chronically increased afterload (3). The resulting left ventricular (LV) remodeling with concentric hypertrophy, myocardial fibrosis, and diastolic and systolic dysfunction is associated with poor clinical outcome (4). The left atrium (LA) is also affected by AS leading to LA enlargement, fibrosis, elevated stiffness and reduced LA contractility, increasing the risk of atrial fibrillation and heart failure (5–7). Transcatheter aortic valve implantation (TAVI) is a safe and effective treatment for severe and symptomatic AS patients as an alternative to surgical aortic valve replacement (8, 9). Consequently, LV afterload rapidly decreases resulting in LV reverse remodeling, which is linked to improved cardiac mechanics, symptoms and mortality (10). However, it is unclear whether similar alterations are also true regarding LA function.

Myocardial deformation imaging by two-dimensional (2D) speckle-tracking echocardiography (STE) is a robust and reliable tool for the assessment of subclinical and overt myocardial dysfunction (11, 12). LA reservoir strain (LASr) is considered a surrogate of LV filling pressure and allows for the early detection of diastolic dysfunction (13). LASr is strongly associated with the extent of LA fibrosis (14) and is significantly reduced in patients with AS (5). LA functional deterioration might precede LA dilatation, therefore the assessment of LASr might have incremental value over conventional echocardiographic parameters in patients with AS (15, 16). Moreover, decreased LASr has been shown to have a strong predictive value for various cardiovascular events (17, 18). Incorporating LASr as part of the clinical assessment of TAVI patients could provide useful information for risk stratification and treatment optimization.

Data on the prognostic value of LA strain assessed after TAVI before hospital discharge are scarce. Therefore, in this multimodality study, we sought to assess the influence of LASr measured shortly post-TAVI on both functional and anatomical reverse remodeling of the LA and the LV. Furthermore, we aimed to assess the prognostic value of LASr on all-cause mortality.



MATERIALS AND METHODS


Study Population

The RETORIC (Rule out Transcatheter Aortic Valve Thrombosis with Post Implantation Computed Tomography) trial (NCT02826200) aimed to determine the predictors, incidence and clinical relevance of subclinical leaflet thrombosis in patients with severe, symptomatic AS following TAVI. We prospectively enrolled a total of 154 patients who underwent multimodality imaging (serial CTA, brain MRI and echocardiography) as part of the trial and clinical data were collected in a central database at a tertiary academic center. The current investigation is a sub-study of the RETORIC trial focusing on the clinical value of global strain parameters.

The imaging protocol included transthoracic echocardiography (TTE) including strain analysis to assess LA and LV anatomy and function immediately after (baseline) and 6 months (follow-up) following TAVI. Patients also had CT angiography (CTA) prior to and 6 months after the procedure. Follow-up CTA scans were performed on the same day as the follow-up TTE. Serial CTA images were used to determine LV mass (LVM) changes due to the excellent reproducibility and well-established correlation with gold standard magnetic resonance imaging (19).

Patients were excluded if the quality of echocardiographic images was inadequate for strain analysis, or if CTA was contraindicated per institutional standard of care (inability to cooperate with scan acquisition and/or breath-hold instructions, history of severe and/or anaphylactic contrast reaction, severe renal insufficiency defined as GFR ≤ 30 ml/min/1.73 m2) (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of patients through the study. CTA, CT angiography; ECG, Electrocardiography; LA, Left atrium; LASr, Left atrial peak reservoir strain; LAVi, Left atrial volume index; LV-GLS, Left ventricular global longitudinal strain; LVMi, Left ventricular mass index; TAVI, Transcatheter aortic valve implantation; TTE, Transthoracic echocardiography.


The study was approved by the local and national ethical committees (IRB: SE TUKEB 234/2017; ENKK 034489-004/2016/OTIG) and was registered on the ClinicalTrials.gov (NCT02826200) and was performed in accordance with the Helsinki declaration. Written informed consent was obtained from all patients.



Echocardiographic Analysis

All patients underwent echocardiography before hospital discharge after TAVI and at the 6-month follow-up according to current recommendations, using an EPIQ 7C system (Philips Medical System, Andover, MA), equipped with an X5-1 matrix transducer. 2D gray-scale images (frame rate: 60–80 Hz) were acquired over 3 heart cycles, and stored and analyzed off-line using QLab software (version 15.0 Philips Medical System, Andover, MA) by a single experienced echocardiographer, blinded to clinical and CTA imaging data. Volumetric analysis of the LA and LV were performed using standard methodology recommended by the current chamber quantification guidelines (20). The 2016 guideline document on echocardiographic assessment of diastolic function was utilized to determine filling pressures using the recommended algorithm for patients with preserved and reduced ejection fraction based on the following parameters: LAVi, E/A ratio, E/e′ ratio, e' velocity and peak velocity of the tricuspid regurgitant jet (21). LAVi was determined using biplane Simpson method. Elevated filling pressure was defined as diastolic dysfunction grade 2 and 3 according to the above referenced guideline algorithm. To calculate E/e', both the lateral and septal early diastolic peak longitudinal mitral annular velocities (e′) were obtained and averaged. Pulmonary artery systolic pressure (PASP) was derived from the simplified Bernoulli equation from the peak tricuspid regurgitant velocity and the addition of an estimated value of right atrial pressure.

For LASr and LV-GLS measurements, 2D speckle tracking software (Qlab15 AutoStrain LA for LASr and aCMQ for LV-GLS) were used. Both packages provide automatic endocardial border recognition, that was corrected manually, if needed. LASr was measured in the apical 4-chamber view, the reference point for zero strain was set at LV end-diastole (i.e. beginning of the QRS complex) as recommended by the EACVI/ASE/ Industry Task Force to standardize deformation imaging (22). Severely reduced LASr was defined as <20% and was used in the statistical methods as a categorical variable (23). LA stiffness is a further parameter of atrial function reflecting the change in pressure required to increase the volume of LA in a given measure. It was calculated as ratio of E/e′ to LASr (24). LV-GLS was derived from the apical 4- and 2-chamber views.



CT Image Acquisition and Analysis

All patients underwent contrast enhanced, multi-detector CT scans using a 256-slice CT scanner (Brilliance iCT 256, Philips Healthcare, Best, The Netherlands, 270 msec rotation time, tube voltage 100–120 kV depending on body weight). For TAVI planning, retrospectively gated helical CTA of the aorta and the heart was acquired during a single breath-hold, in cranio-caudal direction with 1 mm slice thickness and 1 mm increment. We administered 75 ml 400 mg/ml iodinated contrast agent (Iomeron 400, Bracco Ltd; Milan, Italy) with 4.5 ml/s flow rate. Follow-up CT imaging was performed using retrospective gating with a reduced scan range covering the volume of the heart and the ascending aorta. All axial images were reconstructed with 1 mm slice thickness using iterative reconstruction (iDose4 Philips Healthcare, Cleveland, OH, USA). We measured LVM on pre-TAVI and follow-up CTA images in end-systolic or end-diastolic phases (25) using a semi-automated software (Philips Intellispace v6.0.4., Functional analysis tool, Best, The Netherlands). After automatic segmentation of the heart, a single reader manually corrected the LV boundaries excluding papillary muscles on short-axis stack if needed (on 9 slices with 3 mm slice thickness). Papillary muscles were excluded from LVM measurements. Then the software automatically calculated myocardial mass based on volumetric analysis of the LV. LVM values were indexed to the patients' body surface area.



Evaluation of Reverse Remodeling

Functional LA reverse remodeling was defined as any improvement in LASr, while anatomical LA reverse remodeling was defined as any reduction in LAVi during follow-up. We defined functional LV reverse remodeling as any improvement in LV-GLS on follow-up compared to baseline, whereas anatomical LV reverse remodeling as a reduction in LVMi assessed on follow-up CT images compared to pre-TAVI CT scans. Predictors of LA and LV changes (ΔLASr, ΔLAVi, ΔLV-GLS, ΔLVMi) were analyzed.



Statistical Analysis

Continuous variables are presented as mean and standard deviation, whereas categorical parameters are presented as frequencies with percentages. Continuous clinical and imaging variables between baseline and follow-up were compared using paired t-test or were compared between groups by the two-sample t-test (patients with severely reduced LASr (<20%) vs. patients with LASr ≥20%) (Supplementary Table 1). Categorical variables were compared using the Chi-Square test. Based on former studies, we evaluated baseline LASr as a categorical variable in the statistical models as a predictor with a cut-off value defined as <20% (23). However, we have also calculated the models using LASr as continuous variable as seen in Supplementary Tables 2, 3. Relevant imaging parameters (including baseline LASr <20%) and comorbidities as predictors of LA and LV functional (LASr and LV-GLS) and anatomical (LAVi and LVMi) reverse remodeling were analyzed using linear regression analysis. Hypertension was defined as systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg or antihypertensive medication use verified by medical records. Variables with p < 0.05 in univariate analysis were entered into the multivariate model. Spearman correlation was used to assess the relationship between LA and LV parameters. Intraclass correlation coefficient (ICC) was calculated to assess intrareader reproducibility for LASr measurements including 15 patients.

Mortality data were collected and verified via official death records of the National Health Insurance Fund that ensured that no lost-to follow-up occurred. All-cause mortality was used to generate Kaplan–Meier curves for patients with more and <20% LASr at baseline. All analyses were conducted using STATA v13.0. A two-sided p-value < 0.05 was considered statistically significant.




RESULTS

In total, we enrolled 90 patients in our analysis, who had appropriate baseline echocardiography images for LASr measurement (mean age 78.5 ± 6.9 years, mean body mass index (BMI) 28.1 ± 5.6 kg/m2, 46.7% female). Four patients died during the first 6 months of follow-up who had baseline LASr assessment. Serial CTA images for LVMi change measurement were available in 75 out of the 90 (83.3%) cases, while 53 of 90 (59.0%) patients also had proper echocardiography images for LV-GLS evaluation (see Figure 1). Patient characteristics, medical treatment and valve types are summarized in Table 1. We have found excellent intrareader reproducibility for LASr measurements including 15 patients with ICC = 0.97.


Table 1. Patient characteristics.

[image: Table 1]


The Impact of TAVI on LA Anatomy and Function

Any improvement in LASr was detected in 60.6% of all patients during follow-up. We found significant improvement comparing baseline and follow-up LASr values (17.7 ± 8.4 vs. 20.2 ± 10.2%, respectively; p = 0.024) (Figure 2). There was no significant difference in the proportion of severely reduced LASr (<20%) at baseline and follow-up, respectively [66.7 (60/90) vs. 44.4% (40/90); p = 0.134] (Table 2).


[image: Figure 2]
FIGURE 2. Changes in functional and anatomical LA and LV parameters following TAVI. Box and whisker plots represent the baseline vs. the follow-up values (6 months after TAVI) for LA and LV parameters. LV-GLS, Left ventricular global longitudinal strain; LASr, Left atrial peak reservoir strain; LAVi, Left atrial volume index; LVMi, Left ventricular mass index.



Table 2. Periprocedural data and change in systolic and diastolic parameters.
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LASr correlated significantly with diastolic parameters both at baseline (E wave velocity Spearman's ρ = −0.46, LAVi ρ = −0.47, PASP ρ = −0.30; p < 0.01 for all) and follow-up (E wave velocity Spearman's ρ = −0.28, LAVi ρ = −0.48, PASP ρ = −0.37; p < 0.01 for all). Diastolic parameters differed significantly between both time points (all p < 0.05, Table 2). Mean LAVi was 53.8 ± 21.7 mL/m2 vs. 50.6 ± 24.9 mL/m2 at baseline and follow-up (p = 0.109). Baseline LA stiffness was 1.6 ± 1.1 for patients with LASr <20 and 0.5 ± 0.2 for patients with LASr ≥ 20% (p < 0.001).

Among patients with severely reduced LASr (<20%), although some degree of LASr improvement was detectable (mean improvement of 4.4 ± 8.4%), the mean LASr at 6 months was still significantly lower (LASr <20% at baseline: 17.3 ± 9.6% vs. LASr ≥ 20% at baseline: 26.1 ± 9.0%, p < 0.001), in turn the LA stiffness was higher as compared to those with LASr ≥ 20% at baseline (1.4 ± 1.2 vs. 0.5 ± 0.4, respectively p < 0.001) (see Supplementary Table 1). Representative images of LA strain assessment are shown on Figure 3.


[image: Figure 3]
FIGURE 3. Representative images of LA strain assessment of patients with baseline LASr <20% (left side, LASr = 15.8 %) and ≥ 20% (right side, LASr = 31.9%). Strain curves are depicted below the echocardiographic images. LA, Left atrium; LASr, Left atrial peak reservoir strain.




The Impact of TAVI on LV Anatomy and Function

The LV showed an improvement in both functional and morphological aspects following TAVI: mean LV-GLS was −15.3 ± 3.4% at baseline vs. −16.6 ± 4.0% at follow-up (p < 0.001), whereas mean LVMi reduced from 96.2 ± 23.8 g/m2 to 83.3 ± 19.5 g/m2 on follow-up CTA (p < 0.001) (Table 2). Any improvement in LV-GLS was found in 74.5% of all patients during follow-up.



Predictors of LA Reverse Remodeling

Based on Spearman correlation, ΔLV-GLS was significantly associated with ΔLASr (ρ = 0.594, p < 0.001). On multivariate linear regression analysis, ΔLASr was predicted by severely reduced baseline LASr (< 20%) (β = 5.24; p = 0.025) and ΔLV-GLS during follow-up (β = 2.10; p < 0.001). In a separate model using LASr as a continuous variable, baseline atrial strain was independently associated with ΔLASr (ß = −0.26; p = 0.035) (Supplementary Table 2).

LA anatomical reverse remodeling based on LAVi was independently associated with baseline age (β = 0.83; p = 0.006) and E/e' ratio (β = −0.86; p = 0.001, Table 3), but not with severely impaired LASr at baseline (p = 0.396).


Table 3. Uni- and multivariate linear regression analysis of the association of comorbidities, echocardiographic parameters and LA reverse remodeling.
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Predictors of LV Reverse Remodeling

When assessing the predictors of functional LV reverse remodeling, we found that only ΔLASr was linked to ΔLV-GLS values (β = 0.13; p < 0.001) and both parameters improved over time (Table 4). Severely reduced LASr (<20%) (β = 5.78; p = 0.036) and LVMi (β = 0.12; p < 0.001) measured at baseline were independent predictors of anatomical LV reverse remodeling based on ΔLVMi (Table 4). Regarding the magnitude of change in LVMi, patients with severely reduced LASr (<20%) at baseline demonstrated larger anatomical LV reverse remodeling based on LVMi as compared to patients with higher LASr (≥20%): −15.7 ± 12.2 g/m2 vs. −8.3 ± 13.4 g/m2; p = 0.022 (see Supplementary Table 1). Similar results for anatomical LV reverse remodeling were not detected using baseline LASr as a continuous predictor (see Supplementary Table 3).


Table 4. Uni- and multivariate linear regression analysis of the association of comorbidities, echocardiographic parameters and LV reverse remodeling.
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Outcome Analysis of All-Cause Mortality Following TAVI

Regarding survival, no significant difference was observed in patients with severely reduced LASr (<20%) as compared to those with higher LASr (≥20%) as assessed immediately after TAVI (log-rank p-value 0.054, Figure 4). LASr is a parameter of atrial function that showed interaction with mortality. Baseline comorbidities (hypertension, diabetes mellitus, prior stroke, smoking, age, BMI, atrial fibrillation), parameters of ventricular function, valve type, LVMi or LAVi showed no association with mortality (all p > 0.05).


[image: Figure 4]
FIGURE 4. Kaplan-Meier curve for all-cause mortality in patients with <20% or ≥ 20% LASr. Kaplan–Meier curve shows only a trend toward reduced survival in patients with severely reduced LASr at baseline (<20%), however no significant difference was observed during a mean follow-up time of 3.4 ± 1.3 years. LASr, Left atrial peak reservoir strain.





DISCUSSION

In our study, severely reduced LASr at baseline (<20%) was associated with larger change in LASr and LVMi during follow-up, however was not linked to anatomical reverse remodeling of the LA based on LAVi. Notably, majority of the patients with severely reduced LASr at baseline had impaired LA function (LASr <20%) even after 6 months of the procedure despite evidence of some atrial reverse remodeling process (see Figure 5). Both absolute LASr and LV-GLS increased during the follow-up period and the improvement in LA global strain was associated with functional LV reverse remodeling. LASr <20% at baseline was associated with elevated LA stiffness at both time points, although no significant difference regarding survival was observed after TAVI.


[image: Figure 5]
FIGURE 5. Patients with severe, symptomatic aortic valve stenosis who underwent TAVI experienced atrial and ventricular reverse remodeling after 6-months. The magnitude of anatomical LV and functional LA reverse remodeling was numerically larger in patients with severely reduced baseline LASr (<20%), nonetheless, due to the extensive baseline LA remodeling, these patients remained in the severely reduced LASr range 6 months after a successful TAVI. Patients with LASr <20% had stiffer LA at both time points. E/e', ratio between early mitral inflow velocity and mitral annular early diastolic velocity; LA, Left atrium; LASr, Left atrial peak reservoir strain; LAVi, Left atrial volume index; LV, Left ventricle; TAVI, Transcatheter aortic valve implantation; LVMi, Left ventricular mass index.


Previous studies mainly focused on LV reverse remodeling following surgical aortic valve replacement or TAVI, while less information is available on the anatomical and functional changes of the LA. LA structural remodeling is a dynamic process characterized by chamber enlargement and dysfunction, elevated filling pressure and LA fibrosis. LA remodeling is associated with higher incidence of atrial fibrillation, heart failure hospitalization and death in various patient populations (26–29). LASr is a relatively new and sensitive marker for the evaluation of LA remodeling. Our study is additive to the existing literature, as it highlights the role of baseline LASr with respect to beneficial reverse remodeling of the LA and LV.

The current echocardiographic guideline algorithm uses LAVi in the evaluation of diastolic function (21). However, LASr showed excellent correlation with left ventricular filling pressure independent from LAVi (30), therefore LASr was suggested as a more accurate parameter to assess elevated filling pressure and diastolic dysfunction especially in early phases (13, 31, 32). LA strain can discriminate the severity grade of diastolic dysfunction (33), is associated with higher level of fibrosis of the atrial wall (14) and increased risk for arrhythmias or thromboembolic events (34, 35). Valvular heart disease, sustained arrhythmia, hypertension or heart failure can promote atrial remodeling due to pressure or volume overload leading to changes in form and function (36, 37). Whether this remodeling is reversible is largely unknown. While some studies described an improvement in LA function, a reliable parameter for the assessment of patients with irreversible changes is warranted for proper timing of the procedure. Our study revealed that patients with severe dysfunction immediately after TAVI are predominantly in an advanced stage of atrial remodeling and thus only experience modest improvement in LA strain.


Functional and Morphological Changes in the LA After TAVI

Former studies reported controversial results regarding atrial reverse remodeling based on functional and morphological LA changes following TAVI. Similarly to our findings, several studies found improvement in LA parameters. Significant improvement was seen in both LA and LV function using TEE in a study comprising 213 patients (38, 39). During a 3 months' follow-up, D'Ascenzi et al. found significant improvement in both functional and anatomical LA parameters: LASr increased from 14.4 ± 3.9 to 19.1 ± 4.7% (p < 0.001), LAVi and LA stiffness also decreased significantly (40). In another study, 12 months following TAVI only LASr improved significantly from 21.5 ± 11.2 to 26.6 ± 13.8% (p = 0.039), while LAVi remained unchanged (p > 0.05) (41). Short-term data by Spethmann et al. also noted an increase in LASr (13.9 ± 5.5 vs. 20.8 ± 8.1%, p < 0.001) without the reduction of LAVi (42). This might be explained by recent observations that LA function can improve independently from LA volume. Also, LASr might be a more sensitive parameter for atrial remodeling.

On the other hand, Sabatino et al. did not find any significant improvement in LA morphology or function in 100 patients after TAVI (43). Weber and colleagues evaluated 150 patients and found significant reduction in LAVi by 2.1 ± 10 ml/m2, without an increase of LASr, although LA stiffness decreased by 0.38 (p = 0.05) (44). In our study, we demonstrate functional, but nomorphological reverse remodeling of the LA 6 months after TAVI. Mean increase in LASr during follow-up was 2.4 ± 9.0% and mean decrease in LAVi was −3.2 ± 17.1 ml/m2. Our results suggest that elevated LV filling pressure (based on E/e') hinders anatomical reverse remodeling of the LA based on LAVi change.

Currently there are no studies evaluating LASr improvement following TAVI in respect of LA stiffness. Although LASr improved to some extent (by 4.4 ± 8.4%) during follow-up in patients with severely impaired LA function at baseline, it mostly remained in the severely reduced range (LASr <20%) 6 months after a successful TAVI implantation and LA stiffness also remained significantly elevated. These findings underline the role of early intervention in patients with severe AS before irreversible damage occurs to the atrial tissue. LASr might be an excellent biomarker for early detection of atrial injury and thereby guide patient management and procedure timing.

In our study, improvement in LV functional remodeling was associated with greater improvement in LA function (ρ = 0.594, p < 0.001). D'Andrea et al. found that LVMi and LV-GLS measured before TAVI predicted LA functional improvement (β = 0.45 and 0.54, respectively, p < 0.001) (39). In other studies, LA volume, mean transvalvular gradient and its change were reported as predictors of LASr increase (40).

Data regarding the predictive value of LASr on cardiovascular outcomes in patients receiving TAVI are limited. The improvement of LASr after TAVI has been reported as an independent predictor of cardiovascular mortality and heart failure hospitalization (43). In previous studies LASr in TAVI patients was also a predictor of new-onset AF after the procedure (44). In our study, survival analysis revealed only a trend toward better survival of patients with baseline LASr ≥ 20%, although the difference was not statistically different.



LV Reverse Remodeling After TAVI

Beneficial reverse remodeling of the LV after TAVI was predominantly demonstrated by TTE and CTA studies. Our research group previously found that LVM can regress in a magnitude of 43.4 ± 33.9 g during a mean follow-up time of 2.6 years (19). It has also been suggested that reverse remodeling based on LVMi occurs within the first weeks following implantation and is a reliable marker of improved prognosis (45). Interestingly, we found that despite severely reduced LASr values, morphological LV remodeling can occur to a substantial extent. This might be explained by the observation, that even despite long-standing AS, LV can recover following afterload normalization. In our analysis, we detected substantial difference in ΔLVMi when comparing patients with LASr <20 vs. ≥20% but not with LASr as a continuous parameter. Baseline LASr <20% was also linked to improvement in LVMi (ß = 5.78, p = 0.036) after adjustment for the baseline LVMi.

Also, in line with prior investigations we found that LV function described by LV-GLS improves after TAVI based on TTE or CT imaging. Echocardiographic data by Alenezi et al. found significant increase in the absolute value of LV-GLS (46). Also, Marwan et al. who measured LV-GLS using CT images reported the recovery of the LV (47). Shiino and colleagues demonstrated that LV-GLS improvement occurs already within 1 month after TAVI (48).

Predictors of LV-GLS improvement in other studies were pre-TAVI LVM, LV-GLS, glomerular filtration rate, diastolic blood pressure and post-TAVI peak creatine kinase-MB level after the procedure (39, 46). Interestingly, patients with normal LV-GLS before TAVI had lower improvement in LV-GLS during follow-up based on the results of Alenezi et al. (46). Based on our data, only improvement in LASr correlated with the change of LV-GLS.

We acknowledge the limitations of our study. After excluding non-diagnostic images, we could assess LVMi and strain parameters in only a subset of patients. This also highlights the limitations of current non-invasive imaging modalities for the assessment of TAVI patients. Data regarding the exact duration of AS before the procedure were not available. All-cause mortality was used for outcome analysis. Former studies included LA reservoir strain as a marker of diastolic assessment as a binary variable with the cut-off value used in current study (20%) that has been also widely used in the clinical setting for the evaluation of LA function. Using LASr as a continuous predictor was associated with ΔLASr but not with ΔLVMi (Supplementary Tables 2, 3).




CONCLUSION

LV reverse remodeling based on LVMi occurred even in patients with severely reduced LASr following TAVI, although extensive LA damage was demonstrated in this cohort by limited improvement in LA function over time. During the 6 months follow-up, simultaneous improvement of LV and LA strain was observed. No significant difference was observed in patients with severely reduced LASr (<20%) as compared to those with higher LASr (≥20%).
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A Commentary on
 Determinants of Non-calcified Low-Attenuation Coronary Plaque Burden in Patients Without Known Coronary Artery Disease: A Coronary CT Angiography Study

by Yamaura, H., Otsuka, K., Ishikawa, H., Shirasawa, K., Fukuda, D., and Kasayuki, N. (2022). Front. Cardiovasc. Med. 9:824470. doi: 10.3389/fcvm.2022.824470



Over the last 2 decades, coronary CT angiography (CCTA) has emerged as a cornerstone with a class I recommendation for the assessment of coronary artery disease (CAD) (1–3). CCTA allows for combined anatomical and morphological, and if required functional assessment of CAD. In addition, the multicentric, randomized SCOT Heart trial previously demonstrated a significantly lower rate of cardiovascular death or non-fatal myocardial infarction at 5 years of follow-up, in patients who received a primary CCTA vs. standard care strategy, with similar rates of coronary revascularization procedures in both arms (4). In the same direction, a subsection analysis of this trial demonstrated that low attenuation, non-calcified plaque burden is the most robust predictor of future fatal and non-fatal myocardial infarction, beyond calcium score and coronary artery stenosis (5). In addition, a recently published multicentric, randomized trial further strengthens the applicability of a primary CCTA strategy in patients with chronic coronary syndromes, since it resulted in significant lower procedure-related complications such as myocardial infarction and stroke with simultaneously similar rates of major adverse cardiovascular events during long-term follow-up, compared to a primary invasive strategy (6).

Detailed plaque quantification and characterization with the identification of so called “high-risk” plaque features like low-attenuation plaque (LAP) or the “Napkin ring sign” as markers of vulnerable plaques has demonstrated incremental value to identify patients at risk for future cardiovascular events (7, 8). A growing body of evidence supports the value of epicardial adipose tissue (EAT) assessment as a surrogate marker of coronary artery inflammation in addition to the evaluation of coronary plaque extent and morphology (9). Thus, previous studies showed that EAT quantification is closely associated with atherosclerotic plaque burden and the presence of obstructive CAD (10). In addition, EAT recently exhibited incremental value for the prediction of future cardiovascular events compared to conventional risk score models, thus representing a valuable imaging biomarker for the risk stratification of such patients (11).

In the current issue of Frontiers in Cardiovascular Medicine—Cardiovascular Imaging Otsuka and colleagues (12) retrospectively assessed the ability of CCTA-derived low-attenuation non-calcified plaque burden to predict cardiovascular outcomes. In addition, Otsuka et al. investigated the impact of epicardial adipose tissue volume (EAV) on low-attenuation plaque burden in the same patient cohort. Overall, 376 symptomatic patients without known CAD (57% male, 65 ± 13 yrs. old, 22% with diabetes mellitus) with clinical indication for CCTA were analyzed. Most patients were not on cardiac medications, including lipid-lowering therapy and platelet inhibitions at the time of the baseline CCTA (only 5 and 26% on treatment with aspirin and statins, respectively). EAV and coronary plaque burden were assessed using commercially available software tools. All quantitative measures exhibited reasonable reproducibility.

Among the 376 patients included in the trial, the primary endpoint was observed in 15 patients during a mean follow-up of 2.2 ± 0.9 yrs., including death in 2, acute coronary syndromes in 6 and urgent revascularization in seven patients, respectively. Low-attenuation plaque burden was highly predictive for future cardiac events, independent of traditional CAD risk scores, coronary calcification, coronary stenosis severity and EAV (HR 3.05, 95%CI 1.09–8.54, p = 0.033 by adjusted Cox regression analysis). Thus, most patients who reached the primary endpoint, were in the highest low-attenuation plaque burden quartile (Q4). EAV on the other hand, was not predictive for future clinical endpoints but was associated with low-attenuation plaque burden (r = 0.386, p < 0.001). Thus, both EAV ≥125 ml and calcium score ≥218.3 were associated with the presence of the highest low-attenuation plaque burden quartile (Q4).

The report of the study by Otsuka et al. (12) needs to be considered in the context of the current cardiovascular risk assessment approaches. Despite continuous advances in the diagnosis of CHD, sudden death and acute ischemic syndromes continue to be leading causes of morbidity and mortality (13), whereas almost 50% of patients with a sudden cardiac death does not experience limiting clinical symptoms before (14). The results presented by Otsuka et al. agree with previous reports, demonstrating the value of coronary plaque burden and composition for the prediction of future cardiovascular events (5, 10, 15). In addition, the association of EAV with low-attenuation plaque burden could be nicely shown. EAT is the fat tissue located between the visceral pericardium and the myocardium and is widely recognized having numerous exocrine and paracrine effects by the secretion of bioactive substances called adipokines. Both EAT as a whole and EAT within a radial distance from the outer wall of coronary vessels, the so called pericoronary adipose tissue (PCAT) (16), exhibit complex bidirectional interactions with the underlying vascular wall. Thus, dysfunctional EAT and PCAT are involved in the production of proinflammatory adipokines, which may cause the activation of inflammatory pathways via paracrine or vasocrine effects, resulting in endothelial dysfunction, increase coagulability and vasoconstriction, smooth muscle cell proliferation and ultimately atherogenesis progression (17). Importantly, EAT and PCAT inflammation were shown to be associated with CAD progression and adverse cardiovascular events in several clinical studies (18–21). Importantly, in contrast to other imaging modalities, such as echocardiography and cardiac magnetic resonance (CMR), CCTA can visualize and precisely quantify both EAT, PCAT and coronary plaque composition and burden within a single examination, as illustrated in Figure 1 (9).


[image: Figure 1]
FIGURE 1. CCTA can visualize and precisely quantify both EAT, PCAT and coronary plaque composition and burden within a single examination. EAT and PCAT are associated with high-risk plaque features, such as positive remodeling, the napkin ring sign, spotty calcifications, and low-attenuation plaques. Such high-risk plaques are rupture prone and therefor potential precursors of acute coronary syndromes.


Some limitations need to be considered when interpreting the results of the present study. From a technical point of view, the assessment of plaque burden and EAV was not purely automatic, so that manual corrections were necessary when using semiautomated plaque and EAV quantification algorithms. This represents a time-consuming process, hampering the translation of such quantification approaches in the clinical realm. This limitation, however, may be overcome by the implementation of artificial intelligence and machine-learning algorithms for fully automated atherosclerotic plaque quantification and characterization derived from CCTA data together with incorporation of “big data” from electronic health records for personalized decision-making and risk prediction (22). Notably, the authors only included low attenuation plaque burden as a central marker of in their analysis, whereas other high risk plaque features, such as the “napkin-ring sign,” spotty calcifications, and the positive vessel remodeling index were not considered. Such a ‘multi-feature' approach may improve the predictive value of CCTA and may be the way to go in future studies. In addition, biochemical markers, such as cardiac troponins, which were previously shown to be associated with plaque composition and cardiovascular outcomes (23, 24) were not analyzed in the present study, which is a limitation. Furthermore, the study was performed retrospectively, and the number of cardiac events was relatively small, especially when focusing on hard cardiac events, such as death and myocardial infarction. Thus, larger studies are warranted to further elucidate the relationship between EAT, PCAT and multiple high risk plaque features for the prediction of cardiovascular outcomes.

Despite these limitations, the study by Otsuka et al. (12) provides excellent evidence that EAV is associated with low-attenuation plaque burden, which in turn is the most robust variable for the prediction of future adverse cardiovascular events. In the era of precision medicine, quantification assessment of such parameters may help identifying patients at high risk for future cardiovascular events, tailoring therapeutic and preventions strategies in such individuals. Health care systems will also definitely need to consider adapting reimbursement strategies in this context, providing incentives for the broader use of CCTA over the much more costly invasive procedures in individuals who develop cardiovascular complications.
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Parametric mapping of the heart has become an essential part of many cardiovascular magnetic resonance imaging exams, and is used for tissue characterization and diagnosis in a broad range of cardiovascular diseases. These pulse sequences are used to quantify the myocardial T1, T2, [image: image], and T1ρ relaxation times, which are unique surrogate indices of fibrosis, edema and iron deposition that can be used to monitor a disease over time or to compare patients to one another. Parametric mapping is now well-accepted in the clinical setting, but its wider dissemination is hindered by limited inter-center reproducibility and relatively long acquisition times. Recently, several new parametric mapping techniques have appeared that address both of these problems, but substantial hurdles remain for widespread clinical adoption. This review serves both as a primer for newcomers to the field of parametric mapping and as a technical update for those already well at home in it. It aims to establish what is currently needed to improve the reproducibility of parametric mapping of the heart. To this end, we first give an overview of the metrics by which a mapping technique can be assessed, such as bias and variability, as well as the basic physics behind the relaxation times themselves and what their relevance is in the prospect of myocardial tissue characterization. This is followed by a summary of routine mapping techniques and their variations. The problems in reproducibility and the sources of bias and variability of these techniques are reviewed. Subsequently, novel fast, whole-heart, and multi-parametric techniques and their merits are treated in the light of their reproducibility. This includes state of the art segmentation techniques applied to parametric maps, and how artificial intelligence is being harnessed to solve this long-standing conundrum. We finish up by sketching an outlook on the road toward inter-center reproducibility, and what to expect in the future.

Keywords: relaxation times, cardiovascular magnetic resonance (CMR), review, reproducibility, heart, quantitative MRI (qMRI), parametric mapping


INTRODUCTION

In recent years, cardiac magnetic resonance (CMR) parametric mapping has seen a steady increase in use in the clinical setting. Parametric mapping is the quantification of one or more of the drivers of MR contrast, the relaxation times, in each pixel of an image. These relaxation times or relaxation parameters are quantifiable properties of a tissue in a magnetic field, and strongly depend on physiological properties of that tissue. This leads to large advantages of parametric maps over qualitative imaging, since these maps should no longer be dependent on scan-specific parameters such as radiofrequency (RF) coil proximity, receiver chain efficiency, or magnetic field inhomogeneities. Quantified relaxation times also reduce inter-observer variability, allow for a patient's tissue parameters to be tracked through therapy, and allows for individual patient values to be compared. In theory, these parameter maps should thus be highly reproducible, since they only depend on the interaction of physics and biology. Unfortunately, while parametric mapping can indeed uniquely and quantitatively inform on tissue properties such as interstitial fibrosis and iron deposits, most mapping techniques are in practice not as independent of confounding influences as described above. Different vendors and even different scanners at the same magnetic field strength in the same hospital often led to different baseline relaxation times. Because of these differences, the latest international consensus statement on parametric mapping of the heart (1) recommends establishing reference values in healthy volunteers for each mapping technique, scanner, and hospital. Similarly, recent international guidelines on CMR reference ranges report broad vendor-specific reference ranges (2). This indicates that parametric mapping is currently reproducible at the level of the individual MR scanner, but that relaxation parameters can often not be directly compared between different mapping techniques, or between different hospitals.

The goal of this technical review is therefore to give a overview of current parametric mapping and to project its road toward more general reproducibility. It is intended both as a primer for those new to the field and as an update on the state of the art for those stuck in it. To this end, we will first briefly describe several ways to evaluate the quality and reproducibility of a mapping technique, such as accuracy and sensitivity, and will follow this with basic links between the physics and biology of relaxation times in the heart. Next, we will give an overview of commonly applied techniques to map relaxation times as well as limitations in reproducibility of these techniques. This will be followed by an overview of recent technical improvements from a reproducibility angle, and we will finish with an outlook of what we should expect or try to bring about in the near future.



GENERAL CONSIDERATIONS


Metrological Terminology

We will define several metrological and mathematical principles that are related to reproducibility so that we can discuss the various mapping techniques in unambiguous terms (3, 4). Reproducibility itself is the degree to which the result of an experiment can be repeated by a different team with a different setup. It should not be confused with repeatability (same team, same setup) or replicability (different team, same setup). Most parametric mapping techniques are highly repeatable and decently replicable. It should also be noted that a repeatable measurement should be robust, meaning that it should continue to be sensitive and accurate in the same center and with the same team in the presence of small variations in experimental conditions that are not always present [in CMR this often means motion (5) and magnetic field inhomogeneities (6)].

The reproducibility of a mapping technique can be described in more detail in terms of accuracy and precision: these characteristics should be determined for all mapping techniques for a given indication and relaxation time. Here, accuracy is defined as the closeness to a gold-standard technique (such as a spin echo (SE) pulse sequence). The term accuracy is often used in a qualitative sense, while its numerical value is indicated by the bias. Precision is how close multiple measurements are to one another and is often also used qualitatively. Its quantitative (and inverse) representation is the variability, which is generally measured as the standard deviation, coefficient of variation (i.e., the standard deviation divided by the mean), or interquartile range (IQR). Accuracy can be derived from the mean relaxation times of a tissue measured with two techniques, while precision is often taken as the inverse of the standard deviation of that relaxation time in a region of interest (ROI).

By setting a cut-off value for a relaxation time that indicates disease, one can assess the sensitivity and specificity of a mapping technique for that disease. Here, sensitivity is the true positive rate: the percentage of true disease cases we positively identify with our defined cut-off. Specificity is the true negative rate, or the percentage of true disease-free cases we correctly ruled out with our cut-off.

While the majority of parametric mapping studies report measures of accuracy and precision, most techniques are too early in their scientific testing cycle to have set cut-offs, and thus do not have globally accepted sensitivities and specificities.



Myocardial Relaxation Parameters

The most common parametric mapping techniques in the heart quantify the T1, T2, [image: image] (“T2-star”), and T1ρ (“T1-rho”) relaxation times. They were first described by Bloch (7), Bloembergen et al. (8), and Redfield (9) in their seminal papers, and are at times discussed as relaxation rates Rn = 1/Tn. Relaxation times are characteristic times of decay curves that describe their respective relaxation, and strongly depend on the interactions of water molecules with their surroundings. A measured relaxation time in a pixel is an averaged result of several environments and processes, such as intracellular and extracellular water. While the tissue of a subject will have a relaxation time that we want to measure, even these “true” relaxation times in a voxel will thus be a representation of several compartments (and sub-compartments) with a unique relaxation time each. Furthermore, even these true values may significantly differ from a population average due the subject's age, gender, and other factors (2).

T1 relaxation is the increase of longitudinal magnetization and is mainly caused by an irreversible energy loss to the surroundings. The longitudinal relaxation of a signal S follows:

[image: image]

where A = 1 to describe recovery after saturation and A = 2 to describe an inversion (although it can be any value between 0 and 2), S0 is the equilibrium signal, and t is the weighting duration. Longitudinal relaxation of the myocardium is relatively efficient for ordered watery tissues such as the healthy myocardium at clinical field strengths, and its energy loss becomes slower (and the relaxation time is therefore longer) both when there is an increase in free water and when there is an increase in large molecules (10). The former occurs in the case of edema, and the latter in the case of interstitial fibrosis or amyloid deposition, making myocardial T1 relaxation sensitive to both of these processes. The T1 relaxation can furthermore be used to calculate the myocardial extracellular volume (ECV) fraction (11), which is highly sensitive to diffuse and chronic myocardial injuries. The ECV can be calculated by assuming an equilibrium exchange between the blood and myocardium for a gadolinium-based contrast agent (GBCA) (12), and combining the partition coefficient of the GBCA with the hematocrit (Ht). Ht is the volume percentage of red blood cells in blood, and is a robust approximation of the volume that a GBCA cannot flow into in blood. The partition coefficient P of the GBCA can in turn be established from the T1 relaxation times in the myocardium and blood pre- and post-injection of the GBCA:
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To correctly measure the ECV, steady-state GBCA concentrations in the various compartments must be achieved, which depends on the GBCA dose and typically takes 10–15 min for scar tissue and standard doses. When Ht is not available, a “synthetic Ht” can be derived from its linear relation with the pre-GBCA blood T1 relaxation time, resulting in a synthetic ECV (13).

T2 relaxation is the decrease of transverse relaxation and is mainly caused by an energy exchange between spins that results in a dephasing of their magnetization (7), and can in practice never be slower than T1 relaxation in biological systems. Its exponential decay can be described by:
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In the myocardium, T2 relaxation is acutely sensitive to the average degree of freedom of water (14, 15). If large proteins denature and release their bound water as free water (intracellular edema), T2 relaxation becomes less efficient and immediately slows down. When extracellular edema occurs, the T2 relaxation time increases further. Conversely, in the case of dehydration, there is less free water, and T2 values decrease.

[image: image] relaxation is the effective transverse relaxation and is the sum of T2 relaxation and the effect of macroscopic magnetic field inhomogeneities ΔBi (8). Due to these inhomogeneities, the dephasing of the magnetization is faster than pure T2 relaxation. [image: image] relaxation can be described as:
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where γ is the gyromagnetic ratio. Since [image: image] is sensitive to ΔBi, it is particularly sensitive to biological processes that cause magnetic field inhomogeneities. In the myocardium this mostly means the excessive storage of iron complexes, which may be caused by hemochromatosis (hereditary or post-transfusion iron overload) or intramyocardial hemorrhage (after acute myocardial infarction). Such excess iron (especially in the context of long-term transfusion therapies) is difficult for the body to remove by itself, and requires toxic chelation therapy. This therapy needs to be carefully dosed to reduce its side effects and, importantly, to increase patient compliance. Sources of iron can be methemoglobin (involved in hemorrhage), ferritin, and hemosiderin (involved in iron overload). It can be noted that T1 and T2 relaxation also decrease in the presence of concentrated iron compounds, but to a lesser degree.

Finally, T1ρ relaxation is T1 relaxation in the r(h)otating frame (9, 16). Despite its name containing the term T1, it is a transverse signal decrease, behaves like T2 relaxation in Equation 2, and has relaxation times between those of T1 and T2 relaxations. T1ρ relaxation can be achieved by spin-locking (SL) the magnetization in the transverse plane with a continuous low-amplitude RF pulse that prevents normal T2 relaxation. Under the influence of this SL pulse, the transverse magnetization can interact with its surroundings; hence the T1 name. However, the frequency ωSL at which this interaction can take place is directly proportional to the amplitude BSL of the SL pulse (since frequency ωSL = γBSL), which for these low-power pulses means that the magnetization can only interact with molecules that slowly tumble in the low-kHz range: the domain of macromolecules. In the myocardium, this means that T1ρ relaxation is very specifically sensitive to increased concentrations of collagen, amyloid, and other large proteins. Contrary to the other relaxation types, T1ρ relaxation depends not only on the physiology and the main magnetic field, but also on the applied spin-lock frequency.




ROUTINE MYOCARDIAL PARAMETRIC MAPPING

Here we will discuss common myocardial parameter mapping techniques that have routinely been applied in clinical practice, and compare their advantages as well as their sources of bias and variability. Any reported relaxation time is the result of the combination of the subject, hardware, acquisition, reconstruction algorithm, and map analysis that were used; consequently, all steps in obtaining a relaxation time can add bias or uncertainty to its measurement (Figure 1).


[image: Figure 1]
FIGURE 1. Sources of bias and variability in the myocardial mapping workflow. Various factors at each step contribute to the bias and variability of the obtained relaxation time when using myocardial parametric mapping. Not all factors contribute significantly to all mapping techniques, while some factors cancel one another, and some are included on purpose to increase sensitivity.


A relaxation time is commonly mapped by acquiring multiple images with a difference in the weighting time t of that relaxation time such that the dynamic range of the contrast is as large as possible (Figure 2). This enables the relaxation time to be fitted in each pixel, either with its own analytical equation as described above, or by matching the signal time course in the images to a premade dictionary (17).


[image: Figure 2]
FIGURE 2. Data acquisition and fitting process in routine myocardial parametric mapping. Multiple images at the same location are acquired with different preparation modules, illustrated here for T1ρ and T2 mapping. Semi-adiabatic T1ρ and T2 preparation modules are shown on the top-right. The obtained images with varying contrast are then fitted on a per-pixel basis, and a false-color map is used to display the obtained values. TD, trigger delay; ECG, electrocardiogram; AW, acquisition window; SL, spin lock.



T1 Mapping

Many cardiac pulse sequences are currently used in the CMR community to directly quantify T1 values for each voxel in the myocardium. The earliest attempts to measure myocardial T1 values used the Look Locker inversion time (TI) scout method to characterized diseased tissue (18). Later on, Look Locker sequences were used to image the heart at different inversion times and estimate the final T1 map by fitting an exponential model through the corresponding pixels. While widely used, such a technique acquires the slices at different cardiac phases, and thus the cardiac shape can vary between the slices, resulting in inaccurate T1 maps.

Myocardial T1 mapping with the Modified Look-Locker (MOLLI) sequence was proposed in 2004 by Messroghli et al. (19) as a variant of Look Locker acquisitions. This sequence consists of a single-shot bSSFP image acquisition that is ECG-triggered at end-diastole, allowing for the precise reconstruction of a T1 map by merging multiple inversion-recovery (IR) experiments according to their inversion times. The standard MOLLI protocol provides precise T1 maps over a wide range of T1 values that cover the myocardial signal curve (e.g., 11 T1-weighted images are usually acquired over 17 heartbeats) and can be used in both pre- and post-contrast administration. The order of acquisitions and waiting periods of this sequence is indicated as 5(3)3, meaning that 5 images are acquired in the 5 heartbeats after the first inversion pulse, followed by a 3-heartbeat waiting period and a second inversion with another 3 acquired images in 3 heartbeats.

A major disadvantage of MOLLI is that the curve fitting yields an “apparent” T1 of the tissue, rather than the “true” T1. The apparent T1, also known as [image: image], is a function of the true T1, heart rate, and other imaging parameters, such as the flip angle, views per segment, and TR, which all contribute to its bias. This bias is furthermore not constant: it increases at higher true T1 relaxation times. Finally, [image: image] is also sensitive to non-ideal slice profiles and RF transmission field (B1) inhomogeneities. Consequently, when using Look-Locker IR methods, [image: image] is always shorter than the true T1.

Alternative MOLLI techniques have been proposed to alleviate some of these disadvantages. The use of a minimum number of seconds instead of heartbeats as timing between the inversion pulses, i.e., 5s(3s)5s instead of 5(3)3, removes most of the bias at higher heart rates (20). A shortened version of the pulse sequence called ShMOLLI uses a 5(1)1(1)1 scheme that require shorter breath holds and is insensitive to the heartrate (21).

The slice-interleaved T1 (STONE) technique (22) is a free-breathing multi-slice T1 mapping technique and is both more accurate and precise than MOLLI. Here, a lung-liver navigator is used to enable a longer acquisition of multiple slices. The available time is exploited by cycling through acquisitions of the different slices in subsequent heartbeats, thus allowing the magnetization in each slice to relax for multiple heartbeats between readouts and avoiding the issues with the apparent T1 relaxation time. Interestingly, it has similar precision and repeatability at 1.5T when the acquisition is GRE and when it is bSSFP (23).

The highest accuracy for T1 measurement is achieved with the single-point approach, where an image at a single delay time is acquired after each magnetization preparation. The magnetization preparation may be an inversion-recovery or a saturation-recovery (SR). Single-point imaging has the advantages that it is independent of most imaging parameters, insensitive to non-ideal slice profiles and B1 error, and directly measures the true T1, so no T1 correction methods are necessary. However, such techniques have a significantly lower precision than Look-Locker-based techniques due to both the limited amount of signal recovery that occurs within a heartbeat and the use of half the dynamic range. The SMART1Map pulse sequence (24) for example uses single-point SR bSSFP images and long magnetization recovery times after each saturation pulse by allowing multiple-heartbeat recovery times to accurately measure long T1 values. Saturation recovery single-shot acquisition (SASHA) similarly uses multiple shots (25), but uses an image without saturation preparation as an “infinite” recovery image (Figure 3). It also acquires 9 images with a shorter recovery time instead of 5 images with high SNR in order to improve precision.


[image: Figure 3]
FIGURE 3. A comparison of inversion- and saturation-based myocardial T1 mapping sequences. MOLLI has the lowest variability due to the inversion and large number of samples, but the lowest accuracy because of the approximate nature of the Look-Locker correction and magnetization transfer. SASHA with a 2-parameter fitting has a small T1 underestimation; 3-parameter fitting is more accurate but has a significantly higher variability. Adapted from Kellman and Hansen (20) with permission.


The exact parameters that are used with the fitting model of Equation 1 affect the accuracy and precision of both inversion and saturation recovery based T1 mapping (20). For inversion, the recovery parameter A can be fixed at or very near 2 (due to T1ρ recovery during adiabatic pulses), which then results in a two-parameter fit that maximizes precision at the cost of accuracy. Conversely, A can be left free in a three-parameter fit to account for field inhomogeneities and hardware imperfections, thus maximizing accuracy at the cost of precision due to the added degree of freedom. Similarly, for saturation recovery, A in Equation 1 can be fixed to 1 for a two-parameter fit and high precision, or it can be left free to improve accuracy (25).

While T1 mapping is normally performed in mid-diastole because of the relatively long rest period (and thus longer sampling time), it can also be performed at end-systole (26, 27). The end-systolic rest period is almost always more consistent than its mid-diastolic counterpart, and especially remains so during very high heartrates and episodes of frequent extrasystoles or atrial fibrillation (28, 29), when mid-diastolic imaging may become problematic. The T1 values themselves only show small and mostly non-significant differences between the two cardiac phases. If motion is correctly accounted for, the thicker myocardial wall may also contribute to lower partial-volume contaminations from neighboring blood and lipid tissue.

When a patient has an implanted cardiac device such as a pacemaker or implantable cardioverter-defibrillator (ICD), the B0 and B1 fields can be significantly distorted in the myocardium, and normal T1 mapping pulse sequences may result in large T1 estimation errors. The AIR (arrhythmia-insensitive rapid) T1 mapping pulse sequence avoids these sensitivities through several adaptations (30). These include GRE instead of bSSFP imaging and adiabatic saturation pulses to handle magnetic field inhomogeneities, as well as acquiring only two images to accelerate the acquisition. These adaptations result in a lower precision than IR- and bSSFP-based sequences such as MOLLI, although it has similar repeatability (31). A version of the AIR sequence that incorporates a wideband (8.9 kHz) saturation pulse was demonstrated to be even more robust in the presence of ICDs (32).

Saturation and inversion recovery preparations can also be combined to share the advantages of both, resulting in SAPPHIRE (33), which reduces the impact of high heart rates and arrhythmia. Here, each ECG trigger is directly followed by a SR pulse that removes all magnetization memory and thus the need for rest periods, insensitivity to heartrate variability, and increased short-T1 signal homogeneity. A subsequent IR pulse with a variable inversion time then adds a large dynamic range of T1 weighting. Like most mapping techniques that involve saturation, SAPPHIRE has a lower precision, higher accuracy and similar reproducibility as IR-based T1 mapping sequences (34).

There are several well-established clinical applications of T1 mapping. It has been shown to sensitively aid in the detection of fibrosis in myocarditis (35), amyloid deposition (36), iron overload (37), and Fabry's disease (38, 39). The combination of pre- and post-GBCA T1 maps can be used to calculate extracellular volume (ECV) maps, which are highly sensitive to diffuse fibrosis in conditions such as hypertrophic (40) and dilated (41) cardiomyopathy as well as chronic infarction (42) and cardiac allograft vasculopathy (43, 44). While native T1 mapping is sensitive to these diseases, it comes at the costs of limited specificity. Liu et al. found elevated T1 values in 13 out of 15 different tested cardiovascular diseases (45). One reason might be that mapping techniques sacrifice spatial resolution to yield quantitative information per pixel. This reduced spatial resolution of current mapping techniques is limiting its usefulness to detect typical intra-myocardial patterns of damage, e.g., to discriminate subendocardial from subepicardial damage, which is clinically highly relevant for diagnosis. Further developments of T1 mapping techniques might therefore aim at higher spatial resolution to allow for this intra-myocardial discrimination.



T2 Mapping

Myocardial T2 mapping is primarily used for the diagnosis of (acute) edema and for the indirect detection of inflammation through such edema. Initially, breath-held turbo spin echo (TSE) pulse sequences were used (46, 47), but these were highly sensitive to motion due to the need for tissue to experience the entire refocusing pulse train. Interestingly, there has also been a minor comeback in TSE-based techniques in recent years (48), perhaps due to the availability of faster and more robust hardware.

In recent years, TSE-based techniques have been mostly replaced by fast and motion-robust acquisitions that are preceded by a T2-preparation module (T2-prep). A T2-prep consists of an unlocalized set of RF pulses that tips down all magnetization, refocuses it as needed, and then tips it back up (Figure 2). This T2-prepared mapping was first described with spiral imaging (49) and then with Cartesian bSSFP (50) for BOLD MRI of the heart. These techniques were shortened to a single breath-hold acquisition by Giri and colleagues (51), which has become the most widespread myocardial T2 mapping technique. The T2 relaxation is characterized from 3 to 4 differently T2-weighted images that are each acquired within a single heartbeat (i.e., single-shot images). A relatively low number of robust and precise images are acquired in order to allow sufficient T1 recovery between these images and thus to mostly avoid a heartrate-dependent bias of the T2 fit, resulting in a technique that is robust and has low intra-observer, interobserver and inter-scan variability, and does not depend on heart rate (52). The technique has among others been shown to aid in the diagnosis of myocarditis (35, 53), where it had a high sensitivity compared to other CMR imaging techniques for the detection or exclusion of biopsy-proven myocarditis (Figure 4). T2 mapping has also been applied for the diagnosis of the area at risk after myocardial infarction (54, 55), the monitoring of the effects of chemotherapy on the heart (56), and acute rejection of the transplanted heart (57, 58).


[image: Figure 4]
FIGURE 4. Sensitivity and specificity for established CMR parameters in biopsy-proven myocarditis. Diagnostic performance for myocarditis detection in a meta-analysis for LGE, T2-weighted imaging, and Lake Louise (LL) criteria. T2 mapping results vs. biopsies were collected from Lurz et al. (35). Adapted with permission from Mahrholdt et al. (53).


Similar T2-prepared techniques were later optimized for free breathing with a navigator (59, 60), which allowed the technique to be applied in patient that struggle to hold their breath. T2-prep bSSFP was shown to also perform reasonably well at 3T (61), although more artifacts can be observed at higher magnetic field strength. Alternatively, gradient-recalled echo (GRE) imaging can be used to make the sequence more robust, although this comes at the cost of a sacrifice in precision (60, 62). A minor risk at low-SNR situations is that heavily T2-weighted signal may decay into the noise floor of the image, which may lead to artificially elevated T2 values. To avoid this, a fitting offset can be added (60, 63, 64). Similar to T1 fitting, leaving this offset free increases accuracy, while fixing it to a predetermined value increases its precision. T2 mapping can also be performed at end-systole in the case of very high heart rates or atrial fibrillation (26). While this forces a shorter acquisition window, it also leads to fewer partial volume effects. If faster mapping is desired, a saturation pulse can be added at the start of the acquisition, as always at the cost of precision (63). Several variations of the T2-prep module itself can be applied. The original version by Brittain and colleagues (65) can be set to be very short but is vulnerable to main magnetic field (B0) inhomogeneities, especially at higher magnetic field strengths. Alternatively, a semi-adiabatic version can be used (66), or a version with integrated fat-saturation capabilities (67, 68) to eliminate artifacts from bright lipids. These semi-adiabatic T2-prep modules use normal tip-down and tip-up pulses but have adiabatic refocusing pulses. It should be noted that the magnetization is spin-locked during these adiabatic pulses, and depending on their phase (69), T1ρ or T2ρ relaxation may occur instead of the desired T2 relaxation.

T2 gradient spin echo (T2-GraSE) (70–72) has more recently been adopted in the clinical setting as a robust and fast alternative to T2-prep bSSFP. GraSE imaging consists of a TSE sequence in which each of N echo is subdivided into a series of M echoplanar (EPI) readouts. The N = 6–9 TSE echoes are then used to generate a series of T2-weighted images to calculate the map, while the M = 3–7 EPI readouts per echo are used for spatial encoding and thus enable a faster acquisition. The technique has a similar performance in robustness, repeatability, and precision as T2-prep bSSFP and out-performs purely TSE-based T2 mapping (73). As its parent TSE, GraSE is still sensitive to motion artifacts, although to a lesser degree. Its EPI readout also requires well-calibrated gradient performance, which in turn requires a state-of-the-art scanner. GraSE has been successfully used for the diagnosis of hypertrophic cardiomyopathy (74), aortic stenosis (75), and myocarditis (76).

Several groups have explored the extension of T2-prepared cardiac T2 mapping to 3D in order to cover the entire heart and to detect small foci of inflammation. These techniques have been based on isotropic 3D radial bSSFP (77), Cartesian bSSFP (78), and stack-of-stars bSSFP (79). 3D T2 mapping has been used for detection of graft rejection (80), myocarditis (81), and inflammatory cardiomyopathy (82).



[image: image] Mapping

Myocardial [image: image] mapping is the reference CMR technique for the diagnosis of diseases that involve an increase in myocardial iron content (83). While [image: image] mapping was originally performed as a series of single-echo GRE images with increasing TE (84), it is nowadays mostly performed with multi-echo GRE (ME-GRE) sequences. In ME-GRE, 8 or 9 images with different TEs are acquired in a single breath-hold (85). A drawback of this approach is the sensitivity to magnetic susceptibility (especially near the cardiac veins) and to magnetic field inhomogeneities (in the lateral segments nearer to the lungs), low precision, and blood partial volume effects. Because of the vulnerabilities, ME-GRE [image: image] maps are commonly only evaluated in the septal segments. It should be noted that this is only a minor detractor in the case of most iron storage diseases, since they are diffuse pathologies. A dark blood preparation Fitting of the [image: image] decay with an offset and cropping the images that decay into the noise floor (86) have been proposed by He and colleagues to decrease bias, but like the extra degree of freedom in T1 and T2 fitting, risks decreasing precision. More recently, a respiratory-navigated ME-GRE variant (87) was proposed to overcome the precision issues by averaging several images for each echo time.

[image: image] mapping has been shown to correlate well with the cardiac iron concentration (88), and its application in β-thalassemia major has led to a paradigm shift in the management of the disease (89): by introducing [image: image] mapping into clinical routine, the mortality of β-thalassemia patients decreased by 71% in a large UK registry (90). The transferability of the diagnostic quality of ME-GRE has been validated in a multi-center trial (91).

Several groups have also studied use of [image: image] mapping for the quantification of intramyocardial hemorrhage (IMH) after the revascularization of myocardial infarction (92). A recent study by Chen et al. found that [image: image] mapping has a very high sensitivity and specificity for the detection of IMH, but that the detected IMH volume with a generally accepted absolute threshold of 20 ms underestimates the volume detected with a subject-specific [image: image] threshold (93).



T1ρ Mapping

Myocardial T1-rho (T1ρ) mapping has emerged as a promising CMR tool to quantify myocardial fibrosis without injection of contrast agent. T1ρ mapping is performed by playing out a variable T1ρ preparation module before a fast acquisition, similar to T2-prepared T2 mapping (94). The T1ρ -prep module consists of tip-down, refocusing and tip-up RF pulses, interspersed with continuous low-power spin-locking pulses (Figure 2). T1ρ mapping of the heart was initially explored in animal models, mostly to discriminate between infarct and healthy myocardium (95–99).

Given the promise of gadolinium-free fibrosis quantification (Figure 5), T1ρ mapping was initially explored in clinical studies of chronic infarction (100), hypertrophic cardiomyopathy (101, 102) and dilated cardiomyopathy (103). It was also successfully applied to map the myocardium in patients with end-stage renal disease where GBCAs could not be injected (104).


[image: Figure 5]
FIGURE 5. T1ρ mapping compared to late gadolinium enhancement (LGE) imaging. An example of a 51-year-old male patient with acute myocarditis and evidence of myocardial injury both on LGE images and contrast-agent-free myocardial T1ρ mapping. Adapted with permission from Bustin et al. (94).


Most of these studies were applied with a spin-lock frequency around 500 Hz, which most likely leaves the T1ρ values obtained from the different single-center studies as comparable to one another as those obtained with other mapping modalities. However, it is currently not clear to which degree the different T1ρ preparation modules (with hard or adiabatic RF pulses, with and without phase cycling schemes) are comparable. For example, the adiabatic pulses are relatively long compared to part of the spin-lock durations, but spin-lock the magnetization at a different frequency.




RECENT STEPS TOWARD IMPROVED REPRODUCIBILITY

The principal cause for the continued success of qualitative over quantitative CMR techniques can be found with the fast and straightforward encoding of MR data in qualitative imaging. In contrast to qualitative CMR, quantitative imaging tries to account for physical effects and interactions that happen during data collection to produce clinically valuable maps. This comes with a price: (i) lengthy acquisitions since multi-parametric information needs to be collected, (ii) inefficient data acquisition since most mapping techniques probe only one parameter at a time (e.g., T1 or T2), (iii) inaccurate maps since relaxation times are estimated using a simple exponential model that, by definition, is subject to some limitations, and (iv) a lower spatial resolution that hinders accurate and localized segmentation. Here we discuss recent technologies that have been designed to address the above obstacles.


Acquisition and Reconstruction Strategies: Multiparametric Mapping and Beyond

Recently described multiparametric mapping technologies take a step toward easier, faster, and more reproducible quantitative MRI of the beating heart by challenging the longstanding dominance of single-contrast-weighted imaging. These novel techniques promise to simplify myocardial mapping by for example providing simultaneous myocardial T1 and T2 maps and functional imaging with 2D or 3D coverage from a single scan. These technologies can be categorized into two groups: continuous and triggered acquisitions (Figure 6).


[image: Figure 6]
FIGURE 6. Recent acquisition strategies for single scan multiparametric cardiac mapping. Both accurate and precise continuous acquisition (top) and triggered acquisition (bottom) strategies have been proposed. Preparation modules could for example be an inversion pulse (as shown in the triggered diagram) or a T2 preparation module.


Continuous techniques, such as MR fingerprinting (MRF) (17, 105, 106) or MR multitasking (107), attempt to capture the continuous transient state of the magnetization history with continuous data collection. By combining highly undersampled acquisition with variable modules (e.g., both saturation and inversion), and dictionary-based matching instead of the established curve fitting approaches, MRF offers co-registered multi-parametric maps with unprecedented speed. The cardiac MRF framework was initially proposed to simultaneously collect T1, T2, S0, and B0 maps with significantly faster scan times than conventional mapping techniques (Figure 7). It also promises several other advantages, such as the easy extension to other physical parameters (e.g., magnetization transfer, diffusion, [image: image], and T1ρ), to biophysical model correction (e.g., integrating the slice profile, B0 field, or B1 field in the MRF dictionary), and to higher data encoding efficiency [e.g., simultaneous multi-slice (108) or 3D whole-heart].


[image: Figure 7]
FIGURE 7. Multi-parameter mapping. Comparisons between conventional multi-scan native T1, T2, post-contrast T1, and synthetic ECV maps (top) with single-scan magnetic resonance fingerprinting (bottom) in a patient with no cardiac disease finding. Adapted with permission from Jaubert et al. (106). MRF, magnetic resonance fingerprinting; ECV, extracellular volume fraction.


Another uninterrupted MR technique for motion-resolved multiparametric cardiac mapping is the multitasking technique proposed by Christodoulou et al. (107). This technology aims to capture the multiple dynamics (e.g., cardiac and respiratory motion, parameter mapping, or contrast perfusion) in a unified ECG-free free-breathing framework. A high-order low-rank tensor decomposition framework is designed to naturally exploit the multiple dynamics given by this data-rich acquisition technology and to deliver high-quality cardiac maps in any given cardiac or respiratory states.

Triggered techniques acquire a small number of fully-sampled (or moderately undersampled) time-point images (often in mid-diastole) through the smart combination of preparation pulses (e.g., saturation, inversion, T2-preparation). Akçakaya et al. (109) proposed to interleave saturation-recovery and T2 preparation to acquire myocardial 2D T1 and T2 maps in a single breath-hold. Milotta et al. (110) took one step further to collect co-registered 3D whole-heart T1/T2 maps and water/fat imaging in a single 10-min free-breathing scan by combining inversion recovery and T2 preparation. These acquisition technologies promise to substantially reduce the scan duration, breathing instructions, and post-processing requirements, and thus increase parameter mapping reproducibility.

The application of artificial intelligence (AI) to improve map reconstruction is a very recent phenomenon. Nezafat and colleagues (111) have trained a neural network to remove streaking artifacts from radial T1 maps, while Guo et al. (112) trained a network to reconstruct precise T1 maps from only the first four images of a MOLLI pulse sequence, thus drastically shortening the needed breath hold. While these initial results are highly encouraging, it should be kept in mind that the single-center reproducibility of parametric mapping will likely also have its effect on the training of neural networks, suggesting that AI-enhanced mapping reconstructions may produce biases in other centers.

Finally, multi-parametric mapping is ideally suited to radiomics applications (113), where a large number of radiomic features is extracted from a single image (or map). Although, this goes beyond current clinical applications of parametric mapping, it may very well lead to significant knowledge discovery in a broad range of cardiac diseases. The first radiomic studies based on T1 mapping have shown to provide high diagnostic accuracy for the detection of microvascular obstruction (114) and hypertrophic cardiomyopathy phenotypes (115). However, it should be kept in mind that parametric mapping can only be included in radiomic analyses if the mapping techniques are consistent and reproducible in all patients; this may preclude its current use in multi-centric radiomic studies (116).

Unfortunately, the reproducibility of the above-mentioned technologies is still impacted by confounding factors. Continuous techniques are affected by slice profile and B1 imperfections (117–119) and by preparation pulse inefficiency (e.g., inversion, saturation, and T2-preparation). Mapping errors due to these imperfections can be significantly reduced by including these effects into the MRF dictionary (although this is computationally expensive), or by naturally acquiring data in 3D. Reproducibility can also be increased by considering intra voxel dephasing, off-resonance frequency, multi-compartment models, partial volume, and magnetization transfer variables (120–122) during dictionary generation.



Post-processing Strategies: Fully Automated Quantification

Segmentation is an essential step to extract quantitative values from CMR parametric mapping. The delineation of regions of interest has remained a manual process in most clinical studies that use these parametric maps. Manual segmentation is a time-consuming process and is prone to subjective analysis errors inducing significant inter- and intra-observer variability. Furthermore, clinical recommendations do not necessarily suggest the segmentation of the entire heart, but only the delineation of some areas of pathology and healthy tissue for comparison (1). Several combinations of segmenting and reporting have been employed: (1) segmenting only a myocardial region with visibly elevated relaxation times together with a small apparently non-elevated region in the opposite myocardium (45, 51), (2) segmenting the myocardium according to the AHA guidelines (123) and reporting these (48, 73), (3) reporting a single whole-heart relaxation time (33, 43, 124), and (4) reporting single-slice relaxation times (36, 40). This lack of segmentation consensus is likely to affect reproducibility and comparison of parametric values between subjects and studies. Manual partial delineation of the myocardium might follow different guidelines depending on the cardiomyopathy (45). Given the possible inhomogeneity of parametric values in the heart, a complete segmentation of the myocardium, allowing division according to standard AHA segments, appears to be the most suitable approach going forward to provide reproducible results (73).

To enable more reproducible measurements of the values extracted from the parametric maps and to reduce the burden of manual analysis, automated segmentation methods are warranted. Automatic methods aim to provide a level of accuracy equal to the inter-expert variability of trained clinicians with extensive expertise in cardiac segmentation, and to reduce the duration of the segmentation. Such automatic methods would therefore remove the barrier for clinical use by non-experts by providing fast user-friendly tools that enable the consistent extraction of reproducible biomarkers from CMR parametric mapping. While several methods have been proposed for the segmentation of qualitative contrast-weighted imaging such as cine or late gadolinium enhancement images (125), only a few automated methods have so far addressed the issue of segmenting CMR parametric mapping to potentially offer a less operator-dependent process.

To correct the motion between the T1-weigthed images that are used for the generation of T1 maps, an active shape model approach has been proposed for the segmentation of the left ventricle blood and myocardium (126). This approach still required manual initialization and, as with all deformable models, it requires a substantial parameterization of the model, which is closely related to the nature of the datasets for which the model is trained. Consequently, it may be difficult to transfer this model to other types of CMR parametric mapping.

Deep learning (DL)-based approaches outperform traditional methods such as model-based and atlas-based methods, and have become the most promising solutions for CMR image segmentation. Using fully convolutional networks based on the U-Net architecture, methods have been proposed for the segmentation of native T1 maps of the left ventricular myocardium (127, 128) and together with the right ventricle (129). The integration of advanced features such as attention and densely connected layer mechanisms, has so far not yielded better results than a standard U-Net for myocardial segmentation of CMR parametric maps (128). However, since DL-based methods may be inconsistent for semantic medical image segmentation due to the high variability of the training dataset, quality control procedures can be incorporated to ensure the consistency of the computed segmentations. These quality controls can be additional modules that refine the segmentation via geometric a priori knowledge on the shape of the desired segmentations (127) or modules directly integrated to the neural network, which generates uncertainty information maps to reject inaccurate segmentation (129).

Although promising results have been reported for the segmentation on T1 native maps, one must keep in mind that the neural network training phase strongly relies on a tuning phase of the network hyperparameters that must be empirically performed, thereby reducing the fully automatic aspect of the method. Deep learning solutions must also be optimized by experts for a given dataset, and this commonly takes hours of implementation. The training models developed for one type of CMR image or map are therefore not directly applicable to other CMR modalities. Furthermore, DL-based methods derive part of their success from access to large databases. While there are several public databases of CMR cine or late gadolinium enhancement images (125), public databases of substantial annotated CMR parametric maps are still non-existent. These databases should also best represent the large phenotypic variability present in the disease states of the different cardiomyopathies where specific myocardial architectures must be considered. To face this issue of limited availability of manually segmented data, several methods have been proposed to artificially enlarge smaller datasets, such as data augmentation, transfer learning with fine-tuning, weakly and semi-supervised learning, self-supervised learning, and unsupervised learning. Leveraging transfer learning, Zhu et al. recently used a convolutional neural network pre-trained on T1 maps to automatically segment the left ventricular myocardium on T2 and ECV maps with an encouraging accuracy (130). Inter-modality registration methods also offer an alternative to modality domain change. Since DL-based methods perform better on qualitative images, Farrag et al. thus propagated a DL-based segmentation computed on cinematic images to T1 maps (128). However, this approach requires several specific acquisitions and faces the well-known inter-modality registration challenges.




OUTLOOK AND CONCLUSION

Parametric mapping has become a routine part of CMR exams in clinical practice. These routine mapping techniques are often preferred over their qualitative counterparts due to multiple advantages, such as lower artifact ambiguity and facilitation of comparison between patients and throughout therapy. Furthermore, currently used techniques have an acceptable level of accuracy and precision, while their sources of bias and variability are well-understood. This renders these techniques appropriate for single-center studies and usage in routine exams. While full generalizability (131) may still be quite a way off, recent multiparametric and model-based map reconstructions enable the removal of many biases. For the adoption of parametric mapping by non-academic institutions, not only will inter-site reproducibility of the techniques need to be demonstrated, but the ease of use of the acquisition and analysis will also need to improve. Especially the reproducibility of acquisition planning and image segmentation remain significant rate-limiting steps. Free-running 2D techniques may improve the reproducibility of the scan planning, since fewer sequence timings need to be determined and set, while 3D free-running techniques may be less susceptible to anatomical confounders, since the entire heart is acquired in a standard anatomical orientation.

A sometimes-overlooked cornerstone of reproducibility is open access to sample data and source code: the sharing of datasets enables others to check their tools for bias against established techniques, while map reconstruction and analysis frameworks such as the Bay Area Reconstruction Toolbox (BART, https://mrirecon.github.io/bart/), the Michigan Image Reconstruction Toolbox (MIRT, https://github.com/JeffFessler/MIRT), and many others (4) can be used to harmonize map reconstruction. Efforts toward reproducibility and standardization can often be accelerated if there is an overarching international organization that many parties trust. To this end, several international networks such as the Quantitative Image Biomarker Alliance (QIBA) (132) of the Radiological Society of North America (RSNA) and the Quantitative MR Study Group (4) of the International Society for Magnetic Resonance in Medicine (ISMRM) have been established, and have put up roadmaps for the development of new quantitative imaging techniques that may help accelerate their acceptance for clinical practice.

From a clinical perspective, T1 mapping holds great promise to differentiate disease states from health. The quantification of ECV is of particular clinical interest for the diagnosis of cardiac amyloidosis, as some forms can now be treated successfully by novel drugs. Furthermore, the detection of Fabry's disease by low native T1 values is key for this diagnosis. On the other hand, most cardiac diseases are associated with elevated native T1 values, and without an etiological diagnosis, a targeted treatment is not possible. Therefore, clinical randomized controlled trials are needed to demonstrate the added value of native T1 measurements, since currently, an elevated T1 value does not lead to a direct management decisions. A specific technical aspect that may benefit from improvement relates to the spatial resolution of T1 mapping. In the past, a major goal of CMR imaging in post-infarct patients was the delineation of scar extent to decide for example on revascularization or on cardiac resynchronization therapy. Nowadays, the focus is on detection of arrhythmic substrates in patients at risk for ventricular tachycardias or sudden cardiac death to decide on ablation and placement of an implantable cardioverter defibrillator (ICD). This scar analysis requires very high spatial resolution, an aspect of T1 mapping that could be improved. The availability of T2 mapping techniques has improved the detection of myocardial edema due to fewer artifacts than typically associated with T2-weighted sequences. It also allows the quantitatively monitoring of disease activity and response to treatment, e.g., in rheumatic diseases, which affect the entire myocardium. Whether a T2-mapping-guided treatment approach in myocarditis or rheumatic disease is superior to a conventionally guided treatment needs to be documented by clinical trials. The application of [image: image] mapping to guide therapy in thalassemia patients reduced mortality by 71% and is therefore the showcase model of how CMR can change patient outcome. Finally, T1ρ mapping holds promise for the quantification of injury when GBCA cannot be injected, and remains to be further characterized and explored.

In conclusion, the advent of the mapping techniques could substantially improve our ability to accurately and reproducibly measure myocardial tissue characteristics. Current routine parametric mapping techniques have well-characterized sources of bias and variability and are widely accepted for single-center studies. In response to these challenges in reproducibility, a wide range of more accurate and precise techniques that leverage multiparametric and physical modeling, 3D coverage, deep learning, and automated segmentation have recently been developed. This increased reproducibility should be established though multi-center studies.
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Background: The differentiation between hypertrophic cardiomyopathy (HCM) and hypertensive heart disease (HHD) is challenging due to similar myocardial hypertrophic phenotype. The purpose of this study is to evaluate the feasibility of cardiovascular magnetic resonance feature tracking (CMR-FT) and late gadolinium enhancement (LGE) to distinguish between HCM and HHD and the potential relationship between myocardial strain and cardiac functional parameters.

Methods: One hundred and seventy subjects (57 HCM, 45 HHD, and 68 controls) underwent 3.0 T CMR, including steady-state free precession cines and LGE images. Global and segmental (basal, mid, and apical) analyses of myocardial radial, circumferential, longitudinal strain, and left ventricular (LV) torsion, as well as global and 16 segments of LGE were assessed. The multivariate analysis was used to predict the diagnostic ability by combining comprehensive myocardial strain parameters and LGE.

Results: Global radial strain (GRS), global circumferential strain (GCS), and LV torsion were significantly higher in the HCM group than in the HHD group (GRS, 21.18 ± 7.52 vs. 14.56 ± 7.46%; GCS, −13.34 ± 3.52 vs. −10.11 ± 4.13%; torsion, 1.79 ± 0.69 vs. 1.23 ± 0.65 deg/cm, all P < 0.001). A similar trend was also seen in the corresponding strain rate. As for segmental strain analysis, basal radial strain (BRS), basal circumferential strain (BCS), basal longitudinal strain (BLS), mid-radial strain (MRS), and mid-circumferential strain (MCS) were higher in the HCM group than in the HHD group (all P < 0.001). The receiver operating characteristic (ROC) results showed that the area under the curve (AUC) of LGE in the mid-interventricular septum (mIVS) was the highest among global and segmental LGE analyses. On the multivariate regression analysis, a combined model of LGE (mIVS) with GRS obtained the highest AUC value, which was 0.835 with 88.89% sensitivity and 70.18% specificity, respectively. In addition, for patients with HCM, GRS, GCS, and global longitudinal strain had correlations with LV ejection fraction (LVEF), maximum interventricular septum thickness (IVST max), and left ventricular mass index (LVMi). Torsion was mildly associated with LVEF.

Conclusion: CMR-FT-derived myocardial strain and torsion provided valuable methods for evaluation of HCM and HHD. In addition, the combination of GRS and LGE (mIVS) achieved the highest diagnostic value.

Keywords: hypertrophic cardiomyopathy, hypertensive heart disease, cardiovascular resonance magnetic, feature tracking, late gadolinium enhancement


INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most common genetically transmitted cardiomyopathy (1). HCM is diagnosed according to the European Society of Cardiology (ESC) guidelines with unexplained left ventricular (LV) hypertrophy (LVH) and a maximal wall thickness ≥ 15 mm (2). Hypertensive heart disease (HHD) is characterized by extensive structural remodeling with a dilated LV cavity and increased LV wall thickness (LVWT) as a result of enhanced arterial pressure (3). Both the HCM and HHD are associated with LVH (2, 4), which can make their differentiation challenging. The increase in LVWT can be formed by increased afterload, changes of the myocardial structure, and alterations caused by genetic defects or infiltrative disease (5). Treatment and risk stratification of the two diseases are totally different; therefore, it is particularly vital and necessary to diagnose and distinguish between these two diseases.

Cardiovascular magnetic resonance (CMR) is the gold standard for evaluation of cardiac morphology, function, and tissue characterization. The presence of late gadolinium enhancement (LGE) represents changes in fibrosis or myocardial scarring, which can significantly predict the prognosis of severe cardiac complications (6). A previous study detected more prevalent mid-wall LGE in patients with HCM relative to patients with HHD (7). Another study demonstrated that LGE served as a significant diagnostic index to discriminate between HCM and HHD by using a semiquantitative score system (5). The interventricular septum (IVS) is the most predominantly hypertrophied segment in HCM disease. While the IVS is also involved in HHD, LV wall thickness tends to be concentric rather than asymmetric for this cohort. Evaluation of LGE in the mid-wall of the IVS might offer novel insights to better characterize these two hypertrophied cohorts.

Cardiovascular magnetic resonance feature tracking (CMR-FT) technology allows for high-resolution evaluation of myocardial deformation and the determination of myocardial strain parameters with excellent consistency and reproducibility (8–10). It tracks tissue motion between epicardial and endocardial borders and measures changes of cardiac dimensions throughout the whole cardiac cycle, thus potentially distinguishing the normal and abnormal cardiac functions (11). Global longitudinal strain (GLS) was significantly higher in the HCM group than in the HHD group and the circumferential strain difference between the endocardium and epicardium has been shown to identify preclinical and overt HCM (8, 12). However, most studies depicted cardiac systolic dysfunction at a global level, rather than at a regional myocardial function level.

Left ventricular torsion obtained from CMR-FT can be used to evaluate the ability of rotation during left ventricular motion, which plays a crucial role in pumping blood out of the heart. As for patients with dilated cardiomyopathy, amplitude of torsion was lower than that in healthy subjects and it was associated with LVEF and clinical endpoints (13, 14). However, LV torsion has not been widely used to characterize HCM and HHD. Moreover, limited studies focused on comprehensive strain analysis for differentiating HCM from HHD, especially the lack of combination with LGE images.

The purpose of this study is to evaluate the feasibility of CMR-FT and LGE to distinguish between HCM and HHD and to investigate the potential relationship between CMR-FT strain and cardiac functional parameters.



METHODS

A systematic retrospective analysis was conducted in one hundred and seventy consecutive subjects who underwent CMR from September 2020 to November 2021. All the images exhibited diagnostic quality, enabling the assessment of myocardial strain and LGE. Three cohorts were recruited: (i) 68 healthy volunteers who were free of any history of medical conditions; (ii) 57 patients with HCM, which was defined as nondilated left ventricular hypertrophy with end-diastolic wall thickness ≥ 15 mm (or ≥ 13 mm whose first-degree relatives had diagnosis of HCM) according to current established CMR diagnostic criteria (2); and (iii) 45 patients with HHD, which was defined as increased LVWT (≥12 mm) in the context of concomitant systemic hypertension (3). The exclusion criteria included: subjects with other diseases that accounted for increased LVWT, such as aortic valve disease, infiltrative disease (cardiac amyloidosis, Anderson–Fabry disease, and Danon disease), and systemic disease. Patients with MRI conventional contraindications were also excluded, such as implanted pacemakers, metallic intracranial implants, claustrophobia, and renal function impairment. Apical HCM was excluded, as it was readily differentiated from HHD. This study was approved by local ethics committee and all the subjects gave a written informed consent.

Cardiovascular MRI was performed with a 3.0-Tesla system (Ingenia CX, Philips Healthcare, The Netherlands) using a 32-channel phased-array abdomen coil. Cine images were performed by using a steady-state free precession (SSFP) sequence with a breath-hold and ECG trigger for cardiac morphologic and functional analyses. The scanning parameters were as follows: repetition time (TR)/echo time (TE) = 2.8/1.42 ms, field of view (FOV) = 300 × 300 mm2, voxel = 1.8 × 1.6 × 8.0 mm, flip angle = 45°, and 8-mm slice thickness. LGE images were acquired 10 min after intravenous injection of 0.1 mmol/kg of gadolinium-based contrast agent (Bayer Healthcare, Germany) by using a three-dimensional phase-sensitive inversion recovery (PSIR) sequence; the scanning parameters were as follows: TR/TE = 6.1/3.0 ms, FOV = 300 × 300 mm2, voxel = 1.8 × 1.68 × 8.0 mm, flip angle = 25°, and 8-mm slice thickness. The acquisitions of SSFP cines and PSIR were conducted in 2-chamber, 3-chamber, and 4-chamber long-axis planes, as well as a stack of contiguous short-axis slices, which encompassed the left ventricular from the atrioventricular ring to the apex.

All the CMR studies were postprocessed using a commercially available workstation (cvi42, Circle Cardiovascular Imaging Incorporation, Calgary, Alberta, Canada). LV endocardial and epicardial borders were delineated automatically with manual calibrations throughout the cardiac cycle by a radiologist (with 3 years of experience in MRI) who was blinded to clinical information. LVEF, cardiac output (CO), end-diastolic volume (EDV), end-systolic volume (ESV), interventricular septal thickness (IVST), and cardiac chamber dimensions were measured. LV mass was calculated as the total myocardium volume multiplied by myocardial gravity (1.05 g/ml) without including papillary muscles.

Cardiovascular magnetic resonance feature tracking-derived strain and strain rate were used to evaluate myocardial deformation. Quantitative parameters included radial, circumferential, and longitudinal orientation (Figure 1). Radial strain and circumferential strain were calculated from two-dimensional short-axis planes and longitudinal strain was derived from two-dimensional long-axis plane. Regional strain analysis was also performed by dividing left ventricular into basal, mid, and apical segments by 2-dimension. Strain rate was measured as a derivative of the strain tensor and it represented the rate of deformation (15). The LV torsion was calculated as the ratio of the peak difference of ventricular apical and basal rotation at the same time point in the cardiac cycle to the distance between their short-axis slices (13).
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FIGURE 1. A 32-year-old male with HCM (A) and a 56-year-old male with HHD (B). Epicardial (green) and endocardial (red) contours, as well as the corresponding curves of LV GRS, GCS, GLS, and torsion in HCM and HHD. HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; LV, left ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain.


Late gadolinium enhancement quantification was obtained with mean ± 5 SDs algorithm and expressed as a volumetric proportion of the total LV myocardium. Segmental analysis on LGE was assessed according to the American Heart Association 17-segment model by setting the anterior and inferior right ventricular insertion points (16). To investigate the difference of LGE in different segments of myocardium in HCM and HHD, the segments 8 and 9 were defined as mid-interventricular septal (mIVS) in this study.

Categorical variables were assessed by the Fisher's exact test or the chi-squared test and expressed as numbers with percentage. Normally, distributed continuous variables were presented as mean ± SD and compared by the Student's t-test between the two groups or by ANOVA test with post-hoc Bonferroni analysis among the three groups. Nonnormally distributed continuous variables were shown as medians with interquartile range and verified by the Mann–Whitney U test or the Kruskal–Wallis H test. The Pearson's or Spearman's correlation coefficients were calculated to investigate the potential correlations between myocardial strain and functional CMR parameters. The multivariate logistic regression analysis was calculated to test the diagnostic ability of CMR parameters for distinguishing the two diseases. The area under the curves (AUCs), specificity, sensitivity, and Youden's index were analyzed by the receiver operating characteristic (ROC) curve. DeLong's test was used to compare the AUCs for the pairwise groups. All the data were calculated by SPSS version 26.0.0 (SPSS Incorporation, Chicago, Illinois, USA) or MedCalc (version 20, MedCalc Software, Ostend, Belgium). P < 0.05 was considered as statistically significant.



RESULTS


Participant Characteristics

The study cohort consisted of 170 participants, including 57 patients with HCM (33.5%), 45 patients with HHD (26.5%), and 68 healthy volunteers (40%). Clinical characteristics and basic CMR parameters of the HCM, HHD, and healthy group are given in Table 1. In comparison to patients with HHD, patients with HCM were older (P = 0.014), less male (P = 0.009), had smaller body surface area (P < 0.001), and lower incidence of hypertension (P < 0.001). There was no statistical difference between the HCM and HHD group in terms of prevalence of diabetes mellitus, dyslipidemia, and smoker (all P > 0.05).


Table 1. Demographic data and baseline characteristics of the study population.

[image: Table 1]



Cardiac Function by Cardiovascular Magnetic Resonance

Compared with patients with HHD, patients with HCM had a higher ejection fraction (64.43 ± 13.82 vs. 39.76 ± 18.59%, P < 0.001). Those with HCM also had a lower LV end-diastolic volume index (EDVi) (84.83 ± 35.16 vs. 121.08 ± 46.36 ml/m2, P < 0.001) and lower LV end-systolic volume index (ESVi) [26.3 (19.3, 32.8) vs. 81.6 (30.6, 107.7) ml/m2, P < 0.001]. As for maximum interventricular septum thickness (IVST max), there were higher values in patients with HCM when compared with patients with HHD (23.40 ± 4.48 vs. 15.86 ± 3.73 mm, P < 0.001). The LV end-diastolic diameter (EDD) of patients with HCM was 45.75 ± 7.39 mm, which was lower than that in patients with HHD (60.73 ± 11.59 mm, P < 0.001). There were no significant differences regarding CO, LVMi, and right ventricular EDD between the two groups of LVH.



Myocardial Strain and Late Gadolinium Enhancement in the Hypertrophic Cardiomyopathy and Hypertensive Heart Disease Groups

Global radial strain (GRS) and global circumferential strain (GCS) were significantly higher in the HCM group relative to the HHD group, as shown in Table 2 (GRS, 21.18 ± 7.52 vs. 14.56 ± 7.46%; GCS, −13.34 ± 3.52 vs. −10.11 ± 4.13%; both P < 0.001), whereas comparisons of GLS showed no obvious difference (−9.49 ± 3.06 vs. −9.34 ± 3.76%, P = 0.973). Similar trend could also be detected in corresponding strain rate.


Table 2. CMR strain and LGE data of the study population.
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As for segmental strain analysis, the three basal parameters [which included basal radial strain (BRS), basal circumferential strain (BCS), and basal longitudinal strain (BLS)] were higher in the HCM group than in the HHD group (BRS, 24.12 ± 8.21 vs. 15.25 ± 7.88%; BCS, −14.73 ± 3.61 vs. −10.41 ± 4.31%; BLS, −15.93 ± 4.51 vs. −13.55 ± 5.02%; all P < 0.05). Mid-radial strain (MRS) and mid-circumferential strain (MCS) were also higher in patients with HCM relative to patients with HHD (MRS, 19.9 ± 7.83 vs. 13.77 ± 8.27%; MCS, −12.89 ± 3.76 vs. −9.7 ± 4.68%; both P < 0.05), but mid-longitudinal strain (MLS) had no significant difference between the two groups. None of the three apical strain results showed obvious differences between the HCM and HHD cohort. Torsion in the HCM group was higher than that in the HHD group (1.79 ± 0.69 vs. 1.23 ± 0.65 deg/cm, P < 0.001).

Late gadolinium enhancement was assessed in 170 participants and shown in Table 2. Healthy subjects presented no LGE. Patients with HCM in comparison to patients with HHD had higher values of LGE (total enhanced volume percentage) (P < 0.05). On segmental analysis, the differences in LGE values were predominantly localized around the interventricular septum (segments 7, 8, and 9; all P = 0.001), which corresponds to the mid-segment of the anterior, anteroseptal, and inferoseptal of IVS. It was also pronounced for mIVS (P < 0.001) (Figure 2), but there were no significant differences in other segments.
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FIGURE 2. Representative images of LGE in HCM (A) and HHD (C). LGE in 16 segments in HCM (B) and HHD (D). LGE, late gadolinium enhancement; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease.




Correlations of Left Ventricular Strain With Functional and Structural Parameters

In patients with HCM, GRS, GCS, and GLS showed correlations with LVEF, IVST max, and LVMi (Table 3). Especially, GRS and GCS presented strong correlations with LVEF (GRS, R = 0.597, P < 0.001; GCS, R = −0.618, P < 0.001). In addition, torsion was mildly associated with LVEF (R = 0.402, P = 0.002) (Figure 3). In patients with HHD, GRS, GCS, GLS, and torsion were correlated with LVEF and LVMi (all P < 0.001). In the healthy group, GRS, GCS, and torsion were only associated with LVEF (all P < 0.001).


Table 3. Correlations of left ventricular strain with functional and structural parameters.
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FIGURE 3. Correlations of GRS, GCS, and torsion with LVEF (A–C) and LVMi (D–F) in the HCM group. GRS, global radial strain; GCS, global circumferential strain; LVEF, left ventricular ejection fraction; LVMi, left ventricular mass index; HCM, hypertrophic cardiomyopathy.




Differentiation Between Hypertrophic Cardiomyopathy and Hypertensive Heart Disease

The results of the ROC analysis to discriminate between HCM and HHD are shown in Table 4. GRS (AUC: 0.734, sensitivity: 62.22%, specificity: 75.44%, P < 0.001), GCS (AUC: 0.718, sensitivity: 64.44%, specificity: 71.93%, P < 0.001), and corresponding strain rate could distinguish HCM from HHD. For segmental strain parameters, the AUCs of BRS, BCS, BLS, MRS, and MCS for discriminating between HCM and HHD were 0.781, 0.776, 0.644, 0.711, and 0.697, respectively (all P < 0.001). The torsion cutoff value of > 1.40 differentiated HCM from HHD with a sensitivity of 71.11% and a specificity of 75.44%. The AUC of LGE (mIVS) was 0.735, which was the highest in the global and other segmental LGE analyses (all P < 0.05). Overall, BRS showed the highest diagnostic performance and the value of the AUC was 0.781 (all P < 0.05). On the multivariate regression analysis, the combination model of LGE (mIVS) with GRS obtained the highest AUC value, which was 0.835 with 88.89% sensitivity and 70.18% specificity, respectively (Table 5). DeLong's test showed that the AUC of a combined model of GRS with LGE (mIVS) was higher than those of GRS, GCS, torsion, and LGE (mIVS) (all P < 0.05) (Figure 4).


Table 4. Results of the ROC for discrimination of patients with HCM and HHD.
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Table 5. The multivariate logistic regression analysis of CMR parameters for discrimination of patients with HCM and HHD.
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FIGURE 4. Discrimination of HCM and HHD by CMR parameters. The ROC curves in discrimination between HCM and HHD for single CMR parameters and the multivariate regression model are given in Table 5 (A). The AUC of combination model was the highest (0.835). The ROC curves of BRS, BCS, BLS, MRS, MCS in discrimination between HCM and HHD group (B). HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; ROC, receiver operating characteristic; CMR, cardiovascular magnetic resonance; AUC, area under the curve; GRS, global radial strain; GCS, global circumferential strain; LGE, late gadolinium enhancement; mIVS, mid interventricular septum; BRS, basal radial strain; BCS, basal circumferential strain; BLS, basal longitudinal strain; MRS, mid radial strain; MCS, mid circumferential strain.





DISCUSSION

Several important outcomes were found in evaluating patients with HCM and HHD using FT parameters and LGE data. The main findings of this study were: (1) LV GRS, GCS, and torsion were significantly higher in patients with HCM compared with patients with HHD. The differences of radial and circumferential strain mainly existed in LV basal and midsegments; (2) There was no significant difference in GLS between the two groups, but it was distinguishable in the LV basal segment (BLS); (3) The difference of %LGE can be used to distinguish between the two diseases, especially in the mIVS; and (4) In the multivariate regression model, the combination of GRS and LGE (mIVS) achieved the highest diagnostic value in differentiation between HCM and HHD diseases.

Cardiovascular magnetic resonance feature tracking has been used in the assessment of HCM and HHD, respectively, due to its ability to quantify cardiac movement in different directions during the cardiac cycle (17, 18). This study found that radial strain in the HHD group was decreased when compared with the HCM group and alterations of the two diseases mainly concentrated in the basal and midsegments. There were no obvious differences in the apical segment. Moreover, segmental analysis of radial strain offered excellent precision for the differentiation between the two clinical cohorts. In another study, GRS was further validated to show significant discriminatory power for identifying LV outflow tract obstruction in patients with HCM (19). Based on the study from Niu et al., GRS improved obviously after treatment, which suggested that GRS might be an index for evaluating treatment (20). We also provided evidence that the variation and distribution of circumferential strain were similar to those of the radial orientation. The alteration in circumferential direction in this study was consistent with previous investigation (21). This may indicate that motion abilities in radial and circumferential directions of the two diseases were different during the cardiac cycle. Studies have shown that left ventricular myocardium is stratified; fibers in the mid-wall were arranged circumferentially, while such fibers near the apex were sparse (22). This may be the main reason for the significant differences of radial and circumferential strains in basal and midregions. GCS was further expected to be a potential predictor in identifying adverse prognosis, such as malignant arrhythmia (23). LV global systolic functional parameter was correlated the best to circumferential shortening in our data, followed with radial thickening. Extent of hypertrophy (LVMi) revealed an independent role in impacting GCS and GRS in both the HCM and HHD subjects. Another hypertrophy indicator (IVST max) was also proven to be associated with circumferential and radial strains merely in HCM subjects. Previous studies have also shown that myocardial strain values are significantly impaired in hypertensive patients, which are consistent with this study and may offer a preventative strategy before LVEF abnormalities (18).

Longitudinal strain refers to systolic shortening of LV wall relative to its length and it was proven to be a surrogate of subendocardial fibrotic changes in the late stage of HHD disease (24). Based on a previous study, more impaired GLS was measured in patients with HHD compared with patients with HCM (8, 25). But, we merely found a significant difference of longitudinal strain between the two groups in the LV basal segment; no obvious differences were detected in the mid and apical segments. This may be explained by us considering the basal, mid, and apical segments together, which may have diluted the regional variation. Another study also explained the discrepancy above. They reported that longitudinal strain attenuation was unable to provide significant distinguishable accuracy for patients with HCM and HHD with maximal LVWT ≥ 15 mm (7), which was the same condition in this study. Thus, impaired myocardial deformation in the longitudinal direction indicated impaired muscle fibers within the subendocardial region (24).

Left ventricular torsion provides the difference in rotation angle between the base and apex (13). Investigations examining the diagnostic potential of LV torsion were scarce in differentiating between HCM and HHD previously (26). According to this study, LV torsion was higher in the HCM group than that in the HHD group and, therefore, the assessment of LV torsion was shown to provide discriminative ability between patients with HCM and HHD. Increased LVEF was also found in patients with HCM, which was consistent with a previous study (27). The deformation parameters (GLS, GRS, GCS, and torsion) showed underlying effects on contractile function for both the cardiac hypertrophied entities. LVEF alone has previously been insufficient to represent normal deformation ability (28), as most forms of LVH show preserved LVEF until late stages of the disease progression (29). Decreased strain and LV torsion may be able to characterize cardiac pump function in the early phase of disease progression.

Cardiovascular magnetic resonance has the advantage of tissue characterization, which provides valuable diagnostic information. LGE identifies areas with myocyte necrosis or myocardial fibrosis in clinical practice, which has been shown to be closely associated with segmental dysfunction (30–32). Previous publications have demonstrated more prevalent and extensive LGE in patients with HCM than patients with HHD (33); likewise, our data resonated similarly with this. Indeed, the degree of interstitial fibrosis and scar formation in HCM was higher (5). Further comparison regarding LGE quantification (% LGE) in mIVS facilitated its significant differential value, showing that mid-wall fibrosis was a significant discriminator (7). The presence of LGE has also been included in risk prediction modeling for sudden cardiac death in patients with HCM (31). Furthermore, the combination of myocardial strain and LGE provided the highest accuracy rate for differentiation of HHD and HCM. Thus, CMR-derived LGE and myocardial strain measurements offer novel diagnostic significance in differentiating HCM and HHD. As treatment and prognosis of the two hypertrophied cardiac diseases are totally different, CMR has the potential to improve the diagnostic accuracy and facilitate treatment guidance in HCM and HHD.



LIMITATIONS

There were several limitations in this study. First, as only a small cohort of patients was included in this study, larger studies are required to validate our findings. Second, subgroup evaluation may be a promising direction to analyze the differences among diverse phenotypes of HCM and HHD, such as the classification of patients with HCM according to LV outflow tract gradients. Third, we only analyzed systolic strain parameters, which already offered diagnostic value. Diastolic dysfunction was not considered in this study and it might offer new insights to characterize the two diseases. Fourth, a prospective study with the inclusion of genetic findings may help us to better understand the interplay between the genotype and phenotype in these cohorts. Last, the predictive value of myocardial strain for adverse cardiovascular events was not studied due to lack of follow-up.



CONCLUSION

Cardiovascular magnetic resonance feature tracking-derived myocardial strain parameters could provide valuable methods for differentiating HCM from HHD. LV strain and torsion were closely related to LVEF, IVST max, and LVMi. LGE (mIVS) has shown the ability of discriminating between HCM and HHD. The combination of LV GRS and LGE (mIVS) achieved the highest diagnostic value. CMR strain analysis may contribute to improve the diagnostic accuracy and facilitate treatment guidance in hypertrophied cardiac diseases.
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Background: Case series have reported persistent cardiopulmonary symptoms, often termed long-COVID or post-COVID syndrome, in more than half of patients recovering from Coronavirus Disease 19 (COVID-19). Recently, alterations in microvascular perfusion have been proposed as a possible pathomechanism in long-COVID syndrome. We examined whether microvascular perfusion, measured by quantitative stress perfusion cardiac magnetic resonance (CMR), is impaired in patients with persistent cardiac symptoms post-COVID-19.

Methods: Our population consisted of 33 patients post-COVID-19 examined in Berlin and London, 11 (33%) of which complained of persistent chest pain and 13 (39%) of dyspnea. The scan protocol included standard cardiac imaging and dual-sequence quantitative stress perfusion. Standard parameters were compared to 17 healthy controls from our institution. Quantitative perfusion was compared to published values of healthy controls.

Results: The stress myocardial blood flow (MBF) was significantly lower [31.8 ± 5.1 vs. 37.8 ± 6.0 (μl/g/beat), P < 0.001] and the T2 relaxation time was significantly higher (46.2 ± 3.6 vs. 42.7 ± 2.8 ms, P = 0.002) post-COVID-19 compared to healthy controls. Stress MBF and T1 and T2 relaxation times were not correlated to the COVID-19 severity (Spearman r = −0.302, −0.070, and −0.297, respectively) or the presence of symptoms. The stress MBF showed a U-shaped relation to time from PCR to CMR, no correlation to T1 relaxation time, and a negative correlation to T2 relaxation time (Pearson r = −0.446, P = 0.029).

Conclusion: While we found a significantly reduced microvascular perfusion post-COVID-19 compared to healthy controls, this reduction was not related to symptoms or COVID-19 severity.

Keywords: CMR, COVID-19, microvascular disease, quantitative perfusion, long COVID-19 syndrome


INTRODUCTION

Case series have reported persistent cardiopulmonary symptoms, often termed long-COVID or post-COVID syndrome, in more than half of patients recovering from COVID-19 (1–3). The underlying pathology may include myocardial and endothelial abnormalities due to the virus or activation of the immune and coagulation systems. Several cardiac magnetic resonance (CMR) imaging studies have found alterations in functional and tissue parameters without relation to symptoms (4). Recently, alterations in microvascular perfusion have been proposed as a possible pathomechanism in long-COVID syndrome (5).

We examined whether microvascular perfusion, measured by quantitative stress perfusion CMR, is impaired in patients with persistent cardiac symptoms post-COVID-19.



METHOD

Our population consisted of 33 patients post-COVID-19 examined in Berlin and London, 11 (33%) of which complained of persistent chest pain and 13 (39%) of dyspnea. The study was approved by the Local Ethics Committees (DRKS 00021688). The COVID-19 severity was assessed according to the WHO COVID-19 Clinical Management Guidance (6). The data from 17 healthy controls for T1 and T2 relaxation times were taken from unpublished data from our institution (DRKS 00013253). The stress agent used was adenosine in 13 and regadenoson in 20 patients. To adjust for the higher stress heart rate under regadenoson compared to adenosine, the myocardial blood flow (MBF) per heartbeat was calculated. For stress MBF per heartbeat, no normal values exist for the 3.0T Philips scanners. The published values for a 1.5T Siemens scanner were used (7).

All scans of patients were performed on the Philips Ingenia 3.0T scanners according to recent recommendations for CMR in patients post-COVID-19 (8). The scan protocol included standard cardiac imaging and dual-sequence quantitative stress perfusion (9, 10). Exemplary MBF maps of patients with high and low MBFs are shown in Figures 1A,B, respectively.


[image: image]

FIGURE 1. Quantitative dual-sequence myocardial stress perfusion in patients who recovered from COVID-19. (A,B) Examples of quantitative perfusion maps of stress myocardial blood flow (MBF) (ml/min/g) before heart rate correction for a patient with high [(A), median 4.1 ml/g/min]; and low [(B), median 1.8 ml/g/min] perfusion values. (C) Stress MBF (μl/g/beat) in post-COVID-patients compared to healthy controls. (D) Quantitative MRI parameters by symptoms and COVID-19 severity. (E–H) Stress MBF by initial COVID-19 severity (E), time from PCR to CMR, T1 (G) and T2 (H) relaxation times (ms) and the presence of chest pain at the time of cardiac magnetic resonance (CMR) imaging. †Data from Vasu et al. (7). *Statistically significant (P < 0.05).




RESULTS

The median age of the 33 post-COVID-19 patients was 51 years (interquartile range, IQR 42–58) with 52% being women. The symptoms at time of CMR were chest pain (33.3%), dyspnea (39.4%), fatigue (42.4%), and arrhythmia (6.1%), with any of the above in 57.6% of the patients. The median age of the 17 healthy controls for T1 and T2 relaxation times was 24 years (IQR 21–25) with 50% being women. The median time between the first positive PCR for COVID-19 and the CMR exam was 2 months (IQR 1–5).

One patient was excluded from MBF per heartbeat analysis due to atrial fibrillation with varying heart rates. T2 relaxation times were available for 25 patients. The heart-rate adjusted stress MBF was significantly lower [31.8 ± 5.1 vs. 37.8 ± 6.0 (μl/g/beat), P < 0.001] and the T2 relaxation time was significantly higher (46.2 ± 3.6 vs. 42.7 ± 2.8 ms, P = 0.002) post-COVID-19 compared to healthy controls (Figures 1C,D). Stress MBF and T1 and T2 relaxation times were not correlated to age (r = 0.233, 0.040, and 0.009, respectively), COVID-19 severity (Spearman r = −0.302, −0.070, and −0.297, respectively), or the presence of symptoms (Figures 1D,E). The stress MBF showed a U-shaped relation to time from PCR to MRI, no correlation to T1 relaxation time, and a negative correlation to T2 relaxation time (Pearson r = −0.446, P = 0.029) (Figures 1F–H).

One patient with a history of myocarditis showed non-ischemic late gadolinium enhancement (LGE) consistent with subsided myocarditis. No patient showed myocardial edema and no patient fulfilled the updated Lake Louise criteria for acute myocarditis based on the CMR examination (11). One patient had focal pericarditis. Five patients had a stress-induced regional perfusion deficit, four of which were consistent with coronary artery disease and one with microvascular dysfunction in the presence of left ventricular hypertrophy. Excluding the five patients with regional ischemia did not significantly alter the mean stress MBF [32.7 ± 5.0 (μl/g/beat), P = 0.005 vs. controls] or T2 relaxation time (45.7 ± 2.8 ms, P = 0.004 vs. controls). Interestingly, the stress MBF was not correlated to clinical symptoms or severity of COVID-19.



DISCUSSION

A recent study evaluated the relationship between symptoms and functional alterations in hospitalized COVID-19 patients. The findings demonstrated that while 10 months after discharge from a hospital stay due to COVID-19 the percentages of patients with symptoms were high, those symptoms could not be attributed to altered lung function or physical capacity (12).

In conclusion, while we found reduced microvascular perfusion post-COVID-19 compared to external, non-age-matched healthy controls, this reduction was not related to symptoms and COVID-19 severity. However, a potential temporary decrease in coronary microvascular perfusion might be linked to potentially affected endothelial function also in other organ regions and therefore might play a role in the symptoms described by the patients months after COVID-19.



LIMITATIONS

A significant limitation is the use of external normal values for stress MBF per heartbeat from a single study of 15 healthy volunteers with a median age of 21 years, scanned on a scanner of different field strengths from a different vendor. While a confounding effect of age and comorbidities is possible, stress MBF per heartbeat was not related to age or the presence of a regional perfusion deficit in our dataset.

Further studies, including age-adjusted normal values and serial measurements of patients with hampered MBF in relation to clinical findings, are needed to better define the long-COVID syndrome and establish a causal relationship to reduced MBF.
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Purpose: To evaluate the correlation between whole lung enhancement (WLE) and pulmonary blood volume (PBV) obtained through dual energy computed tomography pulmonary angiography (DECTPA) and echocardiography-derived systolic pulmonary arterial pressure (SPAP).

Methods: Sixty-eight patients who underwent DECTPA were enrolled in the study after giving informed consent. A transthoracic echocardiography was performed for all the subjects within 48 h of their DECTPA study to measure SPAP. The correlation of the two DECTPA-derived parameters, WLE and PBV, with SPAP was assessed. In addition, the predictive strength of these parameters was compared with that of traditional computed tomography (CT) signs of pulmonary hypertension (PH).

Results: The SPAP value showed a moderate correlation with main pulmonary artery (MPA) diameter (r = 0.48, P < 0.001), while having a weak correlation with WLE (r = −0.33, P = 0.007), PBV (r = −0.31, P = 0.01) and MPA/ascending aorta (MPA/AA) ratio (r = 0.26, P = 0.03). On regression analysis, MPA diameter (B ± SE: 1.8 ± 0.6, P = 0.004) and WLE (B ± SE: −0.5 ± 0.3, P = 0.042) had significant association with SPAP. In addition, SPAP ≥30 mmHg was related to the right to left ventricular diameter (RV/LV) ratio [OR (CI 95%): 24.39 (1.3–573.2), P = 0.04] and reversely associated with PBV [OR (CI 95%): 0.96 (0.93–0.98), P = 0.005]. Acquired cutoff value of 83% for PBV showed sensitivity and specificity of 73% to identify SPAP ≥30 mmHg [AUC (CI 95%):0.727 (0.588–0.866), P = 0.008].

Conclusions: Automated postprocessing calculation of iodine distribution analysis by DECTPA could be considered as an adjunctive tool to investigate for PH.

Keywords: pulmonary hypertension, pulmonary artery pressure, dual energy computed tomography pulmonary angiography, whole lung enhancement, pulmonary blood volume


INTRODUCTION

Pulmonary hypertension (PH) is a complex life-threatening condition affecting ~1 percent of the population, with increased prevalence in older age and patients with left heart failure (1, 2). Due to its non-specific clinical symptoms, the diagnosis might be delayed until advanced stages of the disease (3). While right heart catheterization (RHC) is the gold standard technique of confirming the diagnosis, it is usually primarily suggested by less invasive modalities such as doppler echocardiography or CT scans. Non-invasive modalities might also help reduce the need for repeat RHCs in the post- treatment follow up of these patients. Computed tomography pulmonary angiography (CTPA) is a pivotal part of diagnostic workup in patients suspicious for PH, providing detailed morphologic information on thoracic structures and pulmonary vasculature. The dual energy systems allow for synchronous image acquisition at different kilovoltages. These scans contribute to material differentiation, on the basis of three- material decomposition algorithms. In thoracic imaging, measurement of iodine distribution throughout the lung parenchyma represented as iodine maps has been used as an estimate of the pulmonary blood volume. The technique has the ability to add functional information to the mere morphological details yielded by conventional single energy systems and has shown good correlation with the corresponding pulmonary perfusion diagrams depicted by other perfusion studies (4–6). Recently, promising practical benefits of DECTPA have been shown by several studies, namely improving prognostication in acute pulmonary thromboembolism (PTE) (7) and enhancing diagnostic accuracy in chronic thromboembolic pulmonary hypertension (CTEPH) (8, 9). The correlation between absolute pulmonary artery pressure (PAP) value and DECTPA parameters has been the focus of a few recent studies with controversial results (9–12).

In this study, we evaluated the correlation of DECTPA parameters with echocardiography-derived SPAP, and compared the predictive power of these parameters with conventional CTPA signs of PH and right heart strain using a new patient-based image acquisition protocol.



METHOD


Study Population

After study design approval from the research and ethics committee of our center, we enrolled 68 consecutive patients who underwent DECTPA between August 2019 and August 2020. All patients were given an informed written consent. A transthoracic echocardiography was performed within 48 h of their CT exam while no treatment was initiated for the patients within this period. Patients with pulmonary stenosis, very poor echocardiographic window, severe image artifacts, inadequate enhancement due to altered injection rate or improper lung segmentation by the software were excluded from the study (Figure 1).


[image: Figure 1]
FIGURE 1. Study flow chart demonstrating the study population and method, as well as study results in groups of SPAP <30 and SPAP >30.




CT Protocol

All the DECTPA images were acquired on a dual-source CT scanner (SOMATOM Definition Flash; Siemens Healthcare, Forchheim, Germany) with the following scan parameters: tube voltage: Sn140 and 100 kVp; active CAREdose 4D; rotation time: 0.28 s; collimation: 12.8 × 0.6 mm; and pitch: 0.55. T. The pilot study with 10 patients revealed that the average volume CT dose index was 7.0 mGy/cm, with an average equivalent dose of 3.0 mSv, which was comparable to the conventional single source CTPA. An Iodine-based contrast material (Omnipaque 350; Daiichi-Sankyo, Tokyo, Japan) was chosen for all patients and injected through a 20-guage intravenous catheter into the right antecubital vein. All exams were preceded by a test bolus injection of 15 cc contrast material with a flow rate of 5.0 mL/s, followed by a 25-mL saline, to determine the MPA peak density time. The main dual energy exams were aimed to be acquired with total contrast dose of 0.5 ml/kg with the same injection protocol at the acquired time of peak MPA density.



Image Reconstruction and Analysis

Typical image reconstruction was performed as three sets of images: 140-kV images, 100-kV images, and weighted-average images (with 60% and 40% weighting from Sn 100 kVp and Sn 140 kVp image series, respectively) with a specific medium convolution kernel (D31) at a 2.0-mm slice thickness and a 1.0-mm increment (Figure 2).


[image: Figure 2]
FIGURE 2. Image reconstruction was performed as three sets of images: 140-kV images, 100-kV images, and weighted-average images (with 60% and 40% weighting from Sn 100 kVp and Sn 140 kVp image series, respectively). The dual energy algorithm measures the attenuation in each voxel and uses the known standard attenuation ranges for the three major components of the lung parenchyma including the air, soft tissue and iodine, to calculate the relative contribution of each component to the voxel attenuation. The iodine distribution maps are subsequently created by the software.


Dual energy analyses were performed using the postprocessing software (Syngo MultiModality; Siemens Healthcare) with the “dual energy algorithm.” In this algorithm, the attenuation in each voxel is measure; using the known standard attenuation ranges for the three major components of the lung parenchyma including the air, soft tissue and iodine, the contribution of each component to the voxel attenuation is calculated. PBV maps were created from the images (Figures 2, 3) and whole lung enhancement (WLE) values were obtained. To measure the MPA enhancement, a region of interest circle of 10 mm2 was manually placed in the center of the arterial lumen on axial images, 1 cm before bifurcation. After normalizing the WLE based on MPA contrast enhancement, the PBV percentage (PBV) was automatically calculated by the software as an actual indicator of the total iodine distributed in the lung parenchyma relative to the iodine concentration in the MPA.


[image: Figure 3]
FIGURE 3. Dual energy CT pulmonary angiography in a CTEPH patient is demonstrated as iodine map overlay (a) and total blood volume image (b).


All the images were interpreted by one expert radiologist (with more than 10 years' experience in cardiothoracic imaging), blinded to the patients clinical and echocardiographic information. The maximum MPA diameter was measured in axial plane. The maximum AA diameter measurement was performed perpendicular to the long axis of the vessel. To calculate the RV/LV ratio, the widest short axis diameter of these chambers was measured from inner wall to inner wall, on reconstructed 4- chamber views. The presence or absence of septal bowing toward LV and reflux of the IV contrast into inferior vena cava (IVC) or coronary sinus was subjectively recognized by the radiologist.



Echocardiography and SPAP Measurement

Transthoracic doppler echocardiography examinations were performed with Philips iE33 ultrasound system (Philips Medical Systems, Bothell, WA, USA) and a 5 MHz transducer, by two expert cardiologists with more than 10 years' experience in cardiology practice. The examinations were performed after at least 20 min of rest in supine position. The SPAP was measured by modified Bernoulli equation, using the tricuspid regurgitation velocity and the estimate of right atrial pressure based on the diameter and compliance of IVC. The SPAP ≥30 mmHg was defined as PH.



Statistical Analysis

The statistical analysis was performed using IBM SPSS statistics 22 for windows (IBM Inc, Armonk, NY). The categorical variables were described as frequencies and percentages, and continuous variables were described as median and 25–75th percentile [interquartile ranges (IQR)]. The Spearman's correlation coefficient was used to investigate the correlation between SPAP and quantitative variables including age, PBV, WLE, MPA diameter, MPA/ AA ratio and RV/LV ratio. The Mann-Whitney U and Kruskal Wallis tests were utilized to evaluate the association between SPAP and categorical variables including sex, septal bowing and reflux of contrast material into IVC or coronary sinus. Multiple linear and multivariate logistic regression models were used to evaluate the association of conventional and dual energy parameters with SPAP. Thereafter, the accuracy of the mentioned parameters to determine SPAP ≥30 mmHg was determined by receiver operating curve (ROC) analysis. For all the tests, a P-value of <0.05 was considered as statistically significant.




RESULTS


Baseline Characteristics

Of the 68 patients enrolled in the study, six were excluded due to pulmonary stenosis, poor echocardiographic window, poor image quality and improper lung segmentation by the software. Of 62 patients (median age of 53 years, females: 48.3%), 11 patients had acute and 13 patients had chronic PTE. The rest consisted of either normal or abnormal CT of other etiologies.

Baseline and cardiologic characteristics are summarized in Table 1.


Table 1. Baseline and cardiologic characteristics in total study group and subgroups according to the presence and type of PTE.
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Association Between CT Parameters and SPAP

The SPAP was associated with the presence or type of PTE (P = 0.024), as it was significantly higher in patients with chronic PTE than those without PTE or with acute PTE. The Qanadli score was comparable between patients with acute and chronic PTE (P > 0.5). The Spearman's correlation coefficient revealed that in the total study group, SPAP value had a moderate correlation with MPA diameter (r = 0.48, P < 0.001), and a weak correlation with WLE (r = −0.33, P = 0.007), PBV (r = −0.31, P = 0.01) and MPA/AA ratio (r = 0.26, P = 0.03). However, no significant correlation with age, gender, ejection fraction and RV/LV ratio, leftward septal bowing and reflux of contrast material into IVC or coronary sinus (P > 0.05 for all) were detected.

As shown in Table 2, both median WLE (P = 0.04) and PBV (P = 0.007) were significantly lower in PH patients compared to patients with normal SPAP. Also, the median WLE was significantly lower in thromboembolic patients compared to the other group of patients (26.5 HU vs. 32.5 HU, respectively, P = 0.007).


Table 2. Comparison of baseline and CT parameters according to SPAP of more or <30 mm Hg.

[image: Table 2]

Table 3 demonstrates the CT parameters in two groups of patients with SPAP level of above and below 40 mmHg. Median WLE was significantly lower in SPAP ≥40 mmHg group [28 (23–33) vs. 31 (26–42), P = 0.04]. PBV also showed lower values in SPAP ≥40 group, albeit with borderline significance [64 (48–89) vs. 85 (64–98), P = 0.059].


Table 3. Comparison of baseline and CT parameters according to SPAP of more or <40 mm Hg.
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Multivariate Analysis

For the assessment of the adjusted association between SPAP and CT indices, including the conventional and dual energy indices, a multiple linear regression model was applied and the following equation was obtained:

SPAP = 15.7*PTE−0.52*WLE+1.8*MPA diameter −8.7 (R2 = 0.35).

The model demonstrated that MPA diameter and chronic PTE had direct and WLE had reverse association with SPAP (p-values < 0.05). In this equation, PTE type is 0 for no PTE, 1 for acute PTE and 2 for chronic PTE; WLE is in Hounsfield unit, and MPA diameter is in mm.

Using a multivariate logistic regression model including CT parameters, we found that SPAP ≥30 mmHg was statistically associated with RV/LV ratio [OR (CI 95%): 24.39 (1.3–573.2), P = 0.04] and PBV [OR (CI 95%): 0.96 (0.93–0.98), P = 0.005]. According to ROC curves, a cutoff PBV value of 83% showed a good accuracy to identify patients with SPAP ≥30 mmHg with sensitivity and specificity of 73% [AUC (CI 95%):0.727 (0.588–0.866), P = 0.008].

Also, when considering 40 mmHg for discrimination, SPAP was directly associated with MPA diameter [OR (CI 95%): 1.31 (1.12–1.53), P = 0.001] and reversely associated with WLE [OR (CI 95%): 0.93 (0.86–0.99), = 0.049]. Based on the ROC curves, a cutoff value of 29.45 mm for MPA diameter showed a good accuracy to identify patients with SPAP ≥40 mmHg with sensitivity and specificity of 76 and 72%, respectively. [AUC (CI 95%): 0.796 (0.684–0.908), P = 0.000].




DISCUSSION

We sought to correlate the values of WLE and normalized PBV with echocardiography-derived SPAP. The distinguishing feature of this study that makes it prominent, is applying a test bolus method to find out the proper image acquisition time for each patient, and not a fixed delay time. This was done with the aim of precluding the confounding impact of cardiac function status and pulmonary hypertension level on the arrival of the contrast to the MPA and its distribution throughout the pulmonary parenchyma. Therefore, in each individual patient, the assessment was done at their peak MPA density and thus, the images and indices would be comparable between all.

According to our results, a statistically significant but weak negative correlation existed between both WLE and PBV with SPAP and on the regression model, WLE was a significant predictor of SPAP, as were for PTE type and MPA diameter. The weak to moderate correlation between PBV values and either mean or systolic PAP have also been shown by other investigators (9, 10, 12, 13). The correlation tended to be stronger in the studies which included CTEPH cases rather than normal controls or PH of other etiologies (10, 13, 14). Koike et al. demonstrated no significant correlation between PBV and echo-derived SPAP in their whole study group of patients with various PH etiologies. However, their subcategory analysis revealed that in some special PH groups including pulmonary artery stenosis, lung diseases and CTEPH, a weak to moderate correlation existed between PBV and SPAP. And interestingly, in patients with PH secondary to left heart failure, even a strong reverse (i.e., positive) correlation existed between PAP and PBV (11). In another study in CTEPH patients by Tsutsumi et al., such positive correlation was also demonstrated between PBV and mean PAP (14). The authors attributed their controversial results to the considered delay time for scanning—unlike early phase scans in other studies. And justified that the late phase images may actually reflect the confounding and compensatory systemic perfusion which reaches to the lungs in these patients. In our study, after excluding PH patients of heart failure etiology, no significant statistical change was detected in any of correlation indices; which might be related to the test bolus and not the fixed time protocol that we considered for assessment.

Our study results demonstrated that among both DECTPA and conventional parameters, the MPA diameter had the highest statistical correlation with SPAP, and was the major predictor of SPAP on regression models which is in accordance with published results by previous studies (9, 12, 15–17). A more recent study by Bacon et al. using “dual phase” DECTPA demonstrated that the change in WLE value between early and late phases was the only parameter to have a higher correlation with mean PAP than MPA diameter.

Our regression analysis revealed that PBV by DECTPA was a significant predictor of SPAP ≥30 mm Hg, and the cutoff of 83% had the sensitivity and specificity of 73% to identify individuals with mildly elevated SPAP. It is worth noting that the derived values for PBV and WLE vary according to the CT protocols and the normal ranges and diagnostic cutoffs should be individualized for each center.

In addition, RV/LV ratio was another notable predictor of SPAP ≥30 mmHg, although it did not have a significant direct correlation with SPAP values. This is also in concordance with previous published articles (9, 12, 15). One of them reported RV/LV ratio >1.28 as a significant predictor of PH with high sensitivity and specificity after controlling for cofounding factors of age, sex, pulmonary wedge pressure and indicators of body size (15).

In this study, MPA/AA ratio showed a weak association with SPAP. While the ratio has been shown by some to have an accuracy similar or even superior to MPA diameter (16, 17), a relatively weaker correlation has been reported by others (12, 14). The discrepancies might be due to diversity of study population (e.g., etiology, chronicity, ventricular function status) and different scan timing for measurement according to cardiac cycle.

DECTPA protocols are comparable to that of traditional single energy CTPA regarding the acquisition time, breath hold duration and the amount of administered contrast material (8). However, due to the dual energy nature of the exam, even a smaller amount of the contrast material could be injected for proper image acquisition (like in our study with the protocol of 0.5 ml/kg contrast injection) and the machine acquisition parameters (KV, mAs) could be adjusted to impose proportionate radiation dose to patient compared to conventional CTPA. Since the postprocessing calculation of PBV and WLE on DECTPA images is a feasible automated objective method, it might provide valuable incremental information, together with other traditionally known CT metrics, to investigate for pulmonary hypertension. DECTPA not only can help with posing the diagnosis of PH, but may also reveal the disease severity and help monitoring the treatment response.


Limitations

The study might have been compromised by some limitations. First, the small sample size might have affected the results. Second, the SPAP in this study was estimated by echocardiography, which is not the gold standard modality for PAP quantification. Though, there is a good correlation between PAP measured by echocardiography and RHC in the literature (18).




CONCLUSION

The automated post-processing calculation of WLE and PBV on DECTPA can act as a sensitive adjunctive tool to rise suspicion for PH in CT angiographies performed for various indications. Due to the insidious course and non-specific clinical picture of PH, dual energy parameters may help accelerate the diagnosis and improve the prognosis. Further larger studies are required to define the clinical applications of these parameters.
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3D Ultrasound Measurements Are Highly Sensitive to Monitor Formation and Progression of Abdominal Aortic Aneurysms in Mouse Models
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Background: Available mouse models for abdominal aortic aneurysms (AAAs) differ substantially in the applied triggers, associated pathomechanisms and rate of vessel expansion. While maximum aortic diameter (determined after aneurysm excision or by 2D ultrasound) is commonly applied to document aneurysm development, we evaluated the sensitivity and reproducibility of 3D ultrasound to monitor aneurysm growth in four distinct mouse models of AAA.

Methods: The models included angiotensin-II infusion in ApoE deficient mice, topical elastase application on aortas in C57BL/6J mice (with or without oral administration of β-aminoproprionitrile) and intraluminal elastase perfusion in C57BL/6J mice. AAA development was monitored using semi-automated 3D ultrasound for aortic volume calculation over 12 mm length and assessment of maximum aortic diameter.

Results: While the models differed substantially in the time course of aneurysm development, 3D ultrasound measurements (volume and diameter) proved highly reproducible with concordance correlation coefficients > 0.93 and variations below 9% between two independent observers. Except for the elastase perfusion model where aorta expansion was lowest and best detected by diameter increase, all other models showed high sensitivity of absolute volume and diameter measurements in monitoring AAA formation and progression by 3D ultrasound. When compared to standard 2D ultrasound, the 3D derived parameters generally reached the highest effect size.

Conclusion: This study has yielded novel information on the robustness and limitations of semi-automated 3D ultrasound analysis and provided the first direct comparison of aortic volume increase over time in four widely applied mouse models of AAA. While 3D ultrasound generally proved highly sensitive in detecting early AAA formation, the 3D based volume analysis was found inferior to maximum diameter assessment in the elastase perfusion model where the extent of inflicted local injury is determined by individual anatomical features.

Keywords: 3D ultrasound, abdominal aortic aneurysm, aortic volume, maximum aortic diameter, cardiovascular imaging, murine models


INTRODUCTION

An aneurysm is considered a focal, degenerative and progressive dilatation of the vessel wall, with the risk of vessel rupture (1). Abdominal aortic aneurysms (AAAs) occur at a worldwide prevalence of about 5% with substantial regional variation (2–4). Risk factors include smoking, hypertension, advanced age, male sex, and genetic susceptibility (5, 6). A typical feature is the common presence of an intraluminal thrombus (ILT) in 75% of clinically evident AAAs (7). While pharmacological treatments have been evaluated, the only current curative option is surgical repair (8, 9). Therefore, the need of preclinical models to understand the pathobiology in early aneurysm disease and assess the potential of novel drug therapy is evident (10). Multiple models of small- as well as large-animal AAAs are available, with murine models being the most widely applied experimental systems (11, 12).

The porcine pancreatic elastase (PPE) model was first described in wildtype 129/SvJ mice by Pyo et al. (13). The abdominal aorta was isolated in vivo from the adjacent inferior vena cava, ligated and cannulated for perfusion with saline containing 0.4 U/ml type I PPE. The authors reported a 74 ± 5% dilatation of the abdominal aorta during the 5 min period of elastase perfusion, but no further increase in aortic diameter up to 7 days after surgery. After 14 days the AAA development was apparent, at 91% incidence and a mean aortic diameter of 134 ± 8% (13).

The angiotensin II (AngII) model was introduced by Daugherty et al. (14). In this study, AngII was infused at 1,000 ng/kg/min via subcutaneously implanted osmotic minipumps into ApoE KO mice, 6 months of age, for 28 days at which point AAAs had formed in 33% of animals. A subsequent study showed three prominent features of this model: a high vessel rupture rate within the first 2 weeks, frequently concurring thoracic and abdominal aneurysms as well as aorta dissections with intramural thrombi (14, 15).

A modification of the PPE model was first described by Bhamidipati et al. (16), where 8–10 week old male C57BL/6 mice received peri-adventitial application of porcine pancreatic elastase (ePPE): The dissected abdominal aorta was immersed in 10 μl 100% elastase. Initially, the aorta dilated in surgery by about 30–40%, followed by continuous aneurysmal expansion over 2 weeks. On day 14, the group reported 82 ± 15% increase in aortic diameter, with a 60% incidence rate.

In 2017, the group of Lu et al. (17) aimed to evolve the ePPE technique and establish a chronic model of AAA with beta-aminopropionitrile (BAPN) which inhibits elastin and collagen crosslinking. Male C57BL/6 mice at 8 weeks of age received 0.2% BAPN in drinking water starting 2 days before surgery and continuing until the end of the study. Mice having BAPN in addition to the ePPE procedure showed a higher rate of aneurysm formation (93% incidence) than mice receiving no BAPN (65%). Pronounced aneurysm progression was observed on days 21 (222 ± 37%), 28 (286 ± 79%), and 100 (801 ± 160%), including considerable thrombus formation (54%) and rupture (31%) at the advanced AAA stage (17).

Preclinical monitoring of AAA formation and progression can be performed through various imaging techniques, with ultrasound (US) being the most frequently applied method (18). One of the main advantages of using US imaging is the lack of ionizing radiation. Preclinical systems use higher frequencies (15–40 MHz) than clinical systems, resulting in the benefit of higher spatial resolution at the cost of decreased imaging depth (19). The mode most commonly used is B-mode or brightness-mode, in which 2D cross-sectional images are acquired. Waduud et al. have described the method of using 3D ultrasound for the evaluation of AAA development in the murine ePPE model (20). With the help of an automatic motor and an MS-550D probe at 40 MHz frequency, transverse imaging was performed and the 3D volume was calculated from 157 serial images recorded along a 12 mm abdominal aortic segment.

We thus hypothesized that a sensitive imaging method as developed by Waduud et al. (20) may be suited to detect AAA formation at early time points in small-animal models and monitor their further development. This would offer the possibility to preferably test novel treatments on formed aneurysms and thus address the clinical demand to limit progression of established disease. While Waduud et al. (20) focused on the ePPE model as proof-of-principle, this study thus aimed to,


(1)Evaluate the time course of aneurysm formation and development in four AAA mouse models (AngII, PPE, ePPE, and ePPE + BAPN) by 3D ultrasound.

(2)Assess the robustness and interobserver variability of 3D volume vs. aortic diameter measurements in these models.

(3)Compare the sensitivity of aortic volume and maximum diameter to detect significant aneurysm growth at early time points for potential stratification into treatment groups.





MATERIALS AND METHODS


Ethical Approval

All animal experiments were approved by the local ethics committee and the Austrian Ministry of Science (BMWFW-66.009/0355-WF/V/3b/2016 and 0248-WF/V/3b/2017 for the AngII and PPE models, 2020-0.547.895 for the ePPE ± BAPN models), conforming to the European Directive 2010/63/EU on the protection of animals used for scientific purposes and the Austrian Animal Experiment Act 2012.

For pain management, the animals were injected subcutaneously with 0.05 mg/kg buprenorphine before surgeries. Until the 3rd postoperative day, mice were given 7.5 mg piritramide and 20 ml 5% glucose in 200 ml drinking water (0.9% NaCl).



Murine Abdominal Aortic Aneurysm Models

While the technical procedures of the 4 murine AAA models are specified below, a graphical summary of the timelines and experimental steps of the individual models is given in Figures 1A–C. Please note that all mice included in this retrospective analysis represent control animals of other studies where phosphate-buffered saline injections started after the second ultrasound analysis (i.e., after initial aneurysm formation). All animals within each model were treated in the same manner; none of the mice received drug therapy.
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FIGURE 1. Experimental design of AAA mouse models. Experimental steps and time lines are illustrated for the (A) AngII model, (B) ePPE ± BAPN models and (C) PPE model. Time points of 3D US analysis are indicated by the scanner icon, while interventions at baseline to trigger AAA development are illustrated by osmotic pump for the AngII model or by surgical clamp for the elastase-based models. Formed aneurysms were either of suprarenal (AngII) or infrarenal (elastase models) localization. For the ePPE + BAPN model (gray lettering), BAPN was administered from 3 days before surgical intervention until day 22 as opposed to the ePPE model without BAPN which was terminated on day 14. (D) The flow chart illustrates starting numbers and animal losses in the four mouse models resulting in the final number of mice included in the follow-up time points.




Angiotensin II Model

Male mice homozygous for the ApoE mutation (B6.129P2-Apoetm1Unc/J@Him), aged 11–15 weeks and kept on normal diet, received angiotensin II (AngII, Bachem, Bubendorf, Switzerland) at 1,000 ng/kg/min by subcutaneously implanted ALZET 2004 osmotic pumps (DURECT Corp., Cupertino, CA, United States) over 28 days, leading to formation of suprarenal AAAs. Measurements of AAA volume and diameter were conducted by ultrasound at baseline, on day 8 and on day 27.



ePPE: External Porcine Pancreatic Elastase Model ± Beta-Aminopropionitrile

Male C57BL/6J mice aged 9–11 weeks, received topical peri-adventitial elastase application to the infrarenal aorta to induce AAA formation: The mice underwent open median laparotomy and the infrarenal portion of the aorta was separated from surrounding fat and connective tissue, creating a unilateral peri-aortic pouch where 10 μl of PPE (Sigma-Aldrich, St. Louis, MO, United States) at 7.6 mg/ml were applied for 5 min. The elastase was absorbed with a cotton swab and the abdomen flushed 3 times with saline before closure. Mice receiving BAPN (Sigma-Aldrich, St. Louis, MO, United States) were supplied at 2 g/l (0.2%) in drinking water from 3 days before AAA induction and over the entire course of the experiment. The aortic volume and diameter were monitored by 3D ultrasound at baseline, day 4 and d13 after elastase application in the ePPE model, and at baseline, day 4, day 14, and day d21 in the ePPE + BAPN model.



Porcine Pancreatic Elastase Model

The infrarenal portion of the aorta was separated from surrounding fat and connective tissue in male C57BL/6J@Him mice aged 9–12 weeks. Side branches and the aorta itself were ligated with 6/0 silk ligatures (Ethicon, Cincinnati, OH, United States). The aorta was punctured and a catheter was inserted for perfusion of the infrarenal aorta with PPE at 2 U/ml (0.4 mg/ml) for 10 min. The aorta was then flushed with saline and closed with a single 10/0 suture (Ethicon), before opening of the ligatures and closure of the abdomen. Aortic volume and diameter were monitored by ultrasound at baseline, day 6 and day 13.



3D Ultrasound Recording

Prior to and during ultrasound sonography, mice were anesthetized with 1.8–2% isoflurane and 2 l/min O2. For ultrasound measurements of aneurysms, the following settings of the Vevo 2100 or Vevo 3100 Imaging System (FUJIFILM VisualSonics Inc., Toronto, ON, Canada) were applied: gain 30 dB, image depth 9 mm, image width 8.08 mm. Respiratory gating was set to 25% delay and a window of 50%; T1 50 ms were used for electrocardiogram trigger. After localization of the left renal artery, the MS-550D/MX-550D transmitter at 40 MHz was moved 6 mm cranially (for the AngII model) or 6 mm caudally (for the PPE and ePPE ± BAPN models) for an automated scan of the suprarenal or infrarenal aorta, respectively. In total, 157 imaging frames were generated over a scan distance of 12 mm with 0.076 mm step size. To ensure reliability of imaging, scans showing interference of any kind (for example derived from the transmitter, ultrasound gel, bowel movement, etc.) were repeated.



Aortic Volume and Diameter Measurement Based on Ultrasound

Data was acquired as a video loop of the 157 frames and composed into a 3D cube with Vevo Lab 5.6.1 software. The 3D aneurysm reconstruction was based on software tools and required manual sketching of the aortic area (inner-to-inner wall) in axial plane at 0.75–1 mm intervals. The aortic volume was calculated in mm3 over the monitored distance of 12 mm. The maximum aortic diameter was also determined in axial plane (inner-to-inner wall) based on the 3D image acquisition. In case of thrombus development in dissected aortas (AngII model), thrombi were included in the aortic wall tracing. Both, aortic volume and maximum diameter were either expressed in absolute measurements (mm3 or mm, respectively) or were set in relation to baseline values and given in percent increase. The maximum aortic diameter was additionally assessed by a single recording in 2D ultrasound (transverse) B-mode or EKV-mode (electrocardiogram-gated kilohertz visualization), also inner-to-inner wall in axial plane.



Reproducibility of Ultrasound Measurements

The scan of the 12 mm aortic stretch was performed only once, as it proceeds in an automated fashion after localization of the left renal artery. After export of the 157 images, two observers (PhD or MD students with a 2–4 year research engagement) independently conducted the analysis, i.e., the 3D aneurysm reconstruction as well as measurement of aortic volume and diameter. The team received prior training by the senior scientist who developed the 3D US protocol for AAA assessment (co-author Marc A. Bailey). The observers were blinded to each other’s results while conducting the reconstruction and measurements. Statistical analysis was independently confirmed by a third researcher (the corresponding author).



External Measurement of Maximum Aortic Diameter

For ex vivo measurements of aortic diameter, mice were sacrificed via intraperitoneal injection of ketamine and xylazine and perfused with phosphate-buffered saline (without calcium and magnesium, PBS–/–), then 4% paraformaldehyde in PBS–/– via the left ventricle. Images of the excised aorta were taken on a standardized measurement plate (Self-Healing Mat, Xcut West Design, Plymouth, United Kingdom) at 8x magnification through the Olympus SZ51 Stereo microscope (Olympus Corporation, Shinjuku City, Tokyo, Japan) and analyzed with ImageJ version 1.53j. After setting the scale to a 10 mm line on the measurement plate, ex vivo diameters were measured by manually drawing a line at the maximum diameter by two independent observers.



Statistical Analysis

The study design was retrospective, i.e., 3D US data were acquired by the two independent observers while investigating pathomechanistic features of the four presented AAA models. Statistical analyses were performed using GraphPad Prism 8 (version 8.0.2) and SPSS (version 26.0). The main parameters were absolute aortic volume and diameter as well as relative aortic volume and diameter, normalized to the baseline value of 100%. Results displayed over time are averaged values of the two independent observers and are shown as mean and standard deviation of comparably treated mice for each time point. The following statistical tests were applied to address the three major questions:


(1)To detect significant changes in AAA parameters over time for each mouse model, linear mixed effects modeling (LMEM) was performed specifying experimental animals as random effect and time as fixed effect, as either metric covariate or categorical factor when comparing individual time points.

(2)Reproducibility of AAA volume and diameter measurements was addressed by scatter plots, Lin’s concordance correlation coefficient and Spearman correlation coefficient between the data sets of the two independent observers. Furthermore, Bland-Altman plots with 95% limits of agreement were calculated.

(3)Correlation between volume and diameter measurements was depicted by scatter plots and Spearman coefficient. To compare aortic volume and maximum diameter in detecting aneurysm growth at early time points, Cohen’s standardized effect size was determined for the distinction between aortic size at baseline vs. first time point of AAA detection for all parameters and models.






RESULTS

Abdominal aortic aneurysms were induced in 38, 20, 8, and 17 mice based on the AngII, ePPE, ePPE + BAPN, or PPE experimental procedures (Figure 1D). While no animals were lost in the ePPE and the ePPE + BAPN groups, 15 mice (39%) experienced aortic ruptures within the first 10 days of AngII treatment and 7 mice were lost to postoperative paralysis (41%) after PPE perfusion. Hence, data from 23 AngII, 20 ePPE, 8 ePPE + BAPN, and 10 PPE mice were included in the follow-up time points. 3D US investigation was conducted at baseline, early and advanced stages of AAA development resulting in data sets of 84, 60, 32, and 37 aortic volume measurements for the AngII, ePPE, ePPE + BAPN, and PPE models. Of note, maximum diameter was additionally recorded for 77, 58, 32, and 37 data sets, respectively.


3D Ultrasound Analysis Yields Highly Reproducible Abdominal Aortic Aneurysm Measurements for All Mouse Models

Absolute values of both 3D reconstructed aortic volume and maximum aortic diameter (illustrated in Figure 2) were found to be highly reproducible between two independent observers in all four AAA mouse models, as calculated by the coefficient of variation (CV) listed in Table 1. While mean CVs consistently ranged below 9%, best reproducibility was achieved in the ePPE model (1.7% for aortic volume) and highest interobserver variation was recorded in the ePPE + BAPN model (8.5% for aortic volume). Comparably, intraobserver variation in the ePPE + BAPN model ranged only at 2.3% for volume and 0.9% for diameter. To set reproducibility measures in relation to sample size, Lin’s concordance correlation coefficient was determined. All models showed substantial correlation (ρc > 0.93) between the results of two independent observers regarding both, the absolute AAA volume and maximum aortic diameter. Reproducibility was lowest for volume analysis in the PPE model (ρc = 0.932). Supplementary Figures 1–4 illustrate correlations between the results of two observers in scatter plots (AAA volume and maximum aortic diameter in absolute measurements or percent aneurysm growth in relation to baseline) and provide both, the Spearman coefficient of correlation as well as Lin’s concordance correlation coefficient. Both parameters indicated higher variation for relative as compared to absolute values. Again, Lin’s concordance correlation coefficient was lowest for relative volume increase in the PPE model (ρc = 0.888, Supplementary Figure 4). Bland Altman plots (Supplementary Figures 5–8 and Table 1) depict the 95% limits of agreement for the four models; no trend toward increased observer deviation for larger aneurysm size was observed.
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FIGURE 2. Illustration of 3D volume and maximum aortic diameter measurements in four AAA mouse models by two independent observers. Examples are given for diameter (upper panel) and 3D reconstructed volume (lower panel) in the (A) AngII model, (B) ePPE model, (C) ePPE + BAPN model, (D) PPE model, as assessed by observer 1 (left) and observer 2 (right). Of note, 3D vascular images represent inner lumen. In case of the AngII model thrombi were included in the aortic wall tracing.



TABLE 1. Evaluation of reproducibility between two independent observers (inter-observer variation) in the AngII, ePPE ± BAPN and PPE model regarding 3D US measurements of AAA volume (mm3) and maximum aortic diameter (mm).

[image: Table 1]


Differences Between Mouse Models in Time Course and Extent of Abdominal Aortic Aneurysm Development Are Reflected in Aortic Volume and Diameter Measurements

Initiation and progression of AAA in the four mouse models were detected by 3D ultrasound at distinct time points (Figure 1). The models differed substantially in their development of aneurysms with respect to absolute volume, absolute diameter, relative volume, and relative diameter (Figure 3 and Supplementary Figures 9–12). While all models performed in wildtype C57BL/6J animals showed comparable baseline values of aortic volume and diameter, the ApoE KO mice of the AngII model had higher starting values, in line with US measurement of the suprarenal as opposed to the infrarenal portion of the abdominal aorta (Figures 3A,B). In the AngII model (Supplementary Figure 9), aneurysms progressed from a mean baseline volume of 10.0 ± 1.2 to 17.6 ± 6.3 mm3 within 8 days to an end volume of 23.7 ± 13.3 mm3 after 4 weeks, which related to 181 ± 62 and 242 ± 122% growth of volume, respectively. The maximum aortic diameter increased from 1.2 ± 0.1 mm at baseline to 1.9 ± 0.5 mm at day 27, relating to a mean 163 ± 36% growth of diameter. The development of infrarenal aortic aneurysms in the ePPE model (Supplementary Figure 10) started from a mean of 3.5 ± 0.4 mm3 at baseline and progressed to 7.6 ± 1.1 mm3 by day 4 until 12.5 ± 2.9 mm3 after 2 weeks, relating to 217 ± 37 and 361 ± 106% mean growth of aortic volume, respectively. Comparably, the maximum diameter increased from 0.7 ± 0.05 to 1.4 ± 0.2 mm over 13 days, which corresponded to 209 ± 39% mean growth. In the ePPE + BAPN model (Supplementary Figure 11), absolute volume as well as absolute diameter at baseline were similar to the ePPE model (with mean values of 4.0 ± 0.3 mm3 and 0.7 ± 0.04 mm). However, the combined treatment triggered rapid and extensive aorta expansion as recorded on days 4, 14, and 21 to 7.1 ± 1.0, 20.8 ± 6.4, and 26.2 ± 11.2 mm3 volume and 1.0 ± 0.1, 1.9 ± 0.3, and 2.0 ± 0.4 mm diameter, respectively. This was also reflected in the highest relative growth of AAA volume and diameter, with a progression to 651 ± 259% of aortic volume and 295 ± 64% of maximum diameter on day 21. Lastly, the PPE model (Supplementary Figure 12) showed the lowest vessel expansion in comparison to the other three models, with the aortic volume starting at 4.1 ± 0.6 mm3 at baseline, increasing to 5.5 ± 0.9 mm3 after 1 week, and further to 5.8 ± 1.2 mm3 on day 13, relating to a mean 148 ± 37% growth of volume at the experimental endpoint. This is also reflected in maximum aortic diameter, starting at baseline with 0.7 ± 0.1 mm, and increasing to 0.9 ± 0.1 and 1.0 ± 0.2 mm on days 6 and 13, respectively, which translated to 142 ± 33% growth of aortic diameter over 2 weeks. Statistical LMEM analysis based on time as fixed effect and metric covariate revealed highly significant (p < 0.001) AAA growth in the AngII, ePPE, and ePPE + BAPN models for 3D volume as well as maximum diameter. In general, higher variation between experimental animals (random effect variance) was observed for relative as opposed to absolute measurements of volume or maximum diameter.
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FIGURE 3. Time course of aorta expansion in four AAA mouse models. (A) Volume (mm3) over a 12 mm aortic stretch, (B) maximum aortic diameter (mm), (C) relative volume (%) in relation to baseline and (D) relative diameter (% of baseline) were measured by 3D US over time and are shown by line graphs. Time points included baseline (BL), day 4 after AAA induction (d4), week 1 (w1): days 6–8, w2: days 13–14, w3: day 21, w4: d27. Average measurements of two independent observers were applied. Variation between mice is illustrated by mean value ± standard deviation for each model and time point.


Importantly, the reconstructed 3D images of abdominal mouse aortas offered additional morphological information on the sequence of aneurysm formation. An example of early focal bulging and further aneurysm elongation is shown for the chronic AngII trigger (Figure 4A), while elastase based AAAs formed uniformly (over the entire treated aortic stretch) after the initial acute insult, followed by stronger expansion of distinct aorta regions in later development (Figures 4B–D). 3D reconstructions (Figure 4A) and cross-sectional images were also suited to detect intramural thrombi in dissected aortas of the AngII model (Figures 4E,F) which resulted in less discernable vessel walls when compared to AAAs without thrombus (Figure 4G).
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FIGURE 4. Illustration of morphological changes by 3D US over the time course of aneurysm development in the four AAA mouse models. Images of 3D reconstructed abdominal aorta regions are shown for representative mice of the (A) AngII model (including a 3D reconstructed thrombus in pink), (B) ePPE model, (C) ePPE + BAPN model, and (D) PPE model. Examples of aorta cross-sections in the AngII model are given for (E,F) AAAs with intramural thrombus (asterisk) or (G) without thrombus.




3D Ultrasound Based Abdominal Aortic Aneurysm Monitoring Is More Effective in Detecting Early Aneurysm Growth Than by Conventional 2D B-Mode Analysis

Based on LMEM with time as fixed effect and categorical factor (comparing individual time points), a significant increase in both AAA volume and maximum aortic diameter was apparent for all four models at the investigated early and late time points of aneurysm development compared to baseline (Supplementary Figures 9–12). Significance was recorded for absolute as well as relative quantitation. Furthermore, with only one exception aneurysm expansion was also significant from the respective early to late time points of investigation. AAA volume (absolute or relative) did not increase significantly from days 6 to 13 in the PPE setting (Supplementary Figures 12A,C).

Since mouse count differed between the investigated models which affects recorded significance levels of aneurysm expansion, another tool was applied to quantify the separation between time points by standardized effect size (Cohen’s d) calculated as the difference between the means relative to their variability (Table 2). Based on this method distinct parameters such as volume and diameter can be more easily compared, and an effect size of 1.0 indicates that the means of the two time points (baseline and first AAA detection) are 1 standard deviation apart. Effect sizes differed between models, with ePPE ± BAPN scoring highest values between 3 and 4. With the exception of the PPE model, volume and diameter measurements derived from 3D US were mostly comparable in their effect size. Again, diameter was superior to volume assessment in the PPE group. Importantly, in this evaluation we also included maximum aortic diameter determined by conventional B-mode analysis. While 3D-derived parameters consistently reached the highest effect sizes, the difference to 2D B-mode analysis was most pronounced for the PPE model, where absolute diameter from 3D analysis reached an effect size of 1.61 as opposed to B-mode derived maximal diameter with 1.24.


TABLE 2. Standardized effect size for paired samples t-test based on Cohen’s calculation, comparing baseline to first time point of AAA measurement of absolute or relative volume and maximum aortic diameter in 3D US analysis as well as conventional 2D B-mode diameter assessment in all four mouse models.
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All Models Show a High Correlation Between 3D US Measurements of Abdominal Aortic Aneurysm Volume and Maximum Aortic Diameter Which Is in Good Agreement With ex vivo Aortic Diameter Assessment

Comparison of absolute volumes and diameters (Figure 5) as well as relative volumes and diameters (Figure 6) yielded high coefficients of correlation for all four AAA models. In general, the Spearman coefficient was highest for absolute measurements (r range from 0.885 to 0.980) with the ePPE + BAPN model reaching the highest score. In comparison, the association between relative increase in volume or diameter ranged between r = 0.771 and 0.969, again recording the highest Spearman coefficient of correlation for the ePPE + BAPN model.


[image: image]

FIGURE 5. Correlations between absolute measurements of 3D volume and maximum aortic diameter in the four AAA mouse models. Correlations are illustrated by scattergram for the (A) AngII model, (B) ePPE model, (C) ePPE + BAPN model, and (D) PPE model. Spearman coefficient of correlation is given for all measured values, including baseline.
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FIGURE 6. Correlations between relative increase in aneurysm volume and maximum aortic diameter in the four AAA mouse models. Correlations are illustrated by scattergram for the (A) AngII model, (B) ePPE model, (C) ePPE + BAPN model, and (D) PPE model. Baseline values were set to 100% and are hence excluded from the graph and Spearman coefficient of correlation.


Finally, the correlations between maximum aortic diameter or volume derived from ultrasound and post mortem ex vivo measurement of aortic diameter were investigated in a subset of mice. In Figures 7A–D examples for ultrasound-derived 3D volumes are shown in comparison to excised aortas of the individual aneurysm models. Comparison between maximum aortic diameter inferred from ultrasound vs. ex vivo measurements yielded a Spearman coefficient of correlation of r = 0.870 in the AngII model (Figure 7E) and r = 0.802 in the PPE model (Figure 7G) as well as r = 0.786 in the ePPE model as we have previously reported (21). Correlations between ex vivo diameter and 3D US volume were somewhat weaker than for US derived diameter in the AngII model (r = 0.799; Figure 7F) and substantially lower in the PPE model (r = 0.698; Figure 7H). When we compared AAA volume as measured by 3D US to aneurysm volume determined by serial diameter data of the excised aortas, the coefficients of correlation ranged at r = 0.680 for the AngII model and r = 0.607 for the PPE model (Supplementary Figure 13).
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FIGURE 7. Ex vivo measurements of maximum aortic diameter compared to ultrasound derived AAA parameters. (A–D) Excised aortas are shown in top panels, while 3D reconstructed aorta volumes are illustrated in bottom panels for the (A) AngII model, (B) ePPE model, (C) ePPE + BAPN model, (D) PPE model. The length of US screened aorta regions (12 mm) is indicated in the respective images of excised aortas by a dashed turquoise line. (E,G) The correlation between maximum aortic diameter as determined by 3D US or measured ex vivo in the (E) AngII model and (G) PPE model were evaluated by Spearman coefficient of correlation. The comparison between ex vivo AAA diameter and 3D US volume is shown in (F) for the AngII model and (H) for the PPE model.





DISCUSSION

Goldberg et al. were the first to compare 3D US with 3D histological AAA reconstruction (based on ex vivo stained aortic sections) in a specific allograft-based mouse model (22). While the study was exploratory and limited to end-point analysis of 6 mice, the authors convincingly demonstrated the reliability of 3D US to reflect AAA volume (outer wall and inner lumen) and morphological features like aortic plaques as confirmed by histological analysis. They advised 3D US to be evaluated in other AAA models and in longitudinal measurement of disease progression (22). Waduud et al. evolved the method of 3D US based AAA analysis by applying the fast and semi-automated acquisition of 157 frames over a 12 mm stretch with subsequent detailed manual contouring for 3D aneurysm reconstruction (20). While Waduud et al. provided proof-of-principle for the sensitive detection of AAA formation by 3D US in the ePPE model, our study allowed us to elucidate the limitations of 3D volume analysis by comparing the time course of aneurysm formation in four commonly applied AAA mouse models: Although 3D US generally proved more effective than conventional 2D B-mode in detecting early AAA formation, the 3D based volume analysis was found inferior to maximum diameter assessment in a surgical AAA model where the region of local injury is crucially determined by the individual anatomical features (PPE model).

Thus, while the mouse models differed substantially in the time course and extent of aneurysm formation, the analysis via 3D ultrasound yielded highly reproducible and interobserver-robust growth measurements of aortic volume and maximum diameter as reliable outcome parameters for in vivo studies. As demonstrated by the CV (Table 1), volume as well as diameter measurements in all four models showed little deviation between two independent observers. The highest variability of 8.46 ± 5.40% was recorded for the volume assessment in the ePPE + BAPN model, which is likely due to the substantially larger aneurysm size and occurrence of thrombi in this setting as opposed to ePPE without BAPN supplementation which showed the lowest interobserver variation and highest concordance coefficient of correlation (ρc = 0.998). In line, the Spearman coefficient of correlation between two independent assessments generally ranged ≥ 0.9 for all models and was consistently higher for absolute volume or diameter measurements compared to relative increase (Supplementary Figures 1–8).

The distinct growth patterns of AAA models depicted in Figure 3 have previously been reported by other groups and are likely due to the different triggers and pathogenic mechanisms of the respective models (13, 14, 16, 17). We have found that in three of the four investigated models (AngII, ePPE ± BAPN), in the initiation as well as in the AAA progression phase, there was a significant increase in absolute and relative volume and diameter over the commonly applied experimental time frames (Supplementary Figures 9–12). However, regarding the volumetric measurements of the PPE model this did not hold true, i.e., after the initial vessel expansion over 6 days the aortic volume did not rise significantly during the second experimental week. Also, the progression of maximum aortic diameter was minimal, reaching 128% on day 6 and 142% on day 13. This observation is in contrast to the first published landmark paper of aortic perfusion in mice, where immediately after elastase instillation the maximum aortic diameter increased to 174%, remained at this size until day 7 but reached 234% of baseline after 2 weeks (13). Of note, the group used a different mouse strain (129/SvJ mice), higher sample size (n = 33) and measured the aortic diameter in situ with a calibrated ocular grid, which might account for the AAA growth pattern distinct from our PPE results.

Furthermore, it should be noted that doubling in maximum aortic diameter has previously been applied as a cut-off in AAA mouse studies but does not match the human aneurysm definition (50% increase). While this threshold was frequently unmet in the PPE and AngII models, the presented 3D ultrasound analysis offers the tools to detect significant aorta expansion with high sensitivity and little measurement error. Thus, AAA growth may be reliably determined in mice with less than doubled diameter which may help to reduce animal numbers in experiments.

With respect to the newly introduced method of 3D ultrasound all mouse models showed good agreement between measurements of aortic volume and diameter (Figures 5, 6), and the 3D US inferred parameters corresponded well with ex vivo measurements of excised aneurysms (Figure 7). Again, absolute rather than relative AAA growth yielded a better correlation between 3D US derived volume and diameter measurements. In comparison to the other mouse models, PPE resulted in the lowest rate of aortic expansion with better interobserver consistency for AAA diameter than volume measurements, and higher effect size for early aneurysm detection by diameter than volume analysis. For the PPE model, 3D US derived diameter rather than volume correlated with ex vivo AAA analysis. We propose that the technical nature of the model might account for this distinctiveness. The anatomical conditions greatly determine the portion of the infrarenal mouse aorta which can be dissected and ligated for in vivo perfusion with elastase. We observed a high variation in the anatomy of murine abdominal aortas, regarding amount and localization of side as well as lumbar branches. Since the placement of ligatures defines the length of the aorta injury, this introduces a bias regarding the volume of AAA formation while maximum vessel enlargement in terms of aortic diameter is more consistent.

Thus, in addition to the low interobserver variability and easy application of 3D US across different laboratories, the strength of this technique certainly lies within the high sensitivity in monitoring aorta expansion at the early time points. Of note, the relative increase (in percent of baseline) was found to be substantially higher for volume than diameter in all investigated models: 181% vs. 141% (AngII), 217% vs. 145% (ePPE), 177% vs. 139% (BAPN), and 141% vs. 128% (PPE). Furthermore, when compared to conventional 2D B-mode analysis, the highest (standardized) effect size was generally recorded for the 3D US derived parameters to detect significant AAA growth at an early time point (Table 2) which may facilitate animal stratification into treatment groups and improve the assessment of eventual regression upon drug therapy. Moreover, 3D volume reconstruction does not only assist in identifying the site of maximum aortic diameter but yields more detailed information about the underlying morphology of the aneurysm. In line with the distinct pathological triggers, the mouse models exhibited major differences in the shaping aneurysms, and monitoring the entire aneurysm rather than maximum diameter might offer more information on potential drug effects. When comparing 3D preclinical ultrasound to the clinical situation where manual 2D readout is generally applied, the experimental results encourage the implementation of a software-assisted, semi-automated output of AAA volume and maximum aortic diameter for the coherent monitoring of aneurysm growth by ultrasound as is increasingly supported by studies (23–25).


Limitations

As the study was retrospective in design, the number of available data sets differed between the investigated mouse models. Thus, the variation in sample size limits comparability between models but does not impair the assessment of volume vs. diameter within each model. Of note, effect size (Cohen’s d) was comparable for the ePPE (n = 20) and ePPE + BAPN (n = 8) models despite the substantial difference in animal numbers.

While we found 3D based approaches to be highly reproducibly and particularly effective in detecting early formed aneurysms, the 3D US image recording and aorta reconstruction does require considerably more time than conventional 2D B-mode analysis. Also, expenses for aorta scans by high frequency ultrasound systems have to be considered (5–7 min per mouse).
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Background: Microvascular obstruction (MVO) and Late Gadolinium Enhancement (LGE) assessed in cardiac magnetic resonance (CMR) are associated with adverse outcome in patients with ST-elevation myocardial infarction (STEMI). Our aim was to analyze the diagnostic performance of segmental strain for the detection of MVO and LGE.

Methods: Patients with anterior STEMI, who underwent additional CMR were enrolled in this sub-study of the CARE-AMI trial. Using CMR feature tracking (FT) segmental circumferential peak strain (SCS) was measured and the diagnostic performance of SCS to discriminate MVO and LGE was assessed in a derivation and validation cohort.

Results: Forty-eight STEMI patients (62 ± 12 years old), 39 (81%) males, who underwent CMR (i.e., mean 3.0 ± 1.5 days) after primary percutaneous coronary intervention (PCI) were included. All patients presented with LGE and in 40 (83%) patients, MVO was additionally present. Segments in all patients were visually classified and 146 (19%) segments showed MVO (i.e., LGE+/MVO+), 308 (40%) segments showed LGE and no MVO (i.e., LGE+/MVO–), and 314 (41%) segments showed no LGE (i.e., LGE–). Diagnostic performance of SCS for detecting MVO segments (i.e., LGE+/MVO+ vs. LGE+/MVO–, and LGE–) showed an AUC = 0.764 and SCS cut-off value was –11.2%, resulting in a sensitivity of 78% and a specificity of 67% with a positive predictive value (PPV) of 30% and a negative predictive value (NPV) of 94% when tested in the validation group. For LGE segments (i.e., LGE+/MVO+ and LGE+/MVO– vs. LGE–) AUC = 0.848 and SCS with a cut-off value of –13.8% yielded to a sensitivity of 76%, specificity of 74%, PPV of 81%, and NPV of 70%.

Conclusion: Segmental strain in STEMI patients was associated with good diagnostic performance for detection of MVO+ segments and very good diagnostic performance of LGE+ segments. Segmental strain may be useful as a potential contrast-free surrogate marker to improve early risk stratification in patients after primary PCI.

KEYWORDS
STEMI, strain, feature tracking (CMR-FT), LGE CMR, microvascular obstruction (MVO), late gadolinium enhancement, myocardial strain analysis


Introduction

The presence of microvascular obstruction (MVO) in patients with ST-segment elevation myocardial infarction (STEMI) is a predictor of poor functional recovery, congestive heart failure and mortality (1, 2). Therefore, early detection of MVO is clinically relevant and helpful to guide adjunctive therapeutic decisions in patients with STEMI. MVO can be assessed non-invasively using cardiac magnetic resonance imaging (CMR) and is characterized by a no-flow phenomenon, with a dark appearance in the late gadolinium enhancement (LGE) images. However, in patients with poor renal function or intolerance to gadolinium contrast agent, the evaluation of MVO may potentially be limited. Furthermore, the impact of MVO on left ventricular myocardial function is largely unknown, and it remains to be determined, whether left ventricular myocardial function may act as a potential contrast-free surrogate marker for the presence of MVO. Myocardial deformation expressed as myocardial strain is an accurate parameter for the assessment of myocardial function and can depict ventricular function in different orientations (i.e., circumferential and longitudinal shortening) on a global and segmental level (3–6). In CMR, strain can be assessed with dedicated sequences like tissue tagging or with novel emerging post-processing software like CMR feature tracking (CMR-FT) (7). The aim of this study was to analyze segmental CMR-FT strain from routinely acquired ciné images and to test the diagnostic performance of segmental strain for the detection of MVO and LGE in STEMI patients after primary percutaneous coronary intervention.



Materials and methods


Participants

The participants of this study were enrolled in the CARE-AMI trial (clinical trial unique identifier: NCT03274752) (8). Detailed in- and exclusion criteria have been reported previously. In brief, patients presenting with anterior STEMI and reduced LVEF (i.e., ≤ 45%), who underwent primary percutaneous coronary intervention (PCI) within 24 h were eligible for inclusion and underwent baseline CMR after PCI (8). Exclusion criteria consisted of previous myocardial infarction (MI) or primary percutaneous intervention along with contraindications to CMR (8) (see Figure 1).


[image: image]

FIGURE 1
Flowchart. The flowchart illustrates screening, withdrawals, and performed CMR analysis.




Cardiac magnetic resonance protocol

Scans were performed on a 1.5 Tesla system (Magnetom Aera, Siemens Healthineers, Erlangen, Germany). Standard steady state-free precession 8 mm slice thickness ciné images were acquired covering the left and right ventricle in a short-axis (SAX) stack without gap and as well three long axis (LAX) views were obtained to cover for the whole ventricle to assess ventricular function and dimensions. For the LGE images, patients received gadobutrol as a contrast agent (0.2 mmol/kg) and 10–15 min post injection of contrast agent LGE images were acquired as described elsewhere (9).



Tissue characterization

All CMR data were read by readers blinded to patient information and coronary angiography findings. Semi-quantitative LGE images were analyzed by the five standard deviation approach for %-of enhanced myocardial mass (10). MVO was defined as an endocardially located no-reflow region represented by a black area with surrounding LGE. Segments were visually classified as segments with LGE and additional MVO (LGE+/MVO+), segments with LGE and no MVO (LGE+/MVO–) or segments with no enhancement (LGE–) (9).



Strain analysis

CMR-FT, a post-processing technique was applied to standard steady state-free precession cinés in which with the help of epi- and endocardial contours features within the myocardium were tracked over the entire cardiac cycle to obtain myocardial strain (7). CMR-FT analysis was performed using Circle Cardiovascular Imaging (cvi42, Calgary, Canada, version 5.12) software. End diastolic, epi-, and endocardial contours were placed using the automatic contouring tool on a SAX stack, and three LAX (4-chamber, 3-chamber, and 2-chamber) ciné images, and adjusted manually by the reader if necessary. Strain was calculated for systolic deformation parameters represented by peak strain (point of maximum deformation), time to peak strain (within the cardiac cycle), along with systolic strain rate (change of strain over time) in both the circumferential and longitudinal orientations (i.e., segmental circumferential peak strain, SCS; segmental longitudinal peak strain, SLS) (5, 7, 11). Measurements were reported per American heart association (AHA) segment (16 segment model). In our experience, the average time for automated strain analysis with data reporting takes about 5 min resulting in global and segmental strain values simultaneously. However, due to inconsistencies in the segmental strain analysis (i.e., highest peak at incorrect phase) manual corrections can take up to 20 min per patient.



Statistical analysis

Continuous variables were expressed as mean ± standard deviation unless defined otherwise or median and interquartile range based on normality. Categorical variables were presented as frequency and percent of the population. Statistical significance was defined as a two-tailed p-value < 0.05. Patient characteristics and global findings are reported for the entire cohort, as well as grouped by the presence or absence of MVO. These groups were compared by a Chi-square test or an independent t-test, for categorical or continuous variables, respectively.

First, to characterize segmental CMR-FT measurements based on the presentation of co-localized MVO or LGE, segmental strain values were categorized into the three groups LGE+/MVO+, LGE+/MVO–, and LGE–. To compare these three groups, a mixed linear model was fitted with the lmer and emmeans (6, 12) functions accounting for multiple measurements per patient by including subject identification as a random intercept and reported as mean and standard error.

The diagnostic performance was initially tested using logistic regression to investigate the association of sex, laboratory markers, coronary angiography findings and all regional CMR-FT measurements to the presence of MVO. Specifically for peak circumferential and longitudinal strain measures, further diagnostic analysis was conducted. Patients were randomized into a derivation group of 30 patients (480 segments) and a validation group of 18 patients (288 segments). In the derivation group, receiver-operator characteristic (ROC) curves were created to test the ability of strain measures to first discriminate between scar and no scar (LGE+ vs. LGE–), MVO and no MVO (MVO+ vs. MVO–) and for MVO discrimination within scar (LGE+/MVO+ vs. LGE+/MVO–). ROC curve analysis for peak strain was performed in a derivation cohort and then tested in a validation cohort. Optimal cut-off values for the different ROC curves were calculated with the Youden Index using the pROC function (13). These cut-offs were subsequently tested for performance in the validation cohort, with the 95% confidence intervals of sensitivity, specificity, negative predictive value, and positive predictive value corrected for the multiple measures per patient (14).

Images of 10 randomly selected participants were replicated by a second independent reader and inter-observer reliability of one segment was assessed using a two-way intraclass correlation (ICC) test for absolute measures. Statistical analyses were performed with R software (version 3.5.0, R Foundation for Statistical Computing, Vienna, Austria), GraphPad Prism version 9.0 (GraphPad Software, La Jolla California United States) with SPSS version 24 (SPSS IBM, New York, United States).




Results


Patient demographics

Fifty patients with anterior STEMI undergoing primary PCI were enrolled between 10/2017, and 09/2020. After withdrawal of 2 patients, 48 patients (62 ± 12 years) remained for the purpose of the present analysis (96%). Thirty-nine (81%) patients were male. CMR exams were performed during the hospital admission within a mean of 3.0 ± 1.5 days after PCI. A total of 722 segments of 753 segments (96%) for short axis slices could be analyzed and 653 of 768 segments (89%) for longitudinal orientation. Detailed demographics for patient’s characteristics are depicted in Table 1. On a patient level, LGE was present in all patients and 40 (83%) patients showed additionally presence of MVO. LVEF of all patients was 40 ± 9%, while LVEF was significantly lower in patients with MVO+ when compared to MVO– patients (39 ± 9% vs. 48 ± 8%; p = 0.013) (Table 1).


TABLE 1    Baseline characteristics.
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Strain measurements

On a segmental level, 146 (19%) segments were categorized as LGE+/MVO+, 308 segments (40%) as LGE+/MVO–, and 314 (41%) segments as LGE–. SCS significantly differed between all categories, and was significantly impaired in LGE+/MVO+ segments (–9.0 ± 0.6%) in comparison to LGE+/MVO– (–10.4 ± 0.5%), and LGE– (–17.4 ± 0.5%) (p ≤ 0.007, Table 2). Similar results were observed for circumferential systolic strain rate and less prominent with time to peak. SLS was also poorest in LGE+/MVO+ segments (–6.6 ± 0.7%), followed by LGE+/MVO– (–8.3 ± 0.5%), while LGE– segments yielded the best SLS (–16.0 ± 0.5%, p ≤ 0.020 for all comparisons). With segmental longitudinal time to peak strain and systolic strain rate, only LGE– territories differed from LGE+/MVO+ (Table 2). Logistic regression demonstrated that in addition to segmental peak strain, time to peak strain, and systolic strain rate in both orientations were associated with the presence of MVO (Figure 2).


TABLE 2    Comparison of segmental strain between LGE– segments vs. LGE+/MVO– segments, vs. LGE+/MVO+ segments.
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FIGURE 2
Diagnostic performance of SCS and SLS for MVO and LGE. (A) Parameter estimates with 95% confidence intervals demonstrate association with MVO presence. Blue for circumferential values and red for longitudinal values. (B) On top show ROC curves segmental circumferential and longitudinal peak strain for the detection of MVO+ (LGE+/MVO+) against MVO– (LGE+/MVO– and LGE–) (SCS with AUC = 0.764, p < 0.001 and a cut-off value of –11.2%, SLS with AUC = 0.728, p < 0.001 and a cut-off of –11.5%). On the bottom is segmental circumferential and longitudinal peak strain for detection of LGE+ (LGE+/MVO+, and LGE+/MVO–) against LGE– (SCS with AUC = 0.848, p < 0.001 and cut-off of –13.8%, SLS with AUC = 0.806, p < 0.001 and cut-off of –13.5%). (C) Diagnostic performance for MVO discrimination within scar (LGE+/MVO+ vs. LGE+/MVO–) with ROC curves of SCS and SLS from a derivation group on top. On the bottom is the performance of the cut-off from the ROC curve in a validation cohort with corresponding true positive (TP), false positive (FP), false negative (FN), true negative (TN), sensitivity (Sn), specificity (Sp), PPV, and NPV.




Diagnostic performance

For scar (LGE+/MVO+ and LGE+/MVO–) vs. no scar (LGE–), ROC curve analysis of SCS showed an area under the curve (AUC) of 0.848 with an optimal cut-off of –13.8%. For SLS AUC was 0.806 and the cut-off was calculated at –13.5% (comparison between AUC p = 0.017). Application of these cut-offs in the validation group for SCS yielded a sensitivity of 76%, a specificity of 74%, a positive predictive value (PPV) of 81% and a negative predictive value (NPV) of 70%. SLS yielded to a sensitivity of 88%, a specificity of 65%, a PPV of 73%, and a NPV of 71%.

For MVO (LGE+/MVO+) vs. no MVO (LGE+/MVO– and LGE–) ROC curve analysis of SCS showed an AUC of 0.764 with an optimal cut-off of –11.2%. SLS showed an AUC of 0.728 with an optimal cut-off of –11.5% (comparison between AUC p = 0.020).

When applying these cut-offs to the validation cohort, the cut-off of –11.2% for SCS yielded a sensitivity of 78%, a specificity of 67%, a NPV of 94% and a PPV of 30%. For LGE+, application of the SLS cut-off of –11.5%, yielded a sensitivity of 80%, a specificity of 51%, a NPV of 92% and a PPV of 24%.

For MVO discrimination within scar (LGE+/MVO+ vs. LGE+/MVO–) the ROC curve analysis for SCS showed an AUC of 0.606 with an optimal cut-off of –11.5%. For SLS AUC was 0.612 with an optimal cut-off of –11.4% (comparison between AUC p = 0.323).

Application of these cut-offs in the validation cohort for SCS yielded to a sensitivity of 80%, a specificity of 47%, a NPV of 84% and a PPV of 36%. For SLS the cut-off application in the validation cohort yielded to a sensitivity of 80%, a specificity of 31%, a NPV of 83%, and a PPV of 39% (Table 3). A patient examle for the application of the cut-offs can be seen in Figure 3.


TABLE 3    Diagnostic performance of segmental strain.

[image: Table 3]



[image: image]

FIGURE 3
Patient example of LGE, MVO, and SCS values. On the left side, short axis basal, midventricular, and apical slices of circumferential strain images are shown. On the middle row matching late gadolinium enhancement (LGE) images with scar tissue in white (orange region of interest) and microvascular obstruction (MVO) (black arrow and red region of interest) are shown. On the right side, cut-off values for LGE+/MVO–, and MVO+, respectively, are shown and exemplary peak strain values for AHA segments are shown, where predicted LGE segments are highlighted in orange and predicted MVO segments in red.




Reproducibility

The intraclass correlation coefficient for intrareader variability was 0.869 (95% CI: 0.800–0.912, p < 0.001) for SCS and 0.779 (95% CI: 0.697–0.839, p < 0.001) for SLS.

For interreader variability the values were 0.665 (95% CI: 0.514–0.768, p < 0.001) for SCS and 0.765 (95% CI: 0.685–0.827, p < 0.001) for the SLS. With regard to the inter- and intrareader variability for LGE mass (5SD method), we refer to a recent publication by our group, where the technique has proven to be a robust method (9).




Discussion

The current study demonstrates that segmental strain in STEMI patients showed a good diagnostic performance for detecting MVO+ segments and very good diagnostic performance for LGE+ segments. However, the accuracy for discriminating MVO+ segments within LGE+ segments is limited.

In patients presenting after STEMI the use of CMR allows not only the depiction of left ventricular dimensions and ejection fraction, but also infarct size, MVO and myocardial strain. As MVO can only be detected by using gadolinium contrast, agent potentially limiting the performance in patients with poor renal function, intolerance to contrast agent or inability to undergo long scanning times, a non-contrast method would be desirable for indirect MVO detection. In line with previous studies, our study adds to the growing body of evidence that myocardial strain is correlated with LGE and MVO. In fact, this is the first study to the best of our knowledge, using CMR-FT from routinely acquired ciné images to analyze segmental strain for MVO detection. Previous studies have reported a correlation of strain with the presence of LGE in STEMI patients (15, 16) and MVO in addition to LGE seems to have a greater effect on strain (i.e., global) compared to LGE alone (17, 18). Furthermore, it has been demonstrated that segmental strain bears the potential to detect MVO with high accuracy, however, specific cut-off values vary between groups due to different patient cohorts and the use of different modalities (i.e., echocardiographic strain or tagging sequences). In fact, Everaars et al. (18) analyzed segmental circumferential peak strain with tissue tagging and found that a cut-off value of –6.2% could detect MVO with comparable sensitivity and specificity and high NPV and low PPV. Furthermore, CMR-FT over CMR tissue tagging inherits the advantage that it can be performed post-scanning with no need for a dedicated sequence and no prolongation of scan times, which decreases cost and increases efficiency and patient comfort. Bergerot et al. (19) investigated segmental longitudinal peak strain as assessed with a different modality (i.e., by speckle tracking echocardiography) and found that a SLS of –12.5% predicted MVO with high sensitivity and specificity (sensitivity of 85% specificity of 75%). However, speckle tracking echocardiography might be challenged by possible poor acoustic windows. The application of post-processing CMR-FT ciné images is rapidly expanding and Polacin et al. (20) were the first to evaluate a relevant cut-off for the detection of LGE with an optimal cut-off of –7.2% (sensitivity 89% specificity 86%). Compared to our study, the authors analyzed a different cohort. They included only patients with chronic infarctions, while in our study patients with acute anterior STEMI were analyzed. Consequently, in our analysis LGE might represent not only scar, but also edema, as scans were obtained within a short period of time after the event. Similarly, Yu et al. (15) found in a patient cohort scanned within 1 month after the infarction a SCS cut-off of –10.2%, assessed by CMR-FT that yielded LGE detection with a sensitivity of 80% and specificity of 85%. When comparing different techniques (i.e., CMR-FT and TT) in patients after STEMI, TT showed a higher interobserver variability and correlated less strongly with infarct and showed overall higher values for circumferential strain (21, 22), a possible factor contributing to different cut-off values and differences in the diagnostic performances. The same holds true for the comparison between echocardiography and CMR-FT with comparable results, however, not completely interchangeable (23–25). Regarding the differences between SCS and SLS, the literature is inconclusive, showing no superiority of either one (26–28). We would explain the higher diagnostic performance in our cohort mainly due to a higher robustness to outliers/wrong values. SLS is assessed in 3 long axis slices, every segment is depicted exactly once, while in a SAX stack every segment is depicted at least twice and results are averaged over the segment, as we also observed in our myocarditis cohort (6). This could also be different in patients with smaller infarct sizes, with only endocardial layer affected, where SLS could be more important. As we included only patients with acute anterior infarctions, infarct size may also have affected the strain in remote territory—another factor for differences in cut-off values. This is in line with the findings of a recent study by Sjögren et al. were the comparison of strain in different culprit lesions, infarctions in the territory of the LAD affected remote strain (29). The most likely explanation for this phenomenon is related to tethering of strain from remote segments next to infarct, that are more affected compared to non-neighboring segments (15, 30, 31). The same seems to hold true for LGE segments adjacent to MVO segments as in our population, where “borderline” zones might have altered the calculated cut-off values. LGE extent results may differ depending on the selected semi-quantitative post-processing LGE definition. The 5SD approach shows a low inter- and intrareader reliability (10, 32) and seems to represent an accurate method to assess scar in acute myocardial infarction (33). For segmental LGE and MVO analysis we decided to stick to a visual assessment for this analysis, but this would be a topic of interest in the future.

Previous studies and ours support the findings that CMR-FT shows the potential to accurately discriminate LGE segments and presence of MVO segments and may therefore help to better risk stratify patients with anterior STEMI after primary PCI. Diagnostic performance testing in future studies with larger cohorts could further help to establish cut-off values required before implementation in routine clinical practice.


Study limitations

There are several limitations in this study. First, this was a single center study with a rather small sample size and no pre-specified power analysis for the diagnostic performance of myocardial strain assessed by CMR. Second, since segmental strain analysis is still a method in its early stages, we considered the CARE-AMI dataset with a homogenous cohort and only anterior infarction an ideal study population for the proof of concept analysis of segmental strain for detection of LGE and MVO in STEMI patients. Future studies should aim at reproducing data in cohorts with smaller infarctions and in other vessel territories. Currently, there are also no established normal values for segmental strain, however, there are some small cohort studies, where segmental strain was evaluated in healthy volunteers or in other cardiac pathologies (26, 27). Third, most patients were MVO+ which resulted in an uneven distribution; however, on a segmental level, the distribution between LGE+/MVO– vs. LGE+/MVO+, and LGE– was more evenly distributed, but may still represent a confounding factor. Definition of segments with LGE should also be evaluated through the use of different quantification techniques other than 5SD approach. Fourth, as there were no CMR sequences performed for the evaluation of edema or hemorrhage, the tissue damage is limited to the LGE+ segments, which may lead to an overestimation of remote territory. Fifth, through the tethering effect of segmental strain, adjacent segments of remote myocardium may further influence cut-off values, especially in cases with large infarcts. Finally, the CMR-FT method might be limited by a high variability compared to other techniques as observed by other groups (34, 35). Beside tagging, regional (fast) strain-encoded magnetic resonance (SENC) is a reliable method to image myocardial strain and inherits the potential to predict ischemia, size and transmurality of infarction (36–40). An important limitation of the current study is the lack of follow-up data, including the assessment of functional recovery and outcomes on a patient-level (40).




Conclusion

Segmental strain analysis by CMR feature tracking is able to discriminate segments with MVO and/or LGE in patients with acute anterior STEMI undergoing primary PCI with good diagnostic accuracy. However, the accuracy for the discrimination of MVO presence within infarcted segments only, is limited. Segmental strain may be useful as a potential contrast-free surrogate marker to improve early risk stratification in patients after primary PCI.
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Supplementary Figure 1
ICC Bland-Altman plots. Top row: Interreader variability of SLS on the left and SCS on the right, respectively, with 95% confidence interval for the levels of agreement. Bottom row: Intrareader reliability of SLS on the left and SCS on the right with 95% confidence interval for the levels of agreement.

Supplementary Figure 2
Confusion matrices for SCS and SLS for tissue discrimination. On the left: Confusion matrix showing the discrimination between LGE+/MVO+ (2), LGE+/MVO– (1) and LGE– (0) in a validation cohort with the use of cut-offs for SCS of –13.8 and –11.2%. Prediction results in a big FP rate for LGE+/MVO+, as can be seen in comparison of the row sums against column sums. On the right: The same can be seen for performance of SLS in a validation cohort with the cut-offs of –13.5 and –11.5%, which also result in a high amount of FP values for LGE+/MVO+. Of note: A perfect confusion matrix only shows results for the diagonal.
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Recent progress in digital health data recording, advances in computing power, and methodological approaches that extract information from data as artificial intelligence are expected to have a disruptive impact on technology in medicine. One of the potential benefits is the ability to extract new and essential insights from the vast amount of data generated during health care delivery every day. Cardiovascular imaging is boosted by new intelligent automatic methods to manage, process, segment, and analyze petabytes of image data exceeding historical manual capacities. Algorithms that learn from data raise new challenges for regulatory bodies. Partially autonomous behavior and adaptive modifications and a lack of transparency in deriving evidence from complex data pose considerable problems. Controlling new technologies requires new controlling techniques and ongoing regulatory research. All stakeholders must participate in the quest to find a fair balance between innovation and regulation. The regulatory approach to artificial intelligence must be risk-based and resilient. A focus on unknown emerging risks demands continuous surveillance and clinical evaluation during the total product life cycle. Since learning algorithms are data-driven, high-quality data is fundamental for good machine learning practice. Mining, processing, validation, governance, and data control must account for bias, error, inappropriate use, drifts, and shifts, particularly in real-world data. Regulators worldwide are tackling twenty-first century challenges raised by “learning” medical devices. Ethical concerns and regulatory approaches are presented. The paper concludes with a discussion on the future of responsible artificial intelligence.
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INTRODUCTION

Artificial intelligence (AI), machine learning (ML), and deep learning (DL) are often used interchangeably. This pars pro toto usage of terms is rooted in the growing importance of DL in ML and ML in AI. DL is a subset of ML, and the latter is a subset of AI. AI is used as a term for artificial systems that perceive and process input data and achieve specific goals. In changing data ecosystems and application contexts, adaptive learning or even problem-solving may be essential functions of such systems (1, 2). The popular concept of characterizing AI as an emulation of human cognitive performance or “strong AI” may be a general ethical concern in the future but does not apply to current cardiovascular imaging applications.

ML/DL maps data patterns on output without intermediate hypothesis modeling. A strength of this approach is the ability to discover an unknown pattern in the data and derive models without requiring a priori assumptions about frequently poorly understood underlying features. The algorithms are trained and tuned on a sufficiently large set of representative data and evaluated on a separate hold-out test set of data. Training is iterative and guided by a cost function. The cost function may be based on the difference between (partially) known (labeled) ground truth and algorithmic estimate called supervised learning (semi-supervised learning), on intrinsic data patterns termed unsupervised learning, or on incentives called reinforcement learning. Competing cost functions may be employed as adversarial learning, e.g., for recognizing fake images. A comprehensive survey on ML methods cannot be integrated into this paper because the field is an evolving science with many ramifications ranging from statistical learning to neuromorphic computing (3). A concise overview of ML methods used in cardiovascular imaging may be found in recent papers (4, 5). “A deep-learning architecture is a multilayer stack of simple modules, all (or most) of which are subject to learning, and many of which compute non-linear input-output mappings” (6). Supervised or semi-supervised DL was successfully used in image segmentation and classification. Convolutional neural nets (CNN) are a specialized kind of neural network particularly suited for processing data with a known grid-like topology (6). Neural nets are hierarchically stacked layers of modules that are partially or fully connected. The first layer is the input vector, e.g., a vectorized pixel matrix of the image to be analyzed. The hidden layers extract features on different scales. The last layer is the output vector representing the result of classification or segmentation. The input of a module is the sum of weighted outputs of the modules of previous layers activated by a non-linear function. Convolutional layers may be seen as additional self-learning filters critical in imaging applications. Spatial pooling reduces spatial resolution and controls the size of the layers. Residual connections skip layers and thereby stabilize very deep nets with more than 150 layers. An appropriate cost function guides learning optimal weights for connections and filters. Details and research on more technical issues, e.g., optimization of learning and avoiding overfitting, may be accessed as HTML MIT Press book.1 We refer to a recent paper for more detail on cardiovascular imaging (7). DL by CNN requires enormous computing resources. The calculus is simple algebra, however, and can be massively parallelized. Thus, advances in computing hardware, particularly graphic processing units and parallel computing resources, enabled these approaches. Big data are the fuel of DL. The ImageNet challenge and other annual competitions2 sped up the evolution of DL. A worldwide open-source community further promoted the rise of DL. User-friendly software environments, e.g., Caffe,3 Tensorflow,4 Theano,5 PyTorch,6 Lasagne,7 and Keras8 enable scientists worldwide to explore DL.

As opposed to large amounts of available images, e.g., on ImageNet, moderate or small sets of cardiovascular images are often confined to local picture archiving systems (PACS) due to data protection laws and privacy concerns. Attempts to pool medical images struggle with interoperability issues and legal constraints. There are different approaches to solve the problem of limited health data comprising data augmentation, construction of representative artificial images, deidentification of data sets, various models of federated learning, and secure pooling using blockchain ledger technologies. The problem of small data sets may also be approached by tweaking the nets, pre-training on non-medical images, and fine-tuning on health images. Last but not least medical PACS systems are evolving into big data repositories in our digital ecosystem. According to Badano et al., artificial intelligence and cardiovascular imaging are a win-win combination (8).

AI in cardiovascular imaging is a medical device. Patients and physicians expect approved or certified medical devices to be safe and effective9 (9). They also desire to profit from innovations in medicine due to novel technologies. However, assessing safety and efficacy consumes time and may result in a roadblock to fast and agile innovation. Competent authorities must manage to provide responsible regulation without quenching innovation. This is a growing challenge in software as a medical device (SaMD) or part of a medical device. Software is increasingly crucial for efficacy in novel state-of-the-art medical devices. Yet, the software may be complex and even change by ‘‘learning’’ [machine learning medical devices (MLMD)10 ]. As it is more difficult to aim at a moving target than a fixed one, regulating learning frequently changing or even autonomous medical devices is more demanding than regulating medical devices in the past that were rarely ever changed. Whereas, external supporting evidence was manually gathered data in the past, we currently wrangle with a flood of digital data. This big data comprises archived data collected with other medical purposes, e.g., medical images in PACS systems. MLMD thrives on the ingestion of such big data. Consequently, regulation has to deal with a garbage-in-garbage-out risk of data sources tapped by MLMD devices. Bias, errors, drifts, and shifts in data may entail unanticipated and unintended output. Suppose data is mapped on the output by complex non-linear and implicit feature extraction, e.g., in neural networks. In that case, a check against the hypothesis as in classical science is lacking. Thus, judging the validity of the outcome may be challenging, and explainable AI becomes an issue. New technologies need new ways of regulation.

The remainder is a sketch of current cardiovascular MLMD imaging, ethical concerns, current state-of-art, and emerging regulatory changes. In the first subsection, the use of MLMD in cardiovascular imaging is briefly exposed. Ethical and legal concerns and specific risks of MLMD are discussed in the second subsection. The third subsection presents the basics of SaMD and MLMD regulation, relevant standards, some existing regulatory environments and a comparison of the EU and the USA with examples that entail a reflection on autonomy. The discussion starts with a short summary and addresses the future of MLMD cardiovascular imaging, digital data, and evolving regulation.



REAL-WORLD AND REGULATORY PERSPECTIVES


Current State of Artificial Intelligence and Machine Learning in Cardiovascular Imaging

The scope of this section is to describe the broad range of actual and potential applications and provide suitable references for readers that are not familiar with all applications “of AI in CV Medicine.” A detailed review of applications of MLMD in cardiovascular imaging is covered by many recent papers (10–17).

There is a wide range of applications comprising image acquisition (18, 19), pre-processing, segmentation, automated measurements, quality control, image retrieval, matching real-time acquired images with previous images (20), fully automated quantitative assessment (21), and even diagnostic guidance11 and diagnosis. MLMD may enable personalized treatment based on cardiovascular imaging phenotypes and prognostic stratification. Essential issues are automatic screening of unread studies for potential emergency findings requiring urgent reporting and emergency treatment. Meanwhile, medical devices that provide fully automated quantitative assessments of images are commercially available for different modalities as echocardiography (22, 23), cardiac magnetic resonance imaging (CMR), computed tomography (CCT) (24, 25), nuclear cardiac imaging (25, 26) and multimodality imaging (17, 25).

Radiomics is a recent sophisticated feature exploiting approach initially conceived as an image biomarker approach in personalized cancer treatment that is a rising star in cardiovascular imaging and precision medicine. Radiomics in computed tomography comprises intensity-based, texture-based, shape-based, model-based, and transform-based metrics (27, 28). The Radiological Society of North America (RSNA) initiated a Quantitative Imaging Biomarkers Alliance (QIBA),12 and the European Society of Radiology (ESR) merged the activities of the former ESR Subcommittee on Imaging Biomarkers, the ESR Working Group on Personalized Medicine, and ESR-EORTC Working Group into the European Imaging Biomarkers Alliance (EIBALL).13 Methods in radiomics are still a research area, however. Radiomic features are sensitive to image acquisition settings, reconstruction algorithms, and image processing. Strict adherence to standardized image acquisition and reconstruction protocols, including standardization, harmonization, and feature reduction techniques, is recommended. Major pitfalls are class imbalance, overfitting, and sometimes underfitting. Nuclear medicine is expected to profit from this research tool in clinical decision-making and discovering novel molecular pathways (28).

As the clinical evaluation of MLMD entails clinical investigations, appropriate amendments to reporting guidelines should be accounted for Liu et. (29), Cruz et. (30). Developing appropriate study protocol extensions for MLMD is ongoing (31, 32).

Within the last 5 years, more than 1,814 full texts on MLMD in cardiovascular imaging were published. A literature search algorithm allowing regular updates for cardiovascular care is provided by Quer et al. (33).14



Specific Risks by Artificial Intelligence and Machine Learning-Ethical and Legal Concerns

The promises of MLMD come with new risks due to unexpected behavior and specific weaknesses of the method. Input attacks, e.g., are surreptitious cyber-attacks by manipulating input data. Hidden bias is deeply rooted in data. Limitations and flaws of human judgment, prejudices, and fashions leave traces in data. Moreover, even corrupted data may betray sensitive information like race, eluding awareness of clinical experts (34). And last not least, spurious data correlations may lead to mismatch (35), famous in MLMD as “Clever Hans” (36). Model predictions must be evaluated with confidence limits of uncertainty in mind (37). Other MLMD-specific problems are potentially unpredictable behavior, lack of transparency and under-specification, and problems during deployment and use of AI systems. Under-specification is common in modern machine learning pipelines and causes real-world performance impairments and failure of generalization. Sensitivity analyses, stress- tests regarding requirements, and the development of application-specific regularization schemes may help to control this issue (38).

Health, and cardiac imaging, in particular, is a sensitive and safety-critical domain. MLMD should be accurate, robust, trustworthy, transparent, explainable, understandable, and resilient. There may be tradeoffs between goals that depend on stakeholders and context (39).

The Wellcome report on ‘‘ethical, social, and political challenges of artificial intelligence in health’’15 addresses several scenarios of medical socio-technical application contexts including MLMD-agents such as process optimization, preclinical research, clinical pathways, and patient-facing and population-level applications. The report identified the most critical challenges across use-cases: There was concern about the impact of AI on human relationships, data management, governance, and existing health inequalities. Further questions regarded issues around transparency and explainability of algorithms in health settings, software-generated as opposed to human decisions, patients’ and public expectations from AI and related technology, best practices of regulation, eventually forbidden use of new information, the trustworthiness of algorithms, and last not least problems arising from the private-public collaboration. In conclusion, there are three major areas of concern, consent, fairness, and rights. If there is some autonomy in AI’s decision that might not be fully understood, what means consent to use this service? Distributive fairness is conventionally governed by three principles (responsibilities, capabilities, and needs). Yet, the application of these fuzzy concepts strongly depends on interpretation. Moreover, MLMD is a rapidly changing technology. New approaches to specify and warrant fairness in these novel socio-technical contexts should be considered. An issue regarding rights spins around the point of whether there is a right to human delivery of healthcare. In the European Union, citizens have the right not to be subject to automatic decisions solely without any human intervention and to get an explanation of a decision’s logic.16

At the population level, there seem to be three main expectations: the final responsibility of human physicians for diagnosis and treatment, explainable MLMD decision-support, and testing of the system for discrimination (40). The European Commission set up a High-Level Expert Group on Artificial Intelligence17 that elaborated ethics guidelines for trustworthy AI (41) based on a human-centric approach. AI is not an end in itself but a tool that has to serve people with the ultimate aim of increasing human wellbeing. Trustworthy AI should be lawful, ethical, and robust. The guideline focuses on ethics and robustness. AI should be developed, deployed, and used based on four principles: respect for human autonomy, harm prevention, fairness, and explicability. Particular attention should be paid to potential tensions between these principles and the impact on vulnerable groups, e.g., children or disabled persons. The vision of benefits should not impair the scrutiny of pending risks and adequate mitigation. In chapter II, guidance is detailed. AI should be developed, deployed, and used meeting ‘‘seven key requirements for Trustworthy AI: (1) human agency and oversight, (2) technical robustness and safety, (3) privacy and data governance, (4) transparency, (5) diversity, non-discrimination and fairness, (6) environmental and societal wellbeing, and (7) accountability.’’ Technical and non-technical methods should achieve the implementation of these requirements. Technical approaches include specific architecture, ethics, and the rule of law by design, explanation tools, rigorous testing and validation that should include adversarial/penetration testing, and quality of service indicators. Non-technical methods comprise regulation, codes of conduct, standardization, certification, governance, education, ethical mindset, stakeholder participation, diversity, and inclusive design teams. The guideline recommends fostering research, innovation, dissemination of information, and education on ethics in AI. Communication with stakeholders regarding capabilities, limitations, and expectations of AI applications should be clear, proactive, and transparent. AI systems should be traceable and auditable. All stakeholders18 should be involved throughout the total lifecycle of the product. Fundamental tensions between different principles and requirements need continuous attention. Chapter III provides a preliminary checklist for assessing trustworthy AI for tailoring and continuous improvement. The current final version of the ‘‘Assessment List for Trustworthy Artificial Intelligence (ALTAI) for self-assessment’’19 is available as PDF or web-based tool.

The term meaningful human (MHC) control originated from the debate on autonomous weapons and the danger of accountability gaps. What is MHC? In real-world environments comprising humans and technology, particularly in the increasingly complex healthcare environment, MLMD is embedded in a human agent team (HAT) (42). A HAT is a pit crew where human generalists, specialists, and technical agents collaborate in specific contexts on common tasks. Assessments of MHC comprises “experienced MHC” and behavioral alignment with ethical guidelines and moral values. In a HAT, an accurate mental model of the MLMD agents is indispensable (42). A team’s mental model is a shared framework that provides unambiguous roles of technical and human agents, mutual trust, and exchange of information. It comprises a team model, a team interaction model, an equipment model, and a task model. The necessary explanations of technical agents that support human-agent collaboration in such a context are provided by eXplainable Artificial Intelligence (XAI). However, explanations may depend on teams, contexts, and tasks (43, 44). Thus, an actionable implementation of XAI can be based on a mental models approach (44). Explainability20 is a fuzzy concept that is often conflated with interpretability, causability, or understandability. In technical philosophy, an explanation is a mapping of something to be explained on an explanation. Interpretation may transform a poorly understood explanation into a more understandable one. Approaches to interpretation may be total or partial, global or local, approximative or isomorphic (45). Explainability in XAI technically identifies features and mechanisms that decide the performance and the outcome of an MLMD system. Whereas, interpretability may be understood as a broader concept. Thus a recent review titled: “Explainable AI: A Review of Machine Learning Interpretability Methods” (46). This thorough review of the art of interpretation provides six comprehensive tables of published methods based on a taxonomy of methods and an appendix with repository links. The term causability addresses the causal-mechanistic understandability or evidence of an explanation for experts in a specific context. Understanding comprises perceiving and reasoning based on a model of reality. Levels of causability are association, investigational intervention, and counterfactual reasoning. Causability should be integrated analogous to usability21 as an essential requirement in MLMD applications. The quality of explanations must be developed as a critical safety measure in HATs comprising MLMD (47).22

Safe and effective implementation of ethical considerations into devices and their use may be achieved by embedding ethical values in the total product life-cycle. Targets in development are intended use, requirements, design, and architecture (48, 49). Various approaches comprise integrating ethics in structures and processes in development (50), embedding micro-ethics and virtues into data science (51) and enforcing ethical safety and trust by improving regulation (52). The rest of the paper will be confined to depicting existing regulatory frameworks and recommendations for future regulation.



Existing Regulatory Frameworks

The scope of regulation is to make sure that only effective and safe medical devices are on the market. Thus, patients and providers may rely on a competent authority or regulating body’s approval or certification of a device.

Effectiveness is evaluated by validation of the intended use of the device. Safety, including safe use, is the outcome of risk management. Regulatory bodies continuously react to manifest serious incidents and may proactively adapt regulation to evolving risks due to novel technologies and anticipated risks. There may be some tension, however, between responsible regulation and innovation.

The International Medical Device Regulators Forum (IMRDF)23 was established in October 2011 by regulatory bodies worldwide and focuses on approaches for rapidly evolving technologies in medical devices and ‘‘on developing a total product lifecycle approach (TPLC) to regulating medical devices while enabling timely access to safe access and effective devices for the patients.’’ A harmonized approach to the management of MLMD is a strategic priority.24

The current regulatory policy will be presented by first describing common principles, then pertinent standards reflecting the technical state-of-the-art, and finally special issues in different legislations.


General Features of Medical Device Regulation

There are some common features in most regulations for medical devices worldwide:


1.The rigor of regulation is based on the hazard and potential severity of harm. The Global Harmonization Task Force (GHTF)25 2006 published a risk classification approach for medical devices comprising four classes,26 adopted in an adapted version in most legislations. The classification is based on the intended use. Low-risk devices may be exempt from regulation. High-risk devices generally need proof of quality, scrutiny and oversight, and evaluation by clinical trials. Classes B (low-moderate risk class II a in EU) and C (moderate-high risk class II b in EU) are combined as an intermediate risk class in the United States.

2.Software, which drives a device or influences the use of a device, falls within the same class as the device.

3.Stand-alone software with an intended use supporting a medical purpose is regulated as Software as a Medical Device (SaMD) and considered or explicitly defined as active27 device.

4.Many countries aligned their SaMD regulatory approaches with guidance from the IMRDF.28 The guideline entitled ‘‘‘‘Software as a Medical Device’’: Possible Framework for Risk Categorization and Corresponding Considerations’’29 classifies risk based on the


a. Significance of the information provided by the SaMD to the healthcare decision, and

b. State of the healthcare situation or condition (see Table 1).






TABLE 1. Internationally recognized SaMD risk classification according to IMDRF.

[image: Table 1]
The use of an MLMD application in a safe context may support a lower risk classification!


5.If there exists a substantially equivalent device (EU) or predicate device (US) demonstrating comparable safety and performance provides access to the market.

6.The product quality of complex medical devices as software and MLMD devices in particular is challenging to ascertain. Therefore, the quality of organizations, structure, and processes in development, deployment, and application is audited adjunctive to rigorous testing.

7.Conflict of interest is an issue in regulatory oversight worldwide. In the United States, a government agency, the Food and Drug Administration (FDA), is in charge of auditing manufacturers. In the EU, private accredited organizations, called notified bodies (NBs), are auditing manufacturers placing devices with higher risk classes than I on the market. To avoid conflict of interest, regulations on accreditation and surveillance of NBs have been increased (see details chapter IV MDR30). NBs must not provide consulting services to their clients but may respond to specific questions. The FDA offers the Q-submission service31 and the 510(k) Third Party Review Program.32

8.Regulation is continuously evolving by amending existing and creating new guidance. New technologies such as MLMD may be addressed by horizontal legislation as intended in the EU by the Artificial Intelligence Act33 or vertical integration as proposed by the FDA in the ‘‘Proposed Regulatory Framework for Modifications to Machine Learning Medical Devices (MLMD)-Based Software as a Medical Device.34

9.Worldwide continuously learning (and thereby changing) MLMD may not be cleared as medical devices currently!

10.At the moment additional regulatory requirements for MLMD solutions comprise competent staffing, disclosure of data and data management, training and validation protocol with performance metrics and validation results. Specific cybersecurity threats and adversarial attacks in MLMD have to be addressed in the risk-management. Software libraries used for training and testing that are not part of the final device must be validated according to general quality management computer validation requirements (ISO13485). Library code integrated into the final MLMD as a ‘‘predict function’’ has to be validated as software of unknown provenience (IEC 62304) or software of the shelf.35 Testing may be performed by test oracles in specialized environments as pytest.36 Test coverage is an issue and object of research in complex deep neural nets. Combinatorial testing as efficient black-box approach is recommended. The National Institute of Standards and Technology (NIST) in the United States maintains a Computer Security Resource Center that provides combinatorial testing facilities.37 The machine learning community supports tasks, benchmarks, and state-of-the-art methods.38

11.As MLMD depends on data, data legislation, data protection and data governance intersect with medical device regulation in this field (53). the Health Insurance Portability and Accountability Act (HIPAA) in the United States.39

12.The legal framework of regulation includes procedural and technical requirements that need to be specified in more detail and continuously adapted to state-of-the-art technology. This task is performed by regional and international organizations for standardization (European Committee for Standardization (CEN), European Committee for Electrotechnical Standardization (CENELEC),40 American National Standards Institute (ANSI),41 National Institute of Standards and Technology (NIST),42 British Standards Institution (BSI.),43 International Organization for Standardization (ISO),44 Institute of Electrical and Electronics Engineers (IEEE),45 …).





Pertinent Standards

Reference to standards is part of regulatory convergence. MLMD are either stand-alone applications (software as medical device SaMD) or embedded software as part of a medical device. Development of SaMD or embedded software in a medical device compliant with regulation is supported by international standards:


1.On the organizational level


a. ISO 13485 Medical devices--Quality management systems-Requirements for regulatory purposes46 and

b. ISO/IEC 2700147 Information technology—Security techniques—Information security management systems—Requirements






2. On the product level


a. (IEC 82304-1 Health software--Part 1: General requirements for product safety48 for stand-alone software49) and

b. IEC 60601-1 Medical Electrical Equipment--General requirements for basic safety and essential performance--Collateral Standard: Requirements for medical electrical equipment and medical electrical systems used in the emergency medical services environment50 for embedded software

c. ISO 14971 Medical devices--Application of risk management to medical devices.51

d. IEC 62366-1 Medical devices--Application of usability engineering to medical devices.52

e. ISO 14155 Clinical investigation of medical devices for human subjects--Good clinical practice.53






3. On the software development level


a. IEC 62304 Medical device software--Software life cycle processes.54

b. IEC 81001-5-1 Health software and health IT systems safety, effectiveness and security--Part 5-1: Security--Activities in the product life cycle.55





There is a rapidly evolving landscape of standards for MLMD. The following is a selection:


1.The ITU/WHO Focus Group on artificial intelligence for health (FG-AI4H) cooperates with the World Health Organization (WHO) to establish standards to assess AI applications in the health sector.56 FG-AI4H develops guideline documents on ethical and regulatory considerations (best practices specification), specifications regarding requirements, software lifecycle, data, AI training best practices, evaluation, and scale-up/adoption,57 and provides recommendations and tools for auditing and quality controls (37).

2.The joint recommendations regarding machine learning in medical devices of the British Standards Institution (BSI) and the Association for the Advancement of Medical Instrumentation (AAMI) supplement existing regulatory requirements for software as a medical device.58

3.The standard ISO/IEC TR 24028 Information technology--Artificial intelligence--Overview of trustworthiness in artificial intelligence59 has a scope on trustworthy AI. Requirements to manage AI-specific security, safety, and privacy risks and general requirements for management of weaknesses, threats, and other challenges are proposed based on an analysis of other standards, particularly general risk-management (ISO 31000) and the ISO/IEC 250xx standards series. A strategy is proposed to control bias, manage cybersecurity risks, and provide maximum reliability, resilience, and robustness. Further issues are malfunctions of hardware, improvement of functional security, optimal testing for verification, and appropriate assessment in validation.

4.The Institute of Electrical and Electronics Engineers (IEEE) Global Initiative on Ethics of Autonomous and Intelligent Systems provides the P7000 standards series concerned with ethically aligned design.60



Regulation is modified according to legislation. There may be specific additional requirements, amendments, or cross-references. The FDA maintains a list of recognized standards.61 In Europe, the commission may require European standardization organizations such as CEN or CENELEC to harmonize an international standard. A European foreword and Z-annexes containing cross-references to MDR are added. Special consultants62 check legal conformity. Publication of the harmonized standard in the official journal of the EU confers a legal link to regulation. Conformity with the regulation is presumed if accordance with the standard is demonstrated.63 Thus, though even harmonized standards remain voluntary, demonstration of conformity may profit from compliance with harmonized standards. The organizational standard, ‘‘Quality management systems-Requirements for regulatory purposes (ISO 13485)’’, has been harmonized under MDR.64 This standard is also widely recognized in other legislations, and a voluntary certification may be advised.



Regulation in Europe

MLMD in the EU is regulated as medical device software (MDSW) or software embedded in a medical device by the Medical Device Regulation (MDR).65 As far as MLMD applications use data, the General Data Protection Regulation (GDPR)66 must be accounted for. The European Commission is currently striving to shape Europe’s digital future. A reassessment is planned in 5 years.67

The planned Artificial Intelligence Act68 is designed as horizontal legislation. There is an intersection with the vertical MDR, though.69 Mandatory requirements for high-risk AI applications are intended. Due to the new classification rules 11 (Medical device software) and 22 (closed-loop systems) in Annex VIII, MDR70 medical devices based on or integrating MLMD are likely to be classified as II a or even higher. There is some guidance71 on discretion referring to IMDRF policy.72 Thus, the use of the MLMD application in a ‘‘safe’’ context may support a lower risk classification. Yet many MLMD devices may end up as high-risk devices that will be covered by mandatory regulation. An impact analysis of the proposed Artificial Intelligence Act with an annex including a stakeholder consultation is published on the EU website.73

The CE-mark confirms conformity to the general safety and performance requirements exposed in Annex I MDR and thereby provides access to the European market. As previously discussed, software and MLMD devices may belong to higher risk classes due to the new rules for classification in MDR, Appendix VIII. This implies that a Notified Body (NB) under MDR74 has to audit the manufacturer and assess the technical file, including the clinical evaluation report (CEAR). There will be a European Database for Devices (EUDAMED) to ensure the traceability of devices and the transparency of evidence.75 Postmarket surveillance and clinical postmarket follow-up (PMCF) are enforced as an early warning system. The MDCG 2019-16 Rev.176 is guidance on cybersecurity for medical devices that addresses the requirements demanded by the MDR.

There are no specific, legally binding requirements for MLMD in Europe at the moment, but notified bodies will check additional requirements according to ‘‘General Features of Medical Device Regulation’’ section 10. Their questions are reflected by the AI-guideline of the Johner Institute.77 As dynamically learning and changing AI will not be certified currently applications have to be locked for certification. Outputs that have an impact on diagnosis or treatment should be “explainable.” Otherwise, a conflict may arise with Art 22 and 35 of GDPR.

The NB may consult an expert panel (Clinical Evaluation Consultation Procedure) in high-risk devices. The European Society of Cardiology has established a regulatory affairs committee (54). CORE-MD is a project of stakeholders that seeks to improve research and evidence for high-risk medical devices in cardiovascular, diabetic, and orthopedic medicine by tapping real-world data, establishing registries, and advanced methodology in statistics and trial design. Responsible innovation comprises the evaluation of AI and stand-alone software as a particular focus (55).



Regulation in the United States

In the United States, medical devices are regulated by the CFR--Code of Federal Regulations Title 21 Part 800-1299.78 The Food and Drug Administration (FDA)’s Center for Devices and Radiological Health (CDRH) is the competent authority in charge of regulation. Regulation is based on risk class. ‘‘Most Class I devices are exempt from Premarket Notification 510(k); most Class II devices require Premarket Notification 510(k), and most Class III devices require Premarket Approval.’’79 The FDA provides tailored access to the market by exemptions for investigational devices (IDE) and humanitarian devices (HDE), evaluation of automatic class III designations (De Novo Requests), Clinical Laboratory Improvement Amendments, and Breakthrough Devices.80

The Q-Submission Program81 provides an overview of the mechanisms available to submitters to request feedback from or a meeting with the Food and Drug Administration (FDA). The FDA supports medical device innovators.82 The FDA initiated a Software Precertification (Pre-Cert) Pilot Program as a future regulatory model to provide “more streamlined and efficient regulatory oversight of software-based medical devices developed by manufacturers who have demonstrated a robust culture of quality and organizational excellence and who are committed to monitoring the real-world performance of their products once they reach the U.S. market.” … “The FDA is partnering with a Federally Funded Research and Development Center (FFRDC), operated by The MITRE Corporation (MITRE), to provide professional engineering and technical support to simulate scenarios for the Software Pre-Cert Pilot Program,” ….’’The simulated scenarios will allow the agency to test the interdependencies of the four components of the Pre-Cert Pilot Program (Excellence Appraisal, Review Pathway Determination, Streamlined Premarket Review Process, and Real-World Performance).83 “

There may still be no specific legally binding regulation for MLMD, even in the United States. But the FDA is developing concepts and has been engaged in research and communication with stakeholders for several years.84 Regulation of AI intelligence in medical imaging considers three criteria: patient safety or device risk class, existence of a predicate algorithm or evolutionary/revolutionary devices, and clinician input (decision support, computer-aided detection, and computer-aided diagnosis) (56).

The Food and Drug Administration (FDA) proposed an advanced regulatory concept in the discussion paper, ‘‘Proposed Regulatory Framework for Modifications to Artificial Intelligence/Machine Learning (AI/ML)-Based Software as a Medical Device (SaMD).’’85 Two-dimensional risk classification is adopted from IMRDF.86 Changes in AI software are classified as changes in performance, input, or intended purpose. The total product lifecycle regulatory approach (TPLC) as specified in the Pre-Cert-Program is applied to the assessment of modifications. Good machine learning practices (GMLP)87 are supposed to assure process quality in data management, development, model training and tuning, model validation, and monitoring. Based on a premarket assessment of safety, performance, and clinical benefit, the FDA may permit the model to be marketed conditional on monitoring. The manufacturer is expected to pre-specify expected changes (SPS) due to retraining and retuning. Moreover, he has to provide an algorithm change protocol (ACP) in advance, where methods for controlling anticipated risks related to SPS are established.

The FDA published an update of its policy, the ‘‘Artificial Intelligence/Machine Learning (AI/ML)-Based Software as a Medical Device (SaMD) Action Plan.’’88 The FDA strongly advocates a multistakeholder approach with a particular focus on the needs of patients and takes part in regulatory research and harmonization of technical standards. Currently the FDA will check additional state-of-art requirements according to ‘‘General Features of Medical Device Regulation’’ section 10. For high-risk devices outcome data on safety, performance, and equity may be requested. Testing performance of MLMD algorithms across different imaging devices, and different provider and patient settings demands appropriate data sets. Certify-AI is a service of the Data Science Institute of the American College of Radiology that allows developers of health care AI to test independently and compliant with regulatory expectations the algorithm performance ahead of any regulatory review by the FDA or other governmental agencies.89 Other useful services are provided by this institute.90 A regulatory reference lab for testing MLMD with undisclosed representative big data would provide comparability, standardization and a minimum level of generalization. Ongoing monitoring and updating of the data would be required, however.



Other Legislations

In the United Kingdom, medical devices are regulated by the Medical Devices (Amendment, etc.) (EU Exit) Regulations 2020.91 The Medicines and Healthcare products Regulatory Agency (MHRA) is responsible for United Kingdom medical devices. CE-marked devices will be accepted until 30 June 2023. A United Kingdom-approved body must be used in cases where third-party conformity assessment is required for the revived UKCA marking. UKNI marking, conforming with EU and UK legislation will be necessary for the future of Northern Ireland.92 Brexit opportunities provide an outlook for some independent adaptation of the regulation of software and artificial intelligence as a medical device.93 ‘‘Software and AI as a Medical Device Change Programme’’94 is an initiative to develop UK regulatory guidance by the Medicines and Healthcare products Regulatory Agency (MHRA).95

The promises and challenges of MLMD are global issues entailing modernization of regulation everywhere, e.g., in Japan (57), China,96 Korea,97 and Saudi Arabia.98



Comparison of Eu and United States With Examples

The current regulatory pathway in the EU and in the United States is sketched in Figure 1.
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FIGURE 1. Comparison of access to the market in Europe as compared to the United States. MDCG Medical Device Coordination Group, CA Competent Authority, NB Notified Body, MDR Medical Device Regulation, CE certificates issued by a notified body bear a number identifying the notified body, FDA US Food and Drug Administration, CDRH FDA Center for Devices and Radiological Health.


Whereas, the United States maintains a centralized regulation with many tailored ways of access to the market the EU has reformed its decentralized CE-certification approach implementing stricter direct law in EU, improved oversight by competent authorities, and better coordination by the Commission.

In the past between 2015 and 2020 240 MLMD were CE marked in Europe and 222 were approved by the FDA. Twenty seven percent of all 462 MLMD were marketed in the EU and in the United States. The 510(k) pathway was used for 92% of FDA approvals, 7% used the de novo pathway and 1% were marketed by the premarket approval pathway (58).99

The problem is that this comparison is history. In the past, European regulation was based on the Council Directive 93/42/EEC and was more permissive than FDA. Now the recently implemented MDR is supposed to be a much stricter legislation in Europe, whereas the FDA has embraced the regulation of new technologies. The United Kingdom pathway is currently evolving from the European pathway and addresses a lot of technical issues related to transition periods and the particular requirements for Northern Ireland. Regulation of AI is evolving all over the world. Thus, what was approved in the past may differ from what will be approved in the future. In view of the current deployment of a new medical device regulation in Europe and the United Kingdom the impact on marketing MLMD devices cannot be compared systematically at the moment.

ChestLink is the first Class IIb MDR certified automation of radiological imaging workflow by MLMD without any involvement from a radiologist in Europe.100 “Prior to certification, ChestLink has been operating in a supervised reporting setting in multiple pilot locations for more than a year, processing more than 500,000 real-world chest X-ray images. Prior to autonomous operations, ChestLink deployments start with a retrospective imaging audit. Retrospective analysis helps to identify what part of studies at the medical institution can be successfully automated. The operations then move into a supervised setting, where ChestLink reports are validated by the Oxipit medical staff and radiologists at the medical institution. Only after completing the initial stages, the application can start to report autonomously. Fully autonomous ChestLink operations in a clinical setting are expected to begin in early 2023’’101 !

MLMD devices cleared by the FDA are listed along with further links on a special FDA website.102 Moreover, the data science institute of the American College of Radiology provides detailed and searchable information regarding FDA cleared AI medical imaging products.103 Some examples were also presented at the ‘‘Public Workshop--Evolving Role of Artificial Intelligence in Radiological Imaging. 25--26 February 2020’’ organized by the FDA.104

In 2020, the FDA authorized marketing of the first cardiac ultrasound software that guides users by artificial intelligence105 by 510(k) premarket notification. The Caption Guidance software is intended to assist medical professionals in the acquisition of cardiac ultrasound images. The Caption Guidance software is an accessory to compatible general purpose diagnostic ultrasound systems and classified as class II device. A prospective, multicenter diagnostic showed that novices without experience in ultrasonography using this device may obtain diagnostic transthoracic echocardiographic studies (59). So far, most of the devices approved by the FDA are designed to augment--but not entirely automate--the process of reviewing images and making diagnoses. IDx-DR is marketed as the first and only FDA cleared AI diagnostic system to make a diagnosis without physician input. IDX-DR is an autonomous AI-enabled device that detects more than mild diabetic retinopathy.106 Regulatory pathway was a 510(k) Premarket Notification with the predecessor as predicate device.107 This previous version was De Novo-cleared by the FDA 2018 as ophthalmic retinal diagnostic software device (class II).108 ‘‘IDx-DR is indicated for use by healthcare providers (italics by the author) to automatically detect more than mild diabetic retinopathy in adults diagnosed with diabetes who have not been previously diagnosed with diabetic retinopathy.109 “A recent meta-analysis of studies found that state-of-the-art, ML-based DR screening algorithms are ready for clinical applications. However, a significant portion of the earlier studies had methodology flaws and should be interpreted with caution (60).

There are two issues with IDx-DR. First it is a screening application, which may be used by non-specialist providers. Complex interactions between algorithmic output and providers may occur. Automation bias and the impact on medical-legal risk and responsibility have to be addressed. MLMD screening tools should be evaluated in large population-based, real-world settings with longitudinal data collection and linkage to regional registries. Last not least regulation needs to be adapted to exploit the benefits of continuously improving MLMD (61).

The second issue is that IDx-DR is an MLMD solution that automates a process in medical imaging on the most advanced autonomy level (full automation) (62). A binary classification of algorithms into assisting and autonomous ones does not adequately capture the spectrum of MLMD autonomy. Five levels of automation have been established in the automotive industry, full automation being the most advanced and most rare level.110 A model of graded autonomy should be based on central determinants of autonomy-related risk. The latter comprise the responsible agent monitoring and responding to medical events, the availability of a bail out back-up decision solution, and the specific context,111 where the algorithm is deployed. As the real-world performance of MLMD in previously untested clinical scenarios is unknown, any, in particular autonomous, MLMD systems require closely supervised pilot testing and controlling in real-world clinical settings (62) (->example ChestLink). Autonomous models in medical imaging should use multi−site heterogeneous data sets to ensure a minimum level of generalizability across diverse patient populations as well as variable imaging equipment and imaging protocols. Additional post−market surveillance is to ensure that algorithms function as expected longitudinally.112 Autonomous MLMD should be evaluated based on outcomes regarding safety, performance and equity in preregistered prospective studies, not only by comparison to standard of care (62).

Automation by MLMD might affect providers in unexpected ways (62). For example, skills rarely practiced may be lost, or training may change performance in the health-care providing human-agent-team. Risk management has to consider early warning systems and mitigation measures. The difficulty in guessing unexpected behavior of autonomous systems differs between deterministic models and black-box models. eXplainable artificial intelligence is of limited value in this high-stake context as interpretability (see section “Specific Risks by MLMD-Ethical and Legal Concerns” last paragraph) is not reliable in decision making for individual patients (63). For example, -a conventional thresholding algorithm designed to automatically segment 4d flow images of big vessels may be based on a model derived from data. The model is represented by deterministic code in the medical device software. Limitations of this model representing a potential hazard may be accounted for in the risk management process. Whereas in case of an autonomous MLMD model, -even if it is based on the same data-, predictions of unexpected behavior and corrective and preventive measures are much more difficult due to a lack of mechanistic understanding in individual cases. Moreover, advanced automation of MLMD is raising a serious liability issue in case of medical errors (62).

Thus, the FDA distinguishes between autonomous radiology AI as ‘‘software in which AI/ML is being used to automate some portion of the radiological imaging workflow’’ and ‘‘augmented intelligence’’ innovations currently on the market. Collateral change or challenge to the standard of care and introduction of new questions of safety and effectiveness into an established radiological imaging workflow or even new intended use including user and/or environment are considered as potential side effects of automation of radiological imaging workflow by MLMD.113 The American College of Radiology and the RSNA made a comment on this issue discussed at the “Public Workshop − Evolving Role of Artificial Intelligence in Radiological Imaging’’ of the FDA. The professional associations expressed concerns regarding autonomous AI lacking oversight by expert physicians. Combining expert professional judgment with MLMD algorithm is considered safer and more effective than unsupervised automation. It is contested that IDx-DR is an apt example demonstrating how autonomous AI could work in medical imaging, as the output does not recommend treatment but ophthalmologic referral. In radiology the output may pose a much greater risk for patient safety.114





SUMMARY AND REFLECTIONS ON THE FUTURE OF REGULATION

In summary, cardiac imaging will be increasingly pervaded by MLMD. It is a win-win combination (8) expected to enhance medical research, diagnosis, and treatment’s overall quality and efficiency and decrease radiation by sparse image reconstruction techniques (64). Automation of time-consuming human tasks, e.g., in image segmentation and screening, and improvements in the efficiency of imaging pipelines should result in a cost reduction.

Artificial intelligence and machine learning systems, e.g., the software controlling radiology devices, may directly impact real-world human-agent teams. Concerns regard ethics, law, including liability, data protection, medical device regulation, and the robustness of applications in various partly unforeseeable use scenarios. Problem areas are data privacy, enhanced vulnerability to cyber-attacks, bias fed into the model by prejudices deeply hidden in real-world training data or by non-representative or inappropriate sampling, lack of transparency and interpretability of the mapping of input to output, the complexity of software, generalizability of applications in various socio-technical ecosystems, potentially uncontrolled autonomous behavior of technical systems, and liability issues arising if an adverse event happens. Liability issues are discussed in a commission report of the European Union, where a risk-based revision of product liability legislation is recommended (65). Current regulation is based on regulation for software as a medical device. Additional legal constraints are data protection law and emerging artificial intelligence legislation.

Analysis of gaps in the current regulation of artificial intelligence-based diagnostic imaging algorithms in Europe and the United States yielded conflation of task and algorithm, superficial treatment of diagnostic task definition, lack of comparability, insufficient characterization of safety and performance elements, lack of resources to validate performance at every installation site, and inherent conflicts of interest as issues (52). The authors suggested that a definition of a task should include background information, a precise and detailed description, elaborated labeling instructions and prototypical examples, and counter-examples. Tasks should be separated from algorithms and maintained by medical societies or third parties with domain expertise. Performance elements beyond accuracy should be specified as reliability, applicability, deterministic non-distractible behavior, self-awareness of limitations, fail-safe function, transparent logic, confidence, ability to be monitored and audited, and usability. To manage limited resources for validation development of a simplified approach to validate and monitor on-site installation, e.g., out-of-distribution screening (66) is recommended (52).

Legislations worldwide are currently trying to adapt their regulation in an innovation-friendly manner to reap the promises of MLMD. There are two views on regulation, ex ante and ex post. The ex ante precautionary principle approach anticipates risks and imposes limits or bans on application development. The permissionless innovation approach allows experimentation and addresses emerging issues ex post. Both approaches compete with time in the rapidly evolving technology field (53). The goal to foster innovation favors the permissionless innovation approach. However, due to ethical and legal concerns, anticipation and mitigation of ex ante risks cannot be dismissed. Moreover, continuous monitoring, a fast adaptation of regulation, and resilient management of emerging issues will decide on a successful balance between innovation and regulation. Last but not least, the concept of risk and safety is at stake. Risk in the regulation of medical devices is generally conceived as a combination of the probability of occurrence and the severity of an adverse event. This negative concept must be differentiated from positive risk implying opportunity. The scope of this broader concept of risk is making decisions under uncertainty and supporting risk management.115 Certain risks are inherent in intended use and performance. Though a ship may be most ‘‘safe’’ in the harbor, the use implies the risk of going to sea. Safety in the future will be delivered in an integrated system in which humans, machines, and the environment work together and demand a more proactive view on risks.116

Whereas conventional approaches to technology regulation focus on manufacturing, MLMD regulations have to consider providers and patients applying MLMD in increasingly complex healthcare environments. Assuring the quality of structure and processes may go beyond the excellence of manufacturers. Applying MLMD must be part of professional medical discretion and patient education. Suppose MLMD applications are not frozen at the entry into the market. In that case, continuous learning will be associated with drifts and shifts in system behavior that needs surveillance and may require corrective and preventive actions. Thus, a total product lifecycle approach (TLPC) and multi-stakeholder involvement are essential features of any ethical or legal approach to environments comprising MLMD agents and humans and any technical risk-management framework concerning MLMD. Regulatory outlets supporting continuous learning are an issue in Europe (67).

Some existing approaches and options to embed the MLMD lifecycle in a world of processes that provides control and adaptive learning is presented in Figure 2. MLMD is data greedy. Real-world data (RWD) is data derived from real-life patient management. Processes associated with health care provision leave digital traces that accumulate in storage systems and networks. Digital health generates big data. RWD comprises registries, electronic health records, picture archives, insurance data, health apps, digital traces in the internet of things (IoT), and social media. New data-mining techniques, for instance, a combination of natural language processing, NLP), machine learning, and robotic process automation, enable the analysis of these sources of information. Real-world evidence (RWE) is the information extracted from RWD (68–70). Thus, data governance in MLMD is a fundamental issue. A data-centric life cycle approach to MLMD is advocated for ethical (71) and technical reasons (72) and may be particularly helpful in health RWD that generally lacks maintenance and validation and raises many interoperability problems.
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FIGURE 2. Embedding the MLMD life-cycle in regulation—existing approaches and options.


Regulatory science evaluates and develops the regulatory landscape and its environment. Advancing regulatory science is a crucial matter of concern for the FDA.117 The FDA has a strategic plan to support regulatory science and cooperates with academic science in the Centers of Excellence in Regulatory Science and Innovation (CERSIs) on this goal.118 The FDA maintains a science laboratory, the Office of Science and Engineering Laboratories (OSEL).119 ‘‘Artificial Intelligence and Machine Learning Program: Research on AI/ML-Based Medical Devices’’ is an OSEL project.120 Regulatory science is an issue worldwide promoted by dedicated organizations,121 CERSIs, and other universities.122 Regulatory science initially emerged in the pharma domain (73, 74). Regulatory science concerning medical devices is a recent achievement expected to help modernize regulation (75–77).



CONCLUSION

The emerging disruption in the socio-technical environment by MLMD devices is driving the modernization of regulation. This also applies to health management, where particular ethical assets are at stake. A data-centric total product life-cycle approach, including all stakeholders, continuous learning of all agents in the human agent team, fast adaptation of regulation, and new, more proactive risk management may be salient ingredients of regulatory control of MLMD devices.
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Cardiac MR thermometry shows promise for real-time guidance of radiofrequency ablation of cardiac arrhythmias. This technique uses ECG triggering, which can be unreliable in this situation. A prospective cardiac triggering method was developed for MR thermometry using the active tracking (AT) signal measured from catheter microcoils. In the proposed AT-based cardiac triggering (AT-trig) sequence, AT modules were repeatedly acquired to measure the catheter motion until a cardiac trigger was identified to start cardiac MR thermometry using single-shot echo-planar imaging. The AT signal was bandpass filtered to extract the motion induced by the beating heart, and cardiac triggers were defined as the extremum (peak or valley) of the filtered AT signal. AT-trig was evaluated in a beating heart phantom and in vivo in the left ventricle of a swine during temperature stability experiments (6 locations) and during one ablation. Stability was defined as the standard deviation over time. In the phantom, AT-trig enabled triggering of MR thermometry and resulted in higher temperature stability than an untriggered sequence. In all in vivo experiments, AT-trig intervals matched ECG-derived RR intervals. Mis-triggers were observed in 1/12 AT-trig stability experiments. Comparable stability of MR thermometry was achieved using peak AT-trig (1.0 ± 0.4°C), valley AT-trig (1.1 ± 0.5°C), and ECG triggering (0.9 ± 0.4°C). These experiments show that continuously acquired AT signal for prospective cardiac triggering is feasible. MR thermometry with AT-trig leads to comparable temperature stability as with conventional ECG triggering. AT-trig could serve as an alternative cardiac triggering strategy in situations where ECG triggering is not effective.
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Introduction

Radiofrequency catheter ablation for treating ventricular tachycardia is commonly performed under fluoroscopic and electro-anatomic mapping guidance (1), but remains associated with a relatively high rate of recurrence (up to 50%) (2). The outcome of these procedures is potentially limited by the inability of these guidance systems to accurately characterize the extent of ablation lesions. Indirect parameters such as radiofrequency power/duration and catheter tip temperature/contact force/impendence are monitored but have limited predictive values of permanent ablation lesion extent (3, 4). Furthermore, X-rays can be harmful for both patients and clinical staff.

Magnetic resonance imaging (MRI) guidance is a promising alternative as it enables excellent soft tissue visualization, 3D myocardial scar quantification for arrhythmia substrate characterization, and procedure planning, as well as ablation lesion imaging (5, 6). The latter can be performed during ablation using real-time magnetic resonance (MR) thermometry/dosimetry (7–12) or post-ablation using a variety of sequences (13, 14). MR thermometry, commonly performed using the proton resonance frequency shift technique (15), enables real time pixel-wise assessment of temperature, deep in tissue. Permanent tissue destruction can be predicted using the concept of thermal dose (MR dosimetry), which is based on temperature elevation and time of exposure (16). MR thermometry/dosimetry thus has the potential to enable real-time adjustment of ablation parameters (such as power/duration) to achieve the desired lesion as well as to identify insufficient heating leading to incomplete ablations or excessive heating compromising the safety of the patient.

Cardiac MR thermometry is generally performed using a dynamic multislice single-shot echo-planar imaging (EPI) sequence (~3–5 slices per heartbeat (8–11, 17, 18)). Electrocardiogram (ECG) triggering is employed to ensure the consistency of the cardiac phase across the time series, which is required for accurate temperature and thermal dose mapping. However, in this context, ECG triggering can be unreliable due to the additional [radiofrequency (RF)] hardware and the rapidly switching gradients associated with EPI that are used for fast thermometry acquisitions in moving organs necessary to avoid motion blurring artifacts (10, 17, 19).

MR-compatible ablation catheters often contain active tracking (AT) microcoils to facilitate navigation by tracking the catheter tip in real time using a short-pulse sequence module with low flip angle excitation (10, 11, 20). In this study, we propose a novel prospective cardiac triggering approach for MR thermometry by continuously measuring the catheter position with AT within the MR thermometry sequence and using this signal to compute a surrogate of the cardiac motion. In this proof-of-concept study, the proposed active tracking-based triggering (AT-trig) MR thermometry sequence is evaluated in a beating heart phantom and compared to conventional ECG-triggered MR thermometry in vivo.



Materials and methods


Proposed AT-triggered MR thermometry sequence and real-time AT signal processing

The pulse diagram of the proposed AT-trig MR thermometry sequence is shown in Figure 1. The sequence consists of an AT signal calibration phase (16 s) followed by a run-time phase. During the calibration phase, the catheter displacement pattern is continuously monitored using uninterrupted AT module acquisitions. The cardiac motion component of the catheter displacement is extracted from the AT signal and used to determine a cardiac trigger criterion. During the run-time phase, for each cardiac cycle, AT modules are continuously repeated until a trigger event is recorded that initiates the start of each dynamic MR thermometry imaging block in which all prescribed slices are acquired using multislice single-shot EPI.


[image: Figure 1]
FIGURE 1
 Schematic diagram of AT-triggering-based MR thermometry. After a calibration phase to characterize the AT signal (duration: 16 s), the sequence automatically proceeds to the run-time phase in which MR thermometry is performed in synchronicity with the cardiac cycle through repeated measurements of the AT signal. During each imaging block (dynamic image number 1, 2, etc.), all prescribed slices are acquired following a shared trigger. PRFS, Proton resonance frequency shift; MRT, MR thermometry; dyn, dynamic image number; AT module for triggering, AT module where trigger detection is performed.



AT signal generation

An MR-compatible RF ablation catheter with two AT microcoils located near the catheter tip (Vision-MR Ablation Catheter, Imricor Medical Systems, Burnsville, MN) was used in this study. The catheter was connected to the receive unit of the MR scanner to enable real-time processing of the AT data as a part of the reconstruction pipeline. The AT pulse sequence module measured the microcoils position using projection imaging (20): for each spatial dimension, a nonselective RF excitation pulse was followed by a one-dimensional gradient readout during which the spatially encoded signal was received by the AT microcoils. This was repeated for each of the 3 spatial dimensions and dephasing gradients were used to increase SNR (21). The total AT module length was 25 ms, in which the 3D position of the two AT microcoils could be determined. In conventional applications of AT for continuous 3D catheter visualization, both microcoils are used to determine the position and orientation of the catheter tip. In this work, the AT signal is used to obtain a surrogate of the cardiac motion during RF ablation by exploiting the periodicity of the catheter displacement induced by physiological motion. The periodicity of the coils' displacement due to physiological motion is expected to be the same for both coils; therefore, the signal from only 1 of the 2 microcoils was used. The catheter motion experienced as result of cardiac contractions is truly 3D and depends on the orientation of the heart and the particular position of the catheter in the LV. To reduce the dimensionality of this motion trace and facilitate its processing, the AT signal was defined as the L2 norm of the coil's coordinate vector.



AT signal filtering

First, outliers were rejected to remove occasional incoherent measurements from the measured AT signal. Outliers were defined as exceeding the range of motion by two times the central 90% motion range of the AT signal acquired during the calibration phase. The AT signal was then resampled to a uniform temporal resolution of 40 Hz, matching the AT module length of 25 ms. A bandpass filter was applied in real time to remove low and high frequencies associated with respiratory motion and noise, respectively (22). The bandpass filter was a finite impulse response filter, designed using the designfilt function in MATLAB (v2018a, The MathWorks, Nantucket, MI) with a minimum frequency of 40 beats per minute (BPM, 0.67 Hz), a maximum frequency of 150 BPM (2.5 Hz), and a filter order of 400 (i.e., the filter was applied to 10 s of resampled AT signal). The most recent AT position after filtering was kept as the filtered AT signal.



Calibration phase

The aim of the calibration phase is to define an absolute AT signal threshold (SThres) that can be used for triggering on the periodic global extrema of the AT signal while avoiding triggering on local extrema. To this end, AT modules were acquired continuously during the calibration phase and filtering as described in the previous section was applied after 11 s. After having continuously collected 5 s of filtered AT signal, covering several cardiac cycles, SThres was defined as the median of the filtered AT signal position. After this calibration phase, 16 s in total, the sequence automatically proceeded to the run-time phase.



Run-time phase

During the run-time phase, AT modules were continuously acquired until a cardiac trigger event was detected. Trigger detection was performed after each new AT signal measurement and corresponding filtering, as described in Section AT signal filtering. A trigger event was defined when all of the following 3 conditions were met:

1. The last 3 filtered AT signal entries contained an extremum (peak or valley) at the middle sample. Switching between peak or valley detection was implemented to help in synchronizing the thermometry acquisition with the desired cardiac phase (systole/diastole).

2. The last 3 AT positions were measured sequentially, to avoid triggering on a set of AT signals that were measured with a large time gap in between them, for example, before and after thermometry imaging.

3. The filtered AT position of the suggested trigger point was superior (peak triggering) or inferior (valley triggering) to SThres.

Upon trigger detection during the reconstruction process, a trigger event is sent immediately to the measurement system that initiates the thermometry imaging block after a user-defined trigger delay to enable imaging in the desired cardiac phase. The trigger delay time was filled with additional AT modules to minimize the gap in continuous AT signal for filtering, and trigger detection was disabled for these additional modules.




Experimental validation

The proposed sequence was evaluated in a beating heart phantom experiment as well as in vivo in a porcine animal model. All experiments were performed on 1.5T scanners (MAGNETOM Aera, Siemens Healthcare, Erlangen, Germany). All animal experiments were approved by the American Preclinical Services (APS) Institutional Animal Care and Use Committee (IACUC).


Beating heart phantom experiment

The purpose of the phantom experiment was to assess whether: 1) the AT signal was precise enough to serve as basis for cardiac triggering, 2) the scanner-implemented AT-trig feedback mechanism performed fast enough to serve as cardiac trigger in an MR thermometry sequence before moving on to in vivo experiments. A beating heart phantom (DHP-MRI, Shelley Medical Systems, London, ON) was used to mimic contractile motion of the ventricles at 60 BPM. Since there was no respiratory motion in this phantom experiment, AT-trig did not use signal filtering and no AT modules were added during the trigger delay. A simplified first trigger condition was used: the signal was required to be on a positive slope instead of at an extremum. The trigger delay was set to acquire MR thermometry images in the compressed (systolic) state of the phantom.

To compare AT-trig thermometry to best-case thermometry (in absence of an ECG signal), dynamic thermometry imaging was also performed with the phantom statically positioned in the compressed phase (hereafter referred to as “motion-free”). An imaging interval of 1 s was used to achieve MR signal similar to a sequence triggered at 60 BPM. To mimic a situation where cardiac triggering is absent or faulty, MR thermometry imaging was performed with the phantom in motion (60 BPM) and an imaging interval of 80 BPM (hereafter referred to as “untriggered”).

In all experiments, MR thermometry was obtained using the proton resonance frequency shift method (23), acquired using single shot EPI. Other parameters were as follows: dynamics = 60, slices: 1, TR = 70 ms, TE = 16 ms, α = 60°, FOV = 240 x 240 mm2, voxel size = 2.1 x 2.1 mm2, slice thickness = 5 mm, GRAPPA = 2, partial Fourier = 0.75, bandwidth 1,860 Hz/pixel. AT parameters were as follows: α = 7°, trigger delay: 500 ms. Temperature change maps were calculated using the first image of the series as reference phase image, and temperature stability was defined as the standard deviation over time per voxel. Voxels inside a myocardial mask based on the motion-free images were grouped to calculate mean and standard deviation values to compare the 3 methods.



In vivo MR thermometry stability study

To evaluate AT-trig in vivo, MR thermometry was performed in a porcine animal model under general anesthesia with mechanical ventilation. The catheter was positioned sequentially at six different locations within the LV. At each position, three dynamic MR thermometry series were acquired: 1) using conventional ECG triggering, 2) using AT-trig with peak triggering, and 3) using AT-trig with valley triggering. The heart rate immediately following AT-trig experiments was determined from the ECG signal to compare this expected RR interval to the time interval between successive AT-based triggers.

All MR thermometry measurements used a single-shot EPI sequence with the following acquisitions parameters: dynamics = 150, slices = 3, TR = 93 ms, TE = 17 ms, α = 60°, FOV = 180 x 180 mm2, voxel size = 1.6 x 1.6 mm2, slice thickness = 5 mm, GRAPPA = 2, partial Fourier = 0.75, bandwidth 1,540 Hz/pixel. The position of the imaging slices was adjusted to the catheter tip position for each of the six locations. Saturation slabs were placed perpendicular to the short axis slices to allow a reduced field of view imaging, and in parallel to the slices to suppress blood signal. AT parameters were as follows: α = 7°, trigger delay = 150 ms. The AT coil that showed the highest signal level in a separate continuous AT acquisition (data not shown) was chosen for the entire experiment.

Temperature map reconstruction was achieved using the following steps, as previously described (11). To remove respiratory-induced phase variations, a look-up-table was first created from the first 40 dynamics containing co-registered phase images. For image registration, the first dynamic was used as a reference image, and a non-rigid motion field between each phase image and the reference phase image was estimated using an optical flow algorithm. The motion field was applied on the complex data to prevent artifacts due to phase wraps. Co-registered phase images were then generated from the registered complex data. After look-up table creation, temperature maps were generated for each dynamic as follows. Each new phase image was registered to the reference position as described above. The most similar co-registered phase image from the look-up table was then selected and used together with the current registered phase for temperature estimation using the proton resonance frequency shift technique. To reduce the influence of noise, a finite impulse-response filter was finally applied to the temperature maps across the temporal dimension. A GPU implementation of the optical flow algorithm was used as previously described to demonstrate the real-time capability of the reconstruction process (24).

Pixel-wise stability of thermometry was computed as the temperature standard deviation across the 110 remaining dynamics and was assessed for each triggering method and position. The analysis was performed for all pixels inside the myocardium and all slices. Areas inside the myocardium containing a signal void induced by the susceptibility of the catheter components were excluded from the analysis. Stability data measured in the myocardium of the 3 slices were pooled together to determine the mean and standard deviation of the stability per triggering method and experimental location.



Feasibility study during in vivo RF ablation

The in vivo feasibility of the proposed approach during RF ablation is demonstrated in one location (position 6 of the stability study). For the ablation experiments, the same AT-trig sequence with valley triggering, as used for the stability study, was employed. RF ablation was started after 40 dynamics of MR thermometry. The RF ablation power was 30 W and had a duration of 30 s.





Results


Beating heart phantom experiment

MR images and AT signal of the phantom experiment are shown in Figure 2. The periodic AT signal during the calibration phase (Figure 2C) shows that the precision of the AT location determination was high enough with respect to the cardiac motion to serve as basis for cardiac triggering. Correctly identified triggers and subsequent gaps in the AT signal during run time (Figure 2D) signify that the trigger feedback on the scanner was fast enough for cardiac triggering.


[image: Figure 2]
FIGURE 2
(A,B) Coronal MR images of the phantom setup in (A) stretched (diastole) and (B) compressed (systole) state. Blue arrows mark the catheter tip at the apex of the LV. (C) AT signal in the calibration phase is uninterrupted and with a periodicity of 60 BPM. (D) AT signal in the run-time phase, with triggers at appropriate motion states and at regular intervals. After each trigger an absence of AT signal is seen, during which the thermometry images were acquired following a trigger delay.


Figure 3 shows that magnitude images acquired with AT-trig were all at a consistent cardiac phase, comparable to those acquired in the motion-free experiment. In contrary, the untriggered images were acquired at different cardiac phases. These findings were supported by the temperature stability inside the myocardium-mimicking phantom material: 0.4 ± 0.1 vs. 1.2 ± 0.4 vs. 5.5 ± 3.7 °C for the motion-free, AT-trig, and untriggered experiments, respectively.


[image: Figure 3]
FIGURE 3
 Magnitude images of MR thermometry acquisitions of an apical axial slice of the phantom during the motion-free, AT-trig, and untriggered experiments. The phantom material can be seen as a roughly circular shape with higher signal intensity compared to the darker signal of the water surrounding it. The signal void in the center of the phantom is the piston that drives it into motion. The phantom shape in the images acquired with AT-trig matches the motion-free images, indicating successful triggering. Without triggering, the phantom shape varies under the influence of motion.




In vivo MR–thermometry stability study

After confirming technical feasibility in a phantom, AT signal was successfully measured in vivo. This is exemplified in Figure 4, where original and filtered signals are shown in both calibration and run-time phases for one LV location experiment. Although little respiratory motion can be seen in the unfiltered AT signal, the high-frequency components were successfully removed after signal filtering, leading to a smooth triggering signal (Figure 4A). Triggering appears to be successful in the AT signal acquired during run time (Figure 4B).


[image: Figure 4]
FIGURE 4
 Example of in vivo AT signal measured in position #5 in the LV for the valley triggering experiment. Original AT signal (blue), filtered AT signal (orange), and detected triggers (black circles). (A) Continuous AT signal acquired during the calibration phase. (B) AT signal segment during the run-time phase, showing triggers and AT signal interruptions by imaging blocks. Regular and consistent valley trigger detection was achieved in all cardiac cycles.


The intervals between the detected triggers are shown for all 12 AT-trig MR thermometry stability experiments in Figure 5. Minimal variation in trigger intervals was observed for the majority of the cases and corresponded well with the ECG-derived RR interval duration. In three cases (position 1: AT-trig on peak and valley, position 6: AT-trig on peak), a small number of inconsistent trigger intervals were observed suggesting incorrect triggering or irregular heartbeats. Figures 6A,B suggest that the inconsistencies in position 1 were due to actual heart rate variations/arrhythmias since all detected triggers corresponded to real AT signal peak and clear RR variations were observed in the raw AT signal. However, Figures 6C,D show that local maxima in the AT signal in position 6 led to incorrect peak triggering. The mis-triggering rate in position 6 with peak triggering was 13%, with every mis-trigger leading to a pair of shorter and a longer trigger intervals (where the second longer interval compensated for the previous shorter trigger interval).


[image: Figure 5]
FIGURE 5
 Intervals between triggering events (black circles) and ECG-derived RR interval (blue lines) for all AT-triggered thermometry stability experiments. The AT-trig-derived cardiac cycle length matches the ECG-derived value well throughout the experiments. Pos, position within the LV.



[image: Figure 6]
FIGURE 6
 Active tracking signal segments in two experiments with occasional irregular triggers. (A,B) position #1 with triggering on peak, calibration phase (A) and run-time phase (B). (C,D) position #6 with triggering on peak, calibration phase (C) and run-time phase (D). Blue lines: original AT signal, orange lines: filtered AT signal, black circles: detected triggers, pos: position within the LV, a.u.: arbitrary units. Irregular triggers around 156 s in (B) correspond to actual signal peaks in both unfiltered and filtered signals, suggesting true physiological variations in heart rhythm. Irregular triggers around 119.5 and 122.5 s in (D) correspond to local maxima in the filtered signal, as seen in the zoomed inserts, suggesting an improper trigger description for these cardiac cycles.


Dynamic series of thermometry images were acquired successfully, and examples of stability maps acquired in 2 different LV positions are shown in Figure 7. Temperature stability obtained with both AT-trig methods (triggering on peak and valley) was comparable to thermometry acquired with ECG triggering, which also performed well in these experiments without RF ablation.


[image: Figure 7]
FIGURE 7
 Temperature stability maps of myocardial tissue acquired with the 3 different strategies for cardiac triggering. The stability values (colored maps) are overlaid on average magnitude images (gray scale). Data acquired in 2 different positions in the LV are shown: (A) position 4, mean ± sd per method: 0.9 ± 0.3, 1.0 ± 0.4°C and 0.9 ± 0.3°C, for AT peak, AT valley and ECG, respectively. (B) position 5 with mean±sd per method: 0.8 ± 0.4, 1.1 ± 0.4, and 0.9 ± 0.4°C, for AT peak, AT valley and ECG, respectively. The mean ± sd per method for all experiments is summarized in Figure 8.


Figure 8 shows that similar temperature stabilities were obtained using AT-trig (peak and valley) compared to ECG triggering in each LV position: 1.0 ± 0.4 vs. 1.1 ± 0.5 vs. 0.9 ± 0.4°C, respectively. Overall, triggering on the peak of the AT signal tended to result in slightly better stability compared to triggering on the valleys of the AT signal.


[image: Figure 8]
FIGURE 8
 Measured temperature stability in all experiments. Per triggering method, the mean and standard deviation were calculated for all voxels inside myocardial masks combined over the three slices. The 2 AT-trig strategies (AT peak and AT valley) resulted in similar temporal stability compared to ECG-triggered sequences. The precision of scans triggered on the peak of the AT signal matched more closely to ECG-triggered data than scans triggered on the valley of the AT signal. In the first LV position visited in these experiments, the mean and spread in temperature stability measured with both AT strategies were higher than in the other LV positions visited.




Feasibility study during in vivo ablation

Successful AT-triggered MR thermometry during an ablation is shown in Figure 9, where a localized temperature rise can be observed while the majority of the myocardium remains unaffected. AT and thermometry data up to dynamic 80 are shown. More extended data acquisition was limited by the onset of ventricular tachycardia after that point.


[image: Figure 9]
FIGURE 9
 AT-based cardiac triggering and thermometry data during the RF ablation experiment in position #6 in the LV, using AT valley triggering. (A,B) AT signals and triggers in 5-s segments. Original AT signal (blue), filtered AT signal (orange), and detected triggers (black circles). (A) Continuous AT signal acquired during the calibration phase. (B) AT signal segment during the run-time phase, showing triggers and AT signal interruptions by imaging. (C) Intervals between triggering events (black circles) during the run-time phase. (D) Thermometry map acquired during ablation with AT valley triggering in position 6, 63rd dynamic image. A localized temperature rise is seen near the orange arrow, adjacent to signal void caused by the presence of the catheter in the blood pool. (E) Temporal profile of temperature changes in 2 voxels: a voxel remote from the catheter [white arrow in (D)] shows temperature changes around 0°C whereas a voxel adjacent to the catheter [orange arrow in (D)] displays an elevated temperature during ablation.





Discussion

AT-based cardiac triggering MR thermometry was successfully demonstrated in a beating heart phantom and in vivo in a porcine animal model. In vivo trigger intervals recorded with AT-trig closely matched the RR interval derived from ECG, with a low rate of mis-triggers. Temperature stability was comparable to that of the standard ECG triggering in all in vivo experiments. Finally, an example of MR thermometry acquired using AT-trig was shown during in vivo RF ablation.

In vivo cardiac triggering was successful in most AT-trig acquisitions, with persistent mis-triggers observed in only 1 out of 12 AT-triggered thermometry stability experiments, in 13% of the images of this experiment. These mis-triggers were due to local maxima in the AT signal; the use of an improved AT signal filter and/or higher SThres value for the definition of cardiac triggers is likely to enable more robust triggering.

Active tracking signal peaks can represent different cardiac motion states (diastole or systole) depending on the orientation of the heart and the catheter inside it. Therefore, some of the 6 locations acquired with peak triggering used a systole-based trigger while others used a diastole-based trigger, which could have had an impact on the stability of MR thermometry and may explain the differences observed between peak and valley triggering. The trigger delay was fixed in these experiments aimed at showing the feasibility of AT-trig. Optimization of the trigger delay for each position within the LV should result in more consistently imaging the same cardiac phase. In the future, an AT-triggered CINE scan could be developed to facilitate the selection of triggering condition (peak vs. valley) and trigger delay needed for imaging of a desired cardiac phase.

The catheter that was used in this study contained 2 microcoils to determine tip location, while for AT-trig, only one coil was used. Using both AT coils might improve the SNR of the location determination, although this study does not suggest that the SNR was insufficient. The use of 2 microcoils could also be used for outlier detection by comparing the positions of both coils.

The respiratory-induced motion of the heart was small in the employed porcine model, when compared to human. Therefore, the full potential of the respiratory motion filter of the AT signal could not be investigated to its full extent in this study. However, the potential of this filter to demodulate cardiac and respiratory motion components from the catheter motion has been demonstrated in prior studies using recorded catheter displacement from standard electrophysiology procedures and standard RF catheters (22). Therefore, it is expected that the employed filter should translate into similar benefit in the proposed application.

A total of six LV locations in a porcine heart were included in this study of AT-trig. Although these locations were selected to sample different myocardial segments, the performance of the technique over a higher LV sampling remains to be investigated. Further evaluation in patients is also needed to study the performance of AT-trig in a clinical setting. Moreover, only one ablation experiment was performed in this proof-of-concept study. The lesion(s) generated through RF ablation and measured with AT-triggered MR thermometry was not assessed and compared to other (MR) imaging methods. It was shown purely as example. Larger-scale experiments will be needed to validate the potential of AT-trig MR thermometry to predict RF ablation lesions, which was beyond the scope of this study.

The calibration phase is currently performed for each run of the triggered thermometry sequence. The cardiac motion of the heart is spatially varying in amplitude and direction, thus requiring a new calibration at each location using the proposed AT-trig approach. The development of an AT-based cardiac trigger that is invariant to motion amplitude and direction may avoid repeating the calibration step at each location and remains to be investigated.

AT-based cardiac triggering might also be used to trigger other cardiac MR sequences used during the intervention such as post-ablation imaging with a long inversion time to visualize ablation-induced changes in T1 (14). Furthermore, retrospective cardiac synchronization of MR sequences (25, 26) and motion correction (27) using AT have also been suggested.

AT-based cardiac triggering provides a direct measurement of cardiac motion as opposed to conventional ECG. This information could therefore be used for detecting and rejecting arrhythmias based on trigger interval or other deviations in the measured motion pattern. Other events that could hamper the ablation therapy efficacy might also be detected using continuous AT, such as the catheter drifting away from the targeted ablation position or poor catheter contact. Finally, AT can also be used to provide prospective slice tracking and could be easily combined with the proposed sequence (28).



Conclusion

Continuously acquired AT signal for prospective cardiac triggering of an MR-thermometry sequence was feasible in phantom and in vivo experiments. AT-trig MR thermometry led to comparable temperature stability as conventional ECG-triggered thermometry and could serve as alternative strategy in situations where ECG triggering is not effective.
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Introduction: Computed tomography pulmonary angiography (CTPA) is an essential test in the work-up of suspected pulmonary vascular disease including pulmonary hypertension and pulmonary embolism. Cardiac and great vessel assessments on CTPA are based on visual assessment and manual measurements which are known to have poor reproducibility. The primary aim of this study was to develop an automated whole heart segmentation (four chamber and great vessels) model for CTPA.

Methods: A nine structure semantic segmentation model of the heart and great vessels was developed using 200 patients (80/20/100 training/validation/internal testing) with testing in 20 external patients. Ground truth segmentations were performed by consultant cardiothoracic radiologists. Failure analysis was conducted in 1,333 patients with mixed pulmonary vascular disease. Segmentation was achieved using deep learning via a convolutional neural network. Volumetric imaging biomarkers were correlated with invasive haemodynamics in the test cohort.

Results: Dice similarity coefficients (DSC) for segmented structures were in the range 0.58–0.93 for both the internal and external test cohorts. The left and right ventricle myocardium segmentations had lower DSC of 0.83 and 0.58 respectively while all other structures had DSC >0.89 in the internal test cohort and >0.87 in the external test cohort. Interobserver comparison found that the left and right ventricle myocardium segmentations showed the most variation between observers: mean DSC (range) of 0.795 (0.785–0.801) and 0.520 (0.482–0.542) respectively. Right ventricle myocardial volume had strong correlation with mean pulmonary artery pressure (Spearman's correlation coefficient = 0.7). The volume of segmented cardiac structures by deep learning had higher or equivalent correlation with invasive haemodynamics than by manual segmentations. The model demonstrated good generalisability to different vendors and hospitals with similar performance in the external test cohort. The failure rates in mixed pulmonary vascular disease were low (<3.9%) indicating good generalisability of the model to different diseases.

Conclusion: Fully automated segmentation of the four cardiac chambers and great vessels has been achieved in CTPA with high accuracy and low rates of failure. DL volumetric biomarkers can potentially improve CTPA cardiac assessment and invasive haemodynamic prediction.

KEYWORDS
 deep-learning (DL), semantic segmentation and labelling, computed tomography pulmonary angiography (CTPA), whole heart segmentation, pulmonary vascular disease (PVD)


Introduction

Pulmonary vascular disease encompasses a range of conditions that are linked with a large disease burden worldwide and are associated with high mortality and morbidity (1–4). Computed tomography pulmonary angiography (CTPA) is a crucial imaging investigation performed in patients with suspected pulmonary embolism (PE) and in the work up of patients with suspected pulmonary hypertension (PH) (1). Current imaging approaches in pulmonary vascular disease rely on visual assessments or manual measurements of cardiac, pulmonary arterial and aortic size; such measures are used to risk stratify patients with acute PE (5–8) and diagnose PH (5, 6).

Pulmonary arterial dilatation is a salient feature radiologists observe on routine thoracic imaging. This feature may be the clue to the diagnosis of pulmonary hypertension (7–10). Cardiac features such as right ventricular (RV) dilatation (11), RV hypertrophy and septal flattening (5) add to pulmonary arterial dilatation as predictors of the presence of PH. In acute PE the relative diameter of the right ventricle to left ventricle is used to predict mortality (12, 13). Measurement of right and left ventricular volume ratio may be a superior approach (13). Right and left atrium measurements on computed tomography (CT) are also known to have diagnostic and prognostic value for pulmonary vascular disease (14–18). Manual cardiac and pulmonary measurements are limited by their time-consuming nature (14), human error, observer variability (19, 20), and observer experience leading to potentially inaccurate predictions and less frequent use.

Historically, volumetric measurements have not been performed on CTPA because it is not typically a cardiac gated acquisition, causing significant cardiac motion artefacts. However, following improvements in CT technology, cardiac structures are now captured with increased clarity on CTPA due to the more rapid acquisition of the cardiac and great vessel structures and therefore diagnostic information is available, despite the lack of cardiac gating.

Automated ventricular volume measurement approaches have been developed in CT showing similar accuracy to cardiac magnetic resonance imaging (MRI) (21), and provide added prognostic value in acute pulmonary embolism (19). There is the need to develop methods to automatically measure the cardiac volume, myocardial hypertrophy, and great vessels on CTPA to provide a comprehensive cardiopulmonary assessment. In addition, it is necessary to determine the generalisability of such a method across hospitals and CT systems (22).

Artificial intelligence is widely used in cardiothoracic applications with utilisation in different diseases for a variety of computer vision tasks (23–26). Semantic segmentation of cardiac chambers is a challenging task which requires the use of automation to minimise the bias effect and to maximise reproducibility (27, 28). Deep learning (DL) has been used successfully in semantic segmentation tasks with high performance in supervised cardiac segmentation (29) including multiple cardiovascular structures (30). The main limitations of the deep learning approaches are the lack of model generalizability across different domains, interpretability and explainability of the model, and for supervised approaches, the need of a large amount of manual segmentation (31).

Automatic segmentation of cardiac chambers has the potential to provide unbiased and robust measurements for the diagnosis and assessment of cardiovascular diseases. By using the information from volumetric anatomical models derived from semantic segmentation, human interpretable diagnostic and prognostic models can be developed. Such models have the potential to transform the management of pulmonary vascular disease, allowing earlier diagnosis in rare diseases such as pulmonary hypertension. Thus, automatic segmentation is a crucial step for the robust and unbiased evaluation of CTPA.

The aims of this retrospective study were:

• to measure the interobserver variability for multi-structure cardiac segmentation in CTPA so that any automated segmentation tool can be compared to human performance of three independent observers.

• to develop a deep learning semantic segmentation tool for CTPA four chamber, ventricle myocardium and great vessel structures and to evaluate the performance of the DL method in an internal and external dataset. The external dataset will be used to assess the generalisability of the segmentation tool utilising a dataset from hospitals across England and Wales.

• to evaluate the failure rates in two disease groups; confirmed pulmonary embolism and suspected pulmonary hypertension to establish the generalisability of the model to different pathologies.

• to investigate the correlations between cardiac structure volumes and invasive haemodynamic measurements for DL and human segmentations.



Materials and methods

In this study we develop and test a deep learning multi-structure semantic segmentation model which segments the four chambers, myocardium, and great vessels on CTPA scans. An interobserver comparison study was conducted with three observers to measure the accuracy for multi-structure cardiac segmentation in order to contextualise the performance of the deep learning multi-structure segmentation models.

For the deep learning segmentation, a two stage, cascade approach is used; firstly, a low-resolution model is trained to localise and extract the cardiac structures within the CTPA scan (Cardiac Localisation Model—Figure 1B), secondly a high-resolution model is trained to segment a multi-structure cardiac model on the extracted cardiac structures (Cardiac Segmentation Model—Figure 1C). For the segmentation, two different models were trained and compared; model 1 (DL-1) and model 2 (DL-2) which were trained with 50 and 100 patients respectively.


[image: Figure 1]
FIGURE 1
 Methodology. (A) Datasets used within this study. (B) Cardiac localisation deep learning model. (C) Cardiac segmentation deep learning model. (D) Inference pipeline. (E) Model testing strategy. Ob 1, 2, 3, observer 1, 2, 3; DL-1, deep learning model 1; DL-2, deep learning model 2; Dice, dice similarity score, ICC, intraclass correlation coefficient; NSD, normalised surface distance (Surface Dice Score).


The best performing deep learning model was selected for further analysis. Volumetric parameters from human segmentation and segmentations from the best performing model were correlated with invasive haemodynamic pressure measurements in a cohort of 100 PH patients. Segmentation failure rates were measured in a large cohort of 1,333 patients with a variety of cardiovascular disease.

Figure 1 provides an overview of the methodology used in this study; Figures 1A–E show the patient populations and respective cohorts, the cardiac localisation model, the multi-structure cardiac segmentation model, the inference pipeline and the testing methodology respectively.


Patient populations and datasets

This was a GDPR compliant retrospective study based on 1,553 patients selected from the ASPIRE registry of patients with suspected pulmonary hypertension (n = 1346) and patients selected from a local registry of patients with confirmed pulmonary embolism (n = 207). Research ethics committee approval for retrospective analysis with waiver of informed consent was obtained for PH patients (ASPIRE, ref: c06/Q2308/8) and PE patients (ref: 17/YH/0142). We followed the CLAIM (checklist for artificial intelligence in medical imaging) (32) checklist for presenting this research.

The selected patients were split into different cohorts used to train and test a deep-learning model. An internal cohort (n = 200) and an external cohort (n = 20) of patients with suspected PH referred to a tertiary referral centre were identified from the ASPIRE registry. Patients had heterogeneous underlying conditions: lung disease, left heart disease, pulmonary thromboembolic disease, pulmonary arterial hypertension, and a group of patients found to not have pulmonary hypertension following right heart catheterisation. The internal cohort was used for training, validating and testing the deep learning models. The internal test cohort (n = 100) was used for correlating volumetric measurements with invasive haemodynamics, with a subset of the internal test patients used for the interobserver comparison (n = 24). The external cohort was used for testing the model. Ground truth segmentations in the internal and external cohorts were made by a single consultant cardiothoracic radiologist observer (AJS). Three consultant cardiothoracic radiologists, observer 1 (AJS), 2 (KK), and 3 (CJ), with 12, 5 and 15 years' experience respectively segmented the cardiac structures on the patients in the interobserver comparison cohort.

Failure rates of the segmentation models were tested in a large group of patients with a variety of pulmonary vascular diseases, a suspected PH Cohort (n = 1,126) and a confirmed PE Cohort (n = 207). See Figure 1A for details of the patient cohorts and Table 1 for the patient demographics.


TABLE 1 Demographics, diagnosis and scanner type of the cohorts utilised.
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Internal cohort

Patients were selected randomly from suspected PH patients imaged at Sheffield Teaching Hospitals NHS Trust between 2010 and 2018 who had undergone right heart catheter measurements within 48 h of CTPA image acquisition. The cohort consisted of 93 patients imaged on a 64 detector-row CT GE system (Light-Speed; General Electric Medical Systems, Milwaukee, WI) and 107 patients imaged on a 320 detector-row Canon CT system (Aquilion ONE/ViSION edition; Canon Medical Systems Corporation, Otawara, Japan). GE acquisition parameters: 120 kV, 100 mA with auto dose reduction, pitch 1, rotation time 0.5 s, field of view (FOV) 400 × 400mm and slice thickness 0.625 mm. Canon acquisition parameters: kV 120, modulated mA, pitch (standard pitch factor 0.813 and helical pitch 65) rotation time 0.275, FOV 500 L and slice thickness 0.3 mm. Intravenous iodine contrast agents were administered with a dose of 60 ml at a rate of 5 ml/s (agent Omnipaque 300, GE Healthcare, United States). Bolus tracking was used with a region of interest over the pulmonary trunk with a manual trigger. Contiguous slices were acquired during an inspiratory breath hold.



External cohort

The external cohort consisted of 20 patients from 12 hospitals across England and Wales acquired between 2011 and 2018 on GE (n = 8), Siemens (n = 6), Philips (n = 1) and Canon (n = 5) CT scanners.



Pulmonary hypertension cohort (PH cohort)

A cohort of 1,126 patients imaged in two hospitals in England was selected from the ASPIRE registry. Consecutive patients between 2011 and 2019 which had invasive right heart catheterization (RHC) haemodynamics within 48 h of the CT were selected. Patients in the internal cohort were excluded. Patients were imaged on GE (n = 835), Canon (n = 289), and Siemens (n = 2) CT scanners. Patients had heterogeneous underlying conditions similar to the internal cohort.



Pulmonary embolism cohort (PE cohort)

A cohort of 207 patients with confirmed PE was randomly selected from two hospitals in England between 2009 and 2017. Cases were acquired on GE (n = 176), Canon (n = 28), and Philips (n = 3) CT Scanners.




Cardiac segmentation model

Nine structures were manually segmented on the CTPA images for the 220 cases in the internal and external cohorts; the left ventricular (LV) myocardium (LVmyo), LV endocardial cavity (LVvol), right ventricular (RV) myocardium (RVmyo), RV endocardial cavity (RVvol), left atrium (LA), right atrium (RA), proximal pulmonary arteries (PA) and the aorta, which was split into two structures (i) the ascending aorta and aortic arch excluding the supra-aortic vessels (Aoascend), and (ii) the descending aorta (Aodescend). The left ventricular structures included the septum and the outflow tract and excluded trabeculation. The right ventricular structures included the outflow tract and excluded the septum and trabeculation. The LA excluded the appendage and pulmonary veins. The RA included the appendage and excluded the inferior and superior vena cava. For the aorta the outer margin was segmented, therefore calcifications and atheroma were included where present.

Ground truth image segmentations were performed using MASS software (Version 2021EXP, Leiden University Medical Center, Leiden, The Netherlands). Segmentation was performed on axial slices with interslice contour interpolation used where appropriate (e.g., along the descending aorta) to speed up the process. Multi-planar reformats were reviewed to achieve consistent contouring between slices. For the 100 patients in the internal test cohort contemporary standard of care manual measurements were made; RV:LV ratio of maximal chamber diameter and pulmonary artery: aorta ratio (PA:Ao) of vessel diameter at the level of the PA bifurcation, both measurements made on axial slices. Independent quality control was performed on all manual segmentations by an experienced medical physicist, errors and omissions were corrected by the original observer.



Deep learning pipeline

Deep convolutional neural networks using nn-UNet (33) were trained for cardiac localisation (Figure 1B) and cardiac segmentation (Figure 1C). Common pre-processing, data augmentation, and network parameters were used for all networks, further details are provided in Supplementary material E1.


Cardiac localisation model

A cardiac localisation model was trained to extract a volume containing the heart and great vessels. The nine manually segmented cardiac structures were merged into a single structure (combined cardiac structure) to be used as a training label. Images and labels were pre-processed by resampling to a 4.4 mm isotropic voxel size and a 128 × 128 × 320 matrix. The localisation model allows the heart to be localised in CT acquisitions of up to 1.4 m in length, such as a chest-abdomen-pelvis acquisition. A patch size of 128 × 128 × 128 and batch size of 5 was used. Training/validation/testing was conducted using the DL Model 2 cohort with 80/20/100 patients respectively. No external validation was conducted.

The resulting segmented cardiac structure was used to extract a rectangular cuboid bounding box containing the structures of interest, a symmetrical margin of 20 voxels was added to the bounding box. The bounding box was used to establish the input image volume for inferences using the DL-1 and DL-2 segmentation models.



Cardiac segmentation

Two separate deep learning models were trained for cardiac segmentation to investigate the performance gains from increasing the training population from 50 cases to 100 cases. Images and masks were pre-processed by extracting a bounding box encompassing the entire manual segmentations plus a symmetrical margin of 20 voxels. The extracted volumes were resampled to a mean voxel spacing of 0.71 × 0.71 × 0.45 mm. The processed volume size was 214 × 210 × 467 voxels compared to 512 × 512 × 751 ± 285 for the original images. The two models were trained to segment the nine cardiac structures. A patch size of 128 × 128 × 192 was used. External testing was conducted in 20 cases. Testing was performed once for each algorithm with no iterative development.



Cardiac segmentation model 1 (DL-1)

Training/validation/testing was conducted using the DL Model 1 cohort of 40/10/100 patients respectively.



Cardiac segmentation model 2 (DL-2)

This was trained identically to DL-1 apart from training/validation/testing was conducted using the DL Model 2 cohort of 80/20/100 patients respectively. This cohort was created by adding additional patients to the training and validation sets from DL-1.




Statistical analysis

Segmentations were compared using an overlap-based-metric [Dice Similarity Coefficient (DSC)], a boundary-based-metric [Normalised Surface Distance (NSD) (34)] and a property-related-metric to measure volumetric differences between structures [volume intraclass correlation coefficients (ICC)] following the recommendations of (35). ICC estimates and their 95% confidence intervals were calculated using SPSS statistical package (version 27, SPSS Inc, Chicago, IL) based on a single-rater, absolute-agreement, two-way random-effects model, ICC (2, 1). Normalised Surface Distances were evaluated at structure specific thresholds (see Table 2) derived from the 95th percentile of the NSD measured from the three consultant radiologists in the interobserver variability study (34). Non-parametric Wilcoxon signed rank test was used to compare the paired means of samples populations as the DSC and NSD values are not normally distributed. Non-parametric Spearman's rank order correlation coefficients were calculated as the relationship between cardiac segmentation volumes and haemodynamic pressure measurements were non-linear.


TABLE 2 Dice similarity coefficients (DSC) and normalised surface distances (NSD) for the three observers and DL model 2 evaluated in the interobserver comparison cohort (n = 24).
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The threshold for statistical significance was considered a priori to be P < 0.05. Statistical analyses were performed in Python using the SciPy [version 1.8.0 (36)] library with plots generated using matplotlib [version 3.4.2 (37)].


Interobserver performance comparison

Interobserver comparison was performed using DSC and NSD for structure segmentations, and ICC for structure volume measurements. DSC and NSD were used to evaluate the DL segmentation models in the inter observer comparison (IOC) cohort against individual observers and against the simultaneous truth and performance level estimation (STAPLE) (38) ground truth from all three observers (Supplementary Figure A). ICC was calculated between DL-2 and observer 1.



Evaluation of deep learning pipeline

The two DL segmentation models were evaluated against the ground truth manual segmentation from observer 1 in the internal testing and external cohorts. DSC, NSD, volume ICC and structure volumes were used to evaluate segmentation accuracy and performance. The superior model based on mean DSC and NSD was selected for further analysis in the performance evaluation cohorts. Mean values were compared using paired t-tests. Bland-Altman plots were used to compare volumes between the human ground truth and the superior deep learning model, and to compare DL model 1 and DL model 2.

In the performance evaluation cohorts failure was evaluated visually for each structure by observer 1 who assessed failure on a per structure basis on axial slices; multi planar reformats were available. Failure was assessed on a three-point scale where 0 was an ideal segmentation with no errors, 1 included minor errors but were considered unlikely to change the volume or shape of structures significantly, and 2 included errors considered to significantly change structure volume or shape. A score of 2 was considered a failure.



Invasive haemodynamic pressure correlations

Spearman rank correlations (ρ) and bootstrap 95% confidence intervals were calculated between cardiac segmentation parameters and invasive haemodynamics in the internal test cohort for observer 1 and the DL-2 model. The volume of right sided cardiac structures (RVmyo, RVvol, RA and PA) were correlated with mean pulmonary artery pressure (mPAP), and left sided cardiac structures (LVmyo, LVvol, LA, Aoascend and Aodescend) were correlated with the pulmonary artery wedge pressure (PAWP). The Steiger z test (39) was performed to test for differences between dependent variables for the manual and DL correlations.





Results

Results are presented for the interobserver comparison demonstrating the human performance in multi-structure cardiac segmentation on CTPA images. The deep learning model performance is presented in the internal test and external cohorts. The model trained in 100 cases (DL-2) outperformed the model trained in 50 cases and was selected for further analysis in qualitative analysis and for correlation between segmented structure volumes and invasive haemodynamic measurements.


Interobserver performance

Mean DSC for the three observers (Table 2; Figure 2) are generally very high, with mean DSC for the LV cavity, RV cavity, LA, RA, ascending aorta, descending aorta, and the pulmonary arteries all within the range 0.830 to 0.936. The DSC for the LV myocardium and the RV myocardium are much lower with mean (range) of 0.795 (0.785–0.801) and 0.520 (0.482–0.542) respectively. Volumetric ICC (2, 1) (Table 3) were excellent and >0.89 for all structures.
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FIGURE 2
 Box plots comparing Dice similarity coefficients (DSC) for the segmented cardiac structures for observers 1 (AJS), 2 (KK) and 3 (CJ) and DL model 2 in the interobserver comparison cohort (n = 24). Structures are as follows; LV endocardial cavity (LVvol), LV myocardium (LVmyo), RV endocardial cavity (RVvol), RV myocardium (RVmyo), left atrium (LA), right atrium (RA), ascending aorta and aortic arc (Aoascend), proximal pulmonary arteries (PA), and descending aorta (Aodescend).



TABLE 3 Volume ICC statistics for the three observers and DL model 2 evaluated in the interobserver comparison cohort (n = 24).
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Ninety fifth percentile NSD (Table 2; Supplementary Figure B) ranged from 2.2 mm for the descending aorta to 8.1 mm for the pulmonary arteries. The value for the RV cavity is towards the higher end of this range (6.04 mm) indicating the variability of the segmentation for human observers. The measured structure specific 95th percentile values are used to evaluate the NSD performance of the deep learning models. Deep learning model 2 had NSD values of >0.95 in the IOC cohort (Table 2) for all but two of the structures; the LV cavity and the descending aorta which had NSD values of 0.949 and 0.937, respectively.

The mean DSC, and structure specific NSD for DL-2 compared to observer 1 are comparable to the interobserver human results for all structures and the differences between model and human are lower than the inter-observer reproducibility. The ICC (2, 1) between observer 1 and the DL-2 model are >0.87 indicating excellent correlation to human observers.



Internal and external test performance

Evaluation of DL-1 and DL-2 in the test cohort (n = 100) (see Figure 3; Table 4; Supplementary Figure C) demonstrated that the additional fifty training cases used for training DL-2 improved the overall performance of the segmentation. DSC performance was similar for both models in the external cohort, with it being too small a sample (n = 20) to reach statistically significant conclusions. Bland-Altman plots for DSC in the test cohort and evaluation cohort are available in the Supplementary Figures D,E. Examples of successful DL-2 segmentation in a suspected PH patients can be found in Figures 4, 5 and Supplementary Videos A (axial) and B (sagittal). The NSD scores in the internal test cohort is marginally improved in DL-2 compared to DL-1 (Table 4).
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FIGURE 3
 Box plots comparing Dice similarity coefficient (DSC) for the segmented cardiac structures for DL model 1 vs. the manual segmentation observer 1 (AJS) and DL model 2 vs. observer 1 in the test cohort (n = 100) and the external cohort (n = 20). Structures are as follows; LV endocardial cavity (LVvol), LV myocardium (LVmyo), RV endocardial cavity (RVvol), RV myocardium (RVmyo), left atrium (LA), right atrium (RA), ascending aorta and aortic arc (Aoascend), proximal pulmonary arteries (PA), and descending aorta (Aodescend).



TABLE 4 Dice similarity coefficients (DSC) and normalised surface distances (NSD) in the internal and external test cohorts for DL model 1 (DL-1) and DL model 2 (DL-2) 2.
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FIGURE 4
 Example of a successful segmentation by DL-2 for a patient with suspected PH in the internal test cohort.



[image: Figure 5]
FIGURE 5
 Example of a successful segmentation by DL-2 for a patient with suspected PH in the external test cohort.


Volume measurements (Table 5; Figures 6, 7) demonstrate statistically significant differences for human derived volume compared to the DL-2 in both the test cohorts. In the internal test cohort, the mean LV endocardial volume has decreased by 8 ml whereas LV myocardial volume has increased by 9 ml when compared to the manual measurement. This pattern is also seen in the RV myocardial and endocardial volumes but to a lesser extent, suggesting that the DL model is over segmenting thin-walled structures and transferring volume to the myocardium from the endocardial volume as compared to manual segmentation.


TABLE 5 Volumes of segmented cardiac structures for manual (observer 1) and DL model 2 segmentations in the internal and external test cohorts.
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FIGURE 6
 Bland-Altman plots comparing manually segmented structure volumes by observer 1 (AJS) against DL model 2 in the test cohort (n = 100).



[image: Figure 7]
FIGURE 7
 Bland-Altman plots comparing manually segmented structure volumes by observer 1 (AJS) against DL model 2 in the external cohort (n = 20).




Qualitative segmentation performance

DL-2 was assessed in a large cohort (n = 1,333) of PH and PE patients; there were 50, 30, and 21 patients with >1, >2 and >3 structures failing, respectively. Overall, there were a total of 148 (1.2%) structures that failed. Failure rates for >1 structures failing (Table 6) in the two cohorts were similar with 3.8 and 3.4% for PH and PE, respectively. The LV myocardium had the highest failure rate which was 2.3 and 1.9% in PH and PE, respectively. Failure of the other structures was generally in the range of 1–1.5%, except for the descending aorta which was 0.4 and 0% in PH and PE, respectively. Radiologists reviewed CT images to identify potential explanations for segmentation failures. Failures were predominantly associated with low or no contrast in one or more chambers of the heart which accounted for 40% of failures. Pericardial effusion and chamber dilatation accounted for 24 and 18% of failures, respectively. The remaining failures were assessed to have been caused by large hiatus hernia, artefacts due to pacemaker/pacemaker leads, severe congenital abnormalities, thoracic deformity, tumour and LV hypertrophy, 4% of failures were associated with image acquisition artefacts. Failure rates were 3.15 and 5.67% for GE and Canon scanners respectively, p = 0.07.


TABLE 6 Qualitative failure rates for DL model 2 in the pulmonary embolism (PE), and pulmonary hypertension (PH) cohorts.
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Correlations with invasive haemodynamics

Table 7 shows the correlations between mPAP for right sided cardiac structures and PAWP for left sided cardiac structures. The RV myocardial volume had the strongest correlation to mPAP with Spearman rank correlation coefficient (ρ) = 0.70 for DL-2. The LA volume had the strongest correlation to PAWP with ρ = 0.57. The DL-2 correlation was similar to manual segmentation for all structures, with significantly higher correlations for RVvol (0.57 vs. 0.54, p = 0.03) and for LVmyo (0.34 vs. 0.24, p = 0.003).


TABLE 7 Correlation between cardiac structure volumes and invasive haemodynamic measurements for human (observer 1) vs. DL model 2 in the internal test cohort (n = 100).
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Correlation is higher between mPAP and the DL volume measurement RVmyo (ρ = 0.70) compared to the manual contemporary standard of care measurements PV:Ao (ρ = 0.50, p = 0.03) and RV:LV (ρ = 0.46 p < 0.001). When comparing correlations between manual and DL PA:Ao to mPAP and RV:LV to mPAP the manual PA:Ao correlation was found to be significantly stronger than DL-2, ρ = 0.50 vs. ρ = 0.37, p = 0.04, for RV:LV no significant differences were found with ρ = 0.46 and ρ = 0.45 for manual and DL respectively, p = 0.83.




Discussion

In this study we show that a deep learning multi-structure four chamber, myocardium and great vessel CTPA segmentation model trained in a mixed cohort of patients with varied underlying cardiothoracic pathology has high accuracy compared to expert cardiothoracic radiologists. Testing has been performed in an internal cohort of patients from the training institution, an external cohort including patients from multiple different hospitals, CT vendors, and pathologies, and a large cohort of patients with two different pulmonary vascular diseases.

Two DL models were trained, the first (DL-1) using 40 training cases and the second (DL-2) using 80 training cases. Both DL models performed well, with the model trained in twice as many patients having a slight performance advantage with mean DSC and NSD in the test cohort increasing by ~1.0%. This improvement in performance is considered insignificant for the additional effort (~30 mins per case) required to generate the manual segmentations. However, it is noted that with the DL-2 model the number of outliers were reduced compared to DL-1 in both the internal and external test cohorts (Figure 3), this may suggest that in some cases increasing the variety in the training cohort by including different pathologies and demographics may be more important than the total size of the training cohort.

In this study we achieve state-of-the-art performance in CTPA segmentation. Prior studies have achieved DSC of 0.85 (40) and 0.92 (41) for semantic segmentation of the pulmonary arteries compared with 0.93 in this study. For whole heart segmentation we refer to the presented results from the multi-modality whole heart segmentation challenge (42) in which seven cardiac structures were segmented on CT angiography scans. In this challenge the RV myocardium was excluded, and the aorta was segmented as a single structure. This challenge was won with a whole heart segmentation DSC of 0.91, which compares very favourably with the value of 0.90 for this study if the RV myocardium is excluded. The DSC values presented in this study exceed the highest score in the challenge table for all right sided cardiac structures; RV endocardial cavity 0.92 vs. 0.91, RA 0.90 vs. 0.89 and PA 0.93 vs. 0.86.

Prior studies have shown that manually derived measures of all four cardiac chambers have clinical value in suspected and confirmed pulmonary vascular disease. In the present study, all structures segmented by DL-2 have excellent accuracy assessed by DSC apart from the LV myocardium (0.83) and RV myocardium (0.58). The low DSC of the LV and RV myocardial measurements between DL-2 and the cardiothoracic radiology observers was mirrored by poor interobserver variability of the radiologists.

The training data for the LV myocardium and the RV myocardium was the weakest of all the chambers. The problem with a Dice Coefficient is that it becomes quite a crude assessment of precision if the ground truth is noisy. If the algorithm identified structures as belonging to the RV, and these were missed by the manual segmentation, the algorithm would be penalised for identifying a true positive. The DSC in the IOC cohort (Figure 2) are similar between each observer and DL-2 with no statistical differences, apart from the PA where observer 3 was found to be segmenting a smaller region than the other two observers. There is no apparent bias towards observer 1 despite all the training cases being generated by observer 1. The volumetric ICC measured in the IOC cohort were excellent for all observers (>0.89) and DL-2 (>0.87) demonstrating that DSC is not the most appropriate metric for assessing thin-walled structures. For this reason, in this study we have used DSC alongside a boundary-based-metric (NSD) to assess the overall segmentation performance. When evaluated using DSC or NSD the differences between model and human is lower than the inter-observer reproducibility within the IOC cohort. The LV and RV myocardium DL and manual segmentations have lower performance highlighting the challenges of segmenting these structures on CT images.

A great challenge of AI development is achieving generalisability of the model across different CT systems, hospitals and diseases (22) and patient populations. The PE and suspected PH cohorts contain patients with a wide range of pathology, including lung disease, left heart disease, pulmonary emboli and congenital heart disease, however the failure rate was found to be comparable for the PE and suspected PH cohorts suggesting good generalisability across pathologies. This study shows similar accuracy of the DL-2 model in patients in the internal test cohort and the external test cohort scanned at 12 hospitals on 4 different CT systems. The DL model was tested and trained in a predominantly white European population (>85% white for all cohorts) and there were insufficient patients of other ethnicities to do a subgroup analysis to determine any bias.

In the large PH and PE cohorts the failure rate was low, <3.9% for failure of any structure. The pathologies causing failures were pericardial effusions see Figure 8A, the poor differentiation of effusion and LV myocardium primarily led to LV epicardial contour failure. Poor contrast opacification was a major cause of failure, see Figures 8B,C. The segmentation performance may be improved by including additional patients with very poor contrast in the training dataset, or alternatively a method for identifying poor opacification prior to automated segmentation may be desirable, as it may not be appropriate to analyse such cases. The model generally performed well in patients with intracardiac devices such as pacemakers, see Figure 8D. Though failures in such cases were identified, see Figure 8E. Local and global chamber dilatation was thought to be the cause for several failures, see Figure 8F, and the addition of more extreme data to the training cohort may improve the performance of the DL model in these cases.


[image: Figure 8]
FIGURE 8
 (A) Segmentation failure in the LV myocardium in the presence of pericardial effusion. (B) Failure of segmentation of right sided cardiac structures with poor right sided contrast opacification. (C) Segmentation failure apically with globally poor contrast opacification. (D) Example showing success in the presence of an intracardiac device. (E) Segmentation failure in the region of an intracardiac device. (F) Failure in right atrial segmentation with severe dilatation.


Correlation with mPAP was found to be significantly higher for the DL volume measurement RVmyo (ρ = 0.70) compared to the contemporary standard of care measurements PV:Ao (ρ = 0.50, p = 0.03) and RV:LV (ρ = 0.46; p < 0.001). Despite there being bias between manual and DL volumes for the left and right ventricular structures, the DL volume measurement LVmyo shows a significant improvement in the volume correlations with PAWP compared to the manual measurement. All other correlations are comparable between the DL model and manual. For the contemporary standard of care diameter ratio measurements it is interesting to note that the manual correlation for PA:Ao to mPAP is significantly stronger for manual measurements than for the DL measurement, whereas the RV:LV ratio has no significant difference between manual and DL. This may indicate that the method to extract the PA:Ao diameter ratio from the DL segmentations requires refinement to correctly select the level of the PA bifurcation in order to be directly comparable to the manual measurement.



Limitations and future work

The model developed in this work is specific to ungated CT pulmonary angiography (CTPA), however as ungated CTPA is a very frequent examination, particularly in the emergency department, it is important to have a DL model that works on ungated images. The model has been developed and tested in a predominantly white European population, with a small external test cohort. Future work will seek to address the limitations of this study by testing the DL model in a large cohort of multi-ethnicity patients.

Volumetric measurements are generated in this study, whereas in clinical practise simple diameter measurements tend to be made. This study has highlighted the potential added value of DL volumetric measurements compared to manual diameter measurements in a small cohort. Future work will be to refine the extraction of diameters and ratios and compare with manual approaches used in clinical practise. Further investigation of whether volumetric parameters are of greater clinical significance is required, and the development of diagnostic and prognostic CTPA models for different pulmonary vascular diseases.



Conclusion

Based on our knowledge, this study presents the first multi-structure four chamber cardiac and great vessel segmentation model that has been developed for CTPA images. We have achieved state of the art accuracy and low failure rates during testing in heterogeneous internal and external cohorts with a wide variety of pulmonary vascular disease. We have used a rigorous testing methodology to evaluate the model and demonstrate that the model is generalisable across different CT vendors and hospitals with differing acquisition protocols. The model has been assessed in different pulmonary vascular diseases with no differences in failure rates identified. The segmented results are highly reproducible compared to multi-structure segmentation performance for expert cardiothoracic radiologists which has been measured in an interobserver comparison study.

Imaging biomarkers based on deep learning volumetric measurements of cardiac structures show strong correlation with invasive haemodynamic measurements and are equal to, or outperform, human volume measurements. Furthermore, the volumetric measurements show superior correlation to invasive haemodynamics than the current standard of care diagnostic measurements (RV:LV and PA:Ao ratio), offering the potential for diagnostic and prognostic models from routine CTPA imaging.
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Background: This study aimed to investigate the prognostic value of left atrial (LA) strain in patients with significant mitral regurgitation (MR) after surgical mitral valve (MV) repair.

Methods: A total of 169 patients (age 55 ± 15 years, 88 men) with moderate or severe MR on echocardiogram at least 6 months after surgical MV repair for primary MR were studied. Two-dimensional, Doppler, and speckle tracking echocardiography including MR quantitative measures, chamber size, and LA strain were comprehensively analyzed. The primary outcome was a composite of cardiovascular death, heart failure hospitalization, and MV reoperation.

Results: During a median of 44.4 months [interquartile range (IQR): 18.7–70.3 months] of follow-up, 44 patients (26%) experienced clinical events; these patients had greater MR volume, elevated mean diastolic pressure gradient and pulmonary artery systolic pressure, and enlarged chamber size compared with patients who did not experience events. Patients with events showed significantly lower LA strain [13.3% (IQR: 9.3–23.8%) vs. 24.0% (IQR: 13.1–31.4%), p = 0.003] and higher MR volume/LA strain [3.09 ml/% (IQR: 2.06–5.80 ml/%) vs. 1.57 ml/% (IQR: 1.04–2.72 ml/%), p < 0.001] than those without events. MR volume/LA strain was a good predictor of clinical outcomes (cut-off 1.57 ml/%, area under the curve 0.754, p < 0.001). On multivariable Cox proportional analysis, MR volume/LA strain was independently associated with clinical outcomes (hazard ratio: 1.269, 95% confidence interval: 1.109–1.452, p < 0.001) along with pulmonary artery systolic pressure.

Conclusion: A measure of LA mechanical function relative to MR volume is associated with clinical outcomes in patients with significant MR after surgical MV repair.
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mitral valve repair (MV repair), mitral regurgitation (MR), left atrial strain (LA strain), speckle tracking echocardiography, outcome


Introduction

Residual or recurrent mitral regurgitation (MR) after surgical mitral valve (MV) repair can occur even in excellent centers with a high MV repair success rate (1–3). Despite the relatively high recurrence of MR in patients who have undergone MV repair, treatment guidelines for these patients have not yet been established (4, 5). Therefore, when significant MR occurs after MV repair, clinicians usually decide the timing of reoperation depending on the severity of patient symptoms. In particular, significant MR after MV repair differs from primary native MR in terms of cardiac remodeling, so there is a limit to applying criteria such as increased left ventricular (LV) end-systolic dimension or decreased LV ejection fraction as indications for MV reoperation. Moreover, as the number of patients undergoing trans-catheter MV intervention for primary MR, including trans-catheter edge-to-edge repair (TEER), increases, there is a greater need for objective echocardiographic parameters to monitor the hemodynamic consequences of moderate to severe MR and determine the timing of the re-intervention or operation (6, 7).

Left atrial (LA) mechanical dysfunction assessed by two-dimensional speckle tracking echocardiography has been useful for predicting clinical outcomes in various cardiovascular diseases including atrial fibrillation, stroke, and heart failure (8–10). Theoretically, in patients who underwent MV repair, there is unavoidable restriction of the mitral annulus and little mitral stenosis physiology (11). Therefore, LA enlargement and mechanical dysfunction are more important than changes in LV in the presence of significant MR after MV repair. We hypothesized that LA strain, as a marker of LA mechanical function, can predict clinical outcomes in patients who present with significant MR after surgical MV repair. To prove this hypothesis, we sought to comprehensively analyze conventional and speckle tracking echocardiography and to identify predictors of clinical outcomes.



Materials and methods


Study design

From the echocardiographic database from January 2005 to December 2019 at Severance Cardiovascular Hospital, Seoul, Korea, 1,549 patients who underwent surgical MV repair were identified. After exclusion of 1,239 patients with no or mild MR on echocardiogram, 310 patients with significant (at least moderate) MR, either residual or recurrent MR, were selected. Among them, a total of 169 patients with moderate or severe MR on echocardiogram at least 6 months after surgical MV repair for primary MR were enrolled, after excluding cases that met the following criteria: patients who underwent their MV repair for secondary MR; patients with poor-quality echocardiographic imaging; patients who underwent concomitant aortic valve surgery; patients who underwent reoperation for reasons other than MR; patients who underwent reoperation within 6 months of first MV repair; and patients without postoperative echocardiography 6 months after MV repair. The patients who underwent tricuspid annuloplasty and coronary artery bypass grafting surgery were included. The enrolled patients were divided into two groups according to the occurrence of clinical events (Figure 1). Clinical events were defined as a composite of cardiovascular deaths, heart failure hospitalization, and MV reoperation. All patients underwent postoperative TTE before discharge. Clinical and/or echocardiographic follow-up was performed 6 months after MV repair and annually thereafter in accordance with the institution’s follow-up protocol. Residual MR was defined when MR was confirmed in the postoperative TTE, and recurrent MR was defined as a case in which there was no MR in the postoperative TTE but confirmed in the follow-up TTE at least 6 months after surgery. The parameters of echocardiography used for the analysis are the parameters at the time of occurrence of significant MR in echocardiography at least 6 months after surgery. All laboratory or clinical information was collected from electronic medical records. A study protocol was developed according to the principles of the Declaration of Helsinki and was approved by the Institutional Review Board of Severance Hospital.
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FIGURE 1
Study flow and design.




Echocardiography

Transthoracic echocardiography was performed using a standard ultrasound machine (Vivid 7 or E9; GE Medical Systems; Wauwatosa, WI, Philips iE33 or Epiq7; Philips Healthcare; Netherlands) with a 2.5–3.5-MHz probe. Standard echocardiographic measurements were performed according to the recommendations of the American Society of Echocardiography guidelines (12). LA and LV volume, and LV ejection fraction (LVEF) were derived from standard apical 4- and 2-chamber views using the biplane method of disks. LA volume index was calculated by dividing LA volume by body surface area of patients (12). Total LA emptying fraction (TLAEF) was calculated as (maximal LA volume - minimal LA volume)/maximal LA volume × 100% (13). Maximal LA volume was defined as volume just before the MV closed and minimal LA volume was defined as volume just after the MV closed (13). Repaired MV function was assessed through a multi-parametric approach according to the guidelines of the American Society of Echocardiography using the following parameters (6, 14). Mean diastolic pressure gradient (MDPG) was assessed by continuous-wave Doppler. MR severity was determined based on volumetric methods including effective regurgitant orifice area (EROA), MR volume and MR fraction (6). Pulmonary artery systolic pressure (PASP) was determined using tricuspid regurgitation velocity and inferior vena cava diameter. In patients with atrial fibrillation, Doppler echocardiographic parameters were measured at the average of three cardiac cycles when the R-R interval was relatively regular.



Two-dimensional speckle tracking echocardiography

Speckle tracking echocardiography was performed to evaluate LA and LV myocardial function. The analysis was performed offline using commercially available software (TomTec software; Image Arena 4.6, Munich, Germany). LA strain was obtained from apical 4- and 2-chamber images by semi-automatic endocardial border tracking and manual adjustment to optimize tracking (15). Among the 3 phases of atrial strain (reservoir, conduit, and contractile), LA strain was calculated by averaging the reservoir from 4- and 2-chamber images (15, 16). LV strain was obtained from acquired apical 4-chamber, apical 3-chamber, and apical 2-chamber views semi-automatically. LV global longitudinal strain (GLS) was calculated by averaging the peak strain value of 3 apical views (15, 17, 18). All data were performed and analyzed by two experienced individuals who were blinded to data analysis. To examine intra- and inter observer variability for LA and LV strain, two individuals repeated the analysis of the 20 consecutive patients. Since the amount of MR was diverse even in patients with significant MR, the ratio of MR volume to LA strain (MR volume/LA strain, ml/%) was used as a composite variable of MR severity and LA mechanical function.



Statistical analysis

The study was followed from the index date, which a significant MR was diagnosed, until clinical events occurred or the study period ended on December 31, 2020. Continuous variables with a normal distribution were expressed as mean ± standard deviation and compared using Student’s t-test. Non-normally distributed variables were expressed as median [interquartile range (IQR)] and compared using Wilcoxon Rank Sum test. Categorical variables were presented as frequencies (percentages,%) and compared using the chi-square test or Fisher’s exact test. The predictive value of MR volume, LA strain, and MR volume/LA strain for the primary outcomes was calculated using receiver operating characteristic (ROC) analysis. Kaplan-Meier survival analyses and log-rank tests were used to compare clinical outcomes according to cutoff values for LA strain and MV volume/LA strain during the follow-up period. Univariate and multivariate Cox proportional analyses were used to obtain adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) for evaluating the risk of events. The variables selected for entry into multivariate analysis were those with a p-value < 0.10 in univariate analysis. Multivariate analysis was conducted in two models. Model 1 was analyzed including LA strain, while model 2 was analyzed with MR volume/LA strain. A two-sided p-value of <0.05 was considered significant. Intra- and inter-observer variability values are expressed intra-class correlation coefficients (ICCs). Statistical analyses were conducted using SPSS software version 20 (SAS Institute Inc., Cary, NC, USA) and R software (version 3.6.3; R Foundation for Statistical Computing, Vienna, Austria).




Results


Clinical and echocardiographic characteristics

During a median 44.1 months [interquartile range (IQR): 18.7–70.3 months] of follow-up, among 169 patients, 44 patients (26%) experienced clinical events including 3 cardiovascular deaths, 10 heart failure hospitalizations, and 35 reoperations for MV (27 MV replacement and 8 redo-repair). Table 1 presents the baseline characteristics of the study population according to the occurrence of clinical events. Baseline characteristics did not differ between the two groups, except for higher prevalence of atrial fibrillation and lower estimated glomerular filtration rate in the event group. The most common etiology before MV repair was prolapse of MV. MR etiology before repair and device used for surgical MV repair were also comparable. However, LV and LA size were significantly larger in patients who experienced events compared to those who did not. There was no difference in LV function (LVEF and LV GLS) between the two groups, but LA function (LA strain and TLAEF) was significantly reduced in patients who experienced events compared to those who did not [LA strain: 13.3% (IQR: 9.3–23.8%) vs. 24.0% (IQR: 13.1–31.4%), p = 0.003]. MR was more severe in patients who experienced events, and TR was also more severe. Thus, MR volume/LA strain was remarkably higher in the event group than the non-event group [3.09 ml/% (IQR: 2.06–5.80 ml/%) vs. 1.57 ml/% (IQR: 1.04–2.72 ml/%), p < 0.001]. PASP was also significantly higher in patients who experienced events [37.5 mmHg (IQR: 28.0–46.3 mmHg) vs. 29.9 mmHg (IQR: 25.0–35.0 mmHg), p < 0.001, Table 2]. There are 75 patients who had residual significant MR. However, there were no significant difference for parameters for cardiac function assessed by TTE, except LV mass index between patients with residual MR and those with recurrent MR (Supplementary Table 1).


TABLE 1    Baseline characteristics of the study population.
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TABLE 2    Baseline echocardiographic characteristics of the study population.
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Left atrial mechanical function and clinical outcomes

Receiver operating characteristic was performed to evaluating the predictive value of LA mechanical function for clinical outcomes in this population. LA strain had good predictive performance for clinical outcomes [cut-off 15.3%, area under the curve (AUC) 0.661, p = 0.003]. The AUC for MR volume/LA strain was significantly larger than that of LA strain (cut-off 1.57 ml/%, AUC 0.754, p < 0.001) (comparison of both AUCs: p = 0.032) (Figure 2). Figure 3 is a representative case of reduced LA mechanical function and larger MR volume in a patient that experienced a clinical event.
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FIGURE 2
Predictive value of MR volume, LA strain, and their ratio for the occurrence of adverse clinical outcomes.
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FIGURE 3
Representative case of LA mechanical dysfunction and the amount of MR in a patient with significant MR after surgical MV repair. EDV, end-diastolic volume; ESV, end-systolic volume; LA, left atrium; LVEF, left ventricular ejection fraction; LVOT D, left ventricular outflow tract distance; LVOT VTI, left ventricular outflow tract velocity time integral; MR, mitral regurgitation; SV, stroke volume.


Kaplan–Meier curves according to LA strain and MR volume/LA strain cutoffs are shown in Figure 4. Patients with reduced LA strain ≤15.5% had significantly more events compared with those with LA strain > 15.5% (Log-rank p = 0.001). In addition, patients with MR volume/LA strain > 1.6 ml/% exhibited poorer clinical outcomes than those with MR volume/LA strain ≤ 1.6 ml/% (Log-rank p < 0.001).
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FIGURE 4
Kaplan-Meier analysis of freedom from clinical outcomes. (A) Comparison of two groups according to a cutoff value for LA strain. (B) Comparison of two groups according to a cutoff value for MR volume/LA strain.


Table 3 displays univariate and multivariate Cox-proportional analysis results for clinical outcomes. MR severity, LV and LA size, LA strain, MR volume/LA strain, and PASP were significantly correlated with clinical outcomes in univariate analysis. After adjustment, LA strain was not an independent factor for clinical outcomes [hazard ratio (HR): 0.993, 95% confidence interval (CI): 0.945–1.043, p = 0.765], but MR volume/LA strain, a measure of LA mechanical dysfunction relative to MR, was independently associated with clinical outcomes (HR: 1.269, 95% CI: 1.109–1.452, p < 0.001), as was PASP. As a result of Cox-proportional analysis of clinical results by dividing residual MR and recurrent MR, MR volume/LA strain was a significant factor in both groups (Supplementary Table 2).


TABLE 3    Cox proportional analysis for clinical outcomes.
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Intra-observer and inter-observer variability

To assess variability for LA strain and LV GLS, two individuals repeated the analysis of the 20 consecutive patients. The ICCs revealed excellent reliability for LA strain and LV GLS, with the ICCs generally > 0.9. The intra- and inter-observer ICCs for LA strain were 0.97 (0.93–0.98) and 0.91 (0.79–0.96) and those for LV GLS were 0.99 (0.97–1.00) and 0.94 (0.88–0.98), respectively.




Discussion

The main findings in this study are as follows: (1) in patients with significant MR after surgical MV repair, patients with clinical events exhibited decreased LA strain compared to those without clinical events; (2) LA strain assessed by two-dimensional speckle tracking echocardiography was a good predictor of clinical outcomes; (3) an index of reduced LA mechanical function relative to the amount of MR was independently associated with clinical outcomes after controlling for confounding factors. These findings suggest that an LA strain-based echocardiographic parameter might be useful for risk stratification and decision making for re-intervention in patients with significant MR after MV repair.

In the early phase of MR, LA and LV compensate for volume overload, but if chronic volume overload continues, further LA and LV remodeling occurs, resulting in cardiac chamber dilatation and dysfunction (19, 20). After successful MV surgery, reverse remodeling occurs at least 6 months (21, 22). While some patients recover from LA and LV mechanical dysfunction, other patients exhibit irreversible LA and LV damage accompanied by cardiac fibrosis (21, 23). LA and LV enlargement are commonly observed in patients who undergo MV repair. Moreover, absolute value of LA strain and LV GLS assessed by speckle tracking echocardiography in patients treated for MV are usually lower than absolute reference values (16, 24, 25). Therefore, it is difficult to decide the optimal timing of re-intervention or repeat surgery using the same chamber enlargement or dysfunction criteria used for de novo MR patients. Many studies have suggested that the presence of LA and LV mechanical dysfunction before MV surgery have prognostic implications for MV surgery in patients with chronic severe MR (26–28). However, there are no large-scale studies on which factors, including LA and LV mechanical dysfunction, have prognostic implications when significant MR occurs in patients undergoing MV repair.

The severity of valvular disease and changes in chamber function that are directly affected by severity are very important factors in determining outcomes (29). Therefore, rather than independently considering the severity of valvular disease or changes in chamber function, we focused on the fact that a robust correlation with outcome can be expected if indexed with a numerical value that reflects these two together. For example, when a large amount of water is put in a balloon, if the balloon has good distensibility, the balloon will not burst or overflow with water. Therefore, the correlation with outcomes was identified through RV/LAGLS, a new parameter representing the change in MR volume, a quantitative assessment of MR severity and LV function. As a result, in this study, it was confirmed that small RV/low LAGLS and large RV/high LAGLS showed similar outcome rates (Supplementary Figure 1B). After all, even in the similar MR severity, if the LA function is good, there may be fewer events, and conversely, if the LA function is low, many events may occur. This study showed that RV/LAGLS, as parameter that reflects LA function in MR severity, will play an important role in predicting prognosis.

Previous studies have reported the incidence and outcomes of recurrence of MR after surgical MV repair (1, 2). A study in patients with degenerative MV disease demonstrated significant recurrence of MR (3.7% annually) during 7 years of follow-up after MV repair (1). In another long-term study of 1,234 patients who underwent MV repair, 60.4% of patients did not experience any events for approximately 20 years; 12.5% had moderate or severe MR, and only 4.6% underwent re-operation for MR (2). Recently, as various trans-catheter interventions as well as surgical MV repair have been performed as alternative treatments for severe MR, there is growing interest in significant MR after MV repair (30–33). Chronic significant MR after MV repair differs from primary native MR in terms of cardiac remodeling, so there is a limit to applying criteria such as increased LV dimensions and LV dysfunction when making decisions regarding MV reoperation.

The present study suggests important points for clinical decision-making. First, increased PASP in patients with significant MR after MV repair is an important prognostic factor, as proven in patients with chronic native MR (34). Second, even in patients with significant MR, quantitative measurement of MR amount is helpful for risk stratification. Third, an index of LA mechanical dysfunction relative to MR amount is an important prognostic factor in patients with significant MR after MV repair. These findings will be clinically useful for decision-making and clinical follow-up for significant MR after MV repair.


Limitations

Our study has some limitations. First, as this was a single-center, retrospective study, there are fundamental limitations. Further multicenter studies and large-scale cohorts are necessary. Second, the postoperative echocardiography period at which significant MR was observed varied, and both residual MR and recurrent MR were included in this study. However, essentially, both residual and recurrent MR are MV regurgitation, and if there are factors affecting the clinical outcome at the time when significant MR is confirmed, appropriate intervention is required regardless of residual or recurrent. Routine institutional echocardiographic follow-up after surgical MV repair was conducted 6 months after the surgery and annually thereafter. Therefore, we believe that these results meet the research objective of identifying clinically meaningful echocardiographic parameters in the presence of significant MR in patients with repaired MV. Third, LA mechanical dysfunction was an important test variable, but LA strain did not show an independent association with clinical outcomes in multivariate analysis. However, MR volume/LA strain, which is an index of MR amount in LA mechanical dysfunction, was independently associated with clinical outcome. Since our study targeted moderate or more MR, we think that it is acceptable result that the measurement value for the degree of MR is important together with the LA mechanical function.




Conclusion

Left atrial mechanical dysfunction relative to increased MR amount is associated with poor clinical outcomes in patients with significant MR after surgical MV repair.
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Molecular phenotyping by imaging of intact tissues has been used to reveal 3D molecular and structural coherence in tissue samples using tissue clearing techniques. However, clearing and imaging of cardiac tissue remains challenging for large-scale (>100 mm3) specimens due to sample distortion. Thus, directly assessing tissue microstructural geometric properties confounded by distortion such as cardiac helicity has been limited. To combat sample distortion, we developed a passive CLARITY technique (Pocket CLARITY) that utilizes a permeable cotton mesh pocket to encapsulate the sample to clear large-scale cardiac swine samples with minimal tissue deformation and protein loss. Combined with light sheet auto-fluorescent and scattering microscopy, Pocket CLARITY enabled the characterization of myocardial microstructural helicity of cardiac tissue from control, heart failure, and myocardial infarction in swine. Pocket CLARITY revealed with high fidelity that transmural microstructural helicity of the heart is significantly depressed in cardiovascular disease (CVD), thereby revealing new insights at the tissue level associated with impaired cardiac function.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death globally (1). Clinically, the impact of CVD is assessed by measuring the pumping efficiency of the heart using ejection fraction (a volumetric ratio of the stroke volume to the end-diastolic volume (2). Ejection fraction measurements provide valuable insights about the functional status of the heart, but yield minimal information about microstructural changes and/or tissue regeneration after an infarct which is a valuable aid in detection and diagnosis. Instead, microstructural changes are commonly studied using histology where the tissue is rendered into a series of thin two-dimensional slices (2–25 μm thick) that are stained and observed under a microscope (3). The drawback of studying 2D sections is the absence of 3D structural information that is needed to better understand disease progression (4). In addition, the low sampling nature of examining sparse 2D sections increases the chances of missing or misinterpreting disease queues. Earlier efforts to perform 3D histology utilized microscopy techniques like knife-edge scanning microscopy and confocal microscopy among others (5). However, the relatively slow acquisition rate, destructive nature and low optical penetration depth of these techniques has hindered wide scale adoption. Further, light absorption and scattering are additional limiting factors for imaging of samples larger than 100–200 μm. This is due to refractive index mismatches between the sample and the imaging media as well as refractive index changes within the sample itself due to its inhomogeneous molecular composition that includes lipids, proteins and other components. One solution to reduce light absorption and scattering is to homogenize the samples to render them transparent, a process known as tissue clearing. Although tissue clearing dates back to early 1900s, it recently gained momentum due to advances in microscopy and the growing interest in volumetric imaging. Novel tissue clearing approaches combined with advanced imaging techniques allows for non-destructive 3D histological analysis of tissue and whole organs and is routinely performed using a spectrum of clearing techniques such as CLARITY (6–8), BABB (9), CUBIC (10), and 3DISCO (11). These techniques have been applied to several organs across different species, including the brain (6), the nervous system (6), the liver and other organs (12) of mice and mini-pigs (13). In a recent work, whole human organs were also cleared using the SHANEL clearing method (14) as well as human embryos (15). Also, the SHIELD clearing protocol has been used to analyze the synoptic architecture of mice brain (16) as well as to analyze mice hearts. While the method does provide transparency with minimized distortions, there are still some limitations regarding the homogenous staining (17). Critically, many of these clearing methods have been coupled with lightsheet microscopy, a fluorescence imaging technique with high-speed optical sectioning capability, to enable rapid volumetric imaging of whole organs and embryos in TOTO. These applications have enabled optical 3D histology and molecular phenotyping to determine the 3D molecular and structural coherence in organs and tissues.

The degree of clearing ultimately impacts image quality and depends on many factors such as the clearing solution, tissue type, and size of tissue. Dense large tissue, such as the intact heart, require additional clearing time and is more prone to geometric distortion of the original sample. Distortion is a common side effect of clearing procedures usually in the form of expansion or shrinkage. For example, solvent based techniques such as BABB and iDISCO often cause sample shrinkage whereas hydrogel embedding techniques like CLARITY lead to sample expansion (17). Similarly, other tissue clearing techniques such as CUBIC and ClearT are known to cause tissue swelling and tissue volume changes, respectively (18). In cleared specimens, tissue distortion occurs in a non-isotropic fashion and is more detrimental as the sample size increases. Distortion can especially have a significant impact when quantifying microstructural organization where geometrical integrity of the sample is required to characterize the underlying tissue architecture such as cardiomyocyte orientation in the heart. This applies to hearts in particular since, compared to other organs, cardiac tissue clearing is more challenging due to its dense composition and thick tissue structure (13). For small mammalian models, like mice and rats (6), tissue distortion has a minor impact on sample shape. However, for larger mammalian models such as swine, which is a pivotal animal model for clinical research on heart conditions, distortion is a major hurdle for cardiac tissue analysis via tissue clearing. Successful clearing of swine hearts has been previously demonstrated, enabling 3D assessment of the vascular densities and diameters in healthy and infarcted myocardium (19). Despite this, severe tissue distortions were observed on the cleared sections (19). While these distortions had minor effects on vascular analysis, they impact the quantification of microstructural organization of myocardial fibers throughout the transmural layers and are likely to result in systemic errors (12). Even though many alternative techniques were introduced to mitigate tissue distortion (20), a protocol to preserve macrostructure of cardiac tissue and internal microstructure that supports immunostaining and maintains fluorescence protein signal has not yet been established (21, 22).

As distortion-free whole swine heart clearing for structural studies remains challenging, an alternative approach is to harvest thin transmural cardiac core samples that are more amenable for clearing. Despite allowing for improved clearing quality (17), transmural samples also suffer from distortion for sizes larger than 100 mm (3) albeit to a lesser degree compared to whole hearts. Here we introduce an easy-to-implement and cost-efficient passive clearing method based on a conventional CLARITY protocol that minimizes sample distortion at large-scales (> 100 mm3), which we coined “Pocket CLARITY.” CLARITY is among the most used clearing techniques since it: (1) can be applied to various tissue types including hearts, (2) preserves expressed fluorescent proteins and (3) allows for immunofluorescence staining. With Pocket CLARITY, the structure of the cleared sample is maintained by “pocketing” the sample into a permeable cotton mesh that limits tissue distortion by mechanically restraining the sample to its original shape and allowing for a controlled expansion along a direction inconsequential to myocardial microstructural helical characterization (Figure 1). We demonstrate the performance and advantages of the Pocket CLARITY on swine transmural myocardium samples in comparison to conventional CLARITY by measuring transmural myocardial microstructure organization throughout a range of samples sizes for both healthy and diseased tissue via lightsheet microscopy.
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FIGURE 1
Overview of swine cardiac tissue clearing and imaging. (A) Pocket CLARITY Tissue Preparation. Cardiac tissue of a Yucatan swine on the lateral side was harvested in sections of widths of 1 mm × 1 mm, 2 mm × 2 mm, 3 mm × 3 mm, and 4 mm × 4 mm. Lengths of tissue samples were the kept at the lengths of the heart wall, representing its full thickness. Samples were hand-stitched into cotton mesh (thus creating the “pocket”) to prevent tissue distortion during the lipid clearing process. (B) Pocket CLARITY Tissue Clearing Process and Imaging. Samples in their pockets were placed in hydrogel monomer for 24 h at room temperature to allow for hydrogel infusion, then switched to fresh hydrogel solution for 3 h at 37°C to allow for hydrogel hybridization. Samples were then “washed” with an 8% detergent sodium dodecyl sulfate (SDS) clearing solution to begin lipid removal. Samples were kept at 37°C for the entirety of the 6-week lipid removal process. The clearing solution was changed every 24 h for the next 48 h to ensure removal of PFA, and then changed every 3–4 days for optimal lipid removal. After clearing, samples were removed from pockets, mounted on a glass capillary and imaged using lightsheet fluorescence microscopy.




Results


CLARITY distorts large-scale specimens reducing image quality and quantification

As a first step toward devising an approach for minimizing tissue distortion, we performed clearing on porcine transmural (endocardium to epicardium) heart samples varying in size from 1 to 4 mm cross section widths and lengths of up to 20 mm using a standard CLARITY protocol over the course of 6 weeks (Figure 2). After 6 weeks of clearing, CLARITY cleared samples were scanned with an in-house built lightsheet microscope in the longitudinal direction acquiring an entire z-stack before tiling across the entire length of each sample. Then, the acquired images were virtually resampled cross-sectionally to reveal thousands of transmural layers from the endocardium to epicardium. The thousands of cross-sectional images were then used to calculate the helix angle (HA) at every transmural depth using a 2D structure tensor analysis to calculate the mean fiber orientation for each image. HA is a critically important measure in characterizing the heart’s microstructural architecture relies heavily on accurate estimation of the myocardial fiber orientation at each transmural depth and thus, is highly susceptible to tissue distortion. Only the 1mm cross sectional conventionally CLARITY cleared samples revealed cardiac fiber structures throughout the transmural layers but had superimposed streaking-like artifacts that disrupted the automated aforementioned HA quantification (Supplementary Figure 2). Furthermore, standard CLARITY cleared specimens exhibited severe distortions for all cross-sectional widths between Week 1 and 3 of clearing (Supplementary Figure 1) and severe distortion after 6 weeks of clearing (Figure 2A). While the 1 mm standard CLARITY samples were able to yield images, the associated distortions prevented any meaningful analyses (Supplementary Figure 2).
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FIGURE 2
Clearing protocol of pocket CLARITY and CLARITY and resulting tissue distortion after 6 weeks. (A) Demonstration of Tissue Distortion Caused by Standard CLARITY. Images and 3D models of the geometric distortion exhibited by a 3 mm left ventricle sample having undergone CLARITY (32). (B) CLARITY and Pocket CLARITY Pre and Post Clearing. (Left panel) Pocket CLARITY of transmural swine left ventricle core at Week 0 and Week 6 of clearing. Images were taken before samples were stitched in, and after removal from the pocket. Each lattice indicates 1 mm × 1 mm. (Right panel) CLARITY of transmural swine left ventricle core at Week 0 and Week 6 of clearing. Each lattice scale is 5 mm × 5 mm. For all images, specimens are oriented with epicardium to the left and endocardium to the right.




Pocket CLARITY reduces distortion from clearing

Pocket CLARITY improved tissue clearing (Figure 2) with significantly less distortion for larger samples (Figure 3) compared to CLARITY, resulting in the ability to image the various tissues. For 1 mm samples, Pocket CLARITY allowed for clearing with no significant difference in distortion represented by changes in volume, length, and cross section, while the 2 mm samples exhibited similar clearing but significantly decreased distortion (decrease of 56, 30, and 39% for volume, length and cross section respectively). For 3 and 4 mm samples, partial clearing was observed but significantly decreased distortion (relative decrease 41, 56, and 68% for the 3 mm and relative decrease of 68, 55, and 61% for the 4 mm samples). Furthermore, Pocket CLARITY tissue samples maintained their overall shape compared with CLARITY (Figures 2B, 3).
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FIGURE 3
Percent changes in volume, length, and cross-section of CLARITY and pocket CLARITY samples. (A) Percent Change in Volume. After 6 weeks of passive clearing, CLARITY 2, 3, and 4 mm samples (n = 78) exhibited significantly increased percent change in volume (296 ± 78, 275 ± 102, and 241 ± 87, respectively) compared with pocket CLARITY samples (174 ± 80, 121 ± 58, and 76 ± 26, respectively). For 1 mm standard and pocket CLARITY samples, clearing resulted in no significance percent change in volume (404 ± 184 vs. 359 ± 90). (B) Percent Change in Length. Percent change in length of sample sizes from CLARITY (n = 38) and Pocket CLARITY (n = 40) between Week 0 and Week 6. For the 2 mm, 3 mm, 4 mm samples, standard cleared samples showed an increase percent change in length (47 ± 12, 36 ± 9, and 49 ± 11) compared to the pocket cleared samples (33 ± 12, 25 ± 5, and 22 ± 3). No significant difference in percent change in length for the 1 mm samples between standard cleared (45.93 ± 10.52) and pocket cleared samples (36.15 ± 27.23). Measurements of sample length were taken from the longest points of sample growth. (C) Percent Change of Cross-Section. Percent change of tissue width-height cross section from CLARITY (n = 38) and Pocket CLARITY (n = 40) between Week 0 and Week 6 of clearing. For the 2, 3, and 4 mm samples, standard cleared samples showed an increase percent change in cross-section (172 ± 59, 177 ± 77, and 138 ± 32) compared to the pocket cleared samples (105 ± 52, 80 ± 44, and 54 ± 22), while there was no significant difference in percent change in cross-section for the 1 mm standard (245 ± 116) and pocket samples (240 ± 84). Measurements were taken from the tallest and widest points of sample growth. **significant at p < 0.01, ***significant at p < 0.001, ****significant at p < 0.0001.


By maintaining the sample shape, Pocket CLARITY allowed for cardiac fiber microstructures to be visualized with Lightsheet Fluorescence Microscopy (LSFM) for all sample sizes (1–4 mm) (Figure 4) across the continuum of the sample from endocardium to epicardium layers of the transmural core. Stitching and reformatting of the samples allowed visualization of cardiac fiber microstructures at thousands of transmural optical sections from epicardium to endocardium. Furthermore, quantifying the primary eigenvector of the structure tensor of each optical section revealed a continual change of HA from left handedness to right handedness for all sample sizes ranging from (–51°± 13 to 53°± 11). The slope of the HA values from endocardium to epicardial layers or the helix angle transmurality (HAT) were similar across 1, 2, 3, and 4 mm samples (0.90 ± 0.07°/%, 0.94°± 0.07°/%, 0.91 ± 0.03°/%, and 0.89 ± 0.06°/% degrees of helix angle per percent of tissue from epicardium to endocardium). The HAT values were not statistically significant when compared within the various sample sizes.
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FIGURE 4
Longitudinal/transmural imaging and helix angle maps of cardiac tissues. (A) Raw longitudinal optical sections. Raw-lightsheet microscopy longitudinal optical sections of 1, 2, 3, and 4 mm Standard and Pocket cleared samples before stitching. (B) Stitched longitudinal optical sections. Longitudinal optical sections were stitched from epicardium to endocardium for Standard and Pocket cleared samples. Representative 1 mm sample is shown. (C) Transmural optical sections. Longitudinal optical sections were then resampled orthogonally into cross sections to reveal transmural optical sections of Standard and Pocket cleared samples. Representative 1 mm Standard cleared sample is shown compared with 1, 2, 3, and 4 mm Pocket cleared samples. Transmural changes in the fiber orientation are observed reflecting the change from left-handed helix to right-handed helix. Standard cleared 2, 3, and 4 mm samples result in poor image quality obfuscating helical fiber orientations (see Supplementary Figure 1) (D) Helix Angle Transmurality of Pocket Samples. Quantification of the helix angle from epicardium to endocardium for representative 1, 2, 3, and 4 mm Pocket cleared samples. Red line indicates the helix angle transmurality calculated as the slope.




Pocket CLARITY has no impact on protein loss

Total percent protein loss was measured for both CLARITY and Pocket CLARITY samples throughout the 6-week clearing process. Chung et al. reported 8% decrease in protein content and indicated that chemical tethering of biomolecules into hydrogel mesh can enhance the preservation of molecular tissue components. It was unclear if pocket CLARITY could interfere with the hydrogel bonding, and we therefore performed protein loss analysis on both CLARITY and pocket CLARITY samples. Protein loss for pocket CLARITY was found to be 28.718.3, 15.7, and 20.9% for 1, 2, 3, and 4 mm samples, respectively, when normalized per volume for the 6-week clearing period. These values were not statistically significant when compared between the four sizes. The p-value was found to be 0.4 for 1 mm vs. 2 mm, 0.3 for 1 mm vs. 3 mm, 0.8 for 1 mm vs. 4 mm, 0.7 for 2 mm vs. 3 mm, 0.9 for 2 mm vs. 4 mm, 0.8 for 3 mm vs. 4 mm (Table 1).


TABLE 1    Pocket CLARITY and CLARITY protein loss.

[image: Table 1]

The percent protein loss for standard CLARITY was found to be 18.6, 16.2, 28.7, and 31.5 for 1, 2, 3, and 4 mm samples, respectively. These values were also not statistically significant when compared between the four size groups. The p-value was found to be 0.8 for 1 mm vs. 2 mm, 0.1 for 1 mm vs. 3 mm, 0.1 for 1 mm vs. 4 mm, 0.2 for 2 mm vs. 3 mm, 0.2 for 2–4 mm, 0.2 for 3 mm vs. 4 mm (Table 1).

Furthermore, protein loss was compared between CLARITY and pocket CLARITY; the percent losses were not statistically significant between the two methods. The p-values were 0.2, 0.4, 0.1, and 0.4 for 1, 2, 3, and 4 mm samples, respectively (Figure 5).
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FIGURE 5
Protein analysis for CLARITY vs. pocket CLARITY. After 6 weeks of passive clearing, SDS samples from Pocket CLARITY (n = 12) and CLARITY (n = 12) were analyzed to measure Protein loss per volume, Cumulative protein loss per volume and Total Percent protein loss. (A) Protein Loss Per Volume Pocket CLARITY. The amount of protein loss for 1, 2, 3, and 4 mm Pocket CLARITY samples over 40 days. (B) Cumulative Protein Loss Per Volume Pocket CLARITY. The cumulative amount of protein loss for 1, 2, 3, and 4 mm Pocket CLARITY samples over 40 days. (C) Percent Protein Loss Pocket CLARITY. The percent protein loss for the 1, 2, 3, and 4 mm Pocket CLARITY samples. (D) Protein Loss Per Volume CLARITY. The amount of protein loss for 1, 2, 3, and 4 mm CLARITY samples over 40 days. (E) Cumulative Protein Loss Per Volume CLARITY. The cumulative amount of protein loss for 1, 2, 3, and 4 mm CLARITY samples over 40 days. (F) Percent Protein Loss CLARITY. The percent protein loss for the 1, 2, 3, and 4 mm samples after CLARITY. The amount of protein at each time point was determined using the sample plate reader at a wavelength of 562 nm using protocol from the Thermo Scientific™ Pierce™ BCA Protein Assay Kit for (A) Pocket CLARITY and (D) CLARITY to analyze the protein loss per volume. The protein loss per volume (μg/mm3) was then added at each time point to calculate the Cumulative protein loss per volume for (B) CLARITY and (E) Pocket CLARITY. The protein loss did not plateau at Week 6 and there was no significant protein loss between 1, 2, 3, and 4 mm at any time point from Week 0 to 6. The total percent of protein loss was then measured for (C) Pocket CLARITY and (F) CLARITY by extracting the protein from an uncleared sample to determine the original protein content which was then compared to the amount of protein loss in the SDS. The percent protein loss was not statistically significant for CLARITY and Pocket CLARITY when analyzed.




Pocket CLARITY shows loss of helicity in diseased cardiac tissues

Pocket CLARITY was used to assess the helicity of control tissue compared to myocardial infarcted (MI), and heart failure (HF) cardiac biopsies from porcine models by quantifying the HAT (Figure 6). Across the entire transmural layers, HF biopsies led to an overall significant decrease in magnitude of HA and HAT (0.70 ± 0.04°/%, p < 0.003) compared with control (0.90 ± 0.07°/%). Losses of helicity were found for both MI (0.80 ± 0.06°/%, p = 0.06) and HF compared with control (0.90 ± 0.07°/%). Additional information on the HAT values for the different samples can be found in Supplementary Figure 3.
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FIGURE 6
Transmural optical sections and helix angle characterizations of myocardial infarcted and heart failure cardiac samples. (A) Transmural optical sections of 1 mm Control, MI, and HF cardiac samples at 10, 25, 50, 75, and 90% of the tissue. The fiber orientation of the control is more pronounced and shows the existence of laminar helical structures positioned in a left-handed (epicardium) to right-handed (endocardium) orientation. The MI samples are similar to the control for 10 and 25%, however the fiber orientation is drastically different toward the endocardium where it does not position in a right-handed orientation. For Heart Failure samples, the fiber orientation is less distinct and have different Helix angle for 10, 25, and 90%. (B) Quantification of Helix Angle of Cardiac Fibers. The Helix angles were measured along 10, 25, 50, 75, and 90% of heart Failure, myocardial infarcted, and 1 mm control tissues. (C) Helix Angle Transmurality. HAT values for myocardial infarcted, heart failure, and 1 mm control samples.





Discussion

Although the large-scale transmural core samples from both Pocket and standard CLARITY exhibited comparable clearing transparency, the standard CLARITY samples resulted in significant distortion compared to Pocket CLARITY. Although previous studies (6) have shown that CLARITY-induced tissue expansion does not cause non-isotropic distortions, our results indicate that the CLARITY sample distortion severely impacted image quality by introducing artifacts and optical aberrations disrupting any further image analysis to characterize the heart’s helical microstructure. Clearing large-scale samples with Pocket CLARITY significantly reduced sample distortion and improved imaging by restricting sample expansion cross sectionally and by allowing for the sample to expand lengthwise while maintaining the original shape of the sample before clearing. For assessing helical transmural microstructural orientation in cardiac tissue, this lengthwise expansion was acceptable along the transmural direction (i.e., endocardium to epicardium) since quantification of cardiac helicity is normalized to the overall length of the tissue sample.

Cardiac helicity of large-scale swine tissue with densely packed fibers was characterized using Pocket CLARITY by quantifying helix angle at thousands of transmural depths from endocardium to epicardium. This level of depth has not been achieved for swine tissue and confirmed previous findings that loss of microstructural helicity underpins CVD (23, 24). Further studies are needed to fully elucidate the mechanism behind this loss helicity, which potentially could be visualized with Pocket CLARITY combined with immunohistochemistry of key molecular markers. Pocket CLARITY is expected to produce more uniform labeling as it reduces the presence of the highly dense areas generated by the twists and bends from distortions from CLARITY.

Though we demonstrated Pocket CLARITY allows for clearing of large-scale samples of the heart, we have not shown its ability to clear and characterize other tissue types. However, given how tightly packed cardiac tissue is compared to other organs such as the brain, the potential of Pocket CLARITY to efficiently clear other tissue types and provide similar improvements in mitigating distortion is likely. Although there were no deformities visible to the eye, there is a possibility of damage to the tissue surface caused by the cotton pocket and the sewing thread, which could have decreased the overall clearing efficacy. Furthermore, our study only tested at max a cross-sectional width of 4 mm and length of up to 20 mm representing approximately 320 mm (3) of volume. While this is considered a large-scale specimen, it is far from the scale of a whole intact organ from a large animal. However, we speculate using the proposed Pocket approach will be useful for whole organs to potentially control and restrict unwanted expansion, which is conducive for faithful structural tissue analysis.

Pocket CLARITY is a simple technique that dramatically reduces geometric distortion by 50–70% compared to standard CLARITY thereby significantly improving image quality and enabling robust microstructural helical characterization of large-scale cardiac samples from pigs. Furthermore, it allowed novel tissue-level insights into the microstructural helical underpinning of two key types of CVD s by revealing an overall depression of the helicity of the heart. While further validation of Pocket CLARITY technique is required, it is well poised to deliver high throughput imaging of thousands of layers of the myocardium at similar scale to human heart tissue samples. Future directions will include validating Pocket CLARITY’s efficacy in providing exogenous staining as well as in large-scale whole intact organs.



Materials and methods


Animals

This study was performed in accordance with institutional and ARRIVE guidelines, and it was approved by the ethical review board of the Massachusetts General Hospital (2009N000238) in 25–30 kg female Yucatan pig. Healthy (n = 5), myocardial infarcted (n = 4), and heart failure (n = 5) swine cardiac tissue samples were obtained in adherence to institutional guidelines. For tissue harvest of each cohort, animals were first anesthetized using Xylazine (2.2 mg/kg), Telazol (4.4 mg/kg) and Atropine (0.04 mg/kg) intramuscularly, followed by continuously inhalation of Isoflurane (1–3%) and euthanasia using pentobarbital euthanasia solution (Euthasol 100 mg/kg IV). Cardiac tissue was obtained immediately upon euthanasia and placed in formaldehyde.



Myocardial infarction and heart failure induction

For myocardial infarction (MI) induction, a guide catheter was inserted through the introducer and advanced into the ostium of the main left coronary artery. Coronary angiography was performed to assess coronary artery size. Then, an appropriately sized balloon angioplastic catheter advanced over the guidewire through the guide catheter and positioned into the left anterior descending (LAD) coronary artery just distal to the first diagonal branch. Coronary angiogram was performed to confirm angioplastic balloon position. MI creation was then initiated by inflating the balloon to the appropriate size to deprive blood flow distal to the balloon for 80 min at normal physiological body temperature. Total LAD occlusion was confirmed via coronary angiogram through the guide catheter approximately every 20 min throughout the occlusion period. Following the 80-min occlusion period, the balloon was deflated to re-establish blood flow to the LAD and induce reperfusion injury to the designated area.

For heart failure induction, a permanent electronic pacemaker was implanted in Yucatan swine by introducing a lead into the right atrium using fluoroscopic guidance. The pacemaker was set to a tachycardia heart rate determined by the animal’s baseline heart rate. Two weeks after the pacemaker was turned on, heart failure was validated by imaging the animal’s heart by MRI.



CLARITY protocol

Tissue samples were harvested from PFA-fixed heart tissue and cut with a height and width of 1, 2, 3, or 4 mm. Sample lengths were determined by the length from epicardium to endocardium. The clearing of the heart tissue samples followed the third edition of the Hunter Medical Research Institute’s 3D Tissue Clearing with Passive CLARITY handbook (25), based on protocols by Tomer et al. (26) and Yang et al. (27). The samples were placed in 15 mL falcon tubes containing 10 mL hydrogel and left to infuse at room temperature for 24 h to embed the hydrogel monomer. After the initial embedding, tissue samples were placed in fresh hydrogel and flooded with nitrogen gas to eliminate oxygen during polymerization. The samples were then placed in an incubator of 37°C with a rotating drum to provide gentle shaking for 3 h before being removed from the hydrogel and placed in an 8% detergent sodium dodecyl sulfate (SDS) clearing solution to begin lipid removal. Samples were returned to the 37°C incubator with the rotating drum. The clearing solution was changed every 24 h for the next 48 h to ensure removal of PFA, and then changed every 3–4 days for optimal lipid removal (Figure 1B). Before starting the tissue clearing process and after 6 weeks of clearing, the samples were measured to determine their longest points of length, width, and height (Figure 3).



Pocket CLARITY protocol

Tissue samples of the four different sample sizes described above were harvested from the same heart but an alternative pocket clearing protocol was applied to mitigate tissue deformation during the clearing process. Prior to starting the hydrogel polymerization step, the samples were placed inside a porous fabric (Generic Cotton Mesh, Disposable, SGTA, Item Model Number: 8541897096) which provided a “pocket.” The sample was sewn using a Size 12 needle in the cotton mesh, securing it in place. The samples were placed along their length on the bottom of the cotton mesh and were sewn in to prevent deformation in the height and width, while leaving lengthwise growth unrestricted (Figure 1A).



Percent changes in volume, length, and cross-section of CLARITY and pocket CLARITY samples

Percent changes in volume, length, and cross-section of CLARITY and Pocket CLARITY samples were calculated using measurements of the height, width, and length of the pre-cleared and cleared samples post 6-weeks of clearing. Measurements were taken of the tallest, widest, and longest points of the samples. Volume was calculated by multiplying height, width, and length of the samples. Cross-sections were calculated by multiplying the height and width of the samples.



Protein loss

To quantify potential protein loss for the pocket clearing process, 10μL of the SDS clearing solution was collected from each sample every 3–4 days over the 6 weeks tissue clearing process. The amount of protein was determined for each timepoint and each tissue size using the Thermo Scientific Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Next, the original protein content was determined by lysing the tissue using protein extraction buffer, Protease and Phosphatase Inhibitor. This protein content was also analyzed using a sample plate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany) at a wavelength of 562 nm following protocol from the Thermo Scientific Pierce BCA Protein Assay Kit.



Lightsheet fluorescence microscopy

For Lightsheet Fluorescence Microscopy (LSFM) imaging, the samples were removed from the SDS clearing solution and placed into PBST (PBS with Triton-X100), which was changed twice a day for 72 h to release any residual clearing solution. After this preparation, each sample was fixed at the end of a glass capillary at the epicardium side using super glue (Krazy Glue, Krazy Glue, USA). At the endocardium side, a metal bead was glued to weigh the sample down in order to prevent it from floating in the viscous, index-matching imaging solution (EasyIndex, LifeCanvas Technologies, Cambridge, MA, USA). The sample was then loaded vertically into the imaging chamber, with endocardium side facing down (Figure 1B).

A home-built light sheet microscope was used (28) for imaging. Briefly, a 488 nm illumination laser beam (OBIS 488 nm LS 60 mW, Coherent Inc., Santa Clara, CA, USA) was expanded and passed through a 50 mm cylindrical lens (ACY254-050-A, Thorlabs, Newton, NJ, USA) to generate a light sheet. The light sheet was projected into the sample using a 4x objective (CFI Plan Fluor 4x/0.13, Nikon, Melville, NY, USA). Then, autofluorescence signal from the sample was collected perpendicular to the light sheet by a 4x detection objective (CFI Plan Apo Lambda 4x/0.2, Nikon, Melville, NY, USA) and projected onto a sCMOS camera (Prime BSI, 6.5 μm pixel size, 2,048 × 2,048 pixel2 chip size, 95% quantum efficiency, Teledyne Photometrics, Tucson, AZ, USA) after passing through a green emission filter (ET 525/50, Chroma technology, Bellows Falls, VT, USA). Scattering images had better contrast then autofluorescence images and were used for analysis. To reduce striping artifacts, a resonant mirror (SC-30-10 × 10-20-1000, EOPC, Fresh Meadows, NY, USA) was used to pivot the light sheet at the sample plane (29). Images were also acquired using laser light scattered off the sample by removing the emission filter. All samples were scanned axially at 10 μm steps and tiled using a 4D stage (USB 4D stage, Picard industries, Albion, NY, USA).




Image 3D reconstruction and helicity analysis

The imaged cross sections of the cleared samples were stitched in post processing utilizing Fiji (ImageJ) (30) using the “Grid/collection stitching” plugin (31) followed by resampling the 3D volume transmurally using the “Reslicing” function to generate width and height cross sections and further resized using the “Size” function for accurate representation of the cross sections from the endocardium to the epicardium of the tissue sample.

The transmurally resliced dataset was rotated to be orthogonal to the short axis plane before fiber orientation calculation to yield in-plane helix angle in the same axes (32). Fiber orientation was calculated using the OrientationJ (33) plugin for Fiji at 10 × 10 pixel blocks based on structure tensor analysis. Helix angle was derived from the dominant fiber orientation for every 10 × 10 block. The average helix angle of each slice was plotted at each transmural depth and the slope fitting this plot represented the helicity for each sample.


Statistical analysis

Statistical analysis was performed using Prism Version 9. Statistical analysis of the percent change in volume, length, and cross-section were performed using the Mann-Whitney U-test (unpaired t-test).

Statistical analysis for protein loss was performed using Repeated Measures one-way ANOVA. The total protein loss was then analyzed using Multiple comparison 2-way ANOVA. The data was also analyzed using Multiple Mann-Whitney tests and was confirmed to be not statistically significant. Helical angle transmurality comparison analysis was performed using the Mann-Whitney U-test.
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Recent advances in cardiac MRI (CMR) capabilities have truly transformed its potential for deep phenotyping of the diseased heart. Long known for its unparalleled soft tissue contrast and excellent depiction of three-dimensional (3D) structure, CMR now boasts a range of unique capabilities for probing disease at the tissue and molecular level. We can look beyond coronary vessel blockages and detect vessel disease not visible on a structural level. We can assess if early fibrotic tissue is being laid down in between viable cardiac muscle cells. We can measure deformation of the heart wall to determine early presentation of stiffening. We can even assess how cardiomyocytes are utilizing energy, where abnormalities are often precursors to overt structural and functional deficits. Finally, with artificial intelligence gaining traction due to the high computing power available today, deep learning has proven itself a viable contender with traditional acceleration techniques for real-time CMR. In this review, we will survey five key emerging MRI techniques that have the potential to transform the CMR clinic and permit early detection and intervention. The emerging areas are: (1) imaging microvascular dysfunction, (2) imaging fibrosis, (3) imaging strain, (4) imaging early metabolic changes, and (5) deep learning for acceleration. Through a concerted effort to develop and translate these areas into the CMR clinic, we are committing ourselves to actualizing early diagnostics for the most intractable heart disease phenotypes.
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Introduction

Cardiovascular disease comes in many different forms, including ischemic disease associated with atherosclerosis, cardiomyopathies associated with aging and hypertension, arrhythmia, infection, valvular disease, and heart failure. Electrocardiography is a frontline diagnostic tool to detect abnormalities in heart rhythm, but deeper assessment always involves echocardiography to obtain real-time ultrasound images of the beating heart. From an echocardiogram, one can assess the structure and size of the heart wall and chambers, heart wall motion, valve morphology and function, and parameters related to cardiac output and ejection fraction. If echocardiography is performed in conjunction with a stress test (e.g., treadmill exercise), one can also probe how well the heart functions in response to stress.

While echocardiography permits a deep assessment of heart morphology and function, the indices measurable are symptoms of disease that has progressed for some time. Much more challenging to uncover are early indicators of disease development, or information at the tissue or molecular level. To probe at these deeper levels, one can resort to complementary three-dimensional (3D) cross-sectional imaging modalities that have functional imaging capabilities, such as nuclear medicine and magnetic resonance imaging (MRI). Nuclear medicine provides sensitive assessment of metabolism; MRI can also assess energetics while offering exquisite delineation of 3D structure and unparalleled tissue contrast. Similar to echocardiography, cardiac MRI (CMR) can delineate heart structure and measure chamber volume and wall thickness, and it can accomplish this with greater robustness owing to its 3D nature and high spatial resolution. CMR also provides information on wall motion, valve morphology and function, and cardiac output and ejection fraction. A distinctive power of CMR, however, is its unique ability to inform on tissue composition and microstructure. For example, the position and extent of infarcts are readily visualized on delayed contrast-enhanced CMR as a bright region devoid of cardiomyocytes and filled with a gadolinium-based MR contrast agent. However, today’s CMR goes far beyond infarct identification and delineation. Over the past decade, CMR has seen considerable technological development, strengthening its role as an indispensable complement to echocardiography for difficult phenotypes such as non-ischemic disease and heart failure with preserved ejection fraction (HFpEF), phenotypes that present abnormalities much more subtle than changes in gross structure or motion.

In this review, we will examine the latest CMR developments that enable us to probe at the microvascular, cellular, and molecular level. We begin with the most readily translatable and potentially most impactful technology, namely, new methods to interrogate microvascular dysfunction. While these are relatively nascent, they hold promise for a better understanding of certain cardiomyopathies and potentially early detection for at least half of all heart failure patients. Techniques to detect fibrosis are next discussed, given their value for detecting diffuse disease in non-ischemic settings, followed by strain CMR imaging of myocardial stiffness, another potential tool for early detection. We conclude with two technologies that are uniquely valuable but perhaps the furthest from clinical adoption: non-proton CMR to assess early metabolic abnormalities in heart failure, and artificial intelligence for accelerating CMR acquisitions (see Figure 1 for a depiction of emerging CMR techniques for phenotyping the diseased heart). Currently, none of these emerging CMR techniques is widely available in the clinic. However, with continued technological progress rooted in solving authentic clinical gaps, these emerging techniques may become standard CMR capabilities in the not-too-distant future.
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FIGURE 1
Emerging cardiac MRI (CMR) techniques for molecular and functional characterization of the diseased heart.




Imaging microvascular dysfunction

In contrast to atherosclerosis or other obstructive disease underlying many ischemic injuries, microvascular dysfunction (MVD) is a non-obstructive vessel disease (1). Microvessels function abnormally due to other reasons, such as ultrastructural vascular changes or aberrant response to stimulating factors. Not surprisingly, these changes can also reduce blood flow to the heart muscle, leading to ischemia. Another difference between obstructive disease and MVD is that the former is relatively straightforward to diagnose using angiography, whereas the latter is not, leaving many patients undiagnosed and untreated (2). To confirm MVD, the gold-standard approach is invasive right heart catheterization. Non-invasive alternatives also exist, such as stress tests involving MRI or positron emission tomography (PET). With these alternatives, a vasodilator is typically injected into the body to mimic microvascular response to exercise, and myocardial perfusion before and after injection are compared to identify regions with compromised reactivity. While stress perfusion testing has been a mainstay in this realm for decades, existing options for both the vasodilator and the injected contrast agent carry risks for certain patients (3). Newer options, as detailed below, have the potential to improve the safety, reliability, and specificity of MVD assessment compared to gadolinium-enhanced rest-stress perfusion CMR.


Gas challenge as a vasoactive stimulus

Current protocols for stress perfusion CMR involve administering a vasodilator, such as adenosine or regadenoson, to induce vasodilation of the coronary microvasculature and a double injection of a gadolinium-based contrast agent to measure perfusion both at stress and at rest (4). While generally safe, vasodilators carry the risk of severe hypotension, and some patients may require a second injection of a counteracting drug. Injecting a gadolinium chelate twice suffers from perfusion measurement bias for the second injection and from higher than usual gadolinium dosing. Recent research advances have proposed alternatives to both these shortcomings: altered inspired gas concentrations in place of adenosine or other pharmacological vasodilator (5), and use of a blood-pool contrast agent for single-injection assessment of microvascular reactivity (6) (Figure 2).
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FIGURE 2
Comparison of a potential future workflow for MRI of microvascular dysfunction to conventional workflow. Instead of injecting a vasoactive drug to induce vasoreactivity, breathing elevated levels of CO2 is proposed as a safer, more repeatable vasoactive alternative. Furthermore, traditional assessment of perfusion change in response to stress via a double gadolinium injection protocol is replaced with a single-injection, blood-pool contrast imaging protocol that permits higher accuracy and specificity.


Inspiring elevated levels of carbon dioxide (CO2) is well-known for its vasoactive effects on the microcirculation. When inspired CO2 is elevated, a state known as hypercapnia, different vascular responses are seen, depending on the CO2 level and the tissue bed. At low levels of elevated CO2 (<5% inspired CO2) blood vessels in most tissue beds dilate, while higher levels evoke vasoconstriction in many organs (7). Compared to pharmacological agents, hypercapnia is safer, and its effects can be quickly reversed by restoring normoxia. Furthermore, a very reproducible response can be elicited. However, it was not until the introduction of a device for controlled gas delivery, the RespirAct™ system (Thornhill Research, Toronto, Canada), that hypercapnia was even a practical or reliable vasoactive stimulus for clinical use (5). This system is Health Canada approved and works by adjusting inhaled gas levels to target blood gas levels independent of minute ventilation or breathing pattern (i.e., little subject cooperation is required), thus making blood gas changes a robust, repeatable intervention. A large study of 434 exams in patients aged 9–88 confirmed the safety of this method (8). Most clinical research using the RespirAct has focused on neurological deficits, but some myocardial studies have emerged recently (9, 10). Perfusion increases in the myocardium from hypercapnia is comparable to that from pharmacological agents, as seen in Figure 3A in the healthy human heart, where hypercapnia induced a 3.5-fold increase and adenosine induced a 4.2-fold increase (9). Aside from targeting blood CO2 levels, the partial pressure of oxygen (pO2) can also be targeted to bring about hypoxic or hyperoxic effects on blood vessels, further bolstering one’s ability to assess both vasodilatory and vasoconstrictive response.
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FIGURE 3
Illustration of hypercapnic vasoactive stimulus and single-injection, steady-state blood-pool imaging assessment of microvascular response. (A) Myocardial perfusion maps show the equivalency of gas challenge vs. pharmacological agents for inducing vasodilation. Global myocardial perfusion is shown in a representative subject at baseline, during hypercapnic stimuli, and during adenosine stress [this research was originally published in Pelletier-Galarneau et al. (9)]. (B) Blood-pool steady-state imaging for the assessment of microvascular reactivity. (Left) Vasodilation and vasoconstriction induced by a succession of hypercapnic maneuvers on a rat administered Ablavar. On T1-weighted images, the microvasculature of the renal cortex is seen to constrict (low contrast) on exposure to 20% CO2 but rapidly vasodilate (bright contrast) upon return to 5% CO2. [This research was originally published in Ganesh et al. (6). (Right) A patient with progressive angina presents a large, reversible inferior wall perfusion defect. Ferumoxytol-enhanced T1 map shows rest hypoperfusion in the inferior wall (arrows). At peak stress, ferumoxytol-enhanced T1 reactivity is 6% in the hypoperfused inferior wall (arrows) and 14% in the proximal anterior wall (arrowhead, net difference of 20%) [this research was originally published in Nguyen et al. (12)].




Blood-pool imaging for assessment of microvascular reactivity

To detect inducible ischemia, where rest perfusion is normal, a stressor in the form of exercise or a vasoactive agent is needed to evaluate if certain parts of the myocardium are unable to increase perfusion adequately relative to healthy myocardium. The gold-standard for stress perfusion CMR is to inject a gadolinium chelate under maximally induced hyperemia and to measure perfusion during the first pass of the agent (11). The rest perfusion CMR can be acquired either before (4) or after (11) the vasodilator is administered. If the rest perfusion CMR is acquired after the stress perfusion CMR, a short interval after the vasodilator is administered [e.g., 10 min for adenosine (11)] must elapse before a second injection of gadolinium is given and first-pass perfusion again measured. A comparison of the stress perfusion and rest perfusion scans, even in a qualitative manner, then provides a clear depiction of areas affected by compromised vasoreactivity.

There are a few shortcomings with the gold-standard cardiac stress CMR described above. First, there is no room for error when it comes to contrast injection, and since there is only one window of opportunity to capture the first passage, the acquisition sequence and the contrast injection must be timed perfectly. Second, since the interval between the two injections is short relative to the elimination half-life of gadolinium chelate, an elevated baseline signal for the second injection will inevitably introduce errors in quantitative perfusion estimation. Even if T1 mapping is performed before each injection to convert signal intensity to gadolinium concentration, the pharmacokinetics is altered for the second injection due to residual contrast from the first. A final consideration is that the total contrast dose is double that of typical contrast-enhanced MRI exams.

Recently, the concept of blood-pool imaging of vasoreactivity was proposed to circumvent the limitations of conventional stress tests (6). A T1-reducing agent is introduced to sensitize T1 relaxation times to the intravascular compartment, as native T1 mapping is insensitive to blood volume changes from vasomodulation (7). A low dose of a gadolinium-based blood-pool agent, Ablavar® (gadofosveset), is introduced intravenously and allowed to reach a quasi-steady state concentration after 10 min. This steady state lasts approximately 40 min in rats, even longer in humans due to a slower elimination rate. Over this time interval, one can administer a vasoactive substance, such as adenosine or hypercapnia, or even multiple stimuli in succession, and measure how much the microvascular blood volume changes. It is noteworthy that blood-pool imaging of vasoreactivity was initially conceived to permit a more specific and direct measure of vasomodulation (6). By looking at changes in blood volume, confounding factors—such as heart rate variations—implicit in conventional perfusion imaging are eliminated, thereby yielding a specific measurement of vasoreactivity. This approach also eliminates quantification errors resulting from double contrast injections. Several groups have since adopted the blood-pool imaging approach and applied it to myocardial stress testing (12, 13). Instead of Ablavar®, however, whose production was discontinued in 2017 due to low sales, these papers used Feraheme® (ferumoxytol), an iron-based compound currently still approved in the U.S. as an iron supplement and used off-label as a blood-pool MRI contrast agent. Figure 3B illustrates blood-pool MRI of vasoreactivity in the kidneys, where blood-pool vasoreactivity imaging was first demonstrated, and the heart.

Blood-pool MRI contrast agents are valuable beyond their intended utility for angiography. They enable lower dosing and a much longer window for image acquisition. They also provide an alternative approach to assessing microvascular reactivity that permits higher specificity, quantitative accuracy, and spatial resolution than is possible with conventional double first-pass perfusion assessment of MVD. However, at the time of this writing, there is no clinically approved MRI blood-pool contrast agent on the market. Perhaps when more clinical indications in which blood-pool agents provide a clear advantage come to light, or when new gadolinium-free versions become accessible, there will be an incentive for pharmaceuticals to bring MRI blood-pool agents back into the clinic.




Imaging fibrosis

Fibrosis is a progressive disease that affects virtually all life-sustaining organs and is seen in diseases of the heart, lungs, liver, and kidneys. In the setting of heart disease, fibrosis presents differently depending on the disease phenotype. For instance, in myocardial infarction, dead cells in the ischemic region are eventually replaced with scar tissue. This type of fibrosis, known as replacement fibrosis, is straightforward to identify with late gadolinium enhancement (LGE), because the cell-free infarct has much more space than healthy myocardium into which the contrast agent can diffuse. However, this technique works only in a mature infarct and is non-specific to collagen deposition. A case in point is an acute myocardial infarct where substantial enhancement is seen, but only edema is present as scar has not yet developed. Only at much later times when edematous fluids have resorbed and only scar tissue remains is LGE more clearly correlated with fibrotic tissue. A different type of scarring, one much more difficult to detect, is interstitial fibrosis. Here, collagen deposits are found between cardiomyocytes and in the perivascular space. Interstitial fibrosis can be of the reactive kind (associated with hypertension, diabetes, and renal insufficiency) or the much rarer infiltrative kind (associated with amyloidosis and Anderson-Fabry disease) (14). The current CMR method to evaluate interstitial fibrosis is extracellular volume estimation from a dynamic contrast-enhanced (DCE) MRI exam (15). The greater the extracellular volume, the greater the extent of fibrotic tissue assumed to occupy the interstitium. However, sufficient sensitivity is attained only when there is substantial fibrosis. Early detection of fibrotic tissue development, when collagen content is low but also when anti-fibrotic treatments would be best administered, remains an unresolved need. In the following, we describe novel targeted MRI contrast agents for imaging fibrotic tissue with higher specificity compared to conventional late-gadolinium enhancement (Figure 4).
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FIGURE 4
Comparison of targeted imaging of myocardial fibrosis to conventional late gadolinium enhancement. (Upper panel) Late gadolinium enhancement (LGE) in an acute setting does not mean definitive fibrosis, as LGE at 1 week after onset of acute myocarditis disappeared at 6-month follow-up [this research was originally published in Aquaro et al. (79)]. (Lower panel) Myocardial scar injected with a fibrosis-targeted agent, EP-3533, is not visible pre-contrast but is clearly visible 40 min after contrast injection [this research was originally published in Caravan et al. (16)].



Collagen-targeted gadolinium-based contrast agents

In 2007, the first type I collagen-targeted MRI contrast agent, EP-3533, was introduced by Caravan et al. (16). The agent was a cyclic peptide with three gadolinium moieties, and the dense scar tissue of a mouse myocardial infarct was shown to enhance preferentially relative to surrounding healthy myocardium. Since the first demonstration in an infarction model, subsequent studies extended its application to mouse models of liver (17), pulmonary (18), and skeletal muscle (19) fibrosis. All studies confirmed superior sensitivity and specificity of collagen-targeted agents for fibrotic tissue compared to non-targeted counterparts. However, EP-3533 contained a linear gadolinium chelator used in DTPA, thus raising the risk of gadolinium toxicity. Recently, the collagen-targeting peptide in EP-3533 was attached to a more stable gadolinium macrocyclic chelate (20). Theoretically and in practice, macrocyclics are more stable than linear ones, and fewer reports of gadolinium deposition are associated with macrocyclic chelates. Nonetheless, because agents with an affinity to collagen, or any targeted agent, are designed to have longer residence time in the body than would a non-targeted agent, the safety profile must be conclusive before translation into humans is approved. Despite the fact that EP-3533 is currently not approved for clinical use, however, if its clinical translation is eventually successful, there would be a profound impact on disease detection, staging, and treatment monitoring.



Non-gadolinium collagen-targeted contrast agents

Non-gadolinium agents targeted to collagen have been reported, but these are relatively few compared to EP-3533. For example, c(RGDyC)-USPIO is an iron oxide nanoparticle that targets liver fibrogenesis by imaging activated hepatic stellate cells that specifically engulf the contrast agent (21). Another example are manganese porphyrin-based contrast agents that have been used for labeling and tracking collagen scaffolds (22, 23) in tissue-engineering applications. These manganese agents offer very high sensitivity, and although they bound through non-specific mechanisms, it is possible to introduce new conjugation methods to specifically target collagen. The advantage of utilizing manganese-porphyrin is that manganese, unlike gadolinium, is a natural substance and is needed in small quantities by the body. Furthermore, the porphyrin ring provides a thermodynamically stable product such that demetalation in vivo is highly unlikely, even in long retention applications such as fibrosis imaging. Development of manganese porphyrin-based fibrosis contrast agents is currently geared toward both young scar (fibrogenesis) and old scar (fibrosis).




Imaging strain

Strain imaging was introduced over a decade ago as a non-invasive echocardiographic method to assess myocardial stiffness and differentiate between passive and active movement of myocardial segments (24, 25). The objective was early detection of myocardial dysfunction before abnormal regional wall motion became obvious on conventional echocardiography. Compared to standard measures of ejection fraction (EF), myocardial strain is less dependent on heart rate and loading conditions and more sensitively detects subtle changes in the underlying substrate. In heart conditions such as HFpEF, chemotherapy-induced cardiotoxicity, and infiltrative diseases, strain imaging is a better predictor of outcome than EF, which may remain normal despite the presence of disease (26). Furthermore, while EF permits an indication of global heart function, objective measures such as strain rates overcome obvious limitations with regional wall motion assessment, which is subjective and depends on the experience of the reader.


Strain cardiac MRI techniques

Cardiac MRI has also developed its own version of strain imaging. Several strain CMR techniques currently exist, but none is fully developed and standardization is a distant goal (27). Strain CMR was first introduced by Zerhouni et al. in which a magnetic label in the form of black lines was superimposed at the beginning of a dynamic CINE sequence and their deformation tracked through the cardiac cycle (28). This first strain imaging method is known as CMR tagging and is akin to speckle tracking in strain echocardiography (29). Both short- and long-axis images are acquired to measure motion in all three directions, which requires a longer series of breath-holds and is susceptible to image mis-registration errors. Furthermore, spatial and temporal resolutions are low and acquisition times long. Later methods for strain imaging were introduced to improve upon the capabilities of CMR tagging. Phase velocity mapping allows calculations of myocardial velocities in three directions and provides higher spatial resolution, albeit at the cost of lower temporal resolution (30). Displacement encoding with stimulated echoes (DENSE) encodes displacement in the phase image (31); while this technique inherently has low signal-to-noise (SNR), acquisition times are short. Finally, strain-encoded (SENC) imaging is similar to CMR tagging in that magnetization tags are used (32). However, rather than placing tags orthogonal to the imaging plane, SENC places tags parallel to the imaging plane, and only short-axis images are needed to measure longitudinal strain. Post-processing for SENC is quick, but one downside is that radial strain cannot be measured. Of all these strain CMR techniques, only CMR tagging has seen the most validation (33).

Feature tracking, unlike the methods described above, is a strictly post-processing technique and is applicable to any modality, not only MRI. No additional imaging is necessary, and standard CINE images can be retrospectively analyzed using feature tracking of cavity/myocardial borders to calculate strain. It is already available clinically and has demonstrated both reproducibility (34) and accurate delineation of infarct territories (35). However, as a contour-based tracking method, feature tracking cannot assess mid-wall strain and is limited by low spatial and temporal resolution, poorer performance on regional strain imaging, and lack of information on rotational strain (36). Therefore, despite its ease of use, feature tracking CMR tagging remains the accepted gold standard imaging modality for strain quantification.



Clinical experience with strain cardiac MRI

Despite the lack of standardization for strain CMR, myocardial strain imaging has been investigated in different cardiac pathologies. Perhaps the most common application is ischemic heart disease. After a myocardial infarction, myocardial strain components are most impaired in the infarct (35) and strain analysis can identify which tissue segments will recover (37). However, given the availability of late gadolinium enhancement to identify infarct zones robustly, the role of strain CMR in this pathology is at best confirmative and not complementary.

A more difficult phenotype to diagnose is non-ischemic heart disease, where late gadolinium enhancement typically does not reveal evident tissue abnormalities. In this setting, strain CMR can be invaluable. Strain measurements have shown impairment in patients relative to healthy control subjects. For example, in hypertrophic cardiomyopathy, mid-wall fibrosis underlies abnormal systolic strain measurements with or without late gadolinium enhancement (38). Myocarditis also presents impaired myocardial strain in the absence of any other abnormality (39). Perhaps most notable is the potential for strain CMR to provide early indication of disease development. It has been demonstrated that abnormal alterations in strain parameters manifest much earlier than reductions in ejection fractions, hypertrophy, or even presentation of symptoms (40). It is for this reason that strain imaging is routinely recommended in patients undergoing chemotherapy, who are at risk for cardiotoxicity from chemical agents like doxorubicin.



The landscape for strain cardiac MRI vs. strain echocardiography

Strain echocardiography is a validated technique for assessing subtle myocardial changes. However, it is used strictly for larger muscular structures. It is unsuitable for thin structures of the right ventricle and the two atria. Strain CMR, on the other hand, is the gold-standard for assessment of the right ventricle and is the first modality to demonstrate right ventricular strain analysis (41). Diseases of the right ventricle, while less common than those of the left ventricle, affect a significant patient population: those living with congenital heart disease, pulmonary hypertension, or arrhythmogenic right ventricular cardiomyopathy. Similarly, atrial strain measurement is only possible on CMR. Essentially, deformation of the atrial walls can become aberrant in diseases characterized by high filling pressures and diastolic dysfunction. Pathologies exhibiting these properties include HFpEF (42) and myocarditis (43), where atrial strain CMR have demonstrated promising results. Given the utility of strain CMR in characterizing not only pathologies that strain echocardiography can detect but also those that echocardiography cannot, a very real need exists to bring about consensus amongst MRI vendors to standardize strain CMR and ensure quality control. Figure 5 illustrates a few potential applications for strain CMR.
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FIGURE 5
Potential applications of strain cardiac MRI. Strain MRI is suggested for deeper phenotyping of diseases affecting different heart chambers. Note that each list is intended to highlight potential applications and may contain diseases that are not exclusive to a particular chamber.





Imaging early metabolic changes

Heart disease frequently involves early changes in cell metabolism before overt structural and functional alterations set in. The concept of using non-proton MR spectroscopy to assess the heart is not new. In fact, a study in 1979 already described the utility of 31-phosphorus (31P) MR spectroscopy in assessing adenosine triphosphate (ATP) levels in living hearts and those that had undergone potassium chloride-induced cardiac arrest (44). Fast-forward forty years, and this type of metabolic imaging remains rare in the clinic. However, recent studies suggest a resurgence of interest and value across multiple heart disease phenotypes. In the sections below, we focus specifically on 31P MR spectroscopy owing to its growing utility that has been demonstrated in the clinical setting. Other nuclei also exist for MR spectroscopy, such as hyperpolarized 13-carbon and 17-oxygen. However, these remain primarily studied in preclinical settings; the reader is referred to many excellent reviews on these topics.


Cardiac 31-phosphorus spectroscopy

13P MR spectroscopy assesses muscle energy metabolism by monitoring the ratio of phosphocreatine (PCr) to ATP. Cardiac muscle is like any other muscle in our body in that it requires a substantial supply of ATP to power contractions. When an ATP molecule is hydrolyzed to release energy, it produces adenosine diphosphate (ADP) and an inorganic phosphate as by-products. To maintain a constant energy reservoir, ATP must be regenerated; the molecule PCr is required to transfer high-energy phosphate to convert ADP into ATP. During a period of low energy requirement, excess ATP is used to convert creatine back to PCr. Therefore, PCr acts as a high-energy reserve to maintain normal ATP levels regardless of fluxes in energy demands. Since ATP levels are relatively stable, assessment of the muscle cell’s energy store is achieved by monitoring the ratio of PCr and the three phosphate groups on ATP. Any decrease in the PCr/ATP ratio is indicative of a depleting PCr store.



Indications for cardiac 31-phosphorus spectroscopy

Heart failure is a prime example of a disease phenotype where 31P MR spectroscopy is informative. The healthy heart forms ATP by oxidizing both fats and glucose, and the proportion from each substrate is adapted to the environment—fatty acids are the major substrate in the healthy and trained heart, whereas glucose utilization increases in heart failure. Regardless, utilization of both substrates is reduced in the failing heart, resulting in a decline in the PCr/ATP ratio (45). This observation has been confirmed in both human studies of advanced heart failure [e.g., dilated cardiomyopathy (46)] and induced heart failure in mice (47). Patients with a confirmed HFpEF diagnosis also present a lower PCr/ATP ratio, approximately a 25% decrease, compared to healthy control subjects (48). Perhaps even more illuminating is that the comorbidities associated with HFpEF—such as diabetes (49) or the typical hypertrophic phenotype of HFpEF (50)—present similar reductions in the PCr/ATP ratio. The discriminatory power of imaging energetics extends to subclinical cardiac dysfunction—obese patients demonstrate a modest but significant decrease in PCr/ATP at rest, a decrease that is further exacerbated during a dobutamine stress test (51). These examples illustrate that clinical implementation of cardiac 13P MR spectroscopy, while complicated, is not impossible.



The promise and hurdles of clinical 31-phosphorus spectroscopy

The most significant limitation of 31P MR spectroscopy is the low sensitivity of the 31P nucleus. The gyromagnetic ratio of 31P, at 17.2 MHz/Tesla, is 40% that of the hydrogen proton. Furthermore, phosphate metabolites exist at relatively low concentrations in the body. Therefore, to attain adequate SNR, voxels tend to be large and acquisitions prohibitively long for clinical implementation. In recent years, increased use of higher field magnets has translated to higher SNR, which can be traded for shorter acquisitions or better spatial resolution. More significantly, several acceleration methods have been proposed for 31P MR spectroscopy. Echo-planar spectroscopic imaging, which exploits rapidly oscillating readout gradients to encode both spectral and spatial information, was demonstrated for 31P MR spectroscopy in the human calf muscle with a scan time of 10 min (52). A spiral version of the oscillating gradient has also been demonstrated for muscle 31P MR spectroscopy (53). Despite a much faster scan time, however, both techniques incurred an SNR penalty. Perhaps more interesting is a subspace technique called SPICE (for SPectroscopic Imaging by exploiting spatiospectral CorrElation) introduced in 2014 for rapid, high resolution proton spectroscopy (54). The same group later applied SPICE to 31P MR spectroscopy, wherein they achieved a resolution of 6.9 × 6.9 × 10 mm3 and 15 min scan time when imaging human calf muscle on a 3 Tesla scanner, with the spatial and temporal resolution improving to 1.5 × 1.5 × 1.6 mm3 and 30 frames/s, respectively, at 9.4 Tesla (55).

Other challenges also hamper clinical translation. 31P MR spectroscopy is inherently complex, but obtaining a good 31P spectrum of the heart is even less trivial, even if on a qualitative level. Both cardiac and respiratory motion complicate acquisition, and acquisition time is prolonged due to the need for triggering. Obtaining a homogenous B1 field is also important but is time-consuming and often difficult. Furthermore, qualitative assessment of PCr/ATP is suboptimal in the context of detecting early disease, as shifts in metabolism may not be yet quite pronounced. A better approach would be quantitative measurement of absolute PCr and ATP levels. While more tedious, one can achieve quantitation by including a reference phantom outside the body. Continued development of cardiac 31P MR spectroscopy toward clinical adoption will need to see advances in high-SNR coil design, rapid imaging, dynamic shimming, and greater access to higher field strength scanners. All of these will improve spectral and spatial resolution and reduce acquisition times. With continued technological advances in these areas, metabolic imaging will one day be part of routine clinical workup for cardiac patients. Figure 6 illustrates a 31P MR spectroscopy experiment, existing challenges to clinical translation, and applications that may benefit greatly from this technology.
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FIGURE 6
31P MR spectroscopy of myocardial energetics, challenges, and potential applications. (Upper left panel) CMR images of a patient with heart failure with preserved ejection fraction (HFpEF), corresponding localized 31P MR spectra from the left ventricle, and individual PCr/gamma-ATP ratio in patients with HFpEF and in control subjects [this research was originally published in Phan et al. (48)].





Deep learning for acceleration

The application of deep learning to medical imaging has seen an exponential growth over the past decade. The ultimate vision is to have deep learning assist in diagnosis, but the earliest endeavors targeted more tangible objectives such as image segmentation (56, 57). Even the most recent effort focused on image reconstruction from highly undersampled data (58, 59) is more straightforward than medical diagnostics. To date, success in deep learning-assisted acceleration has been reported in many types of MRI acquisitions, including cardiac. Acceleration in CMR can potentially reveal disease phenotypes currently difficult to probe, such as abnormalities in diastolic function (still best assessed on echocardiography) that appear in patients with diabetes and other metabolic syndromes, or mechanical abnormalities that are most prominent during an irregular heartbeat. In the following sections, we describe the most notable advances and the outstanding challenges in this domain.


Deep learning strategies for accelerated MRI

The premise for acceleration can be formulated as an optimization problem, where the original high-resolution image must be reconstructed from a sub-Nyquist undersampling of the acquisition domain, namely, k-space. The original strategies would provide aliased images (aliased due to severe undersampling) to a neural network and train against ground-truth unaliased images from fully sampled datasets (60). The neural network is essentially tasked with learning the Fourier transformation to convert images from the image domain to k-space and vice versa, as well as learning features of the training dataset. Variations on this image-to-image approach also exist. For example, one can feed in undersampled k-space datasets and train against fully sampled unaliased images (61), or one can feed in undersampled k-space datasets and train against fully sampled k-space (62). For the latter approach, the neural network learns how to fill in missing k-space datapoints.

Most acceleration applications to date exploit the convolutional neural network architecture (63). This choice is fitting for network applications involving images, because images can be more sparsely represented as a summation of two-dimensional kernels representing edges in different orientations, different shapes, and any “building-block” structure. Different layers of the neural network represent features at different scaling factors. The deeper the layer, the coarser the feature. More recently, a novel architecture has been investigated with great interest. This architecture, known as the transformer (64), differs from the convolutional neural network in that it is based on a concept called attention and is ideally suited to handling sequential tasks while capturing long-range dependencies. Originally conceived for natural language processing, where one needs to look at dependencies between widely separated words to construe the meaning of a sentence, the concept of attention can also be extended to an image, where pixels far apart but contributing to the same structure must be recognized as an intact entity. Applications of the transformer to image denoising, motion deblurring, and defocus deblurring have been reported (65). In the area of image reconstruction alone, transformers have demonstrated superior performance compared to conventional convolution neural networks (66, 67).

Adaptions of the reconstruction techniques described above can involve, as examples, training on both the image domain and k-space or getting the neural network to uncover the optimal undersampling pattern in k-space. The first method, also known as dual-domain reconstruction, makes the reasonable and logical assumption that providing both object and frequency domain data for training should improve reconstruction quality (67, 68). While this is, indeed, the finding, it also comes to no surprise that the improvement in reconstruction quality is modest, since the information contained in k-space is identical, no more and no less, than the information contained in the image. The second approach of identifying the optimal sampling region of k-space invariably results in an oversampled center of k-space and sparser sampling in the peripheral spatial frequency regions (69). This behavior is also expected. Perhaps a useful piece of information that can be gleaned from these studies is the ideal probability distribution of k-space sampling. Most, if not all, of these sampling patterns cannot be realized upon implementation, but they can inform on how to best sample k-space in a statistical manner given real constraints on gradients.



Limitations of acceleration through deep learning

Despite the successes of different neural network architectures in achieving high quality reconstruction from undersampled acquisition data, there are quite a few technological shortcomings that should be recognized. Most obvious is the availability of large datasets for training. There are a handful of MRI databases currently available, such as the UK Biobank, which contains the largest collection to date of acquisitions in various body regions. For instance, it has an abundant repository of different types of brain and cardiac images. Assuming that access to a large database is not an issue, the next hurdle, one much more difficult to overcome, is the high dependency of training on the acquisition itself. If the tissue type changes, or any of the acquisition parameters (e.g., imaging plane orientation, spatial resolution, image contrast, field-of-view, sequence type, and vendor type) changes, the network must be re-trained for the new scenario. It is easy to appreciate that this limitation can severely curtail the clinical utility of deep learning-assisted acceleration.

Recently, researchers have proposed so-called physics-based deep learning methods to partially address some of the limitations described above. These are dubbed physics-based, because the neural network is trained to solve a supervised learning task and, at the same time, adhere to any physical laws governing the system of interest. As an example, rather than treating each image as a new reconstruction problem, we can exploit known information in regard to the anatomy of interest or aliasing artifacts specific to different k-space trajectories. In the first physics-based reconstructions, the undersampling pattern and coil sensitivities, both with known effects on the reconstructed image, were taken into account to solve an inverse problem (59, 70). However, these applications employed fully sampled data as a reference during training. In cardiac imaging or myocardial perfusions scans, where it may be infeasible to have fully sampled training datasets, one is compelled to train on undersampled data. In 2021, Yaman et al. (71) introduced a self-supervised deep learning approach to train physics-guided reconstruction without fully sampled reference data. While their platform was demonstrated on brain and knee data, it would be instructive to extend their network to cardiac MRI. Figure 7 presents a schematic of a deep learning-assisted reconstruction of undersampled MRI data and existing challenges that must be overcome to permit widespread clinical adoption.
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FIGURE 7
Deep learning-assisted cardiac MRI acceleration. Despite having demonstrated an ability to reconstruct high-quality cardiac MRI from undersampled k-space datasets, deep learning-assisted MRI acceleration face important challenges that must be addressed to ensure flexible, reliable, and widespread adoption.





Discussion

Cardiac MRI is an excellent adjunct to echocardiography in providing information on heart anatomy and mechanical function. It also provides unique tissue characterization, such as delineating the extent of an infarct. Yet, in this review article, we have seen that emerging CMR techniques can explore cardiac tissue and function on much deeper levels, from structurally intact but functionally abnormal microvessels to pathological shifts in metabolic substrates. The question remains as to whether deeper phenotyping is necessary and beneficial. What types of heart disease can deeper phenotyping benefit, and how can it impact patient care? Heart failure with preserved ejection, which affects over half of all heart failure patients, is a difficult-to-treat disease that can benefit immensely. It is a heterogeneous disease with multiple subtypes spanning multiple comorbidities (hypertension, obesity, diabetes, and kidney disease). Treatment will likely require a tailored approach, namely, fine-tuned characterization at the diagnostic level. For example, imaging microvascular dysfunction may provide early detection before the HFpEF heart takes on the classical signs of stiffness and hypertrophy. Alternatively, metabolic imaging with 31P MR spectroscopy may distinguish between different subtypes brought on by obesity vs. hypertension. A second heart disease phenotype that can benefit from deeper phenotyping is that involving diffuse fibrosis. For example, patients with hypertension are predisposed to developing myocardial fibrosis; yet, this tissue alteration is very difficult to detect on conventional cardiac imaging until the late stages of disease. If a fibrosis-targeted MRI scan can diagnose fibrogenesis at its early stages, then there is hope of intervening to slow or reverse progression. It is important to emphasize that while we can already envision what disease phenotypes will benefit from a deeper, more specific characterization of the heart, the full value of the technologies described in this review can only be appreciated when they are readily available, easily accessible to all heart patients.

All the emerging techniques discussed in this article are well-established in both physics-based and preclinical studies. To facilitate their full clinical translation for early diagnosis of difficult heart disease phenotypes, we need to address outstanding impediments. In the following, we will examine each of the five emerging CMR techniques and identify both remaining hurdles and realistic solutions.

Assessing coronary microvascular dysfunction is a decades-old practice, but it is also one in which the MRI version of stress testing is fraught with confounders that render accurate quantitation quite difficult. Obtaining two accurate absolute perfusion measurements (at rest and at stress, or vice versa) in quick succession by injecting two full doses of a gadolinium chelate is all but impossible. Residual contrast from the first dose, unless given sufficient time to clear from the body, will interfere with the pharmacokinetics of the second injection dose. The only practical solution is to employ a single injection that maintains a relatively stable blood profile over the tens of minutes of a stress test—only a blood-pool contrast agent can fulfill this role. Unfortunately, since 2017, there has not been a single MR blood-pool contrast agent approved clinically for imaging. The only one currently available on the market, ferumoxytol, is used off-label in the U.S. and is not approved in Europe or Canada. Low market demand was cited as the reason for stopping the production and distribution of Ablavar in 2017, despite the radiological benefits it provided to pediatric cardiac patients. Another possible reason for its retraction, although never confirmed, was potential concern for gadolinium demetalation from a long-circulating blood-pool chelate with an elimination half-life of 16 h. A possible solution is to develop blood-pool MR contrast agents that have a non-gadolinium MR-active metal. Manganese is a viable alternative, with five unpaired electrons as opposed to seven for gadolinium. By binding manganese with a porphyrin, a very stable structure can be exploited for blood-pool MR imaging (72, 73). While the feasibility and safety of these newer MR blood-pool agents have been demonstrated, it is up to the MR physics and radiology community to engage with big pharmaceuticals (e.g., Bayer) and convince them that there is a real need for safer MR contrast agents with versatile functionality.

Current assessment of fibrosis is non-specific, because a measured increase in the distribution volume for gadolinium accumulation may or may not be related to collagen deposition. For nearly 20 years, researchers have described strategies to target gadolinium-based contrast agents to collagen, the protein that is greatly elevated in fibrotic tissue. Despite ample preclinical evidence of sensitivity and specificity, none of these molecular contrast agents have gained access to the clinical space. A plausible explanation is that with gadolinium-based agents, the chance for demetalation is simply too great for any application requiring prolonged retention in the body, and the risks to patients unacceptably high. Similar to blood-pool MR contrast agents, these targeted molecular agents would also benefit from utilizing a non-gadolinium MR-active metal. A fertile direction for further research is non-gadolinium MR contrast agent design and development, and this needs to happen in both the research lab and in industry.

The landscape for strain CMR is competitive, as strain echocardiography has demonstrated immense power in recent years for early left ventricular disease diagnosis and even prognosis. An equivalent capability from any other modality, including strain CMR, would face stiff competition from a gold-standard that is portable, inexpensive, and widely available. However, because delineation of the atrial and right ventricular walls is challenging on echocardiography, these are the applications in which strain CMR can make a real impact. The greatest existing hurdle to widespread adoption of strain CMR is repeatability. Although high reproducibility of global strain measurements has been demonstrated for different types of strain CMR approaches (74–76), reproducibility for more difficult segmental strain analysis is just emerging (77). If vendors can come to a consensus and provide standardized, reproducible strain CMR platforms, multiple diagnostic opportunities will emerge. Examples include measuring left atrial strain to assess risk of atrial fibrillation and left ventricular diastolic function and filling pressure, measuring right atrial strain to assess pulmonary hypertension, and measuring right ventricular strain to assess right ventricle infarction or pulmonary hypertension.

Metabolic imaging using 31P MR spectroscopy holds promise for very early detection of abnormal utilization of energy substrates in a variety of cardiac diseases, including heart failure, dilated and hypertrophic cardiomyopathies, hypertensive heart disease, coronary artery disease, and type I and II diabetes. The main technical limitation of 31P MR spectroscopy is its intrinsically low SNR. Moving to a higher field strength, such as 7 Tesla scanners, is one solution—in one report, the SNR gain was used to shorten to acquisition from 31 min on a 3 Tesla system to 6 min at 7 Tesla (78). These high-field systems remain rare in the clinic. Taking 31P MR spectroscopy down the translation pathway would need to see advances made in parallel along two fronts: first, there needs to be buy-in from vendors to manufacture more high-field scanners and at a lower price; second, there must be more reproducibility studies demonstrating the sensitivity and specificity of 31P MR spectroscopy across different heart pathologies.

Real-time or near real-time CMR using deep learning is a rapidly evolving field. If successful, we can image cardiac dynamics as it happens in real-time, akin to echocardiography. However, its main Achilles’ heel is 2-fold: need for large training datasets and the possibility of incorrectly reconstructing image features on which the network has not been trained. The first hurdle is surmountable for some types of MRI applications, including cardiac, but access to large databases will inevitably become a roadblock, unless existing algorithms can generalize beyond fixed acquisition parameter settings. The second hurdle is a much more difficult ethical question to address. How can one ensure that all disease phenotypes that can ever be encountered are available for training? Furthermore, since artifacts from reconstruction can bear remarkable resemblance to real pathology, how can radiologists be guided in distinguishing real from fake image features? The simple answer is that deep learning can never enter clinical decision making if it can lead to a false positive or, worse yet, false negative diagnosis. Notwithstanding this drawback, a better view of how deep learning can be clinically useful is to apply it to situations to which the patient would otherwise not have access. For example, if one could generate a deep-learning perfusion scan from a very low dose injection, then a diabetic heart failure patient who cannot take the full dose due to risks of gadolinium would not be deprived of the benefit of a contrast-enhanced exam. With creativity around how we use deep learning, it can become a very intelligent agent to the radiologist.
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Background: In this study, we investigate the utility of geometric orifice area (GOA) on cardiac computed tomography (CT) and differences from effective orifice area (EOA) on Doppler echocardiography in patients with bicuspid aortic stenosis (AS).

Methods: A total of 163 patients (age 64 ± 10 years, 56.4% men) with symptomatic bicuspid AS who were referred for surgery and underwent both cardiac CT and echocardiography within 3 months were studied. To calculate the aortic valve area, GOACT was measured by multiplanar CT planimetry, and EOAEcho was calculated by the continuity equation with Doppler echocardiography. The relationships between GOACT and EOAEcho and patient symptom scale, biomarkers, and left ventricular (LV) functional variables were analyzed.

Results: There was a significant but modest correlation between EOAEcho and GOACT (r = 0.604, p < 0.001). Both EOAEcho and GOACT revealed significant correlations with mean pressure gradient and peak transaortic velocity, and the coefficients were higher in EOAEcho than in GOACT. EOAEcho of 1.05 cm2 and GOACT of 1.25 cm2 corresponds to hemodynamic cutoff values for diagnosing severe AS. EOAEcho was well correlated with the patient symptom scale and log NT-pro BNP, but GOACT was not. In addition, EOAEcho had a higher correlation coefficient with estimated LV filling pressure and LV global longitudinal strain than GOACT.

Conclusion: GOACT can be used to evaluate the severity of bicuspid AS. The threshold for GOACT for diagnosing severe AS should be higher than that for EOAEcho. However, EOAEcho is still the method of choice because EOAEcho showed better correlations with clinical and functional variables than GOACT.
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 bicuspid aortic stenosis, aortic valve area, cardiac computed tomography, echocardiography, multimodal imaging


Introduction

Aortic stenosis (AS) is a common heart valve disease in an aging society, and its incidence is continuously increasing (1, 2). For several decades, aortic valve (AV) area estimations by Doppler echocardiography have been the gold standard for the assessment of AS severity (3, 4). However, since assumptions and measurement errors affect each component used for calculating the effective orifice area (EOA) with the continuity equation, EOA on echocardiography (EOAEcho) has been criticized for primarily underestimating and sometimes overestimating the actual stenotic area (5).

In the era of transcatheter intervention, structural evaluation through cardiac computed tomography (CT) is actively performed when planning surgery or intervention in patients with symptomatic AS and has been established as a principal examination (6). By direct measurement of CT scans, it is possible to obtain the geometric orifice area (GOACT) of stenotic aortic valves (7). Therefore, in real clinical practice, there is often a difference between EOAEcho and GOACT in the same patient. In particular, the discrepancy between EOAEcho and GOACT is greater in patients with bicuspid AS compared with those with tricuspid AS (3, 8). Previous studies have shown different flow gradient patterns, greater jet eccentricity, and less pressure recovery in patients with bicuspid AS (3, 8). However, data to determine the utility of GOACT on assessment for AS severity are scarce, and there are no studies focusing on bicuspid AS. Therefore, in this study, we investigate the utility of GOACT and differences from EOAEcho in bicuspid aortic stenosis (AS).



Methods


Study population

Using a retrospective and prospective registry that consisted of 1,497 patients with BAV of over 19 years, (9). we identified 163 cases of symptomatic bicuspid AS who underwent transthoracic echocardiography and cardiac CT concomitantly (<3 months between examinations). The registry contains echocardiographic data, laboratory findings, and clinical information from medical records of patients in Severance Cardiovascular Hospital, Seoul, Korea. We excluded patients without symptoms related to AS (dyspnea on exertion, syncope, or chest pain), with endocarditis, with at least moderate dysfunction in mitral, tricuspid, or pulmonic valves, and with previous valve repair or replacement. Combined aortic regurgitation (AR) was identified when the patients had at least moderate AR. For determining clinical and laboratory data, including New York Heart Association (NYHA) class and N-terminal pro-b-type natriuretic peptide (NT-proBNP), information at the time closest to the time of echocardiography and CT was used. Natural log-transformed NT-proBNP values were used due to skewed distributions. Each patient was treated according to the clinical judgment of the physician based on the AS treatment guidelines at the time of diagnosis (10, 11). The Institutional Review Board of Severance Hospital approved this study, which was conducted in compliance with the Declaration of Helsinki. The requirement for informed consent was waived for patients included in the data collection of the retrospective registry and was obtained for the prospective data.



Transthoracic echocardiography

All echocardiographic studies were performed using commercially available equipment and were reviewed by experienced sonographers and imaging cardiologists without knowledge of the clinical data. Standard measurements were performed according to current guidelines (12). Bicuspid AV was diagnosed when only two cusps were unequivocally identified in systole and diastole in the short-axis view, as previously described (8, 9, 13). In all patients, bicuspid AV was confirmed on cardiac CT and echocardiography. Bicuspid AV morphology was classified into the following four types according to the position and pattern of the raphe and cusps, as previously described: type 1: one raphe with a fusion of the left coronary and right coronary cusps; type 2: one raphe with a fusion of the right coronary and non-coronary cusps; type 3, one raphe with a fusion of the left coronary and non-coronary cusps; and type 0: no raphe with two developed cusps (14).

EOAEcho was derived from the continuity equation. The left ventricular outflow tract (LVOT) flow was assessed on the apical three-chamber view. The LVOT diameter was measured during mid-systole 0.5–1 cm below the aortic annulus on the parasternal long-axis view. The velocity–time integral of the LVOT (VTILVOT) was assessed using pulse-wave Doppler. Assuming the circular geometry of the LVOT, the stroke volume was calculated using the following formula: LVOT diameter2 × 0.785 × VTILVOT. The highest peak velocity across the AV, mean pressure gradient (MPG), and velocity-time integral of the AV (TVIAV) were measured from multiple windows using continuous-wave Doppler (Figure 1). All measurements represent an average of three cardiac cycles for patients with sinus rhythm and an average of five cardiac cycles for patients with atrial fibrillation. The severity of AS and combined aortic regurgitation (AR) was assessed based on the current guidelines (15, 16).


[image: Figure 1]
FIGURE 1
 Effective orifice area by continuity equation (A) and geometric orifice area by multiplanar computed tomography image (B).


We calculated LV mass using the corrected American Society of Echocardiography method (17). Relative wall thickness was calculated as follows: (2 × posterior wall thickness/LV end-diastolic dimension). LV ejection fraction was measured using Simpson's biplane method (12). The mitral inflow velocities were recorded with pulsed wave Doppler with the sample volume placed at the tip of the mitral valve from the apical four-chamber views. Tissue Doppler imaging was used to measure mitral annular velocities at the septal corner of the mitral annulus. LV filling pressure was estimated by the early diastolic mitral inflow velocity (E)/early diastolic mitral annular velocity (e') ratio (18). LV global longitudinal strain (GLS) was measured with a two-dimensional speckle tracking analysis on apical two-, three-, and four-chamber views using a vendor-independent software package (TomTec Imaging System; 2D Cardiac Performance Analysis), as described earlier (19). |LV GLS| was defined as the absolute value of LV GLS (removing the conventional negative value of GLS data).



Cardiac CT measurements

All CT scans were performed with a dual-source CT scanner (SOMATOM Definition Flash; Siemens Healthcare, Forchheim, Germany). Before CT angiography, a non-enhanced prospective ECG-gated scan was performed to measure aortic valve calcium score with standardized calcium scan parameters (slice collimation of 0.6 mm, slice width of 3.0 mm, tube voltage of 120 kV, and a tube current of 50 mAs). CT angiography was performed in retrospective ECG-gated data acquisition mode using the triple-phase injection method (70 ml of iopamidol followed by 30 ml of 30% blended iopamidol with saline and 20 ml of saline at 5 ml/s). Images were generated using iterative reconstruction (sinogram-affirmed iterative reconstruction). Image reconstruction was performed with a medium kernel (I36f), and the reconstruction slice thickness was 0.75 mm with 0.5–mm increments. For all patients, 10 transverse data sets were reconstructed every 10% of the cardiac cycle. Image analysis was performed using 3D software (Aquarius iNtuition, Ver. 4.4.11, TeraRecon, San Mateo, CA, USA). For planimetry, the image volume was rotated into a plane perpendicular to the LVOT and aortic root (20). LVOT imaging involved the orientation of a cross-sectional plane of the LVOT using three orthogonal planes from multiplanar reconstruction at or immediately under the lowest implantation base of the aortic cusp, and two orthogonal diameters (minimal and maximal) were measured (4). GOACT was defined as the CT planimetry-derived AV area. Planimetry of the AV area was performed at the level of the aortic leaflet tips in the mid-systolic phase, which provided the best visualization of the open aortic valve, usually at 20–30% of the R-R interval, regardless of BAV types (Figure 1, Supplementary Figure 1). Planimetry of the LVOT was performed immediately below the AV in the same phase used for the measurement of the AV area. The angle between the LVOT-AV and aorta (°) was measured during the mid-systolic phase. The AV calcium score was measured using commercial software (Aquarius iNtuition, Ver. 4.4.11, TeraRecon, San Mateo, CA, USA). Observers segmented the AV calcium score by carefully including the region of interest in the AV leaflet and annulus and excluding calcium in the adjacent sinus of Valsalva, left ventricular outflow tract, or mitral annulus, and image noise or beam hardening artifact was excluded. From the segmented ROI, the AVC volume was measured, and an AVC score was calculated using the Agatston method (21, 22). All CT analyses were independently performed by two radiologists blinded to clinical information, echocardiographic results, and CT analysis results of the other reader. Intraclass correlation coefficients (ICCs) were calculated to assess the inter- and intra-observer variability of the GOACT. A total of 20 samples were assessed by the same observer on different occasions in random order and were also assessed by another observer.



Statistical analysis

The results are expressed as mean ± standard deviation or number (percentage). Differences between EOAEcho and GOACT were analyzed by paired t-test. Correlations and agreements between EOAEcho and GOACT were assessed by Pearson's correlation and Bland–Altman's methods. Correlations between echocardiographic and clinical parameters and EOAEcho or GOACT were determined by Pearson's correlation. Correlations between NYHA functional class and EOAEcho or GOACT were assessed using Kendall's coefficient of rank correlation. Linear regression was used to generate the fitted line for data pairs of EOAEcho and GOACT. Non-linear regression was used to generate the fitted curve for data pairs of conventional Doppler and clinical parameters (MPG, peak flow velocity, NYHA class, log-transformed NT-proBNP, E/e', and LV GLS) and EOAEcho or GOACT. Correlation coefficients between EOAEcho and GOACT were compared using Fisher's Z transformation. Subgroup analysis was performed according to the presence of combined significant AR and LV systolic dysfunction (LVEF <50%). A p-value of < 0.05 was considered statistically significant. Statistical analyses were conducted using R version 4.1.0 (The R Foundation for Statistical Computing; www.R-project.org).




Results


Baseline characteristics

Table 1 shows the baseline characteristics of the study population. The mean age was 64.3 ± 9.6 years, and 92 (56.4%) were male patients. In terms of comorbidities, 88 (53.9%) had hypertension, 36 (22.1%) had diabetes mellitus, and 21 (12.9%) had atrial fibrillation. Type 0 (no-raphe) was the most common BAV phenotype in our study population, followed by Type 1 (RCC+LCC fusion). The average log-transformed NT-proBNP was 6.14 ± 1.50 pg/ml. All patients were symptomatic, and NYHA class II dyspnea was the most common symptom. All patients without dyspnea (NYHA class I) had other AS cardinal symptoms such as chest pain or syncope. The baseline characteristics were not significantly different between patients with concordant and discordant AS degrees (Supplementary Table 1).


TABLE 1 Baseline characteristics of the study population.
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Table 2 presents measurement data from echocardiography and cardiac CT. The mean LVEF was 64 ± 12%, and the mean |LV GLS| was 16.3 ± 4.0%. The average LA volume index was 40.5 ± 15.0 ml/m2 and that of E/e' was 15.7 ± 6.1. The mean EOAEcho was 0.76 ± 0.20 cm2. According to EOA criteria, in 147 (90.2%) patients, the AV area was < 1.0 cm2, indicating severe AS. In the values measured through cardiac CT, the average GOACT was 0.83 ± 0.22 cm2, which was significantly higher than EOAEcho (mean difference: 0.07 ± 0.19 cm2, p < 0.001). There was a significant but modest correlation between EOAEcho and GOACT (r = 0.604, p < 0.001; Figure 2). The correlations were significant in both sinus rhythm (r = 0.555, p < 0.001) and atrial fibrillation (r = 0.783, p < 0.001, p for interaction=0.088). The correlations were also significant in BAV type 0 (r = 0.494, p < 0.001) and other types (r = 0.647, p < 0.001, p for interaction = 0.152). When the diagnostic criteria for severe AS through GOA were applied to < 1.0 cm2, the number of patients corresponding to severe AS was 136 (83.4%), which was reduced compared to the number of patients identified by EOAEcho as having severe AS. That is, there were 19 (11.7%) patients with discrepant AS severity evaluated by EOAEcho and GOACT. The inter- (ICC = 0.984; P < 0.001) and intra-observer variabilities (ICC = 0.976, P < 0.001) for the GOACT showed excellent agreement.


TABLE 2 Echocardiography and CT measurements.
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FIGURE 2
 (A,B) Correlation between EOAEcho and GOACT. EOAEcho 1.0 cm2 correspond to GOACT of 1.08 cm2 (dotted line). GOACT 1.0 cm2 corresponded to EOAEcho of 0.95 cm2 (dashed line).




EOA vs. GOA: Correlations with transaortic velocity and MPG

Both EOAEcho and GOACT showed modest correlations with transaortic MPG and peak velocity (all p < 0.001; Figure 3). The correlation coefficients between the two methods were not significantly different. The correlations were consistent according to combined AR or EF (Supplementary Figure 2). MPG 40 mmHg corresponded to EOAEcho of 1.05 cm2 and GOACT of 1.25 cm2. The transaortic peak flow velocity of 4 m/s corresponded to EOAEcho of 1.12 cm2 and GOACT of 1.28 cm2, respectively (Figure 3).


[image: Figure 3]
FIGURE 3
 Correlations of EOAEcho and GOACT to hemodynamic variables across the stenotic valve. MPG 40 mmHg corresponded to EOAEcho of 1.05 cm2 (A) and GOACT of 1.25 cm2 (B). The transaortic peak flow velocity of 4 m/s corresponded to EOAEcho of 1.12 cm2 (C) and GOACT of 1.28 cm2 (D), respectively.




EOA vs. GOA: Correlations with patient symptoms, biomarkers, and LV function

EOAEcho showed weak correlations with NYHA class (r = −0.287, p < 0.001) and modest correlations with log-transformed NT-proBNP (r = −0.381, p = 0.001). GOACT showed weak correlations with NYHA class (r = −0.139, p = 0.023), but not with log-transformed NT-proBNP (r = −0.141, p = 0.193) (Figure 4). Table 3 shows correlations of AV area to functional echocardiographic parameters and biomarkers. EOAEcho had better correlations with LA volume index, E/e', LVEF, and LV GLS than GOACT. These correlations were similar according to the LVEF subgroup (Supplementary Figure 3).
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FIGURE 4
 Correlations of EOAEcho and GOACT to patient symptom status and biomarkers.



TABLE 3 Correlations of aortic valve area with cardiac function and biomarkers.
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Discussion

The main findings of the present study are as follows: (1) In bicuspid AS, there was a significant correlation between EOAEcho and GOACT, but the degree of correlation was modest. (2) Both EOAEcho and GOACT had modest correlations with conventional hemodynamic parameters determining AS severity. (3) Transaortic MPG of 40 mmHg corresponds to EOAEcho of 1.05 cm2 and GOACT of 1.25 cm2. (4) EOAEcho had better correlations with echocardiographic parameters indicating LV systolic and diastolic function, regardless of EF status, than GOACT. These findings suggest that GOACT is an attractive alternative to EOAEcho due to the direct measurement of stenotic valve area, but diagnostic criteria for severe AS should be applied as a higher cutoff compared to EOAEcho, and there are limitations in that the correlation with LV functional alteration is less than that of EOAEcho. To the best of our knowledge, this is the first study to investigate the utility of GOACT on bicuspid AS assessment and comprehensive comparison between EOAEcho and GOACT in bicuspid AS.


Assessment of AS severity

According to current guidelines, severe AS is defined as EOAEcho of <1.0 cm2, transaortic peak velocity of > 4.0 m/s, or MPG of > 40 mmHg (11, 23). Doppler echocardiography remains the standard method for assessing AS severity. Cardiac CT is particularly useful in patients with poor acoustic windows and provides additional anatomical information about both adjacent structures and the aortic valve itself for planning surgical or transcatheter aortic valve replacement (7, 24, 25). In tricuspid AS, EOAEcho showed a significant correlation with GOACT (4). However, there were some discrepancies in AS severity between echocardiographic parameters and GOA measurement by cardiac CT (5, 24).

In bicuspid AS, the functional severity measured by Doppler echocardiography tends to be more severe than that of tricuspid AS because of greater jet eccentricity and less pressure recovery, resulting in higher energy loss (3, 26). As a result, it has been reported that there was a greater discrepancy between EOAEcho and GOACT in bicuspid AS compared with tricuspid AS (3). However, no study had confirmed the associations with hemodynamic variables of the AV and LV or evaluated clinical significance in patients with bicuspid AS. Therefore, we believe that the modest correlation observed between EOAEcho and GOACT, the fact that valve area measured by both methods has good correlations with AV hemodynamic variables, and the stronger association of EOAEcho with LV functional variables observed will help clinicians better understand the AV area evaluated by multimodal imaging.

A previous study that reported inconsistencies of echocardiographic criteria for the grading of AS showed that MPG 40 mmHg corresponds to EOAEcho of 0.75 cm2 and peak velocity of 4.0 m/s to EOAEcho of 0.82 cm2 (5). In the present study, we observed higher corresponding EOAEcho and GOACT values with conventional echocardiographic parameter thresholds than previously reported values. Since the previous study was not limited to bicuspid AS, the majority of patients must have had tricuspid AS (5). Therefore, the larger EOAEcho corresponding to MPG 40 mmHg or peak velocity of 4.0 m/s is consistent with the results of previous studies showing higher gradients in bicuspid AS than in tricuspid AS (8, 27, 28). To the best of our knowledge, the present study is the first to provide a threshold for severe bicuspid AS assessed by cardiac CT. Further studies are needed to elucidate the prognosis of bicuspid severe AS determined by cardiac CT.



Differences in valve area in multimodal imaging

A previous study conducted head-to-head comparisons of valve area calculation by Doppler echocardiography and CT in 269 patients with calcified AS (4). They found that AV area measured by CT resulted in higher values than EOAEcho and had higher cutoff values (1.2 cm2) to predict mortality under medical treatment. However, AVACT did not improve concordance for AS grading or outcome prediction. Although in the present study, we did not examine clinical outcomes according to AV area, we evaluated clinical significance on LV alteration as we observed better correlations of EOAEcho with estimated LV filling pressure, LA volume index, and LV global longitudinal strain than GOACT. As LV GLS and the extent of cardiac damage associated with AS have important prognostic implications, our results indicate that EOAEcho is meaningful as a gold standard for AV area calculation, similar to the results of a previous study of tricuspid AS (4, 29, 30). In addition, we observed higher corresponding values of GOACT to MSPG > 40 mmHg, which indicates severe AS, than EOAEcho. This suggests that it is desirable to use a larger cutoff value for GOACT when using GOACT in cases where EOAEcho assessment is unreliable or impossible.



Study limitations

First, this study was a retrospective cross-sectional study from a single tertiary center and thus has intrinsic limitations. Clinical events and follow-up data of patients were not analyzed in this study. However, we provide clinically important information regarding AV area calculation from two different imaging modalities in patients with symptomatic bicuspid AS. Second, data to determine invasive hemodynamic data were not available in the present study. However, invasive hemodynamic data are rarely used to assess AS in clinical practice and current guidelines recommend the use of cardiac catheterization in poor echocardiographic windows and low-flow status. Our study subjects had a mean stroke volume index of 48.4 ± 10.2 ml/m2, which means most of our study population had normal-flow AS. Third, because this study was conducted among patients with severe bicuspid AS who were referred to surgery, the results of this study cannot be equally generalized to a wider patient range, that is, mild-to-moderate patients with AS or asymptomatic patients. Fourth, the present study was cross-sectional in design, and extensive cardiac damage might have been present before AS. However, bicuspid AS occurs in relatively younger and healthier patients than tricuspid AS (31). We believe that most of our study subjects had AS-associated structural abnormalities. Fifth, the study population underwent Doppler echocardiography and CT within 3 months, not simultaneously. The time difference between echocardiography and CT might result in discordance between hemodynamic parameters and GOACT. In the future, well-designed comparisons are warranted to clarify our findings and determine the clinical impact of GOACT in bicuspid AS. Sixth, not all patients underwent NT-proBNP tests, resulting in potential selection bias. Further prospective studies of the prognostic impact of EOAEcho and GOACT are needed.




Conclusion

GOACT can be used to evaluate the severity of bicuspid AS. The threshold for GOACT for diagnosing severe AS should be higher than that for EOAEcho. However, EOAEcho is still the method of choice because EOAEcho showed better correlations with clinical and functional variables than GOACT. These findings suggest that EOAEcho should be the method of choice to assess bicuspid AS severity, but GOACT is an effective alternative in patients with poor echocardiographic image quality.
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Objectives: Right ventricle (RV) mass is an imaging biomarker of mean pulmonary artery pressure (MPAP) and pulmonary vascular resistance (PVR). Some methods of RV mass measurement on cardiac MRI (CMR) exclude RV trabeculation. This study assessed the reproducibility of measurement methods and evaluated whether the inclusion of trabeculation in RV mass affects diagnostic accuracy in suspected pulmonary hypertension (PH).

Materials and methods: Two populations were enrolled prospectively. (i) A total of 144 patients with suspected PH who underwent CMR followed by right heart catheterization (RHC). Total RV mass (including trabeculation) and compacted RV mass (excluding trabeculation) were measured on the end-diastolic CMR images using both semi-automated pixel-intensity-based thresholding and manual contouring techniques. (ii) A total of 15 healthy volunteers and 15 patients with known PH. Interobserver agreement and scan-scan reproducibility were evaluated for RV mass measurements using the semi-automated thresholding and manual contouring techniques.

Results: Total RV mass correlated more strongly with MPAP and PVR (r = 0.59 and 0.63) than compacted RV mass (r = 0.25 and 0.38). Using a diagnostic threshold of MPAP ≥ 25 mmHg, ROC analysis showed better performance for total RV mass (AUC 0.77 and 0.81) compared to compacted RV mass (AUC 0.61 and 0.66) when both parameters were indexed for LV mass. Semi-automated thresholding was twice as fast as manual contouring (p < 0.001).

Conclusion: Using a semi-automated thresholding technique, inclusion of trabecular mass and indexing RV mass for LV mass (ventricular mass index), improves the diagnostic accuracy of CMR measurements in suspected PH.

KEYWORDS
cardiac MRI, diagnosis, pulmonary hypertension, trabeculation, right ventricle


Introduction

Pulmonary hypertension (PH) is a life-limiting condition defined by an increase in pulmonary vasculature pressure (1). The established diagnostic criteria was a mean pulmonary artery pressure (MPAP) ≥25 mmHg, however, this has been recently updated to MPAP > 20 mmHg for the definition of PH (1, 2). Right heart catheterization (RHC) is the gold standard method for diagnosing PH (1). However, cardiac MRI (CMR) is an appealing non-invasive alternative that can aid the evaluation of PH by providing information about cardiac morphology and function (3–5).

Pulmonary hypertension involves a persistent increase in afterload for the right ventricle (RV), which undergoes compensatory hypertrophy in an attempt to maintain output. The resulting increase in RV mass is a biomarker for disease severity and can be measured using CMR. The ventricular mass index (VMI = RV mass/LV mass) indicates the degree of RV hypertrophy and has previously been shown to have a high diagnostic accuracy and prognostic value (6–9). However, existing studies have reported different methods for the measurement of ventricular mass, with some having excluded trabeculation and papillary muscles from the final mass measurement (7, 10–13). Trabeculation is defined as the muscular protrusions in the ventricles (14). Furthermore, while some studies suggest that a semi-automatic pixel intensity-based tool is highly reproducible (15, 16) and that manual contouring of trabeculation is poorly reproducible (17, 18), the only direct comparison of these approaches showed that manual contouring was the most reproducible in patients with PH (19, 20).

This study aimed to compare the reproducibility of RV mass measurements with the inclusion or exclusion of trabeculation and to evaluate whether their inclusion in RV mass measurement improves diagnostic accuracy in patients with suspected PH.



Materials and methods


Patient selection

Participants were recruited prospectively for two assessments (Figure 1). (i) Diagnostic assessment: consecutive patients with suspected PH when attending for CMR between July 2017 and October 2018 were prospectively identified from the ASPIRE Registry (21) (Figure 1). (ii) Reproducibility assessment: a sample of 30 subjects including 15 patients with incident PAH and 15 healthy volunteers were selected from the RESPIRE study from September 2015 to September 2018 (22) (ClinicalTrials.gov Identifier: NCT03841344). Diagnostic (REC 17/YH/0016) and reproducibility (REC 15/YH/0269) studies received ethics approval from the local Ethics Committee and Institutional Review Board. All patients gave written informed consent.


[image: image]

FIGURE 1
Flowchart showing patient selection for the study. *Six patients were found to have duplicate consent, one patient withdrew due to claustrophobia, one scan could not be found for analysis and one result was excluded as image analysis failed.




Right heart catheterization

A total of 144 of the 267 patients recruited in the study underwent RHC within 2 days of their CMR to obtain MPAP, pulmonary vascular resistance (PVR) and other values. The RHC was performed at the PH referral center by a PH consultant physician (Supplementary Digital Content 1). PH was defined as an MPAP of ≥25 mmHg and MPAP > 20 (1, 2).



CMR acquisition

Scans were performed at 1.5T on a GE HDx whole body scanner (GE Healthcare, Milwaukee, WI, USA; n = 20), or a Phillips Ingenia at 3T (Philips Healthcare; n = 10). Short-axis images were captured using a multi-slice balanced steady-state free precession (SSFP) sequence. For the reproducibility assessment, patients underwent two scans on the same day on the same scanner in two separate sessions. Full details about the MRI acquisition are provided in Supplementary Digital Content 1.



CMR analysis

End-diastolic and end-systolic phase CMR images were analyzed using Qmass (Medis, Leiden, Netherlands). In the diagnostic assessment, MRI analysis was performed by two observers (AJS and DC) each with over 12 years of experience in CMR (Supplementary Digital Content 1). The MassK tool on Qmass excluded areas of lower pixel intensity from the blood pool of the right and left ventricles and defined these areas as trabecular mass. The threshold for this was decided by visual satisfaction; no single threshold could be identified due to the variability of signal intensity of blood and myocardium between individual cases. The total mass value included compacted and trabecular mass and was measured at end-diastole. Mass and volume CMR measurements were indexed to body surface area. VMI was calculated by indexing RV mass to LV mass (RV mass/LV mass).

In the reproducibility assessment, analyses were performed by two operators trained on Qmass (AS and AMac had 12 and 1 year of experience in CMR, respectively). For the manual RV and LV mass analysis, the myocardium was contoured to include the trabeculation as muscle mass based on visual assessment of low pixel intensity areas in the blood pool (Figure 2). In the threshold technique, the endocardial contour was placed at the compacted endocardial surface, and the MassK threshold tool was selected. RV Myocardial mass including trabeculations was labeled a total mass, while myocardial mass excluding trabeculations was labeled compacted mass. Finally, trabeculation alone was labeled trabecula mass.
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FIGURE 2
Manual tracing method compared with semi-automatic thresholding method.


For the reproducibility analysis, two observers analyzed the same scan for inter-observer assessment. In addition, for inter-study assessment, one observer analyzed two scans of the same patient performed on the same day. Observers were blinded to each other’s assessment and were timed for contour placement using both methods.



Statistical analysis

Independent t-tests were used to assess group differences. (i) Diagnostic accuracy of RV mass parameters was evaluated with receiver operating characteristic curve (ROC) analysis. Area under the curve (AUC) and the significance of any differences in AUC were tested using the Mann-Whitney test. Correlations between RHC and CMR were calculated using the Pearson correlation coefficients. Paired sample t-tests evaluated differences between mean values calculated by each method.

(ii) Intraobserver variability was measured as a component of the repeat scan variability using the Intraclass-correlation-coefficient (ICC) and Bland-Altman analysis (23). Statistical analyses were performed on SPSS version 25.0 (IBM, Chicago, IL, USA). The significance threshold was set at P < 0.05.




Results


Included cases

A total of 267 patients were recruited (Figure 1); 144 patients underwent RHC within 48 h of CMR and were included in the diagnostic assessment. The population consisted of 41% males and an average age of 63 years old. The underlying diagnosis for the vast majority was either Pulmonary arterial hypertension or chronic thromboembolic PH (47 respectively), whilst a handful had left heart disease (11), PH lung disease (5) or a multifactorial cause (1) (Supplementary Table 1). The reproducibility assessment included 15 healthy volunteers and 15 participants with pulmonary arterial hypertension (PAH).



Summary statistics for diagnostic population

A total of 114 (79%) patients were diagnosed with PH. Participants with or without PH differed in their invasive hemodynamics and RV CMR metrics apart from end-diastolic volume (P = 0.4) and compacted mass (P = 0.2) (Supplementary Table 1).



Correlations

Right ventricle total mass index correlated better with MPAP (r = 0.59) and PVR (0.63) than RV compacted mass index (0.25 and 0.38, respectively) (Table 1).


TABLE 1    Pearson correlations between RV mass metrics measured on cardiac MRI and right heart catheterization parameters and ROC analysis results using a diagnostic threshold of MPAP ≥ 25 mmHg and MPAP > 20 mmHg.
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ROC analysis

The AUC of diagnosing PH with total mass index was 0.77 and for RV, trabecular mass index was 0.81. The compacted mass index was not a significant predictor of PH (AUC = 0.61, P = 0.07). Total mass index (P = 0.02) and trabecular mass index (P = 0.002) were superior predictors to compacted mass (Figure 3 and Table 1). Similarly, using the updated definition, total mass index (AUC = 0.81, P = 0.001) and trabecular mass index (AUC = 0.83, P = 0.003) were superior to compacted mass (AUC = 0.66, P = 0.005).


[image: image]

FIGURE 3
Receiver operating characteristic (ROC) curves comparing diagnostic accuracy of cardiac MRI parameters using (A) a diagnostic threshold of MPAP ≥ 25 mmHg and (B) a diagnostic threshold of MPAP > 20 mmHg.




Comparison of manual and threshold analysis

Manual contouring produced higher values for end-diastolic volume, end-systolic volume and stroke volume (P < 0.001), compared with semi-automatic thresholding. Manual contouring produced lower values for RV total mass, RV trabecular mass and RV percentage trabecular mass (p < 0.001) (Supplementary Table 2).



Speed of methods

The mean time taken to draw the endocardial contour using manual contouring (13 min 2 s, SD = 2 min 49 s) (Supplementary Table 2) was significantly longer (p < 0.001) than the mean time taken to gain results using the semiautomatic method (6 min 26 s, SD = 1 min 25 s).



Interobserver reproducibility

The semi-automatic thresholding was more reproducible for all mass measurements. Semi-automatic thresholding also led to less variation for RVSV with ICC of 0.86 in comparison to 0.85 for manual contouring. Similarly, RVEF showed less variation with ICC of 0.97 for the semi-automatic thresholding compared to 0.83 for the manual method. Manual contouring had marginally higher intraobserver reproducibility for RVEDV and RVSEV with ICC of 0.94 and 0.95, respectively when compared to thresholding values of 0.92 and 0.93 (Table 2). Manual contouring was more reproducible for all volumes in patients with PH, however; conversely, mass measurements were more reproducible using the automatic method. Bland-Altman analysis showed that the difference in mass measurement values between our two observers was reduced using the semi-automatic thresholding method (Figure 4). A second sub-analysis (Supplementary Table 3, field strength sub-analysis) showed that a 1.5T scanner using the threshold method had the greatest reproducibility for RV total mass (thresholding 1.5T = 0.87, thresholding 3T = 0.86, manual 1.5T = 0.47, manual 3T = 0.65) and RV trabecular mass (threshold 1.5T = 0.92, threshold 3T = 0.74, manual 1.5T = 0.58, manual 3T = 0.71) as well as RVEDV, RVESV, and RVSV.


TABLE 2    Intraclass correlation results comparing interobserver and repeat scan reproducibility for methods 1 (manual tracing) and 2 (semiautomatic pixel-intensity based thresholding), in a mixed population of healthy volunteers and PAH patients, and for PAH patients only.
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FIGURE 4
Bland Altman plots demonstrating reproducibility of RV mass measurements using different methods: Manual interobserver reproducibility, threshold interobserver reproducibility, manual repeat scan reproducibility, and threshold repeat scan reproducibility.




Repeat scan reproducibility

On comparison of MRI parameters between scan 1 and 2, little difference was seen between ICCs of manual contouring and semi-automatic thresholding in RVEDV (0.95 vs. 0.94), RVESV (0.96 vs. 0.97), and RV compacted mass (0.68 vs. 0.68) (Table 2). However, ejection fraction and stroke volume were more reproducible using semi-automatic thresholding (0.87 vs. 0.79 and 0.78 vs. 0.68, respectively), whilst trabecular mass measurement was superior using manual contouring (0.84 vs. 0.80). Compacted mass was moderately reproducible on repeat scans (0.74 for both methods). In the PH group sub-analysis, the thresholding method was more reproducible for measuring RVESV (0.98 vs. 0.97), RVSV (0.78 vs. 0.69), RVEF (0.89 vs. 0.81), RV total mass (0.84 vs. 0.80), and RV trabecular mass (0.85 vs. 0.77). On Bland-Altman analysis (Figure 4), manual and thresholding methods showed mean differences close to zero between scans, with values of 2 and 5 g, respectively. However, both showed wide limits of agreement, with a standard deviation of 15.29 g for the manual method and 17.22 g for the threshold method. Field strength sub-analysis (Supplementary Table 3) showed using a 1.5T scanner and using the thresholding technique to be the most reproducible method for RV total mass (threshold 1.5T = 0.92, threshold 3T = 0.67, manual 1.5T = 0.90, manual 3T = 0.75) and RV trabecular mass (threshold 1.5T = 0.93, threshold 3T = 0.46, manual 1.5T = 0.87, manual 3T = 0.69). Compacted mass was more reproducible using 3T field strength (1.5T = 0.73, 3T = 0.80).




Discussion

Measurement of RV mass on CMR is useful when evaluating PH, but there is no existing consensus on whether to include trabeculation within the RV mass (7–13). This study included 144 patients with a mean age of 61 years with both CMR and RHC information. We have demonstrated semi-automatic contouring is a reliable method for improving the diagnostic accuracy of PH by including the trabeculation.


Diagnostic accuracy

We postulate that trabecular mass is an important component of RV hypertrophy related to the increased afterload on the RV. Our data suggest that measurements of compacted mass alone have a weaker correlation with invasively measured pulmonary artery pressure. Given that a trabecular mass is a large component of RV mass, and there is a variable degree of RV trabeculation in normative populations, it is important that RV trabecular mass is considered for RV mass measurement. This study supports the measurement of RV trabeculation by semi-automated pixel intensity thresholding, as this was more reliable than the manual approach. Increased trabeculation mass in the RV has been shown to be a measurable non-invasive marker of PH with association to disease severity (24–27). Van de Veerdonk et al. (20) showed increased correlations with hemodynamics when trabeculations were manually included in RV mass measurement. Our study demonstrated this effect in a large diagnostic population of patients with suspected PH using semi-automatic thresholding to include trabeculations. However, further work to determine the incremental value of MRI to diagnose PH beyond the existing strategy with Echocardiography is recommended. Especially whether MRI metrics of RV mass/trabecular mass or septal deviation increase the diagnostic yield over Echocardiography for patients identified to be at low or intermediate risk.



Reproducibility of RV measurement

In our key parameters of RV trabecular mass and RV total mass, the semi-automatic thresholding method was more reproducible between observers and scans. Bradlow et al. (19) previously concluded that manual contouring was more reproducible than semi-automatic thresholding. However, our study had a larger population, included healthy controls and used alternative thresholding software. Other studies have demonstrated poor reproducibility of manual contouring in the RV (17) and LV (18).

Studies using Qmass software have shown high intraclass correlations for the semi-automatic method when measuring the RV, which are superior when including trabeculation instead of measuring compacted mass only (17, 18). Of note, the semi-automatic method is not considerably affected by observer experience (28). Studies using thresholding have shown high correlations between RV mass on autopsy and in SSFP MRI sequences when trabeculations were included (29). As expected, the threshold method was faster than manual contouring (17, 20).



Benefits over previous publications

To our knowledge, this was the first study to investigate the diagnostic performance and reproducibility of manual and semi-automated methods using a prospective cohort of suspected PH patients. While Bradlow et al. (19) also examined repeat scan variability and interobserver variability, our study has included a larger population of suspected PH patients alongside healthy controls. Further work is needed to assess the prognostic value of MRI derived measures of compacted and trabecular myocardial mass in larger cohorts of patients with pulmonary arterial hypertension. Whether prognostic stratification by mass volume phenotypes (9) e.g., low and high-volume mass can be improved by the inclusion or exclusion of trabeculations warrants further investigation.



Limitations

Determining the border between the RV and right atrium is challenging due to the lack of clear basal RV landmarks, which may have affected CMR values. Our sub-analysis showed that RV total and trabecular mass measurements were more reproducible when 1.5T field strength is used; this could be due to the fact that some 3T scans contained flow artifact that made delineation of the cavity difficult and may account for the difference in mass measurement reproducibility demonstrated between 1.5T and 3T CMR in this study. This study utilized software from a single commercial vendor and software-specific differences in measurements could exist. Finally, although a large prospective cohort was used, future studies could assess the generalizability of these findings using a multicenter population.




Conclusion

Inclusion of trabeculation improves the diagnostic accuracy of RV mass measurements on CMR in patients with suspected PH, using a semi-automated pixel-intensity based thresholding technique. This study showed that CMR measurements used in the assessment of suspected PH are highly reproducible and highlights the diagnostic utility of CMR in suspected PH.
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Aims: The main management strategy of heart failure with preserved ejection fraction (HFpEF) is prevention since HFpEF is associated with many cardiovascular (CV) risk factors, especially since HFpEF is linked to a high risk for both mortality and recurrent heart failure (HF) hospitalizations. Therefore, there is a need for new tools to identify patients with a high risk profile early. Regional strain assessment by CMR seems to be superior in describing deformation impairment in HF. The MyoHealth score is a promising tool to identify cardiac changes early.

Methods and results: Heart failure patients irrespective of LVEF and asymptomatic controls were recruited, and CMR based measures were obtained. For this analysis the asymptomatic control group (n = 19) was divided into asymptomatic subjects without CV co-morbidities or evidence of cardiac abnormalities and (n = 12) and asymptomatic subjects with CV co-morbidities or evidence of cardiac abnormalities (n = 7) as well as patients with HFpEF (n = 19). We performed CMR scans at rest and during a stress test using isometric handgrip exercise (HG). Assessing the MyoHealth score at rest revealed preserved regional strain in 85 ± 9% of LV segments in controls, 73 ± 11% in at Risk subjects and 73 ± 8% in HFpEF patients. During stress the MyoHealth score was 84 ± 7% in controls, 83 ± 7 in at risk subjects and 74 ± 11 in HFpEF patients.

Conclusion: In summary, we show for the first time that asymptomatic subjects with increased CV risk present with HFpEF like impaired myocardial deformation at rest, while they show results like controls under HG stress. The potential of preventive treatment in this group of patients merits further investigation in future.

Clinical trial registration: [https://drks.de/search/de/trial/DRKS00015615], identifier [DRKS00015615].

KEYWORDS
heart failure, cardiovascular magnetic resonance imaging, myocardial deformation, strain, handgrip exercise, risk, asymptomatic


1. Introduction

Heart failure with preserved ejection fraction (HFpEF) is defined as symptomatic heart failure (HF), a left ventricular ejection fraction (LVEF) ≥ 50% and evidence of diastolic dysfunction and/or raised LV filling pressures (1). HFpEF is associated with a variety of cardiovascular (CV) risk factors and a high risk for both mortality and recurrent HF hospitalization (2, 3).

With very limited and only recently introduced treatment options, prevention including the early identification of vulnerable patients with CV risk factors, remains the focus of HFpEF management (4, 5). This challenge is intensified by the increasing prevalence of HFpEF, triggered by the lower mortality of cardiovascular risk factors, e.g., diabetes or arterial hypertension (6, 7). Hence, the Universal Definition and Classification of HF considers myocardial changes in still asymptomatic patients already as Stage A and B of HF and encourages earlier action to prevent a transition in clinical apparent HF (8).

Once, HFpEF is suspected, the introduced algorithm to diagnose HFpEF is a comprehensive approach requiring multiple steps (2). The more pronounced the characteristic details of HFpEF are, the worse is the patients’ prognosis (3). It has been shown that patients at risk for HFpEF have already an increased mortality and risk for HF hospitalization (3). The scarcity of resources forces health care providers to identify patients at risk to optimize their therapy continuously.

Hence, there is an urgent need to screen for patients at risk in clinical routine to prevent HFpEF.

Cardiovascular magnetic resonance imaging (CMR) provides anatomical and functional cardiac parameters. Myocardial strain analysis may detect impaired myocardial contractility in patients despite a preserved LVEF (9). Regional strain assessment seems to be superior to global strain analysis in describing deformation impairment in HF (10). The MyoHealth score reflects the share of LV segments with preserved strain values (≤ −17%) in a 37 segment model (10).

We hypothesize that asymptomatic healthy subjects with CV co-morbidities may demonstrate detectable impairments in regional strain compatible with pre-clinical HFpEF.



2. Method

This study was a prospective study conducted in Berlin, Germany, approved by the local Ethics Committee (registration: EA4/112/16; German Clinical Trials Registry, DRKS, DRKS00015615). Its rationale and design have been described previously (10–13).

Briefly, HF patients irrespective of LVEF and controls without HF were recruited, and CMR based measures of cardiac structure and function, including assessment of cardiac contractility were obtained. For this analysis, we included the control subjects and the HFpEF patients.

We divided the control group into (a) subjects without HF and no CV co-morbidities or evidence of cardiac dysfunction and (b) those without HF but CV co-morbidities or evidence of cardiac dysfunction. CV co-morbidities or evidence of cardiac dysfunction were defined as the presence of diabetes, suboptimal managed arterial hypertension (hypertensive values at rest despite medication), increased NT-proBNP levels (>120 pg/dL), or LV hypertrophy (LV wall thickness > 11 mm) on CMR (minimum 1 criterion). They were compared to (c) patients with HFpEF (10). We performed CMR scans at rest and during a non-invasive, medication-free stress test. For stress testing we used isometric handgrip exercise (HG), which was effective and changed both blood pressure and heart rate significantly (11). All patients were in sinus rhythm, nota bene patients with atrial fibrillation were excluded to maintain better CMR image quality.

All CMR images were acquired using 1.5 T, fast strain-encoded MRI was used for strain evaluation. Volume measurements were performed with Medis® Suite MR (Medis medical imaging systems, Leiden, The Netherlands, version 3.1), strain analysis by MyoStrain (Myocardial Solutions, Inc., Morrisville, North Carolina, USA, version 5.2) (10, 11).

Pairwise comparisons were conducted using a student’s t-test, comparisons across three groups were conducted using one-way analysis of variance (one-way ANOVA). A P-value < 0.05 was considered statistically significant.

The endpoint was the MyoHealth score at rest and under HG.



3. Results

The baseline characteristics of the three groups (controls without CV risk factors: n = 12; controls with CV risk factors: n = 7 and HFpEF: n = 19) are shown in Table 1. The LVEF was similar in all three cohorts: LVEF median [IQR; Q1–Q3]: control: 63.00 [59.22–64.70]%; at risk: 61.52 [57.88–64.58]%; HFpEF: 61.12 [58.17–64.17]%.


TABLE 1    Baseline characteristics.

[image: Table 1]

Assessing the MyoHealth score at rest revealed preserved regional strain in 85 ± 9% of LV segments in controls, 73 ± 11% in at risk subjects and 73 ± 8% in HFpEF patients (comparisons in Figure 1A and Table 2). During stress the MyoHealth score was 84 ± 7% in controls, 83 ± 7 in at Risk subjects and 74 ± 11 in HFpEF patients (comparisons in Figure 1B and Table 2).


[image: image]

FIGURE 1
MyoHealth score at rest (A) and under stress (B) in healthy controls, controls with CV risk factors and HFpEF patients. CMR, cardiovascular magnetic resonance imaging; HG, handgrip exercise; NS, statistically not significant. Preserved regional strain values are blue, altered regional strain values are green. Color code reflects that early affected regions are primarily septal segments. In the at risk group the altered septal segments improve during HG stress, reflected by a color change from green to blue.



TABLE 2    Comparison of the MyoHealth results.
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At rest, the MyoHealth score in at the risk cohort was reduced compared to the healthy controls (p = 0.04), at the same level as the HFpEF cohort (p = 0.45). This is in line with our recent finding that demonstrated the potential diagnostic window across different heart-failure stages using CMR-strain-analysis (14). However, during stress, at the risk cohort showed a higher MyoHealth score and was similar to the healthy controls (p = 0.32) and higher than the HFpEF values (p = 0.07). The “at risk” group improved significantly between rest and stress (p = 0.01, Figures 1A, B), while there were no relevant changes in healthy controls (p = 0.36) or HFpEF (p = 0.35). Like the HFpEF pattern, the impaired segments were mainly septal. During stress the impaired septal segments improved primarily in terms of circumferential strain (Figure 1B). It has been shown that septal impairment precedes global systolic dysfunction, highlighting the relevance of septal assessments in the future (10).



4. Discussion

In summary, we show for the first time that asymptomatic subjects with evidence of CV risk present with HFpEF like impaired myocardial deformation at rest. The absence of HF symptoms in these subjects is well explained by the compensation capacities during stress when their deformation capacities are similar to healthy subjects.

Performing a quick medication-free CMR-stress-test as HG in asymptomatic patients provides the chance to assess cardiac manifestations of their individual risk-profile. In patients with pathological changes, a stricter management of co-morbidities and shorter follow-up intervals may be adequate to prevent the transition to HFpEF. The potential of preventive treatment in this group of patients merits further investigation in future studies. The feasibility of its use in clinical practice is underlined by the quick acquisition of the exam as it added only up to 10 min. to the regular scan protocol during our study. This time included the more extensive informed consent process regarding the HG application and the additional image acquisition during the HG test.

Table 1 shows an age difference between the three groups, the difference between the youngest, the control subjects, and the HFpEF group was 19 years. This finding might suggest that the results reflect changes in elderly constitutions also supported by higher NT-proBNP values in the older group (15). However, we believe that our findings reflect different disease stages which are also influenced by age, but the main age-depended factor influencing both serum biomarkers and cardiac constitutions is atrial fibrillation which was excluded while recruiting the subjects. Therefore, we see the data has representative for theoretical patient trajectory from healthy to suffering from HF (16).

However, the limited number of subjects included in this study restrains the generalizability of the results. Nonetheless, the reasoning that changes in cardiac function do not develop at a certain tipping point but are present to some degree even at a preclinical state is both shown and intuitive – we propose an emerging tool promising to detect changes early.

Therefore, CMR scans including HG are a promising tool in future preventive cardiology trials for better risk stratification and phenotyping.
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Pelvic venous disorders (PeVD), sometimes referred to as pelvic congestion syndrome (PCS), widely impact affected patients–mainly young women’s quality of life, causing puzzling, uncomfortable symptoms sometimes requiring months or years to get an explanation, while simply remaining undiagnosed in other cases. Because pelvic pain is a non-specific symptom, an appropriate diagnosis requires a careful patient workup, including a correlation between history and non-invasive imaging. Invasive imaging is frequently required to confirm the diagnosis and plan treatment. Current therapeutic approaches principally rely on minimally invasive techniques delivered through endovascular access. However, while comprehensive descriptive classifications such as the symptoms-varices-pathophysiology (SVP) classification exist, universally accepted guidelines regarding therapy to apply for each SVP category are still lacking. This review strongly focuses on PeVD imaging and discusses available therapeutic approaches with regard to pathophysiological mechanisms. It proposes a new classification scheme assisting clinical decision-making about endovascular management to help standardize the link between imaging findings and treatment.
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1. Introduction

It is estimated that up to 15% of women between the ages of 20 and 50 years are involved with varying degrees of pelvic venous disorder, though not all are clinically symptomatic (1–3). Furthermore, 30–45% of women with chronic pelvic pain (CPP) may have venous-related symptoms (4). Pelvic pain of venous origin is expressed chiefly as a vague pain with occasional escalation predominantly occurring after prolonged standing and walking and/or dyspareunia with prolonged post-coital aching. It is commonly a constant pain not connected to the menstrual cycle.

Lack of validated definitions and established imaging criteria, ambiguous cause and effect relationships, and presumed hypotheses based solely on small series have raised challenges for acceptance of the terms like pelvic congestion syndrome (PCS) by some medical societies. Pelvic venous disorder (PeVD) is the term that encompasses a range of venous disorders which result in CPP, mainly in women. CPP comprises many misleading historical so-called syndromes, including PCS, pelvic dumping syndrome, May-Thurner syndrome, and nutcracker syndrome, which may share similar symptoms with different but somewhat interrelated pathophysiologic mechanisms. Peculiar attention to PeVD would aim to raise both popular and healthcare awareness about the great number of women living with it, missing accurate diagnosis and thus lack proper care and curative treatment; A neglected morbidity based on WHO reviews may account for up to $2.8 billion in healthcare costs (5).



2. PeVD pathophysiology

The etiology of PeVD is not fully understood. It is multifactorial; genetic predisposition, anatomical abnormalities, and hormonal factors notably contribute to the pathogenesis. Half of the pelvic varice cases are attributed to genetic factors and have a positive familial history (6). Furthermore, congenital absence or dysfunction of valves are described (7), as well as other aspects, including chronic dilatation of veins causing venous wall inflammation and leading to aggravated reflux (8). Hormonal factors such as estrogen hyperstimulation are also hypothesized to take part in the pathophysiology (9), as is pregnancy due to associated increased vascular volume mainly distributed in the inferior vena cava system (10). Finally, anatomical variants can be the sole cause of pelvic varices, essentially due to proximal venous compression in the nutckracker phenomenon and iliac vein compression in the May-Thurner syndrome (11). The pelvic venous flow is primarily evacuated by women’s internal iliac veins as well as left and right ovarian veins, which are subsequently drained into the common iliac veins, inferior vena cava, and left renal vein, respectively. Venous hypertension and dilation due to vessel insufficiency (e.g., ovarian vein reflux, iliac vein reflux) or downstream stenosis/obstruction (e.g., iliac vein compression, renal vein compression) are hypothesized to be responsible for pain and fullness sensation by nociceptor activation and symptoms such as lower extremity and genital varicosities, pain and swelling, as well as flank pain and hematuria. In rare cases, epidural venous varices can develop, leading to neurological symptoms due to compressive radiculopathy (12, 13).



3. PeVD classification


3.1. SVP classification

Subdividing PeVD based on a valid and reliable discriminative classification instrument regarding the previously mentioned pathophysiologic entities and their clinical presentation would potentially lead to a more unified individual management and a more precise outcome measure. In 2021, the American Vein and Lymphatic Society international working group on PeVD released a multispecialty, intersocietal development of symptoms-varices-pathophysiology (SVP) classification (14). This classification comprises three components according to the presence and region of symptom (S), image-confirmed presence and region of dilated varices (V), and the pathophysiology (P) of the disorder. Thus, each individual patient’s classification is assigned as SVPA,H,E (Table 1). In case of pelvic origin of lower extremity signs or symptoms, the SVP classification is used in combination with the Clinical-Etiologic-Anatomic-Physiologic (CEAP) classification (14, 15). The CEAP, revised in 2020, is a clinically useful and accepted classification for venous disorders, however, limited to the lower limbs only. In clinical practice, patients with S3b, S3c, or V3b disease in the SVP classification must also be classified with the CEAP scheme, which is a limitation of the SVP classification. Other limitations include the absence of patient representatives in the multidisciplinary panel of experts, the absence of widely accepted diagnostic criteria (16), difficulty representing variable and complex hemodynamic and clinical features, and the absence of proposed management.


TABLE 1    Symptoms-varices-pathophysiology (SVP) classification.
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3.2. Proposed management-oriented classification

The SVP classification helps define the symptomatic, anatomic, and etiologic aspects of PeVD. It gives a straightforward way to communicate between the radiologist and the clinician to provide a full picture of patients’ condition comprehensively. However, SVP does not give precise insights into treatment. There is a need for a more clinically and management-oriented classification to help the diagnostic radiologist better communicate with the interventional radiologist. Table 2 details a new classification based on patient management rather than clinical profile or anatomical factors. A graphical representation of the same classification is provided in Figure 1.


TABLE 2    Proposed management-oriented classification of pelvic venous disorders (PeVD), divided into five types. Each type or subtype is associated with a specific treatment.
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FIGURE 1
Schematic classification of pelvic venous disorders (PeVD). (A) Type Ia: unilateral venous insufficiency, Type Ib: bilateral venous insufficiency; (B) Type IIa: May-Thurner syndrome, Type IIb: nutcracker phenomenon, Type IIc: both IIa and IIb; (C) Type IIIa: common iliac vein obstruction, Type IIIb: inferior vena cava obstruction; (D) Type IV: arteriovenous malformation or fistula. Type IId (extrinsic compression), IIIc (portal hypertension), and V (nutcracker Syndrome) are not displayed.


Our proposed classification is divided into five main types. Type 1 describes PeVD due to venous insufficiency, which can be unilateral (Ia) or bilateral (Ib) and is treated with unilateral or bilateral embolization. Type 2 comprises all venous compression disorders, such as May-Thurner syndrome (IIa), nutcracker phenomenon (IIb), combined May-Thurner and nutcracker phenomenon in the same patient (IIc), and other extrinsic venous compression (IId), all subtypes requiring either embolization, stenting or a combination of both. Type 3 is due to all types of venous obstruction and is subdivided into common iliac vein (IIIa), inferior vena cava (IIIb), and portal hypertension (IIIc), all treated with stenting. Type IV includes all PeVD due to arterio-venous malformations or fistulae, which are treated with embolization. Type V is reserved for nutcracker syndrome. It is essential to differentiate the nutcracker phenomenon (compression of the left renal vein and distal venous distention) from nutcracker syndrome, where the left renal vein hypertension results in clinical symptoms such as hematuria or flank pain (17), which can be either treated with stenting or surgery. It is important to note that while our proposed classification links each entity to the most commonly appropriate treatment, it should be taken as a general framework over which clinical and individual aspects must be taken into consideration. For example, careful tumoral characteristics and invasion assessment should be made in IId lesions to ensure that stenting is an appropriate approach. Also, the amount of pain, as well as the severity of other symptoms should be a major point in deciding whether to perform an interventional approach. Finally, anatomical variations, such as duplicated IVC, extra iliac vessels, variant drainage patterns, and shortening or absence of veins, are not included in this classification due to their rarity but could critically change the treatment and must absolutely be taken into account.




4. Role of imaging in PeVD

A variety of imaging modalities, including ultrasound, venography [with or without intravascular ultrasound (IVUS)], computed tomography (CT), and magnetic resonance imaging (MRI), have been used in the evaluation of pelvic venous disorder. It is critical to remember that due to the still lacking definitive anatomic and hemodynamic criteria for the PeVD spectrum, any non-invasive imaging assessment alone could not be considered a criterion for intervention and should be interpreted with caution after prudent correlation with the clinical symptoms.


4.1. Greyscale and Doppler ultrasound

Several studies have stated various imaging criteria for pelvic varicosis and congestion, among which pelvic ultrasound (US), either transabdominal or transvaginal, is the widely practiced exam for initial evaluation (3, 18). US has the power not only to evaluate the venous diameter but also real-time assessment of venous insufficiency and reflux during maneuvers. Ovarian vein diameter is mainly used as a marker for retrograde flow. Pelvic varices have been found to be present in all patients with a left ovarian vein diameter > 6 mm (19), and evidence of a dilated, tortuous vein showing ≥ 5 mm diameter around the ovary and uterus has been the most cited US finding (1). Meanwhile, studies (20–22) revealed that the mere reliance on the diameter is insensitive for reflux detection and others (1) declared positive predictive values of 71.2, 83.3, 81.8, and 75.8% for ovarian vein diameters of 5, 6, 7, and 8 mm, respectively. In practice, four major indicators are used to diagnosis PeVD, summarized in Table 3. The first is venous diameter, with the above-discussed 5 mm threshold for periovarian and periuterine veins. The second is the number of dilated veins, with a threshold of more than four dilated (>4 mm) periovarian and periuterine veins. The third is the presence of venous connections (trans-uterine veins) between left and right uterine veins. The fourth is alteration of venous flow during Valsalva maneuver.


TABLE 3    Few of the mentioned ultrasound (US) criteria for patients with pelvic varicosis.
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As mentioned above, the imaging criteria are neither sensitive nor specific for confirmation. Dos Santos et al. showed no significant difference between the diameters of competent and refluxing ovarian veins in transvaginal ultrasound (TVS), as vessel diameter alone was only 56% accurate in reflux identification (21). Park et al. found trans-uterine crossing veins and flow reversal during Valsalva maneuver in only about one-fourth of symptomatic compared to about 9% of an asymptomatic control group (1). Additionally, in a recent study (23) using TVS, there were myometrial crossing veins in 33.3%, reverse or altered flow during Valsalva in 25%, and the most prominent pelvic vein ≥ 8 mm in 25% of the venography-negative control group. The issue becomes more complicated, knowing that patient position and maneuvering impact the imaging accuracy for detecting pelvic venous pathology. While CT and MR imaging are done in the supine position, investigators have used diverse technical approaches (e.g., supine, 30° to 45° reverse Trendelenburg position, semi-erect, upright) (1, 20, 21, 24), and there is still no agreement on which posture it should be performed. It is worth mentioning that the existence of anatomical variations in the pelvic venous network and the collapse of the varicose veins due to bladder filling during transabdominal ultrasound exams might increase the difficulty of its standardization. Identifying retrograde flow as the basis of venous reflux has been described in the left ovarian vein of symptomatic pelvic varices compared to 25% of controls (19). Variable duration and patterns of retrograde flow for detection and documentation of pelvic reflux have been tried and suggested (16, 19, 21, 25). It can be seen spontaneously or in response to a Valsalva maneuver during ultrasound, invasive venography, or time-resolved MRI.



4.2. Cross-sectional imaging (CT, MRI)

Cross-sectional imaging of the abdomen and pelvis is a commonly utilized examination in evaluating female abdominal and/or pelvic pain. Owing to its widespread use, CT is most likely to be the imaging modality that reveals dilated gonadal veins. It provides an evaluation of parametrial varices, and related findings, such as nutcracker anatomy or any retroperitoneal lesion that may be causing venous congestion. Like in ultrasound, an ovarian vein diameter > 5 mm is generally considered dilated on a CT scan (4, 26, 27). At the same time, studies suggested thresholds for a normal gonadal vein diameter, ranging from 2.6 to 7 mm according to parity status (28, 29). Diagnostic findings proposed by Coakley et al. for cross-sectional imaging (both CT and MRI) include ≥ 4 ipsilateral parauterine veins of varying size, one of them showing >4 mm in diameter or the ovarian vein measuring > 8 mm. However, these cut-off diameters also differ between studies (4, 6, 30, 31). Visualizing contrast medium flowing back from the left renal to the left ovarian vein on a CT scan is a common finding during the renal corticomedullary phase, seen in approximately 40% and often parous asymptomatic women (28, 32). A paper divided reflux among these patients into three grades according to the degree of retrograde filling; (a) limited to the ovarian vein, (b) extending to ipsilateral parauterine veins, and (c) crossing the pelvic midline to the contralateral plexus, respectively. Most of their patients with grade III reflux were multiparous (33). In patients with nutcracker syndrome, a statistically significant reduction of renal vein diameter compared to the control group is noted on CT angiography (34). Moreover, a venography pressure gradient of 3 or more mmHg across the stenotic point has been associated with the development of hematuria (35–37). However, ≥50% diameter narrowing of the left renal and iliac veins during their course between the large vessels and vertebral body are common findings on all imaging modalities, seen in more than half and up to one-third of asymptomatic cases, respectively. In addition, the gradient across a significant renal or iliac vein obstruction in patients with collaterals may not be greater than the 3 mmHg venography gradient promoted to suggest a significant lesion (38). A systematic review (18) on the non-invasive diagnostic tools for PCS concluded that CT provides more limited venous flow information than MRI and lacks sufficient scientific validation. In fact, its radiation hazards are a drawback and remain a concern for most young women of fertile age. It should be reminded that CT scan should be used with caution, especially since these young patients will have further exposure to ionizing radiation during endovascular therapy. On the contrary, MRI [specifically phase-contrast velocity mapping (PCVM) and time-resolved imaging (TRI) sequences] has a high reported sensitivity of 67% to more than 88%. At the same time, MRI provides accurate anatomical information, flow direction in the ovarian vein (39–41), and the potential for exclusion of differential diagnoses such as endometriosis, gastrointestinal or musculoskeletal pathology, or tumors with no radiation hazard in women of childbearing age (42–45). Yang et al. (45) compared TRI with conventional venography. They demonstrated that it is an outstanding non-invasive diagnostic tool for determining the level of ovarian venous reflux with no significant difference from conventional venography. However, the lack of standardized criteria and their limited availability has complicated its recommendation.

In an attempt to further systematize and boost the diagnostic and therapeutic approach, Szary et al. (46) described a hemodynamic-anatomical classification for the grading of ovarian veins insufficiency–as one of the most common reasons for pelvic venous insufficiency (PVI)–based on color-Doppler ultrasound, CT, and MR venography. Their 4-grade scale took into account various factors comprising the mean diameter and incompetence of the ovarian veins, the mean diameter of the internal iliac veins and their branches, maximum distension of the para-uterine venous plexuses on both sides, the presence of collateral venous circulation and occurrence of pelvic venous anastomoses (Table 4). Those subjected to groups III and IV were proposed to require bilateral embolization. Authors claimed that such classification provided ease to be used in everyday clinical practice and could facilitate communication between the specialists dealing with the pathology.


TABLE 4    Grading classification for ovarian veins system insufficiency proposed by Szary et al. (øLOV/øROV) left or right ovarian vein diameter (mm); (incLOV/incROV) left or right ovarian vein incompetence (+ or -); (lPUV/PUV) left or right para-uterine veins (mm); (bLIILV/bRILV) branches of left or right internal veins (mm).
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4.3. Venography

Conventional venography is still the gold standard for establishing the diagnosis of PeVD. Since it is an invasive examination, venography should be kept for patients with prior non-invasive imaging when intervention is planned (18, 47–50). Usually, selective ovarian and iliac catheter venography is performed for confirmation. However, alternative venographic methods have been published, such as direct percutaneous needle injection of contrast into the uterine myometrium for fluoroscopic assessment of the venous plexus (51). The known Beard’s criteria consist of three measures, and each is scored from 1 to 3, with the sum ≥ 5 considered as confirmative for pelvic venous disorder. These three components include: the maximum detected diameter of the ovarian vein (5–8 mm moderate, >8 mm severe, while less than 5 mm is considered normal), the time for contrast washout (0, 20, and 40 s), and intensity of congestion (normal: straight and small veins, moderate: tortuous veins, severe: highly tortuous and dilated veins). The criteria have a reported sensitivity and specificity of about 90% (47). A reduction of 50% or more cross-sectional area on IVUS or diameter in venography in the context of attributable pelvic or lower extremity symptoms has been widely considered significant iliac vein stenosis, and a number of corresponding ultrasound criteria for detection have also been developed (24, 52). Nevertheless, there are remaining uncertainties (53–55), and the value may differ between the patients (56). The VIDIO trial, which evaluated a > 4-point reduction in the revised Venous Clinical Severity Score between baseline and 6 months as an indicator of clinically meaningful improvement, demonstrated that a cross-sectional area decrease of >54% by IVUS examination had the highest sensitivity (83% sensitivity, 47% specificity). In contrast, a greater than 52% reduction in diameter by venography had the highest specificity (50% sensitivity, 71% specificity). As expected, the post-stenting clinical improvement threshold was higher for non-thrombotic cases (53).




5. PeVD treatment

A unified and optimal treatment option for patients with PeVD is lacking partly due to previous non-randomized cohort studies with varying treatment techniques applied to diverse symptoms and etiologies.


5.1. Compression stockings and physiotherapy

The usage of elastic compression stockings as a conservative treatment for even a short period of 2 weeks resulted in diminished pain, dyspareunia, swelling, heaviness, and discomfort in more than 80% of patients (57, 58). Though wearing it for a long time is bothersome, discouraging and non-compliance is a major issue in this kind of treatment. Physiotherapy has been proposed, but efficacy evidence is lacking (59, 60).



5.2. Pharmacological and hormonal

Medications such as medroxyprogesterone acetate (MPA), etonogestrel implants, non-steroidal anti-inflammatory drugs (NSAIDs), and gonadotropin-releasing hormone (GnRH) agonists for PeVD have been shown to be effective for short-term symptom relief. However, they have been still discouraging due to the lack of data determining convincible long-term efficacy (61–63). However, micronized purified flavonoid fraction (MPFF), a venoactive drug, has shown promise in reducing pain and heaviness due to pelvic varicose veins and improved venous outflow within the first weeks of treatment (64–67).



5.3. Surgery

Data regarding surgery for PeVD is controversial. It is associated with a more extended hospital stay and, depending on the organ treated, has a greater mortality risk compared with endovascular therapy (68). In addition, about one/fifth to one/third of patients experience recurrence or residual pain after hysterectomy (69). Hysterectomy with either unilateral or bilateral salpingo-oophorectomy resulted in significantly lower pain relief compared with endovascular embolization of the ovarian vein (70). In the case of nutcracker syndrome with hematuria, gonadocaval bypass surgery has been proven an effective treatment option (71). Gonadal vein resection has also been used effectively to treat gonadal vein incompetence in a study involving 57 patients (72).



5.4. Endovascular therapy


5.4.1. Embolization

Endovascular embolization, also called “vaso-occlusive therapy,” is recommended to treat PCS with a 2B level of evidence by the Society for Vascular Surgery and American Venous Forum (73). The techniques and the embolic agents vary in publications (16, 74). The standard approach uses coils, plugs, and sclerotherapy, either alone or in combination. Coils have been shown to improve clinical symptoms, with long-term effects and low complication rates, while having the disadvantage of reintervention needed in up to 10–30% of patients (75–78). Plugs are an excellent alternative, as effective and safe as plugs but can often only be effective if the largest plug size is used due to the relatively large size of veinous dilatations (79–81). Percutaneous sclerotherapy is used more as a treatment for vulvar and cutaneous varices secondary to pelvic venous congestion, with good results (82–85).

There is no consensus on how to report results, and the final results are very heterogeneous. Though, few studies, systematic reviews, and randomized trials have displayed no remarkable differences between embolization materials in terms of outcome (16, 79, 86). Furthermore, studies have reported an overall rate of complete, excellent, or moderate improvement of 75% at 4–8 weeks and more than 80% at an average of 45 months post-procedure, regardless of the technique or agent used (16, 87–90). Figure 2 shows an example of type Ia pelvic varices and subsequent vaso-occlusive therapy by means of multiple endovenous coils. Endovascular vaso-occlusive therapy is also applicable in the nutcracker phenomenon, with reported improvement in 56 to 98% of patients (17). Figure 3 shows an example of nutcracker phenomenon corresponding to a IIb pelvic varix stage. In the case of arteriovenous fistula (type IV pelvic varices), distal embolic efficacy can be achieved with liquid agents, as shown in Figure 4.


[image: image]

FIGURE 2
Type Ia pelvic varices in a 48 yo female due to unilateral venous insufficiency. (A,B) Computed tomography (CT) phlebography shows pelvic varices (open arrows) with a dilated left ovarian vein (white arrow). (C,D) Conventional phlebography and CT phlebography show pelvic varices (double white asterisks) with a dilated left ovarian vein (single white asterisk), treated with multiple coils (single black asterisk).



[image: image]

FIGURE 3
Type IIb pelvic varices in a 54 yo female due to nutcracker syndrome. (A,B) Computed tomography (CT) phlebography shows the left renal vein (open arrow) compressed by the mesenteric artery (white arrow) and aorta (black arrow). (C,D) Conventional phlebography shows dilated left ovarian vein (single white asterisk) with left-sided pelvic varices (double white asterisks), treated with multiple plugs (single black asterisk) and coils (double black asterisks).
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FIGURE 4
Type IV pelvic varices in a 44 yo female due to arteriovenous fistula. (A) Magnetic resonance imaging (MRI) shows right-sided pelvic varices (double white asterisks) with flow voids and early opacification in arterial phase. (B–D) Conventional phlebography shows early arterial opacification of varices (double white asterix) due to a fistula from the left internal iliac artery (white arrow), treated with Onyx embolization (single black asterisk).


Unilateral or bilateral embolization is still under debate. Some studies found that the clinical result difference was not statistically significant (49). Nevertheless, others recommend performing complete embolization (i.e., both ovarian and iliac veins) for all since they had a very high (near 95%) and sustained clinical improvement at a mean follow-up of almost 5 years (86, 91). It would be reasonable to consider embolization for the veins that are indeed insufficient. Maleux et al. did bilateral embolization only for cases with bilateral ovarian vein insufficiency and found no statisticaly significant difference in clinical outcomes between the two groups (92). This is the same as the approach that Szary et al. (46) used for their patient treatment. In terms of clinical response, younger patients, especially those in their 20 s, have smaller ovarian vein diameters, and patients with low-emotional expression usually have a shorter duration and better sense of improvement than their older and low-stress tolerance counterparts (93, 94).



5.4.2. Stenting

Although studies show benefits from ovarian vein embolization procedures, questions remain regarding the need for left common iliac vein stenting for non-thrombotic iliac vein lesions. It is obvious that removal of the obstruction should be undertaken whenever stenosis is present, representing a hemodynamically significant problem (95). In an article published by Lakhanpal et al., in PVI due to iliac vein stenosis, stenting alone led to the complete resolution of symptoms in 56% of patients (93). Santhoshi et al. moved a step forward in their non-randomized retrospective study and published significant and possibly greater improvements in VAS pain scores after non-thrombotic iliac vein compression stenting compared to embolization alone or staged stenting after embolization (95). Nevertheless, the majority (80%) of their patients possessed significant (>50%) iliac vein stenosis on IVUS, which led them to claim that the incidence of iliac vein outflow obstruction in PVI is greater than previously reported. On the contrary, Gavrilov et al. showed that the sole stenting of the left iliac vein -without ovarian vein embolization- resulted in symptom relief in only about 17% of PeVD patients due to May-Thurner Syndrome (96). Figure 5 shows an example of left common iliac vein stenting due to type IIa pelvic varices in a young male with May-Thurner syndrome. In the case of nutcracker phenomenon, while embolization is a preferred choice of treatment, stenting can also be considered, however, with a risk of stent migration (97). Regarding thrombotic and stenotic venous lesions, stenting has been proven effective with long-term patency rates, low morbidity, and migration rates, the main complication being intrastent thrombosis (98–100). As the thrombus ages, it tends to incorporate itself in the venous wall, forming a more chronic collagen-predominant structure that could be more difficult to successfully stent (101). Nonetheless, even in chronically thrombosed veins, stenting remains a low-risk procedure with acceptable long-term patency rates (102).


[image: image]

FIGURE 5
Type IIa pelvic varices in a 30 yo male due to May-Thurner syndrome. (A,B) MR phlebography shows left common internal iliac vein (open arrow) compressed by the right common iliac artery (white arrow). (C,D) Conventional and computed tomography (CT) phlebography show dilated left common iliac vein (single white asterisk) with left-sided pelvis varices (double white asterisks), treated with stenting (single black asterisk).






6. Conclusion

We discussed the pathophysiology, classification, imaging, and treatment of PeVD. We proposed a new management-oriented classification system to address the current lack of a comprehensive system regrouping the mechanisms responsible for the occurrence of PeVD–which is key to selecting proper treatment, determining homogenous patient populations, broadening clinical communications, fostering the development of clinical trials, and making literature results interpretation unchallenging.
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Fabry disease is a rare, progressive X-linked inherited disorder of glycosphingolipid metabolism due to a deficiency of α-galactosidase A enzyme. It leads to the accumulation of globotriaosylceramide within lysosomes of multiple organs, predominantly the vascular, renal, cardiac, and nervous systems. Fabry cardiomyopathy is characterized by increased left ventricular wall thickness/mass, functional abnormalities, valvular heart disease, arrhythmias, and heart failure. Early diagnosis and treatment are critical to avoid cardiac or renal complications that can significantly reduce life expectancy in untreated FD. This review will focus on the role of cardiovascular magnetic resonance imaging in the diagnosis, clinical decision-making, and monitoring of treatment efficacy.
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1. Introduction

Fabry disease (FD) is a rare, monogenic X-chromosome-linked lysosomal storage disorder caused by mutations in the GLA gene. It results in an absence or deficiency of the enzymatic activity of α-galactosidase A (α-GAL) (1). More than 1000 GLA gene variants have been identified–including pathogenic mutations, variants of unknown significance, and benign polymorphisms. The deficiency of α-GAL activity impairs the breakdown of the glycosphingolipid, globotriaosylceramide (GL3)–resulting in progressive accumulation throughout the body, including the blood vessels, heart, kidneys, skin, nervous system, gastrointestinal system, and eyes (2). The massive accumulation of GL3 in cardiomyocytes is detectable as early as childhood and adolescence (3). It activates secondary pathways, including cytokine production, coagulation activation, and oxidative stress (4). GL3-induced oxidative stress in cardiomyocytes causes tyrosine nitration and DNA damage—resulting in contractile dysfunction, myocardial stiffness, and cardiomyocyte apoptosis. GL3 accumulation in the microvasculature causes endothelial injury, intima-media thickening due to smooth muscle cell proliferation, and atheroma production. Cardiomyopathy results from progressive GL3 accumulation in myocytes, valvular fibroblasts, conductive tissue, the microvascular endothelium, and smooth muscle cells. Left ventricular hypertrophy (LVH) is present in 50% of males and 33% of females (1). LVH and diastolic dysfunction occur in the early stages of the disease and eventually progress to systolic dysfunction and heart failure over the next few decades of life.

The prevalence of FD is around 1 in 40,000 to 1 in 117,000 (1) in the general population. However, FD may be more prevalent than previously believed as it is the underlying diagnosis in about 0.5% of patients with non-obstructive hypertrophic cardiomyopathy (prevalence of 1 in 300 in the adult population) (5, 6). Classic FD is defined by absent or very low α-GAL activity (7), early-onset, and progressive multisystemic involvement. In comparison, atypical FD or cardiac variant has some residual or lower than normal α-GAL activity (6), variable onset, and predominantly involves the heart. Heterozygous females may have low-normal or variably deficient α-GAL activity, variable onset, and may develop significant multisystemic manifestations depending on the underlying GLA mutation and X-chromosome inactivation (8, 9). Furthermore, diastolic dysfunction and myocardial fibrosis can develop in females without LVH (10).



2. Diagnostic assessment

Fabry disease is a multisystem disease with frequent misdiagnoses and significant diagnostic delays in females (16.3 ± 14⋅7 years) and males (13.7 ± 12⋅9) (9, 11), that adversely affects patient outcomes. FD can significantly reduce life expectancy, by approximately 20 years in males and 15 years in females (12, 13). FD cardiomyopathy includes progressive left ventricular wall thickness, ventricular dysfunction, myocardial ischemia, arrhythmias, and valvular heart disease. Severe microvascular dysfunction is the primary underlying mechanism for myocardial ischemia in the absence of coronary artery disease.

The main diagnostic challenge from a cardiac perspective is distinguishing FD cardiomyopathy from other forms of unexplained LVH, given its infrequent clinical suspicion, especially in the absence of extracardiac manifestations in atypical FD patients and heterozygote females. Increased community awareness will be needed in order to recognize FD as a potential cause of seemingly idiopathic LVH. Confirmation of FD is made by enzyme activity assay and/or genetic testing; tissue biopsy is rarely required. However, genetic testing is the initial screening test in most US centers due to its wide availability. A comprehensive diagnostic approach is needed for early diagnosis and treatment of FD cardiomyopathy, including early recognition of clinical red flags, biomarkers, multimodality cardiac imaging, and assessment for the involvement of other organ systems such as the kidneys, nervous system, etc.



3. Cardiovascular magnetic resonance

Cardiovascular magnetic resonance is an essential imaging modality for the quantitative and qualitative assessment of cardiomyopathies. In contrast to transthoracic echocardiography (TTE), CMR provides anatomical and structural evaluation, myocardial strain analysis, and quantitative tissue assessment using late gadolinium enhancement (LGE) and novel parametric mapping techniques like native T1 mapping and extracellular volume (ECV) measurement. It can detect the majority of genotype-positive patients with mild or subclinical cardiac phenotypes. CMR, with advanced mapping techniques, is a valuable diagnostic tool in asymptomatic carriers and preclinical deposition of GL3 in the myocardium, microvasculature, conduction system, and valves (14). Multiparametric CMR, along with biomarker testing, picks up the majority of cases of early organ involvement in mild FD (15). This significantly impacts decision-making in asymptomatic disease, as current guidelines recommend treatment when imaging features indicate myocardial involvement. However, CMR is less readily available than TTE and requires an experienced technician and interpreter, and medical device incompatibility or artifacts may limit accurate evaluation.


3.1. Structural evaluation

Cardiovascular magnetic resonance is the gold standard for the assessment of myocardial wall thickness and mass. In comparison, TTE is limited by acoustic windows, overestimating or underestimating wall thickness and mass, dropout artifacts in the basal inferolateral wall and RV myocardium, and lower reproducibility (17).


3.1.1. Left ventricle

Left ventricular hypertrophy is the most common structural change reported in FD (18). Patients predominantly have concentric LVH at the beginning (1). Asymmetrical hypertrophy with a grossly thickened septum compared to the inferolateral wall develops in late stages–replacement fibrosis causing wall thinning of the latter. Kampmann et al. (19) noted that the severity of LVH progresses with age, occurring 10–15 years later in females than in males. Females are less likely to develop LVH than males (33% vs. 50%) (1). Left ventricular mass (LVM) is directly related to left atrial thickness and dimensions. CMR analysis is also valuable due to the higher contribution of papillary muscles and trabeculations to total LVM in FD patients (20, 21).



3.1.2. Right ventricle

Right-sided structural changes are common in FD, typically right ventricular hypertrophy (RVH), with preserved systolic function and normal chamber size. However, diastolic dysfunction often exists that may progress to advanced heart failure (22). Niemann et al. (23) noted that RVH was evident in 71% of the patients at baseline. A significant positive correlation existed between left and right ventricular wall thickness. ERT showed no beneficial effects on RV morphology and function in this study. However, in another study by Wuest et al. (24), ERT significantly reduced RV mass (baseline 31 ± 6 g/m2 vs. follow-up 27 ± 7 g/m2, p < 0.05).




3.2. Functional evaluation

Fabry disease is different from other interstitial cardiomyopathies–GL3 accumulation is intracellular, resulting in a true increase in LV myocyte mass and a reactive LVH. It impairs ventricular compliance, increases filling pressures, and restricts diastolic filling, causing heart failure (19). CMR is highly accurate and reproducible in measuring ejection fraction (EF) and ventricular volumes and does not rely on geometric assumptions as in TTE. It can determine small changes in ventricular function and volume on serial assessment and is especially helpful in quantifying the impact of therapy.


3.2.1. Myocardial strain analysis

Cardiovascular magnetic resonance measurement of myocardial deformation and mechanics by strain and strain rate analysis is an emerging tool for the quantitative assessment of global and regional cardiac function in cardiomyopathies, often providing a preclinical diagnosis. Feature tracking-CMR (FT-CMR) is a very feasible and highly accurate technique for strain/strain rate analysis in cardiac diseases, especially the assessment of LV-GLS (global longitudinal strain) in LVH has excellent reproducibility (25). It is more accurate in assessing all myocardial segments and independent of intramyocardial features compared to TTE-speckle tracking. Mathur et al. (26) demonstrated the reproducibility of CMR strain abnormalities in FD. Base-to-apex circumferential strain (CS) gradient was lower in FD patients compared to healthy controls (2.1 ± 3.7% vs. 6.5 ± 2.2%, p = 0.002), and it was able to discriminate between FD patients without LVH or LGE from healthy controls, endorsing it as an early marker of cardiac involvement in FD. In a study by Roller et al. (16), GLS was significantly reduced in FD patients (p = 0.0009) and correlated with Lyso-GL3 elevation. GLS values increased with worsening LVH and LGE. Another study by Vijapurapu et al. (27) demonstrated that in LVH-negative FD patients, GLS impairment was correlated with a reduction in T1, suggesting that mechanical dysfunction occurs before GL3 accumulation. In conclusion, FT-CMR abnormalities are reproducible imaging biomarkers for early cardiac involvement in FD.




3.3. Tissue characterization


3.3.1. Late gadolinium enhancement

Late gadolinium enhancement reflects replacement fibrosis and helps differentiate FD cardiomyopathy from ischemic and other hypertrophic cardiomyopathies. LGE is present in almost half of FD patients and typically involves the basal and mid inferolateral myocardium in about 75% of these patients (28, 29) (Figure 1). About one-fourth of FD females can develop LGE without LVH (10). TTE can miss nearly half of the early-stage cardiomyopathy cases in females; however, the majority of these will be detected by CMR. Thus, the assessment of fibrosis by CMR is crucial in the screening and staging of FD, especially in female patients who may not meet conventional LVH criteria early on by TTE (10). Liu et al. (30) studied the association between diastolic dysfunction and myocardial fibrosis in FD. LGE was present in 38% of FD patients, mostly at the basal and mid-segments of the inferolateral wall. In 9% of patients, LGE was present without functional abnormalities. This indicates that LGE can be present in FD patients with normal diastolic and systolic function; thus, chronic inflammation likely contributes to the development of replacement fibrosis.
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FIGURE 1
Cardiovascular magnetic resonance (CMR) assessment in Fabry disease (FD). (A) Steady state free precession (SSFP) CINE short-axis view showing increased wall thickness of mid-inferoseptum measuring 22 mm. (B) Dark-blood T2 short inversion-time, inversion-recovery (STIR) image showing myocardial edema (arrowheads) in the basal inferolateral wall (BIFL). (C) Late gadolinium enhancement (LGE) imaging showing mid-myocardium BIFL LGE in short-axis view. (D) Native T2 mapping showing high myocardial T2 value in BIFL (54 ms; normal reference value 45 ± 2 ms for this 1.5 T scanner). (E) Native T1 mapping showing low myocardial T1 value in the septum (812 ms; normal reference value 984 ± 18 ms for this 1.5 T scanner). (F) Native T1 mapping in advance disease showing pseudonormalization of T1 value in the septum and increased T1 in the BIFL. (G) Long-axis CINE SSFP image with color-coded myocardial longitudinal strain map. (H) Short-axis CINE SSFP image with color-coded myocardial circumferential strain map. (I) Decreased global longitudinal strain of −13.2%, as the enlarged scale on the Y-axis showed [adapted from Roller et al. (16)].




3.3.2. T1 mapping

Standard imaging evaluation of anatomical and functional abnormalities and the presence of replacement fibrosis lack sensitivity or specificity to diagnose FD. Quantifying longitudinal relaxation time (T1) generates a pixel-wise color-encoded map of the myocardium, allowing the detection of very subtle pathological changes at the microscopic level that may be indicative of the preclinical stage. Native myocardial T1 values, obtained without a paramagnetic contrast agent, are higher in fibrosis, edema, and amyloid but lower in iron overload and focal fat infiltration. Accumulation of sphingolipids inside lysosomes in FD significantly shortens the native T1 values. T1 mapping has overcome the limitations of gadolinium contrast agent used in patients with advanced renal disease. In addition, T1-mapping is superior to LGE, with higher diagnostic accuracy, when the myocardium has more uniform and diffuse involvement (31).

Pica et al. (32) found T1 mapping highly reproducible in FD patients. It had 48% sensitivity and 99% specificity in distinguishing LVH-negative FD subjects from healthy volunteers. Reduced native T1 was highly prevalent (89%) in LVH-positive FD patients. LVH-negative FD patients had a 48% prevalence of reduced native myocardial T1, which was associated with advanced echocardiographic parameters of cardiac dysfunction (GLS and E/e’ ratio). In FD, native T1 values are reduced in the early stages but begin to normalize with progressive GL3 accumulation. T1 values are increased in the advanced stages due to replacement fibrosis and ongoing inflammation.

In patients with LVH, T1 mapping could differentiate FD from other phenotypes. In a study by Sado et al. (33), FD patients had lower septal T1 values (FD vs. healthy volunteers vs. other patients; 882 ± 47, 968 ± 32, 1018 ± 74 ms, P < 0.0001), which were inversely related to LV wall thickness (r = -0.51; P = 0.0004). In 40% of the FD patients without LVH, T1 values were abnormal due to the early phase of GL3 accumulation in myocytes.

Thompson et al. (34) compared LV mass, wall thickness, mass/volume ratio, LVEF, myocardial T1 values, and ECV as potential disease-specific imaging biomarkers of FD. The study concluded that reduced native myocardial T1 values are the most sensitive and specific CMR parameter in FD patients, irrespective of sex, LV morphology, or function. Native myocardial T1 values were substantially lower in FD (1070 ± 50 ms) as compared to healthy controls (1177 ± 27 ms) and concentric remodeling or hypertrophy (1207 ± 33 ms). Pagano et al. (35) evaluated RV myocardium by T1 mapping in FD, pulmonary hypertension (PH), and healthy controls. FD patients with thickened RVs had similarly reduced native T1 values in the RV and LV. This was the first report of reduced native T1 values in the RV. PH patients with thickened RVs showed increased native T1 values in both ventricles suggesting fibrosis. However, T1 mapping of the RV remains challenging due to relative thinness and the possibility of contamination from the blood pool or epicardial fat.

T1 mapping parameters, as surrogates for GL3 accumulation, can be reduced in the absence of LVH and basal inferolateral wall (BIFL) LGE. Thus, it may play a potential role in detecting the most appropriate patients for treatment and early quantitative assessment of treatment efficacy.



3.3.3. T2 mapping

T2 mapping sequences measure T2 relaxation times representing myocardial edema/inflammation (36). Nordin et al. (37) demonstrated elevated native T2 values in the early stage of myocardial involvement, later corresponding to areas of LGE in the BIFL. High-sensitivity troponin T was elevated in 40% of the patients (75th percentile: 32 ng/l; range 3–93 ng/l; normal reference 0–14 ng/l), and increased T2 value was the strongest predictor (B = 2.4; p < 0.001). All patients with elevated troponin had LGE representing inflammation instead of scar. Chronic T2 elevation in LGE areas and elevations of global T2 values are both associated with poor outcomes (38). These findings suggest FD as inflammatory and infiltrative cardiomyopathy.



3.3.4. Extracellular volume

Myocardial ECV is calculated from native and contrast enhanced T1 values of myocardium and blood as well as patient’s hematocrit. ECV, a measurement of the size of the extracellular space, is elevated in amyloidosis and other infiltrative diseases, but in their absence, it is a biomarker for myocardial fibrosis. ECV values are normal in FD as it is an intracellular storage disease (39). However, as cardiomyopathy progresses, ECV values may increase in the areas of myocardial fibrosis (37). Hypertrophic cardiomyopathy (HCM) has increased ECV values due to extracellular matrix expansion and myocardial disarray, whereas ECV is reduced in athlete’s heart due to an increase in healthy myocardium by cellular hypertrophy.




3.4. Myocardial perfusion

Fabry disease patients frequently experience angina, and microvascular dysfunction is the primary underlying mechanism correlating with the extent of replacement fibrosis (40). CMR perfusion mapping provides a rapid quantitative assessment of microvascular dysfunction. Knott et al. (41) demonstrated that FD patients had lower stress myocardial blood flow maps (MBF) than healthy controls, even in the absence of LVH. MBF decline, especially in the endocardium, correlates with disease severity and can be an early disease marker.



3.5. Pediatric population

Society for cardiovascular magnetic resonance (SCMR) guidelines do not provide FD-specific recommendations for CMR evaluation in the pediatric population (42). In young athletes, CMR is the preferred imaging modality to differentiate LVH from physiological remodeling by assessing hypertrophy regression with deconditioning (43). CMR provides more accurate wall thickness measurements and LVM compared to TTE (44). FT-CMR and T1 mapping techniques can identify myocardial fibrosis without using contrast agents (45). CMR use is limited in children due to a higher risk of anesthesia, the lower signal-to-noise ratio in small children, reduced temporal resolution due to higher heart rates, and difficulty holding breath under anesthesia.




4. Differentiation of hypertrophic myocardium, patient selection and quantitative assessment of treatment efficacy

Multiparametric CMR has a vital role in differentiating FD cardiomyopathy from other etiologies of LVH and can strongly impact clinical decision-making and prognosis by initiating disease-specific therapies (46) (Table 1). Cardiac and renal disease may not manifest clinically until adolescence or adulthood. Furthermore, renal damage is typically subclinical in early stages and requires biopsy for identification. Children with FD mutations should be treated as soon as the symptoms develop. Although in asymptomatic boys with classic FD mutation, treatment should be considered as early as 8–10 years of age (47). To avoid potentially irreversible complications, CMR is essential in early recognition and clinical decision-making. The European Fabry Working Group consensus statement recommends initiation of therapy in both classic and non-classic FD patients of both sexes when there is an increased LV wall thickening >12 mm (Class 1 recommendation) (48). However, major cardiology guidelines do not provide FD-specific recommendations for CMR. Nonetheless, it is vital to further study the potential role of strain analysis and T1/T2 mapping in treatment initiation and as an early quantitative measure of its efficacy. LVM reduction varies among various studies (10–27%), likely depending on the timing of therapy, the intensity of therapy, stage of cardiomyopathy, and other confounding factors such as age, sex, hypertension, etc. (Table 1).


TABLE 1    Role of CMR parameters in characterizing the etiology of hypertrophic cardiomyopathy and the quantitative assessment of treatment efficacy in Fabry disease (FD).
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5. Treatment options

An interdisciplinary FD center should perform therapy planning and initiation. The main therapeutic goals are symptom reduction to improve quality of life and preventing or halting multiorgan involvement to improve life expectancy. Established treatment options to reduce GL3 accumulation include replacing deficient endogenous α-GAL with recombinant enzyme replacement therapy (ERT) or increasing α-GAL enzyme activity inside lysosomes by chaperone therapy. Current ERT options include intravenous agalsidase-α (71) or agalsidase-β (73, 74). Oral chaperone therapy with migalastat corrects the misfolding of α-GAL and increases its intra-lysosomal availability. Next-generation plant-derived forms of ERT include pegunigalsidase-α (75) and moss α-GAL (76) with increased plasma half-life and reduced immunogenicity. Other emerging therapies include substrate reduction and gene therapy. Substrate reduction therapy aims to decrease the substrate concentration and subsequently inhibit GL3 accumulation in the cells. Lucerastat (77) and venglustat (78, 79) inhibit glucosylceramide synthase (GCS) to reduce the biosynthesis of glucosylceramide (GL1) and downstream GL3. Gene therapies are being developed as a long-term treatment option to cause endogenous α-GAL expression within disease phenotype cells, including α-GAL cDNA insertion via lentivirus (80), adeno-associated virus (AAV) gene delivery (NCT04455230) and gene-editing technology such as CRISPR (clustered regularly interspaced palindromic repeats)/Cas (CRISPR-associated genes).



6. Prognosis

Cardiomyopathy is the leading cause of death in men (34%) and women (57%) with FD (81). Early diagnosis is vital to prevent cardiac involvement and stop disease progression to avoid life-threatening complications of arrhythmias, myocardial infarction, and heart failure. The efficacy of treatment decreases with advancing stages of cardiomyopathy (2), thus worsening the overall prognosis. Orsborne et al. (82) developed a prognostic model based on age, native myocardial T1 dispersion, and left ventricular mass index (LVMi) to provide an accurate estimate of the 5-year risk of adverse cardiac outcomes. CMR-derived myocardial T1 relaxation time with wider distribution may have a greater prognostic value as it can better reflect GL3 accumulation, fibrosis/inflammation, and thus disease severity. LVMi by CMR is independently associated with adverse cardiac events in FD (83). Other clinical indices of organ involvement such as renal function, proteinuria, and neurological dysfunction also portend long-term prognosis.



7. Conclusion

Cardiac involvement should be detected promptly in FD patients to prevent disease progression and life-threatening complications. Multiparametric CMR imaging can play a vital role in reaching the correct diagnosis of hypertrophic myocardium and differentiating it from other phenotypes. FT-CMR and parametric mapping are emerging techniques with the potential for preclinical detection of cardiac involvement and monitoring response to therapy. In particular, T1 mapping is a superior technique for detecting GL3 accumulation and diffuse fibrosis. It has the potential for quantitative assessment of treatment efficacy–current data is insufficient, and further research is required to establish this role.
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Aims: Heart failure (HF) does not only reduce the life expectancy in patients, but their life is also often limited by HF symptoms leading to a reduced quality of life (QoL) and a diminished exercise capacity. Novel parameters in cardiac imaging, including both global and regional myocardial strain imaging, promise to contribute to better patient characterization and ultimately to better patient management. However, many of these methods are not part of clinical routine yet, their associations with clinical parameters have been poorly studied. An imaging parameters that also indicate the clinical symptom burden of HF patients would make cardiac imaging more robust toward incomplete clinical information and support the clinical decision process.

Methods and results: This prospective study conducted at two centers in Germany between 2017 and 2018 enrolled stable outpatient subjects with HF [n = 56, including HF with reduced ejection fraction (HFrEF), HF with mid-range ejection fraction (HFmrEF), and HF with preserved ejection fraction (HFpEF)] and a control cohort (n = 19). Parameters assessed included measures for external myocardial function, for example, cardiac index and myocardial deformation measurements by cardiovascular magnetic resonance imaging, left ventricular global longitudinal strain (GLS), the global circumferential strain (GCS), and the regional distribution of segment deformation within the LV myocardium, as well as basic phenotypical characteristics including the Minnesota Living with Heart Failure Questionnaire (MLHFQ) and the 6-minute walk test (6MWT). If less than 80% of the LV segments are preserved in their deformation capacity the functional capacity by 6MWT (6 minutes walking distance: MyoHealth ≥ 80%: 579.8 ± 177.6 m; MyoHealth 60–<80%: 401.3 ± 121.7 m; MyoHealth 40–<60%: 456.4 ± 68.9 m; MyoHealth < 40%: 397.6 ± 125.9 m, overall p-value: 0.03) as well as the symptom burden are significantly impaired (NYHA class: MyoHealth ≥ 80%: 0.6 ± 1.1 m; MyoHealth 60–<80%: 1.7 ± 1.2 m; MyoHealth 40–<60%: 1.8 ± 0.7 m; MyoHealth < 40%: 2.4 ± 0.5 m; overall p-value < 0.01). Differences were also observed in the perceived exertion assessed by on the Borg scale (MyoHealth ≥ 80%: 8.2 ± 2.3 m; MyoHealth 60–<80%: 10.4 ± 3.2 m; MyoHealth 40–<60%: 9.8 ± 2.1 m; MyoHealth < 40%: 11.0 ± 2.9 m; overall p-value: 0.20) as well as quality of life measures (MLHFQ; MyoHealth ≥ 80%: 7.5 ± 12.4 m; MyoHealth 60–<80%: 23.4 ± 23.4 m; MyoHealth 40–<60%: 20.5 ± 21.2 m; MyoHealth < 40%: 27.4 ± 24.4 m; overall p-value: 0.15)–while these differences were not significant.

Conclusion: The share of LV segments with preserved myocardial contraction promises to discriminate between symptomatic and asymptomatic subjects based on the imaging findings, even when the LV ejection fraction is preserved. This finding is promising to make imaging studies more robust toward incomplete clinical information.

KEYWORDS
heart failure, cardiovascular magnetic resonance imaging, myocardial deformation, quality of life, CMR, score, strain, quantitative


1. Introduction

Patients with heart failure (HF) are at high risk for mortality and hospitalization and have a high burden of symptoms that alter their function and health-related quality of life (QoL) (1–5). QoL and functional capacities contributing to QoL are major goals in monitoring and treating patients with HF. Although patients with HF and a low QoL may have a higher potential for improvement, they may also be in a stage of the disease that is too advanced to improve (6). Therefore it is important to measure other contributing parameters associated with QoL, disease state and prognosis to better assess the patients (7). QoL measures are often evaluated in clinical trials as patient reported outcome measures become increasingly important, but they are rarely implement in clinical routine. Hence, identifying routine measures reflecting insights into QoL as well as functional capacities will contribute to an improved assessment of HF patients.

Various dimensions including physical capacity influence QoL. Routine measures to assess physical capacities include the semi-objective 6-minute walk tests and the subjective New York Heart Association (NYHA) functional class, often used in clinical trials but rarely in daily routine (8).

Cardiovascular magnetic resonance imaging (CMR) is a comprehensive technique, increasingly accessible and providing not only a high resolution of information on functional cardiac parameters but also information of tissue characteristics. Measurements of cardiac contractility and the assessment of myocardial deformation by strain analyses are an emerging and promising tool to better characterize patients compared to traditional parameters, e.g., left ventricular ejection fraction (LVEF) (9). While LVEF as well as routine strain measurements provide a global impression of cardiac contractility, recent studies showed the relevance of both myocardial deformation per se and the distribution of its impairment assessed by strain measurements characterizes HF patients in more detail (10). The added value of strain compared to LVEF in HF has been highlighted in HFpEF where LVEF is preserved. The MyoHealth score has been introduced as a parameter highlighting the heterogeneity of regions with altered myocardial deformation compared to preserved regional myocardial strain values (10–12). The score is calculated by the ratio of LV segments with preserved myocardial deformation to the total number of LV segments in a 37 segment LV model (10). It has been shown that cardiac remodeling does not present itself simultaneously across all LV segments in HF (10). Various reasons lead to the regional differences of both systolic and diastolic changes including shearing stress induced diffuse fibrosis, altered local gene expression patterns or global metabolic changes of cardiomyocytes (13–16).

We hypothesize that the better characterization of cardiac deformation in HF patients provides information on QoL and functional capacity. Therefore, we aim to evaluate the association of cardiac deformation assessed by the MyoHealth score and parameters for QoL and functional capacity in this analysis.



2. Materials and methods

This study was a prospective study conducted at two centers in Berlin, Germany, the Charité—University Medicine Berlin and the German Heart Centre Berlin, between 2017 and 2018. Its rationale and design have been previously described (10, 17–20).

Briefly, subjects were screened for diagnosed HF and an age of at least 45 years. The initial diagnosis of HF should have been older than 30 days; the patients were required to be in a stable state with no changes in their HF medication and no HF hospitalization within the previous 7 days. HFrEF was defined as diagnosis of HF, increased N terminal pro brain natriuretic peptide (NT-proBNP) (>220 pg/mL) and LVEF < 40%, HFmrEF as the diagnosis of HF, increased NT-proBNP (>220 pg/mL) and 40% ≥ LVEF < 50% as well as HFpEF as diagnosis of HF, increased NT-proBNP (>220 pg/mL) and LVEF ≥ 50% at the time of study inclusion. We did not distinguish between the causes for HF for recruiting patients (10).

Additionally, we recruited subjects without HF or advanced cardiovascular (CV) diseases as controls.

All studies included complied with the Declaration of Helsinki, the protocols were approved by the responsible ethics committees, and all patients gave written informed consent. It was registered at the German Clinical Trials Register (DRKS, registration number: DRKS00015615). The detailed inclusion and exclusion criteria are listed on the webpage of the DRKS.


2.1. Cardiac magnetic resonance

As previously described, all CMR images were acquired using a 1.5 T (Achieva, Philips Healthcare, Best, The Netherlands) magnetic resonance imaging (MRI) scanner with a five-channel cardiac surface coil in a supine position. All study participants were scanned using the identical comprehensive imaging protocol. The study protocol included initial scouts to determine cardiac imaging planes. Cine images were acquired using a retrospectively gated cine-CMR in cardiac short-axis, vertical long-axis, and horizontal long-axis orientations using a steady-state free precession sequence for volumetry (10, 20). The calculation of the cardiac indices (CIs) is based on the volumetry of the ventricles. Fast strain-encoded (fast-SENC) MRI was used for strain evaluation, as it has been shown to enable quantification of longitudinal and circumferential strain in free breathing and with high reproducibility (21). Images were blinded to strain analysis, cine, and volumetric measurements, respectively. We waived reproducibility analyses based on an analysis that highlighted the robustness of fast-SENC analyses regarding intraobserver and reproducibility variabilities (22).



2.2. Image analysis

All images were analyzed offline using commercially available software in accordance with the recent consensus document for quantification of LV function using CMR (23). In the analysis, we included 2 chamber, 3chamber, and 4chamber cine images, and respectively, three preselected mid-ventricle slices from the LV short-axis stack. Image analysis was performed using the software Medis® Suite MR (Medis medical imaging systems, Leiden, The Netherlands, version 3.1) for voluinterme measurements and the software MyoStrain (Myocardial Solutions, Inc., Morrisville, NC, USA, version 5.0) for fast-SENC strain measurements.



2.3. Endpoints

The study population was not only categorized by traditional HF entities, but also by the ratio of myocardial segments with preserved deformation to the total number of myocardial segments (n = 37), described as MyoHealth score (illustrated in S1 of Supplementary material; 10–12). Briefly, the MyoHealth score assess the 37 segments of the LV separately, whether the myocardial deformation is altered, i.e., whether the strain value of that segment is >−17%. The MyoHealth score is the proportion of LV segments with preserved and not altered myocardial deformation from the total 37 segments. The MyoHealth entities introduced include 4 groups: MyoHealth > 80%, MyoHealth 60–<80%, MyoHealth 40–<60%, and MyoHealth < 40%.

Based on the MyoHealth score distribution following parameters were assessed: QoL, 6-minute walk test (6MWT) key parameters as well as the New York Heart Association (NYHA) functional classification.

Patients were instructed to cover the maximum distance in 6 min (6-minute walk distance, 6MWD) at a self-graded walking speed, pausing to rest when needed. The test was supervised by the same study staff to minimize the variability. The 6MWD as well as the level of perceived exertion indicated as specific level on the Borg score were recorded. The functional capacities indicated by the New York Heart Association (NYHA) functional classification were also part of the baseline information collected.

In accordance with the study protocol, study participants completed a QoL questionnaire, the Minnesota Living with Heart Failure Questionnaire (MLHFQ) (24).



2.4. Statistical analysis

Statistical analysis was carried out with R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

Normality of variables was assessed by visual assessment of normality curves and the Shapiro–Wilk test. Comparison between groups for continuous variables was performed with a one-way ANOVA for normally distributed data. When a significant P-value was obtained using one-way ANOVA, the group means were examined by the Holm–Bonferroni method. Values of P < 0.05 were considered statistically significant. For the comparison of categorical variables between the groups were used the χ2 test.




3. Results


3.1. Baseline characteristics

The ratio of non-altered myocardial deformation was assessed in 71 patients. The baseline characteristics of these patients have been previously reported, in brief the details are presented in Tables 1, 2 (10, 17–20). The difference in the sex distribution between the groups is not significant (χ2 = 5.21, p = 0.157, n = 71) in Table 1. Due to the non-major numbers in each group, we refrain from further testing. Table 2 shows the increasing global strain values, including both global circumferential (GCS) and longitudinal strain (GLS), with smaller MyoHealth values. Simultaneously, the cardiac index remains on the same level across all groups.


TABLE 1    Baseline characteristics by study subgroup.

[image: Table 1]


TABLE 2    Baseline characteristics by the ratio of non-altered LV segments (MyoHealth).

[image: Table 2]



3.2. Functional capacity—6MWD

The 6MWD was significantly different across groups separated by the MyoHealth score (overall p-value: 0.03). Figure 1 shows the longest 6MWD in the group with the preserved MyoHealth score (MyoHealth ≥ 80%: 579.8 ± 177.6 m) and shorter distances in the other groups (MyoHealth 60–<80%: 401.3 ± 121.7 m; MyoHealth 40–<60%: 456.4 ± 68.9 m; MyoHealth < 40%: 397.6 ± 125.9 m). S2 of Supplementary material highlights the major role of the MyoHealth score in the prediction of the 6MWD when compared to LVEF and the LV global longitudinal strain.


[image: image]

FIGURE 1
6-minute walk distance across MyoHealth groups. MyoHealth: ratio of myocardial segments with preserved deformation to the total number of myocardial segments. MyoHealth ≥ 80% vs. MyoHealth 60–<80%: p = 0.03; MyoHealth 60–<80% vs. MyoHealth 40–<60%: p = 0.31; MyoHealth 40–<60% vs. MyoHealth < 40%: p = 0.59. *Significant; ns, not significant.




3.3. Perceived exertion—Borg scale

Figure 2 illustrates the level of perceived exertion at the end of the 6MWT. The overall comparison revealed no difference between the groups (MyoHealth ≥ 80%: 8.2 ± 2.3 m; MyoHealth 60–<80%: 10.4 ± 3.2; MyoHealth 40–<60%: 9.8 ± 2.1; MyoHealth < 40%: 11.0 ± 2.9; overall p-value: 0.20).


[image: image]

FIGURE 2
Perceived exertion at the end of the 6-minute walk test across MyoHealth groups. MyoHealth ≥ 80% vs. MyoHealth 60–<80%: p = 0.45; MyoHealth 60–<80% vs. MyoHealth 40–<60%: p = 1; MyoHealth 40–<60% vs. MyoHealth < 40%: p = 0.43. ns, not significant.




3.4. Quality of life–MLHFQ

Figure 3 demonstrates the QoL measure assessed by the MLHFQ with lower numbers indicating a higher QoL. It shows the lowest MLHFQ score values in the group with preserved myocardial deformation. However, the comparison did not reveal a reliable difference across the study population (MyoHealth ≥ 80%: 7.5 ± 12.4; MyoHealth 60–<80%: 23.4 ± 23.4; MyoHealth 40–<60%: 20.5 ± 21.2; MyoHealth < 40%: 27.4 ± 24.4; overall p-value: 0.15).
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FIGURE 3
Quality of life by MLHFQ across MyoHealth groups. MyoHealth ≥ 80% vs. MyoHealth 60–<80%: p = 0.15; MyoHealth 60–<80% vs. MyoHealth 40–<60%: p = 1; MyoHealth 40–<60% vs. MyoHealth < 40%: p = 1. ns, not significant.




3.5. Symptom burden—NYHA functional class

Figure 4 displays the significant association of the NYHA functional class and the proportion of preserved myocardial segments. While the NYHA class was lowest in the group with a preserved MyoHealth score, it was similarly higher in the groups with decreased score values (MyoHealth ≥ 80%: 0.6 ± 1.1; MyoHealth 60–<80%: 1.7 ± 1.2; MyoHealth 40–<60%: 1.8 ± 0.7; MyoHealth < 40%: 2.4 ± 0.5; overall p-value < 0.01).
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FIGURE 4
Limitations and symptom burden by NYHA functional class across MyoHealth groups. MyoHealth ≥ 80% vs. MyoHealth 60–<80%: p = 0.15; MyoHealth 60–<80% vs. MyoHealth 40–<60%: p = 1; MyoHealth 40–<60% vs. MyoHealth < 40%: p < 0.01. *Significant; ns, not significant.





4. Discussion

In this study, aiming to better characterize HF patients and imaging parameters indicating their symptom burden, we found that the proportion of myocardial segments with preserved myocardial deformation indicates better functional capacity. Furthermore, this exploratory analysis suggests an association of the MyoHealth score with quality of life surrogate parameters in larger study population.

Table 2 shows the consistency of our data. The cardiac index remains on a similar level across all groups who were either healthy subjects or HF patients in a stable outpatient condition. The global strain values (GCS and GLS) were increasing with smaller MyoHealth score values, as the MyoHealth score per se represents the proportion of segments with preserved strain values.

Our observational study of consecutive patients with HF as well as control subjects was carefully designed to better characterize myocardial contraction. After focusing on the contraction pattern and describing the onset of changes in HF in interventricular septal segments, we sought to highlight that CMR scans in HF are not only relevant to characterize HF but to better phenotype patients with regards to parameters limiting their lives on a daily basis (10).

Given the high prevalence of HF and a nearly half of these patients showing nearly normal values with regards to traditional HF parameters, e.g., LVEF, there is an unmet need for innovative tools to diagnose patients and identify those at risk (8). In this analysis we sought to identify a parameter that reflects both an insight to the cardiac contraction with its regional differences and key parameters limiting patients’ everyday experience, functional capacity, and quality of life (8, 25).

The MyoHealth score allows for the estimation of the clinical condition when functional capacity data is not available. If the signal with regards to the QoL assessed by the MLHFQ prove feasible and the differences are significantly different in a larger study population, this might lead to fewer resources than assessing the symptom burden systematically aside from the image acquisition, e.g., by conducting a 6MWT or questionnaires for QoL.

Impaired functional capacity, often assessed by 6MWT, is the main symptom in patients with HF, regardless of LVEF (26–28). With the 6MWD being relevantly reduced in both patients and subjects with a reduced ratio of segments with preserved myocardial deformation, as seen in Figure 1, we could show the association of an innovative parameter reflecting the myocardial contraction with its regional disparities. The validity of this finding is shown in Figure 2, as patients in all groups reached a comparable level of exhaustion indicated by values on the Borg scale. The comparable values on the Borg scale indicate that patients were tested with the same rigor to maintain a comparable, adjusted intensity to test their capacities.

While there is some evidence indicating a worse prognosis based on CMR characteristics in HFpEF, the association with the symptom burden remains to be further explored (29–31).

The HFA-PEFF algorithm introduced imaging parameters to diagnose HFpEF, e.g., E/e’, tricuspid regurgitation velocity, left atrial volume index, and LV wall thickness (32). In brief, the HFA-PEFF algorithm leads to a score value for an individual patient based on functional, morphological and biomarker parameters, that may diagnose HFpEF, exclude HFpEF or indicate further investigation for a diagnosis by stress testing. Many of the highlighted functional and morphological parameters are derived from echocardiography and cannot be acquired reliably by routine CMR techniques. Nonetheless, it has been shown that the application of a CMR stress testing technique is a feasible strategy for further investigations in suspected HFpEF patients (33). All these efforts aim to better understand patients with a symptom burden leading to a suspected diagnosis of HF and a preserved traditional parameter, LVEF. Identifying those with altered cardiac function, like our analysis of regional differences of myocardial deformation, is at the core of recent findings, which aspire to lead to an earlier diagnosis as well as a better differentiation of the broad spectrum of patients diagnosed with HFpEF.

HFA-PEFF parameters as well as other HFpEF criteria have been often analyzed for a prognostic value regarding survival, but only recently a few studies focused on functional capacity (26, 34, 35). These analyses focused on clinical features and their impact on the 6MWT (26). Clinical information is often neither at the disposal of the physician reporting on cardiac imaging nor of the team managing the patient, which stresses the relevance of this analysis highlighting a method to increase the robustness of images to interpret.

With regards to the QoL the greatest difference could be observed between the group with preserved MyoHealth score and the impaired groups, as illustrated in S1, indicating that this parameter indicates QoL. While many patients with HF suffer from depression, QoL was only recently used as a clinical trial outcome parameter in HF—very rarely in cardiac imaging and CMR studies (36–40).

Figure 4 reflects the harmony of the presented data, as the subjects with a preserved ratio of altered myocardial deformation are those with the lowest symptom burden with regards to the subjective NYHA classification.


4.1. Limitations

The main limitation of our study is that we cannot provide prognostic information of the subjects and patients examined. Nonetheless, the main objective of this analysis was to evaluate the predictive value of regional myocardial deformation on functional capacity as well as the quality of life in HF patients, especially HFpEF.

However, our explorative analyses to better understand the differences between the study subgroups are limited due to the smaller subgroup sizes the more fragmented they become. Comparing HF entities from different subgroups against each other within our analyses (Figures 1–4) will include subgroups with very few subjects, which restricts massively the claim of transferability. Further analyses of our exploratory indications require replication in larger cohorts. Due to this restriction, we also did not perform a post hoc subject sex or age matched analysis, as it would lead to even smaller numbers of subgroup subjects.

The small numbers also limit some of our analyses where we see quantitative difference, which do not reach the level of statistical significance, e.g., the assessment of QoL by the MLHFQ. Revisiting this analysis in a larger study population would lead to results that are more reliable. However, we believe that these not significant results are a signal to further analyses.




5. Conclusion

The results of this study promise an association between regional LV strain impairment and the symptom burden of HF patients with regards to functional capacity and quality of life, especially relevant in patients with a preserved LVEF that requires future prospective validation.
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Background: Native T1 has become a pivotal parameter of tissue composition that is assessed by cardiac magnetic resonance (CMR). It characterizes diseased myocardium and can be used for prognosis estimation. Recent publications have shown that native T1 is influenced by short-term fluctuations of volume status due to hydration or hemodialysis.

Methods: Patients from a prospective BioCVI all-comers clinical CMR registry were included, and native T1 and plasma volume status (PVS) were determined according to Hakim’s formula as surrogate markers of patient volume status. The primary endpoint was defined as combined endpoint of cardiovascular death or hospitalization for heart failure events, the secondary endpoint was defined as all-cause mortality.

Results: A total of 2,047 patients were included since April 2017 [median (IQR); age 63 (52–72) years, 33% female]. There was a significant although weak influence of PVS on native T1 (β = 0.11, p < 0.0001). Patients with volume expansion (PVS > −13%) showed significantly higher values for tissue markers than non-volume-overloaded patients [PVS ≤ −13%; median (IQR); native T1 1,130 (1,095–1,170) vs. 1,123 (1,086–1,166) ms, p < 0.003; and T2 39 (37–40) vs. 38 (36–40) ms, p < 0.0001]. In Cox regression analysis both native T1 and PVS were independently predictive of the primary endpoint and all-cause mortality.

Conclusion: Despite a weak effect of PVS on native T1, its predictive power was not affected in a large, all-comers cohort.

KEYWORDS
 cardiovascular magnetic resonance (CMR), T1, plasma volume, prognosis, heart failure, T1-mapping


1. Introduction

T1 mapping has become a cornerstone of tissue characterization with cardiac magnetic resonance imaging (CMR). The native T1 relaxation time (in ms) differentiates between healthy and diseased myocardium in various clinical scenarios (1, 2). Native T1 is also a predictor of mortality in ischemic as well as nonischemic cardiomyopathies (3–5). The native T1 time reflects fibrotic remodeling of the myocardium and is also influenced by myocardial and interstitial water content (1, 6).

Recent evidence shows that short-term fluctuations in a patient’s volume status impact T1 relaxation times. Luetkens et al. have shown that rapid dehydration and rehydration of healthy individuals significantly change native T1 times (7). The same has been shown for hemodialysis patients who had decreasing T1 times after hemodialysis in two studies (8, 9), although this was contradicted by Graham-Brown et al. who found no such effect (10). As congestion and volume overload are a hallmark of heart failure (HF), a patient’s volume status might confound prognostic information gained from determining native T1 times.

The plasma volume status (PVS), which is derived from anthropometric data and the hematocrit according to Hakim’s formula, is an easily accessible surrogate marker for the patient’s volume status and has been shown to provide prognostic information (11).

It was the aim of the present study to test the hypothesis that the prognostic information obtained from native T1 times is independent of the hydration status as represented by PVS.



2. Methods


2.1. Study population

The present study population was drawn from a prospective CMR/biobank (BioCVI) all-comers registry of patients who underwent CMR at a single center (Kerckhoff Heart and Thorax Center, Bad Nauheim, Germany) between April 2017 and October 2022. Patients were enrolled in this study if they had a hematocrit measured immediately before the CMR examination.

Clinical indications for CMR included the assessment of myocardial function, ischemia testing, viability testing, and differentiation of cardiomyopathy.

Patients were defined as normal if LVEF was ≥50%, LVEDVi was ≤105 ml/m2, and no late gadolinium enhancement (LGE) or perfusion defects were found. Patients were defined as ischemic cardiomyopathy if LVEF was ≤40% and there was ischemic LGE or at least two-vessel disease or ostial LAD disease according to the definition of Felker et al. (12).

Patients were defined as nonischemic cardiomyopathy if LVEF was ≤40%, LVEDVi was ≥105 ml and there was no ischemic LGE, and less than two-vessel disease and no ostial LAD disease or left main disease.

Patients with inflammatory heart disease were excluded to avoid bias by edema.

The registry database contains answers to a standardized questionnaire including symptoms, clinical and familial history, and medication as well as results of a standard CMR protocol with postprocessing and information from a clinical routine follow-up by questionnaire or telephone after 1 year. In addition, a single blood sample for the BioCVI biobank was taken at admission.

All patients gave their written informed consent. The registry was approved by the ethics committee of the University of Giessen.



2.2. CMR acquisitions

Standard CMR was performed on a 3 T scanner (Skyra, Siemens Healthineers, Erlangen, Germany) in the head-first supine position with an 18-array coil in agreement with the recommendations of the Society of Cardiovascular Magnetic Resonance (SCMR) (13). The standard protocol included CINE imaging, tissue characterization by T1 and T2 mapping, extracellular volume (ECV) calculation, and LGE as well as—where appropriate—regadenoson perfusion imaging.



2.3. SSFP CINE imaging

Retrograde ECG-gated standard steady-state free precision (SSFP) CINE imaging was carried out using the following setting: TE 1.38 ms, TR 3.15 ms, flip angle 50°, bandwidth 962 Hz/px, field of view (FOV) 380 mm, voxel size 1.8 mm × 1.8 mm, slice thickness 8 mm, interslice gap 2 mm, and temporal resolution 30 ms. CINE sequences were generated in 11–15 short-axis views covering the whole ventricle from base to apex and in three long-axis views (two-, three-, and four-chamber views). To compensate for motion artifacts due to breathing or arrhythmias CINE images were acquired using compressed sensing.



2.4. Native T1 mapping

Modified look locker sequences [MOLLI 3(2)3(2)5, Goethe CVI approaches®, Frankfurt, Germany]; TE 1.14 ms, TR 3.1 ms, bandwidth 108 Hz/px, FOV 350 mm, voxel size 1.4 mm × 1.4 mm × 8.0 mm, slice thickness 8 mm, adiabatic inversion pulse, 11 inversion times, and ECG-gated antegrade SSFP single-shot readout with 50° flip angle were acquired in three short-axis slices from base to apex following 5 into 3 planning.



2.5. T2 mapping

T2 maps were generated before the injection of contrast agent using ECG-gated antegrade T2 prep SSFP sequences generating with the breath-hold technique. Typical parameters were TE 1.34 ms, TR 4.2 ms, flip angle 12°, voxel size 1.8 mm × 1.8 mm, slice thickness 8 mm, and T2 prep with 0, 30, and 55 ms. Three short-axis slices were acquired in the same slice position as with T1 maps from base to apex.



2.6. Late gadolinium enhancement

Inversion recovery-segmented gradient echo sequences were acquired 10–15 min after intravenous injection of gadolinium-dota (Dotarem®, Guerbet, Villepinte, France; 0.15 mmol/kg bodyweight) in short-axis and two-, three-, and four-chamber long-axis views. The delay between contrast bolus and acquisition was recorded by the technician. Typical parameters were TE 1.97 ms, TR 3.5 ms, flip angle 20°, bandwidth 289 Hz/px, FOV 370 mm, voxel size 1.3 mm × 1.3 mm × 8.0 mm, and slice thickness 8 mm.



2.7. Postprocessing

All analyses were performed on a commercially available workstation (CVI42, Calgary, Canada). For volumetric measurements, automatic contour detection by CVI42 was used excluding trabecularization. Contours were carefully checked by an experienced examiner (AR and JT with level 3 CMR certification from the German Society of Cardiology). End-systolic and end-diastolic volumes were indexed to body surface area (ESVi and EDVi, respectively). Ejection fraction (EF) and longitudinal (GLS), circumferential (GCS), and radial (GRS) strain were calculated as functional parameters.

Global T1 was defined in the midventricular septum outside of LGE regions. A region of interest (ROI) of at least two voxels wide was drawn in an automatically generated parametric T1 map (MyoMaps, Siemens Healthineers, Forchheim, Germany) by an experienced cardiologist (AR and JT), and mean T1 values were calculated. To avoid partial volume effects of the blood pool, the motion correction of the native magnitude pictures was carefully checked and ROI was placed in the center of the septum as recommended by the ConSept method (14).



2.8. Calculation of PVS

Plasma volume status was calculated according to the Hakim formula (15) as the degree of deviation from the actual plasma volume (aPV) to the ideal plasma volume (iPV). The aPV was calculated by the hematocrit and the body weight (16):

[image: image]

(a = 1,530 in males and 864 in females; b = 41 in males and 47.9 in females)

The iPV was calculated using the body weight (16):

[image: image]

(c = 39 in males and 40 in females)

Finally, the PVS was calculated by using iPV and aPV (16).

[image: image]

A PVS > −13% was defined as reference value, a PVS > −4% was found to be associated with poor prognosis in the ValHeFT cohort (17). Both were therefore defined as cut-off points for the present study.



2.9. Study endpoints

Study endpoints were defined according to the 2014 ACC/AHA Key Data Elements and Definitions for Cardiovascular Endpoint Events in Clinical Trials (18).

The primary endpoint was defined as a combination of cardiovascular death (CVD) and hospitalization for HF after 1 year.

The secondary endpoint was all-cause mortality after 1 year.

The clinical endpoints were recorded by standardized questionnaires administered either via telephone or in writing at least 1 year after the index CMR. All recorded endpoints were adjudicated in an endpoint conference.



2.10. Statistics

All metric parameters are presented as median and interquartile range. Categorial variables are presented as absolute frequencies and percentages. Normality of the data was checked by the Shapiro–Wilk test. The Wilcoxon rank-sum test was used to compare groups. Linear regression analysis was performed to examine the correlation between PVS, N-terminal pro-brain natriuretic peptide (NT-pro-BNP), and T1 time. To account for possible heteroscedasticity, we performed robust regression analysis with the Huber-White variance estimator. Univariable Cox proportional hazard analysis was performed to evaluate the association between the study endpoints and CMR or clinical predictors. A multivariable model was fitted for the study endpoint to test the independent prognostic value of the predictors. As a rule of thumb one predictor per 10 events was included. A value of p < 0.05 was considered as statistically significant. All tests were computed using Stata 17 (Stata Corp, College Station, Texas, United States).




3. Results

Since April 2017, 2,941 patients were included in the registry. As hematocrit values from blood drawn immediately before the examination were only available for 2,183 patients, the remaining 758 patients were excluded. 136 patients were categorized as having active inflammation and were also excluded leaving 2,047 patients for the final analysis.

Clinical and baseline CMR parameters are illustrated in Tables 1, 2. The mean age of the cohort was 63 (52–72) years and 670 patients (33%) were female. One quarter (512 patients, 25%) showed normal findings on CMR, and the remaining 1,535 (75%) had diseased myocardium. About one third of the remaining patients (735 patients, 36%) had ischemic (20%) or non-ischemic cardiomyopathy (16%). Rare cardiomyopathies like hypertrophic cardiomyopathy or non compaction cardiomyopathy were the minority and are summarized as other cardiomyopathies. Borderline findings, which do not fit into the definitions mentioned above were classified as others. The distribution of MR findings and clinical diagnoses is provided in Table 1.



TABLE 1 Baseline characteristics of the entire cohort.
[image: Table1]



TABLE 2 Baseline CMR parameters.
[image: Table2]


3.1. PVS and tissue markers

The PVS distribution of the entire cohort (Figure 1) was very similar to that of the VAL-HeFT cohort. In regression analysis, PVS shows a significant but only weak correlation with native T1 time (β = 0.11, p < 0.0001) and NT-pro-BNP [β = 0.31, p < 0.001 and ECV (β = 0.23, p < 0.0001; compare Figure 2)].

[image: Figure 1]

FIGURE 1
 Distribution plot of PVS in the study cohort.


[image: Figure 2]

FIGURE 2
 Linear prediction of native T1 by PVS shows a weak but significant relationship.


Dichotomizing our cohort at the reference cut-off of −13% yielded 1,110 non-volume-expanded and 937 volume-expanded patients. Native T1, T2, and NT-pro BNP were significantly higher in volume-expanded patients [median (IQR); 1,130 (1,095–1,170) vs. 1,123 (1,086–1,166) ms, p < 0.003; 39 (37–40) vs. 38 (36–40) ms, p < 0.0001; 318 (111–1,256) vs. 223 (71–794) pg./ml, p < 0.0001].

Dichotomizing our cohort at the prognostic cut off of −4% yielded 297 volume overloaded patients; here, the differences of native T1, T2 and NT-pro-BNP were as follows [1,138 (1,100–1,183) vs. 1,124 (1,087–1,165) ms; p < 0.0001; 39 (37–41) vs. 38 (36–40) ms, p < 0.0007; 712 (156–2,256) vs. 237 (80–795) pg./ml; p < 0.0001]. Further clinical and CMR parameters in volume-overloaded and-contracted patients are shown in Table 3.



TABLE 3 Comparison of CMR parameters in patients with pathological PVS and normal PVS in the entire cohort.
[image: Table3]

Three-hundred and twelve patients had an eGFR less than 60 and were included in a subanalysis of patients with renal failure. Of these patients, 99 had elevated PVS above the prognostic cut off of −4%. Native T1 was higher in these patients compared to those with PVS less than −4% but the difference did not reach statistical significance (1,161 ± 71 ms vs. 1,148 ± 69 ms, p = 0.12).

In regression analysis, PVS shows a significant but only weak correlation with native T1 time (β = 0.11, p < 0.0001) and NT-pro-BNP (β = 0.31, p < 0.001; compare Figure 2).



3.2. Outcome analysis

One-year follow-up was completed in 1,363 (66%) cases after a mean of 430 days. T he primary endpoint of CV death and hospitalization for heart failure occurred in 46 patients (3%).

The secondary endpoint of all-cause mortality was noted in 19 (0.6%) cases.

In a univariable Cox regression model for the primary endpoint as well as the secondary endpoint both PVS and native T1 showed a significant effect on the endpoints.

In a multivariable model for the primary endpoint cardiovascular death/heart failure hospitalizations, which also included EF, ECV, ESVi, GLS, and age, both native T1 time and PVS were independent predictors, with the interaction term being not significant (Table 4, compare Figure 3).



TABLE 4 Cox regression analysis for the primary endpoint of cardiovascular death/heart failure hospitalizations.
[image: Table4]

[image: Figure 3]

FIGURE 3
 Forrest plots for primary and secondary endpoints according to PVS tertiles. No relevant interaction between PVS tertiles and native T1 could be found.


In a multivariable model with all-cause mortality as outcome variable and native T1 and PVS as independent variables, both were independently predictive of mortality, with the interaction term being not significant (Table 5, compare Figure 3). Kaplan Meier curves show, that patients with native T1 above the median have significantly shorter event free survival with respect to the primary endpoint (compare Figure 4).



TABLE 5 Cox regression analysis for the secondary endpoint all-cause mortality.
[image: Table5]

[image: Figure 4]

FIGURE 4
 Kaplan Meier survival curves for the primary endpoint for patients below (blue) and above (red) the median native T1 time.





4. Discussion

Native T1 time is an essential parameter for the diagnosis of various cardiac diseases and can be used to estimate prognosis in ischemic as well as non-ischemic heart disease (1, 4, 19). Recent reports have shown that short-term fluctuations of a patient’s volume status by hydration or hemodialysis can influence native T1. The volume status as confounder of native T1 might challenge its diagnostic and prognostic value. The aim of our study was to show that native T1 is predictive of MACE (CVD and hospitalization for HF after 1 year) and mortality irrespective of volume status measured by PVS. The main findings are:

1. There is a significant but only weak linear relation between PVS as a surrogate marker of volume status and native T1 time.

2. Volume-expanded patients with a PVS > −13% have significantly elevated tissue markers compared to volume-contracted patients; however, this difference is small.

3. Despite this marginal influence of volume status on the native T1 time, it remains independently predictive of MACE and all-cause mortality.

Native T1 maps are widely used and are a robust and reproducible method to estimate T1 relaxation time of the myocardium (20, 21). The T1 relaxation time is most often increased by the collagen and/or water content of the myocardium (22, 23) and less frequently by amyloid deposits. Interstitial or intracellular accumulation of lipids and iron will decrease native T1 (5, 24).

While the influence of free water on the native T1 is usually a short-term effect, it is fibrosis that has a long-lasting influence on T1 times and determines prognosis (4, 19). With respect to the prognostic information of native T1, the influence of short-term fluctuations of water on the volume status must be considered a confounding factor.

Plasma volume status, determined according to Hakim’s formula, is a surrogate marker of volume status that can easily be derived from anthropometric data and hematocrit (11, 15). PVS has been validated with directly measured volume status and found to be predictive of prognosis in a substudy of the Val-HeFT cohort (17). Two cut-off points were derived in this study: −13%, which has been found to be the ideal PVS and hence the dividing line between volume expansion and contraction, and −4%, above which patients are volume overloaded and prognosis in heart failure deteriorates. The distribution of volume status in our cohort was similar to that in the VAL-HeFT study (Figure 1), and the relationship of PVS and NT-pro-BNP is also in very good agreement with that published in the Val-HeFT cohort with a β coefficient of 0.19 (p = 0.0001).

Applying both cut-offs to our cohort we find indeed higher native T1 in volume-loaded patients. Patients above the reference value of −13% have 13 ms higher T1 times than patients below. This effect size is in good agreement with that of Luetkens et al., who found an 18 ms difference (at 1.5 T) in healthy volunteers after dehydration and rehydration (7). It is also similar to data from Rankin et al. at 3 T, who found a difference in native T1 of 21 ms after hemodialysis (9). Further, our data are in good agreement with data from Lurz et al., who found a similar confounding of T1 and ECV by increased tissue water as a consequence of inflammation (25). In this respect, our data confirm in a large cohort of patients that the volume status has indeed a small influence on native T1. Also T2 times in this cohort were also higher in volume expanded patients, which further supports our hypothesis.

Even in the absence of overt heart failure, MI, or non-ischemic cardiomyopathy, cardiovascular risk factors can enhance interstitial fibrosis and hence increase native T1 (26). This translates into reduced myocardial function even in visually normal EF (27, 28). With increasing fibrosis it also affects prognosis (4, 19).

Hyperhydration is a distinctive feature of worsening chronic HF. The volume overload induces dyspnea and peripheral edema and leads to hospitalization more frequently than does low cardiac output (29, 30). Congestion might be clinically silent, and peripheral edema or pulmonary vein congestion are not obligatory (31). From this standpoint, the confounding effect of excessive water might be especially pronounced in the group of cardiomyopathy patients in which, conversely, the prognostic information of T1 is even more important.

However, the clinical implications of T1 are not critically affected by the volume T1 relationship. R2 in regression analysis was only 0.02, meaning that only 2% of the variance of native T1 values in our cohort can be attributed to volume fluctuations.

Most importantly, the minimal effect of volume status on T1 times did not affect the prognostic implication of native T1. In univariate analysis both native T1 and PVS were predictive of both MACE and all-cause mortality. In multivariable analysis, T1 and PVS were independently predictive of MACE. Both parameters were independently predictive of death. The interaction term between native T1 and PVS was not significant with respect to both MACE and all-cause mortality.

Myocardial fibrosis causes disintegration of the highly organized myocardial interstitium, resulting in impaired transduction of force and increased myocardial stiffness that together mediate systolic and diastolic dysfunction (26, 27, 32). Myocardial fibrosis is also a trigger of ventricular arryhthmia (27, 32). Consequently, both histological and imaging studies of fibrosis have shown that increased fibrosis is associated with poor clinical outcome (4, 19, 33, 34). In principle, CMR offers three tools to detect fibrosis: LGE, native T1, and ECV. While LGE reflects focal fibrosis, especially replacement fibrosis, T1 and ECV account for diffuse fibrosis (1, 32). While ECV quantifies the extracellular space, native T1 is also influenced by intracellular accumulation of water. In our study, ECV was also predictive on the primary endpoint in univariable analysis. Replacing ESVi by ECV in the original multivariable analysis, ECV is not independently predictive of the primary endpoint while there is still a trend for native T1. Nevertheless, native T1 was shown to correlate well with collagen volume fraction on endomyocardial biopsy samples providing high reproducibility (22). Also, native T1 is easily assessable even in high-throughput screening protocols without contrast agent.

Our study confirms the prognostic value of T1 in a large, all-comers cohort of patients with a comparatively high proportion of low-risk patients and normal findings on MR, which underlines the prognostic importance even outside specially selected cohorts of cardiomyopathy patients. Further, we demonstrated that the prognostic information conferred by T1 is not confounded by volume fluctuations.


4.1. Limitations

Our study has some limitations. The first limitation is the low number of endpoints reached during the observation period, which reduces the power of our findings. Only 19 patients died during follow up. This is due to the low-risk character of our cohort. Further, PVS is only a surrogate marker of volume expansion or contraction, although it has been well validated against direct volume quantification and its prognostic value has been shown (17). The advantage of this approach is its easy application in the typical, routine clinical setting of a large, all-comers cohort; therefore, we think it justified to generalize our findings to the general population.



4.2. Conclusion

Our data confirm the prognostic value of native T1 for MACE and mortality. Despite a weak effect of volume fluctuation on native T1, this does not hamper its prognostic impact.




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 ethics committee of the Justus Liebig University, Gießen, Germany. The patients/participants provided their written informed consent to participate in this study.



Author contributions

AR, JT, UF-R, and JW conceived and designed the study. CaH, JT, SK, and JW acquired clinical data. CaH, JT, JW, and AR acquired and analyzed imaging data. AR and UF-R executed the statistical analysis. JT drafted the manuscript. AR, EN, VP, CaH, UF-R, SK, ChH, and JT revised and amended critical parts of the manuscript. All authors contributed to the interpretation of the data and approved the final version of this manuscript.



Acknowledgments

We thank Elizabeth Martinson, PhD, of the KHFI Editorial Office for her editorial assistance.



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.



References

 1. Haaf, P, Garg, P, Messroghli, DR, Broadbent, DA, Greenwood, JP, and Plein, S. Cardiac T1 mapping and extracellular volume (ECV) in clinical practice: a comprehensive review. J Cardiovasc Magn Reson. (2017) 18:89. doi: 10.1186/s12968-016-0308-4 

 2. Taylor, AJ, Salerno, M, Dharmakumar, R, and Jerosch-Herold, M. T1 mapping: basic techniques and clinical applications. JACC Cardiovasc Imaging. (2016) 9:67–81. doi: 10.1016/j.jcmg.2015.11.005 

 3. Puntmann, VO, Carerj, ML, Wieters, I, Fahim, M, Arendt, C, Hoffmann, J , et al. Outcomes of cardiovascular magnetic resonance imaging in patients recently recovered from coronavirus disease 2019 (COVID-19). JAMA Cardiol. (2020) 5:1265–73. doi: 10.1001/jamacardio.2020.3557 

 4. Puntmann, VO, Carr-White, G, Jabbour, A, Yu, CY, Gebker, R, Kelle, S , et al. T1-mapping and outcome in nonischemic cardiomyopathy: all-cause mortality and heart failure. JACC Cardiovasc Imaging. (2016) 9:40–50. doi: 10.1016/j.jcmg.2015.12.001 

 5. Patel, AR, and Kramer, CM. Role of cardiac magnetic resonance in the diagnosis and prognosis of nonischemic cardiomyopathy. JACC Cardiovasc Imaging. (2017) 10:1180–93. doi: 10.1016/j.jcmg.2017.08.005 

 6. Kammerlander, AA, Marzluf, BA, Zotter-Tufaro, C, Aschauer, S, Duca, F, Bachmann, A , et al. T1 mapping by CMR imaging: from histological validation to clinical implication. JACC Cardiovasc Imaging. (2016) 9:14–23. doi: 10.1016/J.JCMG.2015.11.002 

 7. Luetkens, JA, Voigt, M, Faron, A, Isaak, A, Mesropyan, N, Dabir, D , et al. Influence of hydration status on cardiovascular magnetic resonance myocardial T1 and T2 relaxation time assessment: an intraindividual study in healthy subjects. J Cardiovasc Magn Reson. (2020) 22:63. doi: 10.1186/s12968-020-00661-9 

 8. Kotecha, T, Martinez-Naharro, A, Yoowannakul, S, Lambe, T, Rezk, T, Knight, DS , et al. Acute changes in cardiac structural and tissue characterisation parameters following haemodialysis measured using cardiovascular magnetic resonance. Sci Rep. (2019) 9:1388. doi: 10.1038/s41598-018-37845-4 

 9. Rankin, AJ, Mangion, K, Lees, JS, Rutherford, E, Gillis, KA, Edy, E , et al. Myocardial changes on 3T cardiovascular magnetic resonance imaging in response to haemodialysis with fluid removal. J Cardiovasc Magn Reson. (2021) 23:125. doi: 10.1186/s12968-021-00822-4 

 10. Graham-Brown, MPM, Rutherford, E, Levelt, E, March, DS, Churchward, DR, Stensel, DJ , et al. Native T1 mapping: inter-study, inter-observer and inter-center reproducibility in hemodialysis patients. J Cardiovasc Magn Reson. (2017) 19:21. doi: 10.1186/s12968-017-0337-7 

 11. Grodin, JL, Philips, S, Mullens, W, Nijst, P, Martens, P, Fang, JC , et al. Prognostic implications of plasma volume status estimates in heart failure with preserved ejection fraction: insights from TOPCAT. Eur J Heart Fail. (2019) 21:634–42. doi: 10.1002/ejhf.1407 

 12. Felker, GM, Shaw, LK, and O’Connor, CM. A standardized definition of ischemic cardiomyopathy for use in clinical research. J Am Coll Cardiol. (2002) 39:210–8. doi: 10.1016/s0735-1097(01)01738-7 

 13. Kramer, CM, Barkhausen, J, Bucciarelli-Ducci, C, Flamm, SD, Kim, RJ, and Nagel, E. Standardized cardiovascular magnetic resonance imaging (CMR) protocols: 2020 update. J Cardiovasc Magn Reson. (2020) 22:17. doi: 10.1186/s12968-020-00607-1 

 14. Rogers, T, Dabir, D, Mahmoud, I, Voigt, T, Schaeffter, T, Nagel, E , et al. Standardization of T1 measurements with MOLLI in differentiation between health and disease--the ConSept study. J Cardiovasc Magn Reson. (2013) 15:78. doi: 10.1186/1532-429X-15-78 

 15. Ismail, N, Neyra, R, and Hakim, R. “Plasmapheresis,” in Handbook of Dialysis. 3. eds. J. Daugirdas, PG. Blake, and TS. Ing (Philadelphia: Lippincott, Williams and Wilkins), (2007) 231–62.

 16. Fudim, M, and Miller, WL. Calculated estimates of plasma volume in patients with chronic heart failure—comparison to measured volumes. J Card Fail. (2018) 24:553–60. doi: 10.1016/J.CARDFAIL.2018.07.462 

 17. Ling, HZ, Flint, J, Damgaard, M, Bonfils, PK, Cheng, AS, Aggarwal, S , et al. Calculated plasma volume status and prognosis in chronic heart failure. Eur J Heart Fail. (2015) 17:35–43. doi: 10.1002/ejhf.193 

 18. Hicks, KA, Tcheng, JE, Bozkurt, B, Chaitman, BR, Cutlip, DE, Farb, A , et al. 2014 ACC/AHA key data elements and definitions for cardiovascular endpoint events in clinical trials. Circulation. (2015) 132:302–61. doi: 10.1161/CIR.0000000000000156 

 19. Puntmann, VO, Carr-White, G, Jabbour, A, Yu, CY, Gebker, R, Kelle, S , et al. Native T1 and ECV of noninfarcted myocardium and outcome in patients with coronary artery disease. J Am Coll Cardiol. (2018) 71:766–78. doi: 10.1016/j.jacc.2017.12.020 

 20. Kellman, P, and Hansen, MS. T1-mapping in the heart: accuracy and precision. J Cardiovasc Magn Reson. (2014) 16:2–22.

 21. Roujol, S, Weingärtner, S, Foppa, M, Chow, K, Kawaji, K, Ngo, LH , et al. Accuracy, precision, and reproducibility of four T1 mapping sequences: a head-to-head comparison of MOLLI, ShMOLLI, SASHA, and SAPPHIRE. Radiology. (2014) 272:683–9. doi: 10.1148/radiol.14140296 

 22. Nakamori, S, Dohi, K, Ishida, M, Goto, Y, Imanaka-Yoshida, K, Omori, T , et al. Native T1 mapping and extracellular volume mapping for the assessment of diffuse myocardial fibrosis in dilated cardiomyopathy. JACC Cardiovasc Imaging. (2018) 11:48–59. doi: 10.1016/j.jcmg.2017.04.006 

 23. de Meester de Ravenstein, C, Bouzin, C, Lazam, S, Boulif, J, Amzulescu, M, Melchior, J , et al. Histological validation of measurement of diffuse interstitial myocardial fibrosis by myocardial extravascular volume fraction from modified look-locker imaging (MOLLI) T1 mapping at 3 T. J Cardiovasc Magn Reson. (2015) 17:48. doi: 10.1186/s12968-015-0150-0 

 24. Kramer, CM. Role of cardiac MR imaging in cardiomyopathies. J Nucl Med. (2015) 56:39S–45S. doi: 10.2967/jnumed.114.142729 

 25. Lurz, JA, Luecke, C, Lang, D, Besler, C, Rommel, KP, Klingel, K , et al. CMR-derived extracellular volume fraction as a marker for myocardial fibrosis: the importance of coexisting myocardial inflammation. JACC Cardiovasc Imaging. (2018) 11:38–45. doi: 10.1016/j.jcmg.2017.01.025 

 26. Pezel, T, Viallon, M, Croisille, P, Sebbag, L, Bochaton, T, Garot, J , et al. Imaging interstitial fibrosis, left ventricular remodeling, and function in stage a and B heart failure. JACC Cardiovasc Imaging. (2021) 14:1038–52. doi: 10.1016/j.jcmg.2020.05.036 

 27. Schelbert, EB, Butler, J, and Diez, J. Why clinicians should care about the cardiac Interstitium. JACC Cardiovasc Imaging. (2019) 12:2305–18. doi: 10.1016/j.jcmg.2019.04.025 

 28. Korosoglou, G, Giusca, S, Montenbruck, M, Patel, AR, Lapinskas, T, Götze, C , et al. Fast strain-encoded cardiac magnetic resonance for diagnostic classification and risk stratification of heart failure patients. JACC Cardiovasc Imaging. (2021) 14:1177–88. doi: 10.1016/j.jcmg.2020.10.024 

 29. McDonagh, TA, Metra, M, Adamo, M, Gardner, RS, Baumbach, A, Böhm, M , et al. 2021 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) with the special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J. (2021) 42:3599–726. doi: 10.1093/eurheartj/ehab368 

 30. Dupont, M, Mullens, W, and Tang, WHW. Impact of systemic venous congestion in heart failure. Curr Heart Fail Rep. (2011) 8:233–41. doi: 10.1007/s11897-011-0071-7 

 31. Stevenson, LW, and Perloff, JK. The limited reliability of physical signs for estimating hemodynamics in chronic heart failure. Continuing Edu Opportunities Physicians Period. (1989) 261:884–8. doi: 10.1001/jama.1989.03420060100040 

 32. Halliday, BP, and Prasad, SK. The Interstitium in the hypertrophied heart. JACC Cardiovasc Imaging. (2019) 12:2357–68. doi: 10.1016/j.jcmg.2019.05.033 

 33. Azevedo, CF, Nigri, M, Higuchi, ML, Pomerantzeff, PM, Spina, GS, Sampaio, RO , et al. Prognostic significance of myocardial fibrosis quantification by histopathology and magnetic resonance imaging in patients with severe aortic valve disease. J Am Coll Cardiol. (2010) 56:278–87. doi: 10.1016/j.jacc.2009.12.074 

 34. Flett, AS, Hayward, MP, Ashworth, MT, Hansen, MS, Taylor, AM, Elliott, PM , et al. Equilibrium contrast cardiovascular magnetic resonance for the measurement of diffuse myocardial fibrosis: preliminary validation in humans. Circulation. (2010) 122:138–44. doi: 10.1161/CIRCULATIONAHA.109.930636 












	
	TYPE Methods
PUBLISHED 01 March 2023
DOI 10.3389/fcvm.2023.1120982






Building a comprehensive cardiovascular magnetic resonance exam on a commercial 0.55 T system: A pictorial essay on potential applications

Juliet Varghese1, Ning Jin2, Daniel Giese3,4, Chong Chen1, Yingmin Liu5, Yue Pan1, Nikita Nair5, Mahmoud T. Shalaan5, Mahmood Khan5,6, Matthew S. Tong7, Rizwan Ahmad1, Yuchi Han5,7 and Orlando P. Simonetti1,5,7,8*


1Department of Biomedical Engineering, The Ohio State University, Columbus, OH, United States

2Cardiovascular MR R&D, Siemens Medical Solutions USA, Malvern, PA, United States

3Magnetic Resonance, Siemens Healthcare, Erlangen, Germany

4Institute of Radiology, Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), University Hospital Erlangen, Erlangen, Germany

5Dorothy M. Davis Heart and Lung Research Institute, The Ohio State University, Columbus, OH, United States

6Department of Emergency Medicine, The Ohio State University, Columbus, OH, United States

7Division of Cardiovascular Medicine, Department of Internal Medicine, The Ohio State University, Columbus, OH, United States

8Department of Radiology, The Ohio State University, Columbus, OH, United States

[image: image2]

OPEN ACCESS

EDITED BY
Grigorios Korosoglou, GRN Klinik Weinheim, Germany

REVIEWED BY
David Jean Winkel, University Hospital of Basel, Switzerland
 Michael Schär, Johns Hopkins University, United States

*CORRESPONDENCE
 Orlando P. Simonetti, simonetti.9@osu.edu

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

RECEIVED 10 December 2022
 ACCEPTED 06 February 2023
 PUBLISHED 01 March 2023

CITATION
 Varghese J, Jin N, Giese D, Chen C, Liu Y, Pan Y, Nair N, Shalaan MT, Khan M, Tong MS, Ahmad R, Han Y and Simonetti OP (2023) Building a comprehensive cardiovascular magnetic resonance exam on a commercial 0.55 T system: A pictorial essay on potential applications. Front. Cardiovasc. Med. 10:1120982. doi: 10.3389/fcvm.2023.1120982

COPYRIGHT
 © 2023 Varghese, Jin, Giese, Chen, Liu, Pan, Nair, Shalaan, Khan, Tong, Ahmad, Han and Simonetti. 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: Contemporary advances in low-field magnetic resonance imaging systems can potentially widen access to cardiovascular magnetic resonance (CMR) imaging. We present our initial experience in building a comprehensive CMR protocol on a commercial 0.55 T system with a gradient performance of 26 mT/m amplitude and 45 T/m/s slew rate. To achieve sufficient image quality, we adapted standard imaging techniques when possible, and implemented compressed-sensing (CS) based techniques when needed in an effort to compensate for the inherently low signal-to-noise ratio at lower field strength.

Methods: A prototype CMR exam was built on an 80 cm, ultra-wide bore commercial 0.55 T MR system. Implementation of all components aimed to overcome the inherently lower signal of low-field and the relatively longer echo and repetition times owing to the slower gradients. CS-based breath-held and real-time cine imaging was built utilizing high acceleration rates to meet nominal spatial and temporal resolution recommendations. Similarly, CS 2D phase-contrast cine was implemented for flow. Dark-blood turbo spin echo sequences with deep learning based denoising were implemented for morphology assessment. Magnetization-prepared single-shot myocardial mapping techniques incorporated additional source images. CS-based dynamic contrast-enhanced imaging was implemented for myocardial perfusion and 3D MR angiography. Non-contrast 3D MR angiography was built with electrocardiogram-triggered, navigator-gated magnetization-prepared methods. Late gadolinium enhanced (LGE) tissue characterization methods included breath-held segmented and free-breathing single-shot imaging with motion correction and averaging using an increased number of source images. Proof-of-concept was demonstrated through porcine infarct model, healthy volunteer, and patient scans.

Results: Reasonable image quality was demonstrated for cardiovascular structure, function, flow, and LGE assessment. Low-field afforded utilization of higher flip angles for cine and MR angiography. CS-based techniques were able to overcome gradient speed limitations and meet spatial and temporal resolution recommendations with imaging times comparable to higher performance scanners. Tissue mapping and perfusion imaging require further development.

Conclusion: We implemented cardiac applications demonstrating the potential for comprehensive CMR on a novel commercial 0.55 T system. Further development and validation studies are needed before this technology can be applied clinically.

KEYWORDS
CMR, low-field, 0.55 T, cine, flow, LGE, MRA


1. Introduction

Cardiovascular magnetic resonance (CMR) imaging is gaining traction as a preferred imaging modality for comprehensive non-invasive cardiac assessment due to its unparalleled soft tissue contrast in the absence of iodinated contrast and ionizing radiation (1). However, the availability and accessibility of CMR is still limited (2). Whole-body magnetic resonance imaging (MRI) systems have historically evolved toward higher field strength with stronger and faster gradients, primarily driven by the demand for higher signal-to-noise ratio (SNR), imaging speed, and spatial resolution. While higher field strength and faster gradients have afforded significant advantages such as higher spatial and temporal resolution at reduced scan time, these come at the cost of systems that are more expensive to manufacture, install, and maintain. Balancing the technical and economic aspects of an MRI system can therefore impose constraints on its utility. For example, the bore dimensions of higher field systems (60–70 cm) limit the range of body habitus that can be accommodated in the scanner. Economic limitations associated with the manufacture and siting costs of high-field MRI systems constrain access to MRI scanners globally. Manufacturing costs can be reduced by reducing the main magnetic field strength, and limiting gradient performance. Innovations in superconducting magnet cooling technology can significantly reduce the amount of helium required per MR systems regardless of field strength and further contributes to cost reduction. Lower cost, low-field MRI systems incorporating such advances could address some of these economic issues limiting global access (3, 4), but is comprehensive CMR feasible on a system with reduced field strength and gradient performance, with correspondingly lower SNR and slower imaging speed?

The feasibility of contemporary CMR techniques has been explored (5) and demonstrated (6–9) in recent years on low-field (B0) systems. The image quality and the array of cardiac applications demonstrated in these recent studies have already surpassed expectations based on the relatively poor performance of previous generations of low-field systems. The low-field systems used in these recent publications were either ramped down commercially available 1.5 T systems (7, 9) or hybrid MRI—radiation therapy systems (5, 6, 8) for image-guided radiotherapy; in both cases these included high performance gradient systems. A commercial whole body 0.55 T MRI system (MAGNETOM Free.Max, Siemens Healthcare, Erlangen, Germany) has recently become available with an ultra-wide 80 cm bore. This contemporary system possesses several innovations in hardware design, with minimal usage of helium, and lighter weight for greater portability and flexibility in siting. One significant limitation for cardiac imaging, however, is the gradient system which has a maximum amplitude of 26 mT/m and slew rate of 45 T/m/s. In comparison, 1.5 T and 3 T systems typically used for cardiac imaging have gradient specifications of 45 mT/m and 200 T/m/s. It is also important to note that this difference in gradient performance distinguishes the work presented here from recent publications demonstrating CMR on prototype scanners with high performance gradient systems ramped down to 0.55 T (7, 9). The most direct impact of these comparatively slower and lower amplitude gradients is longer repetition (TR) and echo times (TE), and hence, longer imaging times, and/or reduced spatial and temporal resolutions.

Under these conditions of low-field strength and gradient performance, we sought to implement the cardiac techniques needed for a comprehensive cardiac MRI exam on this commercially available system. To overcome the challenges of low SNR and limited gradient performance, we leveraged the use of compressed sensing (CS) (10) based image acquisition and reconstruction methods to boost SNR and support the higher acceleration rates needed to overcome the gradient constraints while maintaining reasonable scan times. We sought to maintain the Society of Cardiovascular Magnetic Resonance (SCMR) recommended guidelines for clinical CMR protocols (11). The successes, challenges, and lessons learned in these initial efforts to build a comprehensive CMR exam are described in this work, and example images are shown in porcine infarct models, healthy volunteers, and patients with cardiovascular disease. While further optimization efforts are warranted to ensure robust implementation of the cardiac applications described here prior to clinical utilization, and validation requires careful objective assessments including comparisons to clinically standard higher field strength systems, the goal of this pilot work is to demonstrate the feasibility of CMR on this novel 0.55 T system. Accordingly, each section below is structured such that a specific CMR technique is described including the implementation details and the corresponding imaging protocol in its current state of optimization, together with resulting exemplary images.



2. MRI system and subject preparation

All animal and human subject studies were performed on a commercial 0.55 T MR system (MAGNETOM Free.Max, Siemens Healthineers, Erlangen, Germany). The system has a bore size of 80 cm diameter with a table weight limit of 550 lbs. The system gradients have a maximum amplitude of 26 mT/m and slew rate of 45 T/m/s. All animal studies were approved by the Institutional Animal Care and Use Committee. The animals were anesthetized with isoflurane and mechanically ventilated on 100% oxygen during the study. Breath-hold for cardiac sequences was achieved by holding the ventilator at expiration. All human subject studies were approved by The Ohio State University Biomedical Sciences Institutional Review Board and participants provided written informed consent. As the system is not equipped with an electrocardiographic (ECG) monitoring and triggering unit, two different MRI compatible patient monitoring devices (3880 MRI Patient Monitoring System, IRADIMED, Winter Springs, FL; and Expression MR400, Philips N.V., Amsterdam, The Netherlands) were used to provide external trigger inputs to the system. All participants and animals were positioned head-first into the scanner bore. Following ECG electrode placement, a large flexible six-element phased array receiver coil (two rows of three elements each) was placed over the chest and used in combination with the nine spine coil elements (three rows of three elements each) embedded within the magnet bore and under the patient table. All cardiac imaging sequences investigated in this study are not commercially available and are prototype research pulse sequences that were either provided by the manufacturer under our research collaboration, or developed in-house at our institution.



3. Cine for biventricular structure and function

We applied both balanced steady-state free precession (bSSFP) and gradient echo (GRE) cine, and also implemented breath-held segmented and free-breathing real-time (RT) cine on the 0.55 T system (Figure 1). Acquisition parameters for breath-hold segmented and RT cine are listed in Table 1 along with cine parameters used on our institution's 1.5 T system (MAGNETOM Sola, Siemens Healthcare, Erlangen, Germany) for comparison.


[image: Figure 1]
FIGURE 1
 Representative examples of images acquired in a four-chamber view are shown in the end-diastole (ED) and end-systole (ES) frames for breath-held (BH) compressed sensing (CS) and GRAPPA based segmented bSSFP cine, free-breathing (FB) real-time (RT) CS bSSFP cine and BH CS based GRE cine are shown. The GRE images were acquired in a different volunteer.



TABLE 1 Cine acquisition parameters for 0.55 T in comparison to 1.5 T.

[image: Table 1]

For breath-held segmented bSSFP cine, a CS-accelerated sequence with a variable density sampling k-space pattern and Cartesian readout was utilized. Figure 2 shows representative end-diastole and end-systole images from a volunteer in standard cardiac views. The acquired spatial resolution was set to match protocols on our clinical 1.5 T and 3 T systems (MAGNETOM Vida, Siemens Healthcare, Erlangen, Germany). The acceleration rate was adapted based on the subject's R-R interval (a typical rate was 4.3) to maintain a temporal resolution of ~30 ms, meeting recommendations of the SCMR (11). The number of iterations and the regularization parameters for the CS reconstruction were determined based on informal visual perception of image quality, signal-to-noise, and artifact. Asymmetric sampling was utilized to minimize TE and TR for the cine; however, limited gradient slew rate prolonged the TE and TR on the 0.55 T system when compared to 1.5 T. Specific Absorption Rate (SAR) scales with the square of the field strength; therefore, higher flip angles of 90° to 110° were possible for bSSFP cine at 0.55 T (8) as compared to 1.5 T or 3 T, where maximum flip angles are in the range of 50° (3 T) to 80° (1.5 T). A flip angle in the range of 110° has previously been shown to maximize blood-myocardium contrast in bSSFP (8). While our clinical protocols at 1.5 T and 3 T using the same sequence are set to a three-shot acquisition requiring three heartbeats (HB) per slice, at 0.55 T, the acquisition time was increased to six heart beats per slice to meet spatial and temporal resolution requirements, without pushing the acceleration rate too far. On the other hand, a segmented GeneRalized Autocalibrating Partial Parallel Acquisition (GRAPPA) bSSFP cine with rate 2 acceleration, 24 separate reference lines, and similar acquisition parameters required 10 HB per slice at 0.55 T (Figures 1, 3) when compared to the CS implementation.


[image: Figure 2]
FIGURE 2
 End-diastole (ED) and end-systole (ES) cardiac frames from a compressed sensing-based breath-held segmented balanced steady-state free precession cine. Images acquired from a single volunteer are shown in standard cardiac views– two-chamber (2CH), three-chamber (3CH), four-chamber (4CH) and base, mid, and apical slices in short-axis (SAX).



[image: Figure 3]
FIGURE 3
 Basal, mid, and apical short-axis cine images are shown in the end-diastole (ED) and end-systole (ES) cardiac frames for breath-held segmented GRAPPA bSSFP, free-breathing real-time CS bSSFP and breath-held segmented CS GRE method. The images shown for each technique were acquired in separate volunteers.


For free-breathing real-time cine, a CS-accelerated bSSFP sequence was implemented with an acceleration rate 13, similar to what is used at higher field with an acquisition time of 2.5 seconds per slice (Figures 1, 3). The first complete HB was then reconstructed as a separate series with a consistent number of frames to facilitate quantification. Other image acquisition parameters were matched to the segmented bSSFP cine at 0.55 T, with 10 lines acquired per HB leading to a temporal resolution of 45.5 ms. The segmented cine sequences were reconstructed on the scanner using a spatial temporal L1 regularization with wavelet transform, while the RT data were reconstructed inline using the Gadgetron-based (12) implementation of SCoRe (Sparsity adaptive Composite Recovery) (13), which is a CS-based parameter-free reconstruction method. SCoRe can utilize multiple sparsifying transforms while providing data-driven adjustment of the regularization weights. Both non-decimated wavelet and temporal PCA were utilized as sparsifying transforms to capture the local and non-local structure. Commercially standard spatial interpolation and image filters available from the manufacturer were enabled for both segmented and RT scans to enhance image sharpness.

While the reduced SNR at low field can make spoiled gradient echo (GRE) based sequences challenging, GRE is often used in patients with implanted devices to limit metal artifacts; therefore, we implemented a segmented CS GRE cine sequence using TR/TE 7.02/2.99 ms, flip angles around 15–25 degrees and receiver bandwidth (RBW) of 250 Hz/pixel. Images acquired in a healthy volunteer are shown in Figures 1, 3. Other acquisition parameters were similar to the segmented CS bSSFP sequence. Although blood-myocardium contrast appears to be lower than at higher B0 upon visual inspection, these initial images are encouraging and warrant additional investigation to evaluate the utility of GRE cine in patients with implanted devices.

As the exemplary images in Figures 1–3 depict, it appears that the overall image quality of these cine methods will be sufficient to facilitate quantitative evaluation, although this will require additional detailed analysis. The limitations we experienced include the presence of ringing artifact in some of the cine images, possibly from the longer TR. In addition for the CS cine, the lower SNR of the underlying data, and higher acceleration required may have contributed to the need to use comparatively stronger regularization with respect to our 1.5 T and 3 T protocols; this in turn may have led to the patch-like artifacts in the CS based cine images shown in Figures 1–3. The right ventricle myocardium appears grayer with respect to the left ventricle; this could be due to partial volume with the blood pool and blurring caused by the spatial and temporal regularization used in the CS reconstruction. Further assessments and evaluations are required to confirm and address these challenges.



4. Blood flow quantification

Phase contrast (PC) imaging is the standard MRI method used to measure blood flow (14). While low-field may offer the advantages of reduced susceptibility and greater homogeneity, the inherently low SNR of the GRE sequences used for PC MRI can be challenging at low-field, and higher acceleration is needed to overcome slower gradients. We implemented breath-held, segmented CS and GRAPPA-based 2D PC MRI methods on this 0.55 T system, matching the spatial and temporal resolution to the standard GRAPPA sequence used at our 3 T system. The acquisition parameters are listed in Table 2 and representative images from a volunteer are shown in Figure 4. To account for the longer TR due to limited gradient performance, the number of lines per HB at 0.55 T was reduced to match temporal resolution, and the acceleration rate of the CS PC MRI sequence was adjusted to approximately match the scan time of the GRAPPA sequence at 3 T.


TABLE 2 Acquisition parameters of phase contrast MR images for 0.55 T in comparison to 3 T.

[image: Table 2]
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FIGURE 4
 Magnitude and phase images of the aorta (A, B) and main pulmonary artey (D, E) acquired in a volunteer using segmented GRAPPA at 3 T as reference and compared to compressed sensing and GRAPPA images at 0.55 T. The flow curves corresponding to the images are shown in (C, F).


We found that GRAPPA PC MRI at 0.55 T required 20 HB, while the scan time of CS PC MRI at 13 HB was comparable to 3 T GRAPPA PC MRI at 12 HB. As shown in Figure 4, the magnitude and phase images at 0.55 T appear noisier than the corresponding 3 T images; however, the flow quantification results in this example were comparable between the two systems. Stronger regularization parameters than generally applied on higher B0 systems were implemented for the CS PC MR images to achieve the image quality demonstrated in Figure 4. The CS images shown appear to have higher SNR than the corresponding GRAPPA images at 0.55 T. Thus, the CS PC MRI sequence could have an advantage over GRAPPA at 0.55 T, as it provides the acceleration needed to nominally match the spatial and temporal resolution, and scan time of our standard GRAPPA PC MRI sequence at higher B0. Studies are ongoing to validate the accuracy of flow quantification in volunteers and patients with flow defects with respect to higher B0 systems.



5. Tissue characterization


5.1. Dark-blood sequences

Although quantitative parametric mapping techniques are replacing qualitative T1 and T2 weighted dark-blood turbo spin echo (TSE) sequences for myocardial tissue characterization, TSE sequences remain useful to distinguish morphological features and to characterize masses and tumors. We therefore sought to implement dark-blood Half-Fourier Acquisition Single-shot Turbo Spin Echo (HASTE), as well as T1 and T2 weighted, and T2 weighted short-tau inversion recovery (T2-STIR) TSE sequences (15, 16). Image acquisition parameters for these three sequences are listed in Table 3, and example images are shown in Figure 5. Deep Resolve Gain, an iterative denoising method, and Deep Resolve Sharp, an artificial intelligence-based image reconstruction method to increase image sharpness available from the manufacturer for TSE sequences, were used for targeted denoising to improve SNR, and to enhance image sharpness and resolution as demonstrated in Figure 5. Given that TSE images tend to have relatively high SNR, and the sequence is not as reliant on fast gradients as other techniques, it is not surprising that TSE performs well at low-field with little modification. Although evaluation of these sequences in individuals with known pathology is yet to be performed to demonstrate clinical utility, these preliminary examples in healthy volunteers are encouraging. The images also show the potential for deep-learning-based enhancement, which was utilized in the TSE images shown in this work.


TABLE 3 Image acquisition parameters for dark-blood cardiac sequences.
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FIGURE 5
 Half-Fourier Acquisition Single-Shot Turbo Spin Echo (HASTE) in an axial view and T1-weighted, T2-weighted TSE and T2-short tau inversion recovery (STIR) images acquired in a mid-short axis view in a volunteer demonstrate the application of dark-blood turbo spin echo based cardiac imaging techniques. The top row shows images without deep-learning (DL) based image enhancement while the bottom row depicts images with increased sharpness resulting from DL-based image reconstruction.




5.2. Myocardial parametric mapping

Myocardial longitudinal (T1) and transverse (T2) relaxation times are elevated with fibrosis, edema, and inflammation. Quantitative myocardial parameter mapping methods are being used clinically at higher field to evaluate myocardial tissue characteristics (17, 18). We implemented parameter mapping schemes for T1 and T2 taking into consideration the shorter T1 relaxation times and longer T2 relaxation times at 0.55 T in comparison to higher field. The image acquisition parameters are listed in Table 4. The primary modification at 0.55 T we have currently implemented is an increase in the number of source images; this is expected to boost SNR of the resulting parametric maps through the pixel-wise parameter fitting process.


TABLE 4 Acquisition parameters for T1 and T2 mapping sequences at 0.55 T in comparison to 1.5 T.

[image: Table 4]

As the native myocardial T1 time is shorter at 0.55 T [~700 ms (7)], additional data samples at shorter inversion times are desirable in comparison to the standard data acquisition schemes at higher B0. Therefore, we implemented a single-shot inversion recovery prepared bSSFP readout modified Look-Locker inversion recovery (MOLLI) based T1 mapping method with a 4(1)3(1)2(1)2 acquisition strategy, using four inversion pulses to collect 11 source images within 14 HB. The flip angle was set higher at 50° with the expectation of improved SNR. The same acquisition scheme was utilized for both pre- and post-contrast T1 mapping.

For T2 mapping, a total of 6 single-shot T2 prepared bSSFP images were acquired with three T2 preparation times of 0, 25, and 60 ms, repeated twice with two recovery beats in between each image, resulting in a total acquisition time of 16 HB.

A thicker 10 mm slice was used to increase SNR in both T1 and T2 mapping. GRAPPA parallel imaging was employed with acceleration rate 2 and 60 separate reference lines. Cartesian trajectory with linear k-space reordering was used for both T1 and T2 maps. Non-rigid inline motion correction available from the manufacturer was used to register the source images prior to pixel-wise estimation of relaxation time. All source images were co-registered, and for T2 mapping, images acquired at the same preparation time were not explicitly averaged but contributed to the curve fitting process.

The application of T1 and T2 mapping sequences were investigated in both healthy volunteers and a porcine infarct model (Figure 6). Post-contrast T1 was shorter and native T2 was higher in infarct regions compared to remote myocardium during the acute stage post-MI in the animal images shown. As prolonged breath-hold durations could be tolerated in the animal studies, we incorporated additional source images into the T1 (30 images, 60 HB) and T2 (12 images, 45 HB) mapping protocols, with the intention to increase the SNR through effective averaging. Such extended acquisition times would only be feasible in human subjects during free-breathing while employing an effective strategy for respiratory motion compensation.
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FIGURE 6
 Mid short-axis quantitative myocardial native T1, T2 map, post contrast T1 map and phase sensitive inversion recovery late gadolinium enhanced (LGE) images in an animal at 1 week and 5 weeks post-myocardial infarction (MI) are shown in the top two rows. The arrows pointing to the septum on T1 and T2 maps indicate elevated native T1 and T2, and reduced post-contrast T1 corresponding to infarct location, confirmed by LGE and the unstained ex-vivo image. T1 and T2 values of the remote myocardium in the lateral region are also indicated. Sub-endocardial rim artifact are seen on the maps due to the animal's high heart rate. The bottom row shows native T1 and T2 maps acquired in a healthy volunteer in the mid-short axis view.


Our preliminary assessment of T1 and T2 mapping at 0.55 T demonstrates feasibility, but still requires considerable investigation for clinical translation. The extended breath-hold of 14 to 16 HB we implemented for the volunteers may be too long for cardiac patients. Ringing artifacts resulting from the poor temporal resolution (~250 ms) were observed in some T2 maps, as shown in the porcine images. In some instances, these artifacts extended across the septum, resulting in lower T2 measured in the septum compared to the lateral wall. In addition, the motion correction algorithm used routinely with success at higher field has been challenging at 0.55 T, most likely due to the low SNR of the individual source images. In instances where the motion correction did not perform well, deformation of the individual motion-corrected images resulted in blurring of the myocardial boundaries in the resulting maps. Further research into optimal image registration and motion correction strategies are ongoing.




6. First-pass perfusion

First-pass perfusion imaging is limited in SNR and relies on fast gradients, making it an especially challenging application on a low-field system with limited gradient performance. A prototype first-pass perfusion sequence using CS reconstruction to provide sufficient acceleration was investigated in a porcine infarct model and applied in healthy human volunteers at 0.55 T under resting conditions. A 0.075 mmol/kg dose of gadobutrol (Gadavist, Bayer Healthcare, Whippany, NJ) was administered to the animals and volunteers at 4 ml/second. The data were collected during free-breathing using a fat-suppressed, saturation-recovery T1-weighted GRE sequence. The scan parameters were: FOV ~380 × 296 mm2, TE/TR 1.81/4.25 ms, image matrix 160 × 125, flip angle 90°, acceleration rate 5 using pseudo-random variable density sampling, called Golden Ratio Offset Sampling (GRO) (1), temporal footprint 90–108 ms, spatial resolution 2.0–2.38 × 2.0–2.38 mm2, and 60 repetitions (cardiac cycles). The acquired data were reconstructed inline using a Gadgetron (2) implementation of SCoRe (3). All the repetitions were averaged to generate the fully sampled autocalibration region, and an eigenvalue approach to autocalibrating (ESPIRiT) method (4) was used to extract the coil sensitivity maps. To capture the local and non-local structures, both non-decimated wavelet (local) and temporal principal component analysis (non-local) were utilized as sparsifying transforms. The reconstruction time is ~5 s per anatomical slice acquired (including all 60 repetitions) using our GPU workstation (NVIDIA GTX 3090) (12, 13, 19, 20).

Figure 7 shows an example of resting perfusion images indicating a perfusion defect in a region of known myocardial infarction. The perfusion images acquired in healthy volunteers were determined to have visually comparable image quality to that of the animal studies. Further work is needed to quantitatively assess the perfusion defects and to validate the technique across different B0 systems. The results shown were acquired using state-of-the art image reconstruction technology developed in-house, and fast computer hardware to achieve highly accelerated real-time cine and perfusion imaging with rapid, in-line reconstruction. While such technology is not widely available currently, our preliminary results represent a promising pathway toward global realization of these CMR techniques.
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FIGURE 7
 First-pass perfusion images acquired at rest with a fat suppressed, saturation-recovery T1-weighted gradient echo (GRE) sequence shows rest perfusion defect in the short-axis (SAX) and three- chamber view in a porcine infarct model where the left circumflex artery was occluded. The images shown here were acquired ~5 weeks post-myocardial infarction (MI). The perfusion defect visually correlates well to the region of infarct as seen in the corresponding breath-held segmented late gadolinium enhancement (LGE) images.




7. Late gadolinium enhancement (LGE) imaging

Late gadolinium enhancement (LGE) reveals myocardial scar and fibrosis and is a key component of the basic CMR exam. The standard technique is based on inversion recovery (IR) prepared GRE or bSSFP (21) and tends to have lower SNR than other techniques and therefore may be challenging at low-field (22). We implemented and evaluated both breath-held segmented and motion-corrected and averaged free-breathing (MOCO) single-shot IR-prepared bSSFP sequences for LGE imaging (23); the acquisition parameters are listed in Table 5. LGE images were typically acquired from 8 to 10 min post-contrast injection. A total dose of 0.15 mmol/kg of gadobutrol (Gadavist, Bayer Healthcare, Whippany, NJ) was administered to generate the animal and human images shown in Figures 6–8, demonstrating examples of positive LGE findings.


TABLE 5 Acquisition parameters for late gadolinium enhancement (LGE) images at 0.55 T in comparison to 1.5 T.
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FIGURE 8
 The left panel shows motion-corrected and averaged free-breathing single-shot late gadolinium enhancement images (MOCO LGE) in a patient [Patient (A)] demonstrating mid-wall non-ischemic fibrosis pattern at 0.55 T and 1.5 T. The right panel shows breath-held (BH) segmented (SEG) and MOCO LGE images acquired at 0.55 T in comparison to corresponding MOCO LGE images at 3 T in another individual [Patient (B)] and demonstrates infarct scar at the inferior septum.


For free-breathing LGE, twelve averages requiring 24 HB per slice were used to boost SNR, compared to the standard 8 averages employed in our 1.5 T and 3 T protocols. We observed failures of the motion correction algorithm, similar to what we observed in cardiac mapping, most likely due to the low SNR of the single-shot source images. This limited the benefits of increased averaging. The preliminary example images from animals and patients with positive LGE confirmed on 1.5 T and 3 T systems are promising. Additional assessments are warranted to correlate the extent of LGE to that depicted by 1.5 T and 3 T systems.



8. Angiography

MR angiography, with and without gadolinium-based contrast agents, is an important component of the comprehensive cardiovascular imaging exam. Thoracic MRA is widely used in the evaluation of aortic disease, congenital heart disease, and to map out the anatomy of the pulmonary veins. We implemented magnetization-prepared non-contrast MRA and contrast-enhanced MRA on the Free.Max system. Acquisition parameters for all protocols are listed in Table 6.


TABLE 6 Acquisition parameters for magnetic resonance angiogram (MRA) images at 0.55 T in comparison to 1.5 T.
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8.1. Non-contrast enhanced MRA

Non-contrast MRA of the thoracic aorta was implemented using a magnetization-prepared, ECG-triggered, navigator-gated, 3D bSSFP sequence (24). The technique incorporates T2 preparation and fat suppression and is accelerated by a factor of 2 using GRAPPA. The slice thickness was set at 1.5 mm on 0.55 T while 1.3 mm was typically used on our 1.5 T system. An example image acquired in a healthy volunteer at 0.55 T using GRAPPA bSSFP is shown in Figure 9A.
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FIGURE 9
 Magnetic Resonance Angiography (MRA) images acquired at 0.55 T. (A) 2D reformatted images from ECG-triggered, navigator-gated, GRAPPA-based 3D non-contrast MRA acquired in a healthy volunteer, (B) dark-blood 3D SPACE MRA images in a patient with dilated mid ascending aorta and having wires in the thoracic vertebrae post-spinal fusion, (C) a compressed sensing-based ECG-triggered contrast enhanced 3D MRA in a healthy volunteer and (D) non-gated contrast-enhanced MRA images acquired in a large patient with a mildly dilated thoracic aorta. The patient in (D) was unable to fit comfortably and proceed with the exam on a standard scanner but successfully completed a CMR exam on the 0.55 T system.


A variable flip-angle, fat-suppressed, dark-blood 3D SPACE MRA (25) sequence was also implemented; example images acquired in a patient with dilated thoracic aorta are shown in Figure 9B. This sequence that is used to provide 3-dimensional dark blood anatomy, being a spin echo approach, is less prone to metal artifact than bSSFP in patients with implanted devices. The acquisition parameters were: TR/TE 4.06/23 ms, temporal resolution 214 ms, acquired pixel size 1.6 × 1.6 × 1.3 mm3, averages 2, GRAPPA acceleration rate 2 with 24 integrated reference lines, turbo factor 25 and echo train duration 110 ms, and RBW of 630 Hz/pixel.



8.2. Contrast-enhanced MRA

ECG-gating in CE-MRA can significantly reduce image blurring, improve image quality and vessel sharpness in thoracic vessels compared to non-gated acquisitions (26, 27). Conventional parallel imaging acceleration is generally too slow to achieve sufficient spatial resolution and coverage within a reasonable breath hold for ECG-gated MRA, especially on a low-field system with slower gradients. A CS-accelerated ECG-gated CE-MRA was implemented based on a Cartesian 3D FLASH sequence with a variable-density Poisson disk undersampling pattern. CE-MRA was performed during the injection of contrast media at a rate of 2 ml/s (0.1–0.2 mmol/kg), followed by a 25 ml saline flush at the same rate. The ECG-gated CE-MRA sequence started with the breath-hold command as soon as the contrast reached the left ventricle. Figure 9C shows the reformatted 2D images of the thoracic aorta acquired in a volunteer using CS-accelerated ECG-gated CE-MRA.

A slab-selective, 3D CE-MRA without ECG gating was also implemented as an alternative for patients who are incapable of breath-holding (28). Acquisition parameters were: TR/TE 4.18/1.5 ms, acquired pixel size 1.4 × 1.4 × 1.5 mm3, flip angle 30°, rate 2 GRAPPA with integrated 24 reference lines and RBW of 350 Hz/pixel. An example image acquired in a patient with dilated thoracic aorta is shown in Figure 9D.

As shown in the reformatted images in Figure 9, the aortic root could be clearly visualized using all techniques at 0.55 T. Stronger regularization effects may have contributed to the slightly pixelated appearance of the CS based ECG-gated CE MRA sequence in comparison to other MRA techniques that were applied.




9. Demonstrating clinical utility—Anecdotal evidence

Having conducted these initial experiments to build the individual techniques required for a complete CMR exam, we performed pilot exams on two patients who were clinically indicated for a CMR evaluation. These patients (A and B), having a BMI of 48 and 57 kg/m2, respectively, had previously attempted to undergo a CMR exam on our standard 70 cm bore 1.5 T and 3 T systems. Physical discomfort and anxiety prevented Patient A from entering the scanner bore. Patient B was able to enter the bore but could not remain for the complete study. Breath-held segmented cine, CS 2D PC MR flow and LGE images were acquired at 0.55 T for the two exams. Both patients demonstrated normal biventricular systolic function with non-ischemic fibrosis evident from the LGE images. Figure 10 shows images from Patient B. A non-gated CE-MRA of the thoracic aorta was additionally acquired in Patient A showing a dilated thoracic aorta (Figure 9D).
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FIGURE 10
 The top row shows breath-held segmented compressed sensing (CS) based cine images acquired in the four chamber (4 CH) and short axis (SAX) view in a patient with a BMI of 57 kg/m2 and who was previously unable to complete a cardiac MR exam on a 70 cm bore system. Late gadolinium enhanced (LGE) images in the middle row depict fibrosis on the septum and lateral wall. The 4 CH was acquired with a free-breathing motion-corrected (MOCO) LGE sequence while the SAX image was acquired with a breath-held segmented method. The bottom row shows magnitude and phase images of the aortic root acquired with a CS based 2D phase contrast cine for flow assessment.


Each of the two exams described here did not include all of the CMR components described in previous sections. However, they incorporated a variety of pulse sequences and serve as anecdotal examples of the potential for this novel 0.55 T, ultra-wide bore system to extend CMR service to patients currently constrained by standard MR system dimensions. Both patients reported feeling less anxious and more comfortable in the 80 cm bore, therefore increasing their compliance and ability to complete the exam.



10. Conclusion

We built and implemented the imaging techniques required for a comprehensive CMR imaging protocol on a novel, commercial 0.55 T whole body MRI system with limited gradient performance. This initial experience demonstrates that a comprehensive CMR imaging protocol is feasible on this system, thus paving the way for more extensive evaluation and comparison with higher field results in patients.

Prototype GRAPPA and CS-based techniques were implemented, and increased averages and slice thicknesses were utilized when possible to boost SNR, while meeting spatial and temporal resolution requirements for clinical imaging within a reasonable scan time. All techniques, especially those that employ image registration and motion correction, require additional investigation and optimization. Visual assessment from pilot exams in healthy volunteers, porcine models, and patients diagnosed with cardiac pathologies demonstrated an image quality in cine, flow, segmented LGE, and both non-contrast and contrast MRA protocols, that provides the confidence to move forward with systematic validation studies to establish diagnostic accuracy and sensitivity with respect to clinically standard high field systems.

We anticipate this future evaluation will lead to a robust and comprehensive clinical CMR protocol that can ultimately be utilized with clinical confidence in patient cohorts currently unable to undergo an exam on narrower bore, higher field systems due to severe obesity or claustrophobia.
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The treatment of coronary artery disease (CAD) has advanced significantly in recent years due to improvements in medical therapy and percutaneous or surgical revascularization. However, a persistent obstacle in the percutaneous management of CAD is coronary artery calcification (CAC), which portends to higher rates of procedural challenges, post-intervention complications, and overall poor prognosis. With the advent of novel multimodality imaging technologies spanning from intravascular ultrasound to optical coherence tomography to coronary computed tomography angiography combined with advances in calcium debulking and modification techniques, CACs are now targets for intervention with growing success. This review will summarize the most recent developments in the diagnosis and characterization of CAC, offer a comparison of the aforementioned imaging technologies including which ones are most suitable for specific clinical presentations, and review the CAC modifying therapies currently available.
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Introduction

The presence of coronary artery calcification (CAC) continues to be an obstacle in the percutaneous management of coronary artery disease (CAD). In a pooled cohort analysis of the ACUITY (Acute Catheterization and Urgent Intervention Triage Strategy) and HORIZONS-AMI (Harmonizing Outcomes With Revascularization and Stents in Acute Myocardial Infarction) trials consisting of 6,855 patients presenting with acute coronary syndrome (ACS), it was found that patients with moderate or severe target lesion calcifications on coronary angiography were more likely to experience definite stent thrombosis and ischemia-driven target lesion revascularization at rates of 62% and 44%, respectively, as well as cardiac death within one year as compared to those with no or mild calcified coronary disease (1). This finding has been recently corroborated in a meta-analysis by Guedeney et al. in which 19,833 patients presenting with ACS as well as stable CAD were stratified by the severity of the target lesion calcification and use of a first- or second-generation drug-eluting stent (DES) and followed up to five years. Again, patients with moderate or severe CAC were more likely to experience target-lesion failure, ischemia-driven target lesion revascularization, and stent thrombosis as well as major adverse cardiovascular events. Patients treated with a second-generation DES had slightly lower event rates, indicating that the second-generation DES may help mitigate but do not solve the problem of CAC (2). More recently, a pooled analysis from the ISAR4-TEST and ISAR-5 studies has confirmed a clear association between significant calcification and poor outcomes at 10-year follow-up also in patients treated with second generation DES and irrespective of the DES-polymer coating strategy (i.e., permanent polymer vs. bioresorbable polymer vs. no-polymer) (3).

The purpose of this article is to offer a framework for understanding the characteristics that are prognostically significant in CAC, dissect in detail the properties and potentials of various imaging modalities to define CAC, and lastly, provide a brief overview of the currently available techniques to modify CAC. This manuscript aims to offer a careful and balanced review of the available evidence of both the diagnostic and therapeutic pathways though with the understanding that the studies included are not necessarily directly comparable and that there is no currently available universal reference standard for how CAC should be diagnosed and treated.



Coronary artery calcification and poor prognosis: why?

The most important factor that determines short- and long-term percutaneous coronary intervention (PCI) success is the final minimum stent area (4, 5). CAC leads to stent failure via two general mechanisms. First, CAC leads to a decrease in vessel compliance (“distensibility”), which prevents full stent expansion and apposition to the coronary wall. Calcified atheromas have indeed proven to be up to 4–5 times less compliant than lipidic or fibrotic atheromas in studies completed nearly three decades ago (6). Second, the presence of CAC and subsequent vessel rigidity make delivery of equipment challenging. Difficult stent trackability, especially when coronary calcium is combined with vessel tortuosity, can lead to damage of the stent platform and/or polymer during repeated attempts to overcome a calcified segment. Electronic microscopy has shown that this can lead to phenomena of cracking, ridging, webbing, and peeling-off of the polymer. Damage of stent platform and polymer can interfere with the kinetics of drug elution and potentially cause long-term stent failure (6, 7).

However, it is not simply the presence of CAC but also its distribution within the coronary artery that can affect the final stent result. Initial work by Mintz et al. involving 1,155 native vessels analyzed by coronary angiography and intravascular ultrasound (IVUS) determined the following key characteristics of calcium burden:


	1.Eccentricity of calcium (e.g. extent of circumferential involvement)—measured by the arc of calcium

	2.Thickness of calcium—measured as the distance between the adluminal profile and the abluminal profile of the calcified component

	3.Depth of the calcified plaque component within the vessel wall—measured as the distance of the adluminal profile from lumen contour

	4.Longitudinal extension (e.g., length) of the calcified component along the course of the artery—measured as the distance from beginning to end of longitudinal calcium involvement (8).



Using this as a foundation, subsequent work established that the presence and severity of these variables are also predictors of stent under-expansion and malposition (9). Diagrammatic representations of each variable are summarized (Figure 1).


[image: Figure 1]
FIGURE 1
Summary of the variables that predict stent under-expansion and malposition as well as diagrammatic representations.


Notably, patients may present with different combinations of these variables, and the key to optimal CAC preparation is in identifying which pattern is present. Once this is known, a calcium modifying therapy that is most suitable for that particular pattern can be chosen to alter CAC compliance and to allow for full balloon inflation and stent expansion. With the advent of advanced multimodality imaging including IVUS, optical coherence tomography (OCT), and coronary computed tomography angiography (CCTA), a full assessment of CAC can now be made, and treatment can be tailored specifically to each patient.

Each of the following imaging sections will provide an overview of the specific technique and how calcium is identified, how CAC characteristics are quantified and to what degree, the corresponding CAC scoring system if available and how it is used to delineate which lesions are amendable to calcium modification or not and how the imaging technique can be used to judge if successful modification has occurred or not, unique applications and future technological advancements, and lastly, the modality's weaknesses.



Coronary angiography

Coronary angiography has historically been the first modality used to detect CAC. On angiogram, CAC can be visualized as areas of linear x-ray attenuation along the course of a coronary artery (Figure 2). Angiography presents good specificity for CAC, however, in Mintz et al., coronary angiography had a diagnostic accuracy of about 38% (with 26% of those lesions having moderate CAC and 12% having severe CAC), which was corroborated in a more recent study by Wang et al. indicating an accuracy for coronary angiography of about 40.2% when compared to IVUS (8, 10). When assessing the ability of angiography to detect CAC patterns, the diagnostic accuracy increases when calcium eccentricity is >180°, length is >6 millimeters (mm), and superficial calcification is present, and accordingly, with lesser degrees of eccentricity, lower calcification length, and presence of deep calcium, accuracy falls to below 50% (8).


[image: Figure 2]
FIGURE 2
Coronary angiography calcification pattern summary. Calcium appears as gray or black outlines, easily assessable when no contrast dye is injected and which follow the coronary artery silhouette, with position excursion in line with vessel movement during the cardiac cycle. Mild calcification is defined as appearance of the calcified component only on one side of the vessel (yellow arrowheads), whilst severe calcification is defined as appearance of the calcified component on both sides of the vessel.


Newer technology such as enhanced angiographic techniques (ClearStent (Siemens) or Stentboost (Philips)) can assist in guiding decision-making in cases of complex scenarios or in those circumstances where intravascular imaging modalities are unavailable and can give greater insight about calcium burden and symmetry as well as stent expansion. However, enhanced angiography still cannot provide a highly detailed illustration of calcification patterns, and its use comes with the cost of increased radiation exposure. As highlighted in Figure 3, enhanced angiography can potentially play a role in calcified in-stent restenosis, where the presence of multiple stent struts might interfere with the ability of intravascular imaging to image the deeper layers of the vessel wall with the risk of underestimating the degree of calcified component concealed behind the shadowing produced by stent struts.


[image: Figure 3]
FIGURE 3
Case example of calcified in stent restenosis. Enhanced angiography (Panel A) proved helpful in defining presence of significant calcified component (yellow arrowhead in Panel B) and associated stent underexpansion (dotted blue line). On Intravascular ultrasound (at the level of green line in Panel C), calcium component appeared not circumferential and possibly thin according to evidence of reverberations (white arrowheads), even though they could have been misinterpreted for stent struts). Panels D,E show resistant calcium with underexpansion of intravascular lithotripsy (IVL) and non-compliant (NC) balloons. Eventually expansion achieved with high pressure balloon (Panel F). Comparing enhanced angiography at each step (baseline—Panel G–J; after lithotripsy and NC dilation in Panels H–K; after high pressure balloon in Panels I–L) it is possible to appreciate degree of calcium modification with increasing improvement of stent expansion.


As such, conventional angiography may be used to gauge the presence of significant CAC, but it does not allow for the definition of specific patterns of calcification or a determination on whether CAC has been successfully modified. Furthermore, the interpretation of CAC by angiography is limited by its reproducibility. In an analysis of the BioFLOW studies, intraobserver variability among peripheral centers as compared to a central core-laboratory analysis fluctuated by as much as 73%–79% in calcified lesions defined as moderate or severe, respectively (11). Given this, newer imaging modalities can be used in tandem with conventional angiography to supplement these weaknesses.



Intravascular ultrasound

CAC on IVUS imaging appears as areas of bright highly echo-dense (hyperechogenic) structure within the vessel wall (intima and/or media) and with posterior shadowing or signal drop-out. While IVUS was previously thought of as limited in its ability to measure calcium thickness because of signal-drop out beyond the calcium, recent studies have illustrated that IVUS can assess this variable with fair discrimination. The presence of a smooth calcium border with reverberation artifact beyond the calcification has been associated with a calcium thickness of less than 0.5 mm in 54.6% of cases whereas an irregular border without reverberation artifact within the region of signal-drop-out was associated with a thickness of greater than 0.5 mm in 75.9% of cases (10). In this way, IVUS can assess the presence and pattern of CAC with an overall diagnostic accuracy of 82.7%, which is comparable to a prior histologic study of 50 lesions (10, 12). The appearance of calcium on IVUS and a summary of calcification patterns is presented in Figure 4.


[image: Figure 4]
FIGURE 4
Intravascular ultrasound (rows 1 and 3) and optical coherence tomography (rows 2 and 4) calcification pattern summary. In the first column, calcium eccentricity is denoted by the dotted yellows lines which approximate the edges of the calcification. In the second column, thin calcium on IVUS is denoted by the presence of reverberation artifact (arrowheads) whereas thick calcium shows signal drop-out beyond the calcification. Also in the second column, thin calcium on OCT is demonstrated by the sharply delineated plaque with signal attenuation within its borders (bidirectional white arrows), and thick calcium on OCT is demonstrated by the white dotted line which shows signal drop-out beyond the calcium. In the third column, superficial and deep calcium intraluminal to the media or extraluminal to the media, respectively, can be visualized on IVUS and OCT. Lastly, in the fourth column, calcified nodules are denoted as yellow stars, and calcium length is illustrated by longitudinal bidirectional white arrows in both the IVUS and OCT examples.


IVUS has a number of applications in CAC evaluation and intervention, and it can guide calcium modification therapy as well as stent deployment. First, an IVUS-based calcium scoring system referred to as the Calcium LADEN score has been proposed to predict which lesions may be amendable to calcium modifying procedures in order to optimize stent expansion (13). Summarized, if IVUS imaging shows calcification comprising over 270° of the wall circumference with two or more of the following criteria met including: over 270° of circumferential calcium in over 5 mm of vessel length, full 360° of circumferential calcium, calcified nodule, or vessel diameter under 3.5 mm, then calcium modification (rotational atherectomy according to the authors) should be considered. Additionally, after calcium modification, reassessment with IVUS and visualization of the previously described reverberation artifact or fissures/cracks within the calcified component can indicate adequate lesion preparation and modification of the calcium burden (10, 14). Lastly, IVUS-guided PCI for all lesion subtypes, including calcified, has translated into substantial clinical benefit. A recent meta-analysis of 27,610 patients demonstrated that those who underwent IVUS-guided PCI group experienced a relative risk reduction of 33% cardiovascular death as compared to those who underwent angiography-guided PCI, which is presumed related to the superior ability of IVUS to characterize vessel anatomy and atherosclerotic burden, optimize stent sizing, and avoid malapposition or underexpansion (15). Notably, IVUS may also assist in predicting, and thus avoiding, procedural complications such as the no- or slow-reflow phenomenon. Lesions associated with CAC extending >24 mm, an increase in the number of reverberations post-modification, and an arc of calcium at the minimum lumen area >300° were associated with increased rates of slow/no reflow and may alert physicians as to which patients may be at higher risk and might require preventative measures (16).

While IVUS offers multiple advantages when compared to coronary angiography, it presents a few limitations that are worthwhile to discuss. Most importantly, an accurate measure of CAC thickness in calcified lesions cannot be made, though can be inferred as previously discussed, which as a corollary means that an accurate assessment of the whole volume of calcium is not possible with IVUS. In addition, as calcium limits ultrasound penetration, characterization of tissue deep and behind the calcified component cannot be made. This same principle applies in the assessment of tissue and calcified burden in the presence of multiple layers of stent struts such as in calcified in-stent restenosis. Lastly, IVUS has lower accuracy for detecting microcalcifications (<50 micrometers) due to being below the spatial resolution threshold, which are more commonly associated with acute coronary syndrome (17).



Optical coherence tomography

CAC on OCT imaging appears as sharply demarcated areas with signal attenuation within the lesion boundaries. The ability to define the abluminal border is the distinctive feature in differentiating a calcified atheroma from a lipidic one. As in IVUS, OCT is similar in that it enables the physician to assess eccentricity and longitudinal extension of CAC. However, OCT has an improved capacity to measure CAC thickness, though owing to lower tissue penetration of infrared light compared to ultrasound, OCT has a reduced ability to detect deep calcium with a limit to within about 1.5 mm of the vessel wall. This becomes even more apparent when the calcified component is located behind a lipidic pool as this causes signal drop-out. This accounts for why in a comparative study of OCT vs. IVUS in defining the presence of CAC, OCT was found to have a slightly lower accuracy (76.8%) vs. IVUS (82.7%) (10, 18). OCT calcification patterns are summarized in Figure 4.

OCT is more accurate in characterizing the various components of an atherosclerotic plaque, and specifically calcium, as it is the only technique that allows for a true volumetric quantification, derived from greater accuracy in defining calcium thickness and longitudinal extension. This is relevant as three-dimensional calcium volume has been proven to be a highly reliable predictor of balloon expansion at predilation and of subsequent adequate stent expansion (19, 20). Furthermore, an OCT-based calcium scoring system has been introduced to determine which CAC should undergo modification prior to stenting, similar to that of IVUS. The scoring system developed by Fujino et al. and referred to as the “5–5–5” rule is based on assigning two points for detection of calcium arc >180°, one point for calcium thickness >0.5 mm, and one point for longitudinal calcium extension >5.0 mm. A score of four is associated with a higher risk of stent underexpansion (96% vs. 78%) defined as minimum stent area <70% of mean reference area, and consequently, would call for additional lesion preparation (21). Moreover, OCT-derived features of CAC pattern can aid in predicting the response to calcium-modifying techniques as thinner (<0.67 mm) and more concentric (arch >227°) CAC were more likely to be associated with calcium cracking after modification (22). In this regard, due to its higher spatial resolution, OCT can detect, better than any other imaging modality, a reduction in calcium volume and improvement in lumen gain as well as occurrence of fractures after application of calcium-modifying techniques (23).

A practical example of the additive value of OCT guidance vs. IVUS guidance in addressing CAC has recently come from a retrospective analysis by Kobayashi et al. of 247 calcified lesions in which it was observed that OCT-guided rotational atherectomy was associated with a greater degree of stent expansion than IVUS-guided rotational atherectomy. A plausible explanation for this result was represented by a trend for larger burr size and more frequent burr-upsizing in the OCT arm presumably due to the higher resolution of OCT to define whether the CAC had been modified or not. However, whether the stent expansion achieved with OCT over IVUS translates into a clinical benefit was not demonstrated. Specifically in their work, Kobayashi et al. did not report a difference in target-lesion revascularization at one-year follow-up between IVUS and OCT guidance (24). This echoes evidence from large clinical trials such as the OPINION and ILUMIEN III studies. In both, despite not being specifically designed for the treatment of calcified lesions, OCT-guided PCI was non-inferior to IVUS-guided PCI in terms of achieved minimum stent areas, procedural success, and long-term rate of target vessel failure at 12 months follow-up (25, 26).

A peculiar pattern of CAC where OCT shows unique diagnostic accuracy over any other imaging modality is represented by calcified nodules, which is a pattern of extremely eccentric and thick calcium with eventual protrusion into the lumen. This pattern of CAC is gaining increasing attention for its prognostic implications as it accounts for roughly 5% of plaque instability in acute coronary syndrome with the remaining 65% and 30% explained by mechanisms of plaque rupture and plaque erosion, respectively (27). Recent histopathological analysis has shown that calcified nodules are typically located at sites of the coronary artery subject to high motion/torsion (“hinge points”) during cardiac cycle and more frequently at the level of the right coronary artery (61%) and at its mid-segment (56%) (28). An example of a large, calcified nodule at a hinge point in the left circumflex artery with cross-sectional intravascular images is provided in Figure 5. OCT, like IVUS, shows a particular accuracy to detect this pattern of CAC, however, OCT is the only modality offering the extra benefit to truly differentiate the two main patterns of calcified nodules, namely protruding vs. eruptive. The former is featured by a calcified nodule protruding towards the lumen and covered by a smooth and regular-appearing fibrous cap, while the latter appears as a nodule with an irregular surface associated with a disrupted cap and possibly thrombotic material. This distinction has prognostic implications as eruptive nodules have been consistently associated with worse clinical outcome in terms of cardiac death and target lesion failure (29, 30). However, despite being associated with a better prognosis, protruding nodules more frequently lead to suboptimal stent expansion and lower minimal stent area after PCI when compared with eruptive nodules suggesting that they affect overall vessel compliance more than their eruptive counterpart (30). This observation might have practical implications as the optimal approach to address this pattern of CAC remains unclear with a substantial paucity of evidence to support the use of one technique over another. While orbital atherectomy and rotational atherectomy are advocated for as first line strategies to treat calcified nodules because of their debulking potential, data has not demonstrated any benefit, though promising preliminary results seem to come from the application of intravascular lithotripsy (31, 32).


[image: Figure 5]
FIGURE 5
Case example supporting pathogenesis of calcified nodule. Panel A,B depict critical stenosis in left circumflex, with dotted lines highlighting the high motion and excursion of the mid part of the vessel compared to proximal segment during the cardiac cycle (Panel A exhibits diastole; B exhibits systole) with a hinge point right at the site of focal critical stenosis. Enhanced angiography clearly depicts the significant amount of calcium (Panel C). Intravascular ultrasound was performed revealing the presence of a non-concentric sheet of calcium distally that become more concentric as it gets closer to the focal stenosis (red panel) where a protruding nodule is clearly detectable (yellow star). This calcified sheet continues proximally into a non-concentric sheet of thick calcium as approaching the ostium of the first marginal branch (#).


One of the most recent advancements in OCT technology is the availability of artificial intelligence (AI)-based software (Ultreon 1.0 Software, Abbott, US; OCT-Plus, Pulse Medical, China), which is able to automatically select and characterize CAC in a real-time and fully automated fashion with the additional benefit of removing an operator's interpretation bias. In a proof-of-concept study including 10,517 training set images and 1,156 testing set images, an AI-based approach was able to detect CAC with an accuracy of 88.5% (33). An example of the OCT-Plus software interface is provided in Figure 6 and that of Ultreon is provided in Figure 7.


[image: Figure 6]
FIGURE 6
Case example applying OCT-plus package for automated detection of calcium burden and distribution. The six panels on the left provide insights about all features of OCT-patterns of calcium. The large two panels in the middle, provide high detailed image of calcium distribution and its possible combination with non-calcified tissues [lipidic (yellow) or fibrotic (green)]. The reconstruction on the right provide clear overview of longitudinal distribution of calcium and provide details about the maximum angle of calcium and total calcium volume in mm3.



[image: Figure 7]
FIGURE 7
Case example of optical coherence tomography applying ultreon software (Abbott) for automated detection of calcium burden and distribution, expressed by calcium arc (orange arcs in the three panels) and maximal thickness (defined by white arrowhead on each OCT cross-section).


While it is true that OCT provides higher detailed characterization of CAC, some limitations should also be acknowledged. OCT is limited in its ability to assess deep CAC especially when behind a lipidic or necrotic core (34). Additionally, due to suboptimal blood-clearance of the lumen, OCT is limited in assessing CAC in the context of very large caliber/ectatic vessels or in cases of aortic-ostial lesions, all settings where IVUS has an indisputable advantage.



Coronary computed tomography angiography

Coronary computed tomography angiography has assumed a larger role in the diagnostic pathway of patients with coronary artery disease. Calcification on CCTA appears as bright areas with Hounsfield units >130 due to significant x-ray attenuation and within a typical coronary distribution. Mainly in view of its excellent negative predictive value, it has become a first line tool to rule out obstructive coronary disease, and CCTA offers a non-invasive approach to identify CAC with an accuracy of 94% (35). CCTA can also provide insights about calcium eccentricity and longitudinal extension to a similar extent as OCT. However, due to blooming artifact, when it comes to actual calcium burden quantification, it has been shown that compared to OCT, CCTA can overestimate calcium volume by 60%, and it is unable to determine calcium thickness. Overestimation appears to proportionally increase with increasing calcium burden (36). As such, CCTA cannot distinguish between nodular and non-nodular calcifications.

Nevertheless, similar to IVUS and OCT, a calcium grading system using CCTA has been shown to be a predictor of which lesions were most likely to undergo rotational atherectomy during intervention. In a retrospective study including 241 moderately or severely calcified lesions, Yu et al. demonstrated that while calcium eccentricity was a significant predictor of which lesions would undergo calcium modification during subsequent intervention, their novel calcification remodeling index calculated as the ratio of the smallest cross-sectional area of the lesion to the proximal reference luminal area was the most likely predictor (37). Of note, calcification length was nearly a significant predictor of modification at p = 0.053.

With improvements in technology and subsequent spatial resolution, CCTA-based characterization of CAC may be further improved. In a sub-analysis of a study comparing coronary plaque characterization by IVUS to conventional CCTA and a new-generation whole-heart coverage CCTA using 256 slices, the mean difference in calcified plaque volume between IVUS and the 256-slice CCTA was less than that between IVUS and the conventional CCTA (38). Moreover, with newer generation computed tomography scanners and de-blooming computer software, the effect of blooming artifact can be mitigated though not completely eliminated (39). And lastly, CCTAs with submillisievert levels of radiation are now available and represent an advancement in lowering the dosage of radiation patients receive when undergoing a scan without compromising image quality (40).

A further step forward in CCTA-based characterization of CAC might come from the recent introduction of photon-counting (PC) detector technology in CT scanning. PC CT imaging offers high temporal (66 milliseconds) and spatial (130 micrometers) resolution and multi-energy acquisitions that have improved its spectral resolution (41). The anticipated improvement in feature detection and material quantification will allow the selective isolation of different materials (e.g., calcium, iodinated contrast) and lead to more accurate calcium characterization (thickness), reduction of blooming artifacts, and superior luminal stenosis evaluation (42, 43). The first imaging systems have been installed and although early-stage, clinical experience is promising (Figure 8).


[image: Figure 8]
FIGURE 8
Multimodality imaging of calcified coronary arteries. Panel A shows a heavily calcified coronary artery segment on conventional detector CT imaging and intravascular ultrasound imaging examples of concentric and eccentric calcification patterns. The asterisk denotes a calcium nodule. Panels B,C show photon counting CT acquisitions of a heavily calcified vessel with concentric and eccentric calcification patterns at conventional and ultra-high resolutions, respectively. The blooming artefact is reduced while the lumen is more clearly visualized in the ultra-high resolution acquisition.


In this regard, there has been a new approach in planning PCI by creating a CCTA-derived 3-dimensional reconstruction of the coronary vasculature to provide a “road-map” in order to facilitate intervention. Guiding catheter selection, optimizing angles for angiographic views, and quantifying plaque burden and composition can all be derived or inferred from CCTA, allowing a full pre-planning of coronary intervention, mimicking the same approach already seen in structural interventions (44).

At this time, CCTA is valuable in providing an overview of calcium burden and distribution by giving the operator an indication of whether advanced lesion preparation is required or not with positive implications in terms of planning the catheterization laboratory's workflow and of patient understanding what the procedure will entail at the time of consenting. However, until more supporting evidence becomes available, CCTA is unable to determine which modifying techniques are suitable for a particular lesion. In this regard, unlike intravascular imaging modalities, there are no CCTA-based scoring systems available to predict which CAC may undergo successful calcium modification. Moreover, CCTA cannot provide insights about degree of CAC modification meaning that it can be used for procedure planning but not for intraprocedural guidance.



Integrating imaging results into the interventional approach

Detection and characterization of CAC using one or a combination of the imaging modalities previously discussed (Figure 9) has the ultimate aim of selecting the most appropriate calcium modification technique to most effectively address a specific pattern of CAC. This is crucial as a variety of calcium modifying therapies are now available to improve vessel compliance and optimize stent placement. Explaining in detail the techniques available for each CAC pattern is beyond the scope of this review, though we will instead briefly describe the mode of action of each technique in order to clarify which pattern of CAC each technique is more likely to be effective on.


[image: Figure 9]
FIGURE 9
Summary of coronary artery calcification patterns and which imaging modalities are best suit to quantify each variable as well as which modalities may be used intraprocedurally to assess stent placement.


Calcium-modification techniques can generally be divided into debulking techniques including rotational atherectomy, orbital atherectomy, and excimer laser as well as non-debulking techniques (also referred to as “balloon-based techniques”) including cutting balloons, scoring balloons, super high-noncompliant balloons, and lithotripsy balloons (Table 1, Figure 10).


[image: Figure 10]
FIGURE 10
Summary of coronary artery calcification modification tools and most appropriate calcification patterns for their use.



TABLE 1 Summary of coronary artery calcification lesion modification tools.

[image: Table 1]



Rotational atherectomy

Rotational atherectomy (RA) (Rotablator and Rotawire system, Boston Scientific) utilizes a diamond-tipped burr mounted on a pressurized-gas powered drive shaft and acts to preferentially erode fibrocalcific plaque via the principle of differential cutting when passed anterogradely through the stenosis (45). The burr itself comes in different sizes from 1.25 to 2.5 mm with an optimal burr size to artery ratio of 0.5:0.6, and it is advanced over a 0.009-inch wire (RotaWire Floppy or RotaWire Extra Support). Of note, an updated system (RotaPro, Boston Scientific) is available with an enhanced user interface for improved operability.

In the only randomized study to date, the ROTAXUS trial, RA was found to be effective in achieving acute lumen gain, but at 2-year follow-up, there was no difference in cardiac outcomes (46, 47). In the PREPARE-CALC trial, this finding was corroborated with RA being superior to balloon-based CAC modifying techniques in achieving successful stent delivery, expansion with <20% in-stent residual stenosis, and Thrombolysis in Myocardial Infarction grade 3 flow, though with no difference in 9-month in-stent lumen loss and cardiac outcomes (48).

In view of its mode of action, RA finds its main application in uncrossable calcified lesions, and it exerts ablative action predominantly on superficial calcium rather than deep calcium. Because the rotaburr advances over a wire, the wire position might itself bias the passage of the rotaburr away from calcium in cases of eccentric CAC. This is why, theoretically, the more concentric the calcified pattern, the more RA can provide debulking power. In experienced hands, the action of RA can also be applied to eccentric calcium by addressing the wire-bias (e.g., moving the position of rotawire in side-branches until the passage of the rotaburr is biased towards the calcified component). Lastly, RA may provide debulking action on calcified nodules, although supporting evidence is limited and controversial (31). Potentially, multiaxial rotablation technique could be considered in highly experienced operators to debulk calcified nodules or very eccentric calcium. The technique consists of reducing rotaburr revolution speeds with consequent oscillatory movement of the rotaburr directed towards the more external part of the vessel (rather than following a linear trajectory moving antegradely), mimicking the behavior of the crown in orbital atherectomy (49).



Orbital atherectomy

Orbital atherectomy (OA) (Diamondback 360 Coronary Orbital Atherectomy System and ViperWire, Cardiovascular Systems Incorporated) uses a diamond-coated crown eccentrically mounted on a pressurized-gas powered drive shaft and acts similarly to RA by preferentially ablating fibrocalcific plaque. The crown comes in one size (1.25 mm) so that it can suit every vessel dimension. The system uses a dedicated 0.014-inch wire (Viper-wire) with features similar (though not identical) to a conventional workhorse wire, making it deliverable to the distal segment of the treated vessel in most anatomies, offering an advantage over RA. An additional advantage offered by OA is the ability to ablate both anterogradely and retrogradely with technically no risk of crown entrapment.

For its mode of action, OA should be considered for uncrossable stenosis but also in cases of superficial, either eccentric or concentric, calcium especially in the context of large caliber vessels or highly tortuous vessels. There is currently one randomized study (ECLIPSE trial) evaluating the efficacy of CAC preparation by OA vs. conventional balloon angioplasty prior to DES delivery, however, the trial is ongoing and results are still pending (50). The non-randomized ORBIT I and ORBIT II trials have, however, largely established the safety, feasibility, and effectiveness of OA for CAC modification (51, 52).



Excimer laser

The current excimer laser system (CVX-300 ELCA System, Philips) uses the photoablative ability of a xenon chloride laser to modify CAC by three mechanisms: photochemical (breaking of molecular bonds), photothermal (plaque modification by production of heat), and photomechanical (production of high-energy bubbles hitting and cracking the calcified plaque component). The device size ranges from 0.9 mm to 2.0 mm, which corresponds to the diameter of the tunnel created by advancing the laser-catheter through the atheroma.

Uncrossable lesions and undilatable stent in calcified restenosis represent the key indications for laser when applied to CAC. There are no randomized trials examining the effectiveness of the excimer laser system, but in a study of 126 uncrossable lesions, excimer laser use was successful in crossing 81.8%, 62.7% of which had moderate or severe calcification (53). In a study of 81 cases of in-stent restenosis, excimer laser use was also associated with more calcium fracturing and a larger final minimum lumen area as well as greater peri-stent calcium fracture noted when comparing pre- and post-modification OCT imaging (54).



Balloon-based techniques

Balloon-based techniques are associated with modification of the calcified component include cutting balloons, scoring balloons, and intravascular lithotripsy balloon.

Cutting balloon technology consists of a non-compliant balloon with three or four sets of longitudinal microblades on the surface, so when the balloon is inflated, the blades produce superficial fissures within the CAC. It is generally reserved for eccentric, thin, and superficial CAC usually as an adjunct to more advanced techniques of calcium modification. In an early randomized study of 521 patients undergoing cutting balloon angioplasty or conventional balloon angioplasty before IVUS-guided stenting, the patients undergoing cutting balloon angioplasty had a larger minimal lumen area and lower rate of restenosis (55). This has been recently replicated in the COPS study (56).

Compared to cutting balloons, scoring balloon technology consists of a semi-compliant balloon with nitinol wire either parallel to the balloon or wrapped around it in a helical pattern as a means to more evenly disperse the fracture force upon inflation, preventing balloon-slippage, and reducing the risk of dissection or perforation (57). Though there are no randomized trials to compare the outcomes of scoring balloon application to CAC, scoring balloon use has been demonstrated to achieve larger minimum stent areas compared with pre-dilation alone (58, 59). They find similar application in CAC as cutting balloons and offer the advantage of lower profile and higher lesion-crossability.



Lithotripsy balloon

The intravascular lithotripsy balloon (Shockwave Coronary Rx Lithotripsy System, Shockwave Medical) utilizes pulsatile mechanical energy at a frequency of one Hertz, which is released at the level of two emitters mounted on a semi-compliant balloon. As electrical current passes through the emitters, bubbles are generated within the contrast filling the balloon, generating a shockwave that is transmitted through the deeper layers of the vessel wall. As such, intravascular lithotripsy is potentially the only modality to modify thick and deep calcium though it can be used to address superficial, concentric or eccentric, and nodules as well.

There are currently no randomized trials available to compare the efficacy of intravascular lithotripsy in CAC against other modalities though in a pooled analysis of the DISRUPT CAD studies consisting of 628 patients of whom 97.0% had severe calcified disease, intravascular lithotripsy met the primary safety endpoint of freedom from major adverse cardiovascular events at 30 days in 92.7% of cases, and 92.4% met the primary effectiveness endpoint defined as stent delivery with a residual stenosis ≤30% (60).



Conclusion

Percutaneous revascularization in patients with calcified coronary artery disease remains a persistent challenge. In this regard, understanding the pattern of calcification is critical as none of the available calcium-modification techniques can address all the different patterns of coronary calcification in the same manner and to the same degree. Multi-modality imaging allows the operator to define the pattern of CAC and develop a strategy for its modification. OCT and IVUS are indeed pivotal not only for procedural planning but also for fine-tuning the need for additional calcium modification intraprocedurally and, of course, for guiding final stent optimization. A significant contribution to the field will likely come from CCTA for use in procedural planning, especially as significant efforts have been made to mitigate the effect of the blooming artifact and improve spatial resolution.

The range of technologies and devices to address CAC has significantly grown over the last decade as well, and while this is of great value, it at the same time poses new challenges in terms of device selection. This calls for a clear approach that enables operators to select the optimal calcium-modifying technology at the right time and in the right context to guarantee a standardized approach among centers and operators.
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Introduction: Severe pulmonary hypertension (mean pulmonary artery pressure ≥35 mmHg) in chronic lung disease (PH-CLD) is associated with high mortality and morbidity. Data suggesting potential response to vasodilator therapy in patients with PH-CLD is emerging. The current diagnostic strategy utilises transthoracic Echocardiography (TTE), which can be technically challenging in some patients with advanced CLD. The aim of this study was to evaluate the diagnostic role of MRI models to diagnose severe PH in CLD.



Methods: 167 patients with CLD referred for suspected PH who underwent baseline cardiac MRI, pulmonary function tests and right heart catheterisation were identified. In a derivation cohort (n = 67) a bi-logistic regression model was developed to identify severe PH and compared to a previously published multiparameter model (Whitfield model), which is based on interventricular septal angle, ventricular mass index and diastolic pulmonary artery area. The model was evaluated in a test cohort.



Results: The CLD-PH MRI model [= (−13.104) + (13.059 * VMI)—(0.237 * PA RAC) + (0.083 * Systolic Septal Angle)], had high accuracy in the test cohort (area under the ROC curve (0.91) (p < 0.0001), sensitivity 92.3%, specificity 70.2%, PPV 77.4%, and NPV 89.2%. The Whitfield model also had high accuracy in the test cohort (area under the ROC curve (0.92) (p < 0.0001), sensitivity 80.8%, specificity 87.2%, PPV 87.5%, and NPV 80.4%.



Conclusion: The CLD-PH MRI model and Whitfield model have high accuracy to detect severe PH in CLD, and have strong prognostic value.
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Introduction

Group 3 Pulmonary Hypertension due to Chronic Lung Disease (PH-CLD) is associated with the worst prognosis amongst all forms of Pulmonary Hypertension (PH) (1). It is typically associated with mild-to-moderate PH and moderate to severe lung disease. Group 1 PH, pulmonary arterial hypertension (PAH), is typically associated with moderate-to-severe PH and minor or no lung disease. Patients however are increasingly identified with overlapping features and accurately classifying patients as PAH or PH-CLD is one of the most challenging areas in pulmonary vascular medicine (2). This is of particular clinical importance as the recommended management between PH-CLD and PAH is divergent. Only PAH patients are recommended to be treated with novel PAH specific drug therapies (3).

A particular group of interest is patients with PH-CLD who develop severe PH. Severe PH in the context of PH-CLD (Severe-PH-CLD) is defined as mean pulmonary artery pressure (mPAP) ≥ 35 mmHg or mPAP ≥25 mmHg with low cardiac index (CI <2.0 L/min/m2) (3–5). Whilst only a minority of patients with PH-CLD develop severe PH, given the prevalence of lung disease, this group is estimated to be far more common than PAH (5). Recent prospective data from two different registries have shown these patients have significantly poorer outcomes compared to those with non-severe disease (6–8).

Right Heart Catheterisation (RHC) is the gold standard for measurement of mPAP, but is an invasive test with a serious complication rate in inexperienced centres but with low morbidity and mortality in experienced centres (9). Echocardiography is the first-line screening test for elevated pulmonary artery pressure (PAP) because it is noninvasive, inexpensive, readily available, and portable, but has significant limitations, particularly in patients with severe lung disease. Estimation of systolic PAP was only possible in 44% of patients with severe lung disease due to poor acoustic windows, with 52% estimations found to be inaccurate (10). Echocardiographic estimation also requires the presence of tricuspid regurgitation (TR), which is not always present and severe TR causes erroneous results (11–13). However, other studies have demonstrated that some echocardiography formulas can accurately predict PH in CLD, including Chemla and Syyed formulas (14). The utility of alternate echocardiography measures were capable of detecting early right heart changes even before the development of severe PH (15). Also the combination of right ventricular systolic pressure (RVSP), right ventricular outflow tract (RVOT) diameter, and tricuspid annular plane systolic excursion (TAPSE) may be helpful in PH exclusion by the increased sensitivity and negative predictive value (16).

Magnetic resonance imaging is the gold standard to evaluate cardiac function and morphology (17). Multiparametric MRI diagnostic models have shown to correlate accurately with RHC and have high diagnostic accuracy in identifying patients with PH at both thresholds of >20 mmHg and ≥ 25 mmHg, but these models were not derived exclusively from patients with PH-CLD (13, 18).

The aim of this study was to develop and test CLD-PH MRI multivariate models that can identify Severe-PH-CLD. Non-invasive identification of these patients should improve clinical management and likely improve prognosis as there are new studies demonstrating the improvement of patients with PH due to interstitial lung disease on medical therapy such as treprostinil (19).



Methods


Patients

Patients undergoing systematic assessment for suspected PH were identified from the ASPIRE (Assessing the Severity of Pulmonary Hypertension In a Pulmonary Hypertension REferral Centre) registry between October 2012 and August 2019. Patients were required to have undergone a baseline assessment with magnetic resonance imaging, pulmonary function testing (PFT) and right heart catheterisation. All patients are assigned a diagnosis at a multidisciplinary team meeting.

Patients were classified into two groups, the derivation and test sets, according to the availability of their echocardiography data where the derivation set of patients had no echocardiography measures. Inclusion criteria required complete baseline MRI, PFT and RHC data (Figure 1). MRIs of the patients were performed within 24 h of the RHC. Patients with no RHC, no PFTs, and those with lung disease not meeting the criteria of major lung disease classes or have other coexisting conditions such as left heart disease were excluded. Approval for analysis of imaging data was granted by the local research ethics committee and consent was waived for this retrospective database study (ref c06/Q2308/8).


[image: Figure 1]
FIGURE 1
Patient selection flow chart. Inclusion criteria included those with complete RHC, PFT and MRI data and exclusion criteria included those with lung diseases not meeting criteria of major lung disease classes or those with coexisting disorders such as left heart disease. The classification of the derivation and test sets was according to the availability of their echocardiography data, where the derivation set of patients had no echocardiography measures. PH: pulmonary hypertension; RHC: right heart catheter; RFT: pulmonary function tests; MRI: magnetic resonance imaging.




MRI acquisition

MR imaging was performed with a 1.5-T HDx scanner. MRI was performed using the following techniques: an 8-channel cardiac coil on a GE HDx whole-body scanner (GE Healthcare, Milwaukee, WI), acquisition of short-axis cine images by utilising a cardiac gated multislice balanced SSFP sequence (twenty frames per each cardiac cycle, 8 mm slice thickness, field of view 48, matrix 256 × 256, BW 125 kHz/pixel, TR/TE 3.7/1.6 ms), a slice thickness of 8 mm with 2 mm inter-slice gaps were used to produce a stack of images in the short axis view to cover both ventricles from base to apex. The smallest cavity area was considered to be the end-systole. The first cine phase of the R-wave triggered acquisition or largest volume was considered to be the end-diastole. Through-plane, phase-contrast imaging was achieved orthogonal to the main pulmonary trunk. The parameters for the phase-contrast imaging included the following: slice thickness 10 mm, field of view 48 cm, bandwidth 62.5 kHz, matrix 256 X 128, repetition time TR 5.6 ms, echo time TE 2.7 ms, 20 reconstructed cardiac phases and velocity encoding of flow 150 cm/s. A surface coil was used on patients who were in the supine position with retrospective ECG gating (20).



MR analysis

Image analysis was achieved using a GE Advantage Workstation 4.1 with the patient clinical information and the cardiac catheter data unavailable to the observer. Chambers trabeculations were included as part of the volume cavity measurement and were not separately traced (21). Right and left endocardial and epicardial surfaces were manually traced to obtain right ventricular end diastolic volume (RVEDV) and end systolic volume (RVESV), and left ventricular end diastolic volume (LVEDV) and end systolic volume (LVESV). Right ventricular ejection fraction (RVEF), left ventricular ejection fraction (LVEF), right ventricular stroke volume (RVSV) and left ventricular stroke volume (LVSV) were obtained using the end-diastolic and end-systolic volumes (20, 22, 23). These measurements were indexed for the body surface area and then corrected for age and sex and displayed as percentage predicted except RVEF and LVEF (24). SV was considered to be the most accurate from LV volumetry and was used to estimate RV-PA coupling and we have used the LV volumetry for SV rather than flow through PA/aorta as some studies proved the inaccuracy of the latter method and preferred the former method (25). Septal angle was measured as the angle of the septum from the RV insertion points to the centre of the mid septum (26). The interventricular septum was considered as part of the left ventricle for calculating the ventricular mass (Figure 2). RV end-diastolic mass (RV mass) and LV end-diastolic mass (LV mass) were derived. Ventricular mass index (VMI) was considered as the RV mass divided by the LV mass (27). Pulmonary artery (PA) areas were measured maximally and minimally and the following equation was used to calculate the relative area change: relative area change = (maximum area- minimum area)/minimum area (20). The well-established biplane area length method was used to measure the LA volume (28, 29).
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FIGURE 2
Example cardiac MRI images in patients with mPAP below (left) or above (right) 35 mmHg: PA area (A, B), systolic septal angle (C, D) and VMI (E, F). The patient with severe PH (right) had much larger systolic and diastolic PA areas, systolic septal curvature and VMI than the patient with mild-moderate PH (left). mPAP: mean pulmonary artery pressure; CLD: chronic lung disease; PH: pulmonary hypertension; PA: pulmonary artery; VMI: ventricular mass index; MRI: magnetic resonance imaging.




Transthoracic echocardiography

Clinically indicated transthoracic echocardiography (TTE) was performed according to local practice guidelines in the diagnostic assessment of the study patients. Systolic pulmonary arterial pressure was estimated from TR jet velocity and estimated right atrial pressure. An echocardiography threshold of systolic pulmonary artery pressure (sPAP) of 64 mmHg to predict severe PH was used (30, 31).



Right heart catheterisation and ph severity

A balloon-tipped 7.5F thermodilution catheter (Franklin Lakes, Becton Dickinson, NJ) was inserted via the internal jugular vein to obtain RHC measurements including mPAP, pulmonary capillary wedge pressure (PAWP), and cardiac output (CO). The thermodilution technique was used to measure CO. Pulmonary vascular resistance (PVR) was defined as (mPAP-PAWP)/CO. Measurements of pressure were averaged during quiet breathing.

Our definitions are in the ESC/ERS guidelines on the management and treatment of PH rather than arbitrary thresholds (32). Severe Ph was classified as either i) mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2 (5) or ii) Severe PH-CLD (mPAP > 20 mmHg, PVR > 400dynes/s/cm-5) (7). The latter was proposed by Zeder et al. as a non-biased approach to predict severe PH using PVR.



Statistics

Statistical analysis was performed by using SPSS version 26.0 (SPSS, Chicago, Ill). A p-value <0.05 was considered significant. Histograms of MRI and clinical parameters were used to check normality and the data were normally distributed. An independent t-test was used to see the differences between the derivation and test cohorts, and the difference between patients with severe and mild-moderate PH. Binary logistic regression in the forward direction was performed to generate a multiparametric model for the prediction of severe PH in lung disease. The following variables were entered: age, sex, height, weight, forced expiratory volume in the first second (FEV1), forced vital capacity (FVC), systolic septal angle, LVEDV index, RVEDV index, RVESV index, RVEF, pulmonary artery relative are change (PA RAC) and VMI.

An MRI model was previously developed in a mixed cohort of patients with suspected PH using binary logistic regression to predict pulmonary hypertension: Whitfield model (arbitrary units) = −27.7 + 5.75loge(interventricular septal angle [degree of arc]) + 1.899loge(right ventricular mass/left ventricular mass) + 0.004 (diastolic pulmonary artery area [in square millimetres]) (18). The accuracy was compared against the model developed in the derivation cohort.

Pearson's correlation and linear regression between the derived regression equation model and Whitfield model for severe PH diagnosis and the mPAP measured by the RHC was calculated. The diagnostic performance for both models was assessed using ROC curves and AUC. Optimal diagnostic thresholds were identified in the derivation cohort using the Youden index and applied in the test cohort. Diagnostic accuracy was obtained from the 2 × 2 contingency table. Sensitivity, specificity, negative and positive predictive values were thus calculated from cross tabulation with their Pearson Chi-Square value and Fisher's exact test.

The follow-up period was considered the interval from MRI until all-cause death or census, the latter was performed on 01/02/2020. Survival analysis was accomplished using multivariate Cox proportional hazards regression in the forwards direction for the variables that were significantly associated with mortality in univariate regression. Kaplan-Meier plots were generated for the models, dichotomised by their threshold values, and Chi square values were calculated using the Log rank test.




Results

167 patients met the inclusion criteria. The patients were divided into a derivation cohort (n = 67), and a test cohort (n = 100). Baseline characteristics for patients, grouped by mPAP ≥ 35 mmHg (severe PH, n = 90) and mPAP < 35 mmHg (no PH and mild-moderate PH, n = 77) are shown in Table 1. Patients with severe PH are older, have lower percent predicted DLCO, FEV1/FVC ratio, ISWT distance and poorer hemodynamics. There was no significant difference in gender, FVC and FEV1. As shown in Table 1, there were no significant differences in clinical demographic characteristics, RHC, PFTs nor MRI parameters between model derivation and test cohorts.


TABLE 1 Baseline demographics for all patients according to PH status and derivation or test cohort.
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Correlation between MRI features and mPAP

The strongest correlations with mPAP were for systolic septal angle (r=0.74), DLCO (r=−0.56), RVEF (r=−0.53), RVESV index and systolic PA area (both r=0.46) and VMI (r=0.45). PA relative area change, LVEDV index, RV systolic mass, diastolic PA area and systolic PA area all also showed significant correlations with mPAP.



Regression analysis

Regression analysis produced the following equation predictive of elevated mPAP ≥ 35 mmHg: CLD-PH MRI model=(-13.104)+(13.059 * VMI)—(0.237 * PA RAC)+(0.083 * systolic septal angle).



Diagnostic threshold identification

Severe PH (mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2): The CLD-PH MRI model's highest Youden index point was 0.77, with a sensitivity of 95% and specificity of 83%, giving a threshold of −0.75. For the Whitfield model, the highest Youden index point was 0.74 with a sensitivity of 85% and specificity of 88%. A value greater than 1.66 was identified as optimally diagnostic.

Severe PH-CLD (mPAP > 20 mmHg, PVR > 400 dynes/s/cm5): The CLD-PH MRI model's highest Youden index was 0.74 with a sensitivity of 92% and specificity of 82% and a value greater than −0.75 was optimally diagnostic. For the Whitfield model, the highest Youden index point was 0.71, with a sensitivity of 92% and specificity of 78%, giving a threshold of 1.05.




Test cohort diagnostics


Agreement

The CLD-PH MRI model generated from the derivation cohort correlated strongly with RHC-measured mPAP (r=0.71). There is a moderate intraclass correlation for the estimation of mPAP of 0.53. The Whitfield's model also correlated strongly with the RHC-measured mPAP (r=0.73) with a moderate intraclass correlation of 0.51 for mPAP estimation.



Diagnostic accuracy

-Severe PH (mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2):

The CLD-PH MRI model showed high diagnostic accuracy; area under the ROC curve 0.91 and p < 0.0001 (Figure 3), with sensitivity 92.3%, specificity 70.2%, PPV 77.4% and NPV 89.2% (Table 2). Pearson Chi-Square value was 41.22 and Fisher's exact test value was <0.0001.


TABLE 2 Models diagnostic performance in the test cohort to predict severe PH (mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2).
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Whitfield model in test cohort: area under the ROC curve was 0.93 and p < 0.0001 (Figure 3), with sensitivity 80.8%, specificity 87.2%, PPV 87.5%, NPV 80.4% (Table 2). Pearson Chi-Square value for the test was 45.71 and Fisher's exact test value was <0.0001.
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FIGURE 3
ROC curves for performance of models in severe PH (mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2). ROC: receiver operating characteristic curve; AUC: area under the ROC curve; mPAP: mean pulmonary artery pressure; CI: cardiac index; CLD: chronic lung disease; PH: pulmonary hypertension; MRI: magnetic resonance imaging.


Table 3 shows the models diagnostic performance in the test cohort to predict severe PH stratified by lung disease class.


TABLE 3 Models diagnostic performance in the test cohort to predict severe PH (mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2) stratified by lung disease class.
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Systolic pulmonary artery pressure (sPAP) could be estimated in 68 patients who underwent Echocardiography in the test cohort. 32 patients (32%) had no recorded sPAP.

Echo threshold. The diagnostic value of sPAP 64 mmHg was: area under the ROC curve was 0.88 and p < 0.0001, with sensitivity 63.2%, specificity 86.7%, PPV 85.7%,and NPV 65.0% (Table 2). Pearson Chi-Square value for the test was 17.18 and Fisher's exact test value was <0.0001.

-Severe PH-CLD (mPAP > 20 mmHg, PVR > 400dynes/s/cm-5):

The CLD-PH MRI model revealed a high diagnostic accuracy; area under the ROC curve 0.90, p < 0.0001, with sensitivity of 96.1%, specificity 72.9%, PPV 79% and NPV 94.6% (Supplementary Table 1). Pearson Chi-Square value was 50.29 and Fisher's exact test value was <0.0001.

Whitfield model showed also a high diagnostic accuracy; AUC ROC 0.92 and p < 0.0001, with sensitivity 88.2%, PPV 80.4% specificity 77.1%, NPV 86% (Supplementary Table 1). Pearson Chi-Square value for the test was 42.94 and Fisher's exact test value was <0.0001.

The diagnostic value of sPAP 64mmHg was: area under the ROC curve 0.84 and p < 0.0001, with sensitivity 63.9%, specificity %84.4%, PPV 82.1%,and NPV 67.5% (Supplementary Table 1). Pearson Chi-Square value for the test was 16.29 and Fisher's exact test value was <0.0001.

Supplementary table 2 demonstrates models diagnostic performance in the test cohort to predict severe PH stratified by lung disease class.

Prognostic value in full cohort:

mPAP ≥ 35 mmHg OR mPAP >25 and CI < 2l/min/m2

A value of the CLD-PH MRI model ≥ −0.74 was associated with worse survival than patients with model value less than −0.74, log rank chi square 35.53, p < 0.0001, Figure 4. The same patients with a value of the Whitfield model ≥1.6 had worse survival than those less than 1.6, log rank chi square 44.47, p < 0.0001. A value of RHC-measured mPAP ≥ 35 mmHg was associated with worse survival than those less than 35 mmHg, log rank chi square 36.93, p < 0.0001.
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FIGURE 4
Kaplan meier of whitfield and lung disease CLD-PH MRI model and the RHC measured mPAP. There is an increased mortality above the selected thresholds of Whitfield model, CLD-PH MRI model and RHC-measured mPAP for both definitions of severe PH according to the ESC/ERS guidelines. mPAP: mean pulmonary artery pressure; PVR: pulmonary vascular resistance; CI: cardiac index; CLD: chronic lung disease; PH: pulmonary hypertension; RHC: right heart catheter; MRI: magnetic resonance imaging.


-Severe PH-CLD (mPAP > 20 mmHg, PVR > 400dynes/s/cm-5):

A value of the CLD-PH MRI model ≥ −0.74 was associated with worse survival than patients with model value less than −0.74, log rank chi square 35.53, p < 0.0001, Figure 4. The same patients with a value of the Whitfield model ≥1.05 had worse survival than those less than 1.05, log rank chi square 28.12, p < 0.0001. A value of RHC-measured mPAP > 20 mmg was associated with worse survival than those equal or less than 20 mmHg, log rank chi square 49.04, p < 0.0001.

On Cox regression, adjusting for age, sex and body surface area (BSA), the CLD-PH MRI model remained a statistically significant predictor of mortality (hazard ratio 1.22; 95% CI: 1.13, 1.32, p < 0.0001). The Whitfield model also remained significant (hazard ratio=1.28; 95% CI: 1.17, 1.41, p < 0.0001).




Discussion

We have derived a multivariate binary logistic regression model and have shown it has a high diagnostic accuracy identifying a threshold to diagnose severe PH-CLD in a test cohort. The model further provides prognostic information similar to RHC derived mPAP. Given the challenge of echocardiography in patients with severe lung disease, MRI may play an important role in diagnosis, and this study shows that in patients not positively diagnosed by high estimated sPAP at Echocardiography, MRI can diagnose severe PH with high accuracy.

There is active research interest in sub-phenotyping PH-CLD and identifying groups of patients in whom PAH therapy is of benefit. Severe PH-CLD is an important potential subgroup, as these patients are characterised with moderate airway obstruction, but marked dyspnea, hypoxemia, low DLCO, high mPAP, and poor prognosis (6). Recent studies have affirmed the utility of hemodynamic measurements in identifying patients with poor prognosis. Zeder (7) recently demonstrated PVR to be the strongest predictor of poor survival in Severe-PH-CLD and COPD, with a prognostic cut-off of 5 WU, after adjusting for age, sex and FEV1. Olsson similarly found a PVR >5 to be associated with significantly worse survival, but in the context of ILD, a large cohort from the COMPERA registry (8).

Historically multiple randomised controlled trials have investigated different therapeutic agents in PH-CLD as a whole against a variety of endpoints, with varying results and mixed evidence for therapeutic response (2, 33–38). However, recently the INCREASE study demonstrated an improvement in 6MWD, NT-proBNP and clinical worsening in PH-CLD patients with ILD treated with inhaled treprostinil (19). The median mPAP for these patients was high (37.2 mmHg). Subgroup analysis revealed these beneficial effects were only seen in patients with a PVR ≥4 WU (2, 19). A post-hoc analysis of INCREASE showing inhaled treprostinil was associated with improved FVC vs. placebo (33).

These studies highlight a need to carefully sub-group patients, to aid in identification of phenotypes which may demonstrate therapy response. This study enables identification of severe PH-CLD using cardiac MRI, which is the established gold standard for anatomical and functional assessment.

Cumulative findings in multimodality imaging in PH are of paramount importance in screening, diagnosis, management and prognosis of patients with PH (39). Our proposed multivariate model is composed of: i) measurements of displacement of interventricular septum which is a marker of volume and pressure differential between the left and right ventricle, ii) ventricular mass index which is a marker for right ventricular remodelling, and iii) pulmonary artery relative area change which is a marker of stiffness of proximal pulmonary vasculature (40). The MRI measurements are easily measured from the standard MRI sequences, take little time to process and are reproducible (20).

It has been shown that septal angle, which correlated strongly with RHC-measured mPAP, improves the diagnostic accuracy of PH (26), additionally, the inclusion of VMI with a measure of septal angle has been proven to increase the accuracy of PH diagnosis (41), which complies with our study. The value of computational models of pulmonary arterial flow has also been assessed for the diagnosis of PH (42). PA RAC has been strongly linked to mortality and long term outcome in some studies (43).

Prediction models have been widely developed in recent years. A stepwise echocardiographic score to detect severe PH (mPAP⩾35 mmHg) was developed and validated by utilising tricuspid regurgitant velocity and right ventricular systolic pressure (right atrial pressure) and additional echocardiographic signs (30). Another novel echocardiography scoring system was developed and showed high capacity for predicting severe PH-CLD which implies the value of non-invasive examinations (44). The model developed in this study has a higher sensitivity but lower specificity compared to the prior Whitfield model. This may be more appropriate in the context of screening; the added value of this study is that the CLD-PH MRI model is specifically trained on severe PH and further studies that apply such MRI models in clinical practice compared to the gold standard (RHC) are warranted. Echocardiography in our cohort shows good accuracy for the diagnosis of PH, however we noted that there are groups of patients with severe lung disease for whom sPAP assessment is not achievable. Hence for these patients MRI may be a viable alternative.

The new MRI model does have higher sensitivity so may lend itself better to screening of patients with lung disease rather than more definitive predictions that are required at the tertiary centre. The Whitfield model has not previously been tested in this patient's population and has not been used to predict severe PH previously, hence the data on the Whitfield model and the new MRI model add new information to the literature. Echo is the least sensitive, though a limitation is that a full execution of the ESC/ERS guidelines of Echo was not possible in this study.

This work adds to the literature in that a new model has been developed that may have additional clinical value given the high sensitivity to detect the disease. Testing the Whitfield model in this population has also added new knowledge to the field, and has been shown to be able to diagnose severe PH in lung disease in addition to diagnosis of “suspected pulmonary hypertension” as previously described.


Limitations

The study is limited by its retrospective and single tertiary specialist referral centre design. Further validity of the model can be assessed by applying the model in other PH centres and centres with low prevalence of disease. A larger prospective study would compare application of the MRI model against the current gold standard of RHC would add further validity to the findings. Quantitative Echocardiography data from the right ventricle was not available and thus we were unable to fully employ the “other signs” as per the ERS/ERS guidelines. One of the limitations of MRI as a clinical tool is that the role of MRI may be as a second line test in patients with suspected severe PH in lung disease in addition to other disadvantages of MRI being not readily available, expensive and also MRI is poorly tolerated in patients with severe lung disease who are oxygen dependent who may struggle with breath-holding.




Conclusion

A model consisting of easy-to-obtain cardiac MRI metrics can facilitate the detection of severe PH in lung disease with high accuracy. This approach further allows identification of those patients at high risk of mortality.
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A key step in translational cardiovascular research is the use of large animal models to better understand normal and abnormal physiology, to test drugs or interventions, or to perform studies which would be considered unethical in human subjects. Ultrahigh field magnetic resonance imaging (UHF-MRI) at 7 T field strength is becoming increasingly available for imaging of the heart and, when compared to clinically established field strengths, promises better image quality and image information content, more precise functional analysis, potentially new image contrasts, and as all in-vivo imaging techniques, a reduction of the number of animals per study because of the possibility to scan every animal repeatedly. We present here a solution to the dual use problem of whole-body UHF-MRI systems, which are typically installed in clinical environments, to both UHF-MRI in large animals and humans. Moreover, we provide evidence that in such a research infrastructure UHF-MRI, and ideally combined with a standard small-bore UHF-MRI system, can contribute to a variety of spatial scales in translational cardiovascular research: from cardiac organoids, Zebra fish and rodent hearts to large animal models such as pigs and humans. We present pilot data from serial CINE, late gadolinium enhancement, and susceptibility weighted UHF-MRI in a myocardial infarction model over eight weeks. In 14 pigs which were delivered from a breeding facility in a national SARS-CoV-2 hotspot, we found no infection in the incoming pigs. Human scanning using CINE and phase contrast flow measurements provided good image quality of the left and right ventricle. Agreement of functional analysis between CINE and phase contrast MRI was excellent. MRI in arrested hearts or excised vascular tissue for MRI-based histologic imaging, structural imaging of myofiber and vascular smooth muscle cell architecture using high-resolution diffusion tensor imaging, and UHF-MRI for monitoring free radicals as a surrogate for MRI of reactive oxygen species in studies of oxidative stress are demonstrated. We conclude that UHF-MRI has the potential to become an important precision imaging modality in translational cardiovascular research.
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1. Introduction

Magnetic Resonance Imaging (MRI) is of high relevance in clinical decision making, and increasingly in cardiovascular research. It allows to non-invasively visualize morphology and measure a wide variety of parameters highly relevant in the research process such as cardiac function, myocardial viability, metabolism, tissue microstructure, or myocardial inflammation. Preclinical studies in large animal models are key in the translation from basic research to the human application e.g., in drug and contrast agent development, development of interventional or surgical procedures, tissue engineering applications, or safety studies on medical devices. Furthermore, studies of physiology and pathophysiology of the cardiovascular system in large animal models have a long history (1). Many countries (2, 3) aim to completely replace them long-term (4), but still they are of high relevance to provide unique information which cannot be obtained from replacement methods such as cell cultures and organoids (5, 6), computer simulations (7) or combinations thereof (8). Moreover, they allow testing methodologies which would be considered unsafe in humans such as application of untested drugs or contrast agents (9), or medical devices (10). Other applications are studies which would be unethical in humans, e.g., the use of open chest models in research (11) or resuscitation research (12, 13). Another application addresses experiments impractical in humans, e.g., very long-duration scans to obtain very high spatial or parametric information not available in normal clinical scans.

From an infrastructural and a technical point of view, MRI in large animals such as the pig, sheep, or dog is usually performed under suboptimal conditions. Commercial large animal MRI systems are not available, and whole-body UHF-MRI systems are expensive often preventing installation in translational research institutions. Thus, UHF-MRI in translational research is typically performed on whole-body MRI systems developed for clinical use and in environments dedicated to scanning human subjects. Radiofrequency (RF) coils are developed with the anatomy and shape of human subjects in mind, which often are very different from those of large animals (14, 15). MRI techniques such as pulse sequences and measurement protocols are provided with clinical demands in mind such as rapid scanning to reduce stress for the ill patient, and/or to increase patient throughput. Safety limitations regarding RF-induced tissue heating (specific absorption rate, SAR) or the risk of induction of peripheral nerve stimulation by rapid switching of gradient fields are in effect with the consequence of further limiting measurements compared to what may be feasible or desirable in research from a physics, technical, or experimental perspective.

Dual use of MRI systems in humans and animals requires particular attention to minimize hygienical risks such as zoonotic transmission and may also be limited by further ethical and psychological considerations such as the need to prevent direct contact between humans and animals.

Research is particularly demanding with regard to the permanent quest for the best data quality achievable that may well go beyond what is needed in diagnostic imaging for clinical decision making. Furthermore, some well-established animal models such as the Göttingen (16) or Aachen (17) minipigs are smaller than the normal adult human subject and, thus, need smaller voxels to achieve adequate spatial resolution in relation to subject size. Considering this, there is a particular need for the use of an imaging methodology that promises the highest possible signal-to-noise ratios (SNR) that is feasible in all subjects used during experimentation. Theoretically, keeping all other imaging parameters similar, the MRI signal s is

[image: display math]

where B0 denotes the static field strength of the MRI system (7 T), and [image: display math] the sensitivity of the receive coil at position [image: display math] (18). Experimental reports on the exponent γ of B0 are on the order of 1.65 for the brain (19). For the heart, an increase of the SNR was reported to be up to a factor of 2.1 (20) and 1.65 (21) when compared with 1.5 T and 3 T field strength, respectively.

Whatever the exact value of γ is, equation (1) demonstrates two key components of our UHF-MRI concept: Increasing the field strength has a supralinear effect on the MRI signal, and [image: display math] needs to be maximized i.e., RF coils with body size and body shape-adapted geometry are essential to minimize the geometrical distance between the cardiac tissue and the RF coil. An increased MRI signal s allows for an increase of the SNR, in spatial resolution, and/or a decrease of scan time per image.

Cardiac 7 T MRI in humans, however, is still not widely available because of methodological and technological challenges at high fields which are still an active area of research: (i) B0 (22) and [image: display math] (i.e., of the high-frequency transmit B1 field) inhomogeneities, (ii) excessive tissue heating, (iii) limited availability of optimized commercial pulse sequences (23), (iv) limited availability of commercial RF coil concepts for body (24) and cardiac (25, 26) imaging, (v) parallel transmit technology (27), (vi) unclear and not well-established safety concepts (28), (vii) and detrimental effects of the high field strength on the electrocardiogram (29–33) which may result in suboptimal synchronization of imaging with cardiac motion.

Installation of an MRI system is usually organized and executed by the vendor of the MRI system in collaboration with the administrative and technical staff of the hospital or research organization. However, demands of a dedicated infrastructure aiming for dual use of an MRI installation in large animals and humans are well beyond standard procedures and require new concepts: the mentioned ethical and hygiene aspects introduce additional demands: dedicated equipment is needed which may not be available commercially [e.g., devices compatible with a field strength higher than that of conventional clinical MRI systems (≦3 T)], standard hygiene measures may not be compatible with substance compatibility lists of the MRI system's vendor, the use of inert or explosive gases for MRI measurements may be requested from the researchers, or advanced electrical and physiological monitoring may be needed to safeguard the subject's wellbeing.

Therefore, we here present an UHF-MRI infrastructure for translational cardiovascular research in pigs and humans. We describe the dual use concept and implementation. We only focus on non-standard demands of MRI system and facility installation which go well beyond those of normal clinical and preclinical UHF-MRI system installations typically used at cardiovascular imaging sites. Moreover, we propose a RF coil concept for achieving optimal SNR in serial measurements in pigs, and we present proof-of-principle data demonstrating the feasibility of clinical and experimental cardiovascular-research directed imaging across scales, from cardiac organoids and cardiovascular tissue specimens, mice, pigs to humans.



2. Materials and methods


2.1. General UHF-MRI concept

UHF-MRI installation was performed at the Comprehensive Heart Failure Center (CHFC) in Wuerzburg (Germany) which is a research center combining basic and applied research with clinical research in patients with heart failure and its comorbidities. The long-term vision is the prevention of heart failure. As part of this research, imaging and imaging research are one of the cornerstone activities of the CHFC. Research activities are aiming at a fruitful interplay between basic research and translation including the development of cutting-edge UHF-MRI methodology as well as clinical and preclinical development of new treatments of heart failure, including new drugs.

The 7 T MRI installation was performed in a new research building. It comprises of two 7 T MRI systems, a latest technology whole-body 7 T MRI system (Siemens Magnetom Terra, Siemens Healthineers, Erlangen, Germany) for large animal (mainly pigs) and human scanning, and a Bruker Pharmascan 70/16 small-animal MRI system for rodent and experimental imaging. Equal field strength of both scanners allows for translation of results of MR properties of tissues and contrast agents from one system to the other, while the different object sizes necessitate different peak gradient strength and slew rates.

The whole-body UHF-MRI system is the main scope of this manuscript since it is a new instrument to translational cardiovascular research, and since the whole research infrastructure was built around it to guarantee optimal research conditions for now, and also to be flexible for the future for yet unknown but certainly developing new demands of the users. This MRI system is equipped with a passively and actively shielded 270 cm length zero boil-off 7 T magnet (Magnetom Terra, Siemens Healthineers, Erlangen, Germany), XR-gradients comprising of the SR gradient coil with 60 cm bore, and 80 mT/m and 200 mT/m/ms peak gradient strength and slew rate, respectively. The gradient system is specified for 100% duty-cycle, peak effective gradient strength and slew rate of 139 mT/m and 346 mT/m/ms, respectively. Moreover, the system includes a 3rd-order shim system correcting Z3, Z2X, Z2Y, and Z(X2-Y2) terms, whereas X3, Y3, and XYZ are not implemented. An 8.4 kW RF power amplifier is used in connection with a single channel transmission system. In a dedicated “research mode” eight 2 kW TX amplifiers can be used for B1-shimming or parallel transmission. The digital receive systems allow for signal reception of 32 channels at 10 Msamples/channel/sec using 32-bit data. The receive system's noise figure is ≤0.9. As currently no FDA or CE certification is available for cardiac MRI (34), the MRI system was installed without any certification. An upgrade of the RF-system for imaging and spectroscopy of other nuclei than hydrogen has been installed recently.

For large animal and human imaging, two modes of synchronization of the measurement with the heartbeat are available: the scanner-integrated wireless three-electrode electrocardiogram-triggering option, and an acoustic triggering device (EasyACT, MRI Tools, Berlin, Germany) (29, 35).

The Bruker Pharmascan 70/16 (Bruker BioSpin MRI GmbH, Ettlingen, Germany) 7 T small animal MRI system has 90 mm inner diameter gradients with 760 mT/m gradient strength and 6,840 mT/m/ms slew rate. It includes a cryogenically cooled 1H coil for optimized cardiac imaging and complements the MRI infrastructure for rodent, cardiac organoid imaging, and high-resolution ex-vivo imaging in excised heart specimens, or phantoms.



2.2. Concept for dual use in large animals and human

Dual use of a whole-body MRI system in both humans and large animals needed special attention (c.f., Tables 1, 2) which has been worked out in close collaboration with the hospital's Infection Control Unit (UV). Moreover, during the planning stage and the construction phase of the research building the dual use concept was discussed with both the Government of the District of Lower Franconia and the Veterinary Office of Wuerzburg before job-site inspection and before the official declaration of approval of the overall infrastructure.


TABLE 1 Special issues arising in and from translational MRI research.
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TABLE 2 Issues and provisions taken for the translational research MRI system.
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Besides legal and regulatory restrictions, further requirements typically not implemented in a conventional clinical MRI setting need to be fulfilled for acceptance of a dual use MRI system by physicians, researchers, and volunteers or patients:


	(i)improved hygiene rules, in particular for zoonosis prevention, i.e., the infection of humans with pathogens from animals and vice versa,

	(ii)prevention of smell nuisance due to pig scanning prior to human scanning, and

	(iii)prevention of direct contact between humans and animals.



These aspects needed special attention both on structural works of the building, and organizational measures.

Measures for vandalism protection have been implemented, e.g., no facility markings or publicly available facility plans exist.


2.2.1. 7 T Magnet room



2.2.2. Infrastructure for imaging of human subjects

For the implementation of the dual use concept, a key requirement was the prevention of accidental direct contact between human subjects undergoing a 7 T measurement, and an animal. Therefore, access routes to the magnet room for human subjects and animals are completely separated [c.f., requirement (iii) and Figure 1]. Access for humans is like that in a conventional clinical 7 T MRI installation comprising of a waiting area, changing rooms where the subjects undergoing an MRI are supplied with amagnetic clothes, a preparation room with an MRI-compatible adjustable-height amagnetic patient trolley. On our request, the trolley was certified “MR Conditional” for 7 T use (MR5501, Wardray Premise, Thames Ditton, Surrey, United Kingdom). Access to the magnet room is through a metal detector (ferroguard Assure, Imaging Solutions, Knobel Court Shailer Park, Queensland, Australia). Since the patient table of the UHF-MRI system cannot be moved down to allow easier access for human subjects, an additional amagnetic step ladder with guard railing (RCN Medizin- und Rehatechnik GmbH, Sargenroth, Germany) is available as well, in particular for mobility impaired human subjects.
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FIGURE 1
Key components of the translational MRI infrastructure. (A) Operating theater dedicated to large animal surgery, including a used C-arm x-ray fluoroscopy machine for monitoring of instrumentation of the animals, e.g., balloon-occlusion for induction of myocardial ischemia or infarction. Radiative shielding of the room's walls was implemented to fulfill legal requirements for x-ray scanning. Moreover, Doppler ultrasound allows for further characterization of the animals. (B) The animal waiting area is adjacent to the magnet room. Animals are positioned on a magnetic trolley (blue arrow), on which the animals can be transported through the sliding door and magnetic material detector to the magnet room. Access to pressurized air, and anesthesia gas extraction system allow for mechanical ventilation of the anesthetized animals before they are granted access to the magnet room through the magnet detectors (vertical, with currently green lights on top). To reduce anesthesia duration and animal stress, every attempt is made to keep this phase as short as possible. (C) Magnet room during animal MRI, including MR-compatible mechanical ventilator (MV), MR-compatible infusion machines (I), and an in-room monitor (TV) for display of physiological monitoring signals for the operators of the animals. Stainless steel fixation structures (arrows) are installed on all walls. They allow fixation of instrumentation using cords to prevent magnetic attraction and the subsequent risk of accidents hurting human subjects, personnel, animals, or damaging equipment. (D) Cable canals below the floor and openings in cabinet doors allow experimental setups with low risk for tripping hazard risk.


In cases of emergency events during the MRI examination, the patient needs to be removed from the MRI system's patient table on the previously mentioned amagnetic trolley using a rollboard. In the patient preparation room, a defibrillator (AED Plus, ZOLL Medical Deutschland GmbH, Cologne, Germany) and emergency equipment according to the hospitals guidelines for cardiopulmonary resuscitation are available. Measurements in patients with suspected or known cardiovascular disease are performed in the presence of a physician with training in cardiopulmonary resuscitation.



2.2.3. Infrastructure for imaging of large animals

For animals, access from the operating theater (Figure 1A) to the magnet room is via an access route completely distinct from the one for human subjects. It is directly connected to the CHFC's large animal infrastructure comprising large animal housing, large animal operating theater, and further supporting infrastructure. Anesthesia, instrumentation of the animals, and potential experimental procedures before UHF-MRI are performed in the large animal housing area and operating theater (Figure 1A). There, an older C-arm x-ray machine was available during this study for real-time control of interventional procedures such as balloon occlusion of coronary arteries. Soon, a latest generation C-arm x-ray machine with flatpanel detector (Ziehm Vision FD, Ziem Imaging GmbH, Nuremberg, Germany) machine will be available for better control of the intervention. Subsequently, the animals are transported under conditions of manual ventilation to the MRI using a dedicated nonmagnetic transport trolley and a separated elevator accessible only for authorized personnel. To streamline human and animal use, a special waiting area has been implemented which allows animals ready for an MRI scan to wait under controlled and well-ventilated conditions (Figure 1B) until human measurements are finished and the animals can be brought into the magnet room. In the waiting area, medical oxygen, pressurized (5 bar) oxygen and air and, vacuum for anesthesia gas extraction removal by suction are available to allow stable animal ventilation and anesthesia before the MRI scan. The animal is shifted to another amagnetic movable table (MR5501, c.f. above) dedicated only for animals, on which the animals can later safely access the magnet of the scanner. To be identifiable as an amagnetic device, the animal trolley is colored with an eye-catching blue color and an “MR safe” green label (c.f., Figure 1B).

During a human MRI scan, a sliding-door between the animal waiting area and the magnet room is closed permanently. The door can be opened on request from the magnet room, allowing animal and personnel access to the UHF-MRI system through another metal detector (ferroguard Assure, c.f. Figure 1B). This second metal detector aims at preventing of the risk of transporting magnetic instruments from or for experimentation into the magnet room, e.g., gas bottles, magnetic instruments such as scissors and knives. Once all patients have left the magnet room and patient access doors are closed, the sliding door between the animal waiting area and the magnet room is opened and the animal is rolled to the MRI system using the amagnetic trolley. During the MRI exam the sliding door (and the patient access door to the magnet room) needs to be closed to provide the necessary RF-shielding of the UHF-MRI system.

For animal experiments, the equipment shown in Table 3 was available. In humans, no anesthesia is performed. It is important to note that no equipment certified for 7 T use was available. Therefore, proper functioning within the magnetic and electromagnetic fields of the MRI system was assured by keeping the equipment outside the 0.5 mT (5 Gauss) line of the 7T MRI system's stray field, which is marked on the floor. Moreover, proper functioning of the MRI system with the devices running was also tested to prevent from electromagnetic interference degrading the MRI measurements.


TABLE 3 Equipment available for large animal Experimentation.

[image: Table 3]

During experimental research, often additional devices need to be used which were not designed for use in an (ultrahigh field) MRI environment. They typically are not MRI-compatible or need to stay outside of the scanner room because of the danger of mechanical attraction by the MRI system's strong static magnetic field, potential radiofrequency interference between the device and the MRI system, or to keep the scanner room free from unnecessary devices causing potential safety hazards. Examples for such devices are mechanical ventilators, liquid-driven heating blankets, or gas bottles intended to provide special gases for experimental purposes. In our installation, these devices can be left in the waiting room with closed sliding doors. Waveguides allow for radiofrequency-safe access to the magnet room by non-metallic tubes. To allow for access to the magnet room using DC, low- or high-frequency electric signals, filter plates with corresponding electrical filters are available from three sides of the Faraday cage.

If devices need to be used which may experience mechanical attraction by the strong magnetic field of the UHF-MRI system, mechanical fixation can be provided by nonmagnetic stainless steel surrounding the whole interior of the Faraday cage. Tie-down straps between the fixation structures and the devices allow for prevention of unintended, mechanically induced motion of devices into the magnet bore and, thus, ensure safety of the personnel and devices during the experimentation (Figure 1C). Within the magnet room, coat hooks allow dropping of clothing worn during the experiment.

Access to medical oxygen, pressurized (5 bar) oxygen and air, and anesthesia gas exhaust are available from two sides in the magnet room. Oxygen and air are delivered from gas bottles outside the magnet room. Cable canals below the floor of the magnet room prevent from tripping hazards from gas tubes or electrical wires. They run from two filter plates on two sides of the magnet room to a position next to the UHF-MRI system (Figure 1D).

To prevent smell nuisance of personnel and human subjects following pig imaging, air-condition in the magnet room facilitates more rapid air exchange than in a clinical installation (12 times/h instead of 8 times/h in normal MRI environments). The animal's odor nuisance typically is removed within a few hours.

Disinfection of an MRI system for the purpose of zoonosis prevention may impose further constraints regarding disinfection requirement usually implemented in clinical MRI systems. Therefore, consultation with the MRI system's vendor was essential to define a disinfection procedure for zoonosis prevention compatible with the MRI systems hardware: disinfection of the MRI system and scanner room, and used hardware (including RF coils) is performed after animal experiments and before the next human examination using a broad spectrum surface disinfectant [Incidin® Plus 0.5%, Ecolab Inc., St. Paul (MN), USA] which has been proven to be effective against bacterial and fungal pathogens (36). Protective plastic covering is used in all large animal measurements to prevent any body fluids (e.g., blood, urine), excrements, or ruminant substances from getting into direct contact with the surface of the MRI system. Moreover, all hardware is used either in animals or in humans, and consumables for animals and humans are stored in different places.

In experimental imaging, typically strong gradients may be used during extraordinary long scan times of several hours which may introduce acoustic disturbance outside of the UHF-MRI area. Although acoustic emission of the latest technology UHF-MRI systems is largely reduced compared to earlier technology, the space between the Faraday cage and the surrounding building walls has been filled with soundproofing wool. In addition, an oblique aluminum water shield has been positioned above the Faraday cage to prevent water reaching the Faraday cage and magnet in the event of water damage above the UHF-MRI installation. The shield redirects water to the side of the Faraday cage where it is drained by the normal hospital's infrastructure. An electronic hygrometer, which is connected to the hospital's electronic bus system, creates an alarm in the case of water reaching the shield anyway. Personal experience of the main author of this study at different public organizations showed that such events are not completely unlikely.

For work with genetically modified animals the MRI system is also certified as a biosafety level S1 area according to the German gentech law. This is feasible because at biosafety level S1 no risk for human health environment is involved. Only very few genetically modified large animal models exist. Therefore, no previsions were made for providing a specific-pathogen free (SPF) housing and experimentation environment. Such an environment would necessitate additional measures to control the hygiene status of the animals, and to prevent infection of the animals by the environmental air or personnel.



2.2.4. Imaging of special gases

Experimental imaging, e.g., using para-hydrogen induced hyperpolarization (PHIP) for metabolic studies (37–39), may include the need to use explosive gases such as hydrogen near or in the MRI system. The safe use requires the peak concentration of hydrogen to always remain below the lower explosion limit. During planning of the UHF-MRI installation it was verified that the airflow from the 12-fold air-condition and that from the UHF-MRI system go in parallel and, thus, the lower explosion limit is never reached in the experimental setup used (40).

Electrical switches may impose a theoretical risk for ignition of gas. Therefore, it was decided to keep all potentially spark-producing electrical switches below the height of the experiment on the patient table, i.e., even if gas would escape from the experiment, it would not reach sparks produced by switching electrical power. Moreover, the planned experimental setup contained a long acrylic glass tube within the UHF-MRI systems bore (40) such that it would be impossible that hydrogen would get into contact with sparks theoretically produced in case of failure during switching strong gradient fields within the UHF-MRI.



2.2.5. Computer infrastructure

The magnet room is equipped with ethernet network cables and connectors with a 100 Mb/s connection to the whole computer network of the hospital (Schwarz Abschirmtechnik GmbH & Co KG, Hennef/Sieg, Germany). Therefore, dedicated measurement computers or physiologic measurement devices in the magnet room can be operated remotely if necessary, and data can be downloaded via the network. The magnet room is equipped with a custom-built 7 T-compatible dedicated wall-mounted computer screen placed in an electromagnetically shielded housing (c.f., Figure 1C) and connected to the control room via optical cable for the signal transfer (MR Schutztechnik Kabinenbaugesellschaft mbH, Dieburg, Germany). This allows for demonstrating images or physiological signals from the workstations placed in the control room to the researchers or animal care personnel in the magnet room without them having to leave the animal alone.

During animal experiments, different computers may be used in addition to the MRI systems. Although no real-time exchange of information is currently intended, it was considered helpful to synchronize all computers including those from the MRI systems to the network time protocol (ntp) server of Wuerzburg university clinics which is connected to a national Stratum-1 time server. By provision of a unique time base, system times of all computers connected to the ntp-service should be accurate to better than 1 s and in theory might reach the theoretical limit of the ntpv4 protocol of 10 ms or better (41, 42). This is of particular interest when comparing image data with physiologic signals using the UHF-MRI system's physiologic monitoring unit, or the physiologic monitoring device (ADInstruments Ltd, Oxford, UK). The latter is dedicated for animal experiments and provides reliable physiologic signals such as invasive blood pressure, 12-lead electrocardiogram, or peripheral blood oxygen saturation (spO2) using external sensors. Physiologic data can be monitored automatically and by the ntp-synchronization direct assignment of physiologic data to an image is feasible.

For rapid file transfer of large image and raw data sets, 10 GB ethernet connection is available between the technical room of the MRI system, the coil lab, and the offices of users of the large image data sets within the building. Moreover, since the technical room is well ventilated, it also contains two of the workgroup's compute servers (currently dual Xeon E5 2,630, 6 cores / 12 threads ×2, 2.4 GHz, dual Tesla K80 GPU, 128 and 512 GB RAM, 28 TB disk space). For automatic storage of the acquired images, a dedicated picture archiving system (PACS) for research data has been implemented to which MRI images are transferred after the measurements.

The described imaging infrastructure will be an essential part in data generation and postprocessing. Data pipelines have been developed comprising of concepts to search for measured research MRI data in analogy to the CHFC's data warehouse system (43) e.g., for use in machine or deep learning research (44, 45). The mentioned PACS system for experimental and human data is distinct from the normal clinical PACS system. All studies, experimental and human, are stored in a pseudonymized fashion comprising a principal investigator identifier, a study identifier, and a study running number,

Currently, efforts are ongoing to connect it to the virtual research environment currently being installed by the Faculty of Medicine in collaboration with the Charité's virtual research environment. This virtual research environment will provide (46) (i) workflows for radiologic imaging data, (ii) a model for cataloguing data to ease finding data according to FAIR principles (47), (iii) workbenches for modelling, simulating, and analyzing data, (iv) a portal that is open also for external users, (v) interoperability with international data commons like those developed under the European Open Science Cloud (48).

To provide direct access to electric signals from the electronic cabinets of the MRI system to users at the MRI console during an experiment or to the coil laboratory where dedicated measurement equipment is available, coaxial cables with BNC and N-type connectors are routed from the technical room over the Faraday cage to the scanner's operating console and the coil lab with its dedicated measurement devices. This allows for direct display of control and measurement of signals available at the electronic cabinets of the MRI system. Thus, only a very limited number of personnel or researchers need direct access to the technical room of the MRI system.




2.3. Radiofrequency coil concept

The field strength of the MRI system and the radiofrequency coils used for RF transmission and signal reception are the main determinants for optimum image quality. In research, imaging often is pushed to extreme levels of speed or physical sensitivity. Signal loss due to suboptimal RF coils cannot be recovered later. Thus, the availability of optimal RF coils is an existential prerequisite in an imaging research environment (c.f., Equation 1). Therefore, the in-house RF coil lab developed optimal coils for imaging objects across a variety of spatial scales, from submillimeter cardiac organoids, zebra fish, and excised mouse hearts (49), rodents in-vivo, to large animals such as pigs in-vivo (50) and excised pig hearts (51). Concepts for human RF coils have been developed as well (26) but not yet applied to humans.

For human imaging several coils are available, in particular a 1Tx/16Rx cardiac coil (MRI.Tools GmbH, Berlin, Germany) which was provided by the MRI system's vendor during MRI installation. Recently, a new circular cardiac 8Tx/16Rx RF coil has become available following a collaboration between Siemens Healthineers (Erlangen, Germany), Rapid Biomedical GmbH (Rimpar, Germany), and authors of this manuscript (52). This coil is now available commercially. It provides better [image: display math] homogeneity than the single transmit (Tx) channel-coil. In the future it will allow the use of [image: display math] -shimming and parallel transmission (pTx) methodology. The latter two techniques are considered necessary requirements for good cardiac image quality although methodologies need to be developed further (25, 27, 53).

Dedicated RF coils for large animal MRI at 7 T are not available commercially. Since 7 T MRI systems include no body-coil for overall RF transmission, all coils need to be transmit-receive coils. Simple flexible receive coil concepts such as those available for clinical imaging are not available This typically results in suboptimal results at 7 T since the shape of a pig's thorax has a different shape compared to that of a human and, thus, both RF transmission and reception would be particularly inhomogeneous. Moreover, a further anatomical consideration in coil development was physiological positioning of the animal's legs during an MRI scan which turned out to be difficult with human coils. Since key to optimal imaging is an appropriate RF coil with a high filling factor [i.e., surrounding or at least being as near to the heart as possible, c.f. (1)], three dedicated RF coils for large animal MRI were developed in-house for different sizes of animals such that for each animal size between 25 kg and 90 kg an optimal-sized pTx coil with optimal RF transmission and reception is available (Figure 2B,C) (14, 15, 54, 55).
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FIGURE 2
RF coil concept of in-house developed coils for experimental imaging. (A): (1) Coil for cardiac MRI in small animals (tunable to the 1H and 19F Larmor frequency) suitable for mice up to 40 g body weight. This coil is for use with the small animal MRI system. All other coils shown in this figure were developed in-house for use with the whole-body 7 T MRI system: (2) 8Tx/16Rx pTX coil for imaging excised organs from large animals in the whole-body 7 T MRI system (c.f., Figure 5). (3) 8Tx/16Rx array for 7 T cardiac MRI in human subjects. Panel (B) Dedicated 8Tx/16Rx arrays for cardiac MRI in pigs of different weights: (a) 60–90 kg, (b) 40–60 kg, (c) 20–40 kg. The shape of each coil is adapted to the typical shape of a German landrace pig. The three differently sized coils allow for optimal coil filling factor and, thus, SNR. The scanner bore size as well as, to a minor extent, the thickness of the RF coils, limit the scanning of pigs to 90 kg or less. (C) Visualization of the housing of the three coils in (B). The different shape of the thorax of different sized animals is visible. No posterior coil elements were used because their signal contribution for the MRI signal of the heart was typically 5% and, thus, negligible.


For certain biomedical research questions, in-vivo imaging is not necessary, and the outstanding image quality and information obtained in imaging of arrested hearts ex-vivo may lead to further insights. This is because a lack of motion helps increase the temporal efficiency of the scan process and prevents the development of image artifacts from physiologic (cardiac, respiratory, or peristaltic) motion. Moreover, the RF coil elements are in close proximity to the heart and, thus, a high SNR can be obtained. Since we have found that assessment of tissue microstructure by diffusion or diffusion weighted imaging can be successfully performed ex-vivo (49) although effects of fixation may need to be considered if quantitative numbers are desired (56), a dedicated ex-vivo coil for high-resolution high-SNR imaging of explanted pig hearts was developed. The 16 elements of this coil array are located on an elliptical cylinder surface with 12 cm long axis to enable optimal [image: display math] profiles for transmission as well as high SNR and low g-factor for signal receive (51, 57).

Mainly for hygienic reasons, but also because of the strategy to optimize the coil's shape to that of the object under study, coils are exclusively used either for human or for large animal imaging.



2.4. Imaging protocols

Since cardiac MRI was not a standard product on the whole-body MRI system, all pulse sequences and measurement systems needed to be implemented from scratch, based on existing pulse sequence files and protocols available on the MRI system e.g., for neurological imaging. This also included the definition of localization pulse sequences. In consequence, currently not all imaging protocols feasible at clinical MRI systems are available optimized for UHF-MRI in the heart.


2.4.1. Measurements in pigs at the whole-body MRI system


2.4.1.1. In-vivo imaging of pig hearts at 7 T

Large animal measurements are performed in female German Landrace pigs. Since our RF coil concept was designed for bodyweight in the range between 25 and 90 kg, the vendor of the animals (Heinrichs Tierzucht GmbH, Heinsberg, Germany) is advised to select for delivery animals with bodyweight of up to 25 kg. After initial acclimatization for 10 days, the pig undergonesthesia using atropine (0.5 mg/kg), azaperone (8 mg/kg), and ketamine (15–20 mg/kg). Anesthesia is maintained intravenously using propofol (2–10 mg/kg/h) and fentanyl (0.01–0.03 mg/kg/h).

Animals are scanned in the whole-body UHF-MRI system using one of the three mentioned custom-designed 8Tx/16Rx cardiac array coils. An initial study aimed to establish 7 T cardiac MRI in a large animal model of acute and chronic infarction. Therefore, imaging was performed 7 days before induction of myocardial infarction (MI), and at days 3, 14, and 58 after the operation. MI was induced via a 90 min balloon catheter occlusion of the proximal left anterior descending artery with subsequent reperfusion. The entire animal use protocol was approved by the local authorities (Government of lower Franconia, Wuerzburg, Germany).

CINE images (30 cardiac phases) were acquired using the same sequences used in human measurements. Only minor adjustments were needed. A continuous short axis stack of 10–15 slices with TE/TR = 2.92/45 ms, FOV = 340 × 318, bandwidth = 893 Hz/Px, and base resolution = 288, leading to an interpolated in-plane resolution of 0.6 × 0.6 × 6 mm3. In addition, high-resolution CINE acquisition was performed where the baseline resolution was increased to 400, leading to an in-plane spatial resolution of 0.4 × 0.4 × 6 mm3. GRAPPA = 3-acceleration was used for signal reception.

The previously acquired CINE stack in short axis orientation was used for localization of subsequent T2* imaging, first pass perfusion imaging, and LGE imaging before/after cardiac arrest. Slice positioning was performed such that one slice was positioned at the level of infarction:

[image: display math]-measurements were performed using cardiac triggering by an acoustic system (EasyACT, MRI.Tools) (29). Imaging was performed using a 9-echo gradient-recalled echo pulse sequence with TE-times distributed in the range between 1.1 and 14.6 ms. To account for inevitable [image: display math] inhomogeneities and to obtain a relatively homogeneous overall signal intensity over the heart, the flip-angle was increased by 10% compared to the optimal one found for CINE-acquisition. The volume for B0-shimming volume was set to fit the visible heart dimensions on each measured slice (22).

Myocardial perfusion was visualized using the first-pass methodology and low dose (∼0.016 mmol/kg bodyweight) gadolinium DOTA (“Gadovist”, Gd molality 1.0 mmol/l) injection, followed by a saline flush. Gadolinium DOTA is the contrast agent often used at our institution in clinical MRI. Two slices per heartbeat were measured within healthy and infarcted myocardium zones. A LGE stack was acquired for scar imaging using an IR-GRE sequence with TE/TI = 1.9/560 ms.



2.4.1.2. In-vivo imaging of pig hearts at 3 T

For comparison of CINE imaging at 7 T with 3 T, data obtained in another healthy 40 kg pig at a Siemens Magnetom PRISMA 3 T whole-body MRI system (Siemens Healthineers) were used. Here, imaging was performed using a GRE pulse sequence with TE/TR = 1.37 ms/308 ms, 10° flip angle, bandwidth = 610 Hz/Px and GRAPPA = 2 acceleration. In this measurement, a commercial four element small flex coil was used (58). In prior experiments at that MRI system, this coil was found to provide the best image quality among all vendor-provided human coils in 40 kg pigs. This substudy was approved by the State and Institutional Animal Care Committee (Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany) and conducted according to the ARRIVE guidelines.



2.4.1.3. Ex-vivo imaging of pig hearts at 7 T

For optimal visualization of the scar, and for assessment of the influence of physiologic motion on image quality, high-resolution scar imaging (0.4 × 0.5 × 6 mm, 4 averages) was performed at the whole-body MRI system using the previously described LGE pulse sequence after cardiac arrest. For this purpose, cardiac arrest was induced by injection of 150 mg/kg pentobarbital. Subsequently, MRI was first performed in-situ, i.e., under identical conditions like the in-vivo examinations but without physiologic motion.

Second, further imaging in excised hearts was performed to further increase the image quality. For this purpose, fixation of porcine specimen was achieved via immersion in 10% neutral buffered Formalin within 3 h of cardiac arrest. Atria from all hearts were removed to ease the removal of trapped air and fixative distribution, allowing its penetration into the myocardial wall from both sides. In a prior study we have shown that T2 and T2* initially decrease following immersion fixation using formalin, and then increase again for prolonged storage in formalin (56). To provide sufficient time for tissue fixation, MRI scanning is typically performed at least seven days after immersion. Fixed hearts were placed in a plastic container and the sample position was fixed using Fomblin soaked sponges. The container was then slowly filled with Fomblin and excess air removed from the sponges and the heart using a vacuum desiccator. Previously published data suggested that MRI parameters such as T1, [image: display math], FA, and ADC are stable for many hours of cardiac arrest. Starting the fixation process within three hours post cardiac arrest is thus early enough to prevent influences of tissue degradation.

Because of the large body size, ex-vivo imaging in-situ was performed using the largest of the large animal coils described in section 2.3 and shown in Figure 2. Ex-vivo imaging of excised pig hearts was performed using the 16-element ex-vivo coil mentioned at the end of section 2.3. Morphological imaging of excised hearts was performed with TR/TE = 9/3.8 ms, FA = 15°, voxel size = 0.4 × 0.4 × 5 mm3, matrix = 256 × 256. B1-shimming was performed using scanner-side pTX B1-shimming platform based on the acquisition of B1-mapping (59). A turbo spin-echo pulse sequence with 16 signal averages was used for ultra-high-resolution imaging of excised pig hearts using an echo train length of 4, TE/TR = 15/2,000 ms, acquisition matrix of 960 × 810, slice thickness = 1 mm and 0.8 mm with a resulting in-plane voxel size of 0.1 × 0.1 mm2.

Assessment of myocardial microstructure at ultimate resolution was performed using 2D ex-vivo diffusion tensor imagingwith Stejskal-Tanner diffusion encoding to acquire whole heart diffusion tensor images with an isotropic spatial resolution of 0.8 mm. Further parameters for these short-axis acquisitions were: TE/TR = 56/73 ms, raw data matrix = 128 × 104, FOV = 243 × 300 mm, and an GRAPPA acceleration factor of R = 3, 30 diffusion directions (b = 2,000 s/mm2), averages: 50, bw = 1,414 Hz/px. Total acquisition time was 3 h 40 min.

Experimental imaging in explanted hearts included very long scanning with durations on the order of several hours. This may impose stress on the hardware of the MRI system well extending beyond that in clinical situations, and it may also include atypical object and gradient orientations otherwise not used in clinical imaging. Therefore, after consultation with the vendor of the UHF-MRI system, it proved to be essential to verify that no harmonics of mechanical resonances of the gradient system would occur in pulse sequences with extensive use of gradient switching, and with durations much longer than those occurring in typical clinical settings. For this purpose, a dedicated software application was developed. Based on confidential information by the vendor, limitations of gradient strength, slew rate and gradient orientation are checked before a new pulse sequence or measurement protocol are started.




2.4.2. Imaging at the experimental MRI system


2.4.2.1. Mouse hearts

Although not the primary aim of the manuscript, we describe here also some exemplary measurements from small animal translational imaging using the Bruker PharmaScan 7 T experimental MRI system of the described infrastructure. In-vivo imaging of small animals (mice), cardiac cell organoids, and ex-vivo imaging of mouse hearts was performed at room temperature using the proton channel of an inhouse built dual-tuned 1H/23Na Tx/Rx coil (c.f., Figure 2A), or using a liquid-nitrogen cooled vendor-provided 1H mouse heart coil. Cardiac MRI measurements in mice were performed with vendor-provided pulse sequences using prospective triggering by the vendor-provided monitoring system for ECG and breath control (SA Instruments Inc., Stony Brook, NY, USA). Typical animal weight is 30 g. A gradient-recalled echo CINE pulse sequence with the TE/TR = 2/10 ms, matrix size = 132 × 192, reconstructed in-plane pixel resolution = 0.2 × 0.2 × 1 mm3, 4 signal averages, and up to 15 cardiac phases (depending on the animals' heart rate) was used.

Anesthesia in mice was performed using isoflurane vaporizers (Northern Vaporizers LTD, London, United Kingdom). Two identical devices are installed, one in the small animal preparation room and one in the Bruker scanner room. The vaporizers are supplied by oxygen from the building's medical gases supply system using standard wall connectors. The animals are kept under isoflurane anesthesia during the whole preparation stage and MRI measurements. The level of isoflurane varied between 2% and 3% depending on the monitored animal's physiological conditions. The animal's body temperature was monitored by an intrarectal sensor connected to the monitoring and gating system. ECG and breathing rate were monitored continuously using golden-platted disk electrodes and a breathing pad sensor, respectively. All sensors were supplied by the monitoring system's vendor. Warming of animals during the whole scan was performed by the vendor-supplied warming pad connected to the water thermostat.

Ex-vivo diffusion tensor imaging of mouse hearts was done at our institution as a remote imaging project in cooperation with the Charité, Universitätsmedizin Berlin, and the German Centre for Cardiovascular research (DZHK). In Berlin, hearts were excised and fixed (perfusion fixation using formalin) following the in-vivo part of the study protocol. Hearts were then sent to Wuerzburg for high resolution (100 µm isotropic) ex-vivo DTI at the Bruker MRI system. Further details regarding measurement setup and data analysis can be found in respective publications (60–62). The fixation setup is similar to that used for zebrafish imaging and is described in detail in Supplementary section S1.

In another study, high spatial resolution MRI of the aortic arch in an unfixed mouse ex-vivo was performed with a similar diffusion tensor pulse sequence with 80 µm isotropic spatial resolution.



2.4.2.2. Excised pig aorta

To demonstrate the potential of excised-tissue imaging in vascular research, high-resolution imaging and imaging of passive substance diffusion into the vascular wall was performed.

Measurements were performed using a dual channel TX/RX 2.5/3 cm int./ext. diameter, 4 cm length 1H-Cryoprobe. Morphologic imaging of an excised porcine aorta was performed with a high-resolution RARE pulse sequence with TR/TE = 6,000/39 ms and with 30 × 30 × 15 µm3 voxel dimensions. Scan time of this pulse sequence was 60 min.

Oxidative stress is an important feature in many diseases. TEMPOL with its unpaired single electron can be used to measure the presence of reactive oxygen species (ROS) in oxidative stress. TEMPOL is paramagnetic and, thus, well visualized using T1-weighted imaging. Moreover, it acts as an ROS scavenger, and in that process paramagnetism is lost. Thus, monitoring of the TEMPOL MRI signal can be used as a surrogate marker for the presence of ROS and, thus, oxidative stress (63).

To demonstrate this contrast principle, a 10 mm long vascular specimen extracted from a porcine aorta was monitored during immersion in a 30 mM TEMPOL using semidynamic high-resolution (0.12 × 0.16 × 0.3 mm3) T1-weighted RARE imaging (TR/TE = 100/4 ms). To simulate the presence of ROS, after 40 min the vascular specimen was exposed to a 20 mM solution of ascorbic acid. Semidynamic imaging was continued during that exposition as well.



2.4.2.3. Cardiac organoids

Cardiac organoids are of interest to reduce the number of animal experiments [“reduce” of the “3R” concept (64)]. Therefore, a particular interest was to demonstrate MRI of cardiac organoids. The organoids were produced with 2.5 × 106 cells used for seeding by the Institute of Anatomy of Wuerzburg University (details in Supplementary) and transported at physiologic temperature to the Bruker MRI system. Measurements were performed using a dual channel TX/RX 2.5/3 cm int./ext. diameter, 4 cm length 1H-Cryoprobe. Cardiac organoids were kept at physiological temperature and scanned immediately after removal from the cell culture. After removal from the cell culture the organoids stopped spontaneous contraction. Therefore, no triggering of the MRI measurement was needed. Cardiac organoids with a diameter of 0.9–2 mm were scanned in 100 µl CBM buffer in a 1 ml sealed syringe for no longer than 50 min to avoid oxygen and glucose tension and temperature shock.

As an application example, organoids were scanned in the native state and exposed to 15 mmol TEMPOL used as specialized contrast agent for studying oxidative stress. MRI was performed using a TurboSpin-Echo pulse sequence with TR/TE = 323/10 ms, α = 90°. With a raw data matrix of 160 × 140 and field-of-view 7 mm × 7 mm, the pixel-size was 0.2 × 0.2 × 0.3 mm3. More experimental details of TEMPOL imaging are found in Supplementary section S2.



2.4.2.4. Zebrafish

The zebrafish Danio rerio is another important animal model, in particular in cardiovascular genetics. Imaging of zebrafish was performed ex vivo. For this, adult Tüpfel longfin zebrafish (ZDB-GENO-990623-2) were euthanized by immersion in a lethal MS222 solution (>0.3 mg/ml in buffered fish water, Sigma-Aldrich, immersion time at least 15 min). After loss of reflexes, a small incision was made to open the abdomen along the ventral midline between the anal pore and the gills. To ensure complete and uniform fixation, zebrafish were fixed in 4% paraformaldehyde (Sigma-Aldrich) on a rocking shaker for at least 72 h at room temperature. MRI was performed subsequently using an in-house 3D-printed fixation device. Housing and husbandry occurred in the aquatic facilities at the hosting institute in accordance with the guidelines of the German animal welfare law and were approved by the local government of Lower Franconia. The fixation setup is described in detail in Supplementary section S1.




2.4.3. Cardiac MRI in human subjects

Human cardiac MRI measurements were performed using vendor-provided cardiac triggered GRE pulse sequences. Details of the setup and pulse sequences have been described in an earlier manuscript (23). In brief, for triggering of imaging to cardiac motion both the scanner integrated ECG system and a third-party acoustic triggering system ACT (MRI TOOLS, Berlin) were available to obtain optimal ECG-signal. Shaving of the chest hair was performed if necessary, and subsequently Nuprep gel (Weaver and Company, Aurora, Co, USA) was used to improve the electrical contact between the ECG electrodes with the body. If ECG-triggering did not result in an adequately good triggering of the measurements, the acoustic triggering system was used.

Sequence parameters for CINE image acquisition were optimized experimentally to achieve optimal SNR and blood-to-tissue contrast in the myocardium (TR/TE = 59/3.6 ms, image matrix = 288 × 228, FOV = 360 × 360 mm). Parallel receive technology (GRAPPA) was used with an acceleration factor of R = 3. The flip-angle (FA) was varied to adjust optimal blood-tissue contrast with a minimal number of artifacts caused by blood flow.

A commercial 1Tx/16Rx coil (MRI TOOLS) was used in the establishment study (23) and subsequently it was replaced with a prototype 8Tx/16RX coil (65) used in single Tx mode with cohort-specific hardware based [image: display math]-shimming (66). Finally, the product version of the 8TX/16Rx array was tested for cardiac MRI using “pTX compatibility” mode of the Terra scanner (67). Since the UHF-MRI system is not FDA or CE certified, this coil is also not certified for human use. However, a statement according to article 12 of EU Council Directive 93/42/EEC of June 14, 1993, stating electrical safety and compatibility with the MRI system, was available.

All human measurements were performed after approval was obtained by the ethics committee of the Medical Faculty of the University of Wuerzburg (7/17-sc, 3/19-me). Subjects provided written informed consent to participate in the study.




2.5. Organizational concept for dual use imaging

Since a dual use UHF-MRI infrastructure imposes additional challenges and constraints compared to normal clinical MRI installations, we describe here the additional organizational measures which are necessary to ensure a safe research operation.

During pig experimentation, and in experimental imaging of arrested and excised pig hearts, most safety features of the UHF-MRI system were switched-off to allow for use of the full power and technical capabilities of the UHF-MRI system. Only hardware watchdogs remained in effect in these measurements to prevent from damage of the UHF-MRI system's hardware. Particularly, this meant that restrictions for maximum SAR and peripheral nerve stimulation were not effective in pigs. To guarantee the animal's well-being under these conditions, its vital parameters were monitored continuously. Before the next human measurement, all safety systems were reactivated.


2.5.1. Zoonosis prevention

As mentioned before, the concept for prevention of zoonosis from animals to humans comprises of three aspects: (i) prevention from contact with pathogens, (ii) use of different materials for animal and humans, and (iii) temporal splitting of animal and human use such that no human MRI is performed before disinfection after an animal experiment.

The overall concept of our large animal housing is for cardiovascular research. All large animal models are shared within the research groups and drained from the same breeding firm with prior selection to disease free animals. Thus, we assume that animals have the same good health status. Therefore, we assumed the risk for animal-to-animal disease transmission low. Personnel getting into contact with animals wears protective clothing and face masks to reduce the risk of human-to-animal contamination.

Moreover, RF coils, devices, disposables, etc. are either used in animals or humans only. Storage for both is at markedly different places. In addition, measurement time planning respects the key principle that (iii-i) no human subject must be scanned after an animal, (iii-ii) before a detailed disinfection of the MRI system and MRI magnet room was performed by the hospital's cleaning team. The risk of reverse zoonosis, i.e., infection of animals by humans, was considered minimal. Thus, serial scanning of first human subjects and subsequent animal scanning without disinfection in-between is considered acceptable.

In addition, within the magnet room coat hooks (Figure 1C) allow separation between normal clothing and clothing for animal experimentation. Extra disposal receptables were installed for used clothing from animal experiments.

To prevent contamination of the whole-body UHF-MRI system with potentially zoonotic bacteria or viruses, the animals are obtained from a commercial institution specialized in delivery of animals for laboratory use (Heinrichs Tierzucht GmbH, Heinsberg, Germany). Before transporting the animals to Wuerzburg, and a second time after the arrival, animals are tested for Salmonella sp., Yersinia sp., Streptococcus suis, methicillin-resistant Staphylococcus aureus (MRSA), carbapenem-resistant Actinetobacter baumanii, other carbapenem-resistant gram-negative bacteria, enterohemorrhagic Escherichia coli (EHEC), and Trichophyton mentagrophytes. Additionally, the pigs are tested biannually for the most relevant porcine pathogens.

Since part of the animal experiments in this study were performed after authorities became aware of the start of the Covid-19 pandemic (68) and since the vendor of animals was located at a national high incidence region (69–71), animals scanned during that time were also tested for SARS-CoV-2 before and after the transport to our institution, although initial reports inclined that SARS-Cov-2 replicates poorly in pigs (72).

To prevent visual contact of a human and an animal, the experimental setup for animal experimentation, including mechanical ventilator, infusion machines etc., is brought in from the animal waiting area only after the human subject has left the magnet room and after the doors from the human subject area including clothing change rooms are closed. After that, the door of the animal waiting area is opened by a switch from the MRI system's console, and animals and experimental devices may be brought to the MRI system.



2.5.2. Human safety

The strong magnetic field of a UHF-MRI systems extend further and creates stronger magnetic forces if ferromagnetic devices are exposed. Therefore, an organizational concept like that described in the guidelines of the German Ultrahigh field Initiative was implemented (73, 74), including mandatory safety training (with yearly repetitions) of researchers and infrastructure (in particular cleaning) personnel. Moreover, non-medical researchers receives dedicated first-aid training which includes risks and measures related to the UHF-MRI system. The organizational concept also requires a physician to always be informed about an ongoing human scan, during which in-house availability is required in case of an emergency. Cardiac patients are only scanned with an UHF-MRI experienced physician being present at the MRI console.

The UHF-MRI system was the first commercial system of the “Terra” series worldwide. Its vendor of the UHF-MRI system provided an EC declaration according to article 12 of EU Council Directive 93/42/EEC of June 14, 1993, stating electrical safety. Since no FDA or CE certification was and still is available currently for cardiac MRI, and since safety-in cardiac UHF-MRI still is an active area of research (28, 75–77), it was decided after consultation with the IRB that exclusion criteria would be kept strict (23) initially in volunteers. In particular, neither subjects with cardiac stents would be scanned initially, nor subjects with other metallic implants such as dental retainers, hip or knee replacement implants, intrauterine devices, or metal-containing tattoos. With increasing availability of safety data and experience (78), exclusion criteria in the future may converge to those of clinical cardiac MRI in patients.

Regarding patient data safety, subject scanning is performed in a pseudonymized fashion i.e., no real patient names are used. Arbitrary patient names used for registering the subjects at the MRI systems comprise of a study-identifier, principal investigator identifier, and running subject number. After the scan, images are transferred to the research PACS system.



2.5.3. Approval procedures

Local authorities may not be familiar with research using UHF-MRI or imaging research in general. Therefore, approval of large animal MRI at the local authorities was also streamlined after consultation with authorities: To achieve this, a veterinarian specialized in laboratory animal science received all related proposals before submission. An overall check was performed if the proposal considers the important aspects of ethics of animal experiments and 3R (Reduce, Replace, Refine) (4, 79–82).

Approval procedures for UHF-MRI in humans can be challenging because IRBs may not be familiar with MRI systems without clearance from FDA or CE, and with UHF-MRI in general. Therefore, a master IRB application was developed and is made available to all local users of the UHF-MRI system so that this master proposal is always up to date regarding general 7 T topics, in particular patient safety. This streamlines IRB application for collaborators and users of the UHF-MRI system since they can focus on the medical aspects of their intended UHF-MRI study.




2.6. Data analysis

The analysis of images was performed using in-house developed Matlab scripts (Mathworks, Natick, USA) and ImageJ (National Institutes of Health, Bethesda, MD, USA) software.

Metrics of cardiac function were derived from measured CINE data using CMR software Medis Suite™ (Medis, Leiden, Netherlands) without any post processing of the image data.Image segmentation was performed manually.

Post processing of DTI data included denoising of the data using local principal component analysis as well as motion correction to account for geometrical distortions. Motion correction and tensor reconstruction as well as visualization of fiber tracts was achieved using DSI studio (https://dsi-studio.labsolver.org/, build: Nov 15 2018).




3. Results


3.1. General UHF-MRI concept

The overall concept, using a clinical whole-body UHF-MRI system in combination with an experimental 7 T MRI system within a hygienically controlled organizational environment to allow for dual use in pigs and humans proved to be successful. More than 100 human cardiac subjects and more than 70 large animal experiments have been performed to date with the whole-body 7 T MRI system. Details of initial studies are not part of the current manuscript and are described elsewhere (14, 15, 22, 23, 44, 49, 52, 54–56, 60, 61, 83, 84) or will be described in future manuscripts (85–87).



3.2. Organizational concept for dual use imaging

Research and developments for both pig and human scanning was streamlined by the dual use concept so that the same pulse sequences could be used in either case. Also, measurement protocols, i.e software cards defining specific acquisition parameters for a specific pulse sequence, could either be used directly in both human and pig imaging, or only with minor adaptions to adjust field-of-view and slice thickness in smaller animals compared to adult humans.

Part of the dual use concept is animal testing before transportation of the animal to Wuerzburg. Surprisingly, despite the German landrace pig is an often-used species in and food processing industry, normal stockbreeding vendors did not fulfill hygiene requirements needed for zoonosis prevention. Thus, a specialized vendor for laboratory animals was selected which perfectly complied with our requirements although animals need to be transported over a relatively large distance of 400 km (approx. 250 miles).

Because of the pandemic situation, the 14 pigs which were delivered to our institution in 2021, were all additionally tested for SARS-Cov-2 prior to transportation from the vendors housing facility, and 10 days after arrival at our institution. All tests were negative, no case of zoonosis or SARS-CoV-2 infection has been observed.

The organizational concept was implemented successfully without the need to modify anything. Safety training was well received by researchers and support personnel, in particular also by the cleaning personnel. Receiving extra training, which went well beyond the training they usually receive for cleaning of clinical MRI systems, made them feel involved in this infrastructure. Moreover, cleaning on demand after an animal experiment and before the next human measurement in all cases was well organized, typically in early morning hours, such that no human measurements needed to be delayed. Ventilation of the UHF-MRI magnet room turned out to be very effective and no smell nuisance was observed within a few hours and in particular not at the next morning. Moreover, sound protection proved very well, and no auditory sensation was felt in the lecture hall directly above the UHF-MRI installation despite extensive use of strong and rapidly switched gradients.

The animal waiting area was essential to prevent direct visual contact between human subjects and animals. In practice it turned out that with the current workload of large animal interventions, it is not yet needed to clear the large animal operating theater quickly after instrumentation of a pig before an UHF-MRI measurement. Therefore, it was preferred practice to keep the animal there and transport it directly to the UHF-MRI system as soon as the previous human subject has left the magnet. Still, the waiting area proved to be important because the setup for the upcoming large animal experiment and consumables such as needles, ventilation tubes, etc. can be safely prepared and installed there. This reduces the time to the start of the large animal experiment. In the future, however, when the number of large animal experiments will further increase such that the large animal operating theater needs to be cleared quickly, the waiting area can and will be used as planned in the initial concept.



3.3. Cardiac imaging in pigs


3.3.1. In-vivo imaging at 7 T

The MRI protocols adapted from human cardiac UHF-MRI for pigs enabled the longitudinal study of cardiac function at acute, sub-acute, and chronic stages of MI in pigs at 7 T (Figure 3). The flip angle was optimized for high blood tissue contrast and, thus, highly reproducible segmentation of the left ventricle and subsequently high accuracy in the derived ejection fraction was obtained. The signal-to-noise ratio and blood tissue contrast were maintained at a high level throughout the study despite increase in animal weight from 33 to 70 kg (Table 4). This demonstrates the excellent image quality which can be obtained in serial animal studies using size-adapted RF coils.
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FIGURE 3
Imaging in a pig model 90 min after occlusion of the left circumflex artery and subsequent reperfusion. (A) The high-resolution first-pass perfusion image obtained in the early (day 3) acute phase of myocardial infarction in a short-axis view after injection of 0.0167 mmol/kg BW Gd-DOTA demonstrates a large perfusion defect. Extensive perfusion heterogeneity is observed with hypoperfused myocardium (green arrows). Smaller regions (blue arrows) appear with perfusion almost equal to that of remote myocardium (white arrows). Spatial resolution was 0.95 × 1.4 × 6 mm3. (B) T2*-weighted imaging at the same examination demonstrates similar inhomogeneities with hypointensities probably induced by acute bleeding. Spatial resolution: 2.2 × 2.5 × 6 mm3. (C) In the late acute phase, homogenization of T2*-contrast probably demonstrates microstructural changes, e.g., myocardial remodeling. (D) High-resolution imaging of chronic myocardial infarction (day 60 after infarction) using the late gadolinium enhancement (LGE) technique following injection of a total of 0.1 mmol/kg BW Gd-DOTA (spatial resolution 1.0 × 1.2 × 6.0 mm3). (E) LGE imaging in-situ 5 min after cardiac arrest. Without physiological motion, a significantly higher spatial resolution (0.4 × 0.4 × 6.0 mm3) allows for improved visualization of anatomical details. The ex-vivo image is of interest for research questions on structures like scar morphology or tissue microstructure. Alternatively, it may be useful in MRI technology research to demonstrate ground truth of image quality which can be obtained in-vivo under conditions of perfect control of motion. (F) The histologic section at approximately the same slice location demonstrates the correlation between image signal and tissue histology.



TABLE 4 Results from serial imaging in a pig before and after myocardial infarction.
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Figure 3B shows that when compared with 3 T, 7 T delivers not only higher spatial resolution, but also better image quality with regard to overall sharpness of the image detail such as interfaces between the LV and myocardial tissue or papillary muscle. Although this is not a direct one-to-one comparison in a single animal, this data demonstrates the improved image quality at 7 T, which is not only a consequence of the higher field strength but also of the better RF coils available at 7 T.

The results shown in Figure 4 demonstrate imaging in a pig model of acute myocardial infarction. High-resolution first-pass perfusion imaging demonstrated a perfusion defect with markedly inhomogeneous perfusion during the wash-in phase of the contrast agent (c.f., Figure 4A). T2*-weighted MRI in early (c.f., Figure 4B) and late (c.f., Figure 4C) acute phase of myocardial infarction demonstrates regions with extensive signal hypointensities, which change from the acute to the late-acute phase. These regions mark regions of delayed or impaired perfusion. Regions with negative [image: display math]-contrast mostly correlate with scar regions highlighted by LGE (Figure 4D). However, when compared with areas of positive LGE-contrast the area of [image: display math]-reduction was smaller. An interesting and probably essential observation is the substantial correlation of both, localization and size of the [image: display math]-contrasted regions with the regions of perfusion deficit detected by the DCE-MRI.
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FIGURE 4
Serial imaging in a pig using the coil concept of Figure 2. Up to 60 days post-infarction. Images were scaled to show the approximately identical size of the heart despite the obvious growth that can be determined from the mass determination given for each measurement. (A) High image quality can be obtained throughout the whole series of measurements. Please also note the improved visualization of the left anterior descending (LAD) coronary artery (red arrows) at 7 T. Representative short axis cine image acquired with moderate (B) and high (C) resolution, and a measurement obtained in another 40 kg pig at 3 T using a commercial four channel flexible coil. (D). At 7 T, and with the concept of size- and shape adapted RF-coils, a marked improvement of spatial resolution and image detail is observed when compared to 3 T. For this measurement in another animal, a prior test identified the best-fitting coil which gave the best image quality at 3 T. This was the commercial flexible four-channel coil used for this measurement.




3.3.2. Ex-vivo imaging of pig hearts in-situ

Figure 4E shows an LGE-image with the arrested heart in-situ. Absence of motion allows for a markedly improved image quality and excellent scar delineation. It is obvious that the regions of abnormal signal intensities in first-pass perfusion, T2*, and LGE images spatially correlate within practical limits of slice colocalization with the scar in the histologic section after TTC-staining (Figure 4F).



3.3.3. Ex-vivo imaging of excised pig hearts

The coil developed for ex-vivo imaging of large animal hearts (Figure 5A) enabled proper [image: display math] shimming, leading to increased excitation homogeneity compared to a commercial head coil (1Tx/32Rx Nova Medical), while also on the whole avoiding [image: display math] -related signal interferences. In addition, the close arrangement of coil elements resulted in low g-factors in the parallel receive technology (gR2 = 1.02, gR3 = 1.06, gR4 = 1.10, gR6 = 1.21) and therefore, improvements in parallel imaging (GRAPPA) acceleration. In comparison, average SNR was improved by ∼75% and more throughout the heart. These improvements enabled high-resolution, high fidelity, ex-vivo scans (Figure 5). Susceptibility-weighted imaging (Figure 5B) denotes distinct single vessel signatures within the right- and left-ventricular myocardium. Moreover, a distinct transmural contrast is observed in the susceptibility-weighted image. In the excised pig heart in late-acute phase after myocardial infarction, extremely high spatial resolution was obtained. The complex structure of the myocardial scar is well visualized (Figures 5C,D). Diffusion-tensor imaging (Figure 5E) in a normal pig heart delivers distinct information on the myofiber orientation. Moreover, the well-known variation of the helix angle within the transmural direction can be well visualized.
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FIGURE 5
High-resolution ex-vivo imaging of excised pig hearts using an (A) in-house built 16 element transmit/receive coil. This coil provides an optimal coil filling factor allowing for highest resolution imaging and image quality e.g., in (B) high-resolution (0.15 × 0.15 × 0.5 mm3) susceptibility weighted imaging in a mid-ventricular short-axis view. Distinct signal intensity variations in the healthy pig heart are depicted in the endo- and epicardial left-ventricular myocardium, and in the right ventricle. The source of this image contrast is not clear at this stage but may be a consequence of transmural variation of the myofiber helix angle, and thus, orientationally variable susceptibility effects in otherwise normal myocardial tissue. Dark dot-like structures denote blood vessels. (C,D) Anatomical imaging of late-acute myocardial infarction with 0.1 × 0.1 × 0.8 mm3 spatial resolution. The dotted rectangle denotes the approximate position of the magnified portion of the image in (C). A B1-related signal void is seen in the top left portion of subfigure (C). Acquisition time for 12 slices was 40 min. Scar tissue structure is well visualized on an almost histologic level. Subfigure (D) is an enlarged visualization approximately in the yellow-marked region of (C), but at another slice position. High-resolution visualization of infarcted tissue is observed. (E) Diffusion tensor imaging-based tracking of myocardial fibers in a healthy pig heart with 0.8 × 0.8 × 0.8 mm3 spatial resolution (b = 2,000 sec/mm2, scan time 3h:40 min). The visualization shows 25,000 reconstructed fiber bundle tracks. Color-coding corresponds to main eigenvector orientation of the diffusion tensor. Color-coding corresponds to the main eigenvector orientation of the diffusion tensor. The directions are indicated with the small crosshair in the bottom right of the image.




3.3.4. Experimental imaging for translational research


3.3.4.1. Imaging of mouse hearts and aorta

A variety of experimental techniques were also developed at the Bruker small-bore MRI system (Figure 6). As a consequence of the equal field strength of both MRI systems, techniques deliver similar results independent from the MRI system used. E.g., DTI was also feasible in mouse heart, even under remote conditions, i.e., after sacrificing the animals and fixing their hearts. These sacrificed hearts were shipped to our site and scanned successfully. Precise data on myofiber orientation can be obtained which help in the understanding of changes of microstructural orientation in disease or after intervention (Figure 6A). DTI in a mouse aorta also shows the intimal vascular smooth muscle fiber orientation (Figure 6B).
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FIGURE 6
Experimental imaging in excised mouse hearts using a liquid nitrogen-cooled RF coil. (A) Diffusion tensor imaging-based tracking of myocardial myofibers with 100 µm3 isotropic spatial resolution allows for a visualization of the change of the transmural change of fiber orientation and high precision quantification of the myofiber helix angle. In an isoproterenol myocardial damage model, distinct change of myofiber orientation as represented by the helix angle in subendocardial regions was observed at different positions in the mouse heart (grey bars: control group. Red bars; isoproterenterol model). Reprinted under CC-BY license from (61). (B) DTI-based fiber-tracking in mouse aorta with 80 µm3 isotropic spatial resolution allows for visualization of the orientation of intimal vascular smooth muscle cells. (C) T2-weighted imaging of an excised porcine aorta with 0.3 mm slice thickness allows for an almost histologic visualization of vascular anatomy. (D) Dynamic MRI in the excised aorta following exposition to 30 mM TEMPOL as an T1-modifying contrast agent. The TEMPOL-induced change of the T1 relaxation times from outside and inside the vessel allows for the study of its kinetics over time. As a proof of principle, the aorta was exposed to 20 mM ascorbic acid (ASA) after 40 min. ASA also diffuses into the vascular wall with a similar time constant. As it reduces the free electron of TEMPOL, T1-contrast vanishes completely at 50 min. This type of measurement may allow for imaging of vascular or myocardial oxidative stress. (E) MRI of a 2 mm long cardiac organoid. MRI at 20 × 20 × 70 µm3 spatial resolution with the organoid exposed to buffer solution. The dark spot in the right image denotes an air bubble which also induces a slight susceptibility artefact. (F) Dynamic imaging of TEMPOL kinetics in the organoid of Fig. (E) after exposure of the organoid to TEMPOL dissolved within buffer. The red and the blue curves denote the temporal evolution of the MRI signal in two different regions, while the orange curve is a reference region in buffer. Please note that the buffer signal is higher than that the organoid because—other than in Figure 6E—buffer contained T1-shortening TEMPOL.




3.3.4.2. Excised pig aorta

An almost histologic image resolution and visualization of distinct vascular structures was obtained within a scan time of 60 min (Figure 6C). The contrast mechanism of oxidative stress imaging using TEMPOL/ascorbic acid was well visualized. Since the vascular specimen was exposed to TEMPOL from both sides, it diffuses into the vascular wall is well visualized by T1-weighted imaging (Figure 6D). After 30 min, TEMPOL is also well visible in the tunica media. Subsequent exposition after 40 min to ascorbic acid results in a diffusion of that substance into the vascular wall as well, and TEMPOL is converted to diamagnetic hydroxyalamine. In consequence, T1 contrast vanishes (Figure 6D), indicating the presence of oxidative stress if the ascorbic acid model is considered as a surrogate to the presence of ROS.



3.3.4.3. Cardiac organoids

Despite their small size of two millimeters, high-resolution MRI of cardiac organoids was feasible (Figure 6E). No mechanical contraction of the organoid was observed. As a test of imaging of passive substance diffusion into the organoid, semi-dynamic imaging during exposition of the organoid to TEMPOL was performed. TEMPOL diffusion into the organoid with a temporal resolution of 7 s was well feasible with the expected different kinetics at different distances to the surface of the organoid (Figure 6F).





3.4. Cardiac imaging in humans

Cardiac imaging in humans routinely delivers diagnostic image quality even with the commercially available 1Tx/16Rx RF coil without pTx (Figure 7 and Supplementary Video S3). Currently, measurement protocols for pulse sequence localization, shimming, as well as cardiac function measurement using myocardial CINE imaging and phase contrast flow measurements in the ascending aorta are established. On a larger data basis, the results in 84 examinations demonstrated good image quality with nondiagnostic image quality in only 3.4% of left-ventricular segments in 50 subsequent volunteers (23). Functional assessment for stroke volume agreed well between CINE and phase-contrast flow measurement (Figure 7C). Finally, Figures 7D–F demonstrates that the new commercial 8Tx/16Rx cardiac array can be efficiently applied in pTX compatibility mode to acquire cardiac images with better diagnostic quality.


[image: Figure 7]
FIGURE 7
UHF-MRI in humans. (A) Short axis CINE imaging in a healthy volunteer shows signal inhomogeneities because of B0 and B1 inhomogeneities typical for human imaging at 7 T, but imaging of the left-ventricular outflow (B) tract nicely visualized the aortic valve (red arrow) and the left main coronary artery (yellow arrow). (C) Comparison of stroke volume as obtained from functional CINE imaging with phase-contrast flow measurement in the ascending aorta demonstrates excellent agreement and, thus, reliability of UHF-MRI-based quantitative analysis of this type of measurement. For these measurements in subfigures (A–C), the vendor-supplied 1Tx/16RX cardiac coil was used. Using a new 8 Tx/16Rx MRI coil (D) allows for better image quality in a patient (E) which was scanned during a routine check-up where ECG abnormalities were detected. In combination with subsequent clinical imaging [e.g., (B)], prior ischemic myocardial damage was diagnosed. Although the 3 T scan in this patient (F) is not of particularly good image quality, this image comparison demonstrates the potential of the image quality inherent in UHF-MRI. The black dot in the 7 T-image (red arrow) is an artifact from image reconstruction resulting from phase singularities of the “adaptive combine” coil combination technique.




3.5. Translational cardiovascular imaging across scales

To demonstrate the potential of cardiovascular imaging at 7 T using the described infrastructure, Figure 8 demonstrates imaging of from 2 mm-sized cardiac organoids, zebrafish ex-vivo (c.f., Supplementary video S1), mouse heart in-vivo (c.f., Supplementary video S2), pig heart, and human heart (Supplementary video S3).


[image: Figure 8]
FIGURE 8
Summary of translational imaging concept. The described research infrastructure allows imaging for the full spectrum of samples relevant for modern translational research, from (A) cardiac organoid (30 × 30 × 300 µm3) with yellow marked regions of interest for subsequent data analysis in the central and peripheral region of the organoid, (B) Arrested zebrafish heart ex-vivo (25 × 25 × 50 µm3, c.f. Supplementary video S1), (C) CINE MRI in a mouse heart in-vivo (0.2 × 0.2 × 1.0 mm3, c.f. Supplementary video S2), (D) pig heart in-vivo (0.4 × 0.4 × 6 mm3), and (E) human heart in-vivo (0.6 × 0.6 × 6.0 mm3, c.f. Supplemental video S3). All imaging sections were positioned in a mid-ventricular short-axis view.





4. Discussion

We present here a research infrastructure concept for dual use of whole-body MRI systems in both, humans and pigs. We provide evidence that UHF-MRI can be used successfully in translational research in a variety of species of relevance in cardiovascular research: from millimeter-size cardiac organoids and zebrafish organs, to mice, pigs, and humans. Although UHF-MRI is not widely available yet, CINE and phase-contrast flow imaging provide image quality sufficient for functional assessment of the LV in humans. Moreover, if combined with dedicated size- and shape-adapted RF coils, UHF-MRI provides excellent image quality in serial imaging of porcine infarction in-vivo and in arrested or excised hearts. High-resolution pilot data from imaging in pigs have been presented, in particular from techniques well known in cardiac imaging such as first-pass perfusion and delayed enhancement MRI, susceptibility (T2*) weighted and diffusion tensor imaging. Moreover, proof-of-principle of ROS-like image contrast based on stable radicals such as TEMPOL has been presented.


4.1. General UHF-MRI and dual use concept

This appears to be the first report of a translational infrastructure dedicated for using UHF-MRI to obtain precision imaging in pigs. The results are promising, demonstrating that serial studies with animals, growing from small body size to almost adult size, can be performed with excellent image quality. We hypothesize that the better image quality and the higher spatial resolution in UHF-MRI may support high-precision functional assessment in pig models of cardiovascular disease. The higher precision may help in more detailed understanding of cardiovascular function, microstructure, and metabolism down to the cellular level. Moreover, the higher precision also may have an important aspect with regard to the 3R principle of animal welfare (64) in that statistical confidence may be obtained in smaller numbers of animals.

Our observed absence of Sars-Cov-2 infection in any of the pigs delivered during times of the first peak of the national pandemic situation, is promising from an animal experimentation point of view. However, it must be kept in mind that the vendor of the animals in our study was a vendor specialized in providing of laboratory animals and, thus, the risk of infection of an animal at the vendors' facility may be considered relatively low. However, our finding agrees with that of a recent review, which concludes that pigs are considered a low-risk species for Sars-Cov-2 spillover from pigs to man in xenotransplantation, but that monitoring of the risk appears essential because of continuous mutations of the virus (88).



4.2. Cardiac UHF-MRI in pigs

Large animal imaging is significantly more demanding than small animal or human imaging because of the complex interdisciplinary expertise needed for MRI-compatible instrumentation and experimentation (e.g., the use of non-metallic devices and implants), animal anesthesia, control of the animals physiology and pain medication during the MRI scan, and MRI expertise to perform the actual measurement with particular expertise and licensing for working with animals (79).

Animal experiments have an important role in animal research (89), although the role of imaging of animals in biomedical research (90) is not yet widely known in basic research despite the fact that it allows an important contribution in the context of the 3R-concept for animal experiments (82), namely to refine the data obtained from a single animal because with modern scientific and diagnostic imaging methods a deep understanding of tissue morphology, microstructure, function and metabolism can often be achieved in the individual animal. Moreover, compared to conventional experimentation in basic research, which often includes histological analysis, serial imaging of an animal (c.f., Figure 4) over an extended period of time is feasible and, thus, a reduced number of animals is needed. It goes without saying that MRI and histology often provide different information which may necessitate other study concepts if in-vivo imaging is used.

Pig models are an important part of both translational and imaging research., e.g., to assess post-infarction inflammation using fluorine-19 MRI (91), to understand functional and microstructural changes (92) or myocardial strain (93) following acute myocardial infarction, to understand pulmonary vasomotor control and ROS in exercising swine with multiple comorbidities (94), in resuscitation research (12, 95), to better understand imaging contrast such as the influence of myocardial blood flow on T2 (96), to develop medical devices, and as basis for computational modelling of the heart (7, 97–100).

Although the immune system and genetic code are more complex in large compared to small animals, a variety of large animal models exist for cardiac and cardiovascular research (101), e.g., for myocardial infarction (102, 103), and heart failure (104–106). Finally, the development and understanding of imaging methodology and technology is supported by the availability of large animal models for the above-mentioned reasons (9, 107), and because from a technical point of view, usually the same MRI systems and imaging techniques can be used in humans and large animals.

An interesting and probably essential observation in our study was the substantial correlation of both, localization and size of the [image: display math]-contrasted regions with the regions of impaired myocardial perfusion as detected by DCE-MRI during days 3 and 60 after myocardial infarction. To the best of our knowledge, observations relating microcirculatory heterogeneity, bleeding during acute infarction and/or remodeling as monitored by [image: display math] contrast have not been reported so far and need to be investigated systematically in a larger study in the future. Moon and coworkers have already made some attempts towards that direction using ex-vivo imaging, but their study was limited to the early phase (2–4 h) of myocardial infarction (108).



4.3. Experimental UHF-MRI in pig hearts

MRI of arrested or excised pig hearts is less established in the research community (109) but is an excellent instrument to understand the underlying concepts of image contrast, e.g., in diffusion tensor imaging of the heart (98, 106) or blood vessels (110). It offers better access to the organ and measurements free of motion effects (49), although potential variations of quantitative tissue parameters may need consideration (56). Our study focused on ex-vivo models of pig hearts. The imaging methodology is not limited to pig hearts, however, and concepts may well be used in other well established ex-vivo canine (111), sheep (112), dog (113), or even human hearts (114).

Imaging ex-vivo but in-situ, i.e., with the heart still at its anatomic position, provided images free from motion-induced artifacts (Figure 3E). Under these conditions, is not limited by restricted breathholds and, thus, provides ground-truth data to better understand in-vivo imaging and image artifacts related to it. It is interesting to note that depending on the perfusate (e.g., high potassium or lithium perfusate), the heart can be fixed in slack or contracted state, respectively (98).

7 T MRI of excised pig hearts provided very high spatial resolution, lack of motion-induced artifacts and promising image contrast, both in susceptibility-weighted and in morphological imaging of infarcted myocardium (c.f, Figure 5). The clarification of the exact contrast mechanisms in both cases is beyond the scope of the current study and needs to be studied in further work. Image contrast in susceptibility-weighted imaging of healthy hearts may be a consequence of transmural variation of the myofiber helix angle or variations of T2* following tissue fixation (56). Due to immersion fixation, endocardial and epicardial tissue is exposed to the fixation process first, and thus that the degree of fixation and the amount of formalin present in these areas may vary although immersion was performed for at least seven days. Beating pig heart models are important for research on aspects where better access to the heart and direct control of its physiology are relevant factors, e.g., to better understand 4D flow patterns (115) or cardiac metabolism (98, 109, 115, 116). Here, the large bore and the excellent image quality obtainable at a whole-body UHF-MRI system may be highly advantageous to obtain even better physiological data.



4.4. UHF-MRI in humans

We present cardiac UHF-MRI data in humans. As expected, image quality is highly dependent of the coil used (c.f. Figure 7). Using a new 8 Tx/16Rx channel cardiac coil with centric symmetry, which now is available commercially, resulted in excellent image quality although even with a simpler 1Tx/16 Rx cardiac coil diagnostic image qualtiy was achieved (23). Thus, functional assessment using UHF-MRI at 7 T can be considered ready for patient use although large clinical studies are still missing. Further optimization of RF coils for clinical usage using dedicated customer B1-vectors may lead to further improvement of image quality in specific patient cohorts.

Although the potential of cardiac UHF-MRI at 7 T in humans has been demonstrated more than a decade ago (20, 117, 118), cardiac UHF-MRI still is not widely used in both research and clinical assessment of patients. Technical and methodological challenges still make the exam demanding and thus, it may be difficult to provide consistent image quality in all subjects across the whole heart. Moreover, safety procedures are not widely established, and no globally applicable guidelines exist. Alternatively, such as the MRI system used here a new generation of UHF-MRI systems has become available which are more suited to the high demands of a cardiovascular examination, and which also provide better image quality (23, 49, 119) although both vendors currently do not provide FDA or CE clearance for routine cardiac patient use. For human use, only MRI systems with a field strength of 3 T and less have been approved for cardiac applications by the FDA or the European Commission (CE). It can be hypothesized that cardiac UHF-MRI will be used more widely as soon as researchers and system vendors have provided consistent methodology regarding safety, whole heart image quality and contrast. Further key developments will be optimal RF coils, more stable techniques for synchronization of image acquisition with the heartbeat, and the full availability of the wide variety of MRI exams available at lower field strengths, in particular late-gadolinium enhancement and semiquantitative or quantitative perfusion imaging, or microstructural imaging based on the diffusion tensor or susceptibility weighting.

Recently, a new 5 T prototype whole-body MRI system equipped with a strong rapidly switching gradient system (120 mT/m, 200 mT/m/ms peak gradient strength and slew rate, respectively), 8 Tx volume coil and 24 + 48 channel Rx coil, and five 2nd and 3rd order shim coils has been presented. Initial results were promising in that CINE imaging in 17 healthy volunteers proved to be as good or better than 3 T (120). More data are needed to decide if 5 T is a better option than 7 T for clinical or translational research based imaging.

Although clinically not widely used, assessment of cardiac metabolism or ion hemostasis based on MR spectroscopy using 31P (121–123) or imaging of 23Na (124, 125), respectively, profit significantly from the high field strength and may make these applications better accessible to clinical research or patient diagnostics. It may be easier to implement those techniques at 7 T than normal clinical imaging because of the lower Larmor frequency of those heteronuclei.

The increase of SNR in clinical UHF-MRI when compared to normal clinical field strength may appear somewhat limited in terms of the underlying physics (approximately by a factor of 2 … 4) and may sound marginal and far from orders of magnitudes improvement. Even if the SNR improvement would only be a factor of two, this would mean that, e.g., the in-plane spatial resolution might be reduced (i.e., improved) to 71% of that at 3 T without losing SNR. Figure 4 demonstrates that this significantly improves the delineation of small structures such as the coronary arteries. The higher spatial resolution and higher SNR with subsequently more stable quantitative assessment of tissue parameters may have the potential to provide high-precision functional and structural assessment of patients. This precision imaging approach may become important in early diagnosis making to prevent severe stages of disease, e.g., in heart failure. Moreover, precision imaging may allow earlier assessment of therapy response because of the higher sensitivity to treatment-induced changes of cardiac function and structure. Thus, this kind of precision imaging may become an important monitoring and decision-making tool in personalized medicine approaches (126), such as cardiovascular pharmacotherapy (127), including assessment of sex related differences (128), or treatment of cardiomyopathies (129–131).

It may be speculated that cardiac MRI applications which currently are not part of the clinical repertoire, may cross a barrier because in the future, these applications may make a significant clinical impact considering the higher spatial resolution available at 7 T, e.g., coronary angiography (21), phase-contrast MRI of intracoronary blood flow (132), or MRI-based assessment of coronary flow reserve. Other applications may benefit from the higher SNR directly, e.g., quantitative myocardial perfusion MRI (133–136), diffusion tensor imaging (137–139), magnetic resonance spectroscopy (140) or MRI (141) of dilated cardiomyopathy or hypertrophic cardiomyopathy (142, 143), or cardiac amyloidosis (144). However, it cannot be excluded that new contrast mechanisms or physiological mechanisms will be detected in the future. Similar experience has been made with the detection of physiological noise in the early days of 3 T MRI in the brain (145).

Imaging of magnetic susceptibility may gain more interest also in cardiac UHF-MRI because its inherently high sensitivity to tissue induced variations of the magnetic susceptibility, although it can be challenging to discriminate tissue-based variations of the magnetic susceptibility from signal variations induced by macroscopic inhomogeneities of B0 in regions with interfaces between tissues with different magnetic susceptibilities e.g., in the posterior heart with its nearby heart/lung interface (20). Susceptibility-weighted imaging depends on variations of the microscopic distribution of magnetic susceptibilities, e.g., if myofibers are arranged different in disease such as HCM (143). It may be of interest to discriminate between cardiac amyloidosis and HCM (146), to assess iron overload, myocardial oxygenation (59, 120, 147), or to discriminate between bleeding and remodeling after infarction (148) (c.f., Figure 3), although the discrimination between confounding and pathology-relevant factors may be difficult.



4.5. Translational concept—from mouse to man

With the described infrastructure concept, cardiac imaging was feasible across a large spectrum of objects and species important for translational cardiac research (c.f., Figure 8). Although the full capacity of this wide spectrum of applications has not yet been used, it has become clear that two parts of our concept are helpful to streamline our research: (i) the same field strength of the MRI systems, which often allows to transfer MRI findings (e.g., measurement parameters, tissue parameters like relaxation times or contrast agent relativities). (ii) The dual use concept for imaging of both, pigs and humans. The simple transfer and exchange of measurement techniques developed for one species to the other significantly reduced the amount of imaging research needed, and competences of researchers are found easier than if another MRI system would be available for the measurements. Moreover, since animals often are smaller than humans, in particular early after their delivery to our institution, 7 T-related issues such as dielectric resonances often are less pronounced compared to the adult human situation. This reduces the complexity of cardiac UHF-MRI in some conditions. Moreover, in the current situation with not yet completely established safety and SAR-reduction procedures, pig imaging is a serious competitor to human studies in pathophysiological studies. Moreover, imaging of arrested or excised hearts, and imaging of cardiac tissue samples, allows for spatial resolution, microstructural and functional information to be obtained with a quality not feasible currently under in-vivo conditions.

Key to these imaging technologies are optimized RF coils, adequate organizational concepts in particular with regard to dual use of clinical MRI systems in human and animal work, and well-trained personnel.



4.6. Limitations of the study

This study is a description of important components of a scientific infrastructure dedicated to translational cardiovascular research. We demonstrate the feasibility of mainly large animal imaging at UHF-MRI, since to our knowledge no systematic literature on that exists. Moreover, we demonstrate pilot measurements both in large animals and measurements for translational cardiovascular research becoming feasible in such an infrastructure. The thorough analysis of the animal models, and analysis and interpretation of the data obtained from MRI and in animals, however, are beyond the scope of this manuscript and will be presented later (85).

A major limitation of this study cardiac UHF-MRI is certainly that cardiac 7 T MRI still is in development and large patient studies demonstrating clinical feasibility are still missing. However, we think that the technique is already useful, in particular in the translational research arena where large animal imaging is needed. Here, the higher field strength already now is advantageous compared to clinical 1.5 T and 3 T MRI, or recent 5 T scanners (149).




5. Conclusion

In conclusion, translational UHF-MRI is feasible and large animal experiments can be conducted with excellent data quality. Using an UHF-MRI system in both large animal and human imaging reduces costs because similar techniques and the same personnel can be used in both. Moreover, because of the shared application, quicker development of UHF-MRI technologies and their applications in humans is feasible. UHF-MRI may provide data for translational research relevant for a wide range of cardiovascular research questions. Wider patient use for clinical cardiac decision making is on the horizon, given currently available UHF-MRI systems.
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Introduction: Right ventricular (RV) function is a major determinant of outcome in patients with precapillary pulmonary hypertension (PH). We studied the effect of ranolazine on RV function over 6 months using multi-modality imaging and biochemical markers in patients with precapillary PH (groups I, III, and IV) and RV dysfunction [CMR imaging ejection fraction (EF) < 45%] in a longitudinal, randomized, double-blinded, placebo-controlled, multicenter study of ranolazine treatment.



Methods: Enrolled patients were assessed using cardiac magnetic resonance (CMR) imaging, 11C-acetate and 18-F-FDG positron emission tomography (PET), and plasma metabolomic profiling, at baseline and at the end of treatment.



Results: Twenty-two patients were enrolled, and 15 patients completed all follow-up studies with 9 in the ranolazine arm and 6 in the placebo arm. RVEF and RV/Left ventricle (LV) mean glucose uptake were significantly improved after 6 months of treatment in the ranolazine arm. Metabolomic changes in aromatic amino acid metabolism, redox homeostasis, and bile acid metabolism were observed after ranolazine treatment, and several changes significantly correlated with changes in PET and CMR-derived fluid dynamic measurements.



Discussion: Ranolazine may improve RV function by altering RV metabolism in patients with precapillary PH. Larger studies are needed to confirm the beneficial effects of ranolazine.
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pulmonary hypertension, cardiac magnetic resonance imaging, 4D flow MRI, metabolism, positron emission tomography





Introduction

Right ventricular (RV) function is a major determinant for the outcome in patients with pulmonary arterial hypertension (PAH). In the setting of increased afterload, the RV may initially compensate by hypertrophy to maintain cardiac output; as disease progresses, the RV decompensates and undergoes dilatation, which eventually lead to RV failure and death. Many neurohormonal changes occur in the process, but little is known about the connection between hemodynamic changes and molecular signaling pathways. Particularly, the irreversible molecular changes associated with chronic excess afterload. Current therapeutic interventions in PAH are focused on the pulmonary vasculature; yet, survival is significantly associated with RV function at presentation and its response to therapy (1). Therefore, the understanding of cellular and molecular signals responsible for RV decompensation is of particular interest.

The clinical assessment of the RV is currently based on volumetric measurements from CMR (such as RVEF, RV mass, etc.), and emerging new imaging techniques provide insights into additional pathophysiology, such as fluid dynamics and metabolism. Three-directional velocity-encoded phase contrast MRI (here termed 4D flow MRI) is a non-invasive technique that provides quantitative measurements of the whole heart velocity field over time. Using 4D flow MRI, we previously demonstrated that, compared to healthy adults, PAH patients not only had RVs that generated lower kinetic energy during systole, but also had significantly higher energy loss in the form of viscous dissipation in the pulmonary arteries (2). Positron emission tomography (PET) using 2-deoxy-2-[18F] fluoro-D-glucose (FDG) is applied to measure glucose uptake as an indicator of glucose metabolism in the right heart and pulmonary vasculature (3). In a prospective clinical study, RV FDG uptake correlated with RV fractional area changes measured by echocardiography in PAH patients in one-year follow-up period (4).

Ranolazine is a second-line agent in the management of stable angina without negative chronotropic, dromotropic, or inotropic activity at rest or exercise. Its full mechanism of action as an anti-anginal agent is not completely understood. It inhibits the late phase inward sodium current (INa) in cardiomyocytes (the specific subunit is almost exclusively expressed in the myocardium), decreasing intracellular calcium, and subsequently improving coronary blood flow (5). Additionally, ranolazine may improve myocardial ischemia by altering cellular metabolism. It has been suggested that ranolazine may partially inhibit fatty acid oxidation and activates pyruvate dehydrogenase, thereby shifting the balance to glucose oxidation, consuming less oxygen (6–8). Ranolazine is not approved for clinical use in patients with PAH, but open-label studies have shown its safety and potential efficacy in symptomatic and functional improvement at 3 months (9, 10). We recently showed significant improvement in RVEF in PAH patients treated with ranolazine for 6 months (11).

In this report, we describe the effects of ranolazine treatment over 6 months on (1) the RV and PA fluid dynamic profile, (2) ventricular glucose uptake and oxygen consumption, and (3) metabolomic profile measured in peripheral blood, in patients with precapillary PH.



Materials and methods

We enrolled patients with precapillary PH and stable background therapy with persistent RV dysfunction [CMR imaging ejection fraction (EF) of <45%], in a longitudinal, randomized, double-blinded, placebo controlled, multicenter study of ranolazine treatment from 2014 to 2017. Detailed study design, inclusion/exclusion criteria, patient demographics, and data acquisition were previously published (12).


Fluid dynamic analysis

RV kinetic work density and PA energy loss were introduced in our prior work (2). In brief, RV work density is established as the minimum amount of kinetic work required per stroke volume (SV) in a single cardiac cycle, and PA energy loss (Eloss_PA) measures the irreversible loss of mechanical energy in the PA in the form of viscous dissipation. The percentage of energy loss in the total KE output can thus be calculated by the ratio of totally dissipated energy and total KE output: Eloss_PA/KEout.



PET data acquisition and analysis

PET was used to quantify regional myocardial blood flow (MBF) and oxygen consumption at rest using 11C-acetate and, myocardial glucose uptake, using 18F-FDG. Imaging was performed using a whole-body PET-CT scanner (Gemini TF or Gemini TF BigBore [Philips Medical Systems, Netherlands] or Siemens mCT [Siemens Healthineers, Germany]). Each subject in the study fasted overnight for at least 12 h and abstained from coffee, tea, and tobacco for at least 12 h.

Myocardial oxidative metabolism and blood flow were measured with 11C-acetate (20–25 mCi), given as an intravenous bolus with a simultaneous start of a 30-min dynamic acquisition of PET list mode images. The rate of 11C-acetate uptake (K1) was measured using FlowQuant software (Ottawa Heart Institute, Canada) and absolute quantification of regional MBF (in ml/min/g) was performed using the dynamic data acquired between 0 and 5 min following 11C-acetate injection according to the method of van den Hoff et al. (13) Intracellular 11C-acetate is rapidly converted to 11C-acetyl-CoA in the mitochondria where it enters the tricarboxylic acid cycle and is oxidized with the radiolabel washing out as 11C-CO2. The rate constant of a mono-exponential clearance function (KMONO) was fit to the 11C-clearance curve using FlowQuant software (Ottawa Heart Institute, Canada) and used to calculate myocardial oxygen consumption (MVO2) using the method of Sun et al. (14).

In order to standardize myocardial glucose utilization, an oral glucose load with 50 grams of Glucoa was performed 60 min before 18F-FDG injection. Fingerstick glucose was obtained to ensure glucose level was ≤125 mg/dl for 18F-FDG (10 mCi) administration. Patients rested for 60 min before the static FDG images were acquired for 15 min according to the guidelines of the Society of Nuclear Medicine and Molecular Imaging (SNMMI), American Society of Nuclear Cardiology (ASNC), and Society of Cardiovascular Computed Tomography (15); mean and maximum of the standardized uptake value (SUV) for the whole myocardium were calculated as described in the guideline.



Metabolomics

Plasma samples were collected at baseline and after 26 weeks from all study subjects, and global biochemical profiles were determined using Metabolon Inc (Morrisville, NC, USA). The dataset comprises 1,006 compounds of named biochemicals. Log transformation and imputation of missing values, if any, with the minimum observed value for each compound were performed. A two-way ANOVA with repeated measures was used to identify biochemicals that differed significantly between experimental groups. Pathway analyses of the numbers of biochemicals that achieved statistical significance (p ≤ 0.05) were given. An estimate of the false discovery rate (q-value) is calculated to consider the multiple comparisons that normally occur in metabolomic-based studies.



Statistics

Collected data were summarized using descriptive statistics. For continuous variables, mean, standard deviation (SD), minimum and maximum values were presented. Scatter plots were used to visually display the relationships between variables of interest. The relationship between CMR, PET, metabolomics measurements were assessed using Pearson correlation analyses. Individual compounds with a false discovery rate of <10% in metabolomics and key related significant compounds in pathway analyses were correlated with CMR and PET measurements.




Results


Patient population

The details of the study population were previously published (12). We performed CMR screening in 38 patients and enrolled 22 patients. Screen failures were due to normal RVEF (n = 14) and QT prolongation (n = 2). Baseline characteristics including all enrolled patients are presented in Table 1. As noted in Figure 1, 14 patients were randomized to ranolazine and 8 was randomized to placebo with an intention to randomize 2:1. Seven patients did not complete follow-up imaging studies due to QT prolongation before initiations of therapy but after randomization (n = 1, ranolazine group), self-discontinuation (n = 2, one in each group), unable to return for follow-up visit (n = 2, ranolazine group), discontinuation due to side effect (n = 1, ranolazine), discontinued due to clinical worsening (n = 1, placebo). There was no statistical difference in the drop-out in each of the categories in the two groups (p = 0.17).


[image: Figure 1]
FIGURE 1
Study enrollment and follow up information. Seven patients did not complete follow-up study owing to QT prolongation before initiation of therapy (n = 1), self discontinuation (n = 2), unable to return for follow-up visit (n = 2), clinical worsening (n = 1), and side effects (n = 1). There is no statistical difference between the discontinuations in the two groups (p = 0.17).



TABLE 1 Summary of the study population.
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CMR and PET

Results for CMR and PET are summarized in Table 2 and Figure 2. Changes in RVEF, RVSV, and LVSV in ranolazine treated patients was significantly greater compared to those in placebo treated patients (p = 0.005) as previously reported and discussed (12). There was no significant difference in time-dependent changes in RV kinetic energy profile or PA energy loss between the treatment and the placebo arms. Similarly, no statistically significant time-dependent differences were noted in the MBF, Kmono, MVO2, SUV mean, or SUV max between the treatment and the placebo arms. The 6-month change in RV/LV SUV mean ratio in the ranolazine group was borderline significantly greater compared to that in the placebo group (−0.17 ± 0.14 vs. 0.01 ± 0.12, p = 0.053).


TABLE 2 Summary of measurements obtained by CMR and PET in placebo compared to ranolazine.
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FIGURE 2
CMR images (SAX, mid-ventricular level) and C-11 PET images (SAX, 2-chamber, and 4-chamber) of subjects in the control group and ranolazine treatment group.




Metabolomics

Metabolomic changes observed in plasma obtained from PAH patients treated with ranolazine involved several metabolic pathways: aromatic amino acid metabolism, redox homeostasis, bile acid metabolism, lipid metabolism, and modified amino acids, as summarized in Figures 3–5.
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FIGURE 3
Correlation of PET SUV uptake and fluid dynamic changes in the LV with redox homeostasis metabolism. (A) Redox homeostasis pathway. GGT, Gamma-Glutamyl Transferase. (B) B1–B2. Cysteinylglycine and oxidized cys-gly were higher at week 26 samples compared to that observed at baseline (red arrows). HC, healthy control. Bsl, baseline; wk26, week 26; PAH, pulmonary arterial hypertension; Pbo, placebo; Rz, ranolazine. (C) Correlations observed in ranolazine's effect on various metabolites and changes in myocardial glucose consumption and fluid dynamics. LV, left ventricle; SUV, standardized uptake values; cys-gly, L-cysteine-L-glycine.
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FIGURE 4
Strong association is present in decrease in 7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA) and decrease in PA energy loss in ranolazine treated patients. (A) Bile acid metabolism pathways. (B) Significant decreases in 7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA), 3beta-hydroxy-5-cholestenoate, and 3beta,7alpha-dihydroxy-5-cholestenoate between the week 26 and baseline samples collected from the ranolazine-treated subjects. HC: healthy control. Bsl, baseline; wk26, week 26; PAH, pulmonary arterial hypertension; Pbo, placebo; Rz, ranolazine. (C) Correlations observed in ranolazine's effect on 7-HOCA and fluid dynamic measurements. There was no association in placebo and controls subjects, but the association was strong decrease of in 7-HOCA and decrease in PA energy loss (r = 0.95; p = 0.001) in ranolazine-treated subjects. Additionally, there was a significant and highly negative correlation between the changes in RV work density and 3beta,7alpha-dihydroxy-5-cholestenoate level (r = −0.98, p = 0.004) in the ranolazine treatment group.
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FIGURE 5
Treatment with ranolazine was found to be associated with decreases in circulating levels of the certain aromatic amino acids. (A) Treatment with ranolazine was found to be associated with decreases in circulating levels of several compounds in the tryptophan pathway (green arrows). In contrast, no statistically significant changes were observed for these metabolites in the untreated and placebo groups. (B) Tryptophan metabolic pathway. (C) Decrease in PA energy loss was significantly correlated with decreased levels of tryptophan in the ranolazine group (0.94; p = 0.001).


In redox homeostasis, we noted changes in glutathione-derived metabolites within the ranolazine-exposed group: cysteinylglycine, cysteinylglycine disulfide, and oxidized cysteinylglycine were higher in the week-26 samples compared to that observed at baseline. Cysteinylglycine and oxidized cysteinylglycine were corelated with higher baseline RV/LV mean FDG uptake (r = 0.67, 0.54; p = 0.002, 0.016). Additionally, a higher level of oxidized cysteinylglycine has a strong negative correlation (r = −0.99, p = 0.002) with decreased SUV max in the LV but not the RV, and a higher level of cysteinylglycine has a strong negative correlation with decreased energy loss in the PA (r = −0.9, p = 0.005).

In bile acid metabolism, we detected significant decreases in 7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA), 3beta-hydroxy-5-cholestenoate, and 3beta,7alpha-dihydroxy-5-cholestenoate between the week 26 and baseline samples collected from the ranolazine-treated subjects (p = 0.02, 0.0001, 0.0004). The latter two compounds had q values, or the false positive rates <10%. Furthermore, there is a significant and highly positive correlation between the changes in PA energy loss and 7-HOCA level (r = 0.95, p = 0.001), and a significant and highly negative correlation between the changes in RV work density and 3beta,7alpha-dihydroxy-5-cholestenoate level (r = −0.98, p = 0.004) in the ranolazine treatment group.

In aromatic amino acid metabolism, treatment with ranolazine was found to be associated with decreases in circulating levels of phenylalanine, tyrosine, tryptophan, kynurenate, kynurenine, and cAMP; additionally, there was also significant decrease in circulating level of 6-bromotryptophan, a bi-product in the tryptophan metabolism in the ranolazine group (Figure 5). In contrast, no statistically significant changes were observed for these metabolites in the untreated and placebo groups. Decrease in PA energy loss was significantly correlated with decreased levels tryptophan, in the ranolazine group (r = 0.94, p = 0.001). A higher level in 6-bromotryptophan is associated with a higher LV SUV max in the control group (r = 0.83, p = 0.006).




Discussion

For most PAH patients, long-term survival and quality of life depends on the ability, largely through pharmacological treatments, to preserve RV function. In this study, we integrated multi-modality imaging techniques to investigate changes in fluid dynamics, targeted cardiac metabolism, and systemic metabolomics pre and post treatment in patients with PAH. The number of subjects in each arm of this study is small; nonetheless, the results provide hypothesis generating insights into the mechanism in which early fluid dynamic and metabolic changes relate to biochemical changes in individuals following ranolazine treatment and its potential implications in downstream cardiac remodeling.


Myocardial metabolism in heart failure

Metabolic derangement in left heart failure has been of major interest over the last two decades. Animal models and clinical studies suggested changes in substrate utilization, oxidative phosphorylation, and high-energy phosphate metabolism (16–18). A healthy heart largely relies on oxidative phosphorylation from fatty acid oxidation. As heart failure progresses, there are decreases in fatty acid utilization and oxygen consumption, as well as an initial upregulation of glycogenolysis to maintain energy production but a subsequent decrease as the disease progresses. This provides the basis for PET to detect metabolic abnormalities in right heart failure using glucose analog 18F-FDG.

Growing evidence suggests that RV cardiomyocyte metabolic state plays an important role in determining the RV adaptive/maladaptive response (19). Many human studies and animal models have demonstrated that metabolic pathways are reprogrammed with vascular remodeling and molecular pathogenesis of PAH (20, 21). The RVs in PAH patients also exhibit significant metabolic shifts away from glucose oxidation to support hypertrophy and energy metabolism (22, 23), though this adaptation is not necessarily protective. The inhibition of pyruvate dehydrogenase kinase (PDK), which increases pyruvate dehydrogenase (PDH) activity and upregulates glucose oxidation, has been shown to partially restore RV function in animal models (24).

Ranolazine has been shown to alter cellular metabolism in animal models and small-scale human studies. In a mouse model for nonalcoholic fatty liver disease, ranolazine significantly increased glucose oxidation by upregulating PDH activity (25). Additionally, in ex vivo studies, ranolazine treatment in an isolated working heart model led to increased mitochondrial glucose oxidation and improvement RV function (26).

Our study showed that ranolazine had demonstrated a trend toward decreased RV/LV mean FDG uptake ratio over time. Previously studies have shown significant correlation between RV/LV FDG uptake ratio and pulmonary vascular resistance, PA pressure, RVEF, and PAH prognosis (27–30). Moreover, higher levels of RV FDG uptake are associated with more rapid clinical worsening of PH (31, 32).



Redox homeostasis

PAH is characterized by arterial obstruction secondary to excessive proliferation and impaired apoptosis of pulmonary artery smooth muscle cells, endothelial dysfunction, inflammation, and excessive vasoconstriction (33). Reactive oxygen species play important roles in fibroblast activation and extracellular matrix deposition. Oxidative stress is associated with RV failure secondary to PAH, a more accentuated oxidative response to pressure overload compared to that of the LV (34–37). Animal studies have shown in SOD3 knot-out mice that are deficient in extracellular superoxide dismutase, develop significantly worse PAH (higher RV pressure and worse RV hypertrophy) under conditions of oxidative stress (38).

γ-Glutamyltransferase (GGT) is a biomarker that is elevated during oxidative stress and systemic inflammation, and it was previously shown to have some prognostic value in PAH (39). No changes in gamma-glutamyl amino acids were noted in our study, but the changes in cysteinylglycine disulfides (reduced) and oxidized species could be interpreted as an increase in GGT activity, which transfers the gamma-glutamyl moiety from glutathione to acceptor amino acids (Figure 3). However, it is possible that these increases originate from greater glutathione availability in subjects treated with ranolazine and an increased antioxidant defense capacity, especially that the higher level of cysteinylglycine was strongly associated with decreased energy loss in the PA seen in our study.



Bile acid metabolism

Bile acid synthesis occurs through two pathways: the classic (neutral) pathway and the alternative (acidic) pathway. The classic pathways occur in the liver and accounts for about 90% of bile acid synthesis, while the alternative pathway is primarily extrahepatic, in vascular endothelium and macrophages (40, 41). Its presence in the lungs in PAH patients were previously thought to be partial reflux until a recent study identified elevated expressions of cytochrome P450 B1 (CYP7B1) in PAH lungs, suggesting that PAH lung tissue may have the capacity for de novo synthesis of bile acids, through the acid pathway of bile acid metabolism (42).

In our study, there is a significant and highly positive correlation between the changes in PA energy loss and 7-HOCA level; decreased energy loss in the form of viscous dissipation is almost perfectly linearly correlated with lower level of 7-HOCA in plasma in the ranolazine treatment arm. Blood is a non-Newtonian fluid, and its viscosity depends on the local stress condition (43). Under normal physiological states, intraventricular flow is aligned along the base-apex direction, consistent with the inflow-outflow path. This dynamic flow pattern is altered in pathological conditions in response to changes in hemodynamics. Energy loss in the PA in PAH patients arises from the shear stresses that transform mechanical energy into thermal energy, secondary to the intrinsic viscosity of blood. The amount of energy loss depends on flow pattern and velocity, which are sensitive to RV afterload conditions.

Elevated levels of 7-HOCA were previously observed in patients with porto-pulmonary hypertension and hepatopulmonary syndrome (44). As mentioned earlier, extrahepatic bile acid synthesis occurs in the vascular endothelium. The exact mechanism behind the activation of pulmonary bile acid synthesis is unknown, but it may be a consequence of endothelial dysfunction, which then act as steroid hormones and serve as substrates for nuclear membrane receptors and/or g-protein copied receptor signaling gene transcriptions for major enzymes in bile acid synthesis (such as CYP7A1 and CYP8B1) and other key proteins in cell cycle regulation—processes that have been shown in cancer metastases (45, 46). Buermans et al. showed in a monocrotaline-induced pulmonary hypertension rat model that early in the disease process, ventricles destined to progress to failure showed activation of pro-apoptotic pathways via the lack of MAPK phosphatase-1 upregulation in the p38-MAPK pathway—early differentiation of the compensated vs. decompensated phenotypes (47). Additionally, 7-HOCA is in the center stage of the bile acid synthetic pathway. It is also a microbiota derived metabolite implicated in the insulin and glucose metabolism (48), which might be important as the change of glucose metabolism (decreased RV uptake as shown with FDG) might lead to better RV kinetic energy utilization and lower PA energy loss.

Flow changes precede structural changes, but the precise mechanistic linkage is not yet known. Here, we suggest evidence that ranolazine alter key reactions in bile acid metabolism that is reflected in the fluid dynamic profile in the PA.



Aromatic amino acid metabolism

Higher plasma levels of aromatic amino acids have been linked to increased risk of cardiovascular event and the development of insulin resistance (49, 50). Our results suggest that the beneficial effects of ranolazine can be, at least in part, manifested through declines in phenylalanine, tyrosine, and tryptophan metabolism. Additionally, we detected a subtle decrease in kynurenine level in the ranolazine group, which was recently reported as a marker of PH and was shown to induce an increase in adenosine 3′,5′-cyclic monophosphate (cAMP) levels in human pulmonary arterial smooth muscle cells (51). In fact, we detected a significant decrease in cAMP levels in the ranolazine cohort over the course of the treatment.

Nicotinamide adenine dinucleotide (NAD) is gaining increasing interests from the heart failure community as a potential therapeutic target (52), but mechanisms leading to altered NAD levels in heart failure is not fully understood. Tryptophan is a direct precursor for de novo NAD production. We showed that the decrease in PA energy loss was significantly correlated with decreased levels of tryptophan. As discussed earlier, the PA energy profile reflects the flow pattern in the RVOT and the PA. These fluid dynamic changes lead to subtle changes in local mechanical stress conditions, which may subsequently lead to mechanical sensor induced downstream signaling pathways that utilize increased levels tryptophan.

Taken together, these results indicate that ranolazine administration is associated with declines in circulating levels of kynurenine and cAMP, which may be secondary to beneficial effects of the drug on tryptophan metabolism and kynurenine-dependent signaling.




Limitations

The study population is very small, and human-to-human variability may limit the number of statistically significant observations in the metabolomic analysis.



Conclusion

In this study, we showed that ranolazine alters metabolism in patients with precapillary pulmonary hypertension using a multimodality approach with CMR and PET imaging and metabolic profiling. Despite the small study population, our study suggests that the beneficial effects of ranolazine: 1. Decreasing glucose uptake in the RV; 2. Regulating redox homeostasis towards more robust defense mechanism against oxidative stress; 3. Favorable effect on the pulmonary blood flow associated with key changes in bile acid and aromatic amino acid metabolism. Larger patient studies are needed to validate the beneficial effects of ranolazine, and animal models for biochemical pathways are needed to investigate the details of mechanisms suggested in this work.



Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by University of Pennsylvania, University of Maryland, Brigham and Women's Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Study design: YH, PF, SC. Data Analysis: QH, AV, RM, PB, YH. Manuscript drafting: QH, YH, SC. All authors contributed to the article and approved the submitted version.



Funding

The study was sponsored by Cardiovascular Medical Research and Education Fund (YH and AW) and an investigator-initiated research grant from Gilead Sciences, Inc. (YH), National Institutes of Health (R01 HL124021, HL 122596) and American Heart Association (18EIA33900027) (SC).



Conflict of interest

SC has served as a consultant for Acceleron Pharma and United Therapeutics; SC is a director, officer, and shareholder in Synhale Therapeutics; SC holds research grants from Actelion and Pfizer. SC has filed patent applications regarding the targeting of metabolism in pulmonary hypertension.

The remaining 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.



References

1. Ryan JJ, Archer SL. The right ventricle in pulmonary arterial hypertension: disorders of metabolism, angiogenesis and adrenergic signaling in right ventricular failure. Circ Res. (2014) 115(1):176–88. doi: 10.1161/CIRCRESAHA.113.301129

2. Han QJ, Witschey WRT, Fang-Yen CM, Arkles JS, Barker AJ, Forfia PR, et al. Altered right ventricular kinetic energy work density and viscous energy dissipation in patients with pulmonary arterial hypertension: a pilot study using 4D flow MRI. PLoS One. (2015) 10(9):e0138365. doi: 10.1371/journal.pone.0138365

3. Ahmadi A, Ohira H, Mielniczuk LM. FDG PET imaging for identifying pulmonary hypertension and right heart failure. Curr Cardiol Rep. (2015) 17(1):555. doi: 10.1007/s11886-014-0555-7

4. Lundgrin EL, Park MM, Sharp J, Tang WHW, Thomas JD, Asosingh K, et al. Fasting 2-deoxy-2-[18F]fluoro-D-glucose positron emission tomography to detect metabolic changes in pulmonary arterial hypertension hearts over 1 year. Ann Am Thorac Soc. (2013) 10(1):1–9. doi: 10.1513/AnnalsATS.201206-029OC

5. “SCN5A,” The Human Protein Atlas Website. https://www.proteinatlas.org/ENSG00000183873-SCN5A/tissue

6. Zacharowski K, Blackburn B, Thiemermann C. Ranolazine, a partial fatty acid oxidation inhibitor, reduces myocardial infarct size and cardiac troponin T release in the rat. Eur J Pharmacol. (2001) 418(–):1–2. doi: 10.1016/S0014-2999(01)00920-7

7. Bhandari B, Subramanian L. Ranolazine, a partial fatty acid oxidation inhibitor, its potential benefit in angina and other cardiovascular disorders. Recent Pat Cardiovasc Drug Discovery. (2007) 2(1):35–9. doi: 10.2174/157489007779606095

8. Clarke B, Wyatt KM, McCormack JG. Ranolazine increases active pyruvate dehydrogenase in perfused normoxic rat hearts: evidence for an indirect mechanism. J Mol Cell Cardiol. (1996) 28(2):341–50. doi: 10.1006/jmcc.1996.0032

9. Gomberg-Maitland M, Schilz R, Mediratta A, Addetia K, Coslet S, Thomeas V, et al. Phase i safety study of ranolazine in pulmonary arterial hypertension. Pulm Circ. (2015) 5(4):691–700. doi: 10.1086/683813

10. Khan SS, Cuttica MJ, Beussink-Nelson L, Kozyleva A, Sanchez C, Mkrdichian H, et al. Effects of ranolazine on exercise capacity, right ventricular indices, and hemodynamic characteristics in pulmonary arterial hypertension: a pilot study. Pulm Circ. (2015) 5(3):547–56. doi: 10.1086/682427

11. Han Y, Forfia P, Vaidya A, Mazurek JA, Park MH, Ramani G, et al. Ranolazine improves right ventricular function in patients with precapillary pulmonary hypertension: results from a double-blind, randomized, placebo-controlled trial. J Card Fail. (2021) 27(2):253–7. doi: 10.1016/j.cardfail.2020.10.006

12. Han Y, Forfia PR, Vaidya A, Mazurek JA, Park MH, Ramani G, et al. Rationale and design of the ranolazine PH–RV study: a multicentred randomised and placebo-controlled study of ranolazine to improve RV function in patients with non-group 2 pulmonary hypertension. Open Heart. (2018) 5(1):e000736. doi: 10.1136/openhrt-2017-000736

13. van den Hoff J, Burchert W, Börner AR, Fricke H, Kühnel G, Meyer GJ, et al. [1-11C]acetate as a quantitative perfusion tracer in myocardial PET. J Nucl Med. (2001) 42(8).

14. Sun KT, Yeatman LA, Buxton DB, Chen K, Johnson JA, Huang SC, et al. Simultaneous measurement of myocardial oxygen consumption and blood flow using [1-carbon-11]acetate. J Nucl Med. (1998) 39(2).

15. Dilsizian V, Bacharach SL, Beanlands RS, Bergmann SR, Delbeke D, Dorbala S, et al. ASNC Imaging guidelines/SNMMI procedure standard for positron emission tomography (PET) nuclear cardiology procedures. J Nucl Cardiol. (2016) 23(5):1187–226. doi: 10.1007/s12350-016-0522-3

16. Neubauer S. The failing heart — an engine out of fuel. N Engl J Med. (2007) 356(11):1140–51. doi: 10.1056/nejmra063052

17. Chandler MP, Kerner J, Huang H, Vazquez E, Reszko A, Martini WZ, et al. Moderate severity heart failure does not involve a downregulation of myocardial fatty acid oxidation. Am J Physiol Heart Circ Physiol. (2004) 287(4):56–4. doi: 10.1152/ajpheart.00281.2004

18. Osorio JC, Stanley WC, Linke A, Castellari M, Diep QN, Panchal AR, et al. Impaired myocardial fatty acid oxidation and reduced protein expression of retinoid X receptor-α in pacing-induced heart failure. Circulation. (2002) 106(5):606–12. doi: 10.1161/01.CIR.0000023531.22727.C1

19. Archer SL, Fang YH, Ryan JJ, Piao L. Metabolism and bioenergetics in the right ventricle and pulmonary vasculature in pulmonary hypertension. Pulm Circ. (2013) 3(1):144–52. doi: 10.4103/2045-8932.109960

20. Fessel JP, Hamid R, Wittmann BM, Robinson LJ, Blackwell T, Tada Y, et al. Metabolomic analysis of bone morphogenetic protein receptor type 2 mutations in human pulmonary endothelium reveals widespread metabolic reprogramming. Pulm Circ. (2012) 2(2):201–13. doi: 10.4103/2045-8932.97606

21. Pugh ME, Robbins IM, Rice TW, West J, Newman JH, Hemnes AR. Unrecognized glucose intolerance is common in pulmonary arterial hypertension. J Heart Lung Transplant. (2011) 30(8):904–11. doi: 10.1016/j.healun.2011.02.016

22. Sutendra G, Michelakis ED. The metabolic basis of pulmonary arterial hypertension. Cell Metab. (2014) 19(4):558–73. doi: 10.1016/j.cmet.2014.01.004

23. Ryan JJ, Archer SL. Emerging concepts in the molecular basis of pulmonary arterial hypertension: part I: metabolic plasticity and mitochondrial dynamics in the pulmonary circulation and right ventricle in pulmonary arterial hypertension. Circulation. (2015) 131(19):1691–702. doi: 10.1161/CIRCULATIONAHA.114.006979

24. Piao L, Fang YH, Cadete VJJ, Wietholt C, Urboniene D, Toth PT, et al. The inhibition of pyruvate dehydrogenase kinase improves impaired cardiac function and electrical remodeling in two models of right ventricular hypertrophy: resuscitating the hibernating right ventricle. J Mol Med. (2010) 88(1):47–60. doi: 10.1007/s00109-009-0524-6

25. Batran R Al, Gopal K, Aburasayn H, Eshreif A, Almutairi M, Greenwell AA, et al. The antianginal ranolazine mitigates obesity-induced nonalcoholic fatty liver disease and increases hepatic pyruvate dehydrogenase activity. JCI Insight. (2019) 4(1):e124643. doi: 10.1172/jci.insight.124643

26. Fang YH, Piao L, Hong Z, Toth PT, Marsboom G, Bache-Wiig P, et al. Therapeutic inhibition of fatty acid oxidation in right ventricular hypertrophy: exploiting randle’s cycle. J Mol Med. (2012) 90(1):31–43. doi: 10.1007/s00109-011-0804-9

27. Bokhari S, Raina A, Rosenweig EB, Schulze PC, Bokhari J, Einstein AJ, et al. PET Imaging may provide a novel biomarker and understanding of right ventricular dysfunction in patients with idiopathic pulmonary arterial hypertension. Circ Cardiovasc Imaging. (2011) 4(6):641–7. doi: 10.1161/CIRCIMAGING.110.963207

28. Kluge R, Barthel H, Pankau H, Seese A, Schauer J, Wirtz H, et al. Different mechanisms for changes in glucose uptake of the right and left ventricular myocardium in pulmonary hypertension. J Nucl Med. (2005) 46(1).

29. Wang L, Zhang Y, Yan C, He J, Xiong C, Zhao S, et al. Evaluation of right ventricular volume and ejection fraction by gated 18F-FDG PET in patients with pulmonary hypertension: comparison with cardiac MRI and CT. J Nucl Cardiol. (2013) 20(2):242–52. doi: 10.1007/s12350-013-9672-8

30. Oikawa M, Kagaya Y, Otani H, Sakuma M, Demachi J, Suzuki J, et al. Increased [18F]fluorodeoxyglucose accumulation in right ventricular free wall in patients with pulmonary hypertension and the effect of epoprostenol. J Am Coll Cardiol. (2005) 45(11):1849–55. doi: 10.1016/j.jacc.2005.02.065

31. Tatebe S, Fukumoto Y, Oikawa-Wakayama M, Sugimura K, Satoh K, Miura Y, et al. Enhanced [18F]fluorodeoxyglucose accumulation in the right ventricular free wall predicts long-term prognosis of patients with pulmonary hypertension: a preliminary observational study. Eur Heart J Cardiovasc Imaging. (2014) 15(6):666–72. doi: 10.1093/ehjci/jet276

32. Kazimierczyk R, Malek LA, Szumowski P, Nekolla SG, Blaszczak P, Jurgilewicz D, et al. Multimodal assessment of right ventricle overload-metabolic and clinical consequences in pulmonary arterial hypertension. J Cardiovasc Magn Reson. (2021) 23(1):49. doi: 10.1186/s12968-021-00743-2

33. Bonnet S, Michelakis ED, Porter CJ, Andrade-Navarro MA, Thébaud B, Bonnet S, et al. An abnormal mitochondrial-hypoxia inducible factor-1α-Kv channel pathway disrupts oxygen sensing and triggers pulmonary arterial hypertension in fawn hooded rats: similarities to human pulmonary arterial hypertension. Circulation. (2006) 113(22):2630–41. doi: 10.1161/CIRCULATIONAHA.105.609008

34. Redout EM, Van Der Toorn A, Zuidwijk MJ, Van De Kolk CWA, Van Echteld CJA, Musters RJP, et al. Antioxidant treatment attenuates pulmonary arterial hypertension-induced heart failure. Am J Physiol Heart Circ Physiol. (2010) 298(3):H1038–47. doi: 10.1152/ajpheart.00097.2009

35. Rawat DK, Alzoubi A, Gupte R, Chettimada S, Watanabe M, Kahn AG, et al. Increased reactive oxygen species, metabolic maladaptation, and autophagy contribute to pulmonary arterial hypertension-induced ventricular hypertrophy and diastolic heart failure. Hypertension. (2014) 64(6):1266–74. doi: 10.1161/HYPERTENSIONAHA.114.03261

36. Mikhael M, Makar C, Wissa A, Le T, Eghbali M, Umar S. Oxidative stress and its implications in the right ventricular remodeling secondary to pulmonary hypertension. Front Physiol. (2019) 10:1233. doi: 10.3389/fphys.2019.01233

37. Ikeda S, Satoh K, Kikuchi N, Miyata S, Suzuki K, Omura J, et al. Crucial role of rho-kinase in pressure overload-induced right ventricular hypertrophy and dysfunction in mice. Arterioscler Thromb Vasc Biol. (2014) 34(6):1260–71. doi: 10.1161/ATVBAHA.114.303320

38. Xu D, Guo H, Xu X, Lu Z, Fassett J, Hu X, et al. Exacerbated pulmonary arterial hypertension and right ventricular hypertrophy in animals with loss of function of extracellular superoxide dismutase. Hypertension. (2011) 58(2):303–9. doi: 10.1161/HYPERTENSIONAHA.110.166819

39. Lund J, Yogeswaran A, Tello K, Sommer N, Grimminger J, Harbaum L, et al. Gamma-Glutamyltransferase in pulmonary hypertension: a reliable biomarker? Eur Respir J, European Respiratory Society. (2020) 56(suppl 64):1525. doi: 10.1183/13993003.congress-2020.1525

40. Wu Z, Martin KO, Javitt NB, Chiang JYL. Structure and functions of human oxysterol 7α-hydroxylase cDNAs and gene CYP7B1. J Lipid Res. (1999) 40(12):2195–203. doi: 10.1016/s0022-2275(20)32094-0

41. Norlin M, Wikvall K. Enzymes in the conversion of cholesterol into bile acids. Curr Mol Med. (2007) 7(2):199–218. doi: 10.2174/156652407780059168

42. Zhao YD, Yun HZH, Peng J, Yin L, Chu L, Wu L, et al. De novo synthesize of bile acids in pulmonary arterial hypertension lung. Metabolomics. (2014) 10(6):1169–75. doi: 10.1007/s11306-014-0653-y

43. Baieth HEA. Physical parameters of blood as a non-Newtonian fluid. Int J Biomed Sci. (2008) 4(4).

44. Kawut S, MJ K, Forde K, Heresi G, Dweik R, Roberts K, et al. Metabolomic differences in pulmonary vascular complications of liver disease | D54. CLINICAL PULMONARY HYPERTENSION. Am J Respir Crit Care Med. (2016) 193:A7406. https://www.atsjournals.org/doi/abs/10.1164/ajrccm-conference.2016.193.1_MeetingAbstracts.A7406 (accessed June 03, 2021).

45. Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, et al. A regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1 represses bile acid biosynthesis. Mol Cell. (2000) 6(3):517–26. doi: 10.1016/S1097-2765(00)00051-4

46. Chiang JYL, Kimmel R, Weinberger C, Stroup D. Farnesoid X receptor responds to bile acids and represses cholesterol 7α-hydroxylase gene (CYP7A1) transcription. J Biol Chem. (2000) 275(15):10918–24. doi: 10.1074/jbc.275.15.10918

47. Buermans HPJ, Redout EM, Schiel AE, Musters RJP, Zuidwijk M, Eijk PP, et al. Microarray analysis reveals pivotal divergent mRNA expression profiles early in the development of either compensated ventricular hypertrophy or heart failure. Physiol Genomics. (2005) 21:314–23. doi: 10.1152/physiolgenomics.00185.2004

48. Henninger J, Eliasson B, Smith U, Rawshani A. Identification of markers that distinguish adipose tissue and glucose and insulin metabolism using a multi-modal machine learning approach. Sci Rep. (2021) 11(1). doi: 10.1038/s41598-021-95688-y

49. Würtz P, Havulinna AS, Soininen P, Tynkkynen T, Prieto-Merino D, Tillin T, et al. Metabolite profiling and cardiovascular event risk: a prospective study of 3 population-based cohorts. Circulation. (2015) 131(9):774–85. doi: 10.1161/CIRCULATIONAHA.114.013116

50. Wurtz P, Soininen P, Kangas AJ, Rönnemaa T, Lehtimäki T, Kähönen M, et al. Branched-chain and aromatic amino acidsare predictors of insulinresistance in young adults. Diabetes Care. (2013) 36(3):648–55. doi: 10.2337/dc12-0895

51. Nagy BM, Nagaraj C, Meinitzer A, Sharma N, Papp R, Foris V, et al. Importance of kynurenine in pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol. (2017) 313(5):L741–51. doi: 10.1152/ajplung.00517.2016

52. Walker MA, Tian R. Raising NAD in heart failure: time to translate? Circulation. (2018) 137(21):2274–7. doi: 10.1161/CIRCULATIONAHA.117.032626





[image: image]


OPS/images/fcvm-09-835655/fcvm-09-835655-t003.jpg
Variable All cases
N=62
Age (years) 53 (35-62)
EF (%) 50 (40-50)
WLE (HU) 31 (24-36)
PBV (%) 72 (53-95)
MPA diameter (mm) 208 (26.4-34.3)
MPA/AA 0.89(0.76-1.04)
RV 1.08 (0.91-1.24)
PTE type No 38 (61%)
Acute 11 (18%)
Chronic 13 (21%)
Sex Male 32 (52%)
Female 30 (48%)
Reflux to IVC No 33 (54%)
Yes 28 (46%)
Leftward septal bowing No 24 (39%)
Yes 37 (61%)
Reflux to coronary sinus No 26 (43%)
Yes 35 (57%)

The significant P-values of less than 0.05 are shown in bold font.

SPAP <40
N=28

56 (37-62)
50 (45-55)
31 (26-42)
85 (64-98)
27 (23-30)
086 (0.75-0.97)
1.03(0.84-1.18)
19 (68%)
6(21%)
3(11%)
15 (54%)
13 (46%)
18 (64%)
10 (36%)
13 (46%)
15 (54%)
14(50%)
14 (50%)

SPAP 240
N=34

47 (32-61)
45 (35-50)
28 (28-39)
64 (48-89)

32.7 (29.4-35)
093(0.8-1.11)

1.14 (0.96-1.29)

19 (56%)
5(15%)
10 (30%)
18 (63%)
16 (47%)
15 (45%)
18 (65%)
11(33%)
22 (67%)
12 (36%)
21 (64%)

P-value

0.37
0.03
0.04
0.059
0.000
0.12
0.10
0.21
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Variable All cases No PTE Acute PTE Chronic PTE

N=62 N=38 N=11 N=13
Age (years) 53(35-62) 50 (34-61) 58 (39-67) 49 (33-60)
EF (%) 50 (40-50) 45 (35-55) 50 (40-50) 50 (45-50)
SPAP (mmHg) 40 (30-61) 395 (28-50) 35 (27-65) 61 (42-100)
WLE (HU) 31 (24-36) 32 (27-40) 27 (23-31) 26 (21-31)
PBV (%) 72 (53-95) 765 (54-98) 55 (39-110) 64 (50-85)
MPA diameter (mm) 208(26.4-34.3) 28 (26-32) 30 (26-33) 34 (30-35)
MPA/AA 0.89(0.76-1.04) 0.87 (0.75-0.97) 087 (0.75-1.03) 1.06 (0.92-1.25)
RV 1.08 (0.91-1.24) 1.02 (0.84-1.15) 1.08 (0.88-1.24) 1.26 (1.06-1.32)
Sex Female 30 (48%) 18 (47%) 6 (54%) 6(46%)

Male 32 (52%) 20 (53%) 5 (44%) 7(64%)
reflux to VG No 33 (54%) 21 (56%) 5(45%) 7 (54%)

Yes 28 (46%) 37 (44%) 6 (55%) 6(46%)
reflux to coronary sinus No 26 (43%) 14 (38%) 4(36%) 8(62%)

Yes 35 (57%) 23 (62%) 7 (64%) 5(38%)
Leftward septal bowing No 24 (40%) 16 (43%) 3(27%) 5(38%)

Yes 37 (60%) 21 (57%) 8 (73%) 8(62%)

Values are median (Interquartile range) or n (%).
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Variable All cases
N=62
Age (years) 53 (35-62)
EF (%) 50 (40-50)
WLE (HU) 31 (24-36)
PBV (%) 72 (53-95)
MPA diameter (mm) 29.8(26.4-34.9)
MPA/AA 0.89(0.76-1.04)
RV 1.08 (091-1.24)
PTE type No 38(61%)
Acute 11(18%)
Chronic 13 (21%)
Sex Male 32 (52%)
Female 30 (48%)
Reflux to IVC No 33 (54%)
Yes 28 (46%)
Leftward septal bowing No 24 (39%)
Yes 37 (61%)
Reflux to Coronary sinus No 26 (43%)
Yes 35(57%)

The significant P-values of less than 0.05 are shown in bold font.

SPAP <30
N=15

58 (48-60)
50 (45-55)
35 (28-42)
88 (72-104)
28 (26-30)

087 (0.81-0.98)

095 (0.83-1.14)

10 (67%)
3(20%)
2(13%)
8(53%)
7(47%)
11 (73%)
4(27%)
8(53%)
7(47%)
10 (67%)
5(33%)

SPAP 230
N=47

49 (33-62)
45 (35-50)
29 (24-39)
66 (49-88)
31(26-34)
09(0.75-1.05)
1.12 (0.92-1.28)
28 (60%)
8(17%)
11(23%)
25 (52%)
23 (48%)
22 (48%)
24 (52%)
16 (35%)
30 (65%)
16 (35%)
30 (65%)

P-value

035
0.07
0.04
0.007
0.08
0.70
0.08
0.76

0.93

0.13

0.23

0.03
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MyoHealth > 80%

MyoHealth 60— <80%

MyoHealth 40— <60%

MyoHealth < 40%

(n=7) (n = 30) (n=17) (n=21)
Mean + SD [median] Mean % SD [median] Mean + SD [median] Mean + SD [median]

Age-years 62.9 %152 71.5 £9:1 65.6 £ 11.1 65.6 £99
Female sex-no. (%) 3(42.9) 18 (60) 3(17.6) 3(14.3)
LVEE mean-% 62.1£4.1 60.0 £ 8.5 471+£73 36073
NT-proBNP-ng/l 387.9 £ 791.3 [63] 341.7 + 415.6 [254] 498.4 & 389.9 [366] 2,189.1 = 3,306.4 [653]
Presence of CAD-no. (%) 1(14.3) 13 (43.3) 12 (70.6) 14 (66.7)
Cardiac index-1/min/m? 2.5 +03 27 & 1.1 2707 2.7+05
GCS-% —197+£23 —174+ 16 —144+26 —-103 2.1
GLS-% —20.6 £ 1.6 —192+1.1 —160+22 —11.0+3.4
Controls-no. (%) 5(71.4) 12 (40.0) 2(11.8) 0(0)
HEpEF-no. (%) 2(28.6) 14 (46.7) 3(17.6) 0(0)
HFmrEF-no. (%) 0(0) 3(10) 9 (52.9) 7(33.3)
HFrEE-no. (%) 0(0) 1(3.3) 3(17.6) 14 (66.7)

CAD, coronary artery disease; GCS, LV global circumferential strain; GLS, LV global longitudinal strain; HFmrEF, heart failure mid-range preserved ejection fraction; HFpEF, heart failure with
preserved ejection fraction; HFrEE heart failure with reduced ejection fraction; LVEF, left ventricular ejection fraction; n, number; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SD,
standard deviation.
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Control (n = 19) HFpEF (n = 19) HFmrEF (n = 19) HFrEF (n = 18)

Mean £ SD Mean £ SD Mean £ SD Mean £ SD
[median] [median] [median] [median]
Age-years 59.0 +6.84 77.6 £ 8.1 67.0 9.6 64.2 +10.1 <0.01
Female sex-no. (%) 9 (47.4) 9(47.4) 6(31.6) 3(16.7) 0.16
LVEE mean-% 61.6 & 5.37 61.5+ 587 44.8 +2.90 3294471 <0.01
NT-proBNP-ng/l 88.7 £61.1[79] 586.4 &+ 612.1 [314] 790.2. =+ 1,138.1 [379] 2,247.5 + 3,447.3 [886] <0.01
Presence of CAD-no. (%) 0(0) 12 (66.7) 15 (78.9) 13 (76.5) <0.01
CAD, coronary artery disease; HFmrEEF heart failure mid-range preserved ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction;

LVEE, left ventricular ejection fraction; n, number; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SD, standard deviation.
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Model parameter % Coefficient of 95% Limits of Lin’s

variation: agreement: concordance
mean + SD lower, upper correlation
coefficient
(95% ClI)

Inter-observer variation
Angll (n = 84*/77%)

Volume (mm3) 4.46 + 3.61 —3.04, 3.43 0.985
(0.977-0.990)
Diameter (mm) 4.49 + 5.20 —0.33, 0.26 0.944

(0.915-0.964)
ePPE (n = 60*/58)

Volume (mm®) 1.65 + 1.49 —0.52, 0.50 0.998
(0.997-0.999)

Diameter (mm) 3.30 £ 2.67 —-0.12, 0.11 0.980
(0.968-0.988)

ePPE + BAPN (n = 32)

Volume (mm®) 8.46 + 5.40 —7.74,3.79 0.952
(0.923-0.970)

Diameter (mm) 419 + 3.38 —0.28, 0.21 0.979
(0.957-0.990)

PPE (n = 37)

Volume (mm®) 5.42 + 3.06 —0.85, 0.86 0.932
(0.873-0.964)

Diameter (mm) 3.42 £ 2.57 -0.11,0.10 0.952

(0.909-0.975)
Intra-observer variation
ePPE + BAPN (n = 32)

Volume (mm®) 2.26 +2.60 —1.36, 1.62 0.998
(0.996-0.999)

Diameter (mm) 0.89 £ 0.67 —0.05, 0.05 0.992
(0.998-0.9996)

Intra-observer variation was additionally calculated for the ePPE + BAPN model.
*Diverging analysis number for AAA volume vs. diameter*. 95% Cl, 95% confidence
intervals; SD, standard deviation.
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Cohen’s d Angll ePPE ePPE + BAPN PPE

Absolute volume (mm?) 1.28 3.98 3.07 1.30
Relative volume (%) 1.32 3.17 3.03 1.16
Absolute diameter (mm) 1.30 3.70 3.27 1.61
Relative diameter (%) 1.33 3.19 2.85 1.52
Absolute 2D diameter (mm) 1.33 3.51 2.97 1.24

Relative 2D diameter (%) 1.31 3.13 2.66 1.25
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Time from PCR to CMR (months)

Dyspnea No dyspnea
D
T2 [ms] T1 [ms] MBF [ul/g/beat]
N Mean + SD N Mean + SD N Mean + SD
Cardiac No 4 480+ 3.7 14 1246 + 41 14 30.8+49
Symptoms Yes 18 456+ 34 19  1245+44 18 326+52
COVID-19 mild / moderate 16 470+ 42 22 1251 343 22 327+46
severity (WHO)  severe / critical 9 449+19 11 1235 + 39 11 297 +55
total 25 462 +36 33 1246 + 42 33 3175
Healthy controls 16 427 +2.8 17 1254 + 28 15 37.8 +6.005
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HCM

GRS (%)

GCS (%)

GLS (%)

Torsion (deg/cm)
HHD

GRS (%)

GOS (%)

GLS (%)

Torsion (deg/cm)
Healthy

GRS (%)

GCS (%)

GLS (%)

Torsion (deg/cm)

Rho

0.697
-0.618
-0.343

0.402

0.929
-0.937
—-0.840

0.769

0.578
-0.549
-0.005

0.429

LVEF (%)

<0.001
<0.001
0.009
0.002

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.443
<0.001

Rho

-0.297
0.308
0.486

-0.211

0.107
—-0.093
0.084
0.067

0.151
-0.118
0.187
0.392

IVST max (mm)

0.026
0.020
<0.001
0.115

0.486
0.545
0584
0.663

0.220
0.338
0.128
0.001

Rho

—0.304
0.324
0.432

—0.136

—0.639
0.662
0675

-0.547

0.035
—0.011
0.182
0.115

LVMi (g/m?)

0.022
0.014
0.001
0314

<0.001
<0.001
<0.001
<0.001

0.777
0.928
0.138
0.348

P < 0.05 is considered to indicate statistical significance. HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; GRS, globel radial strain; GCS, global circumferential
strain; GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; IVST, interventricular septum thickness; LVMi, left ventricular mass index.
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Parameters

GRS (%)

GCS (%)

GRS rate (1/5)
GCSrate (1/5)

BRS (%)

BCS (%)

BLS (%)

MRS (%)

MCS (%)

Torsion (deg/crm)
LGE (%)

LGE Segment 7 (%)
LGE Segment 8 (%)
LGE Segment 9 (%)
LGE miVS (%)

Auc

0.734
0718
0.713
0.698
0.781
0.776
0.644
0711
0.697
0.721
0619
0.684
0.701
0.699
0.735

Cut-off

1627
—12.04
0.89
-062
18.09
~11.59
~18.45
15.15
-11.14
1.40
517
210
393
420
3.43

Sensitivity (%)

62.22
64.44
60.00
51.11
68.89
62.22
563.33
64.44
62.22
71.11
64.44
66.67
80.00
82.22
77.78

Specificity (%)

75.44
71.93
78.95
84.21
78.95
84.21
73.68
73.68
71.98
75.44
63.16
66.67
54.39
54.39
64.91

P

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.010
<0.001
<0.001
<0.001

0.034
<0.001
<0.001
<0.001
<0.001

P < 0,05 is considered to indicate statistical significance. ROC, receiver operating characteristic; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; AUC, area
under the curve; GRS, global radil strain; GCS, global circumferential strain; BRS, basal radial strain; BCS, basal circumferential strain; BLS, basal longitudinal strain; MRS, mid radial
strain; MCS, mid circumferential strain; LGE, late gadolinium enhancement; miVS, mid interventricular septum.
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Parameters Auc Sensitivity (%) Specificity (%) P

Multivariate Analysis Wald OR (95% Ci)
LGE (V) (%) 8.868 0872* 0835 83.89 70.18 <0.001
(0.797,0.954)
GRS (%) 3.872 0.655*
(0.430,0.998)

CMR, cardiovascular magnetic resonance; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; AUC, area under the curve; OR: odds ratio; Cl, confidence interval;
LGE, late gadolinium enhancement; miVS, mid interventricular septum; GRS, global radial strain. *P < 0.05 on the multivariate regression analysis.
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Age (years)

BSA ()"

Sex, male n (%)
Hypertension, n (%)
DM, n (%)
Dyslipidemia, n (%)
Smoker, n (%)

LV EF (%)

LV CO (/min)*

LV EDV (m)*

LV EDVi (m/m?)*
LV ESV (mipends
LV ESVi (ml/m@)pounds
LV mass (g)*

LVMi (g/m?)*

IVST min (mm)*
IVST max (mm)*

LV EDD (mm)*

RV EDD (mm)"*

HCM (n = 57)

66.33 + 10.11
175 £021
33(57.9)
29(50.9)
7(12.9)

24 (42.1)
21(36.8)
64.43 + 13.82
647 £2.06
148.19 = 54.97
8483+ 35.16
46.3(34.2,60.8)
26.3(19.3,32.8)
151.63 = 50.18
86,38 + 25.31
11.05 + 4.56
23.40 + 4.48
45.75.+7.39
27.91+6.99

HHD (n = 45)

47.78 £ 15.08
194023
37 (822)

45 (100)
8(17.8
24(63.3)

21 (46.7)
30.76 + 18.59
620+ 1.74
240.18 + 103.23
121.08 % 46.36
154.6 (66.4, 213.9)
81.6(30.6,107.7)
182.71 % 49.71
93.77 + 20,67
10.68 +2.18
15,86 £ 3.73
60.73 % 11.59
29.96 + 8.50

P

0.014
<0.001
0.009
<0.001
0.436
0.269
0.317
<0.001
0.718
<0.001
<0.001
<0.001
<0.001
0.007
0.241
0.850
<0.001
<0.001
0.361

Healthy (n = 68)

52.38 % 15.20
1.74£0.20
32 (47.1)

15 (22.1)
7(103)
27(39.7)

15 (22.1)
66.45 +7.01
581150
128.83 = 27.59
73.45 £+ 14.89
44.4(33.6,52.6)
24.9(19.8,299)
82.96 + 21.44
4725914
6.42 + 1.56
1004 = 2.36
47.16 £ 4.33
27.82:+7.21

P

0.023
<0.001
0.001
<0.001
0.502
0.336
0.020
<0.001
0.113
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0278

*Pis for HOM vs. HHD. SP is for HCM and HHD patients vs. healthy volunteers. * Data are means  standard deviation. Data are numbers, with percentages in parentheses. P9 Data
are medians with interquartile. P < 0.05 is considered to indicate statistical significance. DM, Diabetes melitus; BSA, body surface area; LV, left ventricular; EF; ejection fraction;
€O, cardiac output; EDV, end diastolic volume; EDVi, end diastolic volume index; ESV, end systolic volume; ESV, end systolic volume index; LVMi, left ventricular mass index; IVST,
interventricular septum thickness; EDD, end diastolic diameter; RV, right ventricular.
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GRS (%)*

GCS (%)"

GLS (%)*

GRS rate (1/5)"

GCS rate (1/5)*

GLS rate (1/5)"

BRS (%)"

BCS (%)*

BLS (%)*

MRS (%)*

MGS (%)*

MLS (%)*

ARS (%)*

ACS (%)"

ALS (%)*

Torsion (deg/cm)*

LGE (9%6)Pods

LGE Segment 7 (9o
LGE Segment 8 (%2
LGE Segment 9 (%P
LGE mIVS (9o

HCM (n = 567)

2118 +7.52
—13.34 £ 352
~9.49 + 3,06
127 £0.53
~0.83+0.28
~061:£021
24.12 £8.21
—14.73 £3.61
—15.93 + 4.51
19.90 783
—12.80 £3.76
~6.69+4.38
22.70 + 12.62
—13.26 537
~7.96+652
1.79 £ 0.69
7.4.(24,139
4.4(10,145)
46(0.8,14.7)
45(13,11.3)
5.4(15,159

HHD (n = 45)

14.56 + 7.46
—10.11 £4.13
-9.34+3.76
0.89 £0.44
~0.64+025
~055:+0.26
15.25+7.88
—10.41 + 4.31
—18.56 £ 5.02
13.77 £827
—9.70+ 468
~7.89+3.97
18.24 £10.14
—11.78+ 479
—8.14 & 4.67
128065
40(19,7.5)
10(02,4.1)
0.7 (0.2,3.5)
12(06,3.7)
1.3(0.4,3.4)

P

<0.001
<0.001
0.973
<0.001
0.008
0.428
<0.001
<0.001
0.039
<0.001
0.001
0.323
0.124
0.216
0.982
<0.001
0.040
0.001
0.001
0.001
<0.001

Healthy (n = 68)

32.43 + 6.09
—18.66 £2.18
—17.60 + 1.57
1.64 £0.42
-0.96+£0.38
-091£0.15
34.45 + 6.95
-19.26 £2.38
—22.34 287
31.12+6.73
-18.28 +£2.52
-15.19+£ 286
36.26 + 11.04
-19.10£3.58
—-1498 +3.31
1.45+0.71
0

0
0
0
0

P

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

"P is for HCM vs. HHD. SP is for HCM and HHD patients vs. healthy volunteers. *Data are means + standard deviation. P Data are medians with interquartile range. P < 0.05 is
considered to indicate statistical significance. CMR, cardiovascular magnetic resonance; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain;
BRS, basal radial strain; BCS, basal circumferential strain; BLS, basal longitudinal strain; MRS, mid radial strain; MCS, mid circumferential strain; MLS, mid longitudinal strain; ARS,
apical radial strain; ACS, apical circumferential strain; ALS, apical longitudinal strain; LGE, late gadolinium enhancement; mIVS, mid interventricular septum.
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CMR parameter Median [IQR]

LV-EDVi, ml/m 82(68-102]
LV-ESVi, ml/m* 36 (26-56]
LV-Massi, mg/m* 53 [43-65]
RV-EDVi, ml/m* 77 [64-91]
LV-EE, % 55 [41-62]
RV-EF, % 51 [43-57]
GLS, % -162[-19—-12]
GCS, %

Ti,ms 1,126 [1,090-1,167)
T2, ms 38 [36-40)
ECV 0.25[0.23-0.28]

ECV, extracellular volume; EDVi, end diastolic volume index; EF, jection fraction; ESV, end
systolic volume index; GCS, global circumferential strain; GLS, global longitudinal strain; GRS,
global radial strain; IQR, interquartile range; LV, left ventricle; and RV, right ventricle.
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Baseline characteri n [IQR] or n (%)
Age, years 63 [52-72]
Female 670 (33)
Body mass index, kg/m’ 27 (24-30]
Heart rate, beats/min 68[60-77]
Systolic blood pressure, mmHg 125 [116-139)]
Diastolic blood pressure, mmHg 79 (70-82]
Arterial hypertension 1,346 (66)
Chronic kidney disease 308 15)
Hyperlipidemia 1,024 (50)
Diabetes mellitus 395 (19)
Hematocrit, % 428(395-45.7)
NT-pro-BNP, pg/ml 259 (881,018
Troponin, pg/ml 1216-27)
eGER MDRD formula, ml/min/1.73m? 91(72-110]
CRE, mg/dl 02(0.1-06]
MR diagnos

Normal findings 512(25)
Chronic coronary syndrome 468 (23)
Ischemic cardiomyopathy 414 (20.4)
Dilated cardiomyopathy 321(16)
Other cardiomyopathy 28(14)
Storage disease 12(0.6)
Pulmonary hypertension/right heart disease 21(1)
MINOCA 21(1)
Valvular heart disease 7(03)
Other 168 (8)

CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; IQR, interquartile range;
MDRD, modification of diet in renal disease; NT-pro-BNP, N-terminal fragment of pro-brain
natriuretic peptide; and MINOCA, myocardial infarction with non-obstructive coronary artery.
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Non-contrast Gated
MRA bSSFP contrast MRA
GRE

Scanner 15T 055T 15T 055T
FA (°) 90 110 30 30
TE (ms) 145 1.89 125 171
TR (ms) 3.38 161 297 3.68
RBW (Hz/pixel) 592 501 591 781
Lines per HB 35 35 100 80
Temporal resolution (ms) 118 161 297 294
Slice thickness (mm) 13 15 14 15
Pixel size (mm) 16x16 | 1L6x16 | 14x14 | 18x18
Acceleration G2 G2 cs9 cs7
Scan time (HB) 78 142 10 13

MRA, magnetic resonance angiogram; bSSFP, balanced steady-state free precession;
GRE, gradient echo; BH, breath-held; RT, real-time; CS, compressed sensing; GRAPPA,

GeneRalized Autocalibrating Partial Parallel Acquisition; TE, echo time; TR, repetition time;

RBW, receiver band width; FA, flip angle; FOV, field of view; HB, heartbeats.
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BH LG MOCO LG

Scanner 15T (GRE) | 0.55T (SSFP) L5T 055T
FA (°) 20 80 55 50
TE (ms) 1.55 248 118 1.84
TR (ms) 4.06 6.66 2.79 4.69
RBW (Hz/pixel) 465 200 1,085 698
Lines per HB 31 21 86 63
Temporal 142 140 240 295
resolution (ms)

Slice thickness 8 10 8 8
(mm)

Pixel size (mm) 14x 14 1.6 x 1.6 14 x 14 15x 1.5
Acceleration None None G2 G2
Scan time (HB) s 12 16 24

LGE, late gadolinium enhanced; BH, breath-held; MOCO, free breathing motion corrected
and averaged; RT, real-time; CS, compressed sensing; GRAPPA, GeneRalized Autocalibrating
Partial Parallel Acquisition; TE, echo time; TR, repetition time; RBW, receiver band width;
FA, flip angle; FOV, field of view; HB, heartbeats.
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Imodel monitoring: log,track, evaluate-> real world data

‘ Ex Ante ‘
ISaMD prespecifications & algorithm change protocol
I clinical evaluation postmarket clinical follow-up (PMCF)
risk management process + human-agent team (HAT)+cybersecurity
data management and governance process .
value data data modeling model clearance or deployment learning & removal or
proposition mining preparation learn&tune evaluation certification supporting replacement

test service/

1
I supervised deploymenlt>
reference data | |

4
I causability process

good machine learning practices

usability process, training of human-agent team

I postmarket surveillance
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T1 mapping T2 mapping

Scanner 15T 055T 15T 055T
FA (%) 35 50 70 70
TE (ms) 1.01 177 1.04 169
TR (ms) 242 43 243 418
RBW (Hz/pixel) 1,085 539 1,184 558
Lines per HB 60 60 55 60
Temporal resolution (ms) 145 258 133 250
Slice thickness (mm) 8 10 8 10
Pixel size (mm) 20%20 | 24x24 | 21x21 | 24x24
Acceleration G2 G2 G2 G2
Scan time (HB) 1 14 7 16

BH, breath-held; RT, real-time; CS, compressed sensing; GRAPPA, GeneRalized
Autocalibrating Partial Parallel Acquisition; TE, echo time; TR, repetition time; RBW,
receiver band width; FA, flip angle; FOV, field of view; HB, heartbeats.
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Sequence FA TE Echo RBW Turbo Acquisition Slice Pixel Acceleration  Scan

spacing (Hz/pixel) factor  window thickness size time

(ms) (ms) (mm) (mm?) (HB)
TI-TSE 180 33 546 401 11 63 6 18x 18 G2 10
T2-TSE 180 44 546 401 14 75 6 2020 G2 12
T2-STIR 180 43 6.18 362 20 127 6 2020 G2 15
HASTE 160 16 41 1,502 72 295 10 36 %36 G2 1

TSE, turbo spin echo; STIR, short-tau inversion recovery; HASTE, Half-Fourier Acquisition Single-shot Turbo Spin Echo; BH, breath-held; RT, real-time; CS, compressed sensing; GRAPPA,
GeneRalized Autocalibrating Partial Parallel Acquisition; TE, echo time; TR, repetition time; RBW, receiver band width; FA, flip angle; FOV, field of view; HB, heartbeats.
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TR (ms)

TE (ms) 243 4.26 4.26

RBW (Hz/pixel) 501 427 427

FA () 10 12 12

Slice thickness (mm) 6 6 6

FOV (mm?) (320-377) x (320-377) x (320-377) x
(240-282) (240-282) (240-282)

Matrix size 192 x 154 192 x 154 192 x 154

Temporal resolution 44.3 44.5 44.5

(ms)

Acquisition time (HB) 12 13 20

Acceleration rate 2 3 2

Lines per HB 5 3 3

GRAPPA, GeneRalized Autocalibrating Partial Parallel Acquisition; CS, compressed sensing;
TE, echo time; TR, repetition time; RBW, receiver band width; FA, flip angle; FOV, field of

view; HB, heartbeats.
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Parameter Cut-off value

Scar vs. no scar

LGE+ vs. LGE-

(i.e., LGE+/MVO+ and LGE+/MVO- vs.
LGE-)

Peak strain (%)
Circumferential -13.8
Longitudinal -13.5

MVO vs.no MVO
(i.e., LGE+/MVO+ vs. LGE+/MVO-)

Peak strain (%)

Circumferential -11.2
Longitudinal -11.5
MVO within scar

(i.e., LGE+/MVO+ vs. LGE+/MVO-)

Peak strain (%)

Circumferential -11.5
Longitudinal -11.4

Sensitivity (%)

76 (68-86)
88 (66-95)

78 (64-92)
80 (67-94)

80 (65-94)
84 (76-92)

Specificity (%)

74 (61-86)
65 (56-87)

67 (59-76)
51 (45-56)

47 (39-56)
57 (47-66)

PPV (%)

81 (74-86)
73 (63-83)

30 (22-38)
24 (17-31)

36 (30-41)
39 (36-41)

NPV (%)

70 (61-77)
71 (62-80)

94 (89-97)
92 (86-96)

84 (76-92)
83 (77-90)

P-value

<0.001
<0.001

<0.001
<0.001

<0.001
<0.001

Optimal cut-off values for the different ROC curves were calculated with the Youden Index. These cut-offs were subsequently tested for performance in the validation cohort, with the

95% confidence intervals of sensitivity, specificity, negative predictive value, and positive predictive value corrected for the multiple measures per patient.





OPS/images/fcvm-10-1120982/fcvm-10-1120982-t001.jpg
Scanner 15T 0.55T 15T 0.55T
Flip angle () 80 110 80 110
TE (ms) 116 1.95 1.04 1.84
TR (ms) 271 465 243 455
RBW (Hz/pixel) 930 930 1,184 1,002
Lines per HB 12 6 18 10
Temporal resolution (ms) 325 27.9 43.7 45.5
Slice thickness (mm) 6 8 8 8
Pixel size (mm) 1.8 x 1.8 1.8 x 1.8 20x20 18x 1.8
CS acceleration rate 4.3 4.3 74 13
Scan time (HB) 3 6 1 1

BH, breath-held; RT, real-time; TE, echo time; TR, repetition time; RBW, receiver band width;
CS, compressed sensing; HB, heartbeats.
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LGE- (314 LGE+/MVO- LGE+/MVO+  P-value (LGE-  P-value (LGE- P-value

segments) (308 segments) (146 segments) vs. vs. (LGE+/MVO-
LGE+/MVO-)  LGE+/MVO+) vs.
LGE+/MVO+)

Segmental LV strain
Peak strain (%)
Circumferential -17440.5 -10.4+0.5 -9.0+£0.6 <0.00 <0.00 0.007
Longitudina -16.0+0.5 ~8.3 0.5 6.6 £0.7 <0.00 <0.00 0.020
Time to peak strain (ms)
Circumferentia 295+6.4 339+6.4 35979 <0.00 <0.00 0.007
Longitudina 315+6.9 366 £ 6.9 373491 <0.00 <0.00 0.502
Systolic strain rate (/s)
Circumferentia -1.094+0.04 -0.5140.04 -0.38 +0.06 <0.00 <0.00 0.032
Longitudina -1.09 4+ 0.06 -0.55+0.06 -0.40 +0.09 <0.00 <0.00 0.139
Comparison between groups with a mixed linear model accounting for multiple measurements per patient by including subject identification as a random intercept and reported as mean
and standard error.
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Demographics

Age
Sex (male)
BMI

Time to Balloon (min)

Killip I (no clinical signs or symptoms of heart failure)

Killip IT (3rd heart Sound, rales and radiographic evidence of heart failure)

Killip III (pulmonary edema)
Killip IV (cardiogenic shock)
Laboratory values

CK-MB

Troponin T

NT-proBNP

Medication

ACE inhibitor/AT II antagonist

Beta blocker

Aldosterone antagonist
SGLT-2 inhibitor
Comorbidities

Family history

Smoking current and former
Hypertension
Hypercholesterolemia

CMR measurements

LVEF

Total LGE extent (%)
Segments with LGE+/MVO-
Segments with LGE+/MVO+
Segments with LGE-

Coronary angiography measurements

Number of complete LAD occlusion

1 vessel disease
2 vessel disease

3 vessel disease

*Data was normalized using logarithmic scaling and compared using student’s t-test.

Total population
(n=48)

61.8£12.5
39 (81%)
272+4.6
290 (149-638.5)

33 (69%)
7 (15%)
3 (6%)
5 (10%)

325 (205-559)
7,303 (4,533-13,192)
1,529 (320-3,222)

48 (100%)

48 (100%)
20 (42%)
7 (15%)

403 +£09.1

37.1+£12.6
308 (40%)
146 (19%)
314 (41%)

79%

38 (79%)
23 (48%)
15 (31%)
10 (21%)

21%

MVO+
(n =40)

60.4£12.8
34 (85%)
279 +£4.7
215 (133-833)

26 (65%)
6 (15%)
3 (8%)
5(13%)

370 (252-584)
7,788 (6,128-13,922)
1,529 (320-3,222)

40 (100%)

40 (100%)
19 (48%)
6 (15%)

11 (28%)

18 (45%)

18 (45%)
17 (43)

38.8+8.7
3894117
252 (39%)
146 (23%)
242 (38%)

33 (83%)
20 (50%)
11 (28%)
9 (23%)

MVO-
(n=8)

66.9 £8.3
5(63%)
252+1.8
312 (150-633)

7 (88%)
1(13%)
0
0

150 (93-271)
3,572 (2,402-4621)
1,211 (330-3,159)

8 (100%)
8 (100%)
1(13%)
1(13%)

1(13%)
4 (50%)
3 (38%)

47.6 £7.5
27.9+£13.7
56 (44%)

72 (56%)

63%
38%
50%

1(13%

P-value

p=0.090
p=0137
p=0.010
p=0.785

p=0210

p=0.855
NA
NA

p=0.098*
p=0584*
p=0784"

NA
NA
p=0.067
p=0.855

NA
p=0.086
p=0.796
p=0.793

p=0.013
p=0.064
p=0.16
NA
p=0.14

p=0.204
p=0518
p=0210
p=0.525

Baseline demographics between patients with MVO (MVO+) and patients without MVO (MVO-). Groups were compared by a Chi-square test or an independent t-test, for categorical

or continuous variables, respectively.
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Variable 95% CI

Lower Upper

Univariable analysis
Native T time 1008 1002 Lo14 0007
VS 1089 1044 1136 0.0001
Multivariable analysis

Native T time 1006 1001 1013 0042

PVS 1076 1033 1121 00001

CI, confidence interval; PVS, plasma volume status; and HR, hazard ratio.
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Variable 95% ClI

Lower Upper

Univariable analysis

Tl time 1009 1006 1013 0.0001
PVS 1069 1039 109 0.0001
EF 0957 0.941 0973 0.0001
ESVi 1015 1010 1020 0.0001
Age 1029 1005 1053 0017
GLS LIs 1.085 1222 0.0001
ECV 893 1484 53724 0017

Multivariable analysis

Tl time 1005 100054 1009 0028
PVS 1054 1026 1083 0.0001
EF 0975 0.947 1003 0.083
ESVi 1005 0.996 1015 0282
Age 1016 0.992 1041 0.189

Multivariable analysis GLS for EF

1005 100054 101 0029

1053 1025 1083 0.0001
GLS 1059 0.974 L152 0179
ESVi 10008 1001 1016 0.037
Age 1012 0.986 104 0354

Multivariable analysis GLS for EF, ECV for ESVi

Tl time 1005 0.999 101 0083
PVS 1054 1024 1083 0.001
GLS 1108 1037 1184 0002
ECV 155 0.045 5220 0.808
Age 1005 0.980 1031 0691

Cl, confidence interval; ECV, extracellular volume, GLS, global longitudinal strain; PVS, plasma
volume status; HR, hazard ratios EF, jection fraction; and ESVi, endsystolic volume indexed for
body surface area.
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Parameter PVS>-4% PVS<- 4%

median [IQR] median
[IGR]
LV-EE, % 54(40-62] 55 [41-62) <093
GLS, % ~163[-192— | ~163 [-193— <0772
-116] -122]
RV-EF, % 51[43-58] 51(43-57) <0512
LV-EDVi, ml/m? 82 (69-100] 82(67-103] <087
RV-EDVi, ml/m? 78 [64-90] 76 (64-91] <089
Native Tl time, ms 1138 [L100-1,183] 1,124 (1,087~ <0.0001
1,165]
ECV 027[0.25-0.30] | 0.25[0.22-0.27) <0.0001
T2 time, ms 39 (37-41] 38 [36-40] <0.0007
Nt-pro-BNP, pg./ml 712 (156-2,257) 237 (80-795) <0.0001
Parameter PVS>—13% median  PVS<-13%
[1QR] median [IQR]
LV-EE, % 56 [45-63] 54(38-62] <0.0002
GLS, % ~167[-196— | ~157[-188— <0.0001
-128] ~115]
RV-EE, % 52[45-58] 50 (43-56] <0.0001
LV-EDVi, ml/m* 79167-98] 84(69-106] <0.0002
RV-EDVi, ml/m? 76 62-89] 77 [65-93] <001
Native TI time,ms | 1,130 [1095-1,170] | 1,123 [1,086- <0.003
1,166]
ECV 026(024-0.29] | 0.23[022-0.26] <0.0001
T2 time, ms 39(37-40] 38 (36-40] <0.0001
Nt-pro-BNP, pg./ml 318[111-1,256] 23(71-794] <0.0001

ECV, extracellular volume; EDVi, end diastolic volume index; EF, ejection fraction; ESVi, end
systolic volume index; GLS, global longitudinal strain; IQR, interquartile range; LV, left
ventricle; RV, right ventricle; SD, standard deviation, and PVS, plasma volume status.
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Observers OblandOb2andOb3 Ob1land DL-2

Metric Volume, ICC (2, 1) (95%CI) Volume, ICC (2, 1) (95%CI)
LV endocardial cavity 093 (0.74-0.97) 0.93(0.73-0.97)

LV myocardium 091 (0.76-0.97) 087 (0.02-0.97)

RV endocardial cavity 097 (0.92-0.98)

RV myocardium 089 (0.79-0.95) 092 (0.83-0.97)

Left atrium 097 (0.84-0.99) 0.92 (0.82-0.96)
Right atrium 098 (0.96-0.99) 0.97 (0.93-0.99)
Ascending aorta 096 (0.72-0.99) 0.96 (0.43-0.99)
Pulmonary arteries 0.94 (0.68-0.98) 0.96 (0.88-0.98)

Descending aorta 089 (0.50-0.96) 096 (0.89-0.98)
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Cardiac structure

LV endocardial cavity

LV myocardium

RV endocardial cavity

RV myocardium

Left atrium

Right atrium

Ascending aorta

Pulmonary arteries

Descending aorta

Metric

Mean DSC (95%CI)
Mean NSD, 7 = 4.38 mm (95%CI)
Mean DSC (95%CI)
Mean NSD, 7 = 3.56 mm (95%Cl)
Mean DSC (95%CI)
Mean NSD, 7 = 4.02 mm (95%Cl)
Mean DSC (95%CI)
Mean NSD, 7 = 6.04 mm (95%CI)
Mean DSC (95%Cl)
Mean NSD, 7 = 5.20 mm (95%CI)
Mean DSC (95%CI)
Mean NSD, 7 = 6.70 mm (95%Cl)
Mean DSC (95%CI)
Mean NSD, 7 = 2.51 mm (95%Cl)
Mean DSC (95%CI)
Mean NSD, 7 =
Mean DSC (95%CI)
Mean NSD, 7 = 2.24 mm (95%C)

.13 mm (95%CI)

Ob 1vs.Ob2

0883 (0.865-0.902)
0964 (0.944-0.985)
0785 (0.759-0.810)
0962 (0.949-0.976)
0902 (0.894-0910)
0960 (0.951-0.969)
0.482 (0.444-0.520)
0959 (0.949-0.969)
0.867 (0.851-0.884)
0955 (0.939-0971)
0875 (0.859-0.891)
0973 (0.961-0.985)
0901 (0.893-0.909)
0969 (0.960-0.978)
0913 (0.904-0922)
0.861 (0.845-0.878)
0879 (0.870-0.888)
0976 (0.957-0.994)

Ob1vs.Ob3

0.909 (0.897-0.921)
0.936 (0.905-0.966)
0.801 (0.780-0.822)
0940 (0.921-0.959)
0915 (0.908-0.921)
0940 (0.927-0.952)
0542 (0.508-0.576)
0.948 (0.939-0.957)
0.888 (0.871-0.904)
0929 (0.912-0.946)
0.892 (0.883-0.902)
0941 (0.925-0.958)
0932 (0.928-0.936)
0.936 (0.924-0.949)
0830 (0.819-0.842)
0.980 (0.971-0.988)
0936 (0.924-0.948)
0917 (0.892-0.941)

Ob2vs.Ob3

0.891 (0.873-0.910)
0950 (0.925-0.975)
0.798 (0.777-0.818)
0.948 (0.931-0.964)
0910 (0.902-0.918)
0.951 (0.942-0.960)
0537 (0.501-0.573)
0.944 (0.933-0.956)
0.896 (0.881-0.910)
0.967 (0.957-0.977)
0.876 (0.859-0.894)
0.942(0.921-0.963)
0.916 (0.906-0.927)
0.950 (0.936-0.963)
0.838 (0.825-0.851)
0.885 (0.868-0.901)
0.900 (0.890-0.910)
0.945 (0.926-0.964)

Ob 1vs. DL-2

0902 (0.891-0912)
0.949 (0.920-0.978)
0.808 (0.784-0.833)
0956 (0.936-0.975)
0924 (0.916-0.932)
0963 (0.947-0.978)
0594 (0.554-0.634)
0964 (0.956-0.973)
0.897 (0.874-0.919)
0956 (0.924-0.989)
0897 (0.878-0915)
0958 (0.924-0.991)
0924 (0.919-0930)
0953 (0.938-0.967)
0934 (0.925-0943)
0.990 (0.951-0.999)
0910 (0.897-0.923)
0937 (0.914-0.959)
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A. COPD/Emphysema in test cohort

Parameter

Correlation with RHC-
measured mPAP

MRI

model
(n=40)

ICC with mPAP 0.60 0.38 0.64
Sensitivity (%) 96.6% 82.8% 61.9%
Specificity (%) 63.6% 100.0% 87.5%
Positive predictive value (%) 87.5% 100.0% 92.9%
Negative predictive value (%) | 87.5% 68.8% 46.7%
AUC | 0% 0.93 083

(B) ILD in test cohort

Parameter

Correlation with RHC- 0.706 0.708. 0.711
measured mPAP

ICC with mPAP 0.55 0.34 078

Sensitivity (%) 933% 80% 714%
Specificity (%) 786% 857% 889%
Positive predictive value (%) 70% 75% 833%
Negative predictive value (%) 957% 889% 80%

AUC 0.87 0.89 095

AUC, area under the receiver operating characteristic curve, ICC, intraclass
correlation coefficient, mPAP, mean pulmonary arterial pressure, RHC, right-
sided heart catheterisation; COPD: chronic obstructive pulmonary disease; ILD:

interstitial lung disease.
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Train DL-1 Validation Train DL-2 Validation Internaltest Externaltest PE cohort PH cohort

DL-1 DL-2 cohort cohort
Total 40 10 80 20 100 20 207 1,126
Age, years & SD 6574136 5694152 662121 582119 6384139 6274160 642170 6464128
Age range, years 26-81 3275 26-87 3275 20-86 24-88 22-95 18-90
Female, % 60.0 700 637 60.0 620 600 57.0 623
Ethnicity
White, % 85 80 83 85 85 %0 - 89
Black, % 0 0 4 0 6 0 - 2
Asian, % s 10 6 5 5 5 - 5
Other, % 0 0 0 5 1 0 - 1
Not stated, % s 10 8 5 3 5 - 3
Manufacturer
GE, % 500 500 500 0.0 450 400 850 742
Canon, % 50.0 50.0 500 60.0 55.0 250 135 257
Philips, % 00 00 00 00 00 50 14 00
Siemens, % 0.0 00 0.0 00 0.0 300 00 02
Pulmonary hypertension
diagnosis
Not PH, % 17.5 400 175 250 120 100 00 136
Pulmonary hypertension with ~ 10.0 200 175 250 150 150 00 192
lung disease, %
Pulmonary arterial 275 200 163 200 190 150 00 210
hypertension, %
Pulmonary hypertension with 250 200 250 100 220 200 00 168
left heart disease, %
Chronic thromboembolic 200 00 238 100 250 300 00 22
pulmonary hypertension, %
Unclear/unknown, % 0.0 00 0.0 10.0 7.0 100 00 30
Pulmonary embolism 0.0 00 00 00 00 00 100 00
Positive, %
Invasive haemodynamic 1000 1000 9.8 1000 1000 75.0 007 98.8
measurement available, %
Mean PA pressure, mmHg £ 39 14 a1£21 3913 Q2x17 2+ 47£14 - 3914
D
PA pressure range, mmHg 16-71 16-77 14-71 16-77 17-78 23-73 - 8-95

PE, pulmonary embolism; PH, pulmonary hypertension; PA, pulmonary artery.
* Patient ethnicities were not available in the






OPS/images/fcvm-10-1016994/fcvm-10-1016994-t002.jpg
Parameter MRI model Whitfield Echo sPAP
(n=99) model (n=99) (n=68)

Correlation with RHC-
measured mPAP

1CC with mPAP
Sensitivity (%)
Specificity (%)
Positive predictive
value (%)

Negative predictive
value (%)

AUC

AUC, area under the receiver operating characteristic curve, ICC, intraclass
correlation coefficient, mPAP, mean pulmonary arterial pressure, RHC, right-
sided heart PH: pulmcnsry Cl canciac indésx
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Variables units
Demographics

No PH,
Mild-moderate PH
n=77

Mean (SD)

Severe
PH
n=90

Mean (SD)

Model development

cohort

n=67

P value Mean (SD)

Test cohort
n=100

Mean (SD)

P value

Age (years)

64 (12)

68 (11)

68 (11)

65 (12)

Sex female%

62%

52%

54%

59%

'WHO functional class (I/I/IIV/IV) #

1(0) I (12) III (59) IV
®)

1(0) I1 (0) 1T (63) IV
@7

1(0) II (8) 11T (45) IV (13)

1(0) I (4) L (77) IV (17)

Type of lung discase

Air trapping (n=5),
COPD/emphysema
(n=14), ILD/fibrosis
(n=26), CPEE (n=5)

Air trapping (

COPD/emphysema

(n=44), ILD/fi

(=30, CPFE (n=10)

n=2),

brosis

Air trapping (n=2), COPD/
emphysema (n=19), ILD/
fibrosis (n=23), CPEE (n=5)

Air trapping (n=1),
COPD/emphysema
(n=39), ILD/fibrosis
(n=27), CPEE (n=4)

Right heart catheter data

mRAP (mmHg)

503)

11(6)

<0.001 9(6)

8(5)

mPAP (mmHg) 2 (6) 50 (8) <0.001 39 (16) 37 (14)
PAWP (mmHg) 10 (4) 12(7) <0.001 11 (4) 114 081
Cardiac Output (L/min) 56(22) 42.(16) <0.001 47 (15) 5(23) 033
Cardiac index (CI) (Limin/m?) 3101 23 (08) <0.001 25 (08) 27 (1) 014
PVR (Woods Unit) 226 (107) 817 (387) <0.001 576 (442) 515 (395) 035
520, (%) 96 (3) 92 (6) <0.001 94 (5) 9 (5) 094
SVO; (%) 70 (7) 62 (8) <0.001 66 (9) 66 (8) 082
ISWT—distance (m) 219 (169) 112 (89) <0.001 153 (132) 168 (149) 050

Pulmonary Function Tests (PFT's)

Percent predicted FEV' (%)

70.65 (21.99)

65.10 (19.16)

008 66.46 (21.71)

68.46 (19.96)

Percent predicted FVC (%) 78.49 (2343) 78.82 (20.05) 092 77.22 (24.28) 79.63 (19.69)

FEV'/EVC ratio (%) 092 (020) 0384 (020) 001 0388 (0.20) 087 (021) 080
Percent predicted DLCO (%) 47.62 (20.16) 27.22 (13.05) <0.001 34.49 (2023) 3761 (1891) 032
MRI parameters

Time between RHC and MRI (d) 0@ 0 043 0 0(0) 044
LVEDV index (ml/m”) 59.30 (14.86) 47.66 (15.72) <0.001 51.53 (16.64) 5403 (16.16) 033
LVSV index (ml/m?) 39.64 (1052) 30.58 (10.88) <0.001 33.42 (35.65) 1128 (11.79) 022
RVESV index (ml/m?) 35.80 (16.86) 59.72 (26.98) <0.001 47.53 (23.20) 4947 (27.42) 063
RVEF (%) 47.57 (1079) 35.70 (11.81) <0.001 4252 (1213) 4027 (13.18) 026
RV systolic mass 30.68 (17.47) 56.40 (31.38) <0.001 41.94 (2234) 47.14 (33.14) 032
Diastolic PA area (mm?’) 676.11 (191.11) 89371 (246.59) <0.001 82151 (275.57) 773.33 (22535) 021
Systolic PA area (mm’) 765.07 (214.63) 977.93 (273.48) <0.001 909.02 (303.68) 859.01 (242557) 024
PA RAC (%) 13.90 (7.27) 9.26 (4.26) <0.001 1089 (5.98) 11.84 (652) 037
M1 017 (0.09) 031 (0.16) <0.001 025 (0.14) 025 (0.15) 094
Systolic septal angle (°) 144.70 (14.68) 175.47 (18.18) <0.001 162,61 (24.01) 160.40 (21.75) 053

WHO, world health organisation, mRAP, mean right atrial pressure, mPAP, mean p

pressure, PAWP, p

y  PVR. pt
resistance, 520y, Oxygen satration, VO3, Mixed venous oxygen saturation, FEV, Forced Expratory Volime in 15, YC, Foreed Vital Capacity, DLCO,transier capacityof the

lung for the uptake of carbon monoxide (CO), RVESV, right
LVSY, feft ventricular sroke volume; VM, ventricular mass index. PA RAC, pulmonary atery relative arca change; PA, pulmonary arcry: RV, right ventricle
WHO functional ¢lass data i missing for 2 patents:

: RVEF, right

tion fraction; LVEDV, left

volume;
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mPAP = 26 mmHg, CLD-PH MRI model sore mPAP = 69 mmHeg, CLD-PH MRI model sore
3.13, Whitfield model score = -1.91 .29, Whitfield model score

PA area

Systolic PA area = 515 mm? 3 Systolic PA area = 926 mm?

Diastolic PA area = 459 mm? Diastolic PA area = 885 mm?

Septal angle

Systolic septal angle = 140 systolic septal angle = 192°

VMI

Diastole.

VMI=0.10 VMI=0.35
%
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753 patients with either ‘no
PH’ or PH associated with lung
disease

I

334 patients with baseline
RHC

182 with complete data
including PFTs

I

167 patients with complete
MRI and RHC data

419 patients excluded:
No baseline RHC available

152 patients excluded:
No baseline PFTs available

15 patients excluded:
Lung disease did not meet
criteria for major lung
disease classes

Derivation Cohort
(N=67)

Validation Cohort
(N=100)
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Technology

Rotational
atherectomy

High-speed rotating
diamond tipped
burr

Ablation techniques

Orbital
atherectomy

High-speed rotating
diamond-coated
crown

Excimer laser

Ultraviolet light
pulsations

Cutting
balloon

Balloon mounted
with longitudinal
microblades

Balloon-based techniques

Scoring
balloon

Balloon
wrapped with
wires/scoring
element

Super high:
compliant
balloon
Twin-layered
noncompliant
balloon

Lithotripsy
balloon

Balloon mounted
with pulsed energy
emitters

Mechanism

Differential
abrasion

Differential abrasion

Photoablation via:
« Photochemical
« Photothermal
« Photomechanical

Plaque cut

Plaque fracture

Displace calcium
without modifying it

Calcium cracking
via:
+ Compression

« Cavitation

Size/Catheter
compatibility

+ 1251025 mm
burr
« 6 to 10 French

« 1.25 mm crown
« 6 French

09 t0 20 mm
6108 French

2751035 mm
« 6 French

+201t035mm
« 6 French

« 15 to 45 mm
« 6 French

+25t04mm
« 6 French

Applications

« Uncrossable
lesions

+ Nodular calcium

+ Concentric
calcium

« Superfcial
calcium

« Uncrossable lesions
+ Nodular calcium
« Eccentric calcium
« Superficial calcium

+ Uncrossable lesions
« Calcified undilatable or
uncrossable ISR

« Superficial
alcium

« Thin calcium

« In-stent
restenosis

+ Superficial
alcium

« Thin calcium

« In-stent
restenosis

« Stent optimization

« Refractory
undilatable
calcium
especially within
stent

« Deep calcium

« Thick calcium

« Eccentric calcium
@

+ Nodular calcium
@

+ Perforation

« Dissection

« burr lodging

« slow/no reflow

« Bradycardia/AV
block

« Perforation
« Dissection
« slow/no reflow

« Perforation
« Dissection

« Dissection

« Dissection

« Perforation
« Dissection

+ Perforation

« Dissection

+ Eclopics/Capture
on ECG

Eccentric Calcium

via

« Wire biasing

+ Multiaxial
Rotablation
(MAX)

« Superior in large
caliber/
aneurysmatic

v

« Can ablate in
forward and
backward
directions

« Low risk of crown
lodging

+ Requires continuous
saline flushing

« Flushing with contrast
to potential
photomechanical
effect for calcified ISR

« Large profile,
preventing

« Limited action
on large
calcium
burden

+ Limited
action on
large
caleium
burden

+ Unpredictable
plaque behaviour
at high @atm
inflation

« Safer for
undilatable
alcified ISR

+ Large profile
‘preventing
crossing
calcified disease

+ 80 pulses per
catheter
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Classical pericarditis criteria
Pericardial clinical pain, N (%)
Typical ECG changes, N (%)
Pericardial effusion (echocardiography), N (%)
Colchicine treatment, N (%)
CMR parameters.

LVEF CMR, mean  sd

RVEF CMR, mean =+ sd

LGE% of LV mass median (IGR]
LGE score median OR]

MVO% of LV mass median [IQR]
MVO score median [IGR]
Pericardial effusion (CMR), N (%)

Al patients
N=187

5(2.7%)
42.1%)
6(3.2%)
2(1.1%)

56+ 109
5396
24 [15-35)
12[5.5-20]
06(0-3.2)
2[0-4)
90 (48.1%)

LPE+
145 (77.5%)

4(2.8%)
4(2.8%)
5(3.4%)
2 (1.4%)

55+ 11.1
5264 10.1
27 [16-35)
14 [8-20)
1[0-3.4]
2[0-4)
69 (47.6%)

LPE-
42 (22.5%)

1 (24%)
0(0%)
1(24%)
0(0%)

50.1+9.8
543£77
20[10-32)
8[0-13.5)
0[0-2.0]
0[0-3)
21 (500%)

P-value

>0.99
0.62

>0.99

>0.99

0.03
032
0.08
<0.01
0.01
<0.01
0.68

CMR, cardiac MRI: LVEF, left ventricular ejection fraction; RVEF, right ventricular ejection fraction; LV, left ventricle; LGE, late Gadolinium enhancement; MVO, microvascular obstruction.
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Variables Odds ratio

Age, years 1.01
Male gender 1.98
LGE score 1.08
MVO% of LV mass 0.96

95% Confidence interval

0.97-1.04
0.59-6.23
1.03-1.14
0.87-1.05

P-value

0.90
027
0.002
034

LPE, late pericardial enhancement; LGE, late Gadolnium enhancement; MVO,

microvascular obstruction.
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Variables Hazardratio  95% Confidence interval ~ P-value

Age, years 1.02 0.98-1.05 0.30
Male gender 1202 0.33-3.80 0.85
LGE score 1.05 1.01-1.09 0.01
MVO% of LV mass 1.06 0.90-1.13 0.06
LPE+ 0.46 0.25-0.86 0.01
LPE- (No LPE) 217 1.60-4.01 0.01

LGE, late Gadolinium enhancement; MVO, microvascular obstruction; LPE, late
pericardial enhancement.
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Al patients

N =187
Age, years, mean  sd 572+ 105
Male gender, N (%) 171 (91.4%)
Active smoker, N (%) 79 (42.2%)
Hypertension, N (%) 58 (31.0%)
Diabetes melltus, N (%) 27 (14.4%)
Dyslipidernia, N (%) 73 (39%)
Family history of IHD, N (%) 60 (32.1%)
Pain to balloon (h, median IQR]) 25[2-5)
Lateral MI, N (%) 61(32.6%)
WBC count', K/l (median [IQR) 11.2(89-14.0)
WBC count', K/jl (mean  sd) 11.7£89
Maximal CRP**, mg/L., (median [IQR]) 16.7[5.4-35.8)
Maximal CRP*, mg/L (mean  sd) 346+ 49.9
Maximal CPK (UAL, median [IQR) 1,534 [776-3,040]
Maximal TROPONIN (w/L, median IQR)) 53 [17.3-80.0]
LVEF % on first Echocardiography post-PPCI, mean = sd 45.45+ 9.6

CRR, C-reactive protein; PPCI, primary percutaneous coronary intervention; CPK, creatine phosphokinase.

“White blood count at admission.
*“C-reactive protein values were available in 130/187 patients.

LPE+
145 (77.5%)

572104
135 (93.1%)
63 (43.4%)
41(28.3%)

19 (13.1%)

59 (40.7%)

50 (34.5%)
25[2-5)

50 (34.4%)
11.3[9.2-14)
119+48
17.2(5.6-40.7)
37.8+53.4
1,700 [900-3,133]
54 [19.7-80.0]
446+£92

LPE-
42 (22.5%)

572114
36 (85.7%)
16 (38.1%)
17 (40.5%)
8(19.0%)
14 (33.3%)
10 (23.8%)
3[2-6]

11 (26.1%)
1.4 [7.7-13.8]
11.0£83
7.3[4.4-28.8)
19.7 £ 24.1
1,067 [482-2,709]
32[8.4-89.0]
48.1+103

P-value

0.96
0.23
0.66
0.19
0.47
0.49
0.26
0.50
0.41
024
0.17
0.12
0.01
0.03
0.49
0.03
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Size Percent Size comparison P-value

loss

Pocket CLARITY 1 mm 28.7% 1vs.2 0.4
2 mm 18.3% 1vs.3 0.3

1vs. 4 0.8

3 mm 15.7% 2.¥8:3 0.7

AT 20.9% 2vs. 4 0.9

3vs.4 0.8

CLARITY 1 mm 18.6% 1vs.2 0.8
2 mm 16.2% 1vs.3 0.1

1vs. 4 0.1

3 mm 28.7% 2vs.3 0.2

Amm 31.5% 2vs. 4 0.2

3vs.4 0.2
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Clinical characteristics
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‘Chamber characteristics
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PASP, mmHg 1.065 1.042-1.088 <0.001 1.034 1.005-1.063 0.020 1.040 1.014-1.066 0.002

AR, atrial fibrillation; EROA, effective regurgitant orifice area; MR, mitral regurgitation; MDPG, mean diastolic pressure gradient;
ventricular ejection fraction; LA, left atrial; LV GLS, left ventricular global longitudinal strain; PASP, pulmonary artery systolic pressure.

V, left ventricular end-systolic volume; LVEF, left
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LVEF, Left ventricular ejection fraction; LVSV, left
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LVEDY, ml 156.4 (122.2-191.8) 150.2 (118.6-179.8) 171.5(133.6-207.4) 0.011
LVESV, ml 52.9 (41.1-71.1) 52.3 (40.0-68.6) 65.1 (44.4-84.1) 0112
LVEE % 617£9.1 61786 616+ 10.6 0.940
LV mass index, g/m? 101.3 (87.9-127.3) 97.8 (81.9-119.7) 110.1(96.6-138.7) 0017
LA volume index, ml/m? 57.0 (40.4-75.6) 52.5(39.1-67.7) 759 (53.5-114.3) <0.001
LVGLS, % 158+54 157 £52 -162£6.1 0597
LA strain, % 19.9 (11.7-30.0) 24.0 (13.1-31.4) 133 (9.3-23.8) 0.003
TLAEE % 35.0 (23.1-49.2) 40.6(24.2-50.4) 267 (19.6-42.6) 0013
MDPG, mmHg 44(3.3-6.0) 4.0 (32-5.8) 5.0(37-6.9) 0031
MR severity <0.001
Moderate, n (%) 129/(76.3) 107 (85.6) 22(50.0)
Severe, n (%) 40(23.7) 18 (14.4) 22(50.0)
EROA, mm? 28.0 (23.0-34.5) 27.0 (23.0-32.3) 33.0(27.0-45.8) <0.001
MR volume, ml 36.7 (24.9-49.5) 34.1 (25.0-45.6) 517 (39.6-69.0) <0.001
MR fraction, % 3924122 3654105 473+£137 <0.001
MR volume/LA strain, ml/% 1.98 (1.11-3.28) 1,57 (1.04-2.72) 3.09 (2.06-5.80) <0.001
TR severity <0.001
Mild, n (%) 54 (32.0) 34(27.2) 20 (45.5)
Moderate, n (%) 19(11.2) 11(8.8) 8(18.2)
Severe, n (%) 9(5.4) 3(24) 6(13.7)
PASP, mmHg 30.2 (26.0-39.1) 29.9(25.0-35.0) 37.5(28.0-46.3) <0.001

LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic dimension; LVEDY, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic
volume; LVEE left ventricular ejection fraction; LV, left ventricular; LA, left atrial; GLS, global longitudinal strain; TLAEE, total left atrial ejection fraction; MDPG, mean diastolic pressure
gradient; MR, mitral regurgitation; EROA, effective regurgitant orifice area; TR, tricuspid regurgitation; PASP, pulmonary artery systolic pressure.
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Purpose Equipment Remarks
Available
Mechanical ventilation | Fabius MRI, Driiger, MR-compatible (<3T)

Liibeck, Germany ventilator
Monitoring of vital | M3 Tesla, Driiger, MR-compatible (<3T)
signs Liibeck, Germany patient monitor

Monitoring expiratory | N-85, Nellcor, Covidien, | Handheld capnograph
CO, following repeated | Mansfield, USA
breath holds

Monitoring rectal body | Optocon AG, Dresden,
temperature Germany

Monitoring blood 8600FO, Nonin Medical | Pulse oximeter
oxygen saturation Inc, Plymouth, USA
(5p0s), 5pO, -derived
heart rate
Hydration of animal | Space® infusion pumps | Installed within MR safe
and application of housing (<3 T): Space
drugs Station (Braun,

Fiber-optic sensor

Melsungen, Germany)
Remote controlled MEDRAD® Spectris Programmable injection
contrast-agent Solaris EP, Bayer AG, | system

administration Leverkusen, Germany

(0.01-10 ml/sec)
Warming-system to Hico aquaterm 660, Hico
keep body temperature | Medical Systems, Cologne,
at normal levels Germany

Bold-marked devices are certified for use in magnetic fields up to 3 T. No devices
certified for use at 7T magnetic field were available. In all devices, adequate
functioning was tested before use in animals. Moreover, risk from mechanical
attraction to the magnetic field of the MRI scanner was leveraged by tie-dowr
S Fxbl St Hhe Scaniss oaTE walls 7, Pl B
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Interference between Man and Animal

Provisions taken

Risk of zoonosis

Ethical considerations related to the simultancous use of the MRI
system

Separate equipment for human and animal use (separate scanner tables and MRI coils, storage of
consumables in different places)

Standard operating procedures (SOPs) for operation and disinfection (eg, no human measurement
after animal experiments before disinfection of scanner room and animal preparation room)
Access restriction to the facility for immunocompromised patients; no studies in these patients.
Use of pathogen-free animals (optional)

Arrangement of access routes and facilites to prevent simultancous presence of humans and animals
in the same space

Organizational concept (no animal experiment per day before last human scanned)

Approval of human studies within the facility by the ethics committee

‘Smell nuisance by animals

High-power air condition and ventilation (12 times/h)
Excess pressure within scanner room to faciltate rapid removal
Air-locks between the facility and hospital hallways to prevent smell leaving the area

Irritation of patients and staff by the sighting of animals

Separate access ways into and out of the facility for humans and animals

Special requirements in research MRI

Reduced RF interference for MRI application with very low SNR and
very long measurement times on the order of hours

Faraday cage with extra-thick walls shielding below and above the cage to prevent interference from
building equipment and appliances (air condition, electric power stations, and supplies, ...) eg, from
the building’s main air condition system on the floor below MRI facility, and other sources like electric
pover stations and supplies .. th diologic digital archive. Control of shielding efforts
by RF shielding measurement.

Excessive noise due to long measurements with strong gradients
(within MRI facility and outside)

Additional noise dampening by sound insulating wool between the building’s concrete structure and
Faraday cage.

Use of non-MR compatible and magnetic devices within scanner room

Bolts in walls and floor for fixation of devices with straps to prevent magneto-mechanical attraction

Use of special gases

Use of oxygen displacing gases (eg. perfluorinated gases like SFq and
CiFe)

Gas warning system to give acoustic and optical warning in case of excessive gas concentration
Storage of gas bottles in dedicated and ventilated gas containers

‘The danger of explosion by use of hydrogen and parahydrogen

Explosive prevention and protection zone in scanner and animal preparation room (no ignition
sources, illumination by optical fibers)

Delivery of hydrogen gas from animal preparation room through metal pipes and sealed plastic pipes
Explosion-certified air condition and ventilation technology in the animal preparation room.
Storage of hydrogen bottles in dedicated and ventilated gas lockers

Gas warning system to give acoustic and optical warning in case of danger

Certification of hydrogen supply and explosive zone by Technical Inspection Agency

This tablis inchides orly aspecis partculsily relevant for iesssrch ad for transtational MBI Le.. those which o6 Bevond convertional ciracal MR syshei sitiig:
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Age (years)

Height (cm)

Weight (ko)

Body mass index (kg/m?)

Body surface area (m?)

Lean body mass (kg)

Waist size (cm)

Hip size (cm)

Waist-hip ratio

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hemoglobin A1c (mmol/mol)
Glucose (mmol/L)

Haematocrit (%)

Heart rate (opm)

Risk factors"

Overweight

Hypertension with medication
Hypertension without medication
Type 2 diabetes with medication
Type 2 diabetes without medication
None (controls)

Data presented as mean + SD or n (%). *Overlap of risk factors is visualized in Figure 1.

Males (n = 151)

326+63
1847
91 +17
269+49
2.130.20
64£9
9813
10249
095 +0.07
130+ 13
84x90
35.1£9.1
59+18
441£24
6911
91(60%)
21 (14%)
18 (12%)
10 (7%)
1(1%)
44 (29%)

Females (n = 160)

315471
1716
8217

280£57
194£0.19
476
9515
108+ 12
089 0,07
125415
8210
34789
57+16
39525
70411
104 (65%)
26 (16%)
13 (8%)
11 (7%)
0(0%)
47 (29%)
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Per SD

68 years
Female
90cm

5.3 kg/m?
0078

14 mmHg

10 mmHg
9.0 mmol/mol
11 bpm

Variable
Non- Age
modifiable  Gender
Height
Risk BMI
factors WHR
sBP
DBP
HbA1c
HR
Variation Non-modifiable variables
explained
by(R?)  Riskfactors

Full model

Unknown variables

Change in cardiac MRI value, noted as mean (95% Cl), given a change of one standard deviation in the independent variable. Level of significance: *p < 0.05,

Mass

Change (g)

-2.3(-4.1,-0.6)"
—20 (-25, —16)*
8.4(6.3,105)
7.3 (5.4, 9.0/
—08(-29,1.4)
69(4.6,9.2
0.8(~16,32)
22(05,38)
-45(-6.1, -29)
50.5%

18.4%
68.9%
31.1%

Mass/volume ratio (100)

Change (¢/ml)

~0.1(~1.3,1.1)
-9.7 (~12.9, 6.6/
-22(-37, -08)!
15(02,2.8)
1.9(0.4, 3.4
28(1.2,45)¢
1.7(-0.1,34)

1.8(07,29)"
19.9%

23.6%
43.4%
56.6%

WHR, waist-hip ratio; SBR, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.

Left ventricle
End-diastolic volume

Change (ml)

-3.0(-58, 0.1
-10.4 (-17.9, -3.0)'
19 (16, 23)*
8654, 1.7}
—75(-11.1, -38)
36(-02,7.5)
-30(-70,10)
13(-1.4,4.0)
-12.2(~14.9, -9.6)
40.3%

16.1%
56.4%
43.6%

Stroke volume

Change (ml)

—0.6(-25,1.4)
—31(-82,19)
11.3(89,13.6)*
5029, 7.1}
—40(-65, —1.5)
37 (1.1,6.4)
-36(-63, 0.8
0.0(~18,1.9)
—7.1(-89, -5.3)
31.7%

14.9%
46.6%
53.4%

Ejection fraction

Change (%)

07(02,13)
1.9(0.3,3.4)
~0.1(-0.7,0.6)
~0.0(-0.6,0.6)
02(-05,09)
10002, 1.8
—1.1(~19, -02)"
-0.5(-1.0,0.1)
0.1(-05,0.6)
32%

1.4%
4.6%
95.4%

o <0.01,*p < 0.001.

Right ventricle

End-diastolic volume

Change (ml)

-4.6(-7.8,-1.3)
—19 (28, —11)*
22(18, 25)F
9.9 (6.4, 13.4)%
—7.5(-11.6, 3.4
49(06,9.3)"
—57 (=102, —1.1)*
32(01,6.3)"
—15(~18, =12}
45.2%

16.1%
61.3%
38.7%

Ejection fraction

Change (%)

0.8(0.3, 1.4)"
38(24,5.2¢
02(~0.4,09)
—0.2(-07,0.4)
—0.2(-08,05)
05(-02,13)
—02(-10,05)
—08(-13,-03)t
07(01,1.2°
15.6%

3.8%
19.4%
80.6%

8D, standard deviation; BMI, body mass index;
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Variable Per SD
Non-modifiable Age 6.8 years
Gender Fermale
Height 9.0cm
Risk factors BMI 5.3 kg/m?
WHR 0.078
sBP 14 mmHg
DBP 10 mmHg
HoAto 9.0 mmol/mol
HR 11bpm
Variation explained by (R?) Non-modifiable variables
Risk factors
Full model

Unknown variables

Native Ty
Change (ms)

-25(-67,1.6)
90(~17,19.6)
76(2.7,12.6)

7329, 1.7
-89(-92,1.9)
~5.2(~10.7,04)
5.4(-04,112)
1.0(-2.9,5.0)
32(-06,7.1)
1.8%
4.1%
5.4%
94.6%

Extracellular volume
Change (%)

0.27(0.03, 0.51)t
2.8(2.2,3.48
0.18(~0.11,0.46)

~0.38 (~0.64, -0.12)t
—0.04(~0.34,0.26)
~0.48 (~0.79, -0.16)t
-0.01(-0.35,0.32)
0.27 (0.04,0.49)
—0.09(~0.31,0.12)

30.9%
7.0%
37.9%
62.1%

T
Change (ms)

0.08(-0.11,0.27)
1.15 (0.65, 1.65)
~0.00(~0.23,0.23)

~0.16(-0.37,0.04)
0.06(~0.19, 0.30)
~0.39 (-0.65, ~0.13)!
0.08 (—0.24, 0.30)
~0.12(~0.30, 0.06)
—0.95 (~1.18, ~0.78)*

8.0%
33.3%
41.3%
58.7%

Change in cardiac MRl value, noted as mean (95% CJ, given a change of one stendrd deviation in the independent variable. Level of significance: tp < 0.01, * p < 0.001. SD, standerd

io; SBR, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate.
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All No clinical events Experienced clinical events P-value

(n=169) (n=125) (n=44)
Age, years 55.4 £+ 14.6 54.9 £15.3 56.6 = 12.5 0.511
Male sex, n (%) 88 (52.1) 63 (50.4) 25 (56.8) 0.577
Body mass index, kg/m2 22.7+£3.0 226 £29 23.1+31 0.355
Hypertension, n (%) 62 (36.7) 42 (33.6) 20 (45.5) 0.222
Diabetes mellitus, n (%) 12 (7.1) 7 (5.6) 5(11.4) 0.348
Chronic kidney disease, n (%) 20(11.8) 11 (8.8) 9 (20.5) 0.074
Coronary artery disease, n (%) 28 (16.6) 18 (14.4) 10 (22.7) 0.297
Atrial fibrillation, n (%) 60 (35.5) 36 (28.8) 24 (54.5) 0.004
Charlson comorbidity index 1(0-2) 1(0-2) 1(0-2) 0.762
Hemoglobin, g/dL 13.34+2.7 135+1.7 120+26 0.003
Creatinine, mg/dL 1.0£0.5 0.9+0.5 1.1+04 0.097
eGFR, ml/min/1.73 m? 83.1 £24.6 86.8 +23.4 73.3£ 255 0.005
MR etiology before repair, n (%) 0.994
Rheumatic 12 (7.1) 9(7.2) 3(6.8)
Prolapse 149 (88.2) 110 (88.0) 39 (88.6)
Other 8(4.7) 6 (4.8) 2 (4.5)
Device used for MV repair, n (%) 0.887
C-ring 107 (63.3) 81 (64.8) 26 (59.1)
D-ring 39 (23.1) 27 (21.6) 12 (27.3)
Restrictive ring 23 (13.6) 17 (13.6) 6(13.6)
Residual significant MR 75 (44.4) 61 (48.8) 14 (31.8) 0.076

eGFR, estimated glomerular filtration rate; MR, mitral regurgitation; MV, mitral valve.
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1.0

0.8—

Event-free Survival

0.2—

_— LA sStrain>155 %
— | Astrain <155 %

Log rank p = 0.001

0.0
0
No. at risk
— 105
[ — 64

12

93
52

| | | |
24 36 48 60

Follow-up (months)

81 69 57 45
40 28 16 4

1.0

0.8—

0.6—

0.4—

Event-free survival

0.2

0.071
0

No. at risk
— 63

— MR volume/LA strain < 1.6 ml/%

m— MR volume/LA strain 2 1.6 ml/%

Log rank p < 0.001
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51
77

I 1 I 3
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Follow-up (months)
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Scanning of both humans and animals
in the same MR scanner

Problem
risk of zoonosis
ethical considerations
smell nuisance
irritation of patients, volunteers, and staff
in and outside the facility by sighting
animals

Potentially very long measurement
times for scans (on the order of hours)
and low SNR measurements

Use of potentially dangerous
substances

Image or spectral artifacts from RF
interference induced by TV and radio
stations, building equipment (e.g. main
air-condition system), electric power
stations, and supplies, other RF emitting
sources (¢.g. neon lamps, computers, and

periphery, or electron microscopes)

Risk of combustion or explosion by
sparking within MRI system, RF coils, or
facility infrastructure, in case of use of
flammable liquids or gases (eg., hydrogen)
Risk of asphyxia (if oxygen displacing heavy
gases are used, e.g, perfluorinated gases)

Use of MR-incompatible devices, or
devices attracted by the magnetic field

Destruction or malfunction of the device
Magnetoattraction, injury in staff or
humans near MRI scanner or inside the
MRI system’s bore
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Echocardiographic Data
in Patients who Underwent Surgical MV Repair
from 2005 to 2019 (n = 1,549)
l ________________________ 3 Exclusion (n=1,239)
No or mild MR

Patients with Significant MR (n = 310)
Exclusion (n = 141)
} _______________________ » " Secondary MR (n=13)
= Poor echocardiographic window (n=4)
=  Concomitant aortic valve surgery (n=25)

Final Analyzed Patients (n = 169
e ( ) = Reoperation due to other cause (n=15)

= Reoperation within 6 months after MV repair (n=2)
/\ = Postoperative echo only within 6 months (n=82)
Without Event With Event
(n =125) (n = 44)
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CTPA parameter Corresponding RHC parameter Human (p value) DL model 2 (p value) p-value

RV endocardial volume mPAP 054 (0.37-0.67) 057 (0.41-0.69) 003
RV myocardial volume mMPAP 0.68 (0.56-0.77) 070 (0.57-0.78) 052
Right atrial volume mPAP 041 (0.24-055) 041 (0.24-0.56) 076
Pulmonary arterial volume mPAP 049 (0.32-063) 051 (0.34-0.64) 024
PA:Ao diameter ratio mPAP 050 (0.31-0.65) 037 (0.15-0.55) 0.04
RV:LV diameter ratio mPAP 0.46 (027 - 0.61) 045 (0.25 - 0.61) 083
LV endocardial volume PAWP 023 (0.00-0.43) 026 (0.05-0.46) 0.16
LV myocardial volume PAWP 024 (0.03-0.43) 034 (0.13-0.52) 0.003
Left atrial volume PAWP 057 (0.39-0.70) 057 (0.38-0.70) 087
Ascending aorta volume PAWP 020 (0.00-0.38) 0.17 (-0.02-0.36) 033
Descending aorta volume PAWP 0.15 (-0.05-0.35) 0.19(-0.03-0.38) 023

PA:Ao, pulmonary artery to aorta diameter ratio at the level of the PA bifurcation; RVELY; RV to LV ratio for the maximal mid chamber diameter; mPAP, mean pulmonary artery pressure;
PAWP, pulmonary arterial w in parentheses are 95% C|

s correlation coefficient. Value






OPS/images/fcvm-10-1068390/fcvm-10-1068390-g004.jpg
Before MI 4 days post MI 10 days post Ml 58 days post MI

77 3T

0.4x0.4x6 mm? 0.6 x 0.6 x 6 mm? 0.7x0.7 x 1.0 mm3
(969 pL/voxel) (2160 pL/voxel) (490 pL/voxel)






OPS/images/fcvm-09-983859/fcvm-09-983859-t006.jpg
Cohort

LV endocardial cavity
LV myocardium

RV endocardial cavity
RV myocardium

Left atrium

Right atrium
Ascending aorta
Pulmonary arteries
Descending aorta

Any structure

=1,126)
failure rate (%)

142
231
151
160
062
160
089
098
044
382

145
193
145
145
048
048
097
145
0.00
338

PH cohort (n PE cohort (n = p-value (chi
207) failure
rate (%)

squared)

035

0381
073
092
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Cohort

Metric

LV endocardial cavity
LV myocardium

RV endocardial cavity
RV myocardium

Left atrium

Right atrium
Ascending aorta
Pulmonary arteries

Descending aorta

Mean manual
volume, ml

107.75 % 39.45
93.35 £ 36.53
188347025
44.48 £ 1931
8166 % 52.85
145.50 % 74.50
12024 £ 4231
11628 £ 49.26
90.80  27.63

Mean DL-2
volume, ml

99.66 % 37.45
102.22 4 33.99
184.78 £ 69.22
49.19 1844
83.264 5471
141,16 % 70.49
113.95 4 38.88
115.73 £ 46.35
93.00 4 28.52

Internal test cohort (n = 100)

Difference, ml  p-value

(%)

—8.09 (=7.51)
8.88 (9.51)

7 (~1.89)
471 (10.60)
1.60 (1.95)

—434(-2.98)

—6.29 (—5.23)

—0.55 (~047)
220(242)

(t-test)

<0.001
<0.001
<0.001
<0.001
0.01
0.02
<0.001
0.50
0.01

External test cohort (n = 20)

Mean manual
volume, ml

102,37 £ 32.23
100.87 & 33.13
195.92 % 87.55
523743033
67.04 £ 41.92
139.34 £ 53.28
122.20 £ 41.03
119.52 £ 45.20
113.62 £ 42.41

Mean DL-2
volume, ml

9327 £29.30
103.82 +27.55
195
522042473
7158 +42.93

9 4 89.39

135.94 £ 5751
109.88 4 38.54
114.19 £ 4452
94.59 % 30.09

Difference, ml
(%)

—9.10 (~8.89)
2,95 (2.93)
—053 (~027)
=0.17(-033)
4.54(6.77)
—3.40 (~2.44)
—12.32 (~10.08)
—5.33 (~4.46)
—19.03(~16.75)

p-value
(t-test)

<0.001
017
093
094
<0.001
035
<0.001
0.001
<0.001
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Cohort Internal test cohort (n = 100)
Cardiac structure Metric DL-1 DL-2

LV endocardial cavity ~ Mean DSC 0911 (0.902-0.920)  0.908 (0.902-0.914)

(95%C1)
Mean NSD, 7 =438 mm 0957 (0940-0.974) 0964 (0.953-0.974)
(95%C1)

LV myocardium Mean DSC 0.816 (0.805-0.826) 0.832
(95%C1) (0.823-0.840)
Mean NSD, 7 = 3.56 mm 0952 (0.940-0.964) 0963
(95%C1) (0.955-0.972)

RV endocardial cavity  Mean DSC 0919 (0.914-0.924) 0924
(95%CI) (0.920-0.929)
Mean NSD, 7 =4.02mm 0956 (0.944-0.967) 0965 (0.956-0.973)
(95%CI)

RV myocardium Mean DSC 0.577 (0.559-0.595) 0.584
(95%CI) (0.566-0.603)
Mean NSD, 7 = 6.04 mm 0.954 (0.948-0.960) 0.958
(95%CI) (0.953-0.964)

Left atrium Mean DSC 0.897 (0.886-0.909) 0.907
(95%CI) (0.896-0.917)
Mean NSD, 7 =520 mm 0954 (0937-0.970) 0962 (0.947-0.977)
(95%C1)

Right atrium Mean DSC 0.886 (0.875-0.897) 0.898
(95%CI) (0.890-0.906)
Mean NSD, 7 = 6.70 mm 0.944 (0.924-0.963) 0.967
(95%CI) (0.955-0.979)

Ascending aorta Mean DSC 0924(0917-0.930) 0922 (0.917-0.928)
(95%CI)
Mean NSD, 7 =251 mm 0936 (0922-0.949) 0943 (0.931-0.955)
(95%CI)

Pulmonary arteries  Mean DSC 0927 (0922-0.933) 0933
(95%CI) (0.928-0.937)
Mean NSD, 7 =8.13mm 0.980 (0.973-0.988) 0.987
(95%C1) (0.982-0.992)

Descending aorta Mean DSC 0906 (0.895-0.917) 0910 (0.901-0.919)
(95%CI)
Mean NSD, 7 =224 mm 0914(0.898-0.929) 0928
(95%C1) (0.914-0.942)

indicate the significant values at p < 0.05.
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EOAEho, cm? GOAcT, cm? p-value*

r p-value r p-value
LV mass index, g/m* —0.035 0.660 0.135 0.086 0.127
Relative wall thickness 0242 0.002 —0.382 <0.001 0.166
LA volume index, ml/m? —0.231 0.003 —0.006 0935 0.040
E velocity, cm/s —0.174 0.027 0.083 0292 0.021
¢ velocity, cm/s 0.131 0.096 0.188 0.017 0.602
E/é —0.236 0.003 —0.059 0462 0.108
PASP, mmHg —0218 0.007 —0.020 0.804 0.081
LVEE % 0.198 0.011 —0.052 0511 0.024
|LV GLS|, % 0205 0.009 0.002 0.984 0.066
Log NT-pro BNP, pg/ml —0.381 <0.001 —0.141 0.193 0.093
AV calcium score, AU —0.027 0.746 0.051 0533 0502
Indexed EOAEpo, cm?/m? Indexed GOAcT, cm?/m? p-value*
r p-value r p-value
LV mass index, g/m? —0.113 0.152 0.064 0422 0.113
Relative wall thickness —0.252 0.002 —0.379 <0.001 0.208
LA volume index, ml/m? —0.247 0.001 —0.006 0.936 0.028
E velocity, cm/s —0.168 0032 0.105 0.183 0.014
& velocity, cm/s 0.158 0.045 0211 0.007 0.624
E/e —-0.236 0.003 —0.043 0591 0.080
PASP, mmHg —0.167 0.039 0.038 0.638 0.074
LVEE % 0289 <0.001 0.039 0618 0.021
|LV GLS|, % 0337 <0.001 0.141 0.072 0.062
Log NT-pro BNP, pg/ml —0.394 <0.001 —0.147 0.174 0.082
AV calcium score, AU —0.206 0.011 —0.136 0.097 0535

AU, arbitrary unit; AV, aortic valve; E, early diastolic mitral inflow; ¢ early diastolic mitral annular, E/¢; the ratio of early diastolic mitral inflow velocity to early diastolic mitral annular
velocity; GLS, global longitudinal strain; LA, left atrium; LV, left ventricle; LVEE, left ventricular ejection fraction; NT-proBNP, N-terminal pro brain natriurctic peptide; PAS, pulmonary
artery systolic pressure. *Comparison between EOAgeno and GOACT.
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Echocardiographic data
LVEDD, mm

LVESD, mm

LVEE %

LVEF < 50%, 1 (%)

LV GLS|, %

LVOT diameter, mm

Stroke volume index, ml/m?
LV mass index, g/m*

Relative wall thickness

LA volume index, ml/m*

E/e

Mean transaortic pressure gradient, mmHg
Peak transaortic velocity, m/s
EOAgcho, cm?

Indexed EOAgcho, cm?/m?
EOA derived severe AS, n (%)
CT data

GOAcr, em?

Indexed GOAct, cm®
LVOT-AV-Aorta angle

LVOT average diameter, mm
LVOT min diameter, mm
LVOT max diameter, mm
LVOT area, mm?

LVOT eccentricity index

AV calcium score, AU
Comparison between CT and Echo
GOAct-EOAEcho, cm?
EOAEo/GOAcr ratio

EOA derived severe AS, n (%)
GOA derived severe AS, n (%)
Concordant AS severity, 1 (%)

Discordant AS severity, n (%)

N =163

50.0£ 6.7
33373
64+ 12
22(13.0)
163 £4.0
223%2.1
48.4+102
137.4 4404
0.47 £0.08
40.5 £ 15.0
157 £6.1
5634 18.4
4.69 £ 0.69
0.76 £ 0.20
045+0.12
147 (90.2)

0.83£0.22
0.49£0.13
168£79
253+32
22531
28.8+3.5
511£130
0.78 £ 0.06
3364.6 & 2236.0

0.07 £0.19
0.94£0.25
147 (90.2)
136 (83.4)
144 (88.3)
19 (11.7)

AS, aortic stenosis; AU, arbitrary unit; AV, aortic valve; E/¢} the ratio of early diastolic
mitral inflow velocity to the early diastolic mitral annular velocity; EOA, effective orifice

area; GOA, geometric orifice area; LVEDD, left ventricular end-diastolic dimension;

LVESD, left ventricular end-systolic dimension; LVEE, left ventricular ejection fraction;
LV GLS, left ventricular global longitudinal strain; LA, left atrium; LV, left ventricle;

LVC

', left ventricular outflow tract.
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Age, years

Male sex, n (%)

Body mass index, g/m?
Hypertension, n (%)

Diabetes mellitus, n (%)
Coronary artery disease, 1 (%)
Dyslipidemia, 7 (%)

Chronic kidney disease, 1 (%)
Atrial fibrillation, 7 (%)

Prior cerebrovascular accident, 1 (%)
Systolic blood pressure, mmHg
Diastolic blood pressure, nmHg
Pulse pressure, nmHg

Bicuspid AV morphology

Type 1 (RCC+LCC), n (%)
Type 2 (RCC+NCC), 1 (%)
Type 3 (LCC+NCC), n (%)
Type 0 (No raphe), n (%)

Log NT-proBNP, pg/ml

NYHA class, n (%)

Type of surgery performed

Aortic valve replacement or aorta replacement

Aortic valve replacement

Aorta replacement

N =163

643£96
92 (56.4)
246450
88 (53.9)
36 (22.1)
19(11.7)
51(313)
4(25)
21(129)
1(0.6)
12213
76+ 11
46.0% 110

65(39.9)
14 (8.6)
3(1.8)

81(49.7)

6.14 % 1.50

43 (26.4)
85 (52.1)
22(13.5)
13 (8.0)

149 (91.4)
145 (89.0)
42(25.8)

RCC, right coronary cusps LCC, left coronary cusp; NCC, non-coronary cusp; NT-
proBNP, N-terminal pro brain natriuretic peptide; NYHA, New York Heart Association.
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Challenges to widespread clinical adoption

e Access to large MRI databases for training

* Difficulty of ensuring representation of all disease
phenotypes in training data
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\° Potential for wrong diagnosis from incorrect reconstruction
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/31P MR spectroscopy

PCR/ATP ratio

p=0.003

Challenges to clinical translation

* Low SNR and requirement for long imaging scans

* Careful shimming required for homogeneous B1 field

* Quantifying metabolite concentrations is complex

\

/ Potential
applications

* Heart failure, in
particular, HFpEF

* Dilated
cardiomyopathy

* Diabetic
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* Hypertrophic
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* Cardiotoxicity from
chemotherapy
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Late Gadolinium Enhancement Advantages:

* Easy implementation

Challenges:

* Non-specific, as contrast
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* Low sensitivity in diffuse fibrosis

Month 6
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Potential Future MRI Assessment of Fibrosis \
Collagen-Targeted Molecular MRI Atluoniages:
Pre-contrast 40 min post-contrast * Specific targeting of fibrotic tissue

L \ * Early detection of fibrogenesis
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* Regulatory and safety hurdles
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Placebo Ranolazine P

Baseline End-treatment Change from Baseline End-treatment Change from ale
Mean (SD) Mean (SD) baseline (SE) Mean (SD) Mean (SD) baseline (SE)

RV
EF (%) 234 (98) 225 (8.2) -40 22) 341 (49) 39.6 (5.1) 7.6 (1.7) 0005
EDV (ml) 34351 (73.0) 327.3 (68.2) 143 (19.0) 244.9 (46.2) 2462 (42.8) -19.1 (142) 0266
EDVi (ml /m?) 186.9 (38.3) 1716 (53.6) -213 (15.1) 1257 (33.1) 1299 (36.5) 82 (1L1) 0226
ESV (ml) 266.9 (763) 257.8 (77.5) 17.8 (19.8) 1625 (38.9) 1492 (311 -312 (147) 0.128
ESVi (ml /m’) 1459 (43.7) 1355 (53.8) -100 (13.8) 827 (218) 783 (21.9) -4.8 (10.2) 0.806
SV (ml) 766 (19.7) 694 (13.8) -83 (4.8) 824 (134) 970 (17.7) 153 (39) 0004
RV KE work 553 (456) 438 (32.09) 208 (207) 66 (42.9) 457 (345) 205 (28.1) 064
density (mJ/ml)
PA energy loss 92 (6.0) 110 (68) 08 (29) 7.7 (3/4) 67(25) ~1.0 (0.96) 046
(mw)
Flow (ml/min/g) 15 (06) 23 (28) 077 (25) 12 (0.47) 12(04) 0.09 (06) 095
MVO?2 (Kmono) 0.06 (0.01) 006 (0.02) 0.02 (0.02) 0.06 (0.009) 0.06 (0.01) 0.10 (0.03) 039
(1/min)
MVO2 (ml/min/g) 116 (23) 138 (32) 34 (47) 119 (18) 114 (28) 19 (5.0) 039
SUVmean 66 (35) 59 (2.6) -16 (32) 61(29) 45 (3.0) -25 (39) 095
SUVmax 101 (6.1) 93 (4.6) -23 (5.4) 1002 (5.6) 7.5 (49) -43 (79) 084
Lv
EF (%) 546 (29) 558 (6.0) 09 (1.4) 527 (10.1) 567 (10.2) 43 (L) 0.095
EDV (ml) 1364 (22.9) 1314 (73) -65 (87) 1577 (41.0) 1724 (48.8) 158 (7.0) 0.081
EDVi (ml /m?) 734 (52) 693 (16.6) -50 (4.4) 794 (175) 889 (21.3) 101 (3.5) 0025
ESV (ml) 618 (103) 57.8 (5.9) -42 (5.1) 77.9 (384) 77.7 (41.8) —0.02 (4.1) 0544
ESVi (ml /m’) 333 (14) 306 (8.9) -30 27 381 (135) 389 (14.8) 1022 0276
SV (ml) 746 (14.2) 735 (11.6) 27 (4.1) 798 (106) 944 (12.9) 156 (3.4) 0007
Flow (ml/min/g) 16 (05) 17 (0.6) 019 (08) 14 (05) 15 (0.4) 020 (03) 084
MVO?2 (Kmono) 007 (0.01) 007 (0.02) 002 (0.03) 007 (0.01) 007 (0.02) 0.01 (0.03) 055
(1/min)
MVO2 (ml/min/g) 131 24) 151 (3.1) 35 (53) 142 22) 131 (3.1) 22(63) 055
SUVmean 95 (42) 83 (25) —023 (45) 87 (30) 7.9 (5.1) -15 (58) 064
SUVmax 146 (7.3) 126 (42) -36 (7.9) 141 (58) 122 (82) -37 (113) 095
RV/LV SUVmean 068 (0.19) 069 (0.18) 0007 (0.12) 067 (020) 056 (0.15) ~017 (0.14) 005
ratio
RV/LY SUVmax 068 (0.21) 071 (0.24) 002 (0.14) 068 (0.22) 059 (0.17) —0.12 (0.19) 046
ratio

LVEDV, left ventricular end-diastolic volume; LVEDV, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic
volume; LVESV, left ventricular end-systolic volume index; RVEDV, right ventricular end-diastolic volume; RVEDVi, right ventricular end-diastolic volume index; RVEF, right
ventricular ejection fraction; RVESV, right ventricular end-systolic volume; RVESVI, right ventricular end-systolic volume index; SUV, standard uptake value

Valies listad i Bold indicate statistical Sarsfcance.
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Placebo (n=8)

Ranolazine (n=14)

P value

Age (years)

53.6 + 14.07 (22.0-68.0) 55.4 + 16.93 (24.0-78.0) 0.809
Female sex 5 (62.5%) 8 (57.1) >.999
‘White race 6(75.0) 9 (643) >.999
6-Minute walk distance (m) 3856+ 1798 (85.3-547.0) 3023+ 1137 (140.2-477.0) 0.1954
NT-proBNP (pg/ml) 1,646+ 9289 (2020-2,979.0) 946.7 +9337 (51.0-2,620.0) 0.1066
Creatinine (mg/dl) 091 +0.36 (0.20-1.49) 1.09 +0.35 (0.52-1.71) 0.2698
Clinical diagnosis

CTEPH 0 2(143)

Congenital heart disease related PH 1125) 0

Connective tissue disease related PH 1(125) 2(143)

Hereditary PAH 1(125) 0

Idiopathic PAH 5(625) 9 (643)

PH with COPD 0 1(7.1) 0.627
NYHA

1 5 (62.5) 6 (42.9)

i 2(25) 6 (42.9)

v 1125) 2(143) 08266
PAH

Prostanoid 6(75) 7 (0) 03802
Phosphodiesterase type 5 inhibitor 6 (75) 13 (92.9) 0.2545
SGC stimulator (Riociguat) 1(125) 1(7.14) 0.4848
Endothelin receptor antagonist 7 (87.5) 8 (57.1) 01932

CTEPH, chronic thromboembolic pulmonary hypertension; COPD, chronic obstructive pulmonary disease; PAH, pulmonary arterial hypertension; NYHA, New York Hear
00 solubls gimnylate cyclase.

Associatior
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incLOV bLIILV oROV incROV bRIILV
GI <6 (-/+) b <5 <5 (-) <5 <5
GI/IT 6-6.5 (+) <55 <55 <5 (-) <5 <5
GII 7 (+) <6.5 <6 <55 (-) <55 <55
GII/1IT 7.5-8 (++) <7 <7 <6 (-/+) <6.5 <6
GIII >8 (++) 7-8 <75 £7.5 (+/+4) <7 <6.5
GIV >10 (+++4) >8 >8 >8 (+++4) <75 7
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Ultrasound findings in PVeD

Dilated, tortuous veins (=5 mm) around the ovary and uterus

More than four dilated tortuous veins (>4 mm) around the ovary and uterus

Dilated trans-uterine veins (arcuate and/or myometrial veins) connecting the left

and right uterine veins

Disappearance, altered, or reversed flow with Valsalva maneuver
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Type | Description Treatment!

I Venous insufficiency

Ia Unilateral venous insufficiency Embolization

Ib Bilateral venous insufficiency Embolization

I Venous compression

IIa May-Thurner syndrome Stenting =+ embolization

IIb Nutcracker phenomenon Embolization =+ stenting

IIc May-Thurner syndrome and nutcracker Stenting, embolization
phenomenon

IId Other extrinsic venous compression Stenting

11 Venous obstruction

IITa Common iliac vein obstruction Stenting

1IIb Inferior vena cava obstruction Stenting

IIIc Portal hypertension Stenting

v Arteriovenous malformation or fistula Embolization

\'% Nutcracker syndrome Stenting or surgery

! Treatment warranted based on symptoms severity and patient condition. Balance risk/benefit

ratio should be carefully assessed.
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Symptoms (S)

So No symptoms

N Renal symptoms of venous origin

N Chronic pelvic pain of venous origin

S3 Extra-pelvic symptoms of venous origin

a Localized symptoms associated with veins of the external
genitalia

b Localized symptoms associated with pelvic origin

non-saphenous veins of the leg

€ Venous claudication

Varices (V)

Vo No abdominal, pelvic, or pelvic origin extra-pelvic varices
V1 Renal hilar varices

V2 Pelvic varices

V3 Pelvic origin extra-pelvic varices

a Genital varices (vulvar varices and varicocele)

b Pelvic origin lower extremity varicose veins arising from the

pelvic escape points and extending into the thigh

Pathophysiology (P)

Anatomy Inferior vena cava; left renal vein, gonadal vein, common iliac

vein; external iliac vein; internal iliac vein; pelvic escape vein

Hemodynamics Obstruction (O); reflux (R)

Etiology Thrombotic (T); non-thrombotic (NT), congenital (C)
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Patient data

Meale, n (%)

Age, years

Medical history

BMI, kg/m?

Hypertension, n (%)

Diabetes melltus, n (%)
Hyperiipidaemia, n (%)

COPD, n (%)

History of TIAstroke, n (%)

Prior myocardial infarction, n (%)
PM/ICD/CRT, n (%)

Prior syncope, n (%)

Atrial fiorillation, n (%)
Medication

Oral anticoagulant therapy, n (%)
Single antiplatelet therapy, n (%)
Dual antiplatelet therapy, n (%)
Valve type, n (%)
Corevalve/Evolut R

Portico

<20% LASr
at baseline
(N = 60)

30(50.0)
79167

283459
55(91.7)
28(46.7)
44(73.8)
14(23.3)

6(10.0)
11(18.3)
7(11.7)
6(10.0)
21(35.0)

20(33.9)
34(56.7)
7(11.7)

48(80.0)
12/(20.0)

220% LASr
at baseline

(V=30

18 (60.0)
T74%74

277452

26(86.7)
9(30.0)

21(700)
6(20.0)
2(67)
733
2(6.7)
7(23.3)
8(26.7)

5(16.7)
12 (40.0)
13(43.3)

24(80.0)
6(20.0)

p-value

0.502
0.383

0.778
0.474
0.174
0.805
0.720
0.600
0.398
0.731
0.898
0.116

0.096
0.136
<0.001
0.998

BAV, Balloon aortic valvuloplesty; BMI, Body mass index; BSA, Body surface area;
COPD, Chronic obstructive pulmonary disease; CRT, Cardiac resynchronizetion therapy;
ICD, Implantable cardioverter-defibrilator; LASr, Left atrial peak reservoir strain; PM,
Pacemaker; TIA, Transient ischemic attack Continuous variables are described as mean
D, or median and interquartie range, whereas categorical variables are represented

as frequencies and percentage.
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LVH pattern

LGE pattern

T1 mapping

T2 mapping

Extracellular volume
(ECV)

NIETETEIWAN

Fabry disease Majority of the Basal to mid inferolateral Initially native T1 values are reduced T2 values are elevated in the area of ECV is normal (39), but may GLS and GRS are significantly
patients have mid-myocardium (29). butlater there is pseudonormalization | LGE, indicating chronic inflammation increase in the area of LGE as a reduced, and GLS impairment
concentric LV wall in the areas of LGE. It can reliably (37, 50). biomarker for fibrosis. correlates with GL3/Lyso-GL3
thickening (49). distinguish FD from other causes of elevation, thus having a potential
LVH (27). role in detecting early cardiac
involvement (16, 27).
Loss of base-to-apex CS gradient
is also an early marker of cardiac
involvement (26).
Hypertrophic Asymmetric and Patchy involvement in the areas of Patchy areas of elevated native T1 Elevated T2 values indicate areas of ECV is elevated in hypertrophied GLS of <—12.8% and SLS of
cardiomyopathy involves anteroseptal hypertrophy. values in hypertrophied myocardium, active tissue injury (53). myocardium (52) and correlates <—12.5% have high diagnostic
(HCM) wall in 70% of the even in the absence of LGE (52). with the percentage of LGE (39). accuracy for patchy fibrosis (45,
cases. (51) Variants 54) in HCM.
include apical and
mid-ventricular.
Hypertensive Concentric LV wall No significant or specific pattern of Normal native T1 values. Normal T2 values. ECV is normal. GLS is significantly lower and can

(AS)

can be normal or
have concentric
remodeling,
symmetric
hypertrophy, or
eccentric wall
thickening (41). The
degree of LVH is an
independent
predictor of higher
cardiovascular
events (57).

present at RV insertion points (58).

independent predictor of adverse
outcome (59).

shows a potential role of inflammation
in myocardial remodeling (60).

predictor of adverse
cardiovascular outcomes than the
extent of LVH and is a powerful
independent predictor of
mortality (61).

heart disease thickening with LGE. help differentiate from other LVH
(HHD) asymmetric basal phenotypes. Diagnostic accuracy
septum involvement is similar to global native T1 and
(49, 55). LGE (56).
Aortic stenosis LV wall thickness No significant pattern. LGE may be High native T1 values are an Significantly elevated T2 in severe AS Elevated ECV is a stronger FT-CMR longitudinal

strain/velocity is significantly
reduced in severe AS and strongly
correlates with hemodynamic
sub-grouping (62).

Cardiac Concentric LV wall Diffuse LV transmural or Elevated native T1 values. Elevated T2 is due to myocardial Significantly elevated ECV values GLS is significantly reduced in
amyloidosis thickening (49). sub-endocardial LGE (63). (AL > ATTR) (65) edema caused by the toxic effect of (ATTR > AL) (68). CA compared to FD and HCM,
(CA) (ATTR > AL) (64) T1 mapping and ECV have superior amyloid deposition on with “relative apical sparing” (69).
Atrial wall and RV free wall may also diagnostic values compared to strain cardiomyocytes and is a predictor of
have diffuse LGE. analysis (66). prognosis (67).
Quantitative Structural and functional parameters Late gadolinium enhancement Parametric mapping techniques
assessment of
treatment
efficacy in FD : . o ; - : -
Weidemann et al. (70) noted a statistically significant 28% decrease in No significant change was noted. Nordin et al. (50) demonstrated that after 12 months of ERT,
LV inferolateral wall thickness and 10% decrease in LV mass by CMR in LVH-positive patients had a detectable, small reduction in native T1
patients treated with ERT for 12 months. Peak systolic strain rate and lowering (partial normalization; 920 £ 48 ms vs. 902 & 47; P = 0.008).
end-systolic strain increased significantly in the posterior wall also. Both However, in LVH-negative patients, who were all females, the
radial and longitudinal strain showed improvement. reduction in native T1 lowering was not statistically significant
Hughes et al. (71) followed FD patients after treatment with agalsidase-o (940 % 46 vs. 948 & 60 ms; P = 0.480). Overall, 83% had an increase in
by CMR and TTE and noted regression of LVH due to progressive native T1 value after 1 year of ERT. There was no significant change in
clearance of GL3 content from cardiomyocytes. ECV in both LVH-positive and LVH-negative groups. Further
Nordin et al. (50) demonstrated that after 12 months of ERT, research will be required to compare long-term clinical outcomes and

LVH-positive patients had a detectable, small reduction in LVMi prognosis in patients with native T1 normalization vs. patients with
(117 % 38 versus 114 = 36 g/m?; P = 0.048). There was no significant

change in GLS in both LVH-positive and LVH-negative groups.

no change or native T1 reduction with ERT.

Imbriaco et al. (73) evaluated FD patients after 45 months of ERT
Koeppe et al. (72) observed a significant decrease in end-diastolic wall agalsidase-p, and a significant reduction in native T2 values was noted
thickness and a decline in hypokinesia after 12 months of ERT in in all myocardial regions.

Messalli et al. (74) observed a significant reduction in native T2 values

after 48 months of ERT with agalsidase-f.

LGE-negative patients.

Wouest et al. (24) followed FD patients for 13 & 1 months after ERT;
there was a significant reduction in LV and RV mass, LV and RV EDV
and LV ESV, while LVEF increased significantly. There was no
significant change in RV ESV, SV, and EF.

Imbriaco et al. (73) evaluated FD patients after 45 months of ERT
agalsidase-B; LV mass and LV wall thickness reduced significantly. There

was no significant change in LVEF.
Messalli et al. (74) evaluated FD patients with CMR after 48 months of
treatment with agalsidase-p, and a significant reduction in LV mass and

wall thickness was observed. There was no significant change in LVEF.

TTE, transthoracic echocardiography; CMR, cardiovascular magnetic resonance imaging; LVH, left ventricular hypertrophy; LA, left atrium; LVMI, left ventricular mass index; EF, ejection fraction, EDV, end-diastolic volume, ESV, end-systolic volume; SV, stroke
volume; LGE, late gadolinium enhancement; FT-CMR, feature tracking cardiac magnetic resonance imaging; GLS, global longitudinal strain; CS, circumferential strain; SLS, segmental longitudinal strain; GRS, global radial strain; AL, light-chain amyloidosis; ATTR,

transthyretin amyloidosis.
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Age, years, mean  sd

Male gender, N (%)

Active smoker, N (%)

Hypertension, N (%)

Diabetes melitus, N (%)

Dysiipidernia, N (%)

Family history of IHD, N (%)

Pain to balloon (, median (IQR])

WBC count*, K/l (mean + sd)

Maximal CRP**, mg/L, (median IQR])
Maximal GPK (U/L, median IQR])

Maximal TROPONIN (Micrg/L, median QR
LVEFY% on first echocardiography post-PPCI, mean + sd

N =187

57.4£105
171 (91.4%)
79 (42.2%)
58(31%)
27 (14.4%)
73 (39.0%)

60 (32.1%)
25[20,50]
11.7£89
16.7 (6.5, 35.5]
1,634 [776, 3,040)
53,0 (17.3,80.0)
45496

PMIP+
78 (41.7%)

575+ 10.4
75 (96.2%)
32(41.0%)
21(26.9%)
9(11.5%)
24(308%)
26(33.3%)

25[20,55)
180£45
32.7 [16.5, 58.4)
2,376 (1,262, 3,434]
64.5(31.7,80.0)
438+88

PMIP-
109 (58.3%)

569+ 10.6
95 (88.1%)
47 (43.1%)
37 (33.9%)
18 (16.5%)
49 (45.0%)

34 (31.2%)
25[2.0,50]
108:£3.1
6.7[38,18.7)
1,050 [447, 2,650]
31.0(7.9, 78]
465+99

p-value

0.65
0.09
0.89
0.38
045
0.07
0.88
0.65
<0.01
<0.01
<0.01
<0.01
0.05
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Variables

Age, years

Male gender

LGE score

MVOS% of LV mass
PMIP+

PMIP- (no PMIP)

Hazard ratio

101
12
1.05
1.05
0.46
214

95% Confidence interval

0.98-1.04
0.34-4.16
1.01-1.09
0.99-1.12
0.23-0.91
1.1-4.3

P-value

0.40
0.76
<0.01
0.08
0.02
0.02
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MyoHealth values at rest

MyoHealth values during HG
stress

P-value, student's t-test

HFpEF -%, median [IQR]

Controls ~%, median [IQR] 86.49 [82.77-89.19] 86.49 [78.14-87.51] 0.71
At risk -%, median [IQR] 73.33 [69.82-78.38] 83.33 [79.50-87.08] 0.01
72.97 [68.92-78.38] 72.97 [70.27-78.38] 1.00

P-value, one-way ANOVA

<0.01

ANOVA, analysis of variance; HG, handgrip exercise; IQR, interquartile range.

<0.01
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Parameters Controls At risk

(n=12) (n=7)
Age — median [IQR], years 59.00 [54.75-65.00 67.00 [62.00-72.00] 78.00 [75.00-82.00] <0.01*
Female sex - no. (%) 6 (50.00) 4 (57.14) 9 (47.37) 0.914
LVEF - median [IQR], % 63.00 [59.22-64.70 61.52 [57.88-64.58] 61.12 [58.17-64.17] 0.888
LA area - median [IQR], cm? 20.00 [16.50-22.75 21.00 [19.00-21.00] 22.50 [16.75-25.00] 073
NT-proBNP - median [IQR]), pg/dL 66.00 [50.50-88.00 114.00 [58.50-175.50] 314.00 [266.00-617.00] <0.01*
hs-TroponinT - median [IQR], (ng/l) 6.00 [4.00-7.50] 8.00 [5.5-10.00] 13.50 [9.00-20.00] 0.02*
eGER - median [IQR]), mL/min/1.73 m? 86.00 [71.50-90.00 82.00 [72.50-85.50] 74.00 [60.25-82.75] 0.06
Coronary artery disease — no. (%) 0(0) 0(0) 12 (66.67) <0.01*
Arterial hypertension [n (%)] 4(33.33) 3 (42.86) 17 (89.47) <0.01*
Diabetes - no. (%) 0(0) 3.00 (42.86) 7.00 (36.84) 0.04*
Dyslipidemia - no. (%) 2.00 (16.67) 2.00 (28.57) 12 (66.67) 0.02*

eGFR, estimated glomerular filtration rate; IQR, interquartile range (first quartile - third quartile); LV, left ventricular; LVEEF, left ventricular ejection fraction; N, number. *Statistically
significant. Further details on the baseline characteristics described by Blum et al. (11).
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Variable Interobserver reproducibility Repeat scan reproducibility

Method 1 ICC Method 2 Method 1 Method 2
ED volume 0.935 0.923 0.946 0.942
ES volume 0.946 0.931 0.960 0.969
Stroke volume 0.851 0.861 0.679 0.778
Ejection fraction 0.833 0.871 0.790 0.869
Total mass 0.527 0.864 0.859 0.849
Compacted mass 0.348 0.348 0.749 0.749
Trabecular mass 0.616 0.847 0.839 0.803

PH patients only

ED volume 0.939 0.925 0.955 0.954
ES volume 0.956 0.930 0.968 0.978
Stroke volume 0.882 0.874 0.685 0.777
Ejection fraction 0.897 0.943 0.811 0.887
Total mass 0.521 0.875 0.797 0.837
Compacted mass 0.328 0.328 0.682 0.682
Trabecular mass 0.573 0.733 0.772 0.852
Healthy volunteers

ED volume 0.904 0.914 0.904 0.905
ES volume 0.854 0.885 0.887 0.902
Stroke volume 0.817 0.854 0.697 0.784
Ejection fraction 0.684 0.658 0.658 0.738
Total mass 0.173 0.556 0.773 0.557
Compacted mass 0.138 0.138 0.727 0.727

Trabecular mass 0.333 0.919 0.751 0.305
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Correlations ROC analysis

MPAP PVR MPAP > 25 mmHg MPAP > 20 mmHg
R r AUC P-value AUC
Total mass index 0.589 0.626 0.770 <0.001 0.806 <0.001
RV trabecular mass index 0.654 0.632 0.813 <0.001 0.834 <0.001
RV compacted mass index 0.248 0.377 0.606 0.074 0.656 0.005
Percentage trabecular 0.544 0.407 0.783 <0.001 0.748 <0.001
mass

ROC, receiver operating characteristic; AUC, area under the curve; MPAP, mean pulmonary artery pressure; PVR, pulmonary vascular resistance.
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ALASF
Clinical parameters
Age (years)
Female sex
BMI (kg/m?)
Hypertension
Diabetes melltus
Atrial fibrilation
Prior AMI
Baseline imaging parameters
Elevated LA stiffness
EF (%)
LAVi (mU/m?)
E/e’ ratio
Severely reduced LASr (<20%)
LVMi (g/m?)
PASP (mmHg)
LV-GLS (%)
Change in imaging parameters
A LVMi (g/m?)
A LV-GLS (%)
ALAVi
Clinical parameters
Age (vears)
Female sex
BMI (kg/m?)
Hypertension
Diabetes melitus
Atrial fibrilation
Baseline imaging parameters
Elevated LA stiffness
EF (%)
LAV (mL/m?)
E/e’ ratio
Severely reduced LASr (<20%)
LVMi (g/m?)
PASP (mmHg)
LV-GLS (%)
Change in imaging parameters
A LV-GLS (%)
A LAS (%)
A LWMi (g/m?)

beta

0.33
-0.67
-0.23
-1.25

372
-0.72
-4.59

458
0.17
-0.06
0.22
5.58
-0.02
-0.10
-0.15

0.00
222

0.67
aer
-0.40
03
-0.76
-5.60

=711
0.08
-0.16
—-0.74
-3.60
-0.05
-0.29
-0.02

-0.37
-0.20
-0.29

Univariate

95% ClI

0.010-0.650
—4.830-3.492
—-0.591-0.131
—8.726-6.233
—0.416-7.864
—3.412-1.969
—9.700-0.631

—0.041-9.198
—-0.051-0.388
—0.147-0.086
—0.054-0.503
1.337-9.822
—0.060-0.027
—0.256-0.046
—-0.876-0.575

—0.096-0.095
1.198-3.246

0.057-1.274
—5.678-10.123
—1.080-0.291
—12.675-12.933
—8.652-7.134
—13.974-2.780

—15.795-1.586
—0.326-0.435
—-0.333-0.022

—1.273--0.209

—11.993-4.795
—0.131-0.034
—0.626-0.064
—1.488-1.454

—2.823-2.075
—0.709-0.300
—0.589-0.009

Variables with p < 0.05 in univariate analysis were entered into the mulivariate model.
AM, Acute myocardial inferction; BMI, Body mass index; EF; Ejection fraction; LA, Left atrium; LAST, Left atrial peak reservoir strain; LAV, Left atrial volume indiex; LV, Left ventricle;
LV-GLS, Left ventriculer globallongitudinal strain; LV, Left ventricular mass index; PASR. Pulmonary artery systolic pressure. Numbers marked in bold are significant predictors of the

outcome.

0.044
0.749
0.209
0.741
0.077
0.594
0.078

0.051
0.131
0230
0.112
0.011
0.456
0171
0.679

0.998
<0.001

0.032
0.566
0.2556
0.984
0849
0.187

0.108
0.775
0.084
0.007
0.396
0247
0.098
0.982

0.760
0.422
0.057

beta

017

5.24

210

0.83

-0.86

Multivariate

95% Cl

—0.179-0.516

0.694-9.792

1.117-3.075

0.244-1.408

-1.377--0.346

0.334

0.025

<0.001

0.006

0.001
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Univariate Multivariate

beta 95% CI P beta 95% CI p
A LV-GLS
Clinical parameters
Age (years) 0.02 ~0.082-0.119 o712
Female sex 0.63 ~0.641-1.894 0325
BMI (kg/m?) -0.10 -0.212-0.008 0.069
Hypertension —1.91 -4.215-0.395 0.102
Atrial fibrilation -053 ~1.319-0.256 0.181
Prior AMI -081 -2.344-0.718 0.201
Baseline imaging parameters
Elevated LA stiffness -035 —1.741-1.048 0,620
EF (%) 0.03 ~0.041-0.096 0.430
LAVi (mL/m?) -0.03 ~0.062-0.010 0154
E/e’ ratio 0.00 -0.078-0.085 0933
Severely reduced LASr (<20%) 0.41 —0907-1.717 0538
LVMi (g/m?) -001 ~0.026-0.001 0.078
LV-GLS (%) -0.03 ~0217-0.165 0.786
Change in imaging parameters
A LVMi (g/m?) 0.01 —-0.020-0.038 0517
A LAST (%) 0.13 0.069-0.184 <0.001
A LVMi
Clinical parameters
Age (years) 0.17 ~0.304-0.646 0.475
Female sex 052 ~5.677-6.716 0.868
BMI (kg/m?) 0.04 ~0.500-0.585 0.876
Hypertension 232 ~7.022-11.657 0622
Prior AMI -5.05 —12.387-2.278 0174
Baseline imaging parameters
Elevated LA stifiness -0.03 ~7.707-7.639 0.993
EF (%) 0.1 -0.183-0.399 0.461
LAVi (mL/m?) 0.03 ~0.118-0.170 0718
E/e’ ratio 033 ~0.116-0.780 0144
Severely reduced LASr (<20%) 7.37 1.306-13.432 0.018 578 0.397-11.166 0.036
LM (g/m?) 0.13 0.077-0.185 <0.001 0.42 0.074-0.177 <0.001
LV-GLS (%) 1.05 ~0.007-2.106 0.051
Change in imaging parameters
A LV-GLS (%) -035 ~2,134-1.435 0,695
A LAST (%) 0.04 ~0.346-0.421 0844

Variables with p < 0.05 in univariate analysis were entered into the multivariate model.
AMI, Acute myocardial infarction; BMI, Body mass index; EF, Ejection fraction; LA, Left atrium; LASr, Left atrial peak reservoir strain; LAV, Left atrial volume index; LV, Left ventricle;
LV-GLS, Left ventricular global longitudinal strain; LVMi, Left ventricular mass index. Numbers marked in bold are significant predictors of the outcome.
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Imaging parameters

LASY, % (N = 86)
LAVi, mUm? (N = 86)

LV-GLS, % (N = 53)

LVMi, g/m? (N = 75)

LAstifness (N = 86)

Ejection fraction, % (N = 86)

E wave velocity, om/s (N = 86)

E/e’ (N = 85)

E/A (V= 65)

PASP, mmHg (N = 74)

Mean aortic transvalvular gradient, mmHg (V = 86)
Paravalvular leak (> grade 2), n (%)

Severely reduced LASt (<20%), n (%)

*Pre-TAVI.

LA, Left atrium; LASr, Left atrial peak reservoir strain; LV, Left ventricle; LV-GLS, Left ventricular global longitudinal strain; LVMi, Left ventricular mass index.
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