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Background: Diagnosis of cardiac involvement in amyloid A (AA) amyloidosis is challenging since AA amyloidosis is a rare disease and cardiac involvement even less frequent. The diagnostic yield of currently available non-invasive imaging methods is not well-studied and rather limited, and invasive endomyocardial biopsy (EMB) is rarely performed due to the potential risk of this procedure. Cardiovascular magnetic resonance (CMR)-based myocardial tissue characterization by late-gadolinium-enhancement (LGE) imaging and novel-mapping approaches may increase the diagnostic yield in AA amyloidosis.

Methods: Two patients with AA amyloidosis in whom cardiac involvement was suspected based on CMR findings and subsequently proven by biopsy work-up are presented. CMR studies were performed on a 1.5-T system and comprised a cine steady-state free precession pulse sequence for ventricular function and a late-gadolinium-enhancement (LGE) sequence for detection of myocardial pathology. Moreover, a modified Look-Locker inversion recovery (MOLLI) T1-mapping sequence was applied in basal, mid and apical short-axes prior to contrast agent administration and ~20 min thereafter to determine native T1 and ECV values.

Results: Both patients showed slightly dilated left ventricles (LV) with mild to moderate LV hypertrophy and preserved systolic function. Only a very subtle pattern of LGE was observed in both patients with AA amyloidosis. However, markedly elevated native T1 (max. 1,108 and 1,112 ms, respectively) and extracellular volume fraction (ECV) values (max. 39 and 48%, respectively) were measured in the myocardium suggesting the presence of cardiac involvement - with subsequent EMB-based proof of AA amyloidosis.

Conclusion: We recommend a multi-parametric CMR approach in patients with AA amyloidosis comprising both LGE-based contrast-imaging and T1-mapping-based ECV measurement of the myocardium for non-invasive work-up of suspected cardiac involvement. The respective CMR findings may be used as gatekeeper for additional invasive procedures (such as EMB) and as a non-invasive monitoring tool regarding assessment and modification of ongoing treatments.

Keywords: AA amyloidosis, cardiac involvement, serum amyloid A (SAA), ECV, cardiovascular magnetic resonance (CMR), mapping—magnetic resonance imaging


INTRODUCTION

Amyloidosis is a family of multifaceted, heterogenous diseases based on abnormally folded proteins characterized by pathological accumulation of insoluble, polymeric protein fibrils in the extracellular space of various tissues and organs—sometimes leading to organ dysfunction, organ failure, and death. So far, there are more than 30 different proteins, which have been identified as amyloidogenic—out of which at least 17 can cause systemic disease (1).

The most common forms of amyloidosis infiltrating the human heart (cardiac amyloidosis, CA) are (i) immunoglobulin light chain (AL) (2) and (ii) transthyretin amyloidosis (ATTR) (3). As a different type, secondary or amyloid A (AA) amyloidosis is caused by overproduction and accumulation of the acute-phase protein “serum amyloid A” (SAA) that can be highly expressed in patients with chronic inflammation, cancers or (auto)inflammatory diseases (4). The incidence of AA amyloidosis, in particular in developed countries, is low since this disorder only occurs as a long-term complication of rather severe chronic inflammatory disorders that in turn are mostly well-managed in developed countries—in case of timely detection.

To identify the underlying inflammatory process in newly diagnosed AA amyloidosis, several factors ranging from genetic variation to ancestral history of patients have to be taken into consideration. For example, SAA1 genotype is one of those predisposing factors supposed to affect amyloidogenesis (e.g., SAA1.1 in Caucasians and SAA1.3 in Japanese homozygotes) (5). Likewise, if amyloidosis is suspected, even in asymptomatic members of certain origins (for e.g., Turkish, Armenian, Greek, Spanish) familial Mediterranean fever (FMF) should be ruled out as a possible underlying cause of AA amyloidosis (6).

Available knowledge indicates that SAA does not affect the human heart directly, and significant clinical cardiac manifestations are rare. However, it has been shown that SAA may be deposited in cardiac tissue (7). If present, it can lead to severe ventricular wall thickening and subsequent stiffness resulting in a restrictive pattern as well as ventricular arrhythmias as major cardiac manifestations (8). Although CA, hypertrophic cardiomyopathy (HCM) and hypertensive heart disease (HHD) can be suspected as underlying disease in case of left ventricular (LV) hypertrophy of unknown origin based on patient history, symptoms, ECG and echocardiography, only myocardial tissue characterization by multi-parametric CMR (comprising late-gadolinium-enhancement imaging and novel mapping-based approaches) allows to safely differentiate between different forms of LV hypertrophy. Recently, Chatzantonis et al. showed a high diagnostic yield of CMR for the non-invasive diagnosis of cardiac ATTR amyloidosis based on the characteristic pattern of LGE in those patients (9). Surprisingly, even an extensive literature search for non-invasive imaging approaches to diagnose cardiac AA amyloidosis did not result in any landmark studies or even case reports illustrating the potential use of CMR imaging.

In the present report, the use of multi-parametric CMR imaging was crucial to diagnose cardiac involvement in case of systemic AA amyloidosis. We present two similar cases of AA amyloidosis in whom cardiac involvement was suspected based on CMR findings and subsequently proven by biopsy work-up. Importantly, both cases showed only a very subtle pattern of LGE—not resembling the well-known characteristic pattern of LGE that can be found in those patients with ATTR and AL amyloidosis. However, additional ECV measurement based on T1-mapping was highly suggestive of an ongoing infiltrative process in the extracellular space of the myocardium.



METHODS AND MATERIALS

Early diagnosis of cardiac involvement in amyloidosis can be challenging due to unspecific or missing clinical manifestations. Although non-invasive imaging modalities such as echocardiography (with speckle-based strain measurement), bone scintigraphy (10) as well as multi-parametric CMR are widely used today and promise both early and specific detection of cardiac amyloidosis (11, 12), invasive EMB still constitutes the gold-standard for the final diagnosis of non-ischemic heart diseases including cardiac amyloidosis (13). Noteworthy, imaging modalities such as bone scintigraphy and multi-parametric CMR were shown to be valuable tools in differentiating cardiac ATTR from AL amyloidosis if additional information on monoclonal protein studies are available and promise early detection of cardiac amyloidosis (9, 14). However, no convincing non-invasive imaging findings have been described so far regarding the detection of cardiac involvement in case of AA amyloidosis.

CMR has been established as a robust diagnostic tool for the work-up of different cardiac diseases including LV hypertrophy of unknown origin and was recently shown to offer a very high diagnostic yield regarding the diagnosis of cardiac ATTR and AL amyloidosis (15, 16). An overview on established diagnostic techniques and staging concepts for patients with CA was summarized recently (17). However, imaging parameters for the detection of cardiac involvement in case of AA amyloidosis are still not established. In the present report, we propose some CMR-based techniques to detect/suspect cardiac AA amyloidosis. The details of patient characteristics, cardiac imaging as well as EMB work-up are explained in the section separately.


Patient Characteristics

Both subjects were Caucasian males who presented with end stage renal disease (ESRD) requiring dialysis. The first patient was a 44-year-old young male patient with terminal renal insufficiency and was on hemodialysis since 08/2018. A rectal biopsy performed in 11/2019 had revealed SAA depositions. Echocardiography showed a moderate to severe LV hypertrophy with preserved ejection fraction. Additional EMB samples were taken in this patient and confirmed the presence of cardiac AA amyloidosis. Subsequent genetic testing revealed heterozygosity for 2 pathogenic variants of the MEFV-gene and supported the diagnosis of FMF as a plausible cause of AA amyloidosis.

The second subject, a 53-year-old male and tobacco-smoking patient, was initially referred from a regional hospital to our university hospital following clinical deterioration of the general condition during dialysis in addition to new-onset of diffuse abdominal pain. Incidental findings comprised a pericardial effusion with a maximal diameter of 2 cm. Noteworthy, he was treated with colchicine since his childhood due to suspected MFM. This treatment was stopped in 2012 due to onset of terminal renal insufficiency leading to haemodialysis. The suspected diagnosis of FMF was confirmed by molecular genetic analysis as an underlying inflammatory cause after SAA deposits were detected in EMB samples. In addition, liver biopsies were also performed and confirmed the aforementioned results. Details of the respective patient characteristics can be found in Table 1. Written informed consent was obtained from all the patients for the publication of any potentially identifiable images or data included in this article and the study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.


Table 1. Patient characteristics.
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Endomyocardial Biopsy Protocol

EMB specimens were obtained from the LV free wall (via a femoral artery access site using a 7F long-sheath without angulation following a retrograde approach) as described previously (9). Continuous ECG, blood pressure and pulse oximetry monitoring were performed throughout the whole procedure. Fluoroscopy was used for guidance of the long-sheath and bioptome, and for targeting the region of interest—which was defined in advance by non-invasive CMR. Six EMB samples were collected from the LV. Post-procedural echocardiography was performed to rule out or detect a pericardial effusion possibly caused by the biopsy procedure.



Histological and Immunohistochemical Analyses

EMB samples were fixed in 4% buffered formaldehyde for histology and immunohistochemical staining, or in RNAlater (Ambion Inc., Foster City, USA). EMBs were considered positive for viral infection if viral genomes were detected by nested PCR/reverse transcription PCR, as published previously (18). EMB specimens were stained with Congo red for the diagnosis of cardiac amyloidosis and examined by light microscopy. In addition, Congo red staining was demonstrated by typical green birefringence under cross-polarized light as described earlier (19).



CMR Acquisition, T1/T2 and ECV Measurements

CMR studies were performed on a 1.5-T system (Ambition, Philips Healthcare, Best, The Netherlands). CMR data acquisition was performed according to the standardized protocol suggested by the Society for Cardiovascular Magnetic Resonance (SCMR) (20). Our CMR protocol comprised a cine steady-state free precession pulse sequence for ventricular function and a two-dimensional (2D) inversion recovery fast spoiled gradient-echo sequence 10 to 15 min after administration of a gadolinium-based contrast agent (Gadobutrol 0.10 mmol/kg) for detection of myocardial pathology. Moreover, a modified Look-Locker inversion recovery (MOLLI) T1-mapping sequence was applied in basal, mid and apical short-axes prior to contrast agent administration and ~20 min thereafter to determine native T1 and ECV values as described previously (21). Motion corrected native and post-contrast T1 maps were generated from the pre- and post-contrast T1 sequences. In each short-axis T1 map the endo- and epicardial contours were manually drawn. For T2-mapping, similar to T1, motion corrected but only native pre-contrast sequences were used. Additionally, for ECV calculation, a region of interest was drawn in the blood pool (avoiding the papillary muscles) in all analyzed T1 maps. Motion corrected and segmented ECV maps were generated from the native and post-contrast segmented T1 maps, using the patient's hematocrit level as described by us elsewhere (21). “Global” T1, T2 and ECV values were calculated by averaging all 16 segments from three short-axis slices.




RESULTS


CMR Findings

Both patients showed similar results regarding cine-imaging: LVs were slightly dilated, mild to moderately hypertrophied with preserved systolic function. Right ventricles (RV) showed no abnormalities with regard to size and function. Regarding myocardial tissue characterization, a subtle and rather diffuse pattern of LGE was detected in the basal segments of the LV lateral wall. Moreover, a little pericardial effusion was observed (Figure 1A). Patient 2 showed a slightly more pronounced non-ischemic pattern of LGE in the basal to midventricular inferior/inferolateral segments of the LV wall (Figure 2). In addition, some pericardial enhancement suggestive of pericarditis as well as pleural effusion suggestive of poly-serositis, most likely in the setting of the underlying disease, were present. Importantly, myocardial mapping measurements resulted in a marked elevation of ECV-values as well as slight elevation of native T1-values predominantly in the basal septal and lateral LV walls, and rather normal T2-values in both patients—indicating a rather chronic, non-inflammatory and most likely infiltrative process (Figures 1A, 2). Detailed mapping results are illustrated in Table 1.


[image: Figure 1]
FIGURE 1. (A) Cardiovascular magnetic resonance (CMR) images of patient-1 showing cine images in diastole and systole as well as corresponding late-gadolinium-enhancement (LGE) and extracellular volume fraction (ECV) maps of the myocardium. A very subtle and rather diffuse pattern of LGE was detected in the basal segments of the LV lateral wall. However, ECV maps illustrated highly elevated myocardial ECV values in the septal and lateral wall segments. (B) Histopathological images of endomyocardial biopsy (EMB) samples that were taken in patient-1 from the left ventricular free wall. Congo-red staining showed a diffuse pattern of interstitial amyloidosis (red arrows) in addition to marked accumulation of amyloid deposits within the vessel walls (blue arrows). The subtype AA amyloidosis was proven by specific immunohistochemistry.



[image: Figure 2]
FIGURE 2. Cardiovascular magnetic resonance (CMR) images of patient-2 showing cine images in diastole and systole as well as corresponding late-gadolinium-enhancement (LGE) and extracellular volume fraction (ECV) maps of the myocardium. A slightly more pronounced non-ischemic pattern of LGE was observed in this patient in the basal to midventricular inferior/inferolateral segments of the LV wall (red arrows). Again, ECV maps illustrated highly elevated myocardial ECV values in the septal and lateral wall segments.




Histological and Immunohistochemical Findings

Based on histopathology, there was no evidence of active lymphocytic myocarditis. Using Congo-red staining and immunohistochemistry, the presence of cardiac AA amyloidosis was confirmed with a very subtle and diffuse amyloid pattern in the extracellular space and a marked vascular involvement (Figure 1B). In addition, other possible diagnoses such as hypertensive heart disease, hematochromatosis, classic HCM, glycogenosis, Fabry disease or dilated cardiomyopathy were ruled out. Amyloid subtyping was achieved with immunohistochemical staining and showed a pronounced positive reaction for amyloid A (Figure 1B). The amyloid deposits were negative regarding lambda and kappa light chain antibodies. Moreover, there was no immunohistological evidence for the presence of ATTR amyloidosis.




DISCUSSION

Cardiac involvement in case of AA amyloidosis is not common and rather challenging to diagnose. An extensive literature search regarding the diagnostic value of non-invasive imaging modalities to diagnose cardiac AA amyloidosis did not result in any landmark studies nor in convincing case reports. Obviously, echocardiography is a widely available tool that has improved significantly the diagnosis of CA after the introduction of speckle-tracking-based strain analysis, however, is still lacking high sensitivity as well as specificity (21–23). In contrast, bone scintigraphy and targeted PET studies offer higher sensitivity and specificity regarding the detection of CA, and even allow to differentiate between AL and ATTR amyloidosis if additional monoclonal protein studies are available. However, convincing reports showing detection of AA amyloidosis by bone scintigraphy or PET are still missing.

Another modality, non-invasive multi-parametric CMR imaging, has gained wide acceptance within the last years and allows (amongst others) sophisticated work-up of non-ischemic cardiomyopathies, and in this context to differentiate between CA and HCM based on the pattern of LGE. While the LGE pattern in case of CA is rather diffuse, starts mostly from the subendocardial layer of the basal segments and eventually spreads to all myocardial layers and segments (16, 24), classic HCM is characterized by a patchy and more focally accentuated LGE pattern predominantly occurring in the most hypertrophic septal segments of the left ventricular myocardium (25, 26). Additionally, pre- and post-contrast T1-mapping applied for tissue characterization by measurement of the intrinsic T1-relaxation time of the myocardium allows to determine the ECV value of the myocardium (27). Similarly, T2-mapping is a promising technique for both visualization and in vivo quantification of myocardial edema suggestive of myocardial inflammation (28). Myocardial edema is characterized by an increase in myocardial water content (per voxel myocardium) and thereby causes longer T2-relaxation times (29).

Several previous studies have shown that measurement of native T1 and ECV values are useful tools for the work-up of hypertrophic cardiac phenotypes of unknown origin (30). The degree of increase in global native T1 and ECV values is consistently lower in HCM as compared to CA as there is an extensive, diffuse amyloid infiltration of the extracellular space in case of CA (31) while HCM mostly shows focally accentuated interstitial fibrosis in hypertrophied septal segments (32). Noteworthy, our present report clearly illustrates that only a very subtle pattern of LGE—not resembling the well-known characteristic pattern of LGE that can be found in those patients with ATTR and AL amyloidosis (!)—is seen in case of AA amyloidosis. However, additional ECV measurements based on pre- and post-contrast T1-mapping resulted in surprisingly high myocardial ECV values—suggesting an ongoing infiltrative process in the extracellular space of the myocardium.

Obviously, both patients were on hemodialysis and in principle, “uremic” cardiomyopathy may manifest with LV hypertrophy as well as diffuse (interstitial) myocardial fibrosis that in turn may lead to increased myocardial native T1 and ECV values. In this context, Hayer et al. recently studied N = 134 non-diabetic patients with chronic kidney disease (CKD) stages 2 to 5 without myocardial ischemia at 1.5-Tesla and found native T1 values of 966 ± 21 ms in stage 2 patients vs. 994 ± 33 ms in stage five patients (p < 0.001) (33). In addition, Hayer et al. studied N = 24 patients with end-stage renal disease (ESRD)—again at 1.5-Tesla—and documented septal native T1-values of 1002 ± 30 ms and a myocardial ECV value of 28 ± 2% (34). Unfortunately, comprehensive data regarding myocardial ECV are limited in ESRD patients since gadolinium-based contrast agents are rarely used in those patients. Of course, we cannot exclude an “additional” effect of ESRD on LV hypertrophy, native T1 and ECV values in our patients. However, we believe that such an “additional” or “confounding” effect—apart from cardiac manifestation of AA amyloidosis—was limited due to the following simple reason: The native T1- and ECV-values that were measured in the myocardium of our patients (at 1.5-Tesla) were substantially higher (!) compared to the aforementioned reference values in ESRD patients published recently.

In summary, unlike other well-known subtypes of amyloidosis (such as ATTR and AL), a characteristic pattern of diffuse LGE is not observed in case of AA amyloidosis based on CMR. However, measurement of myocardial ECV—in addition to myocardial T1-/T2-mapping—may be of paramount diagnostic value to detect cardiac involvement in case of AA amyloidosis—despite a missing characteristic LGE pattern. Therefore, we recommend a comprehensive multi-parametric CMR approach comprising the combined analysis of T1-/T2-mapping, measurement of ECV and careful assessment of LGE-images in patients with AA amyloidosis and suspected cardiac involvement.
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Background: Coronary autoregulation is a feedback system, which maintains near-constant myocardial blood flow over a range of mean arterial pressure (MAP). Yet in emergency or peri-operative situations, hypotensive or hypertensive episodes may quickly arise. It is not yet established how rapid blood pressure changes outside of the autoregulation zone (ARZ) impact left (LV) and right ventricular (RV) function. Using cardiovascular magnetic resonance (CMR) imaging, measurements of myocardial tissue oxygenation and ventricular systolic and diastolic function can comprehensively assess the heart throughout a range of changing blood pressures.

Design and methods: In 10 anesthetized swine, MAP was varied in steps of 10–15 mmHg from 29 to 196 mmHg using phenylephrine and urapidil inside a 3-Tesla MRI scanner. At each MAP level, oxygenation-sensitive (OS) cine images along with arterial and coronary sinus blood gas samples were obtained and blood flow was measured from a surgically implanted flow probe on the left anterior descending coronary artery. Using CMR feature tracking-software, LV and RV circumferential systolic and diastolic strain parameters were measured from the myocardial oxygenation cines.

Results: LV and RV peak strain are compromised both below the lower limit (LV: Δ1.2 ± 0.4%, RV: Δ4.4 ± 1.2%, p < 0.001) and above the upper limit (LV: Δ2.1 ± 0.4, RV: Δ5.4 ± 1.4, p < 0.001) of the ARZ in comparison to a baseline of 70 mmHg. LV strain demonstrates a non-linear relationship with invasive and non-invasive measures of oxygenation. Specifically for the LV at hypotensive levels below the ARZ, systolic dysfunction is related to myocardial deoxygenation (β = −0.216, p = 0.036) in OS-CMR and both systolic and diastolic dysfunction are linked to reduced coronary blood flow (peak strain: β = −0.028, p = 0.047, early diastolic strain rate: β = 0.026, p = 0.002). These relationships were not observed at hypertensive levels.

Conclusion: In an animal model, biventricular function is compromised outside the coronary autoregulatory zone. Dysfunction at pressures below the lower limit is likely caused by insufficient blood flow and tissue deoxygenation. Conversely, hypertension-induced systolic and diastolic dysfunction points to high afterload as a cause. These findings from an experimental model are translatable to the clinical peri-operative environment in which myocardial deformation may have the potential to guide blood pressure management, in particular at varying individual autoregulation thresholds.

Keywords: feature tracking (CMR-FT), general anesthesia (GA), blood pressure, coronary autoregulation, myocardial deformation


INTRODUCTION

Coronary autoregulation ensures near constant coronary blood flow (CBF) over a wide range of blood pressure, known as the autoregulatory zone (ARZ). The general relationship of mean arterial pressure (MAP) to CBF has been well-established (1). In healthy individuals, coronary autoregulation is usually effective between MAP levels from 60 to 140 mmHg. Above and below those thresholds of the ARZ, blood flow becomes mostly pressure dependent. Thus, myocardium may be vulnerable to insufficient perfusion with subsequent ischemia at low pressures, while higher aortic pressures may increase myocardial workload and oxygen demand. Peri-operatively, even short periods of hypotension and hypertension, i.e., markedly fluctuating blood pressures, are associated with poor outcome (2, 3). However, the upper and lower limits of this ARZ differs among individuals and setting. Consequently, the exact characteristics of autoregulation in cardiovascular disease during general anesthesia remain a black box for anesthetists. This may contribute to myocardial injury after non-cardiac surgery (MINS) (4), which has been increasingly focused on over the recent years. Techniques such as oxygenation-sensitive cardiovascular magnetic resonance (OS-CMR) can non-invasively interrogate changes in myocardial oxygenation on a tissue level with high spatial resolution based on local deoxyhemoglobin fractions (5, 6). In 2019, we reported that left ventricular myocardial oxygenation measured by OS-CMR had a curvi-linear association with mean arterial pressure (7). However, the impact of blood pressure regulation and these oxygenation changes on biventricular myocardial function defined by strain have not been systematically examined so far.

Myocardial strain analysis allows for a more detailed quantitative analysis of myocardial deformation and performance on a global and segmental level. Diagnostically, deficiencies in resting CMR-FT of both the left and right ventricle has been shown to be linked to outcome in multiple ischemic and non-ischemic cohorts (8–10). In these studies, strain analysis showed more subtle abnormalities in the absence of global systolic dysfunction and is thus interpreted to be an earlier and more sensitive prognostic modality than conventional assessment of global function alone. Although strain analysis has been performed in echocardiography for many years, the use of feature tracking (FT) software on OS-CMR cine images simultaneously with oxygenation assessments is only possible with CMR. Various markers can be derived from strain analysis, of which peak strain is the most known and best validated (11), representing maximal systolic shortening. Systolic strain rate provides another marker for systolic function. Importantly, diastology can be simultaneously assessed using diastolic strain rate during early active relaxation of the myocardium. This multiparametric approach of strain assessments is beneficial as it provides a comprehensive assessment of various components of myocardial function and layers over the cardiac cycle.

The objective of this analysis was to implement advanced assessments of myocardial deformation by CMR-FT to investigate the impact of systemic mean arterial blood pressure changes on left and right ventricular strain in an anesthetized swine model. Additionally, we aimed to establish the relationship of biventricular strain with changes in myocardial oxygenation, invasive measures of blood oxygen and coronary blood flow within and beyond the boundaries of the coronary autoregulation zone.



MATERIALS AND METHODS


Ethical Statement

This study was approved by the Veterinary Services at the Department of Agriculture and Nature of the Canton Bern, Switzerland [#BE 103/14] (7). The study was carried out in accordance with national and local animal care regulations and adheres to the ARRIVE guidelines.



Experimental Anesthesia Surgical Protocol

For acclimatization, the animals were housed at the University Veterinary Facilities for 48 h prior to the experiments. Fifteen swine (German Large White) were pre-medicated with 20 mg/kg ketamine and 2 mg/kg intra-muscular xylazine. The animals were induced with 10 mg of midazolam and 1 mg atropine and intubated. The animals were ventilated with a tidal volume of 6–8 ml/kg with a positive end-expiratory pressure of 5 mbar. Normocapnic end-tidal CO2-partial pressures of 35–40 mmHg were targeted. A venous line was placed in the femoral vein and anesthesia was maintained with continuous intra-venous fentanyl (5–30 μg/kg/h) as well as propofol (4–8 mg/kg/h) as required. 5'000 IU of heparin for prophylaxis of thrombosis as well as 75 mg of amiodarone for antiarrhythmic prophylaxis was administered. The femoral artery was cannulated for continuous invasive blood pressure measurements as well as intermittent blood gas analysis. Via access through the right internal jugular vein, an indwelling catheter was placed in the coronary sinus under surgical control. This was used to take blood gas measurements for determining myocardial oxygen extraction and derived invasive oxygenation measures. Afterwards a left-sided thoracotomy was performed and a perivascular flow probe (Transonic Systems, Ithica, NY, USA) was surgically attached to the proximal left anterior descending (LAD) coronary artery (Figure 1A).


[image: Figure 1]
FIGURE 1. Experimental procedures. (A) Surgical procedures included placement of arterial, venous and coronary sinus lines and a blood flow probe on the left anterior descending coronary artery in anesthetized swine. (B) In a 3 tesla (T) magnetic resonance imaging (MRI) machine, mean arterial blood pressure was varied in steps of 10–15 mmHg from 29 to 196 mmHg using phenylephrine and urapidil. At each level, oxygenation-sensitive (OS) cine images along with invasive measurements were acquired. (C) Using CMR feature tracking-software, left and right ventricular systolic and diastolic strain measurements were obtained from the same cine images in which myocardial oxygenation was measured.




Pharmacological Manipulation of Blood Pressure

Inside of a clinical 3T magnetic resonance imaging scanner (MAGNETOM TRIO, Siemens Healthineers, Erlangen, Germany), MAP was adjusted in steps of 10–15 mmHg from a baseline level of 70 mmHg using urapidil and phenylephrine (Figure 1B), as published by our group previously (7). At each MAP-level, blood gas samples from the coronary sinus and the femoral artery were obtained, along with OS-CMR images. Phenylephrine is an α1-receptor agonist, constricting peripheral blood vessels and thereby increasing blood pressure. It has no effect on the β1-receptor and thus no impact on inotropy or chronotropy. Also, in contrast to other vasopressors like norepinephrine, it has minimal effect on vasomotor function of the coronary arteries (12). Phenylephrine was administered by infusion pump at a rate of 16–660 μg/min. Urapidil is a selective α1-receptor antagonist and is used to lower blood pressure by dilating peripheral blood vessels (13). Due to the longer half-life time, repetitive i.v.-doses of 5–10 mg were used. Throughout the study, arterial blood pressure, heart rate and coronary blood flow of the LAD were recorded continuously at a rate of one measurement per second.



Experimental Imaging and Analysis

Oxygenation-sensitive (OS) cines were acquired in two short axis planes at base and mid-ventricle using a triggered balanced steady-state free precession sequence as reported before (7). Images were obtained in short end-expiratory apnea, with an acquisition time of four heartbeats per slice. Assessment of the myocardial oxygenation response was measured in the end-systolic frame of the OS-CMR images for each MAP level as reported before (14, 15). The signal measured in the left myocardium was reported as relative change in comparison to the baseline level of 70 mmHg. By assessors blinded to previous findings of myocardial oxygenation and invasive measurements, myocardial deformation was analyzed on the same OS-CMR cines using feature tracking (FT) software. Epicardial as well as endocardial contours were manually traced for the left ventricle and right ventricular free wall on both short axis slices at end-diastole (Figure 1C). Strain was assessed for the circumferential orientation. For systolic parameters, peak global circumferential strain (GCS), time to peak strain (TTP) and systolic strain rate (sSR) were extrapolated from the analysis. Early diastolic strain rate (dSR) was used as a measure of diastolic function. End-diastolic and systolic area of the chamber lumen was measured at the mid-ventricular short-axis plane, and fractional area change was calculated. All image analysis was performed with CVI42 (CircleCVI Inc., version 5.10, Calgary, Canada).



Statistical Analysis

For every subject the FT data were compared to the individual baseline-values (70 mmHg). The autoregulation zone (ARZ) was determined from the coronary blood flow data, from which a non-linear regression curve accounting for repeated measurements per subject was generated from 55'368 data points. The limits of the autoregulation zone were calculated from the first and second derivative of the flow curve, defined previously by Guensch et al. (7). As shown in Figure 2, 52 mmHg (blue) was defined here as the lower limit of the autoregulation zone and 127 mmHg (orange) as the upper limit in this sample of anesthetized swine.


[image: Figure 2]
FIGURE 2. Biventricular systolic strain measures in relation to blood pressure. The limits of the coronary autoregulation zone (ARZ) as calculated from invasive flow measurements are shown on the left. Non-linear relationships and 95% confidence intervals of the fit are shown between mean arterial blood pressure (MAP) and peak circumferential strain and time to peak strain for the left ventricle (middle) and right ventricle (right). Gray shading depicts the ARZ.


Initially, the linear relationship between continuous CMR-FT variables to different parameters of flow and oxygenation was assessed using R Studio (RStudio Inc., Boston, United States) with mixed linear models fitted with the lmer function in R (lme4 package) accounting for multiple measurements per animal by including subject identification as a random intercept. To assess the categorical differences in CMR-FT and invasive measures inside and outside of the ARZ, data at each level was categorized into three groups, levels below the ARZ (<52 mmHg), levels within the ARZ (52–127 mmHg), and a third group of levels above the ARZ (>127 mmHg). These groups were compared with a mixed effects model and the emmeans package (16) accounting for repeated measures per animal. For visualization purposes, CMR-FT measurements were compared to MAP, and other invasive measures using polynomial non-linear regression. Statistical significance was defined with a two-sided p-value of <0.05. GraphPad Prism version 9.0 (GraphPad Software, La Jolla California USA), R software (version 3.5.0, R Foundation for Statistical Computing, Vienna, Austria) were used for analysis.




RESULTS

Mean arterial blood (MAP) pressure in anesthetized swine was manipulated through a range of 29–196 mmHg from a baseline blood pressure of 70 mmHg. In total, 105 levels were targeted from 10 different subjects, at which CMR imaging, and invasive measures of CBF and blood oxygenation were acquired. Five of the fifteen animals were excluded prior to analysis: two suffered ventricular fibrillation during surgery; one had underlying peri-myocarditis that was discovered during surgery; there were experimental hardware problems with the remaining two. FT could be performed on 99 of the levels (94%), with 6 levels excluded due to gating issues.


FT-CMR in the Autoregulation Zone

As can be seen in Figure 2, GCS of both ventricles was attenuated both above and below the coronary ARZ thresholds. This yielded a u-shaped non-linear relationship (p < 0.05) where a more positive value represented poorer strain, which was confirmed with categorical assessments (Table 1). In comparison to a baseline MAP of 70 mmHg GCS was compromised by 1.2 ± 0.4% at hypotensive levels below 52 mmHg (p = 0.041 vs. ARZ), and also attenuated by 2.1 ± 0.4% when MAP was higher than 127 mmHg (p < 0.001 vs. ARZ). This was even more pronounced in the RV, with an attenuation in GCS of 4.4 ± 1.2% below the ARZ (p = 0.004 vs. ARZ), and an attenuation of 5.4 ± 1.4% above the ARZ (p < 0.001). On the other hand, time to peak strain (TTP) increased only above the upper limit with a prolongation of 52 ± 21 ms for the LV (p = 0.008 vs. ARZ) and 67 ± 30 ms for the RV. This trend was matched by a reduction in systolic strain rate above the upper ARZ limit, whereas diastolic strain rate was not associated to mean arterial blood pressure. When assessing the end-diastolic area of the mid-ventricle, a larger ventricular lumen area was observed for both the LV and the RV above the ARZ in comparison to area at levels within the ARZ, while hypotension below the ARZ only resulted in a small but significant decrease in RV area in the short axis images with no impact on the LV.


Table 1. ANOVA comparisons for imaging and invasive measures below and above the autoregulation zone.
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Relationship of LV Feature Tracking to Measures of Oxygenation and Blood Flow

As observed in Figure 3E, LV-GCS as a marker of systolic function showed a non-linear relationship to myocardial oxygenation measured by OS-CMR. In this non-linear regression analysis, an attenuation in GCS was observed with decreasing oxygenation in OS-CMR (<0%). This is supported with the linear analysis shown in Table 2 and Supplementary Figure 1. When investigating specifically MAP levels below the autoregulation zone where myocardial deoxygenation occurs (Table 1), a linear relationship was observed between GCS and OS-CMR (β = 0.216, p = 0.036, Table 2), indicating strain dropped by 0.216% with each drop in 1% of myocardial oxygenation. On the other hand, at MAP above the ARZ no linear relationship was observed.


[image: Figure 3]
FIGURE 3. Biventricular GCS in relation to measures of oxygen. Non-linear fits are shown for left and right ventricular peak strain in comparison to changes in coronary sinus oxygen saturation (ScsO2, panels A and B), oxygen extraction ratio (O2er, panels C and D), and the myocardial oxygenation response of the left ventricular myocardium (OS-CMR, panels E and F).



Table 2. Association of FT and oxygenation measurements outside the autoregulation zone.
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Similar relationships were observed for CBF, where only below the autoregulation zone did a decrease in CBF relate to attenuated FT systolic (GCS: β = −0.028, p = 0.047, sSR: β = −0.004, p = 0.017) and diastolic measures (dSR: β = 0.026, p = 0.002), but no association was observed between strain and CBF at high MAP.

Invasive blood measures of coronary sinus oxygen saturation (ScsO2) and oxygen extraction ratio (O2er) were linearly correlated to GCS across the entire MAP range (Figures 3A,C). This was also observed with systolic strain rate, while there was no link to diastolic strain rate for any MAP range (Table 2).



Relationship of RV Feature Tracking to Measures of Oxygenation and Blood Flow

RV strain measurements showed multiple associations with CBF of the LAD and oxygen measures when assessing the entire MAP range (Figures 3B,D,F). In particular for OS-CMR, a reduction in left ventricular myocardial oxygenation was associated with a reduction in RV systolic (GCS: β = −0.425, p = 0.002, sSR: β = −0.038, p = 0.023) and diastolic parameters (dSR: 0.048, p = 0.001). In line with the LV, RV-GCS and sSR improved with a greater coronary sinus saturation and reduced oxygen extraction ratio (O2er). These systolic strain measures also improved with enhanced CBF, while none of the invasive measures were correlated with RV diastolic strain rate. In contrast to conditions in the LV, these associations between FT and CBF and oxygen measures were not observed when investigating only MAP levels below the ARZ.




DISCUSSION

We demonstrate in an anesthetized swine model that biventricular systolic function was compromised at blood pressures outside the coronary autoregulation zone. Left ventricular circumferential peak strain (GCS) was attenuated in a non-linear relationship with decreasing myocardial oxygenation in OS-CMR cine images. Specifically, below the autoregulation zone (ARZ), LV-GCS compromise was associated in linear fashion with myocardial deoxygenation, invasive measures of blood deoxygenation and reduced CBF in the LAD.


Advantages of Non-invasive Imaging

Many of the reported markers for investigating adverse effects of blood pressure depressions and elevations do not convey their immediate risk to the patient, nor suggest corrective measures. These include blood biomarkers such as the troponins, which take a few hours to rise, markers of other organ injury, or post-surgical morbidity and mortality. By the time such abnormalities develop, it is usually too late for causative treatment. Functional imaging is advantageous in this regard as it can usually be non-invasively acquired within a short time period in a point-of-care setting. In this study we utilized CMR cine images, as information on myocardial oxygenation and function can be simultaneously investigated and linked. OS-CMR sequences use the blood oxygen level-dependent (BOLD) effect to delineate changes in the myocardial oxygen supply and demand balance, avoiding the requirement of contrast agents.

Multiple studies investigating myocardial oxygenation responses in healthy animal models as well as in various disease models (7, 14, 15, 17–21) have emerged over the last decade. As we use a cine variant, it measures a cardiac phase every 40 ms, thus strain can be analyzed from the same set of images. Other studies were also able to show associations between resting myocardial oxygenation and strain parameters (14). In order to look at subtle myocardial function changes, intraoperative echocardiography provides an accessible measure to measure strain (22), albeit without the benefit of tissue oxygenation.



Clinical Implications of LV Strain at Hypotensive Periods

A mildly lowered blood pressure can be beneficial as it is easier for the ventricle to unload when there is less systemic resistance. However, afterload reduction, as during anesthesia, is only beneficial to a point where diastolic myocardial or other organ perfusion pressures become critically low. Peri-operative hypotension is a common occurrence, and is associated with a greater risk of peri-operative myocardial infarction (23). Especially elderly high-risk patients are prone to developing hypotension and myocardial ischemia. In humans, analysis from a database of 33,000 non-cardiac surgeries reported that myocardial injury and acute kidney injury are noted after even short periods of intraoperative MAP under 55 mmHg (24), a lower limit similar to that of our anesthetized swine. Monitoring hypotension is important intra- as well as post-operatively. It has been shown that after moderate- to high-risk non-cardiac surgery, eight percent of patients experienced two cumulative hours of MAP-levels below 60 mmHg, and that this hypotension was associated with troponin-defined myocardial injury after non-cardiac surgery (MINS) (25). According to coronary blood flow data of this study, this lower coronary autoregulatory limit was at a MAP of around 52 mmHg in anesthetized swine. A likely rationale for the reduction in strain at low blood pressure levels is decreased perfusion and subsequent tissue oxygenation below the lower autoregulatory limit (7). At low oxygenation the myocardium suffers lack of substrates and can go into a short-term state of hibernation. It reduces workload to adjust to reduced oxygen supply, which results in attenuated strain (26). This can be observed by the linear association between invasive measurements and function at MAP levels below the ARZ.

We, as well as others, observed that lower autoregulatory limits differ on an individual level as well. Consequently, intraoperative measures of strain, through using intraoperative echocardiography, may guide anesthesiologists along individualized blood pressure management corridors. Beyond cardiac protection, other organs will benefit from adequate perfusion pressure management, too. For instance, ischemic symptoms of the central nervous system can arise at lower MAP limits of 45–55 mmHg in supine subjects (27). Importantly, there is data for cerebrovascular autoregulation that the lower limit of the cortical ARZ may be as high as 90 mmHg in some individuals (28). Thus, it may also be inferred that autoregulation may be compromised in patients with pre-existing coronary pathologies. Since the individual and organ-specific ARZ of every patient are, in effect, a black box, functional measurements would be advantageous to target a MAP that ensures adequate organ function. Therefore, intraoperative patient-side myocardial strain analysis may be a suitable tool. While other vital organs also have their own autoregulation, the resultant perfusion pressure is still driven in part by proper left ventricular function. Therefore, it appears vital to monitor cardiac function when managing blood pressure around a low MAP threshold.



Clinical Implications of LV Strain at Hypertensive Periods

Our animal data indicate that hypertension did not limit myocardial perfusion and oxygenation. Nevertheless, biventricular function was compromised and there was end-diastolic dilation of both ventricles. Not only is systolic function limited, but systolic contraction also becomes prolonged as seen by time to peak strain, although there is no change in heart rate (Figure 4). One reason for this might be that the increased workload to counteract high blood pressures compromises function mechanically despite abundant tissue oxygenation. In a clinical context, this may be the case in acute increases during a hypertensive crisis, leading to left-ventricular systolic dysfunction (29). Intraoperative hypertension and tachycardia are associated independently with adverse outcomes after long non-cardiac surgeries, regardless of underlying medical conditions (30). Other studies were inconclusive about associations between intraoperative hypertension and post-surgical morbidity (2). Myocardial oxygenation did not appear compromised by hypertension in our healthy animal model, and since there was even excess oxygen delivery as seen at OS-CMR, blood oximetry and coronary blood flow (7), it may not be immediately clear why these healthy hearts should be vulnerable at hypertension. In fact, we observed a decoupling of myocardial strain from invasive measurements. The non-linear regression graph (Figure 2) indicates that systolic function starts to deteriorate at a MAP level, which is lower that the coronary blood flow-defined upper autoregulatory limit. This suggests that with progressive hypertension, myocardial function may be primarily affected by afterload. In particular, hypertensive strain dysfunction was significantly pronounced in the afterload-sensitive right ventricle.


[image: Figure 4]
FIGURE 4. Strain inside and outside the autoregulation zone. Circumferential strain curves and strain overlays at end-systole of one animal are shown for the left and right ventricle. In comparison to baseline (black, 71 mmHg), biventricular strain at low blood pressure (blue, 45 mmHg), and high blood pressure (orange, 161 mmHg) both demonstrate attenuations in peak strain (yellow-red- color in overlay) and prolongations in time to peak strain (marked by diamond in curve).




Clinical Importance of RV Strain

The RV must match the output of the LV. Peri-operative RV dysfunction not only leads to LV underfilling but can also cause upstream problems like venous organ congestion (31, 32). In the presence of chronic high RV afterload, such as in pulmonary hypertension, the RV will progressively adapt with wall hypertrophy (33). However, during short term afterload swings such as those seen in peri-operative situations, rapid adaptation is needed. The RV may dilate to maintain stroke volume (33), and we observed this in our animal model as well. However, concomitant reduction in contractile function can lead to RV failure and low cardiac output (33). A major difference when compared to the LV is the greater sensitivity of the RV to changes in afterload. Our data indicate that a rapid increase in afterload is poorly tolerated, however right ventricular and pulmonary invasive measurements were not acquired in our analysis to confirm this analysis. Also due to the high compliance of the RV in comparison to the LV, greater changes in strain were observed outside the ARZ.



Strain as an Advantageous and Specific Marker for RV Function

Particularly with functional imaging modalities, the RV appears less well-researched than the LV. FT of the RV free wall offers functional monitoring. It signifies already deterioration before RVEF declines and is therefore of prognostic values (34).

While the OS cine modality is suitable for assessing the LV, the myocardial oxygenation response of the RV is not as reliably described with the sequence used. This is due to limitations of spatial resolution defined by the thin RV wall. An advantage of FT and functional analysis is therefore that the RV can be studied even when the target myocardium is thin. Although phenylephrine is reported to increase pulmonary arterial pressure (35), we cannot provide pertinent hemodynamic data in this study, although our RV strain results are highly suggestive in this regard. This study is limited in the fact we did not measure right ventricular or pulmonary hemodynamic measures. However, in a swine model with a surgically constricted pulmonary artery, it was reported that RV GCS measured by echocardiography was linearly correlated with RV systolic pressure, which indicates that free wall strain can aid in detecting acutely increasing RV afterload (36). Our oximetry data, i.e., ScsO2 and O2er, also reflect global myocardial oxygenation and are not specific to the RV, since the coronary sinus drains venous blood from both ventricles. RV venous drainage both into the coronary sinus and directly into the right atrial and RV cavum precludes any accurate measure of total RV oxygen consumption.

Although changes in RV systolic and diastolic parameters appeared to correlate linearly with many of LV-biased physiological measures it is also known that both RV perfusion and oxygen extraction have key characteristics that differ from the LV (37). The RV is known to have less effective pressure-flow autoregulation (37, 38). This may also explain why we observed closer linear association in the RV of invasive measures across the entire MAP range. This emphasizes the importance of assessing both LV and RV independently with strain analysis, since they react differently to blood pressure changes.



Translating From an Animal Model and Limitations

Our study shows that repetitive assessments of myocardial strain within a single subject across a range of MAP at both hypotension and hypertension demonstrate that alteration of blood pressure is an independent variable driving oxygenation and functional changes. We used an animal model since such a protocol could not be conducted in humans. The advantage of the repetitive measures in an animal model, is that the setting can be highly controlled, however in a clinical setting the changes in myocardial strain are likely a multifactorial process that can also be impacted additional variables such as preload, intracellular calcium dynamics and other factors. This is supported by some of the lower-dependency statistical relationships between strain and invasive measures, indicating further variables may play a role as well. Another advantage of the animal model is that multiple invasive measurements can be obtained to investigate both the impact of blood and oxygen supply represented by CBF vs. and variables depicting the oxygen-supply demand balance. Although there is a physiological link between the two components, a dissociation between perfusion and oxygenation measurements can occur based on the tissue oxygen requirements (39) and consequently oxygenation measurements can be a more sensitive marker of myocardial ischemia. Moreover, as mentioned above, the invasive measures have limitations as well as they do not measure the same regions of the heart, as CBF is measured in the LAD, while coronary sinus oxygen measurements collect blood from a wider region of the heart. Thus, these direct comparisons between the two can be confounded if there is heterogeneity in perfusion and workload across the ventricles. This an advantage of imaging, as a pixelwise approach can be performed of the myocardium.

Although strain values appear consistent with those in human studies (15), further comparisons are needed between the FT analysis of OS-CMR cines and standard cine acquisitions. Due to the difficulty in maintaining stable circulation at extreme MAP levels over longer periods of time, rapid acquisition was needed and thus there were only two short-axis slices were obtained and longitudinal cines were not recorded. The assessment of longitudinal strain, however, would have been advantageous, first because the fiber orientation the RV is mainly in this direction and second in the LV the micro-vessels are located in the subendocardial myocardial layer. Thus, functional subendocardial deficits would represent a very early marker of myocardial ischemia due to increasing wall pressure. While human and porcine cardiac physiology are comparable in many aspects, there are limitations to this animal model as well. Therefore, findings of this study may not necessarily represent human responses under similar conditions, especially not in cardiovascular disease. The used anesthetics might also have influenced myocardial function. While fentanyl has scarce effects on the heart (40), propofol frequently induces hypotension and reduces preload (41). The results are therefore more applicable to scenarios during general anesthesia, whereas awake subjects may respond differently.



Conclusion

Biventricular function interrogated by cardiovascular magnetic resonance feature-tracking (CMR-FT) is compromised at blood pressures outside of both the upper and lower limit of the coronary autoregulation zone. Ventricular dysfunction at very low blood pressure was shown to be associated both with coronary sinus oximetry data and non-invasive assessment of myocardial tissue oxygenation measured by OS-CMR. During induced hypertension beyond the upper autoregulatory limit, myocardial deformation appears primarily related to the increase in afterload. Further studies are required to understand the effects of acute blood pressure swings on simultaneous myocardial function assessments. Since there are still no consistent definitions of intraoperative hypotension and hypertension (2), myocardial deformation may have the potential to guide blood pressure management. Moreover, these findings are translatable to a clinical peri-operative setting as coronary autoregulation limits differ among individuals. Peri-operative strain assessments could be particularly useful for identifying these individualized thresholds by detecting early signs of myocardial dysfunction prior to the onset of severe clinical sequalae, especially in patients with cardiovascular disease who are more at risk for peri-operative ischemia.
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The aim of this study was to evaluate a new analytical method for calculating non-invasive fractional flow reserve (FFRAM) to diagnose ischemic coronary lesions. Patients with suspected or known coronary artery disease (CAD) who underwent computed tomography coronary angiography (CTCA) and invasive coronary angiography (ICA) with FFR measurements from two sites were prospectively recruited. Obstructive CAD was defined as diameter stenosis (DS) ≥50% on CTCA or ICA. FFRAM was derived from CTCA images and anatomical features using analytical method and was compared with computational fluid dynamics (CFD)-based FFR (FFRB) and invasive ICA-based FFR. FFRAM, FFRB, and invasive FFR ≤ 0.80 defined ischemia. A total of 108 participants (mean age 60, range: 30–83 years, 75% men) with 169 stenosed coronary arteries were analyzed. The per-vessel accuracy, sensitivity, specificity, and positive predictive and negative predictive values were, respectively, 81, 75, 86, 81, and 82% for FFRAM and 87, 88, 86, 83, and 90% for FFRB. The area under the receiver operating characteristics curve for FFRAM (0.89 and 0.87) and FFRB (0.90 and 0.86) were higher than both CTCA- and ICA-derived DS (all p < 0.0001) on per-vessel and per-patient bases for discriminating ischemic lesions. The computational time for FFRAM was much shorter than FFRB (2.2 ± 0.9 min vs. 48 ± 36 min, excluding image acquisition and segmentation). FFRAM calculated from a novel and expeditious non-CFD approach possesses a comparable diagnostic performance to CFD-derived FFRB, with a significantly shorter computational time.

Keywords: coronary artery disease, fractional flow reserve, computed tomography coronary angiography, analytical method, non-invasive


INTRODUCTION

Atherosclerotic plaque deposition in the coronary arterial wall results in anatomical stenosis that may reduce perfusion and induce ischemia in the subtended myocardial territory (1). Fractional flow reserve (FFR), measured during invasive coronary angiography (ICA), is the reference standard for quantifying the functional significance of coronary artery stenoses and discriminating ischemic lesions (2, 3). However, ICA-based FFR measurement incurs additional resource utilization, increases procedural time, and is associated with greater patient discomfort (4). Recently, non-invasive FFR (FFRCT) derived from computed tomography coronary angiography (CTCA) images and computational fluid dynamics (CFD) has demonstrated feasibility for the identification of ischemic coronary lesions (5) with reasonable diagnostic accuracy (6) and prognostication (7).

Mesh generation and iterative solution of numerical equations integral to CFD demand long computational time for the calculation of time-varying instantaneous values of coronary blood flow parameters like velocity, pressure, etc. The current CFD-based FFRCT methods take 1 to 4 h per FFRCT analysis (8). Reduced-order (9–11), steady-flow (12) CFD simulations and predictive models using machine learning (13–15) may improve computational efficiency and facilitate shorter turnaround times and/or on-site analysis, which will help garner a wider adoption of non-invasive FFR.

Still an analytical method to calculate FFR non-invasively without the need for computationally demanding CFD modeling would further simplify the derivation of non-invasive FFR from CTCA images. Huo et al. (16) proposed an analytical model that embodied integral equations to be solved based on the dimensions of anatomical stenosis on CTCA and estimates of hyperemic coronary flow derived from in vitro and in vivo animal experiments. In this study, we developed an original analytical method, FFRAM, that relies on neither CFD nor other inputs other than CTCA images. Flow rate through coronary lesions (QAM) was estimated from anatomical data reconstructed from CTCA, where anatomical features known to influence the hemodynamics in stenotic arteries, including lesion length, lumen area, flow entrance, and exit angles (17), were explicitly considered. Our aim is to assess the diagnostic performance of FFRAM with reference to our previously developed CFD-based FFRB and invasive FFR in a cohort of coronary artery disease (CAD) patients.



MATERIALS AND METHODS


Study Design and Study Population

The current study consecutively enrolled patients from two tertiary centers, with age ≥ 21 years, who had undergone CTCA, and were scheduled to undergo clinically indicated ICA and FFR measurement. The time difference between CTCA and ICA was 32 (19–51) days (median, interquartile range). The exclusion criteria included prior coronary revascularization, acute coronary syndrome occurring between 30 days before CTCA and ICA, angina at rest, left ventricular ejection fraction <30%, hypertrophic cardiomyopathy, significant valve disease including prosthetic heart valve, implanted pacemaker or defibrillator, complex congenital heart disease, estimated glomerular filtration rate <30 ml/min/1.73 m2, tachycardia or significant arrhythmia, iodinated contrast allergy, contraindication to beta-blocker, nitroglycerin, or adenosine, serious comorbidity with life expectancy <2 years, and pregnancy. The study was approved by the local institutional review boards, and all participants gave written informed consent.

From September 20, 2016 to March 25, 2020, 117 participants were recruited. Nine subjects were excluded: two patients with unsuccessful invasive FFR measurement and seven patients with inadequate CTCA image quality. Among the seven patients, one patient had blooming artifacts due to extreme coronary calcification (Agatston score 3441), and six patients had motion artifacts in the CTCA images. By excluding 10 vessels with missing video recordings of the FFR measurement locations, 108 participants with 169 vessels were included in the analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Study inclusion flowchart. CTCA, CT coronary angiography; FFR, fractional flow reserve.




ICA and FFR Measurement

For the recruited patients, invasive FFR measurement was performed according to the institutional protocol. Every participant underwent ICA via either the femoral or radial approach using 5F, 6F, or 7F diagnostic or guiding catheters (18). Angiography was performed in standard projections. Diameter stenosis at ICA (DSICA) was visually assessed (19), and lesions were deemed obstructive if DSICA ≥50%. The pressure wires/catheters used for the invasive FFR can be found in the Supplementary Material. Intra-coronary pressure was measured at the ascending aorta and distal to the coronary lesion in at least one vessel. Hyperemia was induced by either intravenous infusion (140–180 μg/kg/min) or an intracoronary bolus (60–200 μg) of adenosine. A coronary lesion was categorized as ischemic if FFR ≤ 0.80. Two consultant interventional cardiologists with extensive clinical experience reviewed the ICA images, and the lesions were evaluated based on overall consensus. In case of disagreement, a third independent cardiologist reviewed the films and provided a final diagnosis.



CTCA Acquisition

Every participant underwent CTCA on one of the following scanners with ≥256 detector rows: Toshiba Aquilion One 320 Slice, Canon Aquilion ONE Genesis 640 Slice, Philips Brilliance iCT 256-detector, Siemens Somatom Force dual source 384-detector, GE Revolution single source, and Siemens Somatom Drive dual source 256-detector. Oral beta-blocker (metoprolol) was administered to the participants with a heart rate >65 beats per min (20). Sublingual glyceryl trinitrate was administered just prior to scanning for optimal coronary vasodilation during image acquisition. Prospective electrocardiogram-triggered protocol was used to acquire image data at pre-specified phases of the heart cycle, and CTCA scan was performed at inspiratory breath-hold. Then, 50 to 75 ml of non-ionic contrast Omnipaque 350 was administered for each scan.

The CTCA studies were read by an accredited reporting radiologist or cardiologist and verified by a second accredited reader. The diameter stenoses of coronary lesions on CTCA images (DSCTCA) were graded according to anatomical severity: normal, absent plaque, and no luminal stenosis; minimal, DSCTCA <25%; mild, 25% ≤ DSCTCA ≤ 49%; moderate, 50% ≤ DSCTCA ≤ 69%; severe, 70% ≤ DSCTCA ≤ 99%; and occluded, DSCTCA = 100% (20). A coronary lesion was deemed obstructive if DSCTCA ≥50%.



CTCA Image Segmentation and 3D Model Reconstruction

Dedicated QAngio CT software (21) (version 3.0, Medis) was used for segmentation and 3D reconstruction of coronary artery. Additional details are found in the Supplementary Material. The surface meshes of the 3D coronary artery tree model were generated using 3D Workbench (version 0.8, Medis). Figure 2 illustrates the workflow for non-invasive FFR calculation in a participant. Figure 3 depicts the detailed coronary anatomy in another participant with pertinent anatomical parameter inputs for calculating the FFRAM.


[image: Figure 2]
FIGURE 2. The sequential steps involved in the calculation of non-invasive fractional flow reserve (FFR) include (A) computed tomography coronary angiography (CTCA) image acquisition, (B) CTCA image segmentation via extracting centerlines and delineating lumen contours in the transversal and cross-sectional images, (C) 3D reconstruction of subject-specific coronary artery tree, and (D) using either analytical method to calculate FFRAM (green box) or computational fluid dynamics simulation to compute FFRB (blue box). In this case, FFRAM and FFRB were 0.79 and 0.75, respectively, at the site of invasive FFR 0.72 measured with a pressure catheter (right, inset) during invasive coronary angiography (yellow box).



[image: Figure 3]
FIGURE 3. (A) Representative computed tomography coronary angiography (CTCA) cross-sectional slice, (B) curved multiplanar reconstructed images of a left anterior descending (LAD) coronary artery, (C) straightened LAD with segmented lumen lines (yellow color) in transversal and (D) cross-sectional views, (E) reconstructed 3D left coronary tree, and (F) enlarged view to illustrate how to measure Ap, As , Ad, Lps, Lsd, and L from the model. (G) Left ventricular (LV) endocardial and epicardial contours were delineated from CTCA images to calculate the LV mass. (Note: Ap, As, and Ad represented the lumen area at proximal, maximally stenosed, and distal segments, respectively; Lps, Lsd, and L were the length measured from the proximal end of the coronary lesion to the proximal end of the maximally stenosed segment, the distal end of the maximally stenosed segment to the distal end of the coronary lesion, and the proximal to the distal ends of the whole coronary lesion, respectively. Flow entrance and exit angles (α and β) were then calculated using Eqs. (A-1) and (A-6) in the Supplementary Material, respectively.


Total coronary flow under resting conditions, a required input parameter for non-invasive FFR estimation, is linearly related to left ventricular mass (LVM) (22). The latter was measured using validated Segment CT software (version 2.2, Medviso) (23) that semi-automatically delineated left ventricular (LV) endocardial and epicardial contours on contiguous 2D LV short-axis slices reformatted from the CTCA-reconstructed 3D whole-heart model (Figure 3).



Computation of Non-invasive FFRAM With Analytical Model

In our analytical model, [image: image], where Pa is patient-specific mean aortic pressure estimated as mean cuff pressure minus 6.8 mmHg to account for pressure drop during hyperemia (24), and ΔP1 and ΔP2 are pressure drops across the coronary lesion and from the coronary orifice to the proximal end of the coronary lesion, respectively. The latter is calculated from the Hagen–Poiseuille equation according to the viscosity of the blood, lumen area, length, and flow rate of each coronary branch (from the coronary orifice to the proximal end of the coronary lesion), respectively.

By law of energy conservation, ΔP1 entails convective and diffusive energy losses as well as energy loss attributable to sudden constriction and expansion (16). Flow separation and swirling that exacerbate energy losses and pressure drops are related to features such as lesion length, lumen area, flow entrance, exit angles, etc. (25). We applied these considerations in series to a coronary lesion model of total length L decomposed schematically into three components: a proximal contracting segment of length Lps and distal expanding segment of length Lsd, which bookend a middle maximally stenosed segment of finite length L–Lps-Lsd (Supplementary Figure 1). The respective pressure drops across the three segments ΔPps, ΔPsd, and ΔPss sum up to ΔP1 and are, from a mechanical engineering perspective, analogous to pressure drops across contracting, expanding, and straight pipes, respectively (Supplementary Material). Figure 3F illustrates how we measured the anatomical parameters L, Lps, and Lsd as well as AP, Ad, and As, the lumen areas at the proximal and distal ends of the coronary lesion, and the maximally stenosed segment, respectively. From these parameters, flow entrance (α) and exit (β) angles were derived to facilitate the calculation of ΔPps and ΔPsd (Supplementary Material).

To calculate the hyperemic flow rate of each coronary branch, we first calculated the total coronary flow rate at resting from CTCA-assessed LVM (22) and then estimated the resting flow rate through the i-th coronary branch using the scaling law (26). Finally, hyperemic flow rate through a coronary lesion located at the i-th branch of the coronary artery tree was computed as k times of its value at resting state. (24). The coefficient k reflects the magnitude of flow increase at hyperemia and is dependent on the diameter stenosis of the lesion (DS). Inputting QAM to the analytical model, ΔP1 and then FFRAM could be calculated without a need for CFD simulation (Supplementary Material).



Computation of Non-invasive FFRB Based on Reduced-Order CFD Simulation

Reduced-order CFD simulation was performed on the reconstructed 3D coronary artery tree model in deriving non-invasive FFRB measurement. Additional details can be found in our prior studies (9, 11, 27) and in the Supplementary Material. The FFRB value was extracted at the location on the 3D coronary tree model that best corresponded to the site of the FFR measurement at ICA as judged by cardiologists (JMF and CYC).



Statistical Analysis

Continuous variables were summarized as mean ± standard deviation (SD) or median (interquartile range), and the categorical variables were summarized as frequencies and percentages. Two-sample t-test, Wilcoxon rank-sum test, and Fisher's exact test were used to compare the ischemic and non-ischemic groups on continuous normally distributed variables, continuous parameters with non-normal distribution, and binary variables, respectively. For vessels with multiple lesions, the pressure drops over individual lesions were compared, and the anatomical parameters associated with the lesion contributing to the largest pressure drop were selected for statistical analysis. The DeLong test (28) was used to compare receiver operating characteristic (ROC) areas under the curve (AUCs). Accuracy, sensitivity, specificity, positive prediction value, negative predictive value (NPV), and likelihood ratios corresponding to the diagnostic threshold were calculated to enable a comparison of the discrimination capability among DSCTCA, DSICA, and non-invasive FFR indexes. SPSS (version 22, IBM, New York, USA) was used to perform the statistical analyses. Statistical significance was set at p <0.05.




RESULTS


Patient Characteristics

Detailed demographics of the 108 participants (mean age 60 ± 9 years; 81 males) is presented in Table 1. Ethnicities included Chinese (80%), Indian/Malay (15%), and other Asians (5%) which closely reflect the ethnic percentages of the Singapore population. The majority of the participants had hypertension (64%) and hyperlipidemia (70%).


Table 1. Patient characteristics.

[image: Table 1]



Characteristics of Flow Rate and Morphological Parameters

Among 169 vessels, 73 (43%) were ischemic (Table 2). As and Ad were significantly smaller, and α and β were significantly greater among ischemic vs. non-ischemic lesions, which contribute to the significantly greater ΔPps and ΔPsd along the contracting and expanding segments, respectively, in the ischemic lesions. There was excellent correlation between flow rates through lesions derived using empirical equations and CFD simulation (mean QAM 3.38 ± 1.93 ml/s vs. mean QCFD 3.30 ± 1.97 ml/s; r = 0.95, p < 0.0001) (Figure 4).


Table 2. Characteristics of flow rate, anatomical parameters, and pressure drop over various coronary lesion segments to calculate the non-invasive FFRAM overall and by study group (ischemic group: FFR ≤ 0.8; non-ischemic group: FFR > 0.8).
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FIGURE 4. Correlation and Bland–Altman plots (A) between flow rates calculated from computational fluid dynamics simulation (QCFD) and estimated from the analytical model (QAM) and between invasively measured fractional flow reserve (FFR) with (B) FFRAM and (C) FFRB on a per-vessel basis.




Diagnostic Performance of FFRAM for Discriminating Ischemic Lesions

Compared with invasive FFR (mean 0.81 ± 0.13), FFRAM (mean 0.80 ± 0.20) exhibited fair correlation (r = 0.57, p < 0.0001) and agreement with small systematic biases (-0.0027 ± 0.163) (Figure 4). Performance metrics using DSCTCA ≥50%, DSICA ≥50%, FFRAM ≤ 0.8, and FFRB ≤ 0.8 to discriminate ischemic lesions are compared in Table 3 and Figure 5. On a per-vessel level, the ROC AUCs (95% CI) for FFRAM [0.89 (0.84, 0.94)] and FFRB [0.90 (0.85, 0.94)] were significantly higher than those for DSCTCA [0.61 (0.54, 0.69)] and DSICA [0.73 (0.65, 0.79)]. On a per-patient level, the ROC AUCs (95% CI) for FFRAM [0.87 (0.79, 0.93)] and FFRB [0.86 (0.78, 0.92)] were significantly higher than those for DSCTCA [0.52 (0.42, 0.62)] and DSICA [0.73 (0.64, 0.81)]. DSICA had a higher AUC than DSCTCA (both p <0.05 on per-vessel and per-patient analyses). There was no significant difference between FFRAM and FFRB in AUCs on both per-vessel and per-patient analyses (Figure 5).


Table 3. (A) Diameter stenoses (DSCTCA and DSICA) and non-invasive FFR (FFRAM and FFRB) in study groups (FFR > 0.8 and FFR ≤ 0.8; (B) Comparison of diagnostic performance of different parameters for predicting myocardial ischemia at per-vessel level; (C) Comparison of diagnostic performance of different parameters for predicting myocardial ischemia at per-patient level.
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FIGURE 5. Comparison of the receiver operating characteristic curves for the discrimination of myocardial ischemia (fractional flow reserve, FFR ≤0.8) using diameter stenosis (DS; DSCTCA and DSICA, with a threshold of 50%) and non-invasive FFR (FFRAM and FFRB) on (A) per-vessel and (B) per-patient levels.


The performance metrics using DSCTCA ≥70%, DSICA ≥70%, FFRAM ≤ 0.8, and FFRB ≤ 0.8 to discriminate ischemic lesions are compared in Table 3 and Figure 6. On a per-vessel level, the ROC AUCs for FFRAM and FFRB were significantly higher than those for DSCTCA [0.64 (0.56, 0.71)] and DSICA [0.74 (0.67, 0.81)]. On a per-patient level, the ROC AUCs for FFRAM and FFRB were significantly higher than those for DSCTCA [0.61 (0.51, 0.70)] and DSICA [0.70 (0.60, 0.78)].


[image: Figure 6]
FIGURE 6. Comparison of the receiver operating characteristic curves for the discrimination of myocardial ischemia (fractional flow reserve, FFR ≤0.8) using diameter stenosis (DS; DSCTCA and DSICA, with a threshold of 70%) and non-invasive FFR (FFRAM and FFRB) on (A) per-vessel and (B) per-patient levels.


With invasive FFR as a reference standard, 32 lesions in 27 patients were wrongly classified with FFRAM and 22 lesions in 19 patients were wrongly classified with FFRB. At both per-vessel and per-patient levels, FFRAM and FFRB achieved a significantly improved accuracy compared with DSCTCA ≥50%, DSICA ≥50%, DSCTCA ≥70%, and DSICA ≥70% (Table 3).



Computational Time FFRAM vs. FFRB

Excluding image acquisition and segmentation, the computational time for FFRB was 48 ± 36 min (range 0.12 to 3.67 h) using parallel computation on a Dell T7800 workstation. The corresponding computational time for FFRAM was 2.2 ± 0.9 min, using a single CPU of the same workstation.




DISCUSSION

In this study, we have developed a novel analytical method to determine FFRAM non-invasively from patient-specific 3D models reconstructed from CTCA images. The FFRAM exhibited a good correlation with invasive FFR and had a diagnostic performance close to CFD-based FFRB. We have also demonstrated the diagnostic performance of FFRB in a prospective study design. The computational time for FFRAM was much shorter than that for FFRB.

Our analytical model compartmentalized the stenosed coronary vessel into segments with distinct geometry to simplify the calculation of the corresponding pressure drops. We used anatomical information and LVM to calculate the flow rate through lesions and then input them into empirical equations with anatomical parameters measured on 3D coronary models to calculate energy loss due to the expansion and constriction of the lumen cross-section, which facilitates non-invasive FFRAM calculation. A major advantage of estimating FFRAM non-invasively using the analytical model is computational speed since the computational cost of CFD is eliminated. The analysis took slightly more than 2 min on a single CPU. This speed was achieved with little compromise in diagnostic accuracy. The flow rates through the lesions calculated in our analytical method using only anatomical information had a good correlation with that obtained by CFD simulation (r = 0.95), and the derived FFRAM demonstrated a fair correlation and good agreement with invasive FFR and was close to FFRB. For the diagnosis of ischemia, FFRAM had similar AUC (0.89 vs. 0.90, p = 0.57 and 0.87 vs. 0.86, p = 0.78 on per-vessel and per-patient bases, respectively) and specificity (86 vs. 86% and 79 vs. 77% on per-vessel and per-patient bases, respectively) but with slightly lower sensitivity (75 vs. 88% and 73 vs. 86% on per-vessel and per-patient bases, respectively) and NPV (82 vs. 90% and 70 vs. 82% on per-vessel and per-patient bases, respectively) compared with FFRB. Notably, both methods had superior diagnostic performance to routine methods, including DSCTCA and DSICA.

The FFRAM derived from the lesion lumen area, length, flow entry and exit angles, and flow rate with fluid equations is different from diameter stenosis and other measurements of coronary morphologic information. It is related more to coronary hemodynamics and physiology. The lesion length and diameter have been employed by other investigators as indirect measures of fractional flow reserve (29). Our current study showed a greater mean value of lesion length (11.46 ± 7.40 vs. 10.07 ± 5.97 mm, p = 0.223) and a smaller lesion area (3.05 ± 1.56 vs. 4.56 ± 2.41 mm2, p < 0.0001) in the group with FFR ≤ 0.8 vs. the group with FFR >0.8. As a result, the estimated coronary morphologic index [eg., lesion length/minimal lesion diameter (29)] from our study is significant greater (12.3 vs. 4.8, p < 0.0001) in the group with FFR ≤ 0.8 vs. the group with FFR >0.8, which is in agreement with the findings from the study of Li (29). In addition to the aforementioned coronary morphologic index, other lesion geometric parameters, like flow entry and exit angles to lesions, have been associated with fluid convective and diffusive energy loss and pressure drop (3, 4). We have incorporated these additional elements in formulating the expressions for FFRAM calculation. By decomposing a coronary lesion model of finite length into a spatial series of a proximal contracting segment, middle stenotic segment, and distal expanding segment to derive the model equations, FFRAM presents an integrated assessment of coronary hemodynamics that provides a more accurate assessment of coronary physiology than morphologic stenosis index.


CTCA-Based Non-invasive FFR to Discriminate Ischemic Lesions

Recent developments in CFD and CTCA imaging have made the calculation of non-invasive FFR feasible. NXT (6) and Discover-flow trials (5) employed standard transient CFD simulation and reported accuracy, sensitivity, specificity of 86, 84, and 86% (6) and 84.3, 87.9, and 82.2% (5), respectively, on a per-vessel basis and 80, 85, and 79% (6) and 87, 93, and 82% (5) on a per-patient basis. In the current study, our previously developed reduced-order CFD-based FFRB (9) yielded commensurate accuracy, sensitivity, and specificity of 87, 88, and 86% on a per-vessel basis and 82, 86, and 77% on a per-patient basis. While there are limitations to cross-trial comparisons, the AUCs of FFRB [0.90 (0.85, 0.94) and 0.86 (0.78, 0.92) on per-vessel and per-patient bases, respectively] and FFRAM [0.89 (0.84, 0.94) and 0.87 (0.79, 0.93) on per-vessel and per-patient bases respectively] were in the similar range of and were intermediate between the AUCs reported for FFRCT in the DeFACTO [0.79 (0.72, 0.87) on a per-patient basis] (30) and NXT trials [0.93 (0.91, 0.95) and 0.90 (95% CI: 0.87 to 0.94) on per-vessel and per-patient bases, respectively) (6), suggesting that both compared favorably with standard transient CFD-based approaches.

While CFD-based non-invasive FFR can improve the diagnostic performance of DSCTCA alone, it is provided as a remote service with a long turnaround time due to the significant computational costs incurred for mesh generation and iterative solutions to solve numerical equations, which are procedures intrinsic to flow simulation (5, 6). To facilitate on-site non-invasive FFR computation, Coenen et al. (31) modeled the coronary vessel as a 1D segment for simulation and mapped the calculated cFFR onto the 3D model reconstructed from CTCA images. The computational time was reduced to 5–10 min per patient, but the accuracy was only 74.6% with invasive FFR as reference (31). Machine-learning based artificial intelligence (AI) algorithms were introduced to reduce the calculation time of non-invasive FFR in some studies that were mainly based on retrospective investigations (13–15). These required ample synthetic datasets for training before the AI algorithms could be applied. Another option to reduce computational time entails the use of analytical models. Huo et al. (16) reported an analytical method to estimate FFR from the dimensions of stenosis and hyperemic coronary flow. The method relied on in vitro or animal experiments to obtain hyperemic coronary flow, which hindered its applicability outside the laboratory. In contrast, our new analytical model uses only anatomical information and does not require in vitro or in vivo experiments. With relatively similar diagnostic performance as and lower computational demand than CFD-based approaches, the application of FFRAM for on-site non-invasive FFR analysis may become feasible.



Linkage of Parameters in the Analytical Model to Features in AI Algorithms

AI algorithms can facilitate non-invasive FFR estimation (13). The judicious selection of input parameters plays an important role in the accuracy of machine learning. Table 2 shows the list of anatomical features measured on or derived from CTCA-derived 3D coronary models and their discriminative capability for ischemic lesions. These parameters can aid in the feature selection of diagnostic AI algorithms. Flow quantitation by machine learning can also be facilitated using anatomical features since the coronary flow rates in the lesions that were derived from anatomical information showed a strong correlation with the CFD simulation results in our study (r = 0.95, p < 0.0001).

Minimal lumen area measured on intravascular ultrasound has been correlated with FFR-ascertained ischemia (32), and a minimal lumen area ≤ 3.0 mm (2) indicates a high likelihood of significant obstruction in a normal-sized coronary vessel (32). Accordingly, minimal lumen area has been adopted as one of the features for angiography-based machine learning algorithms (33). In our study, the lumen area at the site of maximum stenosis (As) was significant smaller in ischemic vs. non-ischemic lesions (3.05 ± 1.56 vs. 4.56 ± 2.41 mm2, p < 0.0001), and we believe that it is a prime candidate for feature selection in machine learning. Due to curvature changes in the stenotic region, the flow entrance and exit angles α and β were significantly different between the ischemic and non-ischemic lesions in this study. As such, their effects on FFR prediction can be explored in future machine learning, together with other anatomical parameters, such as lumen areas, lesion lengths, etc.

Despite the potential of AI to non-invasive FFR, its clinical application remains challenging. The problem in AI lies in training data paucity, clinical interpretation, commercial deployment, and safety. Our method is based on coronary morphologic parameters and fluid dynamic principles and does not need training data. Importantly, the calculation can be completed with a much shorter computational time than full computational fluid dynamics. Lastly, we have developed a visualization system for physicians to view the computational results from both anatomic modeling and calculated FFRAM and FFRB. This holds a potential application for the further personalized management of CAD patients like virtual stent simulation in our recent publication (34).



Limitations of the Study

There are limitations in this study. First, a high calcium score may preclude accurate segmentation, which is a problem common to all CTCA-based analysis. The lumen segmentations were carefully examined by two experienced radiologists in the current study to ensure the accuracy of the results. Second, hyperemia was induced by either an intravenous infusion or intracoronary bolus of adenosine; nonetheless, prior studies have reported that the intravenous infusion of adenosine yielded an identical FFR result compared with intracoronary bolus (35). Lastly, this study did not use recently developed instantaneous wave-free ratio and resting full-cycle ratio non-hyperemic indexes of coronary artery stenosis severity as a reference method.




CONCLUSIONS

In this prospective multicenter study, an analytical method that calculates non-invasive FFRAM from CTCA and anatomical features offers a novel and expeditious non-CFD approach that demonstrated good diagnostic performance for detecting ischemic coronary lesions as ascertained by invasive FFR.
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Background: Cardiac magnetic resonance perfusion imaging during vasodilator stress is an established modality in patients with suspected and known coronary artery disease (CAD).

Aim: This study aimed to evaluate the performance of fast-Strain-Encoded-MRI (fast-SENC) for the diagnostic classification and risk stratification of patients with ischemic heart disease.

Methods: Perfusion and fast-SENC cardiac magnetic resonance (CMR) images were retrospectively analyzed in 111 patients who underwent stress CMR. The average myocardial perfusion score index, global and segmental longitudinal and circumferential strain (GLS and GCS and SLS and SCS, respectively), were measured at rest and during stress. The combination of SLS and SCS was referred to as segmental aggregate strain (SAS). Segments exhibiting perfusion defects or SAS impairment during stress were defined as “ischemic.” All-cause mortality, non-fatal infarction, and urgent revascularization were deemed as our combined clinical endpoint.

Results: During adenosine stress testing, 44 of 111 (39.6%) patients exhibited inducible perfusion abnormalities. During a mean follow-up of 1.94 ± 0.65 years, 25 (22.5%) patients reached the combined endpoint (death in n = 2, infarction in n = 3 and urgent revascularization in n = 20). Inducible perfusion defects were associated with higher number of segments with inducible SAS reduction ≥6.5% (χ2 = 37.8, AUC = 0.79, 95% CI = 0.71–0.87, p < 0.001). In addition, patients with inducible perfusion defects or SAS impairment exhibited poorer outcomes (AUCPerf = 0.81 vs. AUCSAS = 0.74, p = NS vs. each other, and χ2 = 30.8, HR = 10.3 and χ2 = 9.5, HR = 3.5, respectively, p < 0.01 for both).

Conclusion: Purely quantitative strain analysis by fast-SENC during vasodilator stress was related to the diagnosis of ischemia by first-pass perfusion and is non-inferior for the risk stratification of patients with ischemic heart disease. This may bear clinical implications, especially in patients with contraindications for contrast agent administration.

Keywords: fast strain-encoded CMR (fast-SENC), average perfusion score index, adenosine, late gadolinium enhancement, cardiac outcomes


INTRODUCTION

Cardiovascular diseases are the main cause of morbidity and death in the world, annually claiming more lives than all forms of cancer together (1). Non-invasive anatomical imaging of coronary arteries by cardiac computed tomography and functional stress testing like cardiac magnetic resonance (CMR) is currently recommended as first-line diagnostic techniques in patients with suspected or known coronary artery disease (CAD) (2, 3). In this regard, stress CMR is a well-established method for the diagnostic classification and risk stratification of such patients (4–8). Especially vasodilator stress CMR is widely used due to its excellent safety profile and superior accuracy compared with scintigraphy (5, 8, 9).

Currently, the detection of inducible ischemia during vasodilator stress CMR is mostly based on the visual assessment of perfusion defects (5–8), which is subjective and depends on the experience of the readers. In this regard, fast-Strain-Encoded-MRI (fast-SENC) has been utilized for the objective assessment of longitudinal and circumferential myocardial strain (LS and CS) in previous studies [summarized in (10)]. The ability of this technique to diagnose relevant CAD during inotropic stress and predict future adverse events has been previously demonstrated (11, 12). However, limited data are available on the value of fast-SENC to accurately identify perfusion defects and to provide risk stratification in patients who undergo vasodilator stress CMR.

Therefore, we sought to determine the diagnostic and prognostic value of SENC during vasodilator stress in patients with known or suspected CAD. Global LS (GLS) and CS (GCS) and average global strain (GS), as well as segmental LS (SLS) and CS (SCS) and combined information from SLS or SCS, referred to as segmental aggregate strain (SAS) were compared with perfusion data.



METHODS


Study Population

Our patient cohort consisted of patients who underwent adenosine stress CMR between September 2017 and July 2019 in the Marien Hospital Hamburg, Hamburg, Germany and had verified follow-up outcomes. Patients were referred for stress CMR due to known or suspected CAD based on current guidelines (2). CMR was performed as part of standard institutional protocols. All patients were above 18 years old and gave written informed consent. The study was conducted in concordance with the Declaration of Helsinki. Patients were excluded from the study in case of claustrophobia, contraindications to adenosine, such as the history of asthma, low blood pressure, clinical instability, advanced atrioventricular block, or sinus bradycardia, known allergy to gadolinium-based contrast agents, renal failure with a glomerular filtration rate (GFR) < 30 ml/kg/min or inability to give informed consent. All patients were deferred from consuming caffeine-containing beverages and food for 24 h before the examination. If this was not the case the examination was postponed to a later timepoint. Prior to the examination, demographic data, including the presence of arterial hypertension, hyperlipidemia, diabetes mellitus, and previous CAD were acquired.



Cardiac Magnetic Resonance Examination

Examinations were performed using a 1.5 T MR system (Achieva, Philips Healthcare, Best, The Netherlands) equipped with cardiac phased-array receiver coils. Data acquisition was triggered on the R-wave using a 4-lead vector ECG. Cine images were obtained using a breath-hold segmented-k-space balanced fast-field echo sequence (SSFP), employing retrospective ECG gating in long-axis planes (2-, 4-, and 3-chamber views) and contiguous short-axis slices covering the whole ventricles, with typically reconstructed 30 phases per cardiac cycle with 50 and 67% acquired heart phases, respectively, for short and long-axis images.



Adenosine Stress CMR Protocol and Image Acquisitions

A standard protocol for adenosine stress CMR was used, which is described in detail elsewhere (13). In short, patients received a continuous infusion of adenosine. The dose was varied between 140 and 210 μg/kg/min depending on heart rate change and clinical symptoms. During the infusion, patients were continuously monitored for heart rate and oxygen saturation, and blood pressure was measured every minute. The stress perfusion acquisition was started after at least 3–4 min of the adenosine infusion and when two criteria were met: increase in heart rate of at least 10–15 beats per minute and/or the blood pressure fall of at least 10 mmHg or both and the occurrence of symptoms related to the adenosine infusion. In case of no heart rate or blood pressure response, the dose of the adenosine infusion was increased to 175 or 210 μg/kg body weight/min until a response was observed. In addition, the presence of splenic switch-off was verified according to current recommendations (14). Stress acquisitions were performed using a gadolinium-based contrast agent (Dotarem®- gadoterate meglumine in a dosage of 0.05 mmol/kg). Three short-axis slices were acquired using a single-shot saturation recovery gradient echo sequence (FOV 320 mm, slice thickness = 8 mm, TE = 1.02 ms, TR = 226 ms, TI = 140 ms, Flip angle = 50°). Fast-SENC acquisitions were performed at baseline, and repeated acquisitions were performed in identical planes during infusion of adenosine after meeting the criteria mentioned above and before the administration of gadolinium for the acquisitions of first-pass perfusion scans. The rest perfusion was performed after 10 min using identical planes and the same dosage of the contrast agent. Afterward, late gadolinium enhancement (LGE) acquisitions were performed in three long-axis and multiple short axes, covering the entire left ventricle.



Evaluation of Myocardial Perfusion

All analyses were performed on a commercially available workstation (CVI 42, Circle Cardiovascular Imaging Inc., Calgary, Canada). Results for ventricular volumes, left- and right-ventricular (LV and RV) ejection fraction (%), and myocardial mass were derived from short-axis slices. The presence of myocardial perfusion defects was performed visually in three short-axis images. A perfusion defect was defined as a region in the myocardium exhibiting hypo-enhancement by visual criteria that persists after peak myocardium enhancement for at least 4 RR intervals and corresponds to a coronary territory (15). In addition, semiquantitative perfusion analysis was performed by using a 3-point grading scale (16):


1 = Normal Perfusion,

2 = Perfusion Deficits With <50% Transmurality and

3 = Perfusion Deficits With ≥50% Transmurality During Adenosine Stress



Corresponding images in a patient with normal perfusion during stress, with a subendocardial and with a transmural perfusion defect during vasodilator stress are provided in our Supplementary Figure 1. Based on this grading system, an average perfusion score index was built for analysis by patients, by calculating the mean score in 17 myocardial segments, as recommended by the AHA (17). Images were analyzed by experienced operators with more than 10 years of experience in cardiovascular imaging and acquired level 3 certification by the German Society of Cardiology (HS & MM).



Single Heartbeat Fast-SENC Acquisitions

As described previously, fast-SENC is based on the acquisition of high- and low-tuning image sequences with different frequency modulation. Fast-SENC image sequences were analyzed using the MyoStrain software (Myocardial Solutions, Inc., Morrisville, North Carolina, USA), as described previously (18).

With fast-SENC, bright regions in the two frequency modulation images represented static and fully contracted tissues, respectively. Circumferential and longitudinal strain within a range from 5 to −30% were encoded, with negative values translating into active myocardial contraction. In our study, a single heartbeat, a fast-SENC variant with single-shot spiral readouts was employed. Typical imaging parameters were as follows: field-of-view = 256 × 256 mm, slice thickness = 10 mm, voxel size = 4 × 4 × 10 mm, reconstructed resolution = 1 × 1 × 10 mm, single-shot spiral readout with acquisition time TA = 10 ms, flip angle = 30°, effective echo time (TE) = 0.7 ms, repetition time (TR) = 12 ms, temporal resolution = 36 ms, the typical number of acquired heart phases = 22, spectrally selective fat suppression (SPIR), and total acquisition time per slice < 1 s. Data were acquired in three long-axis (four-, three-, and two-chamber) views, and three short-axis views of the LV (basal, mid-ventricular, and apical).

Global circumferential strain by fast-SENC is extracted from 3 long-axis views, whereas GLS is extracted from the 3 short-axis images. The endocardial and epicardial borders were drawn at the end-systolic cardiac phase and are traced throughout the cardiac cycle, using an automatic tissue tracking algorithm. Tracking is then verified and manually corrected if necessary. A 16-segment model was used for the GLS and a 21-segment model for the GCS. For the analysis, GLS and GCS were expressed as the average value of all 16 and 21 segments, respectively. In addition, a GS was calculated by averaging LS and CS in all available segments (19, 20).

Global circumferential strain, GLS, and GS were measured both at baseline and during adenosine stress. In addition, segments with relevant segmental LS and/or CS strain (SAS) impairment during stress were defined as ischemic. The number of such “ischemic” segments was calculated for SLS, SCS, and SLS or SCS which was referred to as SAS in each patient.

Because myocardial shortening occurred in both longitudinal and circumferential directions during systole, the strain values were consequently negative and were so reported. However, throughout the text, and in keeping with most of the literature on the subject, we refer to the absolute values, i.e., higher strain values meaning more deformation and consequently more “negative” values.



Definition of Study Endpoints

Personnel unaware of the CMR results contacted all patients or relatives of patients who underwent stress CMR studies during follow-up. All-cause mortality, the occurrence of non-fatal myocardial infarction, and urgent coronary revascularization by PCI or CABG were selected as the combined primary endpoint of our study. We used all-cause and not only cardiovascular mortality as an endpoint since the prior is free of potential subjectivity, clinically compelling, and therefore most relevant to the patients (21). In addition, urgent revascularization was fulfilled only if patients were hospitalized unexpectedly because of persisting or increasing chest pain and revascularization was performed urgently within the same hospitalization (22).



Statistical Analysis

Data were presented as M ± SD for continuous variables and as absolute values and percentages for categorical values. A paired t-test was used to compare two groups of normally distributed values. The ANOVA test was used for comparing three or more normally distributed groups with the Scheffé test for post-hoc analysis (23). The Mann-Whitney test was used to compare ordinal variables and the Fisher test to compare nominal variables. A Pearson correlation test was employed to test the relation between strain and perfusion variables. A receiver operator characteristics (ROC) analysis was used to identify the best parameter that identifies the presence of perfusion abnormalities or cardiac endpoints. Comparison of the areas under the curve (AUC) of paired data ROC curves was performed using the DeLong method (24). Survival curves were estimated by the Kaplan-Meier method and compared by log-rank tests. In addition, a hierarchic logistic regression model was used to assess the incremental value of myocardial perfusion and strain to clinical variables (age, diabetes mellitus, and history of CAD) for the prediction of the combined endpoint by calculating the corresponding total χ2 values. Inter- and intra-observer variabilities for strain values were assessed by repeated analysis of 40 randomly selected patients and were calculated as the ratio of the standard deviation to the mean. Based on a statistical power of 90%, a two-sided type I error of 0.05, and the expected SD of the results, as well as the expected margins of error (pre-specified non-inferiority margin), we calculated that a minimum of 70 patients would be necessary for our study for a comparison between strain and conventional first-pass perfusion imaging. The MedCalc software version 20.009 (MedCalc, Ostend, Belgium, 2019) was used throughout. All p < 0.05 were considered statistically significant.




RESULTS


Demographic, CMR, and Outcome Data

Complete CMR and follow-up data were available in 111 individuals who underwent vasodilator stress perfusion CMR for clinical reasons. Demographic, clinical, and CMR data are provided in Table 1. Mean age was 62.6 ± 11.8 years old whereas 28 (25%), 84 (76%), and 16 (14%) patients had diabetes mellitus, hyperlipidemia, and previous infarction, respectively.


Table 1. Demographic, clinical, and CMR data from our patient cohort.
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During the adenosine stress test, 44 of 111 (39.6%) patients exhibited inducible perfusion abnormalities. Patients with inducible perfusion abnormalities had similar demographic and baseline CMR data to those with negative stress results, except for LV-mass, which was increased in patients with inducible perfusion abnormalities. However, significant differences were observed with the average perfusion score index and for global strain parameters during stress in patients with vs. without perfusion abnormalities (Table 1).



Association Between Myocardial Strain and Perfusion

Patients with inducible perfusion defects had significantly lower GLS, GCS, and GS during stress (p < 0.05 for all) compared with patients without perfusion defects, whereas all baseline strain values were similar between the 2 groups (Figures 1A–C).


[image: Figure 1]
FIGURE 1. Patients with inducible perfusion abnormalities had significantly lower global longitudinal and circumferential myocardial strain (GLS and GCS, respectively), as well as global strain (GS) during stress compared to patients with negative stress results (p < 0.05 for all), whereas baseline strain values were similar for all markers between the two groups (A–C).


Based on a priori ROC analysis, a cut-off value of 6.5% for absolute segmental strain (SLS, SCS, and SAS) reduction during vasodilator stress was selected as best indicative for the presence of segmental myocardial ischemia by perfusion analysis. Thus, the number of ischemic segments with inducible SLS, SCS, or SAS decrease ≥6.5% were all indicative for the presence of inducible perfusion defects, with SAS exhibiting the highest accuracy, followed by SCS and SLS (AUCSCS = 0.78, 95% CI = 0.69–0.84, AUCSAS = 0.79, 95% CI = 0.71–0.87 and AUCSLS = 0.58, 95% CI = 0.49–0.68; p < 0.05 for SLS vs. SAS and SCS, Figure 2A). Therefore, SAS values deriving information both from longitudinal and circumferential deformation were used for further analysis. Corresponding sensitivities and specificities are provided in Table 2A.


[image: Figure 2]
FIGURE 2. The presence of inducible strain decrease ≥6.5% by segmental LS (SLS), segmental CS (SCS), and segmental aggregate strain (SAS) during stress were all indicative for the presence of inducible perfusion abnormalities, with SCS and SAS exhibiting higher accuracies (A). Patients with inducible perfusion abnormalities exhibited a higher number of ischemic segments by SAS (B) and higher absolute SAS decrease during stress (C). A moderate inverse correlation was observed between the perfusion score index and inducible SAS decrease (D).



Table 2. Sensitivities, specificities, and accuracy values for (A) detection of inducible perfusion abnormalities by strain and (B) Prediction of outcomes using perfusion and strain parameters.

[image: Table 2]

Patients with inducible perfusion defects exhibited a higher number of segments with inducible SAS decrease ≥6.5% (χ2 = 37.8, p < 0.001) and significantly higher absolute SAS decrease during adenosine stress (p < 0.001) (Figures 2B,C). In addition, a weak inverse correlation was observed between the average perfusion score and the SAS decrease during stress (r = −0.34, p < 0.01; Figure 2D). On a segmental level, a slight absolute SLS decrease and a blunted SLS increase were noticed in segments with subendocardial and transmural perfusion defects, respectively, compared with segments with normal perfusion during stress, exhibiting a slight SLS increase (Supplementary Figure 2A). The same patterns were observed after the exclusion of segments with LGE (Supplementary Figure 2B). Additional correlations between perfusion and strain parameters are provided in Table 3.


Table 3. Correlations between the average perfusion score index and strain parameters during stress.
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Association With Perfusion and SAS With Clinical Endpoints

During a mean follow-up duration of 1.94 ± 0.65 years, 2 patients died, 3 had a non-fatal myocardial infarction and 20 underwent urgent coronary revascularization by PCI (n = 15) or CABG (n = 5).

A significant association was observed between inducible perfusion abnormalities and the combined endpoint (χ2 = 31.7, contingency coefficient = 0.47, p < 0.001). The perfusion score index was significantly higher in patients with vs. without cardiac endpoints (Figure 3A).


[image: Figure 3]
FIGURE 3. The average perfusion score index was significantly higher in patients with future cardiac endpoints (A). Similarly, patients with cardiac endpoints had significantly higher absolute SAS decrease during stress (B) and a higher number of ischemic segments by SAS (C). In addition, a strong association was present between ischemic segments by SAS and future cardiac events (D).


In addition, patients with cardiac endpoints exhibited higher SAS decrease and higher number of ischemic segments by SAS during stress compared with those without cardiac endpoints (p < 0.001 for both; Figures 3B,C). A strong association also was present between the presence of ischemic segments by SAS and future events (χ2 = 15.2, p < 0.001; Figure 3D).



Prediction of Endpoints by Perfusion and Segmental Strain

Both visual perfusion and quantitative SAS analysis predicted the combined cardiac endpoint with similar accuracy rates (AUC = 0.81, 95% CI = 0.72–0.88 vs. 0.74, 95% CI = 0.65–0.82; ΔAUC =0.065, p = NS). Similarly, the perfusion score index performed as well as the number of ischemic segments by SAS, predicting the combined endpoint (AUC = 0.82, 95% CI = 0.73–0.88 vs.0.74, 95% CI = 0.65–0.82; ΔAUC = 0.075, p = NS; Figures 4A,B). The corresponding sensitivity and specificity values and Kaplan-Maier curves are provided in Table 2B and Figures 4C,D, respectively.


[image: Figure 4]
FIGURE 4. The presence of perfusion abnormalities or at least one ischemic segment by SAS, the average perfusion score, and the number of ischemic segments by SAS all predicted the combined cardiac endpoint with similar accuracy rates (A,B). The corresponding Kaplan-Maier curves are provided in (C,D).


The independent association of perfusion and SAS with cardiac outcomes were confirmed by multivariable regression analysis (Table 4). In addition, the presence of impaired SAS during stress exhibited incremental value to perfusion imaging and clinical data for the prediction of the combined endpoint, as shown by the acquired χ2 values (Figure 5).


Table 4. Multiple regression analysis for the prediction of the combined endpoint death, non-fatal myocardial infarction, and urgent coronary revascularization during follow-up.
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[image: Figure 5]
FIGURE 5. The presence of strain abnormalities added incremental value to perfusion imaging and clinical data for the prediction of the combined endpoint.




Intra and Interobserver Variabilities

Intra- and interobserver variabilities for LS, CS were 1.5 and 1.6% and 2.1 and 2.3%, respectively. Total acquisition time was <15 s per patient, whereas the time spent required for quantitative analysis of LS, CS, and SAS was 304 ± 125 s (5.1 ± 2.1 min) per patient.



Patient Case Example

A 58-year-old female patient with arterial hypertension, hyperlipidemia and suspected CAD due to atypical angina underwent adenosine stress CMR, which did not show abnormal findings (not shown). Normal strain response was seen by fast-SENC in the short axis views (Figures 6A–F). However, abnormal strain response was detected in the corresponding 3 chamber view fast-SENC images (Figures 6G,H) with a significant inducible strain decrease in the apical cap (red arrow in Figure 6H and the corresponding bull's eye maps in Figure 6I). Due to the absence of a perfusion defect cardiac catheterization was deferred. However, after 1 year the patient underwent urgent revascularization by PCI and stent placement in the LAD.


[image: Figure 6]
FIGURE 6. Adenosine stress cardiovascular magnetic resonance (CMR) showed normal findings in a 58-year-old female patient with suspected coronary artery disease (CAD) due to atypical angina (not shown). A normal strain response was also seen by fast-SENC in the short axis views (A–F). However, abnormal strain response was detected in the corresponding 3 chamber view fast-SENC images (G,H) with a significant inducible strain decrease in the apical cap [red arrow in (H) and the corresponding bull's eye maps in (I)].





DISCUSSION

In this analysis of 111 patients with complete perfusion, segmental strain analysis, and follow-up outcomes, we found that:

I. Myocardial perfusion abnormalities during vasodilator administration were associated with clinical outcomes.

II. Evaluation of segmental myocardial strain during baseline and vasodilator stress using fast-SENC was feasible with high reproducibility and within reasonable time-spent.

III. An inducible absolute SAS decrease ≥6.5% during adenosine stress in one or more myocardial segments was associated with inducible perfusion abnormalities during first-pass perfusion imaging.

IV. Perfusion and strain abnormalities during vasodilator stress predicted future cardiac outcomes in patients with ischemic heart disease. Overall, perfusion defects showed numerically higher predictive values for future events, which was an expected finding since perfusion is a well-established marker for the prediction of future events (4, 7). However, segmental strain measures exhibited independent and incremental value for the prediction of outcomes.


Previous Studies

We and others had previously described the incremental value of SENC both for the diagnostic classification and for the risk stratification of patients with suspected and known CAD (11, 12). Quantitative strain analysis enabled the identification of myocardial ischemia already during intermediate stages of inotropic stress, thus exhibiting enhanced sensitivity for the detection of CAD (12). In addition, the incremental value of SENC was demonstrated for the prediction of clinical outcomes during inotropic stress (11). Despite the presence of wide evidence for the diagnostic and prognostic value of inotropic strain in patients with ischemic heart disease, most of the clinical stress CMR studies are currently performed using vasodilator stress with adenosine or regadenoson. In this direction, the study of Romano et al. recently demonstrated the incremental value of longitudinal strain during vasodilator stress for the risk stratification of patients with CAD (25). Thus, using regadenoson perfusion stress CMR, GLS was measured at baseline and during stress in the 2-chamber long-axis cine view. GLS ≥ −19 during vasodilator stress was independently associated with worse cardiac outcomes, independent of clinical variables, perfusion abnormalities, and LGE data. This study reinforced the incremental value of strain assessment during vasodilator stress CMR. However, the strain was assessed by feature tracking imaging in this study, which was shown to have limitations, such as low reproducibility especially on a regional level and with less experienced operators (26–28). This, along with the fact that analysis was performed only in the 2-chamber long-axis view limits the interpretation of the obtained results (29). In this regard, fast-SENC provides an alternative to FTI and allows for a very quick, single heartbeat and comprehensive evaluation of regional and global myocardial strain with high reproducibility (18). In our study, SENC enabled the comprehensive assessment of myocardial strain with single heartbeat acquisitions with high reproducibility. Worsening myocardial strain during vasodilator stress CMR offered the precise detection of perfusion defects and was also associated with worse ischemic outcomes during follow-up. This may be a particular advantage in patients with contraindications for gadolinium-based contrast agents. Changes in SAS were much more sensitive than global strain (GLS, GCS, and GS) both for the detection of regional ischemia by perfusion analysis and for the prediction of outcomes. This is not striking since ischemia usually occurs regionally in one or two of three perfusion territories and not in all three simultaneously. In contrast to the study by Romano et al. (25) SCS and SAS were more strongly associated with perfusion abnormalities and predictive of outcomes compared with SLS. This may be attributed to methodological differences between FTI and SENC, the latter allowing for more comprehensive and reproducible measures of strain, especially on a regional level, which is decisive for the detection of ischemic heart disease (18, 26–31). Generally, CS is believed to be a more sensitive marker for subtle myocardial dysfunction in asymptomatic patients without any history of cardiovascular disease (32) and a more accurate marker of regional ischemic myocardial dysfunction, which is supported by the results of our study (33).



Implementation of Our Findings Into the Current Clinical Context

Functional stress testing has been the non-invasive gold standard for the diagnostic work-up of patients with suspected and known CAD within the last decades, whereas its role in the diagnostic classification and risk stratification is widely accepted in patients with chronic coronary syndromes (CCS) based on current guidelines (2). Particularly CMR is currently acknowledged by clinicians as the clinical gold standard technique for the assessment of myocardial function, ischemia, and viability, if required all within a single examination, non-invasively and without radiation exposure for the patients. The amount of evidence for the applicability of dobutamine and vasodilator stress CMR for the detection of ischemia and the risk stratification of patients with CAD is large and has been highlighted in previous meta-analyses (6, 7). Based on the recent ISCHEMIA study, however, the role of coronary revascularization guided by the presence of myocardial ischemia has been questioned, since patients with stable coronary disease and moderate or severe ischemia, may not always profit in terms of outcomes from a primary revascularization strategy (34). However, patients with angina at baseline due to obstructive CAD improved in terms of limiting symptoms such as angina and exertional dyspnea from invasive strategies, which is an important cornerstone in the treatment of CAD (35). Furthermore, a recent meta-analysis demonstrated that patients with CCS randomized to elective revascularization vs. optimal medical treatment exhibited benefits in terms of cardiac survival, which improved with longer follow-up durations and were associated with fewer spontaneous myocardial infarctions (36). In addition, the MR-Inform study reinforced the role of vasodilator stress CMR in patients with stable angina and risk factors for CAD, being non-inferior to a primary invasive approach with X-Ray angiography and fractional flow reserve (FFR) measures with respect to clinical outcomes in patients with CCS (37).

From a pathophysiologic point of view, myocardial strain is more sensitive to disturbances of the myocardial metabolism or perfusion, which may be seen in the early stages of many cardiovascular disorders, including CAD and heart failure (38). In this regard, we recently demonstrated that even in patients at risk for heart failure and without coronary or structural heart disease, the impaired myocardial strain may be present as an early sign of subclinical cardiac dysfunction (19). In the present study, reduced strain response was seen in patients with myocardial ischemia during vasodilator stress, compared with those without perfusion abnormalities. Since hyperemic stress leads to redistribution of myocardial blood flow between the endocardium and epicardium (39), it is conceivable that endocardial strain is reduced due to impaired oxygen supply of the endocardium in regions with inducible ischemia, resulting in lower strain values in such regions. Thus, such individuals may have early damage of the sub-endocardial or mid-myocardial layers and therefore experience worse outcomes during follow-up. However, at present, it is not clear whether impaired strain during hyperemic stress requires a specific treatment, which merits further investigation in future studies.



Limitations

Our cohort was relatively small and heterogeneous with a high percentage of patients with known CAD. This limits the extrapolation of our findings to lower risk cohorts. In addition, the follow-up duration was quite short and only 25 endpoints were recorded. Especially the small number of hard endpoints such as death and non-fatal myocardial infarction and the inclusion of only patients with CMR and complete follow-up data are limitations, that need to be accounted for when interpreting our results. In addition, patients who underwent elective revascularization within the first 90 days after abnormal stress perfusion by CMR were excluded from analysis, and no repeated CMR was performed after the revascularization procedures, which would have helped define the impact of residual ischemia on clinical outcomes. Furthermore, the cut-off value of SS decrease ≥6.5% during vasodilator stress was selected by a priori ROC analysis, as best indicative for the presence of myocardial ischemia by perfusion analysis, which may overestimate the association between perfusion defects and strain. However, the same cut-off was then independently applied for the prediction of cardiac events, exhibiting significant prognostic value. In addition, a certain overlap was observed for strain values in patients with and without perfusion abnormalities, so that average strain values may not be useful on an individual scale. However, by a selection of a cut-off value for the strain on a segmental level, clinically acceptable accuracy rates could be achieved for the estimation of perfusion abnormalities and clinical endpoints on a patient-by-patient level. Furthermore, we cannot evaluate the accuracy of strain or perfusion abnormalities for CAD detection by comparing these variables to invasive data in conjunction with FFR measures. However, most of our patients had negative stress test results, which helped defer invasive angiography, and this is clinically meaningful.



Conclusions

Fast-SENC during vasodilator stress was non-inferior compared with standard visual perfusion analysis for the diagnosis of ischemia and the risk stratification of patients with ischemic heart disease. This may bear clinical implications since fast-SENC relies on purely quantitative analysis, which is reproducible and can be performed within reasonable time-spent. Thus, fast-SENC can obviate the need for contrast agent injections in this regard, in the interest of time and costs and potentially patient safety. Now prospective larger-scale trials are warranted to test the ability of fast-SENC to predict hard cardiac outcomes.
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Supplementary Figure 1. Corresponding mid short axis images in (i) a patient with normal perfusion during stress [(A,B), note the asterisk, pointing to a dark rim artifact during resting perfusion], (ii) a patient with a subendocardial defect [(C,D), red arrow in (D), pointing to an inducible subendocardial perfusion defect of the septal wall] and (iii) a patient with a transmural perfusion defect [(E,F), red arrow in (F), pointing to an inducible transmural perfusion defect of the inferior-septal wall] during vasodilator stress are provided in this figure.

Supplementary Figure 2. On a segmental level, a slight absolute SLS decrease and a blunted SLS increase was observed in segments with subendocardial and transmural perfusion defects, respectively, vs. segments with normal perfusion during stress, which showed a slight SLS increase (A). The same patterns were observed after exclusion of segments with LGE (B).

Supplementary Table 1. Hemodynamic data during vasodilator stress.
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AUC, area under the curve; BMI, body mass index; CABG, coronary artery bypass graft; CMR, cardiovascular magnetic resonance; CAD, coronary artery disease; CCS, chronic coronary syndromes; CS, circumferential strain; Fast-SENC, fast strain encoded sequence; GCS, global circumferential strain; GFR, glomerular filtration rate; GLS, global longitudinal strain; GS, global strain; LGE, late gadolinium enhancement; LS, longitudinal strain; LV, left ventricle; PCI, percutaneous coronary intervention; RV, right ventricle; SCS, segmental circumferential strain; SCS, segmental circumferential strain; SAS, segmental aggregate strain.
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Background: Right atrial (RA) function has emerged as an important determinant of outcome in pulmonary arterial hypertension (PAH). However, studies exploring RA function after initiation of specific pulmonary vascular treatment and its association with outcome in patients with incident PAH are lacking.

Methods: RA peak longitudinal strain (PLS), passive strain (PS), and peak active contraction strain (PACS) were retrospectively assessed in 56 treatment-naïve patients with PAH at baseline and during follow-up after initiation of specific monotherapy or combination therapy. Patients were grouped according to their individual RA functional response to treatment, based on change from baseline (Δ): worsened (first Δ-tertile), stable (second Δ-tertile), and improved (third Δ-tertile). The Spearman's rho correlation and linear regression analysis were used to determine associations. Time to clinical worsening (defined as deterioration of functional class or 6-min walking distance, disease-related hospital admission, or death) was measured from the follow-up assessment. The association of RA functional treatment response with time to clinical worsening was assessed using the Kaplan–Meier and the Cox regression analyses.

Results: Median (interquartile range) time to echocardiographic follow-up was 11 (9–12) months. Of the 56 patients, 37 patients (66%) received specific dual or triple combination therapy. Δ RA PLS during follow-up was significantly associated with changes in key hemodynamic and echocardiographic parameters. The change of pulmonary vascular resistance, right ventricular (RV) end-systolic area, and global longitudinal strain were independently associated with Δ RA PLS. The median time to clinical worsening after echocardiographic follow-up was 6 (2–14) months [17 events (30%)]. In the multivariate Cox regression analysis, worsening of RA PLS was significantly associated with clinical deterioration (hazard ratio: 4.87; 95% CI: 1.26–18.76; p = 0.022). Patients with worsened RA PLS had a significantly poorer prognosis than those with stable or improved RA PLS (log-rank p = 0.012). By contrast, PS and PACS did not yield significant prognostic information.

Conclusion: Treatment-naïve patients with PAH may show different RA functional response patterns to PAH therapy. These functional patterns are significantly associated with clinically relevant outcome measures. Improvements of RA function are driven by reductions of afterload, RV remodeling, and RV dysfunction.

Keywords: pulmonary hypertension, echocardiography, speckle tracking, outcome, right atrium


INTRODUCTION

Pulmonary arterial hypertension (PAH) is a severe multifactorial disease characterized by increased total pulmonary resistance with subsequent right ventricular (RV) pressure overload (1). Increased RV afterload results in adaptive and maladaptive RV remodeling (hypertrophy and dilatation, respectively), eventually leading to RV failure (2). In addition to the right ventricle, remodeling of the right atrium has come into focus in pulmonary hypertension (PH) in the recent years. Alterations of right atrial (RA) function are relevant prognostic markers of adverse outcomes (3, 4). RA function is characterized by three phases: a reservoir phase during atrial filling when the tricuspid valve is closed, a conduit phase during passive emptying of the right atrium into the right ventricle when the tricuspid valve is open, and an active “contractile” phase during atrial systole (contraction) (5). Initially, chronic RV pressure overload causes an increase in RA contractility and RA dilation due to elevated RV diastolic pressure and tricuspid regurgitation (6). RV remodeling leads to impaired RA function, which results in worsening of reservoir (4), conduit (7), and contractile functions (8). The interaction of the right atrium and right ventricle may play a crucial role in PH. A loss of that interaction in the sense of RA-RV “uncoupling” results in alterations of RA function to a failing reservoir phase and an impaired conduit component that are inevitably associated with a reduction of cardiac output and RV filling (6). Most recently, it was shown that longitudinal assessment of RA function after treatment initiation may serve as an additional predictive marker in children with PH (9). However, the clinical relevance of RA functional response to specific vasoactive treatment in adult patients with PAH is currently unknown. Therefore, we aimed to longitudinally assess and characterize RA function in treatment-naïve adult patients with PAH.



MATERIALS AND METHODS


Study Design and Patients

Data from consecutive, treatment-naïve adult patients referred to our PH clinic between December 2017 and April 2020 and enrolled in the prospectively recruiting the Giessen PH Registry (10) were retrospectively analyzed. The diagnosis of PAH was made by the multidisciplinary PH board at the University Hospital Giessen according to the updated recommendations (11). Patients with pacemakers (n = 1) or atrial fibrillation or atrial flutter (n = 2) at the time of evaluation were excluded. All the patients received individual targeted PAH therapy based on current guidelines and best standard of care (12). Prior to treatment initiation, patients underwent baseline evaluation. Median time between baseline right heart catheterization and echocardiography was 16.5 (2–46.3) days. Invasive pulmonary hemodynamics and pulmonary arterial capacitance (PAC) were measured as previously defined (13). All the participants gave a written informed consent for the enrollment into the Giessen PH Registry. The investigation conforms to the Declaration of Helsinki and was approved by the Ethics Committee of the Faculty of Medicine at the University of Giessen (approval #266/11).



Echocardiography

All the measurements were performed as recommended by current echocardiographic guidelines (14, 15) and obtained using a Vivid E9 device (GE Healthcare, Wauwatosa, Wisconsin, USA). Tricuspid annular plane systolic excursion (TAPSE) and RV fractional area change (FAC) were quantified. RA area was measured at end-systole. RA pressure (RAP) was estimated by evaluation of inferior vena cava diameters (expiratory and inspiratory) and percent collapse during inspiration. Pulmonary arterial systolic pressure (PASP) was calculated as the transtricuspid gradient + RAP (16). Tricuspid valve regurgitation was graded as mild, moderate, or severe as recommended (17). RV global longitudinal strain was measured as previously described (18).

Echocardiographic images were analyzed by an independent investigator who was not directly involved in the image acquisition and who was blinded to the clinical data. Measurements were made using EchoPac software (version 201, GE Healthcare, Wauwatosa, Wisconsin, USA).

Tracing of the right atrium was performed as shown in Figure 1 according to the current recommendations (7, 19, 20). Using a right ventricle-focused apical four-chamber view, the region of interest was manually placed on the RA endocardial border. After automatic tracing of the six segments, every segment was manually adjusted to the thickness of the RA wall. The zero reference was set at the R wave and all the strains were positive. RA peak longitudinal strain (PLS) and peak active contraction strain (PACS) were assessed as measures of the reservoir phase and contraction phase, respectively. RA passive strain (PS), indicative of conduit function, was calculated from the difference between RA peak longitudinal and active strain as shown in Figure 1. Intra- and interobserver variability for PLS were assessed in a random subset (20%) of the cohort.


[image: Figure 1]
FIGURE 1. Illustration of the assessment of RA strain. (A) First, the RV-focused apical four-chamber view was used with selection of the cardiac cycle and adjustment of the electrocardiogram (to R-wave). (B) Second, the RA endocardial border was traced as the region of interest, covering the RA lateral wall, roof, and septal wall. (C) Third, processing provided an overview wherever speckle tracking was feasible for the selected regions. (D) Fourth, the different phases were identified and the strain values determined. PACS, peak active contraction strain; PLS, peak longitudinal strain; PS, passive strain; RA, right atrial; RV, right ventricular.




Outcome

Clinical worsening was assessed after follow-up echocardiography and was defined as any of the following: reduction in exercise capacity (−15% compared with the baseline 6-min walk test), worsening in the WHO functional class, clinical deterioration requiring hospital admission (need for new PAH therapies or intravenous diuretics), or death (21). Follow-up was assessed until July 2021.



Statistical Analysis

The Kolmogorov–Smirnov test was used for assessment of normal distribution. The Pearson's chi-squared test, related-samples Wilcoxon signed-rank test, the paired samples t-test, the independent samples Kruskal–Wallis test, or the one-way ANOVA was used to analyze differences between groups, as appropriate. The Spearman's rank correlation was used to measure association between variables. Inter- and intraobserver variability were assessed using intraclass correlation coefficients and coefficient of variation.

A backward (based on likelihood ratio) multivariate linear regression model was built to determine the parameter most strongly related to the change of RA function. Variable selection was limited to three variables to avoid overfitting and was based on clinical relevance. Model 1 included the absolute change of mean pulmonary arterial pressure (mPAP), PAC, and pulmonary vascular resistance (PVR). Model 2 included the absolute change of TAPSE/PASP, FAC, and RV end-systolic area. Model 3 incorporated the absolute change of TAPSE/PASP, FAC, and RV global longitudinal strain. Multicollinearity was assessed using the variance inflation factor.

The uni- and multivariate Cox proportional hazards models were built to assess the relationship between RA function and the clinical outcome, with RA function included either as a continuous variable or as a categorical variable based on tertiles (with tertile III, “improved,” set as the reference category). Owing to the limited number of events, adjusted covariates were limited to age and sex. For further evaluation, the Kaplan–Meier analyses with log-rank tests were used, with all the events or censoring times measured from the date of follow-up echocardiography.

For all the analyses, p < 0.05 was considered as statistically significant.

The SPSS version 26.0 and 27.0 (IBM, Armonk, New York, USA) and GraphPad Prism version 8.4.3 (GraphPad Software, San Diego, USA) were used for statistical analyses.




RESULTS


Patients

The majority of the patients with incident PAH presented with an advanced WHO functional class (Table 1). Baseline pulmonary hemodynamics demonstrated a precapillary pattern of PH with substantially elevated pulmonary pressures and resistance. As shown in Table 2, patients presented with substantial RV and RA enlargement, depressed RV systolic function measured by FAC, and impaired RA function compared with values previously reported in healthy controls (19). Baseline PLS and PACS were associated with the severity of tricuspid regurgitation. We observed significantly higher PLS and PACS values in patients with mild-to-moderate tricuspid regurgitation compared with patients with severe regurgitation (Supplementary Figure S1).


Table 1. Characteristics of the patient.
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Table 2. Echocardiographic measurements.
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Median (interquartile range) time to echocardiographic follow-up was 11 (9–12) months. The majority of patients (66%) received specific dual or triple combination therapy as maximal treatment. Under specific treatment, pulmonary hemodynamic indices and RV remodeling showed substantial improvement (Tables 1, 2). However, RA PLS, PS, and PACS remained unchanged despite significantly decreased RA size during follow-up.

Intraclass correlation coefficients and coefficients of variation showed good inter- and intraobserver agreement for RA PLS (Supplementary Table S1).



Clinical Relevance of Longitudinal RA Function

We observed significant associations of baseline RA PLS, PS, and PACS with key baseline parameters (Supplementary Table S2). Among various associations, we observed a strong correlation of baseline RA PLS with baseline RV global longitudinal strain (rho: −0.639; p < 0.001) and B-type natriuretic peptide (BNP) (rho: −0.569; p < 0.001).

The difference of RA PLS (Δ RA PLS) from baseline to follow-up was significantly associated with a change of the following parameters during follow-up: Δ TAPSE/PASP, Δ BNP, Δ PVR, Δ PAC, Δ mPAP (rho: −0.428; p = 0.008; plot not shown) and Δ RV end-systolic area. Of note, we observed the strongest association of Δ RA PLS with Δ RV global longitudinal strain (Figure 2). Δ RA PACS was significantly associated with Δ BNP (rho: −0.400; p = 0.003), Δ PVR (rho: −0.341; p = 0.036) and Δ PAC (rho: −0.349; p = 0.032), while Δ PS was only associated with Δ RV end-diastolic area (rho: −0.323; p = 0.017; plots not shown). Of note, no association was observed between Δ PS and Δ RV global longitudinal strain (p = 0.204; plot not shown).


[image: Figure 2]
FIGURE 2. Correlation of the absolute change of RA PLS during echocardiographic follow-up with the absolute change of (A) TAPSE/PASP (n = 44), (B) BNP (n = 54), (C) PVR (n = 38), (D) RV end-systolic area (n = 55), (E) PAC (n = 38), and (F) RV global longitudinal strain (n = 54). Δ, change; BNP, B-type natriuretic peptide; mPAP, mean pulmonary arterial pressure; PAC, pulmonary arterial capacitance; PASP, pulmonary arterial systolic pressure; PVR, pulmonary vascular resistance; RA PLS, right atrial peak longitudinal strain; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion; WU, Wood Units.


In the multivariate linear regression analysis model 1 (including Δ PVR, Δ PAC, and Δ mPAP), we found that Δ PVR was independently associated with Δ RA PLS [multivariate B-coefficient (95% CI): −1.59 (−2.44 to −0.73); p < 0.001]. In the corresponding multivariate model 2 (including Δ TAPSE/PASP, Δ FAC, and Δ RV end-systolic area), we found that Δ RV end-systolic area was independently associated with Δ RA PLS [multivariate B-coefficient (95% CI): −1.09 (−1.74 to −0.45); p < 0.001]. Model 3 (including Δ TAPSE/PASP, Δ FAC, and Δ RV global longitudinal strain) showed that Δ RV global longitudinal change was independently associated with Δ RA PLS [multivariate B-coefficient (95% CI): 1.16 (0.60–1.72); p < 0.001]. In addition, model 2 showed that Δ TAPSE/PASP was significantly associated with Δ RA PS [multivariate B-coefficient (95% CI): 14.43 (4.82–24.05); p < 0.001]. Of note, the models could not identify a significant predictor for Δ RA PACS (data not shown).

For further analysis, the patients were grouped into tertiles according to their Δ RA PLS: worsened (Δ −17.8 to −4.2%), stable (Δ −4.2% to 4.0%), and improved (Δ 4.0% to 44.6%) longitudinal RA function (Figures 3A,B). Δ RA PS and PACS were grouped in an analogous manner (Supplementary Figure S2). As shown in Table 3, no significant differences in baseline hemodynamic or echocardiographic parameters were observed when stratifying by tertile of Δ RA PLS. However, during follow-up, patients with improved RA PLS showed a significantly greater reduction of mPAP and PVR and improvement of PAC, RV strain, TAPSE/PASP, and BNP compared with patients with stable or worsened RA PLS (Table 3). Finally, we grouped Δ RA PLS, Δ RA PS, and Δ RA PACS according to the number of specific vasoactive treatments used (mono, dual, or triple therapy; Supplementary Figure S3). Δ RA PLS and Δ RA PACS showed no significant differences dependent on the treatment regimen used, while Δ RA PS was highest in patients receiving monotherapy. Of note, we observed a reduction of RV end-systolic area in both treatment groups (monotherapy and combination therapy). However, an improvement in FAC was only observed in those patients receiving combination therapy (Supplementary Figure S4).


[image: Figure 3]
FIGURE 3. Longitudinal RA function. (A) Illustration of the assessment of RA phases at baseline and during follow-up according to the change in RA function (worsened, stable, and improved). Stratification was based on tertile of absolute change of RA PLS and RA PACS. (B) RA PLS stratified by tertile of absolute change [tertile I (worsened): Δ −17.8% to −4.2%; tertile II (stable): Δ −4.2% to 4.0%; and tertile III (improved): Δ 4.0% to 44.6%]. Box-plots show median, interquartile range, and minimum to maximum values. (C) The Kaplan–Meier plots of time to clinical worsening since follow-up echocardiography stratified by RA function based on RA PLS. RA, right atrial; PACS, peak active contraction strain; PLS, peak longitudinal strain.



Table 3. Key baseline parameters and changes during follow-up stratified by tertile of longitudinal RA function.
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Prognostic Impact of RA Functional Response to Treatment

In total, 17 clinical worsening events [12 hospitalizations (including four escalations of specific PAH therapy and five deaths) were observed during a median follow-up period of 6 (2–14) months (mean 9 ± 8 months) after the echocardiographic follow-up. First, we explored the prognostic relevance of Δ RA function as a continuous variable in the univariate Cox regression analysis. Δ RA PLS (per one unit increase) was significantly associated with the composite endpoint with a hazard ratio of 0.925 (95% CI: 0.873–0.981; p = 0.009), while Δ PS (p = 0.085) and Δ PACS (p = 0.167) were not.

Second, we performed the univariate Cox regression analysis with the RA PLS treatment response patterns stratified by tertile. The pattern was significantly associated with clinical worsening. Patients with worsening of RA PLS during follow-up (tertile I) showed a hazard ratio of 4.16 (95% CI: 1.15–14.96; p = 0.029) for the composite endpoint. Similarly, worsening of RA PS during follow-up (tertile I) was significantly associated with the composite endpoint with a hazard ratio of 4.93 (95% CI: 1.08–22.54; p = 0.040). Patients with stable RA PS or stable PLS (tertile II) showed non-significantly increased hazard ratios of 2.76 (95% CI: 0.53–14.32; p = 0.226) and 1.10 (95% CI: 0.22–5.47; p = 0.907), respectively. In the multivariate Cox regression analysis, adjusting for age and sex, worsening of RA PLS during follow-up was significantly associated with clinical deterioration (multivariate hazard ratio: 4.87; 95% CI: 1.26–18.76; p = 0.022). This was supported by the Kaplan–Meier analysis which showed a significantly higher clinical worsening event rate in patients with worsened RA PLS compared with patients who had stable or improved RA PLS during follow-up (log-rank p = 0.012; Figure 3C). In addition, worsening RA PS remained significantly associated with the composite endpoint within the multivariate model (multivariate hazard ratio: 5.18; 95% CI: 1.13–23.83; p = 0.035). However, in the Kaplan–Meier analysis, Δ RA PS stratified by tertile was not able to predict outcome (log-rank p = 0.063; plot not shown). Of note, Δ RA PACS was not able to predict outcome in the Cox regression analysis (tertile 1: p = 0.319; tertile 2: p = 0.972) or the Kaplan–Meier analysis (log-rank p = 0.491; plot not shown).




DISCUSSION

In this study, we have demonstrated that therapy-naïve PAH may show different responses to treatment with respect to RA functional parameters. Moreover, these response patterns are associated with clinically relevant outcome parameters.

Within the last decade, the prognostic and clinical importance of RA function in patients with PH has increasingly come into focus (5, 22). Measurements of altered RA function (reservoir, conduit, or active contractile function) are helpful tools for the evaluation of the severity of RV dysfunction and prognosis in PH (4, 9). Furthermore, RA phasic performance is altered in relation to impaired diastolic function of the chronically overloaded right ventricle, leading to backward venous flow and systemic congestion through RA functional impairment (23). In addition, alterations of RV systolic function accompanied by maladaptive RV remodeling and secondary tricuspid valve regurgitation directly result in loss of phasic RA function, leading to RA remodeling (6, 22). Recently, the longitudinal assessment of RA function after initiation of PAH treatment has been shown to serve as an additional parameter to predict outcome in children with PH (9). It is as of yet unknown whether RA function and its response to PAH treatment during follow-up would also serve as clinically relevant marker in adults.

Δ RA PLS emerged as a clinically relevant parameter in our study. This is consistent with data from Alenezi and coworkers, who identified PLS as the RA parameter of major clinical relevance (4). The relevance of RA PLS may underline the importance of the reservoir function itself and the early impact of RV maladaptation on this specific phase (24). Of note, we observed no prognostic relevance of Δ RA PS (as a measure of the conduit phase) using the Kaplan–Meier analysis, although RA conduit fraction percent (defined as the percentage of total RA area change happening prior to the electrical p wave) was previously associated with risk of adverse events in pediatric PAH (9, 25). Although both parameters mirror RA conduit function, they might not be directly comparable. Furthermore, pediatric PAH might differ significantly from PAH in adults; limited data exist on comparison of these two populations.

Although we observed no general normalization or restoration of RA function in the overall study population after starting PAH treatment, subanalysis revealed different individual patterns of RA functional response by means of changes in PLS. We were able to identify three different patterns of RA function, with either improved, stable, or worsened reservoir function (as mirrored by RA PLS). Moreover, our data indicate that improvement or deterioration of RA function is directly associated with the extent of RV reverse remodeling. Substantial improvement of RA function was associated with a relevant reduction of afterload, pressure, and RV volume under specific therapy. In turn, impairment of RV function during follow-up was directly related to worsening of RA PLS with a subsequent higher probability for a clinical worsening event, highlighting the importance of RA-RV interplay. Improvement of RV function (strain, FAC, and RV volume) after starting PAH treatment was therefore associated with improved RA function. Moreover, our data indicate that RA strain is a dependent variable whose improvements are secondary to improvements in pulmonary arterial and RV parameters. Patients who failed to improve under specific therapy, with no RV reverse remodeling or reduction of afterload, eventually showed worsened RA mechanics as measured by peak RA strain. Of note, RA PLS mirrors RA reservoir function during RV contraction (26). Therefore, the observed association of RV global longitudinal strain with RA PLS indicates that improved RV systolic function also translates into improved RA reservoir function. Again, this highlights the interplay and importance of the RA-RV axis (6).

Decreased afterload leads to better RV function and obviously to better RA filling, presumably through less RV filling at end-diastole and improved venous return. As there is a continuum of elevated PVR, reduced RV function and consecutive impairment of RA function in PH, a failure of the RA-RV axis eventually enhances consecutive dyspnea and congestion (23). Thus, the key target of PH medication is afterload reduction which indirectly improves downstream RV and RA function through improved hemodynamic interplay. Our data emphasize that the RA-RV axis is a unit rather than two separate entities and that RV and RA function are inextricably linked to each other. Therapies directly supporting RA function (27) may play an important role in this context and studies are warranted.


Limitations

This study has some limitations. First of all, this is a retrospective single-center study and our results may need to be validated in larger prospective cohorts. The sample size and event rate limited the multivariate models and prevented further in-depth analysis. However, to the best of our knowledge, this is the largest study conducted so far focusing on the clinical relevance of RA function in treatment-naïve patients with PAH. Moreover, we were able to provide follow-up data on RA function after treatment initiation, providing additional important information regarding the adaptation of RA function during treatment. The relatively short follow-up period of the study cohort may be an additional limitation.



Conclusion

After initiation of specific pulmonary vascular therapy, patients with PAH may show different patterns of RA functional response. Recovery of RA functional parameters is significantly related to improvement of RV function. Patients with improvement of RA function in response to PAH therapy have better outcomes than those with stable or worsening RA function. RA functional improvement may thus serve as an additional predictor of treatment response.
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Background: To investigate the difference in myocardial extracellular volume fraction (ECV) by cardiac magnetic resonance (CMR) T1 mapping between patients with and without type 2 diabetes (T2D), and the effect of ECV and T2D on cardiovascular (CV) outcomes.

Methods: All patients aged > 18 years with known or suspected coronary artery disease who underwent CMR for assessment of myocardial ischemia or myocardial viability at the Department of Cardiology of the Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand from September 2017 to December 2018 were screened for inclusion eligibility. Left ventricular ejection fraction (LVEF), late gadolinium enhancement, and T1 mapping were performed. ECV values were derived from myocardial native T1 and contrast-enhanced T1 values that were obtained using modified Look-Locker inversion recovery at the septum of the mid-cavity short-axis map. Demographic data, clinical characteristics, and CV outcomes were collected by retrospective chart review. Composite CV outcomes included CV death, acute coronary syndrome, heart failure hospitalization, or ventricular tachycardia (VT)/ventricular fibrillation.

Results: A total of 739 subjects (mean age: 69.5 ± 14.0 years, 49.3% men) were included. Of those, 188 subjects had T2D (25.4%). ECV was significantly higher in T2D than in non-T2D (30.0 ± 5.9% vs. 28.8 ± 4.7%, p = 0.004). During the mean follow-up duration of 26.2 ± 8.5 months, 43 patients (5.8%) had a clinical composite outcome, as follows: three CV death (0.4%), seven acute coronary syndrome (0.9%), 33 heart failure hospitalization (4.5%), and one VT (0.1%). T2D, low LVEF, and high ECV were all identified as independent predictors of CV events. Patients with T2D and high ECV had the highest risk of CV events.

Conclusion: Among patients with known or suspected coronary artery disease, patients with T2D had a higher ECV. T2D and high ECV were both found to be independent risk factors for adverse CV outcomes.

Keywords: myocardial extracellular volume fraction, type 2 diabetes, cardiovascular outcomes, cardiac magnetic resonance, T1 mapping


INTRODUCTION

Type 2 diabetes mellitus (T2D), which is a common chronic disease, is a well-recognized risk factor for heart failure (HF) independent of age, hypertension (HT), obesity, hypercholesterolemia, and coronary artery disease (CAD) (1). Patients with T2D have worse outcomes once HF has developed (2). The direct effect of hyperglycemia and insulin resistance on myocardial cellular metabolism may contribute to cardiac dysfunction by alteration of energy-substrate supply and impairment of metabolic-substrate switching under stress conditions. T2D also causes various morphologic changes of myocytes, extracellular matrix (ECM), and microvasculature. In addition, the accumulation of advanced glycation end products (AGEs) in the myocardium may contribute to HF events. AGEs increase both cardiac stiffening and collagen cross-linking in the myocardial ECM, both of which adversely affect systolic and diastolic cardiac function (3, 4). Since ECM expansion in humans is reversible, such as by inhibition of the renin-angiotensin-aldosterone system, quantification of ECM expansion may be a useful therapeutic marker for early cardiac involvement in patients with T2D.

Advanced cardiac magnetic resonance (CMR) imaging facilitates detailed, non-invasive characterization of the myocardium, including T1-mapping, and the derived parameter is extracellular volume fraction (ECV) (5). Some previous studies investigated the role of ECV in patients with diabetes and pre-diabetes compared to normal controls. Both of those studies reported increased ECV to be associated with a longer duration of diabetes, and that increased ECV may be associated with elevated glycated hemoglobin (HbA1c) level (6, 7). Another study found a significant association between diabetes and increased ECV, and that elevated ECV was significantly associated with an increased risk of adverse clinical outcomes, including HF and death (8).

This study aimed to investigate myocardial ECV by CMR T1 mapping compared between patients with and without T2D among patients with known or suspected CAD who were referred for CMR, and the effect of ECV and T2D on cardiovascular (CV) outcomes, including CV death, acute coronary syndrome (ACS), HF hospitalization, or ventricular tachycardia (VT)/ventricular fibrillation (VF).



METHODS


Study Population

The study design was a retrospective cohort study. All patients aged >18 years with known or suspected CAD who underwent CMR for assessment of myocardial ischemia or myocardial viability at the Department of Cardiology of the Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand during September 2017 to December 2018 were screened for inclusion eligibility. Native and post-contrast T1 maps were routinely performed in every clinical CMR study. All included patients were followed-up at our center for at least 6 months after the date of CMR. Patients diagnosed with cardiac amyloidosis or hypertrophic cardiomyopathy were excluded. Study patients were then allocated to either the T2D group or the non-T2D group. Patients included in the T2D group were either previously diagnosed as T2D at another center, had a documented diagnosis in their Siriraj Hospital medical record, were receiving anti-diabetic medications, or had a documented laboratory test of either fasting plasma glucose ≥126 mg/dl or HbA1C ≥ 6.5% at least two times. The protocol for this study was approved by the Siriraj Institutional Review Board. Written informed consent was not obtained from study patients due to the retrospective confidentiality preserving nature of our study.



CMR Image Acquisition

Cardiac magnetic resonance (CMR) was performed on an Ingenia 3.0T MR system (Phillips Healthcare, Best, The Netherlands) using ECG gating. The default CMR protocol includes a steady-state pre-precession sequence using the balanced-fast-field-echo technique of left ventricular (LV) short-axis, four-chamber, two-chamber, and three-chamber views, late gadolinium enhancement (LGE), and native and contrast-enhanced T1 mapping. LGE was performed by the three-dimensional segmented-gradient-echo inversion-recovery sequence.

T1 mapping was performed using modified Look-Locker inversion recovery (MOLLI) in a 5-(3)-3 scheme (5, 9). MOLLI was performed with breath-holding technique in mid-diastole in a single mid-ventricular short-axis slice (TR 2.2 ms, TE 1.8 ms, eight different TIs, matrix 152 × 150, field of view 300 × 300 mm2, flip angle 20°, SENSE 2, and 10-mm slice thickness).



CMR Analysis

The basic analysis was performed using IntelliSpace Portal (ISP) software version 11.1 (Phillips Healthcare, Best, The Netherlands) by well-trained radiographers (10-year experience) and cardiologist fellows (3–5 year experience). Cine images were analyzed and LV volumetric data were obtained to derive left ventricular ejection fraction (LVEF). LGE images were analyzed by visual assessment based on the consensus of two readers and were interpreted as ischemic or non-ischemic (10). For ischemic LGE, the transmural extent of LGE was graded as a subendocardial or transmural scar for each myocardial segment according to the recommendation of the American Heart Association (AHA) (11). The analysis was blinded to the patient's name and functional images.

Native and contrast-enhanced T1 mapping was performed using CVI42 software version 5.12 (Circle Cardiovascular Imaging, Calgary, Alberta, Canada). The region of interest (ROI) was selected manually at the entire interventricular septum of the mid-cavity short-axis map while taking care to avoid imaging artifacts. According to the recommendation by the Society of Cardiovascular Magnetic Resonance (5), ROI for T1 mapping that was used to calculate ECV can be drawn at the septal segments or a complete single short-axis slice (usually a mid-ventricular slice). However, a single ROI drawn in the septum on mid-cavity short-axis maps is preferred to avoid lung, liver, and veins as sources of susceptibility artifacts. In another review article (12), the authors summarized that septal sampling has been shown to yield the greatest precision and minimize the effect of considerable variations of regional T1 values caused by the artifact-prone LV free wall myocardium. ECV was calculated using the following formula (13):
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According to a previous study that validated synthetic hematocrit (Hct) values derived from blood T1 obtained using a 3.0-T Philips MR system (Phillips Healthcare, Best, The Netherlands), we used the following formula to analyze the synthetic hematocrit (values between 0 and 1) for ECV (14):
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Data Collection

The following data were collected: age, gender, anthropometric data, underlying disease of HT, CAD, CKD, T2D, and the medications being used by the patient at the time of CMR. Collected laboratory data included hematocrit, serum creatinine, LDL, and HbA1c, and those data were collected as close to the date of CMR as possible.



Outcome

The main outcome was a composite CV outcome consisting of CV death, ACS, HF hospitalization, or VT/VF. Data were collected from a medical record review. Events were collected from the time of CMR until the last follow-up visit by identifying the documented diagnosis of events by primary physicians and/or consulting cardiologists.



Statistical Analysis

Continuous data are presented as mean plus/minus SD, and means between two groups were compared using the Student's t-test for unpaired data. Categorical data are presented as the number and percentage of patients, and differences between groups were analyzed using the chi-squared test. Baseline characteristics, laboratory data, and CMR data were compared between patients with and without the composite outcome. Univariate and multivariate analyses were performed to identify variables that predict the composite outcome. We used all data (demographic data, CV risk factors, laboratory data, and CMR data) except medications for the univariate model and then selected variables with a p < 0.05 from univariate analysis to run a multivariate model. Time-to-event analysis was performed using Cox regression, and the results are presented as Kaplan–Meier curves. The incremental prognostic value of variables in the final multivariate model was assessed using a Cox regression model based on clinical data, investigational data, and ECV values. The incremental value was assessed by considering these variables in hierarchical order, and by comparing the global chi-squared value derived from each hierarchical model. All analyses were performed using SPSS version 18 (SPSS, Inc., Chicago, IL, USA). A p < 0.05 indicates statistical significance.




RESULTS

During the study period, 1,217 subjects underwent contrast-enhanced CMR for assessment of myocardial ischemia or viability. After the exclusion of patients with unavailable follow-up data and/or poor image quality, 739 patients remained for the final analysis. Of those eligible patients, 188 (25.4%) were allocated to the T2D group. A flow diagram of the patient enrollment process is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flow diagram of the patient enrollment process.



Baseline Clinical and CMR Data of Patients With T2D and Non-T2D

Table 1 shows baseline patient characteristics compared between those with and without T2D. T2D subjects were significantly older (72.4 ± 10.5 vs. 68.5 ± 14.8 years, p = 0.024), had more comorbidities, and used more CV medications. In T2D group, the anti-diabetic medications used were metformin in 97 (51.6%), sulfonylurea in 78 (40.4%), thiazolidinediones in 21 (10.6%), DPP-4 inhibitors in 52 (27.7%), SGLT-2 inhibitors in 17 (9.0%), GLP-1 agonists in six (3.2%), and insulin in 14 (6.9%) patients. History of coronary disease confirmed by coronary angiogram before CMR was demonstrated in 92 patients (12.4%); 27 (29.4%), 28 (30.4%), and 37 (40.2%) had single, double, and triple vessel disease, respectively. Among patients with a coronary angiogram, 87 (94.6%) had coronary revascularization before CMR.


Table 1. Baseline demographic and clinical data of all patients, and compared between those with and without type 2 diabetes.

[image: Table 1]

Results of CMR demonstrated an average LVEF of 64.2 ± 17.8%. There were no significant differences in LVEF and native T1 between T2D and non-T2D; however, T2D had a greater proportion of LGE and significantly higher ECV compared to non-T2D. LV hypertrophy as defined by LV mass index more than 95% of healthy volunteers was demonstrated in 65 cases (8.8%). LGE was present in 236 patients (31.9%). The mean number of segments with the scar was 5.2 ± 3.7 (from the 16-segment model). Among those who had LGE, it was CAD pattern (subendocardial or transmural scar) in 78.8%, non-CAD pattern in 19.1%, and combined in 2.1%. Sixty-five out of 191 patients (34.0%) with CAD pattern LGE were asymptomatic. Subsequent management of patients with asymptomatic CAD was restricted to the adjustment of cardiac medications in 23 (35.4%) cases, whereas 15 (23.1%) underwent invasive angiography due to ischemia or other clinical indications. For those who underwent coronary angiography, 14 out of 15 (94%) had significant stenosis in at least one coronary artery. With patients exhibiting non-ischemic LGE, mid-wall scar, patchy scar, right ventricular insertion scar, and the subepicardial scar was detected in 18 (36%), 12 (24%), 10 (20%), and 18 (36%) cases, respectively. Eight patients had two patterns of nonischemic LGE.

Myocardial ischemia was observed in 229 (31.0%) cases. The mean number of ischemic segments was 3.4 ± 3.7. With patients exhibiting inducible ischemia, 104 (45.4%) had just adjustment of their cardiac medications, whereas 96 (41.9%) underwent invasive angiography. For those who had a coronary angiogram, significant stenosis of at least one major coronary artery was demonstrated in 91 (95.8%). Indirect evidence of diastolic dysfunction such as LV hypertrophy and left atrial enlargement was observed in 65 (8.8%) and 148 (20.0%) patients, respectively.



CV Outcomes

The overall mean follow-up duration was 26.2 ± 8.5 months. Fifty-seven patients (7.7%) experienced death (n = 20), ACS (n = 7), HF hospitalization (n = 33), or VT/VF (n = 1) during follow-up. The composite outcomes (CV death, ACS, HF hospitalization, or VT/VF) occurred in 43 patients (5.8%). Comparisons of baseline clinical data and CMR data between patients with and without composite outcomes are shown in Table 2. Patients with a composite outcome had a higher proportion of T2D, CKD, CV drugs, LGE and lower Hct, GFR, and LVEF compared to those without the composite outcomes. Native T1 and ECV were higher in patients with composite outcomes.


Table 2. Baseline demographic and clinical data of all patients, and compared between those with and without cardiovascular composite outcome.
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Univariate and Multivariate Analysis

All variables from Table 2 were used for both univariate and multivariate analyses to identify predictors of the composite outcome. ECV was classified as high when the ECV was in the top quartile. The cut-off for the top quartile of ECV was 30.95%. From multivariate analysis, T2D [hazard ratio (HR): 2.41, 95% CI: 1.17–4.98], high ECV (HR: 2.01, 95% CI: 1.03–3.93), and LVEF <50% (HR: 2.31, 95% CI: 1.10–4.88) were identified as independent predictors of CV events (Table 3). The addition of ECV data significantly improved the prognostic power of a model, namely, CV risk factors, T2D status, and LVEF data, with a significant increase in global chi-squared values from 1.7 with CV risk factors without T2D to 17.6 for CV risk factors with T2D, to 36.1 for CV risk factors with T2D and LVEF <50%, and to 41.2 for CV risk factors with T2D, LVEF < 50%, and ECV ≥ 30.95% (Figure 2).


Table 3. Univariate and multivariate analysis for independent predictors of cardiovascular composite outcome.
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FIGURE 2. Incremental prognostic value shown as global chi-squared value compared among patients with type 2 diabetes (T2D); patients with T2D and left ventricular ejection fraction (LVEF) < 50%; and patients with T2D, LVEF < 50%, and extracellular volume fraction ≥30.95%.




Survival Analysis

Figure 3 shows adjusted and unadjusted hazard graphs of the cumulative event rate compared between patients with and without T2D, and between patients with ECV above and below the 30.95% cut-off value. Patients with T2D and patients with high ECV both had an increased incidence of CV composite outcomes over time.


[image: Figure 3]
FIGURE 3. Adjusted (A,C) and unadjusted (B,D) hazard graphs of the cumulative event rate compared between patients with and without type 2 diabetes (T2D) (A,B), and between patients with extracellular volume fraction (ECV) above and below the cut-off value.


Figure 4 shows adjusted and unadjusted hazard graphs of the cumulative event rate compared among four groups, namely, (1) T2D and ECV ≥ 30.95%, (2) T2D and ECV < 30.95%, (3) non-T2D and ECV ≥ 30.95%, and (4) non-T2D and ECV < 30.95%. Both graphs demonstrate that the highest event rate was among patients with T2D and high ECV, and the lowest event rate was among patients with non-T2D and lower ECV. Patients with only one of these two factors had a prognosis in between the two aforementioned groups. Figure 5 shows ECV mapping of patients with T2D and high ECV, T2D and lower ECV, high ECV without T2D, and lower ECV without T2D.
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FIGURE 4. Adjusted (A) and unadjusted (B) hazard graphs of the cumulative event rate compared among four groups, namely, (1) type 2 diabetes (T2D) and extracellular volume fraction (ECV) ≥ 30.95%, (2) T2D and ECV < 30.95%, (3) non-T2D and ECV ≥ 30.95%, and (4) non-T2D and ECV < 30.95%.



[image: Figure 5]
FIGURE 5. Extracellular volume fraction (ECV) mapping of patients with type 2 diabetes (T2D) and high ECV (A), T2D and lower ECV (B), high ECV without T2D (C), and lower ECV without T2D (D).




Sensitivity Analysis for ECV Data

To explore whether the significant finding of the predictive value of ECV remains significant when comparing ECV by methods other than the fourth quartile compared to the other three quartiles, we performed a sensitivity analysis of ECV for predicting clinical outcomes, including a hazard graph of patients with ECV above and below the cut-off value derived from receiver operating characteristic curve analysis (Figure 6A), and a hazard graph of each quartile of ECV (Figure 6B). Both of those sensitivity analyses showed a higher ECV to be significantly associated with an increased risk of adverse clinical outcomes. This finding reflects the predictive ability of ECV in this clinical setting.


[image: Figure 6]
FIGURE 6. Sensitivity analysis of extracellular volume fraction (ECV) for predicting clinical outcomes. (A) Hazard graph of patients with ECV above and below the cut-off value derived from receiver operating characteristic (ROC) curve analysis. (B) Hazard graph of each quartile of ECV.


We also performed a sensitivity analysis using ECV based on the results of actual Hct with 6 months before CMR which was available in 358 (48.4%) patients. ECV derived from the actual Hct had an HR and 95% CI for clinical outcomes of 3.37 (1.62–6.98). Multivariate analysis using ECV derived from actual Hct demonstrated that T2D, LVEF < 50%, high ECV (the fourth quartile of ECV and history of myocardial infarction were in the final model. The HR and 95% CI of ECV in the multivariate model were 2.50 (1.18–5.28).




DISCUSSION

This retrospective cohort study focused on the relationship between T2D and ECV, and the influence of these two factors on the clinical outcomes of patients who were referred for CMR for assessment of myocardial ischemia or viability. Our results showed ECV to be significantly higher in T2D than in non-T2D. Regarding CV outcome, T2D and high ECV were both found to be independent predictors of composite CV outcome. Patients with coexisting T2D and high ECV were shown to be at significantly higher risk of experiencing an adverse CV outcome.

T2D was previously reported to be significantly associated with an increased risk of CV outcomes, namely, HF (1), sudden cardiac death (15), and myocardial infarction (16). Our results also showed T2D to be significantly associated with composite CV outcome (HR: 2.95, 95% CI: 1.24–7.01), which is consistent with the results of previous studies.

A previous study reported that T2D was associated with higher ECV compared to non-T2D [30.2%, interquartile range (IQR): 26.9–32.7% vs. 28.1%, IQR: 25.9–31.0, respectively; p < 0.001] (8), and that higher ECV was significantly associated with the combined endpoints of death or incident HF admission for both patients with T2D (HR: 1.52, 95% CI: 1.21–1.89) and patients with non-T2D (HR: 1.46, 95% CI: 1.25–1.71). Our study showed that patients with T2D had higher ECV. T2D, high ECV, and LVEF < 50% were all found to be independent predictors of an increased risk for adverse CV outcomes. The impact of T2D and high ECV on CV outcomes was independent of LVEF. ECV was associated with worse composite CV outcomes (HR: 2.01, 95% CI: 1.03–3.93). We also showed the incremental prognostic value of the factors that independently predict composite outcomes that were derived from the final multivariate model, including T2D, LVEF < 50%, and high ECV. In addition, we demonstrated that patients with coexisting T2D and high ECV were associated with a higher risk of adverse CV outcomes.

Although LGE was a significant predictor for clinical outcome in the univariate analysis, it was removed from the final multivariate model. LGE, LVEF < 50%, and high ECV are variables derived from CMR and the three variables may have different impacts on the incremental prognostic value. We tested this hypothesis by running an analysis on the incremental prognostic value three times with the simulation of the presence of the data on two components and adding the third component. We found that with the presence of data of LVEF < 50%, and high ECV, adding LGE data did not significantly increase the prognostic value. However, LVEF < 50% or high ECV significantly increase the prognostic value when they were added as the third variable. This finding means that LVEF < 50% and high ECV were more significant predictors than LGE.

Late gadolinium enhancement (LGE) is a good predictor of clinical outcomes in patients with T2D (17). Stress CMR images had an add-on predictive value on top of LGE in patients with and without T2D (18, 19). It helps reclassify risk in patients with T2D who were referred for stress CMR. LGE is a hallmark for poor outcomes in patients with T2D whereas myocardial ischemia was a good predictor both in patients with and without T2D (19). Our study explores the predictive value of ECV which is another aspect of CMR in patients with T2D.

As mentioned earlier, T2D is associated with various morphologic changes to myocytes, ECM, and microvasculature, which individually and in combination exert an adverse influence on CV outcomes. T2D effectuates myocardial ECM expansion via the accumulation of AGEs, with reported resulting myocardial fibrosis, systolic and diastolic dysfunction (20), vasomotor dysfunction (21), arrhythmia (22), and mortality (8). The results of this study prove that patients with T2D have higher ECV, which has a strong negative impact on worse CV outcomes when compared to patients with non-T2D.

We demonstrated that high ECV is an independent predictor for the adverse CV outcomes in patients with T2D. High ECV added prognostic value on top of CV risk factors, T2D status, and low LVEF. Although LGE data is an independent prognostic factor in patients with T2D (17), it was not an independent predictor in the presence of T2D, low LVEF, and ECV data.


Limitations

This study has some limitations. First, our study had a retrospective design. Given that our data were retrospectively collected and hematocrit level was not routinely required before CMR, we did not have available hematocrit data for all patients. To compensate, we used a synthetic hematocrit formula to derive ECV in this study. Second, the data included in this study was from a single center. Third, this is a retrospective cohort study based on the existing CMR data to answer the research question. Therefore, we did not have healthy normal as a control group. However, our study aimed to determine, among patients with known or suspected CAD who were referred for CMR, the difference in ECV between T2D and non-T2D and to determine the influence of T2D and ECV on composite clinical outcome. A multicenter study in a much larger study population and longer follow-up duration may yield greater insight into the relationship between T2D and ECV, and may identify additional risk factors for adverse CV outcomes. Furthermore, the effect of medication changes on CMR variables, including ECV merits further investigation in future studies.




CONCLUSION

Among patients with known or suspected CAD, ECV was higher in patients with T2D than in patients with non-T2D. T2D, low LVEF, and high ECV were both identified as independent predictors of adverse CV outcomes. Patients with T2D with coexisting high ECV were strongly associated with adverse CV outcomes.
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Background: Normal range values of right atrial (RA) phasic function markers are essential for the identification of normal and abnormal values, comparison with reference values, and the clinical meaning of obtained values. Accordingly, we aimed to define the normal range values of RA phasic function markers obtained by 2D speckle-tracking echocardiography through a meta-analysis and determine the main sources of heterogeneity among reported values.

Methods: PUBMED, SCOPUS, and EMBASE databases were searched for the following keywords: “right atrial/right atrium” and “strain/speckle/deformation” and “echocardiography.” Studies were selected that included a human healthy adult group without any cardiovascular diseases or risk factors and that were written in the English language. For the calculation of each marker of RA phasic functions, a random-effect model was used. Meta-regression was employed to define the major sources of variabilities among reported values.

Results: Fifteen studies that included 2,469 healthy subjects were selected for analysis. The normal range values for RA strain and strain rate were 42.7% (95% CI, 39.4 to 45.9%) and 2.1 s−1 (95% CI, 2.0 to 2.1 s−1) during the reservoir phase, respectively, 23.6% (95% CI, 20.7 to 26.6%) and −1.9 s−1 (95% CI, −2.2 to −1.7 s−1) during the conduit phase, correspondingly, and 16.1% (95% CI, 13.6 to 18.6%) and −1.8 s−1 (95% CI, −2.0 to −1.5 s−1) during the contraction phase, respectively. The sources of heterogeneity for the normal range of these markers were the number of participants, the type of software, the method of global value calculation, the right ventricular fractional area change, the left ventricular (LV) ejection fraction, the RA volume index, sex, the heart rate, the diastolic blood pressure, the body mass index, and the body surface area.

Conclusions: Using 2D speckle-tracking echocardiography, we defined normal values for RA phasic function markers and identified the sources of heterogeneity as demographic, anthropometric, hemodynamic, and echocardiography factors.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021236578, identifier: CRD42021236578.

Keywords: right atrium, speckle-tracking echocardiography, strain, normal range, meta-analysis


INTRODUCTION

The right atrium (RA) is pivotal for blood entrance to the heart. It manages not only right ventricular (RV) filling during diastole by reserving the blood during systole but also the delivery of the stored blood during early diastole and further RV filling by contraction in late diastole. Unlike the left atrium (LA), the RA interacts with a lower pressure chamber, the RV, which has less myocardial mass than the LV (1).

RA phasic functions can be evaluated by several methods such as echocardiography and cardiac magnetic resonance (2, 3). Nonetheless, echocardiography has been the main method for the assessment of RA phasic functions because of its availability and low cost. Consequently, the recent decades have witnessed the advent of several echocardiographic modalities for the evaluation of RA phasic functions (4, 5). Among these modalities, 2D speckle-tracking echocardiography (2DSTE) is prominent because of its angle independence when compared with tissue Doppler imaging, low load dependency when compared with volumetric methods in normal subjects, and relative resistance against translational motion (6–8). The 2DSTE modality can evaluate RA phasic functions in healthy subjects and demonstrate impairment in various disorders such as diabetes and pulmonary hypertension (4, 9–23). This echocardiographic modality also has a prognostic role in pulmonary hypertension and post-myocardial infarction events (24–26). Comparison between feature-tracking magnetic resonance imaging and 2DSTE demonstrates a good agreement between these two methods in the assessment of the deformation parameters of RA phasic functions (27). Although there is a consensus regarding how to measure the deformation indices of RA phasic functions by 2DSTE (28), the lack of a normal reference range for comparison impedes more clinical usage of this method.

In this study, we drew upon a systematic review and a meta-analysis to obtain the normal ranges of various 2DSTE-derived markers of RA phasic functions and to clarify the main sources of heterogeneity in their reported values.



METHODS


Search Profile

On April 29, 2021, we searched PUBMED, SCOPUS, and EMBASE databases via the following keywords: “right atrial/right atrium” and “strain/speckle/deformation” and “echocardiography”. The search was limited to studies in the English language (Supplementary Material 1). References were also searched to find other related studies. We applied the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (29). On March 13, 2021, our study was recorded in the Prospero database (CRD42021236578).



Study Selection

The inclusion criteria were composed of the evaluation of the RA by 2DSTE or velocity vector imaging and the inclusion of a normal healthy control group without any cardiovascular diseases or risk factors. The exclusion criteria consisted of animal studies, conference articles, case reports, editorials, letters to the editor, review articles, articles without abstracts, the inclusion of subjects below 18 years of age, and RA evaluation by tissue Doppler imaging. Also excluded were studies that used the same data set. (The exception was one article featuring a large study population). If articles had the same number of subjects, the article citing the gating for measurements was selected. Additionally, studies that presented the values separately for sex subgroups were excluded. The titles and abstracts of the studies selected from the aforementioned databases were reviewed by three independent researchers (R.M., R.M.B., and A.H.). Discordances among the reviewers were resolved by discussion between A.H. and T.D.



Data Collection

R.M., R.M.B., and A.H. independently reviewed the full text of the eligible studies. The demographic characteristics, clinical information, and echocardiography data (including the deformation markers of RA phasic functions) of the control group were recorded. Discordances between the three aforementioned researchers were resolved through discussion between A.H. and T.D. The studies that seemed to have used the same or overlap data sets were excluded. (The exception was one article, the control group of which had the highest number of subjects of all the studies).



Statistical Analysis

Stata software, Release 16 (College Station, TX: StataCorp LLC), was used for statistical analysis. A random-effects model was employed to calculate the mean and the 95% confidence interval (CI) for each phasic strain and strain rate. Heterogeneity and inconsistency among the selected studies were assessed by Cochrane's Q test (P < 0.1) and I2 statistic, respectively. The results pertaining to each phasic strain and strain rate were demonstrated as forest plots. Reported demographic characteristics, clinical findings, and echocardiography data were considered sources of heterogeneity concerning each phasic strain and strain rate, and the effects of these variables on the variation of the normal range of each phasic strain and strain rate were assessed by meta-regression. Through a comparison between the results of the random-effects model and a fixed-effects model, the stability of the estimated normal range for each phasic strain and strain rate was checked. Egger's test (P < 0.1) and funnel plots were utilized to evaluate publication bias.

The criteria recommended by Downs and Black for the evaluation of the quality (internal and external validity) of studies were drawn upon (30). Well-defined methods were used in the reporting of inter and intraobserver variabilities, the heart rate, systolic and diastolic blood pressures, the phasic strain, and the phasic strain rate. The blindness of the operator who obtained images and the echocardiographer who analyzed videos was considered an additional criterion for quality in keeping with previously published systematic reviews and meta-analyses in this context. R.M., R.M.B., and A.H. independently checked the quality of the studies selected, and the differences in their assessments were resolved through an agreement between A.H. and T.D.




RESULTS


Study Selection

The PRISMA diagram of our study is presented in Figure 1. Our database search yielded 3,190 studies. Following the exclusion of duplicate studies, 2,442 studies were selected for title and abstract review. Eighty-nine studies were identified as suitable for full-text review. Our reference search failed to identify any other studies.


[image: Figure 1]
FIGURE 1. The image presents the study design and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart, illustrating the selection process of studies. The reasons for full-text exclusion are demonstrated in Supplementary Table 1.


Next, 74 studies were excluded (Supplementary Table 1), and 15 studies were considered eligible for further analysis. Fourteen studies (2,469 subjects) featured RA strain assessment during the reservoir phase (RASr), seven studies (2,112 subjects) assessed RA strain during the conduit phase (RAScd), 13 studies (2,409 subjects) offered RA strain assessment during the contraction phase (RASct), six studies (269 subjects) evaluated the peak RA strain rate during the reservoir phase (pRASRr) and the peak RA strain rate during the conduit phase (pRASRcd), and seven studies (299 subjects) presented peak RA strain rate assessment during the contraction phase (pRASRct) (Table 1). The mean age of the participants in these studies ranged between 25 and 51 years, and male subjects comprised a range from 0 to 100%.


Table 1. Study characteristics.

[image: Table 1]



The Normal Ranges of RA Phasic Strain and Strain Rate
 
Reservoir Function Markers

The reported mean normal value for RASr was 42.7% (95% CI, 39.4 to 45.9%), which ranged from 32.0 to 56.9%. Inter-study heterogeneity (Q = 289; P < 0.01) and inconsistency (I2 = 97.7%) were significant. The fixed-effects model demonstrated a mean RASr value of 43.7% (95% CI, 43.2 to 44.1%) (Figure 2).


[image: Figure 2]
FIGURE 2. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived right atrial strain during the reservoir phase.


The reported mean normal value for pRASRr was 2.1 s−1 (95% CI, 2.0 to 2.1 s−1). The normal range of RASRr varied between 2.0 and 2.2 s−1. Inter-study heterogeneity (Q = 5; P = 0.44) and inconsistency (I2 = 6.9%) were non-significant. The fixed-effects model demonstrated a mean value pRASRr value of 2.1 s−1 (95% CI, 2.0 to 2.1 s−1) (Figure 3).


[image: Figure 3]
FIGURE 3. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived peak right atrial strain rate during the reservoir phase.




Conduit Function Markers

The reported mean normal value for RAScd was 23.6% (95% CI, 20.7 to 26.6%). The normal range of RAScd varied between 18.0 and 27.1%. Inter-study heterogeneity (Q = 431; P < 0.01), and inconsistency (I2 = 98.0%) were significant. The fixed-effects model showed a mean RAScd value of 20.3% (95% CI, 19.9 to 20.6%) (Figure 4).


[image: Figure 4]
FIGURE 4. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived right atrial strain during the conduit phase.


The reported mean normal value for pRASRcd was −1.9 s−1 (95% CI, −2.2 to −1.7 s−1), which ranged from −2.2 to −1.5 s−1. Inter-study heterogeneity (Q = 37; P < 0.01) and inconsistency (I2 = 88.8%) were significant. The fixed-effects model demonstrated a mean pRASRcd value of −2.0 s−1 (95% CI, −2.1 to −1.9 s−1) (Figure 5).


[image: Figure 5]
FIGURE 5. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived peak right atrial strain rate during the conduit phase.




Contraction Function Markers

The reported mean normal value for RASct was 16.1% (95% CI, 13.6 to 18.6%), which ranged from 11.7 to 27.6%. Inter-study heterogeneity (Q = 2,150; P < 0.01) and inconsistency (I2 = 99.0%) were significant. The fixed-effects model showed a mean RASct value of 18.1 % (95% CI, 17.9 to 18.4%) (Figure 6).


[image: Figure 6]
FIGURE 6. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived right atrial strain during the contraction phase.


The reported mean normal value for pRASRct was −1.8 s−1 (95% CI, −2.0 to −1.5 s−1). The normal range of pRASRct varied between −2.2 s−1 and −1.5 s−1. Inter-study heterogeneity (Q = 48; P < 0.01) and inconsistency (I2 = 92.3%) were significant. The fixed-effects model demonstrated a mean pRASRct value of −1.7 s−1 (95% CI, −1.7 to −1.6 s−1) (Figure 7).


[image: Figure 7]
FIGURE 7. The image demonstrates the normal range of the longitudinal 2D speckle-tracking echocardiography-derived peak right atrial strain rate during the contraction phase.





Meta-Regression
 
Reservoir Function Markers

In the case of RASr, sex (male) (β = −0.12; P = 0.028) and diastolic blood pressure (β = −1.13; P = 0.036) were sources of between-study heterogeneity. Apropos of pRASRs, between-study heterogeneity was not statistically significant (Table 2).


Table 2. Meta-regression analysis for longitudinal two-dimensional speckle tracking echocardiography derived right atrial strains and strain rates.

[image: Table 2]



Conduit Function Markers

The LV ejection fraction (β = 0.87; P = 0.014), the RA volume index (β = 2.09; P = 0.010), the software used for analysis (β = 5.13; P = 0.032), and the method of global value calculation (β = 2.10; P = 0.004) were the sources of inter-study heterogeneity for RAScd. In regard to pRASRcd, the RV fractional area change (β = 0.04; P = 0.031) and the method of global value calculation (β = 0.17; P = 0.018) were the sources of between-study heterogeneity (Table 2).



Contraction Function Markers

With respect to RASct, the number of study participants (β = 0.01; P < 0.001), the heart rate (β = 0.46; P = 0.007), the body mass index (β = −1.44; P = 0.030), the body surface area (β = −27.23; P = 0.018), the RV fractional area change (β = −0.40; P = 0.007), and the method of global value calculation (β = 3.89; P < 0.001) were the sources of between-study heterogeneity. The RV fractional area change (β = 0.03; P = 0.003) was the source of heterogeneity for pRASRct (Table 2).



Publication Bias

Publication bias was non-significant for RASr (P for Egger's test = 0.744), RAScd (P for Egger's test = 0.580), RASct (P for Egger's test = 0.400), RASRr (P for Egger's test = 0.290), RASRcd (P for Egger's test = 0.856), and RASRct (P for Egger's test = 0.118).



Study Quality Assessment

The studies incorporated in the present meta-analysis fulfilled six to nine criteria among the 11 proposed quality criteria. All the studies fulfilled more than 50% of the proposed quality criteria. One study fulfilled nine criteria (82%), five studies fulfilled eight (73%), four studies fulfilled seven (64%), and five studies fulfilled six (55%). All the studies defined their objectives, outcomes, confounders, main findings, and strain imaging protocols (Supplementary Table 2).





DISCUSSION

To the best of our knowledge, we are the first to present the normal ranges of all RA phasic functions (strain and strain rate) through a meta-analysis. A cardiac cycle includes interactions between the RA and the RV. In the RV systolic time, the tricuspid annulus is pulled toward the cardiac apex concurrently with the entrance of the flow from the cava veins into the RA. In this phase (the reservoir phase), the RA myocardium is stretched. In the early RV diastolic time, which is concurrent with the RA conduit phase, the tricuspid valve opens and the tricuspid annulus returns to its original place due to RV relaxation (reduced RA stretching). In the late RV diastolic time, which coincides with the RA contraction phase, the RA contracts, and the length of the RA myocardial fibers decreases (1).

The markers of the 3 RA phasic functions are predictive of prognosis in patients with pulmonary hypertension, while the markers of the RA reservoir and conduit functions are correlated with functional capacity in patients with systemic sclerosis and idiopathic pulmonary hypertension (25, 31–34). In addition, RASr correlates with the RA pressure and the occurrence of postoperative atrial fibrillation (35, 36).


Sources of Heterogeneity
 
The Reservoir Function

According to some studies, RASr increases in women in comparison with men (4, 11). We found that sex was a source of inter-study variation (37).

In a previous investigation, RASr was decreased in patients with high normal blood pressure, defined as a diastolic blood pressure of about 9 mm Hg higher than the normal diastolic blood pressure in the control group (79 vs. 70 mm Hg), during a 24-h blood pressure monitoring (38). Our findings are in line with that study insofar as the range of the diastolic blood pressure in our study was between 71 and 81 mm Hg.



The Conduit Function

The RA conduit function is correlated with the LV ejection fraction in patients with a reduced ejection fraction (2). In our meta-analysis, we assessed studies that enrolled patients with normal cardiac function. Still, the LV ejection fraction in these studies ranged from 55 to 65%.

A previous investigation demonstrated that during the head-up title test with increased inclination, the LA volume and conduit function decreased (7). Stated otherwise, a decrease in the LA volume is in tandem with a reduction in the LA conduit function. Concerning the RA, in patients with end-stage renal disease, the RA volume and conduit function decrease after hemodialysis, which is compatible with the aforementioned study regarding the LA (39). It can, therefore, be explained why the inter-study difference vis-a-vis the RA volume index may lead to an inter-study difference in terms of the RA conduit function.

The LV systolic function is a determinant of the LA conduit function (40), and the RV fractional area change is a marker of the RV systolic function (41). Hence, it is reasonable that the RV systolic function is a determinant of the RA conduit function and that the difference regarding the RV fractional area change between studies is a source of between-study heterogeneity.

The global strain can be calculated by two methods, one of which uses the entire myocardial line length while computing the global strain, whereas the other one averages the values computed at the segmental level. These methods are mathematically the same. Nevertheless, in practice, the presence of a bad track or noisy signal segment can be a source of difference between these two methods. This segment is included in the calculation in the first method and excluded in the second method. More differences manifest themselves when the segments are not equal in size and the weight of small and large segments is similar (42). Indeed, such differences in the methodology of global strain calculation can be a source of between-study heterogeneity.

The software used by researchers was another source of heterogeneity. Intervendor variability is mainly due to post-processing factors such as differences in algorithms and the calculation methods of deformation markers, as well as the control of outliers and the order in which deformation markers are calculated (43).



The Contraction Function

Some studies have reported that a rise in the body mass index is accompanied by a decline in the LA contraction function (44, 45), which can be used as a rationale to assume that a decrease in the RA contraction function is allied to an increase in the body mass index. This may explain why the body mass index was a source of inter-study heterogeneity in our meta-analysis. The correlation between the body mass index and the body surface area may render the latter a source of between-study variabilities. In addition, with an increase in body size, the initial length of the RA myocardium increases, leading to a decrease in strain since strain is the ratio of length change to the initial length.

The number of participants can be deemed a measure of researchers' expertise in the measurement of strain and strain rates (14). The level of expertise may, thus, affect the results of studies. Studies do not tend to mention the level of their researchers' expertise, and a consensus has yet to emerge regarding the objective criteria of expertise in this field.

Whereas some studies claim that there is a correlation between the heart rate and aggravation in atrial contraction, some other studies refute this notion (27, 46). According to our results, an increase in age was correlated with an increase in the RA contraction function; be that as it may, this association cannot be considered etiologic because what we sought to determine was the source of heterogeneity between studies. The range of the reported heart rate in our study was between 63 and 76 beats per minute, which is acceptable for the normal population.

As was mentioned above, based on our findings, the RV fractional area change was a source of between-study heterogeneity inasmuch as an increase in the RV fractional area change was correlated with an increase in the RA conduit function. While the RV fractional area change was a source of heterogeneity concerning the RA conduit function, an increased RV fractional area change was associated with a decrease in the RA contraction function. This finding can be explained by the fact that with an increase in the conduit phase for RV filling, the RA contraction function decreases and vice versa. This issue is seen in the case of grade I LV diastolic dysfunction, in which a decrease in LV diastolic filling in the early diastole is in tandem with an increase in LV diastolic filling in the late diastole due to the contraction of the LA.



Publication Bias

We found no publication bias. However, the low number of studies, especially in the case of the RA phasic strain rate, undermines the accuracy of our results.

Our study selection was done independently. All the stages of study selection were checked by three researchers, and any discrepancy was ultimately removed through an agreement between two researchers. We think that this adopted method minimized the possibility of missing available studies.

Our study yielded normal ranges for the longitudinal markers of the RA phasic functions obtained by 2DSTE. Although we analyzed a limited number of studies, our study proved preliminary data regarding the normal ranges of these markers. Further research is needed to obtain more robust data on the normal ranges of these markers in different populations. Our study can be helpful for clinicians interested in right heart disease in that it defines what constitutes normal ranges for RA phasic functions. Additionally, information on the normal ranges of the deformation markers of the RA phasic functions may be helpful in patient follow-up since it could identify the time of RA involvement in the disease process. Another salient point raised by our study is the need for further well-designed studies in this field.




Study Limitations

Fifteen studies that included 2,469 healthy subjects were selected for our meta-analysis concerning various markers of the RA phasic functions (strain and strain rate). Despite the low sample size of our investigation, we hope that until larger meta-analyses are undertaken, clinicians will find our results useful. In contrast with previous meta-analyses that included randomized clinical trials, our meta-analysis evaluated observational and case-control studies. Accordingly, the fact that we encountered a high rate of heterogeneity by comparison with the meta-analyses that evaluated randomized clinical trials can be deemed expectable (47).

The expertise level of researchers is another matter that is obscure in studies in this field and should be considered in future studies. The majority of the studies included in the meta-analysis had small patient populations, which further underscores the need for large-scale investigations in this context. What should also be borne in mind in the interpretation of our findings is that we analyzed merely the data of studies and not the data of patients who participated in the studies. Moreover, the quality of the studies subjected to analysis was evaluated through checklists (14, 48). Such checklists offer an insight into the quality of studies, but they lack objectivity in some items (49). Notably, we did not consider the quality of a study an exclusion criterion. The overall quality of the studies meta-analyzed herein was acceptable because they fulfilled six to nine criteria among the 11 proposed quality criteria. In addition, we did not consider the quality of study in our analysis and did not a stratified meta-analysis.




CONCLUSIONS

According to the results of the present study, the mean global value was 42.7% for RASr (95% CI, 39.4 to 45.9%), 23.6% for RAScd (95% CI, 20.7 to 26.6%), 16.1% for RASct (95% CI, 13.6 to 18.6%), 2.1 s−1 for pRASRr (95% CI, 2.0 to 2.1 s−1), −1.9 s−1 for pRASRcd (95% CI, −2.2 to −1.7 s−1), and −1.8 s−1 for pRASRct (95% CI, −2.0 to −1.5 s−1). The sources of heterogeneity in terms of the normal ranges of these markers were the number of participants, the type of software, the method of global value calculation, the RV fractional area, the LV ejection fraction, the RA volume index, sex, the heart rate, the diastolic blood pressure, the body mass index, and the body surface area.
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Background: Electrocardiographic features are well-known for heart failure with reduced ejection fraction (HFrEF), but not for left ventricular diastolic dysfunction (LVDD) and heart failure with preserved ejection fraction (HFpEF). As ECG features could help to identify high-risk individuals in primary care, we systematically reviewed the literature for ECG features diagnosing women and men suspected of LVDD and HFpEF.

Methods and Results: Among the 7,127 records identified, only 10 studies reported diagnostic measures, of which 9 studied LVDD. For LVDD, the most promising features were T-end-P/(PQ*age), which is the electrocardiographic equivalent of the passive-to-active filling (AUC: 0.91–0.96), and repolarization times (QTc interval ≥ 350 ms, AUC: 0.85). For HFpEF, the Cornell product ≥ 1,800 mm*ms showed poor sensitivity of 40% (AUC: 0.62). No studies presented results stratified by sex.

Conclusion: Electrocardiographic features are not widely evaluated in diagnostic studies for LVDD and HFpEF. Only for LVDD, two ECG features related to the diastolic interval, and repolarization measures showed diagnostic potential. To improve diagnosis and care for women and men suspected of heart failure, reporting of sex-specific data on ECG features is encouraged.

Keywords: sex-differences, diagnosis, HFpEF-heart failure with preserved ejection fraction, LVDD-left ventricular diastolic dysfunction, primary care, electrocardiography (ECG)


INTRODUCTION

The prevalence of heart failure with preserved ejection fraction is increasing relative to heart failure with reduced ejection fraction (HFrEF) (1), and affects women more than men in a 2:1 ratio (2). Left ventricular diastolic dysfunction (LVDD) is considered the pre-stage of heart failure with preserved ejection fraction (HFpEF). LVDD is marked by elevated filling pressures, abnormal relaxation, and decreased compliance of the left ventricle (LV), often accompanied by increased atrial volumes and left ventricular mass (3, 4). The lack of reliable diagnostic tools for the detection of HFpEF likely contributes to the underdiagnosis in primary care (5). Thus, direct referral for echocardiography follows when heart failure is suspected (6). Currently, echocardiography is not implemented in primary care, while ECG is. For HFrEF, certain ECG features are clearly linked, i.e., prolonged PR interval (7), low voltages (8), QRS prolongation (9), and QT prolongation, dispersion, and variability (10). Also, several ECG features were shown to be too help to identify HFrEF in primary care populations (11, 12). Similarly, ECG features could help in selecting patients needing echocardiography for HFpEF, but ECG features associated with HFpEF are less established. Recently, a meta-analysis reported a higher incidence of right bundle branch block (RBBB) or atrial fibrillation (AF) in HFpEF compared to HFrEF (13). This suggests that ECG changes associated with HFrEF cannot be directly extrapolated to HFpEF. However, in this meta-analysis, ECG features for LVDD were not studied and there was no comparison made with healthy individuals, or between women and men. Therefore, we performed a systematic review to identify ECG features in patients with LVDD or HFpEF. As the prevalence of HFpEF differs between men and women (2) and several ECG features are marked by sex-specific cut-offs (14), we also documented sex-specific reporting of diagnostic performance for LVDD and HFpEF.



METHODS


Data Sources and Searches

We searched PubMed and EMBASE for articles on April 18, 2019 and updated our search up to October 26, 2021. Our search terms included electrocardiogram, diagnosis, heart failure, diastolic dysfunction, and variants of these terms and comprised only human studies. The full search string can be found in Supplementary Method I. After the removal of duplicates, all records were screened by title and abstract by two of three independent researchers (A.v.O., E.K., and G.V.). A further selection was made after reading full-texts and application of the in- and exclusion criteria. Disagreements were resolved by discussion. Among the studies retrieved for full-text assessment, reference lists were screened, and a citation search was performed for additional relevant studies by two researchers (A.v.O and E.K.).



Study Selection

Eligible studies were cross-sectional in patients suspected of LVDD or heart failure (domain), questioning whether ECG features (determinant) were diagnostic for LVDD or HFpEF (outcome). A 12-lead resting surface ECG should be part of the assessment. Participants should not have a history of the disease of interest, and the healthy controls were the non-diseased individuals as defined by the authors of the original articles. We excluded animal studies, in vitro studies, reviews, conference papers/abstracts, case studies, and editorials. For studies that were not full-text available, we contacted the corresponding author. If we did not receive a response, the study was excluded. Studies that were written in a language other than English, Dutch, or German were also excluded. Detailed information on well-defined ECG features had to be reported (e.g., exact values, cut-off values, or absence or presence of pre-defined criteria). Studies only reporting whether an ECG was normal or abnormal, without specifications, were not considered eligible. Diagnosis of LVDD or HFpEF had to be established according to existing guidelines (3, 4, 6, 15, 16). Studies on LVDD were only included if the diagnosis was based on multiple echocardiographic parameters to prevent misclassification (3, 16). The search and selection processes are visualized in the PRISMA flow diagram presented in Figure 1.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram summarizing the search and selection process applying pre-defined in- and exclusion criteria.




Data Extraction

Study characteristics are reported in Supplementary Table I, including the name of the first author, year of publication, country, age and number of participants, percentage of women participating, study in- and exclusion criteria, mean left ventricular ejection fraction [LVEF (%)], ECG features studied, prevalence and definition of LVDD/HFpEF, and association measure between ECG feature and the diagnosis of LVDD or HFpEF. Additionally, we recorded if sex-stratified outcomes were given and whether sex was included in a multivariable model (if applicable). Data-extraction was performed by a single researcher (A.v.O.) and checked by another researcher (E.K.). We used the PRISMA reporting guidelines (17) and registered the protocol of this systematic review in PROSPERO (https://www.crd.york.ac.uk/prospero/) with the registration number: CRD42020212907.



Critical Appraisal

For all studies selected, a critical appraisal was performed independently by two researchers (A.v.O, E.K.) in accordance with the QUADAS-2 criteria (18). Four domains i.e., patient selection, index test, reference test, and flow and timing were scored (Table 1). Additionally, the level of evidence in terms of the association measure provided for diagnosis of LVDD/HFpEF was rated. Studies presenting sensitivity/specificity/negative predictive value (NPV)/positive predictive value (PPV) and area under the curve (AUC) values were classified as the highest level of evidence. Odds ratio (OR), relative risk (RR), or correlation coefficient were classified as intermediate levels of evidence. Studies reporting numbers/percentages and between-group differences were judged as low level of evidence. As ECG parameters and association measures were highly heterogeneous, we only assessed publication bias when ≥5 studies reported the same ECG parameter and association measure. Based on the reported outcomes of the high level of evidence studies we judged ECG features as promising or not.


Table 1. Critical appraisal, evaluation of the level of evidence, and applicability for the selected studies in accordance with the QUADAS-2 criteria.
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RESULTS

In total, 7,127 articles were screened, and 22 met the predefined in- and exclusion criteria (Figure 1, Supplementary Table I). All 22 studies were published between 2003 and 2021. In total, 25 ECG parameters were investigated. Moreover, 16 parameters were studied only once. LVDD was the outcome in 18 studies and HFpEF in 4 studies. All 25 parameters were grouped by phase in the cardiac cycle: the atrial activation, ventricular depolarization, ventricular repolarization, and the full diastole (Figure 2, Supplementary Table II). All parameters from the 10 diagnostic studies are discussed in the text and summarized in Table 2.


[image: Figure 2]
FIGURE 2. ECG features studied for HFpEF and LVDD, grouped by phase in the cardiac cycle.



Table 2. Summary of diagnostic association measures of ECG features for LVDD and HFpEF when compared to non-diseased individuals.
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Critical Appraisal

The overall quality of the studies was acceptable, all studies met the applicability criteria, and six studies had an overall low risk of bias on all domains (Table 1). We did not exclude studies because of a high risk of bias. The major reason for the high risk of bias in the study selection domain was a case-control design. Secondly, many studies applied extensive exclusion criteria that led to the exclusion of difficult to diagnose patients affecting the diagnostic accuracy of ECG features and reducing the generalizability of the findings. Information on blinded interpretation of the index test and reference was often lacking resulting in an unclear risk of bias in these domains. The interval between performing the ECG and the echocardiogram (assessed in the flow and timing domain) was often not reported, but no stringent concerns were raised in this period was longer than 6 weeks. The majority of studies had a low or intermediate level of evidence. A total of nine studies reported appropriate association measures for the diagnosis of LVDD or HFpEF and were thus classified as a high level of evidence.



Atrial Contraction Related Features

Electrocardiographic (ECG) features derived from atrial contraction up to the ventricular depolarization were described in 11 articles (20–25, 29–33).


PTFV1 and Morris Index

In 417 individuals considered at risk for heart failure (e.g., history of hypertension, diabetes, obesity, or having received potential cardiotoxic chemotherapy) enrolled through local media advertising, the P-wave terminal force in lead V1 (PTFV1) ≤ −4,000 μV*ms showed a PPV of 67% and a sensitivity of 36% for LVDD (prevalence LVDD = 65%) (21). In another study with individuals undergoing echocardiography as part of routine cardiac care (20), the sensitivity, specificity, PPV, and NPV of a PTFV1 ≥0.04 mm*s were 27, 100, 100, and 38%, respectively, for a diagnosis of LVDD [present in 62 of 117 participants (53%)]. In 8 among the 117 participants (6.8%), the Morris index was present resulting in a sensitivity, specificity, and PPV and NPV for LVDD of 13, 100, 100, and 34%, respectively (20).



P-Wave Area, Dispersion, and Duration

In 140 individuals in whom coronary artery disease (CAD) was ruled out with a negative exercise test or coronary angiography (CAG), P-wave dispersion (>0.045 s) showed a sensitivity and specificity of 98 and 64% for LVDD (prevalence LVDD = 60%) (23). In another study in 270 patients undergoing echocardiography for clinical indications (e.g., abnormal physical examination, hypertension, or suspicion of CAD or heart failure), P-wave duration, P-wave area, and dispersion were measured (22). Measurements were corrected for heart rate using Bazett's formula, and for all features, significantly higher values were found in individuals with LVDD compared to those without LVDD (prevalence LVDD = 33%). For the corrected P-wave area, the AUC for diagnosing LVDD was 0.6 (22). The AUC for both corrected P-wave duration, and P-wave dispersion was 0.62. In a similar population (prevalence LVDD = 53%), P-wave duration > 110 ms was more sensitive for LVDD (sensitivity 86%, specificity 86%), and a P-wave duration > 120 ms was more specific for LVDD (sensitivity 34% and specificity 100%) (20).



P-Wave Amplitude

The amplitude of P-wave was measured in one study with LVDD as an outcome in 204 individuals without CAD or other major cardiac pathologies visiting the outpatient cardiology clinic (19). At a cut-off value ≥ 0.102 mV, this parameter showed a sensitivity of 67% and specificity of 60% with an AUC of 0.69 in this population with a prevalence of LVDD of 42%.



PQ Interval

One study reported the diagnostic performance of a PQ interval of ≥ 150 ms for LVDD, in individuals with diastolic function classification based on echocardiography (24). AUC, sensitivity, specificity, PPV and NPV were 0.65, 78, 46, 58, and 68%. In this study, LVDD was present in 81 of the 164 participants (prevalence = 49%).




Ventricular Depolarization

In total, 9 studies reported ECG parameters representing ventricular depolarization and their relationship to LVDD (21, 24, 25, 28, 29, 33–36). Of note, many studies (19, 20, 23, 25, 28, 35, 37) used a QRS duration of above 120 or 130 ms, or the presence of complete bundle branch block (BBB), as exclusion criteria.


Left Ventricular Hypertrophy

The Cornell product with a cut-off value ≥ 1,595 mm*ms based on the 3rd quartile Cornell product was used to determine LVDD (prevalence = 57%) in a group of 185 individuals, undergoing both echocardiography and coronary computed tomography angiography (CCTA) for clinical indications (25). For the detection of LVDD, the sensitivity and specificity were 36 and 90% and PPV and NPV were 83 and 52%, respectively. Another study used 3rd quartile sex-specific cut-off values of the Cornell product (1,442 mm*ms for men and 1,515 mm*ms for women) and found a PPV and sensitivity of 77 and 29% for LVDD (prevalence LVDD = 65%) (21).

In the only study reporting diagnostic association measures for HFpEF, a Cornell product ≥ 1,800 mm*ms showed a sensitivity, specificity, and AUC of 40, 80, and 0.62 for the detection of HFpEF (prevalence HFPEF = 52%) when compared to controls with hypertension (28).

Another group used the sum of the amplitude in S wave in V1 and R wave in V5 (derived from the Sokolow-Lyon criteria) as a diagnostic measure for LVDD in individuals without CAD or other major cardiac pathologies (19). This ECG feature showed a sensitivity of 62%, specificity of 61%, and AUC of 0.68 at a cut-off value of ≥ 1.85 mV. The same authors also studied R wave amplitude in lead aVL. For this feature, lower sensitivity and specificity of 60%, and AUC of 0.65 were found at a cut-off of ≥0.517 mV.




Ventricular Repolarization

Features of ventricular repolarization, defined as the period between the end of the QRS complex and the end of the T-wave, were reported by 12 studies (21, 23–27, 33, 37–39).


QTc and QT Interval

In 140 individuals without signs of CAD (based on stress ECG or CAG), QT and QTc intervals were significantly longer in individuals with LVDD compared to individuals without LVDD (prevalence LVDD = 60%) (23). A QTc interval ≥ 395 ms could diagnose LVDD with a sensitivity and specificity of 81 and 79%, whereas a QT interval > 330 ms showed lower sensitivity and specificity of 69 and 64%, respectively. Wilcox et al. measured QTc interval, QT interval, and J point- T interval corrected for heart rate (JTc) is firstly a derivation group referred for the suspicion of heart failure, and secondly, a validation group referred for stress echocardiography (prevalence LVDD = 64% in the derivation group) (27). For the detection of grade II or higher LVDD in the derivation group, a QTc interval ≥ 435 ms had a sensitivity and specificity of 73 and 74%. A QTc interval ≥435 ms in the validation cohort was associated with lower e' velocities, but diagnostic association measures for LVDD categories were not reported. For both the derivation and validation groups QT intervals were higher in individuals with LVDD, but diagnostic association measures were not reported. A significant interaction between JTc interval and QRS duration was observed, however, there was no significant association between JTc and a reduced septal e' velocity in individuals with prolonged QRS duration. One other study, with LVDD as the outcome (prevalence LVDD = 60%), used the same cut-off value for QTc duration and found sensitivity, specificity, NPV, PPV, and AUC value of 71, 81, 85, 65%, and 0.82, respectively, in 300 individuals with the suspicion of heart failure (26).



ST-Segment Deviation

In a group of patients at risk for heart failure, ST-segment deviation in lead V5 and V6 was present in 29% compared to 25% of the participants with and without LVDD (prevalence LVDD = 65%). PPV and sensitivity for LVDD were 67 and 28%, respectively (21). Individuals with known CAD were excluded in this study, but the presence of CAD in the study population was not stated.



T-Peak-T-End Interval

In 140 individuals where CAD was ruled out, there was no significant difference for T-peak-T-end interval comparing individuals with and without LVDD. Sensitivity and specificity were 76% and 29%, respectively (23).




Diastolic Period and Indexes

The diastolic period, defined as the end of the T-wave until the onset of the QRS complex, comprised two studies (24, 40).


Indexes Related to Diastolic Period: T-End-P/(PQ*age) and T-End-Q/(PQ*age)

A study in 164 individuals with echocardiography data available on LVDD classification (24) found that T-end-P-interval and T-end-Q-interval were significantly shorter in individuals with LVDD compared to without LVDD. Two diagnostic indexes consisting of several ECG features and age were tested in the derivation group of this study, the first index being T-end-P/(PQ*age), the second being T-end-Q/(PQ*age). The first index showed an AUC value of 0.96 and sensitivity, specificity, PPV, NPV, and accuracy of above 0.9 for LVDD at a cut-off value of 0.0333. As a reference, the value of this index was 0.06 ± 0.026 for individuals ≤ 60 years without LVDD, compared to 0.0269 ± 0.005 for individuals in this age category with grade II LVDD (p < 0.005). For individuals, > 60 years old without LVDD a value of 0.042 ± 0.011 was found, compared to 0.021 ± 0.01 in grade II LVDD. Similarly, the AUC for the second index was high at 0.95 with high sensitivity, specificity, PPV, NPV, and accuracy for LVDD at a cut-off value of 0.0489. The index T-end-P/(PQ*age) was also validated reporting an AUC value of 0.91 and high values for sensitivity, specificity, PPV, NPV, and accuracy (82, 93, 93, 82, and 88%, respectively).



Electrocardiographic Diastolic Index (EDI)

In a study of 204 patients without CAD, or other major cardiac pathologies the validity of an ECG index involving P-wave amplitude in lead V1, components of the Sokolow-Lyon criteria, and Cornell product was tested. The index being aVL R wave amplitude * (V1 S amplitude + V5 R amplitude)/P wave amplitude in V1) showed the highest diagnostic value for LVDD when the index was ≥ 8.53 mV with an AUC of 0.78, the sensitivity of 70%, and specificity of 70%.




ECG Cut-Off Values and Outcomes in Women and Men

None of the studies reported diagnostic properties of ECG features separately for women or men. However, Yang et al. used sex-specific cut-off values for the Cornell product (21). Although sex-specific outcomes were not reported, many intermediate levels evidence studies performing multivariate regression analysis used biological sex as a covariate (21, 22, 27, 28, 37, 38).




DISCUSSION

Electrocardiographic (ECG) features of LVDD and HFpEF were not frequently studied, and we identified 8 studies that showed diagnostic performance of ECG features in LVDD. Only one study reported the diagnostic value of ECG features in HFpEF. No studies reported data for women and men separately despite known differences between men and women in prevalence of HFpEF, and in normal electrocardiographic times.


Discussion of the Different Identified Features

The index [T-end-P/(PQ*age)], which electrocardiographically reflects the ratio of the early filling phase to the atrial contraction phase of the diastole, showed a reduced ratio with worsening diastolic function. This index, described by Namdar et al. (24) showed the best diagnostic properties (AUC:0.96 and 0.91 in the derivation and validation group) of all ECG features studied. It showed that it was able to identify LVDD in situations, where echocardiography is not directly available. This index has not yet been validated further.

As the early filling phase (T-end-P) shortens when QT and PQ intervals are prolonged and heart rate increases, it is not surprising that many studies reported the association of higher PQ and QTc intervals with LVDD (13, 20, 22–27, 30, 32). PQ time, as well as P-wave dispersion and duration, have been established as markers of cardiac degeneration and as risk factors for atrial fibrillation and all-cause mortality (41). Biphasic P-waves are typically associated with dilated atria in heart failure and a negative force in lead V1 is mandatory for abnormal PTFV1 and the Morris index. The association of increased atrial conduction times with LVDD and HFpEF underlines the idea that LVDD and HFpEF are outcomes of accelerated cardiac aging (42).

The QTc interval is longer in women compared to men (14, 43), and therefore has sex-specific cut-off values (44). The QTc interval can be influenced by many factors, e.g., genetic disorders, medication usage, electrolyte disorders, obesity, diabetes, and a prolonged QRS duration (44). Although QTc prolongation observed in LVDD is not explained by prolonged QRS duration as shown by Wilcox et al. (27), left ventricular myocardial systolic and diastolic dyssynchrony has been observed in HFpEF patients with narrow QRS complexes when compared to healthy controls (45). Hypothetically, this dyssynchrony could be driven by altered intracellular calcium handling in cardiomyocytes, a condition that also can result in QTc prolongation (46). Alternative explanations for QTc prolongation in LVDD could be an autonomic imbalance (42, 47), or influences of comorbidities and medication usage, although some of the studies in this review excluded individuals using QTc prolongation medication (23, 30).

Although an increased left ventricular mass index is part of the structural domain within the HFA-PEFF algorithm (4) for HFpEF diagnosis, the poor diagnostic performance of electrocardiographic signs of LVH was described, for both LVDD and HFpEF. Hayiroglu et al. (19) tested an index predominantly involving amplitude signals for LVH, and P wave amplitude, as a measure for LVDD based on the hypothesis that these signals are predictive for LVDD given the high prevalence of LVH and AF in this population. Criteria related to slower ventricular conduction were deliberately left out of the equation because the authors reasoned these are predictive of CAD and HFrEF. However, this index had poorer diagnostic performance compared to the [T-end-P/(PQ*age)] index.



Heterogeneity in Determinants and Association Measures

There is large heterogeneity in the (cut-offs of) ECG features that were reported in the different studies, which resulted in a small number of studies that investigated the same ECG feature. Also, some studies corrected ECG features for heart rate, while others did not. As deconditioning and autonomic imbalance in heart failure generally leads to higher resting heart rates (48), the usefulness of heart rate correction in HFpEF diagnosis is controversial and worth investigating.

We only selected studies that diagnosed LVDD or HFpEF in line with current or prior guidelines, but as the diagnostic criteria considered the gold standard changed frequently over the years, this resulted in the heterogeneity of assessment of LVDD and HFpEF (3, 4, 6, 15, 16).

Many studies did not report the diagnostic properties of the parameters studied, leading to a low level of evidence. However, when diagnostic properties were provided, there was also heterogeneity in the diagnostic properties described. For example, only reporting PPV and sensitivity (21), leaves question marks about the discriminative value of the ECG features studied. Altogether, this resulted in limited comparability of the included studies. Thus, it was not possible to pool studies in a meta-analysis, nor to assess publication bias. Nevertheless, some of the low levels of evidence studies showed neutral results comparing individuals with LVDD and HFpEF to controls (Supplementary Table I).



Strengths and Limitations

Strengths: We addressed the value of ECG features in diagnosing LVDD and HFpEF in a systematic manner. In addition, we reported if and how sex is accounted for in the analyses, which is important to identify knowledge gaps that currently still exist in the field of cardiology.

Limitations: We included only studies with a 12-lead resting surface ECG. Hence, we excluded studies that took features from exercise ECGs such as heart rate variability and ST-segment hump sign (23, 47, 49, 50). We recognize that those may be relevant for the diagnosis of LVDD and HFpEF, but interpretation and implementation in primary care would be a limitation.



Recommendations and Directions for Future Research

Both features that showed high diagnostic performance for LVDD, the index reflecting the ratio of passive and active filling and ventricular repolarization times, were not studied in HFpEF. We recommend validation of these features for HFpEF in individuals suspected of heart failure, taking into account specific conditions such as premature ventricular beats or drug regiments. In addition, we recommend that future studies based on implementation reports on the inter-observer performance of ECG features be studied and assess whether measuring ECG features needs training. ECG features for LVDD and HFpEF diagnosis could be very useful in primary care, but the interpretation by healthcare workers with limited experience in reading ECGs could decrease applicability. Although more complex, many efforts are undertaken to produce reliable (screening) methods using deep learning algorithms for LVDD and HFpEF diagnosis (51–54). The largest potential of these models is adding features distilled from raw ECG data that would otherwise not be accessible, thus providing new information. Finally, we recommend disclosing how ECG features for LVDD and HFpEF perform in men and women separately to increase application in clinical practice.




CONCLUSION

Electrocardiographic (ECG) features are not widely evaluated in diagnostic studies for LVDD and HFpEF. Only for LVDD, two ECG features related to the diastolic interval, and repolarization measures showed diagnostic potential. To improve diagnosis and care for women and men suspected of heart failure, reporting of sex-specific data on ECG features is encouraged.
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Introduction: This cardiovascular magnetic resonance (CMR) study aims to determine whether changes in systemic vascular resistance (SVR), obtained from CMR flow sequences, might explain the significant long-term changes in left ventricular (LV) ejection fraction (EF) observed in subjects with no cardiac disease history.

Methods: Cohort subjects without any known cardiac disease but with high rates of hypertension and obesity, underwent CMR with phase-contrast sequences both at baseline and at a median follow-up of 5.2 years. Longitudinal changes in EF were analyzed for any concomitant changes in blood pressure and vascular function, notably the indexed SVR given by the formula: mean brachial blood pressure / cardiac output x body surface area.

Results: A total of 118 subjects (53 ± 12 years, 52% women) were included, 26% had hypertension, and 52% were obese. Eighteen (15%) had significant EF variations between baseline and follow-up (7 increased EF and 11 decreased EF). Longitudinal changes in EF were inversely related to concomitant changes in mean and diastolic blood pressures (p = 0.030 and p = 0.027, respectively) and much more significantly to SVR (p < 0.001). On average, these SVR changes were −8.08 ± 9.21 and +8.14 ± 8.28 mmHg.min.m2.L−1, respectively, in subjects with significant increases and decreases in EF, and 3.32 ± 7.53 mmHg.min.m2.L−1 in subjects with a stable EF (overall p < 0.001).

Conclusions: Significant EF variations are not uncommon during the long-term CMR follow-up of populations with no evident health issues except for uncomplicated hypertension and obesity. However, most of these variations are linked to SVR changes and may therefore be unrelated to any intrinsic change in LV contractility. This underscores the benefits of specifically assessing LV afterload when EF is monitored in populations at risk of vascular dysfunction.

Clinical Trial Registration: ClinicalTrials.gov, identifier: NCT01716819 and NCT02430805.

Keywords: flow-encoding sequence, ejection fraction, systemic vascular resistance, hypertension, obesity, cardiovascular magnetic resonance


INTRODUCTION

The left ventricular (LV) ejection fraction (EF) remains extensively used to quantify LV systolic performance (1), with cardiovascular magnetic resonance (CMR) imaging being the reference technique for measuring EF and monitoring EF changes (1–4). The major limitation of this type of approach is the EF dependence on loading conditions which is also an issue for most other parameters used to assess LV systolic function (5). An individual's EF measurement is not constant but varies, particularly as a function of the afterload and blood pressure (BP) (6–8). It is therefore generally recommended to record the bracial BP observed during individual EF measurements (9–11).

Nowadays LV afterload is assessed more specifically and non-invasively by combining the information from brachial BP to the stroke volume values provided by CMR flow-velocity sequences (12–14). This approach allows to measure several parameters known to reflect or to greatly impact LV afterload, notably systemic vascular resistance (SVR), effective arterial elastance (Ea), and total arterial compliance (TAC) (12–14).

A previously published CMR study showed that EF and SVR measurements were interdependent in the months following an acute myocardial infarction (MI), with the increase in EF associated with a concomitant decrease in SVR under a post-MI vasodilating medical regimen (13). It is however unclear whether such SVR changes might also explain the significant EF variations observed in subjects with no evident cardiac disease but at increased risk of developing cardiovascular disease, such as hypertensive and/or obese subjects.

The current CMR-based study aims to determine whether longitudinal changes in LV afterload and particularly in SVR, might explain the significant EF changes observed over time in subjects with no evident health issues except for uncomplicated hypertension and obesity.



MATERIALS AND METHODS


Study Populations

Subjects evaluated in the current study did not have any medical history of cardiac disease. Cardiovascular monitoring was performed using the same CMR protocol with subjects pooled from two different cohorts:

(1) The “Role of the Renin-Angiotensin Aldosterone System in the Mechanisms of Transition to Heart Failure in Abdominal Obesity (R2C2-II)” cohort has already been described elsewhere (12, 14, 15). The cohort included middle-aged subjects (40–65 years) with abdominal obesity, no cardiovascular medication and no cardiovascular disease except for stage 1 hypertension. Subjects were invited to participate in a >4-year longitudinal study, which included CMR at baseline and at follow-up (ClinicalTrials.gov NCT01716819).

(2) The “Predisposition and Transition Mechanisms from Arterial Hypertension to Heart Failure (Hypercare)” family-based study included 58 subjects younger than 60 years of age, with uncomplicated hypertension or a history of familial hypertension. This longitudinal study, which included CMR investigations at baseline and at 4 years, has already been described elsewhere (12) (ClinicalTrials.gov NCT02430805).

The main exclusion criteria for both cohorts were: diabetes; inflammatory or infectious disease; renal, hepatic or pulmonary insufficiency; and a history of malignant disease. The local Ethics Committee approved both cohort studies, with all study participants providing their signed informed consent to participate.



CMR Recording and Analysis

CMRs were performed on a 3-T or 1.5-T magnet (GE Medical Systems, Milwaukee, WI, USA) (12–15). An automated sphygmomanometer (Maglife C, Schiller Medical, Wissembourg, France) was used to measure brachial blood pressure (BP) during the CMR examinations. Averaged values were used for the analyses presented below.

A steady-state free precession pulse sequence and dedicated software (MASS™, Medis, The Netherlands) were used to measure LV end-diastolic volume, end-diastolic mass, and EF in contiguous short-axis. The concentric remodeling (CR) index was defined as LV mass/end-diastolic volume ratio (12–15).

Cardiac output was determined using a velocity-encoded phase-contrast gradient-echo sequence on a slice positioned perpendicularly to the ascending aorta (12–15). Stroke volume (SV) was determined with the “CV flow” software (Medis, The Netherlands), with velocities corrected using an ROI-based method in instances of obvious offset errors.

Values of cardiac output and stroke volume were used to estimate systemic vascular resistance (SVR: mean pressure/cardiac output) (12–19), effective arterial elastance [Ea = 0.9 × systolic BP (mmHg)/stroke volume (mL)] (12, 15–19), and total arterial compliance index [TAC = stroke volume (mmHg)/pulse pressure (mmHg)] (12, 14–17). All these CMR-derived parameters were indexed to body surface area, except for EF and CR. Since none of the study subjects had any medical history of cardiac disease, the central venous pressure was considered normal and thus negligible for the determination of SVR.

As already detailed elsewhere, abnormally high values of SVR, LV mass and concentric remodeling index were defined as the upper limits of the 95% confidence intervals observed in a healthy non-obese middle-aged population investigated using the same CMR methodology (12). A significant EF change was additionally defined as an absolute difference >8% according to a reproducibility study also performed with the same MRI methodology in our center (13).



Statistical Analyses

Analyses were performed using the commercially available SAS software version 9.4 (SAS Institute Inc. Cary, NC, USA). Continuous variables are expressed as mean and standard deviations (SD) and categorical variables as numbers and percentages (Table 1). Paired comparisons between baseline and follow-up were evaluated using the Wilcoxon sum rank test for continuous variables and the Mc Nemar test for categorical variables. Spearman correlation coefficients and their 95% CI intervals were computed for the baseline-to-follow-up changes in EF and the selected variables listed in Table 2. Univariate and multivariate ascending regression analyses were performed to check Linear model assumptions with p-values <0.05 to enter variables and >0.10 to remove variables (Table 3).


Table 1. Comparison of the main recorded data between baseline and follow-up.
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Table 2. Association between longitudinal changes in LVEF and baseline and concomitant changes in clinical and hemodynamic variables.
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Table 3. Linear regression models obtained through forward selections, with Beta coefficients [standard error (SE)], P and R2 values, for predicting the follow-up to baseline differences in EF (A). The model was additionally built after excluding the baseline EF value (B).
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RESULTS


Baseline Characteristics of the Study Population

The study population consisted of a total of 118 subjects. As detailed in Table 1, the mean age was 53 ± 12 years, 62 (52%) were women, and 61 (52%) were mild to moderately obese with body mass indexes ranging from 30 to 40 kg.m−2.

Based on the inclusion criteria, none of these 118 subjects had any history of cardiovascular disease except for uncomplicated hypertension (n = 31, 26%). CMR did not detect any significant cardiac abnormalities, except that 5 subjects had an EF below the 50% level (EF ranging from 43 to 47%), 3 and 17 subjects, respectively, had a higher-than-normal LV mass and CR index.



Evolution at Follow-Up

Follow-up investigations, performed at a median of 5.2 years from baseline (range 3.7–8.4 years), provided evidence of significant increases in body weight, body mass index, diastolic BP and SVR, compared to baseline (Table 1).

Only 4 subjects (3%) had <50% EF at follow-up, but 18 (15%) had significant EF variations between baseline and follow-up (7 increased EF and 11 decreased EF). The 4 patients with <50% EF at follow-up exhibited a significant EF deterioration during follow-up (−7.8 ± 6.0%), compared to the other patients (0.35 ± 6.0%, p = 0.01). All were male with no specific differences in baseline characteristics compared to other male study subjects.

Among the 5 subjects with <50% EF at baseline, only one still had <50% EF at follow-up, whereas the 4 others had EF increases that exceeded the 50% level at follow-up.



Correlates of Baseline-to-Follow-Up Changes in EF

As detailed in Table 2, EF differences between baseline and follow-up were inversely correlated to the corresponding differences in mean BP (p = 0.03) and diastolic BP (p = 0.027).

This predictive value of BP-changes was however much lower than that provided by the baseline-to-follow-up changes in effective arterial elastance (Ea) and in SVR (both p < 0.001; Table 2). The baseline levels of EF, Ea and SVR were additional univariate predictors, whereas all other analyzed parameters were not (Table 2).

On the multivariate regression analysis, which considered all the significant univariate predictors from Table 2, EF changes were significantly and independently related to the baseline-to-follow-up change in SVR together with the baseline EF value (see Table 3). Only the follow-up change in SVR was kept in the model after baseline EF had been excluded (Table 3). Figure 1 displays the inverse association between the follow-up changes in EF and SVR.


[image: Figure 1]
FIGURE 1. Correlations between baseline-to-follow-up differences in: (i) left ventricular ejection fraction (EF changes) and (ii) systemic vascular resistance (SVR changes). It may additionally be observed that many EF changes are outside of the −8% to +8% interval (red dashed lines) and may thus be considered significant.


As illustrated in Figure 2, baseline-to-follow-up changes in SVR were markedly different between subjects with a significant increase in EF at follow-up and those with a significant decrease in EF (−8.08 ± 9.21 mmHg.min.m2.L−1 vs. 8.14 ± 8.28 mmHg.min.m2.L−1, p < 0.001). The remaining subjects with stable EFs had no significant baseline-to-follow-up changes in SVR (SVR difference in this group: 3.32 ± 7.53 mmHg.min.m2.L−1) (Figure 2).


[image: Figure 2]
FIGURE 2. Mean values (±SD) for baseline (black columns) and follow-up (white columns) levels of systemic vascular resistance (SVR, upper panel) and for the mean difference in SVR between baseline and follow-up (gray columns, median panel) in subjects categorized in 3 groups based on baseline-to-follow-up variations in LV ejection fraction -i.e., significant decrease (EF↓), significant increase (EF↑) and stable EF (EF→). *p < 0.05 for paired comparisons between baseline and 6 months.


Finally, the percentage value of significant EF variations over time (>8%), initially observed in the overall study population (15.3%), was significantly lower after EF-changes had been adjusted for SVR-changes and baseline EF using equations shown in Table 3 (5.9%, p = 0.013).




DISCUSSION

In a population with no history of cardiac disease but including hypertensive and obese subjects, the present CMR study shows that significant long-term EF variations are not uncommon, affecting some 15% of the study population. These variations correlate to SVR changes and may thus be unrelated to any intrinsic changes in LV contractility.

SVR is the main component of the LV afterload and reflects the opposing resistance of the microcirculation that must be overcome by the LV to eject blood. In the current study population, mean SVR increased over time (Table 1), consistent with a functional deterioration of the microcirculation. Such a deterioration is often associated with the aging process, together with an increase in the stiffness of large arteries and may be further promoted by hypertension and obesity (20, 21). Our study population's high rate of hypertension (26%) and obesity (52%) may potentially accelerate the rate of SVR deterioration, consequently impacting the EF. Subjects with isolated obesity have already been shown to exhibit a significant deterioration in large-vessel compliance as well as an increase in the vascular resistance of small resistive vessels, compared to non-obese subjects, using the same CMR protocol (14, 15).

The interdependence of the EF on cardiac loading conditions is well-established. Despite this limitation, EF remains extensively used to quantify LV systolic performance (1). The current recommendation therefore requires brachial BP to be reported for each EF measurement (9–11). The change in BP was a significant predictor of EF change but only for diastolic and mean BP levels. Diastolic BP has already been shown to have a greater impact on EF than systolic BP, particularly in heart failure with preserved EF (6).

We also measured more specific functional arterial parameters from conventional CMR flow sequences. These allowed to determine aortic stroke volume, independently of other CMR sequences used to assess LV function, and more accurately than Doppler-based techniques (22). Combining these stroke volume values with brachial BP measurements allowed to evaluate three functional vascular parameters: (i) total arterial compliance (TAC) index, which is predominantly determined by the great elastic arteries (12, 14–17) (ii) systemic vascular resistance (SVR), which is mainly attributed to the resistive microvessels (12–19), and (iii) global arterial load (Ea), a comprehensive measure of the arterial load that depends on both arterial compliance and arterial resistance (12, 15–19) and is strongly linked to LV remodeling (12, 15). However, Ea-changes were not found to be better predictors of EF variations than SVR-changes in the current study. This is consistent with what was previously reported in post-myocardial infarction patients (13). SVR changes presumably impact stroke volume and EF more directly, than Ea changes -i.e., small arteries which contribute to SVR not only constitute a main component of the LV afterload but also the exit door through which the stroke volume needs to pass before leaving the arterial tree.

A significant decrease in SVR has already been shown to be the predominant mechanism by which the EF increases during exercise in heart disease patients (23), and during the months following a myocardial infarction (13). A vasodilator-related decrease in SVR was additionally shown to be associated with proportional increases in stroke volume and cardiac output of heart failure patients (24). Additional data from several individual cases included in our cohort also confirm significant variations in cardiovascular function and remodeling after changes in antihypertensive treatment (results not shown). These changes were unfortunately not systematically recorded during the long-term follow-up of this cohort and therefore constitute one of the limitations of the current study. Another limitation is that intrinsic contractility was not directly assessed in this cohort.

It may additionally be pointed out that the EF variations were unrelated to the concomitant changes in LV end-diastolic volume (Table 2), an indicator of the LV preload, contrary to what was documented for SVR, an indicator of LV afterload.

It is also worth mentioning that in addition to the SVR changes, the baseline EF level was an independent predictor of EF variations over time. The impact of baseline EF could at least partly be attributed to a regression to the mean - i.e., a statistic phenomenon that implies that a sample point of a random variable, which is distant from the mean value on a first measurement, has a high probability of being closer to the mean value on a second measurement. This point is further detailed and illustrated in Figure 3.


[image: Figure 3]
FIGURE 3. Graph of the correlation between EF-changes and SVR-changes with the regressions computed with the equation from Table 3 for three baseline EF levels: close to the mean (60%), one SD above the mean (66%), and one SD below the mean (54%). The slope of EF- and SVR-changes for the 3 baseline FE levels are identical. However, the intercept corresponding to an absence of any SVR variation are different, with a predicted absolute decrease in EF of ~3% for the 66% EF baseline, an increase of about 3% for the 54% EF baseline and an insignificant predicted change for the 60% EF baseline.


The current study defined a significant EF variation using an absolute threshold of 8% which corresponds to the results of a reproducibility analysis previously reported by our team using the same CMR methodology (13). The threshold may vary depending on the different conditions tested in the reproducibility analysis (25). This does however not modify the consideration that the rate of EF changes over time may be significantly lowered after adjusting for concomitant SVR changes observed with CMR. Such an adjustment would help identify cases where a decrease in EF relates to vascular rather than myocardial deterioration and ultimately identify different therapeutic targets.



CONCLUSION

The current longitudinal CMR study of a cohort including hypertensive and obese subjects shows that significant long-term variations in EF are not uncommon, but that most of these variations are potentially driven by changes in SVR rather than changes in LV contractility. Although a causative relationship is only suggested and remains to be proven, this observation underscores the benefits of specifically assessing LV afterload when EF is monitored in populations at risk of vascular dysfunction.
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Coronary artery disease (CAD) is a major contributor to morbidity and mortality worldwide. Myocardial ischemia may occur in patients with normal or non-obstructive CAD on invasive coronary angiography (ICA). The comprehensive evaluation of coronary CT angiography (CCTA) integrated with fractional flow reserve derived from CCTA (CT-FFR) to CAD may be essential to improve the outcomes of patients with non-obstructive CAD. China CT-FFR Study-2 (ChiCTR2000031410) is a large-scale prospective, observational study in 29 medical centers in China. The primary purpose is to uncover the relationship between the CCTA findings (including CT-FFR) and the outcome of patients with non-obstructive CAD. At least 10,000 patients with non-obstructive CAD but without previous revascularization will be enrolled. A 5-year follow-up will be performed. The primary endpoint is the occurrence of major adverse cardiovascular events (MACE), including all-cause mortality, non-fatal myocardial infarct, unplanned revascularization, and hospitalization for unstable angina. Clinical characteristics, laboratory and imaging examination results will be collected to analyze their prognostic value.

Keywords: non-obstructive coronary artery disease, coronary computed tomography angiography, fractional flow reserve, major adverse cardiovascular events, coronary plaque assessment


INTRODUCTION

Cardiovascular disease is a worldwide disease, but China is one of the countries with the heaviest disease burden (1). Since the 1980s, the burden of ischemic heart disease (IHD) in China has been increasing and has become more marked in the past 20 years (2). In 2013, IHD was reported to be the leading cause of death in six provinces, accounting for ~78% of the Chinese population (3). Moreover, IHD was ranked as the second leading cause of premature death in 2010 (2). The assessment and management of patients with coronary artery disease (CAD) have always focused on detecting and treating obstructive coronary artery stenosis (i.e., lumen obstruction of >50% [or >70%] by visual assessment) (4). However, the patients with CAD often are asymptomatic prior to myocardial infarction (MI), and coronary death with culprit lesions that are often non-obstructive before the events (5–7). The risk of cardiovascular events in patients with non-obstructive CAD is significantly higher than in patients without CAD (8, 9). Recently, the value of non-obstructive CAD and high-risk plaque (HRP) has been established (10).

Coronary CT angiography (CCTA) is a widely used non-invasive imaging modality to evaluate CAD and has demonstrated a high diagnostic performance in detecting obstructive and non-obstructive CAD on invasive coronary angiography (ICA) (11). Likewise, CCTA can also identify HRP seen on intravascular ultrasound or optical computed tomography (12). Coronary artery data and reporting system (CAD-RADS) has been reported to provide additional prognostic value beyond a coronary artery calcium score (CACS) and atherosclerotic cardiovascular disease (ASCVD) risk score (13). However, this reporting system does not consider the functional information of CAD, which is more important to determine the physiological nature of coronary stenoses than the anatomy (14). A previous study showed that 35% of non-obstructive CAD (diameter stenosis < 50%) was associated with ischemia (fractional flow reserve [FFR] ≤ 0.80), while 20% of lesions with >50% stenosis had no ischemia (15).

Coronary CT angiography-derived FFR (CT-FFR) has been reported to be a potential alternative to provide a physiological evaluation of the entire coronary artery tree, with high diagnostic accuracy in stable CAD patients compared with invasive FFR, the gold standard (16). Moreover, CCTA combined with selective CT-FFR is shown to be associated with a safety reduction of unnecessary ICA and relevant costs when compared with standard clinical practice (17). According to the ADVANCE (18) trial, patients with a negative CT-FFR have less revascularization and a trend toward lower major adverse cardiovascular events (MACE) and significantly lower MI or cardiovascular death. We hypothesize that integrating CCTA with CT-FFR will improve the recognition of subclinical plaques, optimize the risk stratification, and improve the prognosis of patients with non-obstructive CAD. Therefore, a large prospective study cohort from 29 medical centers in China (China CT-FFR Study-2) is designed to verify this hypothesis through a 5-year long-term follow-up.

The aims of this study are to (1) establish a large cohort of patients with non-obstructive CAD based on the Chinese population and conduct a long-term follow-up observation and (2) explore the predictive value of CT-FFR for MACE in patients with non-obstructive CAD beyond the clinical and anatomical factors.



METHODS AND ANALYSIS


Study Design

This is a prospective, observational, multicenter registry study. The trial protocol and written informed consent forms have been reviewed and approved by the clinical trial ethics committee at Jinling Hospital, Medical School of Nanjing University (General Hospital of Eastern Theater Command), and by each center before the initiation of the investigation. All enrolled patients will provide written informed consent at admission for their data collection and utilization for future anonymous studies. The study has been registered on http://www.chictr.org.cn (ChiCTR2000031410). This study is partially supported by the National Key Research and Development Program of China (no. 2017YFC0113400), Jiangsu Provincial Key Research and Development Program (no. BE2020699), and Key Program of the National Natural Science Foundation of China (no. 81830057) for LJZ.



Selection of Subjects

We aim to include ten thousand patients referred for CCTA examination by physicians for the evaluation of suspected or known CAD and subsequently diagnosed as non-obstructive CAD by CCTA (defined as a coronary artery stenosis [maximal stenosis] greater than or equal to 20% but <50% [for left main coronary artery] or greater than or equal to 20% but <70% [for any other epicardial coronary artery] in vessel segments ≥1.5 mm diameter) (19) but without previous revascularization (percutaneous coronary intervention [PCI] or coronary artery bypass grafting [CABG]). The enrollment process is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Patient enrollment flow chart. CCTA, coronary computed tomography angiography; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting.




Inclusion Criteria

1) The patient must sign a written informed consent before any study procedures.

2) Non-obstructive coronary CAD by CCTA (a coronary artery stenosis [maximal stenosis] ≥20% but <50% [for left main coronary artery] or ≥20% but <70% [for any other epicardial coronary artery] in vessel segments ≥1.5 mm diameter).



Exclusion Criteria

1) Refusal to participate.

2) <18 years or >80 years.

3) Pregnancy or lactation.

4) Allergy to iodinated contrast agents.

5) Previous revascularization (PCI or CABG).

6) Previous cardiac transplantation or valvular surgery.

7) Any life-threatening condition or severe co-morbidity.

8) Patients with poor image quality studies, unsuitable for further analysis.

9) Coronary artery fistula and anomalous origin.

10) Complex congenital heart disease.

11) Missing data.

During the initial screening stage (conducted by each center), any patients who meet any one of the above 1-7 exclusion criteria will be excluded. The final enrollment will be determined by the core laboratory (Jinling Hospital, Medical School of Nanjing University) after double-checking the data, re-evaluating coronary artery stenosis and image quality.




STUDY PROCEDURES


Clinical Variables

Baseline clinical characteristics will be obtained through an electronic questionnaire for each participating patient at enrollment, including age, sex, height, weight, diabetes mellitus, hypertension, hyperlipidemia, smoking, drinking, positive CAD family history, clinical symptoms, all patient-reported examinations, medications, and surgeries associated with the cardiovascular disease within 6 months (Tables 1–5). Diabetes mellitus is defined as a history of diabetes mellitus diagnosed or treated by a physician, treated with oral antidiabetic therapy, or an admission fasting blood glucose level ≥126 mg/dl. Hypertension is defined as a history of high blood pressure diagnosed or treated by a physician, treated with antihypertensive therapy, or an admission blood pressure ≥140/90 mmHg. Dyslipidemia is defined as a history of hyperlipidemia diagnosed or treated by a physician, being in treatment with antihyperlipidemic drugs, or admission total cholesterol (TC) ≥200 mg/dl. Smoking/drinking is defined as current smoker/drinker or prior smoker/drinker within the last year. Positive CAD family history is defined as cardiac death or MI in first-degree relatives (<55 years in men or <65 years in women). Chest pain will be recorded and classified as typical angina, atypical angina and non-anginal chest pain according to the site, characteristics and duration of the chest discomfort and its relationship with exercise, and the inducing and relieving factors (20). Typical angina is considered to meet the following three characteristics: (a) constricting discomfort in the front of the chest or in the neck, jaw, shoulder, or arm; (b) induced by excessive physical activity; and (c) relieved by rest or nitrates within 5 min. Patients presenting with two of the aforementioned typical angina features are considered to have atypical angina. Patients presenting with only one or none of the typical angina characteristics are supposed to have non-anginal chest pain. Relevant medications will be recorded as statin, antiplatelet, beta-blockers, angiotensin-converting enzyme inhibitors (ACEI), angiotensin-receptor blockers (ARB), oral hypoglycemic agent, insulin, oral anticoagulation, calcium channel blocker (CCB), and diuretic. In addition, laboratory test results for C-reactive protein, triglycerides, TC, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and cardiac enzyme level will be collected, if possible. The Framingham risk score (FRS) will be calculated for subjects with the complete information of age, sex, TC, HDL-C, systolic blood pressure, diabetes mellitus, antihypertensive medication, and smoking status (21). Meanwhile, the Multi-Ethnic Study of Atherosclerosis (MESA) score will also be calculated using age, gender, race/ethnicity, diabetes mellitus, smoking status, TC, HDL-C, antihyperlipidemic drugs, and MI family history (22).


Table 1. Baseline demographic information.
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Table 2. Baseline clinical information.
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Table 3. Baseline medications information.
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Table 4. Baseline surgical information.
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Table 5. Baseline imaging tests information.
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CCTA Scanning Protocols

All CCTA acquisitions will be performed in each medical center using CT scanners with ≥64 detector rows. A non-contrast enhanced coronary calcium scoring study will be obtained before the CCTA examination. The specific scanning protocols are consistent with the routine clinical practice of CCTA in each medical center. Nitroglycerin and beta-blockers will be administered according to the standard practice of each center. Baseline scanning characteristics will be obtained through an electronic questionnaire for each participating patient after CCTA examination, such as scanning equipment, scanning protocols, the name, concentration, dosage and injection rate of iodinated contrast agent, average heart rate during scanning, and the usage of nitroglycerin and beta-blockers. All the Digital Imaging and Communications in Medicine (DICOM) files will be transferred to the core laboratory online or offline for image quality and coronary stenosis assessment after the initial screening in each center. After double-checking the data, subjects who meet the inclusion criteria will be finally enrolled and informed by the core laboratory.



Image Quality Analysis

The CCTA images will be evaluated in consensus by two cardiovascular radiologists (FZ and CXT, with 5 and 8 years of experience in CCTA interpretation) at the core laboratory. Image quality assessment will be performed using a four-point Likert scale as follows: 4 = excellent (clear delineation of the coronary arteries, no motion artifacts, and slight noise); 3 = good (mild blurring and minor motion artifacts); 2 = acceptable (moderate blurring and mild motion artifacts or minor discontinuity); and 1 = non-diagnostic (severe motion artifacts or discontinuity made the coronary artery structures not differentiable). Patients with poor image quality (score = 1) unsuitable for further analysis will be excluded (23).



Coronary Plaque Evaluation

The coronary artery is divided into 17 segments according to the American Heart Association (AHA) classification (24). The right coronary artery (RCA) includes segments 1, 2, 3, 4, and 16. The left main (LM) and left anterior descending (LAD) include segments 5, 6, 7, 8, 9, and 10. The left circumflex (LCX) includes segments 11, 12, 13, 14, and 15. Coronary plaques will be identified in segments with a diameter ≥1.5 mm. Lesions located in the major epicardial coronary arteries will be classified as proximal (segments 1, 6, and 11), middle (segments 2 and 7), and distal (segments 3, 8, and 13).


Evaluation of the Coronary Plaque Calcification

To quantify coronary plaque calcification, the Agatston score (AS) will be calculated for each patient by multiplying the calcified lesion area by the maximum density of a single target lesion in this area using a semiautomated software (SyngoVia, Siemens Healthineers, Forchheim, Germany) (25). Based on the AS, patients will be divided into four groups: 0, 1–99, 100–299, and ≥300 (26). In addition, we will evaluate the degree of plaque calcification of the most severe lesion using the arc of calcification in the short axis. Accordingly, the degree of target lesion calcification is defined as: (1) no calcification (no calcification present); (2) mild (<90°arc calcification); (3) moderate (90–180°arc calcification); (4) severe (180–270°arc calcification); or (5) very severe (270–360°arc calcification) (27).



Quantitative Evaluation of the Coronary Plaque

Quantitative plaque analysis will be performed by a group of observers using a semiautomated software (QAngioCT, Medics, Leiden, The Netherlands). The following plaque parameters will be assessed: %DS (degree of lumen stenosis calculated at the site of maximal stenosis, defined as 100% × [reference diameter-minimal lumen diameter, MLD]/reference diameter); plaque length; MLD and minimal lumen area (MLA); plaque volume (defined as vessel volume minus lumen volume), such as the total volume, the volume of calcification components (>350 HU), lipid components (<30 HU), fiber-fatty components (30–130 HU) and fibrous components (131–350 HU) (28); plaque burden (PB) (defined as 100% × [plaque volume/vessel volume]); and the remodeling index (RI) (automatically calculated), calculated as the diameter, i.e., both plaque and vessel lumen at the site of maximal stenosis divided by the mean diameter of the proximal and distal reference site. Plaque volume and burden will be summed on a per-segment, per-vessel, and per-patient level. According to the RI, lesions will be categorized into three groups as follows: positive remodeling (PR; RI > 1.0), negative remodeling (RI < 0.88), and intermediate remodeling (0.88 ≤ RI ≤ 1.0).

On a per-lesion basis, CAD-RADS categories are defined as follows: CAD-RADS 1 (1–24% stenosis or present coronary plaque without apparent stenosis), CAD-RADS 2 (25–49% stenosis), and CAD-RADS 3 (50–69% stenosis). On a per-segment/vessel/patient basis, CAD-RADS categories will be evaluated based on the maximal stenosis. According to the AHA classification, the number of segments ≥1.5 mm diameter with any calcified, non-calcified, or mixed plaque will be recorded, regardless of the degree of stenosis, for the calculation of segment involvement score (SIS). The maximum SIS value that can be derived is 17 for each patient. A comprehensive CTA risk score will be calculated using an online calculator (http://18.224.14.19/calcApp/) according to the previous study (29). The CCTA risk score is derived from CONFIRM registry, and the calculated content includes the presence, location, extent, severity, and composition of CAD.



Qualitative Evaluation of the Coronary Plaque

According to previous studies, four signs of coronary artery plaques on CCTA will be recorded as HRP features, namely, low-density plaque (LAP), PR, punctate calcification (SC), and napkin ring sign (NRS) (26). LAP is defined as the plaque component with an attenuation of <30 HU. RI > 1 indicates PR. SC is defined as any discrete calcification less than or equal to 3 mm in length and occupying less than or equal to 90° arc when viewed in the short axis. NRS is recognized as a central low attenuation plaque with a peripheral rim of higher attenuation of the non-calcified plaque.




CT-FFR Measurements

All CT-FFR values will be calculated by using an automated software (“Shukun-FFR” software from Shukun [Beijing] Technology Co., Ltd). The “Shukun-FFR” software consists of two main components, the coronary arteries segmentation model and the computational fluid dynamics (CFD) simulation model. Specifically, a modified V-Net is first used to to segment coronary arteries from the CCTA image firstly (30). Then, we adopt prior knowledge to name vascular branches based on additional anatomical rules, using previous vessel segmentation results as input. The final reduced-order CFD model is applied to compute the flow and pressure of blood and calculate CT-FFR values automatically for all points along coronary arteries. CT-FFR values will be determined for coronary arteries ≥1.5 mm in diameter in the core laboratory by two cardiovascular radiologists (observers A and B). The automatically identified coronary plaques and the degree of lumen stenosis will be verified by another well-experienced observer. Observer A will carry out measurements two times separately (recorded as A1, A2). The time interval between the two measurements is 2 weeks to eliminate the effect of memory; observer B will measure one time (recorded as B). CT-FFR values will be measured at the proximal, distal, and 20 mm distal to the stenosis and the end of the target vessel (at least 1.5 mm diameter). CT-FFR ≤ 0.80 indicates the hemodynamic significance of coronary stenosis. Patients with CT-FFR ≤ 0.80, which is 20 mm distal to the stenosis, are deemed to have lesion-specific ischemia. Patients without lesion-specific ischemia but with CT-FFR ≤ 0.80 at the end of the target vessel are deemed to have distal vessel ischemia.



Endpoints and Definition

Outcomes will be ascertained by phone contact with the patient (or family member if needed), reviewing medical records or consulting with the attending physicians, if possible, and adjudicated blindly by an independent clinical event committee according to ACC/AHA standards and the fourth universal definition of MI by reviewing symptoms, cardiac laboratory biomarker data, electrocardiogram results, and cardiovascular imaging findings (31, 32).



Primary Endpoints

The primary endpoint is the occurrence of MACE at follow-up, defined as a composite of all-cause death, non-fatal MI, unplanned revascularization (at least 60 days after the CCTA examination), and hospitalization for unstable angina. Death cases consist of cardiovascular death, non-cardiovascular death, and undetermined cause of death. Cardiovascular death includes death attributable to sudden cardiac death, acute MI, heart failure, cardiovascular bleeding, stroke, cardiovascular procedure, and other cardiovascular causes, such as pulmonary embolism. When a definite non-cardiovascular cause is documented, a cardiovascular reason for death could be excluded. Non-fatal MI consists of ST-segment elevation myocardial infarction (STEMI) and non–STEMI. Unstable angina is defined as the symptoms of ischemic chest pain at rest, and the final diagnosis is myocardial ischemia with objective evidence but without elevation of cardiac biomarkers. For the primary endpoints, the first occurrence timepiont of any one of the above events will be recorded. The follow-up duration is recorded as the interval from baseline CCTA examination to the day of follow-up.



Secondary Endpoints

Secondary endpoints include cardiovascular death, atrial fibrillation, non-fatal MI, non-fatal stroke, unplanned revascularization, hospitalization for unstable angina, medication adjustment, invasive or non-invasive cardiovascular tests, cumulative radiation exposure from all cardiovascular tests, and total cardiac costs. Medication adjustment includes the increase or decrease of the drug dose and the new addition or discontinuation of medications. For the secondary endpoints, the time of the occurrence for any one of the above events should be recorded.



Follow-Up

Telephone follow-up will be performed for each enrollee annually by the follow-up team of each medical center until the completion of the 5-year follow-up. The follow-up team in each center includes at least one nurse, one cardiovascular radiologist, and one cardiovascular physician. The follow-up team will first contact the patient via a phone call. If it is unsuccessful, the personal contact will be called for updated information. After documentation of three unsuccessful attempts (on three different days over 1 month) by the follow-up team, a subject will be considered lost to telephone follow-up. If the outcome of this subject cannot be traced through the medical record system, the subject will eventually be deemed to be lost to follow-up. The follow-up team of the core laboratory will randomly select 10% of the subjects from each other medical center for review to confirm the authenticity of the follow-up data.



Data Collection and Management

Data management and coordination will be performed by the core laboratory. Study investigators in each medical center will collect all text data regarding baseline clinical characteristics, laboratory results, medical/interventional treatments and outcomes and enter them into a web-based electronic case report form. All imaging data will be transmitted to the core laboratory in an anonymous form. A reference number will be assigned to every single enrolled patient. The final China CT-FFR Study-2 database, including text and imaging data, will be constructed from the individual and valid databases, which will be provided by each participating center. Centers providing forms with more than 5% of missing values will be excluded from the final China CT-FFR Study-2 database.



Trial Status

The study was started in November 2019, and initially included 24 medical centers from all 13 regions of Jiangsu Province (Table 6). Due to the COVID-19 pandemic (from February 2020 to July 2020), study progress was significantly delayed. In August 2020, another three medical centers from Jiangsu Province and two from Anhui Province joined the study, with the agreement of the members of the Data Safety and Monitoring Board and a common end date of December 30, 2021 was defined. The number of target subjects for each center is determined based on the number of daily CCTA examinations and each centers requests.


Table 6. Detail information of the medical centers.
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Data Analysis

According to the Kolmogorov-Smirnov test, continuous data will be categorized as normally or non-normally distributed data. Mean ± SD will be used to express the quantitative variables for uniformity of presentation, regardless of the distribution. Independent sample t-tests, paired t-tests, or ANOVA tests will be conducted for the comparison of normally distributed continuous data, as appropriate. The difference analysis of non-normally distributed data will be performed by using the non-parametric test. Categorical variables will be expressed as presented as numbers and frequencies or percentages. Pearson's chi-squared test or the likelihood ratio will be used to compare the differences of categorical data between groups, as appropriate. Univariate and multivariate Cox proportional hazard models will be performed to calculate the hazard ratio (HR) with a 95% CI and to estimate the association between variables and the hazards of MACE. Kaplan-Meier plots with the log-rank tests will be generated to estimate cumulative rates of MACE. The receiver operating characteristics (ROC) curve analysis will be performed to determine the optimal cut-off values of quantitative data. The area under the curve (AUC) for each model will be compared. The patient's annual total cardiac cost will be compared using the non-parametric Wilcoxon rank-sum test or a two-sample t-test. Intraclass correlation coefficient (ICC) and Spearman correlation coefficient will be used to assess the inter- and intra-observer agreement. Considering the selection bias and potential heterogeneity between 29 centers, a center effect analysis will be performed. If there is a central effect, a stratified analysis and sensitivity analysis will be performed, or it will be adjusted as a random factor. A p ≤ 0.05 is considered statistically significant.




DISCUSSION

Coronary CT angiography has been recommended as the first-choice imaging modality for patients with stable CAD. In addition to the unique ability for non-invasive qualitative and quantitative evaluation of coronary atherosclerotic plaque, CCTA can provide functional information without the increased burden of radiation exposure and administration of stress agents. Compared with conventional CCTA alone, it has been demonstrated that CT-FFR had improved discrimination of ischemia (33). The Prospective Multicenter Imaging Study for Evaluation of Chest Pain (PROMISE) trial demonstrated that the 9-month costs of patients with stable angina in the CT-FFR group were slightly higher than that in the routine care group, but the difference was not significant (p = 0.10) (34). The inconsistent conclusions about the socioeconomic effects of CT-FFR with previous studies may be due to the fact that only 31% of the patients in the CT-FFR group have undergone CT-FFR examinations in this study (35, 36). In addition, all patients have stable angina, but CT-FFR is believed to minimize unnecessary care and resources for patients with mild stenosis and equivocal stenosis, which highlights the significance of CT-FFR for patients with non-obstructive CAD (37). The previous study showed that among symptomatic patients who underwent CCTA, only a few patients were diagnosed with obstructive CAD (8). However, it is reported that about 10% of total MI is caused by non-obstructive CAD (MINOCA), and 18.7% of MINOCA patients will have MACE after 1-year of follow-up (38). Although several CCTA-based scoring systems have been proven to have prognostic value, the functional information was not included in these studies (13, 29, 39). The China CT-FFR Study-2 is designed to investigate the potential ability of CT-FFR to improve the risk stratification of patients with non-obstructive CAD beyond the clinical and morphological information using large-scale data with long-term follow-up. The baseline clinical information can be used to explore its relationship with the CAD. The baseline CCTA findings will provide the data on the morbidity of non-obstructive CAD. The longitudinal follow-up data will uncover the association between CT-FFR and HRP identified on baseline CCTA and downstream risk of MACE. Further, this observational registry will be valuable for the design of future randomized controlled trials.

Despite its strengths, this study has some limitations. First, this is a large observational registry, which has inherent limitations, such as selection bias and potential heterogeneity between centers. Second, most of the medical centers are from the same province, resulting in a lack of external verification. Third, there is no uniform scanning protocol for baseline CCTA, the scanning characteristics should be adjusted during subsequent data analysis. The scanning protocols of each center will be recorded for the central effect analysis. If there is a central effect, a stratified analysis and sensitivity analysis will be performed, or it will be adjusted as a random factor. Fourth, no blood or other biological samples will be collected at the baseline of this study, which may cause some critical information to be missed.



CONCLUSION

The China CT-FFR Study-2 is a prospective, observational, multicenter registry study. At least 10,000 patients with non-obstructive CAD will be enrolled from 29 medical centers in China. Baseline clinical information and CCTA findings (such as CT-FFR) will be collected. A 5-year follow-up will be performed by phone contact to ascertain the outcomes of patients. To the best of our knowledge, this is the largest prospective observable study to explore the relationship between CT-FFR and prognosis in China. Based on the excellent performance of CT-FFR for diagnosing myocardial ischemia and its predictive value for future risk of MACE, we believe that the China CT-FFR Study-2 will be helpful to provide unique risk stratification of patients with non-obstructive CAD.
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Cardiac myxoma is a common benign primary intracardiac tumor in the general population, and it is generally characterized as a benign tumor, and the morbidity of biatrial myxoma is low. Cases of biatrial myxoma in young patients are extremely rare. Furthermore, severe complications of cardiac myxoma, such as cerebral embolism, can have fatal consequences. Imaging can effectively assist in making a correct diagnosis and a safe and efficient surgical treatment plan. In this case report, we describe a unique case of a young woman who presented with biatrial myxoma accompanied by pulmonary embolism and cerebral embolism. Computed tomography pulmonary angiography (CTPA) detected multiple filling defects in the bilateral cardiac and bilateral inferior pulmonary artery basal branches. Transthoracic echocardiography (TTE) revealed irregular isoechoic masses in the bilateral atrium. Postoperative histopathology confirmed a biatrial myxoma. The patient was discharged on the ninth day after surgery.
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INTRODUCTION

Cardiac myxoma is a common benign primary intracardiac tumor with an incidence rate of 0.0017% (1). Atrial myxoma occurs most commonly in middle-aged and older women, and the most frequent site of cardiac myxoma is the left atrium, followed by the right atrium. However, biatrial myxoma is relatively rare, and contributes to only 2.5% of the total incidence of cardiac myxoma (2, 3). In particular, biatrial myxoma complicating pulmonary embolism and cerebral embolism is extremely rare in young patients. To the best of our knowledge, such cases have not yet been reported in the literature. The awareness of embolic events due to atrial myxoma in young patients is still unsystematic and incomplete. When fragments of biatrial myxoma produce complicating pulmonary embolism and cerebral embolism, patients will be in a critical situation, and it is essential to diagnose and treat the patient as soon as possible to stop the aggravation of the disease and save the patient's life. In this article, we describe a rare biatrial myxoma complicated by pulmonary embolism and cerebral embolism, and review its clinical and imaging characteristics reported in previous cases. These characteristics help clinicians and radiologists pay attention to this disease and can effectively assist in establishing accurate diagnosis and developing a safe and efficient surgical treatment plan.



CASE DESCRIPTION

A 17-year-old girl presented to our hospital on August 22, 2021 with clouding of consciousness for more than 3 days. At 3+days prior, the patient was unable to speak the patient was unable to speak when called softly and unable to open the right eye, combined with involuntary movements of the limbs and incontinence. The patient visited the local hospital immediately, where relevant tests were performed, suggesting intracranial lesions. Since the specific treatment measures were unavailable at the previous hospital, she was transferred to our hospital for further treatment. There was no history of trauma or familial genetic diseases, such as high blood pressure and diabetes. Physical examination revealed a body temperature of 37.0°C, heart rate of 110 bpm, regular heart rhythm, blood pressure of 113/77 mmHg, and no pathological murmurs in the valve region; pulmonary auscultation revealed coarse rales in the entire lung. The pupils were equal, round, and pupillary light reflexes were delayed. Both lower limbs exhibited hypertonia and hyperreflexia of the knee and tendon reflexes. Laboratory examinations revealed the following levels (normal range): coagulation function test showed D-dimer was 0.57 mg/L (< 0.5 mg/L) and fibrinogen was 5.82 g/L (2.00–4.00 g/L). Routine blood tests showed that the absolute value of neutrophils was 7.38 × 109/L (1.8 × 109/L−6.3 × 109/L). Infection-related markers showed that the hypersensitive C-reactive protein level was 111.563 mg/L (0.068–8.200 mg/L). Creatine kinase, α-hydroxybutyrate dehydrogenase, and lactate dehydrogenase levels were 148 U/L (26–140 U/L), 218 U/L (90–180 U/L), and 295 U/L (140–271 U/L), respectively. Computed tomography pulmonary angiography (CTPA) detected filling defects in the right atrium, left atrium, and left lower pulmonary basilar artery (Figure 1), and a diagnosis of Pulmonary embolism was made. Transthoracic echocardiography (TTE) revealed irregular iso-echoic masses in the bilateral atrium that were likely myxomas, given their location and appearance in a young patient; the myxoma in the left atrium measured approximately 38 × 21 mm, and it was attached to the junction of the lower part of the interatrial septum (IAS) and the root of the anterior mitral leaflet; in the right atrium it measured approximately 51 × 27 mm, and it was attached to the lower part of the IAS (Figure 2A). These masses resulted in the acceleration of the tricuspid valve antegrade flow (Figure 2B). Craniocerebral computed tomography (CT) showed extensive hypodensity in the bilateral parts of the pons and patchy hypodensity in the left corona radiata area and bilateral basal ganglia areas. Magnetic resonance imaging (MRI) also revealed extensive hypointensity on T1-weighted imaging and hyperintensity on T2-weighted imaging in the bilateral parts of the pons, and a patchy hyperintensity on T2-weighted imaging in the bilateral basal ganglia areas; bilateral centrum semiovale; and right frontoparietal lobe, which presented as high signal on diffusion-weighted imaging (DWI) (Figure 3). This confirmed the diagnosis of brain ischemia. To prevent thrombosis, low molecular weight heparin calcium (subcutaneous injection, 0.4 ml/12 h) was commenced on the second day of admission and continued until discharge. The patient underwent successful removal surgery for a biatrial myxoma. The masses were sent for histological examination, which confirmed the presence of a myxomatous matrix containing myxoma cells (Figure 4). The patient recovered uneventfully and was discharged 9 days after the procedure. The patient has been followed-up postoperatively for over 2.5 months, and limb motor function of the patient has recovered to some degree, but there is intellectual and cognitive decline.


[image: Figure 1]
FIGURE 1. Unenhanced thoracic CT (A), axial and coronal views of Computed tomography pulmonary angiography (CTPA) detected filling defects in right atrium (red arrow), left atrium (green arrow) (B,D), and left lower pulmonary basilar artery (white arrow) (C), three-dimensional reconstruction of heart (E) and (F) corresponding schematic illustration demonstrating the biatrial myxoma.



[image: Figure 2]
FIGURE 2. Transthoracic echocardiography (TTE) revealed masses attached to the atrial septum in the left atrial cavity (white arrow) and the right atrial cavity (red arrow) (A). Acceleration of tricuspid valves antegrade flow (B).



[image: Figure 3]
FIGURE 3. Brain magnetic resonance imaging (MRI) revealed extensive hyperintensity on T2-weighted imaging and hypointensity on T1-weighted imaging of the bilateral parts of the pons (white arrow) (A,B); a patchy hyperintensity on T2-weighted imaging of the bilateral basal ganglia, bilateral centrum semiovale (white arrow) (C), and right frontoparietal lobe, which presented a high signal on diffusion-weighted imaging (DWI) (white arrow) (D).



[image: Figure 4]
FIGURE 4. Excised villous biatrial atrial myxoma (A,B) and histology of atrial myxoma. Acid-mucopolysaccharide matrix with characteristic astrocytes and spindle cells which have ovoid nuclei and are surrounded by thin-walled capillaries (Hematoxylin and Eosin, ×200) (C).




LITERATURE REVIEW

In order to present the literature review, case reports of all biatrial myxoma among child and adolescent patients in the English language were searched from the PubMed, Web of Science, and Ovid databases, dating between January 1, 1980 and August 31, 2021. Key words were used for the search, which included “biatrial myxoma,” “bilateral atrial myxoma,” “bilateral Atrial myxomas,” “pulmonary embolism,” and “cerebral embolism.” The flow chart of the literature screening process is presented in Figure 5. A total of five articles involving five cases were included in the analysis. For each case, we documented the first author, publication year, and the patient's age, sex, presentation, tumor size, image features, operation, outcome, and follow-up results (Table 1).


[image: Figure 5]
FIGURE 5. The flow chart of the literature screening process for biatrial myxoma in children and adolescent patients.



Table 1. The cases of biatrial. myxoma in children and adolescent patients from the literature review.
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According to the literature, from January 1980 to August 2021, only 44 cases of biatrial myxoma have been reported. Our results revealed a predominance of biatrial myxoma between 40 and 65 years of age (52.2% of the cases), however, only six cases have been reported for patients of 18 years or less (about 13.6%; including of our case) of biatrial myxoma, comprising three girls and three boys, with a female to male ratio of 1:1. Remarkably, the presentation of these patients was predominantly associated with embolic events, such as pulmonary embolism and cerebral embolism. However, all patients with pulmonary and cerebral embolism had only one or the other, and the occurrence of both pulmonary and cerebral embolism simultaneously has not been reported. Fortunately, most patients were discharged after surgical operations, suggesting that biatrial myxoma has a relatively good prognosis.



DISCUSSION AND CONCLUSIONS

In this case report, we present the case of a 17-year-old girl with biatrial myxoma, which is a rare, surgically correctable underlying cause of stroke and acute pulmonary embolism in a young patient. According to the clinical presentations and the results of echocardiography, clinicians suspected that the biatrial mass was a cardiac myxoma. As mentioned in the literature, cardiac myxoma is the most frequent benign tumor of primary cardiac tumors, accounting for more than 50% of primary cardiac tumors in adults, but only 5% occur in adolescents (6) and the incidence of cardiac myxoma is approximately 0.0008–0.015% (9). In addition, approximately 75% of cardiac myxomas involve the left atrium and approximately 20% of them are found in the right atrium, and cases of myxoma arising in the bilateral atrium are extremely rare, accounting for only 2.5% of the total incidence (10, 11). According to the literature review, only six cases of biatrial myxoma have been reported before (including our case) in pediatric patients. Moreover, only our patient had a biatrial myxoma complicated by pulmonary embolism and cerebral embolism.

The clinical manifestations and symptoms of cardiac myxomas vary and are not specific and can be divided into the following three groups: first, obstructive manifestations occur most frequently in approximately 50% of patients with atrial myxoma, including dizziness and dyspnea; second, embolization symptoms of myxoma, which affect more than one-third of patients with cardiac myxoma, and the presentations depend on the location of cardiac myxoma, such as pulmonary hypertension, chest pain, and severe headache; third, systemic symptoms, such as palpitation, fatigue, and fever, occur in approximately 58% of patients with cardiac myxoma (12, 13). However, patients with cardiac myxoma can also be asymptomatic (14). In our review, the most frequent symptom of the patients was dyspnea; subsequently, syncope and palpitations were also common.

Cardiac myxoma may cause embolic events during tumor tissue shedding, and cases of obstruction are relatively common in cardiac myxomas, and the morbidity rate of embolism is approximately 30–40% (14). Neurologic events are the most common embolic events followed by systemic embolic events, typically occurring at a rate of 42 and 29%, respectively. However, pulmonary embolic events are rare (15). Pulmonary embolism and cerebral stroke are uncommon but extremely significant complications of cardiac myxoma, with the risk of embolic events in cases of cardiac myxoma associated with the mass's appearance; typically, villous myxomas are more likely to cause embolism (16). Acute embolic stroke occurs when shedding tumor tissue reaches the cerebrovascular system, and it is often associated with high rates of mortality and disability, which poses a great risk to the life of the patients. Atrial myxomas have become a potential source of emboli; therefore, the primary presentation of many patients with a clinical history of myxomas is stroke (17, 18). In our case, the primary reason for the patient to go to the hospital for treatment was unconsciousness. Brain MRI revealed territorial cerebral infarction in the bilateral parts of the pons and small area cerebral infarction in the bilateral basal ganglia areas, bilateral centrum semiovale, and right frontoparietal lobe.

Pulmonary embolic events are rare, but when they occur, it is important to identify the source of the embolus, and in previous reviews of the literature, the majority of emboli originated from deep venous thrombosis (DVT), accounting for about 50–70%. In addition to DVT, cancer-related emboli are also quite common (19). Clinically significant embolic events are uncommon in patients with atrial myxoma. However, in cases of right atrial or right ventricular myxoma, embolectomy of tumor fragments into the pulmonary vasculature with subsequent pulmonary hypertension has been reported (14). In the early stages of pulmonary embolism, the clinical symptoms and imaging manifestations are atypical, and it is easy to misdiagnose pulmonary embolism as pneumonia; however, the role of non-contrast chest CT scans in the diagnosis of pulmonary embolism is limited; currently, the preferred technique for the diagnosis of pulmonary embolism is CTPA, which can detect filling defects in the pulmonary circulation and help to confirm the diagnosis of pulmonary embolism, and it is clinically important to assess the severity of a patient's pulmonary embolism based on the results of CTPA (20). In our case, infiltrates were seen in the posterior basal segment of the left lower lung lobe on non-contrast chest CT and the patient was diagnosed with pneumonia; subsequent CTPA clearly showed the infiltrates to be filling defects of the pulmonary artery.

Imaging such as CT, MRI, TTE, and CTPA play an important role in the preoperative diagnosis of cardiac myxoma. Transthoracic echocardiography can reveal the location of the tumor attachment and the appearance features of the mass. Computed tomography pulmonary angiography is a useful tool that shows the location, size, and appearance of pulmonary emboli. Imaging approaches can play a key role in the diagnosis of symptomatic or asymptomatic cases. We recommend non-invasive imaging examinations for preoperative diagnosis of patients with cardiac myxoma. According to the results of these examinations, the patients underwent surgery and the mass was totally resected, and their operation was successful.

Once the correct diagnosis has been validated, an effective treatment strategy should be determined. Surgical excision of the cardiac myxoma is the principal treatment modality and should be considered as the preferred option (21). Prompt surgical treatment is indicated to decrease the risk of complications and sudden death. However, our case represents a very complex situation of biatrial myxoma complicated by pulmonary embolism and cerebral embolism, and therefore, careful attention should be paid to certain perioperative details to achieve a predictable and successful surgical outcome.

Clinically, cases of cardiac myxoma are common; however, cases of bilateral myxoma combined with pulmonary embolism and cerebral infarction are rare. The clinical symptoms of myxoma are complex and variable, and patients may even be asymptomatic, based on whether valves are obstructed by cardiac myxoma and occurrence of systemic embolism and secondary symptoms. Computed tomography, MRI, TTE, and other imaging methods can effectively assist in making a definitive diagnosis and provide a guarantee for the treatment and prognosis of patients with myxoma. Once a diagnosis is established, surgical management is the primary treatment.
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Background: The quantitative measures used to assess the performance of automated methods often do not reflect the clinical acceptability of contouring. A quality-based assessment of automated cardiac magnetic resonance (CMR) segmentation more relevant to clinical practice is therefore needed.

Objective: We propose a new method for assessing the quality of machine learning (ML) outputs. We evaluate the clinical utility of the proposed method as it is employed to systematically analyse the quality of an automated contouring algorithm.

Methods: A dataset of short-axis (SAX) cine CMR images from a clinically heterogeneous population (n = 217) were manually contoured by a team of experienced investigators. On the same images we derived automated contours using a ML algorithm. A contour quality scoring application randomly presented manual and automated contours to four blinded clinicians, who were asked to assign a quality score from a predefined rubric. Firstly, we analyzed the distribution of quality scores between the two contouring methods across all clinicians. Secondly, we analyzed the interobserver reliability between the raters. Finally, we examined whether there was a variation in scores based on the type of contour, SAX slice level, and underlying disease.

Results: The overall distribution of scores between the two methods was significantly different, with automated contours scoring better than the manual (OR (95% CI) = 1.17 (1.07–1.28), p = 0.001; n = 9401). There was substantial scoring agreement between raters for each contouring method independently, albeit it was significantly better for automated segmentation (automated: AC2 = 0.940, 95% CI, 0.937–0.943 vs manual: AC2 = 0.934, 95% CI, 0.931–0.937; p = 0.006). Next, the analysis of quality scores based on different factors was performed. Our approach helped identify trends patterns of lower segmentation quality as observed for left ventricle epicardial and basal contours with both methods. Similarly, significant differences in quality between the two methods were also found in dilated cardiomyopathy and hypertension.

Conclusions: Our results confirm the ability of our systematic scoring analysis to determine the clinical acceptability of automated contours. This approach focused on the contours' clinical utility could ultimately improve clinicians' confidence in artificial intelligence and its acceptability in the clinical workflow.

Keywords: cardiac magnetic resonance (CMR), cardiac segmentation, machine learning, automated contouring, quality control, assessment


INTRODUCTION

Cardiac magnetic resonance (CMR) is the gold standard non-invasive imaging modality for accurate quantification of cardiac chamber volume, myocardial mass and function (1). Image segmentation is an essential step in deriving such quantitative measures that provide valuable information for early detection and monitorning of a wide range of cardiovascular diseases (CVDs) (2–5). However, manual analysis of CMR images is time-consuming and prone to subjective errors, as the delineation quality strongly depends on the operator's experience (6).

Automated segmentation based on machine learning (ML) algorithms can reduce the inter- and intra-observer variability and speed up the contouring process (7). Additionally, these ML-based methods can expedite the extraction of clinically relevant information from larger image datasets. Although several studies have shown promising results in efficiency and consistency (8–10), important challenges need to be addressed before automatic contouring methods can be robustly and routinely applied in clinical practice.

Automatically generated contours often require manual operator corrections to make the results clinically acceptable (11). An adequate quality-based assessment of the performance of such tools is, therefore, needed. Several quantitative measures have been proposed to assess the quality of automated segmentation against “ground truth” reference, represented by manual contours (12). The most commonly used metrics are based on position, distance and volume overlap (13). However, these measures have a low correlation to clinical contour quality and may not predict clinicians' trust for the contouring method. Therefore, evaluating the performance of automated algorithms in terms of clinical applicability is needed.

In this paper, we describe a new method for assessing the quality of ML outputs by involving clinicians during the algorithm validation process. We evaluate the effectiveness of the proposed method as it is employed to systematically analyse the quality of an automated contouring algorithm.

We used a quality control (QC) scoring system to record the judgments of blinded clinicians on the quality of randomly presented manual and automatic contours. We evaluated the clinical acceptability of automated contouring by analyzing the degree of agreement between two segmentation methods based on the quality scores. We also assessed the scoring system's reliability between the clinicians and whether factors potentially making the segmentation more challenging would have affected the quality judgment.



METHODS


Dataset

The dataset included in this study contained short-axis (SAX) cine CMR images from 217 subjects who were participants from the National Heart Center Singapore (NHCS) Biobank. Patients' information on sex and age were not available as data were anonymised before the analysis. The study population was heterogeneous and comprised both healthy subjects (n = 42) and patients with different CVDs: dilated cardiomyopathy (DCM) (n = 33), hypertension (HTN) (n = 107), hypertrophic cardiomyopathy (HCM) (n = 13), ischaemic heart disease (IHD) (n = 15), left ventricular non-compaction (LVNC) (n = 6), and myocarditis (n = 1). It should be noted that our dataset did not include conditions with uncertain diagnosis (e.g. suspected cardiomyopathy) or with non-pathological changes in cardiac morphology (e.g. athlete's heart). Furthermore, only the images deemed of good quality were included and retained for further analysis.



Manual Image Analysis

The manual segmentation was performed by a group of experienced investigators from the National Heart Centre Singapore (NHCS), consisting of CMR consultants, well-trained clinical research fellows and engineers, using a standardized protocol described in detail in a separate publication (14). Two operators with over five years' experience (LTT and CWLC) then checked the contouring quality to select the studies deemed for further analysis.

Specifically, left ventricle (LV) endocardial and epicardial borders and the right ventricle (RV) endocardial borders were manually traced in SAX slices at end-diastole (ED) and end-systole (ES) time frames using the cvi42 post-processing software (version 5.1.1, Circle Cardiovascular Imaging Inc., Calgary, Alberta, Canada). ED and ES phases were defined, respectively, as the image with the largest and smallest LV blood volume at visual inspection. The manual contours and the corresponding images were saved for later processing.



Automated Image Analysis

A ML algorithm trained at Circle Cardiovascular Imaging Inc. was then applied to the same set of manually annotated SAX images to obtain automated contours. A deep convolutional neural network (CNN) was trained to perform SAX image segmentation. A similar model architecture as that of the standard U-Net was adopted for this purpose, along with various data augmentation techniques to enhance the generalizability of the trained model (15). The model was trained on the UK Biobank (UKB) data, a large-scale population-based imaging study mainly composed of healthy subjects as well as individuals with some pathological conditions including HCM and HTN (16, 17). The output of the model was a pixel level classification of the image, where the classes represented one of the SAX tissues including the LV endocardium, LV epicardium, and RV endocardium. The resulting predicted segmentations of the LV and RV were finally saved to be displayed in the contour quality scoring application.



QC Scoring System

A contour quality scoring application was developed to input clinician's feedback on both manual and automated contours obtained from the same images. The application was composed of a graphical user interface (GUI) to display contoured images and offered user interactivity to rapidly parse through the data and input user's feedback on the quality of the presented contours.

The GUI of the contour quality scoring tool is shown in Figure 1. From the dataset constructed with both manual and corresponding automated contours, the application selected a case randomly to present to the user and expected a quality score from a predefined rubric. The left panel of the GUI showed a SAX image with the corresponding index of the image out of the total number of images available in the database. The right panel, instead, showed the same image with an overlaid contour to which the user was asked to assign a quality score. Once the user inputed the score, arrow keys on the keyboard were used to advance to the next available image in the database.


[image: Figure 1]
FIGURE 1. The graphical user interface (GUI) of the contour quality scoring tool. The left panel shows the current SAX image. The right panel shows the same image with overlaid contour to which the rater is asked to assign a quality score. The title above the right panel shows a blank quality score, which will be updated when a value is entered by the user.


The source of the contour was not shown to the user to avoid causing any unwanted bias in the rating of the contours. In addition, multiple annotations for each image were displayed separately to receive quality rating for each contour type individually. The process continued until the user rated all cases available in the dataset, resulting in ratings received for both source of contours for each image in the dataset.

The UKB SOP for analysis of LV and RV chambers was used as a reference for assessing the quality of the contoured images (18). The quality score was assigned based on how the contour would have affected clinical outcomes or whether it was judged to be clinically plausible or not.

The scoring rubric included scores ranging from one to four. A score of one was assigned to significantly inaccurate segmentation and thus considered clinically unacceptable. A score of two was given to bad quality contours, which required significant manual changes to make them clinically acceptable. A score of three was assigned to fair or clinically acceptable contours with minor or negligible inaccuracies in the segmentation considered not clinically relevant. Finally, a score of four was assigned to contours considered of good quality with no changes needed.

Furthermore, as images were presented independent of spatiotemporal context, contour quality assessment was mainly based on how well the area of the delineated structure was approximated. Consequently, small contours and small deviations were rarely assigned a quality score of ≤2, as that was considered not clinically relevant. Special attention was given to the RV endocardial contour, especially at SAX basal slices, for which two separate regions may be contoured. In such cases, a score of three was given if the two disjoint contours sufficiently encompassed the underlying anatomy; otherwise, they were scored as two or one. An illustration of some contours to which raters assigned different quality scores is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Illustration of some contours (LV epicardial, LV endocardial and RV endocardial) showing the range of quality scores (from 1 to 4). LV, left ventricle; RV, right ventricle.


Four clinicians (SEP, MK, KF and ER), from a United Kingdom institution (Barts Heart Center) and varying degrees of experience in analyzing CMR were then asked to independently visualize the contours and assign quality scores using our proposed application. The results were recorded in a database for later analysis.

Firstly, we evaluated the distribution of quality scores between the two segmentation methods across all clinicians. Secondly, we analyzed the quality scores assigned by each rater to evaluate the interobserver variability among the four clincians. Finally, we examined whether there was a variation in quality according to the type of contour, SAX slice level and underlying disease.



Statistics

Wilcoxon signed-rank test was used to evaluate the differences in the distribution of quality scores between automated and manual for each physician. Combined results over all physicians, and comparison of contour type, slice level and underlying disease were tested using multi level mixed effects ordered logistic regression fitted using the meologit command in Stata. This model takes account of the clustering of ratings from different clinicians for each image. The image was fitted as a random effect with rater and segmentation method fitted as fixed effects. Odds ratios (OR) were obtained from the above model to assess whether the odds of obtaining a higher quality score differed by the method. Interaction terms were fitted to test whether fixed effects differed between manual and automated scores. A p-value lower than 0.05 was considered statistically significant.

Interobserver reliability was assessed using Gwet's second-order agreement coefficient with ordinal weighting applied (AC2) (19). Details of the calculation are given in the supplementary methods and the ordinal weights used are shown in Supplementary Table 1. We chose this statistics method over Cohen's Kappa because it has the advantage to assess reliability between multiple observers, and it can be adjusted for both chance agreement and misclassification errors (19, 20). It has been shown to provide a more stable reliability coefficient than Kappa when prevalences differ between the categories as is the case in our data where images were much more likely to be assigned a quality score of four than a score of one. The reliability coefficient value and 95% confidence interval (CI) was calculated for both manual and automated contour quality scores. The interpretation of the AC2 coefficient was according to the probabilistic method for benchmarking suggested by Gwet (21). Substantial reliability corresponding to 0.61–0.80 interval was defined acceptable in this study and the benchmark category was selected as the first category with cumulative membership probability exceeding 95%.

Statistical analysis was performed using Python Version 3.6.4 (Python Software Foundation, Delaware USA) and Stata version 17 (StataCorp, Texas).




RESULTS

Four clinicians with different level of expertise generated a total of 38,991 quality scores. The overall mean quality scores assigned for manual and automated contours were 3.78 ± 0.45 (n = 18,516) and 3.78 ± 0.50 (n = 20,475), respectively. However the distribution of quality scores differed between the two segmentation methods and was statistically significant (OR (95% CI) = 1.17 (1.07–1.28), p = 0.001; n = 9401), with automated scoring better than manual on 1,068 occasions compared to 881 occasions where the manual scoring was higher.

We subsequently investigated the distribution of the scores for each rater (Figure 3). We observed that the difference between the mean quality scores assigned to each segmentation method was not statistically significant for most evaluators, except for rater B (Table 1). The distribution of quality scores after excluding rater B, showed no significant difference between the two methods (OR (95% CI) = 1.05 (0.94–1.17); p = 0.40).


[image: Figure 3]
FIGURE 3. The distribution of quality scores for each rater for both sources of contours: manual (blue) and automated (orange) segmentation.



Table 1. Comparison of the mean quality score for manual and automated contours, and their corresponding Wilcoxon test p-value for statistical significance, for each rater.

[image: Table 1]

The inter-observer agreement for manual and automated contours was also investigated using Gwet's AC2 agreement coefficient with ordinal weighting.

Overall, there was substantial inter-observer reliability for quality scoring of both manual and automated contours (AC2 = 0.937, 95% CI, (0.935–0.939)). In particular, the score agreement between all raters for automated contours was significantly better than for the manual segmentation (AC2 = 0.940, 95% CI, (0.937–0.943) and AC2 = 0.934, 95% CI, (0.931–0.937), respectively, p = 0.006).

All AC2 values were qualified as very good using the probabilistic benchmark procedure, with 100% membership probability for the interval 0.8–1.0. The inter-observer agreement for each method of contouring is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Score agreement between all raters for manual, automated contours and both segmentation methods. The interobserver reliability is expressed using Gwet's second-order agreement coefficient with ordinal weighting applied (AC2) (y axis).



Quality Score Analysis According to the Contour Type, Slice Level and Underlying Disease

Delineating cardiac contours might be a challenging task in some circumstances, and this might negatively impact the clinical acceptability of segmentation. For instance, manual corrections might be needed when contouring areas with increased LV trabeculation, for apical slices or RV walls. Thus, to gain more insight into the variation in quality for both sources of contours, the scores were dichotomized using multiple factors.

Firstly, we analyzed the distribution of quality scores between the two segmentation methods based on the contour type (Figure 5).


[image: Figure 5]
FIGURE 5. Overall mean quality scores for LV endocardial, LV epicardial and RV endocardial contours obtained from manual (blue) and automated (orange) segmentation. LV, left ventricle; RV, right ventricle; SD, standard deviation.


For manual segmentation, the mean quality scores by contour type were 3.92 ± 0.30 (n = 6,243), 3.61 ± 0.53 (n = 6,339), and 3.82 ± 0.44 (n = 5,934) for LV endocardial, LV epicardial, and RV endocardial contours, respectively. Compared to LV epicardial, both LV endocardial (OR (95% CI) = 22.89 (17.26–30.35) and RV endocardial (OR (95% CI) = 6.00 (4.74–7.58) had significantly higher quality (p < 0.0001). For automated segmentation, instead, the mean quality scores were 3.89 ± 0.38 (n = 7,158), 3.73 ± 0.52 (n = 6,879), and 3.73 ± 0.57 (n = 6,438) for LV endocardial, LV epicardial, and RV endocardial contours, respectively. Compared to LV epicardial, both LV endocardial (OR (95% CI) = 9.84 (7.09–13.66) and RV endocardial (OR (95% CI) = 1.68 (1.27–2.22) had significantly higher quality (p < 0.0001). A significant interaction was found suggesting that the differences in quality between contour types was more pronounced for the manual scores.

The segmentation complexity depends also on the slice level of the image. For instance, basal and apical images might be more challenging to contour than the mid ventricular images. For that reason, the contours quality scores were also analyzed based on the SAX slice level (Figure 6). For manual segmentation, the mean quality scores were 3.65 ± 0.56 (n = 1,667), 3.57 ± 0.62 (n = 1,797), and 3.82 ± 0.40 (n = 15,052), for apical, basal, and mid-ventricular levels, respectively. Compared to mid level, both basal (OR (95% CI) = 0.18 (0.13–0.25) and apical (OR (95% CI) = 0.44 (0.31–0.63) had significantly lower quality scores (p < 0.0001). Whereas the quality scores for the automated contours were 3.63 ± 0.66 (n = 2,084), 3.42 ± 0.80 (n = 1,954), and 3.85 ± 0.40 (n = 16,437), for apical, basal, and mid-ventricular levels, respectively. Compared to mid level, both basal (OR (95% CI) = 0.06 (0.04–0.09) and apical (OR (95% CI) = 0.29 (0.19–0.44) had significantly lower quality scores (p < 0.0001). A significant interaction was found (p < 0.0001) suggesting that reductions in quality for basal levels were more pronounced for the automated scores. Instead, the interaction was not significant for the apical levels (p = 0.17).


[image: Figure 6]
FIGURE 6. Distribution of the overall mean quality scores for different SAX slice levels (apical, basal and mid) with manual (blue) and automated (orange) segmentation. SD, standard deviation.


Finally, specific changes in cardiac structures associated with some conditions might also affect the contours quality. Therefore, we analyzed whether there was a variation in manual and automated quality scores based on the underlying pathology (Figure 7). In particular, we analyzed the quality score assigned for both manual and automated contours in the following subsets: DCM (manual: 3.83 ± 0.04 vs automated: 3.77 ± 0.54; OR (95% CI) = 0.59 (0.45–0.77); p < 0.0001), HCM (3.67 ± 0.52 vs 3.61 ± 0.63; OR(95% CI) = 0.83 (0.60–1.15); p = 0.27), HTN (3.76 ± 0.46 vs 3.82 ± 0.45; OR (95% CI) = 2.73 (2.22–3.37); p < 0.0001), healthy controls (3.78 ± 0.47 vs 3.80 ± 0.48; OR(95% CI) = 0.61 (0.36–1.00); p=0.051), IHD with normal (3.78 ± 0.44 vs 3.79 ± 0.47; OR(95% CI) = 1.44 (0.95–2.20); p=0.09) and reduced ejection fraction (EF) (3.77 ± 0.46 vs 3.72 ± 0.63; OR(95% CI_=0.72 (0.40–1.28); p = 0.26), LVNC (3.84 ± 0.38 vs 3.73 ± 0.57; OR(95% CI) = 0.67 (0.40–1.12); p = 0.13), myocarditis (3.91 ± 0.29 vs 3.80 ± 0.53; OR(95% CI)= 6.77 (0.70–65.43); p = 0.10). Only in DCM and HTN subgroups, there were significant differences in quality between the two contouring methods. In particular, manual contours received higher quality scores than the automated ones in DCM, while an opposite trend was observed for HTN.


[image: Figure 7]
FIGURE 7. Distribution of the overall contour quality scores by different pathologies for manual (blue) and automated (orange) segmentation. DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; HTN, hypertension; IHD, ischaemic heart disease; EF, ejection fraction; LVNC, left ventricle non-compaction.





DISCUSSION

Overall, our results showed significant clinical acceptability of automated contours based on quality scores assigned by four clinicians. Furthermore, there was substantial agreement between the evaluators in assessing the quality of both segmentation methods. In particular, the scoring agreement was significantly better for automated segmentation. These findings confirm the accuracy of this automated segmentation method based on its clinical acceptability.

Importantly, our QC approach allowed identification of scenarios where segmentation quality differed. Analysis of the quality scores by contour type and SAX slice level revealed a significantly lower quality of the LV epicardial contours, particularly with manual segmentation. Similar results were observed for the basal and apical contours. Furthermore, the reduction in quality for basal contours was more pronounced with the automated method. The scoring analysis by pathology, instead, did not show significant differences in contour quality between the two methods, except for DCM and HTN. Such patterns of lower segmentation quality would thus be subjected to further manual changes.

Therefore, our results on a small but varied image dataset confirm the ability of this method to rapidly assess the clinical acceptance of automated contours without using quantitative comparative metrics, which rely on the availability of hight quality, thoroughly validated “ground truth” data.

Furthermore, our scoring system has proven to be reliable among clinicians with different level of experience. Finally, we have shown that a systematic scoring analysis allows the identification of the poorly segmented images that may need further manual correction.

This study confirms the importance of a quality-based assessment of automated segmentation that directly relates to the clinical practice and might supplement other comparative metrics, as described below.

In most comparative studies, the automated segmentation performance is typically assessed on labeled validation datasets, distinct from the datasets used to train the ML algorithm. The most common evaluation approach is based on comparing the predicted segmentation against a “ground truth” reference, usually represented by manual expert annotations.

Several quantitative parameters can be used to measure the agreement between manual and automated segmentation, each one presenting different properties and suitability for specific tasks (12). The most used metrics are those based on position, surfaces distance, and volumetric overlap. In particular, the Dice similarity coefficient (DSC) and the Hausdorff distance (HD) are considered the best measures for the geometric quantification of boundary similarities. The DSC is a common measure of region overlap and it is mostly used in validating volume segmentations and measuring repeatability (13, 22). The HD, instead, is a distance-based measure that take into consideration the spatial position of voxels or distance between contours (12). These properties make the HD more suitable to validate algorithm where the boundary of segmented region is important (23).

Although these quantitative measures capture the differences between manual and automated contours, they might not necessarily predict whether they are clinically plausible or not.

A qualitative analysis focused on the clinical utility of contours is therefore essential to ensure the reliability of the automatically computed results and thus their acceptability in the clinical workflow.

The most common way to assess the quality of segmentation is based on expert manual inspection. However, besides being strongly subjective, visual QC is a time-consuming task, and it might be unfeasible to perform on large datasets.

Automated QC techniques can address these issues, and promising results have been already described in the literature (24, 25).

Despite some advantages over visual QC process, most of these methods still require large and fully annotated training datasets to evaluate the ML models. However, this might be challenging in real life, as we can mostly rely on relatively small sets of accurately segmented reference images.

Several ML and deep learning methods that do not require fully annotated datasets have been used to evaluate automated segmentation and estimate quantitative metrics (26, 27).

For instance, Robinson and colleagues used reverse classification accuracy (RCA) to predict the per-case quality of automated segmentations using only a small set of reference images and contouring (28). The RCA method of predicting quality of ML outputs is based on the assumption that a test case that happens to match the distribution of reference training images will result in high quality prediction while out of distribution (OOD) test cases will result in low quality predictions. With this assumption, a classifier is trained on both in-distribution and OOD data to predict the performance of the segmentation algorithm. However, such classifier when used as a discriminator alongside a segmentation network (generator) can improve segmentation quality on OOD cases, which is a basis of generative adversarial networks (GANs). By coupling a generator with a descriminator, the segmentation head of the GAN could then outperform the RCA classifier. In short, if a classification network is trained to accurately predict the performance of a segmentation network – as was done with the RCA approach – it implies that the segmentation algorithm may not have been sufficiently trained or was trained on a limited dataset (compared to the classification network). This approach also does not guarantee the generalizability of the classification network to other OOD test cases that the RCA was not trained on, thus limiting its utility to yet another subset of data.

Unlike Robinson's method, our approach aims to assess the clinical acceptability of automatic contours rather than predicting the segmentation accuracy. Furthermore, our systematic scoring analysis enables identifying cases where the segmentation has failed based on clinicians' judgment. Only these selected images would thus require further manual operator corrections. This will save time in the review process. Besides, clinical assessment of automated contours can potentially be obtained more efficiently across multiple institutions using our contours quality scoring system.

Furthermore, unlike other QC methods described so far, our approach captures the clinical acceptance of automated segmentation in a blinded manner. The observer clinicians do not know whether the evaluated contours are manual or automated by the algorithm when scoring them. Indeed, knowing the source of segmentation could influence their clinical decision and potentially introduce bias. Having blinded observers can thus minimize the risk of such unintended bias in the qualitative assessment.

A blind manner approach to evaluate the quality of automated contouring was also used by Gooding et al. who proposed a framework based on the Turing Test method, also referred to as the “Imitation Game” (29). This approach assumes that the inability of an interrogator to distinguish the machine behavior from the human behavior may indicate a good machine performance (30). Based on these assumptions, the authors presented contours from different thoracic organs to eight blinded clinical observers, who were asked to determine whether they were automated or manually generated. The inability of observers to correctly identify the source of contours was considered an indicator that the predicted contours were acceptable or at least of the same quality as the human standard, indicating a reduced need for manual editing. Furthermore, they found that the misclassification rate better predicted the time saved for editing auto-contours than other standard quantitative metrics, such as the DSC value.

Although the Turing indistinguishability might be considered a surrogate measure of automated contouring performance (31), it does not necessarily predict their clinical acceptability. Our approach, instead, is based on the assumption that if automated contours are judged of good quality by blinded observer clinicians, then they might be considered clinically acceptable. Therefore, our QC framework allows an evaluation of automated method more relevant to clinical applications and independent from how much the ML algorithm can imitate human performance.

Finally, since our method of assessing automated segmentation is not based on extensive manual expert annotations but on contour quality scores easily obtainable from clinicians, it might be used for quality controlling large-scale imaging datasets such as the UKB Imaging Study.


Limitations

The dataset used for the scoring analysis was composed exclusively of good quality images. Therefore, although our method can be applied to real-life datasets with a similar level of image quality, care must be taken when generalizing such results to low-quality image datasets.

The manual segmentation and the quality assessment of all contours were performed by two different teams of clinicians, whose judgment was based on two different SOPs for post-processing analysis. Although this would account for some differences in the image interpretation, the scoring analysis by underlying pathology showed good agreement between the quality of automatic and manual contours in most cases. This suggests that the quality assessment was based on the clinical acceptability rather than the accuracy of the contour drawing and is more in line with a real-world clincal scenario. This indicates that our approach is suitable for QC analysis involving multiple centers with different institutional guidelines and clinicians with varying contour styles.

Although we did not assess the inter-observer variability between the NHCS operators for this specific study, an excellent inter-operator reproducibility of cardiac measurements was reported in a previous publication (14).

We did not evaluate the automated segmentation accuracy using quantitative metrics. Therefore, we could not study whether there was a correlation between quantitative metrics and clinical contour quality. However, that was beyond the scope of this paper. Our purpose was to present a method allowing a more clinically relevant evaluation of automated contouring, thus not based on the quantitative assessment of the ML algorithm.

We could not assess the intra-rater agreement across multiple instances in this study. However, the validated UKB standardized protocol used as a reference to grade contouring has produced good to excellent intra and inter-observer variability, as shown in a previous publication (18).

Finally, we did not assess whether factors like sex, age and patients' ethnicity could influence the contouring quality as data were fully anonymised. Future studies, perhaps on larger datasets integrating clinical and demographic information, might address this question.




CONCLUSION

There is a growing need for a quality-based evaluation of automated segmentation more relevant to clinical practice and supplementing other quantitative measures of ML performance. Our systematic scoring analysis allows assessing automated contouring based on their clinical acceptability by involving clinicians directly during the algorithm validation process. This approach focused on the contours clinical utility could ultimately improve clinicians' confidence in AI and its acceptability in the clinical workflow.
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Introduction: In patients with chronic coronary syndromes, hyperventilation followed by apnea has been shown to unmask myocardium susceptible to inducible deoxygenation. The aim of this study was to assess whether such a provoked response is co-localized with myocardial dysfunction.

Methods: A group of twenty-six CAD patients with a defined stenosis (quantitative coronary angiography > 50%) underwent a cardiovascular magnetic resonance (CMR) exam prior to revascularization. Healthy volunteers older than 50 years served as controls (n = 12). Participants hyperventilated for 60s followed by brief apnea. Oxygenation-sensitive images were analyzed for changes in myocardial oxygenation and strain.

Results: In healthy subjects, hyperventilation resulted in global myocardial deoxygenation (-10.2 ± 8.2%, p < 0.001) and augmented peak circumferential systolic strain (-3.3 ± 1.6%, p < 0.001). At the end of apnea, myocardial signal intensity had increased (+9.1 ± 5.3%, p < 0.001) and strain had normalized to baseline. CAD patients had a similar global oxygenation response to hyperventilation (−5.8 ± 9.6%, p = 0.085) but showed no change in peak strain from their resting state (-1.3 ± 1.6%), which was significantly attenuated in comparison the strain response observed in controls (p = 0.008). With apnea, the CAD patients showed an attenuated global oxygenation response to apnea compared to controls (+2.7 ± 6.2%, p < 0.001). This was accompanied by a significant depression of peak strain (3.0 ± 1.7%, p < 0.001), which also differed from the control response (p = 0.025). Regional analysis demonstrated that post-stenotic myocardium was most susceptible to de-oxygenation and systolic strain abnormalities during respiratory maneuvers. CMR measures at rest were unable to discriminate post-stenotic territory (p > 0.05), yet this was significant for both myocardial oxygenation [area under the curve (AUC): 0.88, p > 0.001] and peak strain (AUC: 0.73, p = 0.023) measured with apnea. A combined analysis of myocardial oxygenation and peak strain resulted in an incrementally higher AUC of 0.91, p < 0.001 than strain alone.

Conclusion: In myocardium of patients with chronic coronary syndromes and primarily intermediate coronary stenoses, cine oxygenation-sensitive CMR can identify an impaired vascular and functional response to a vasoactive breathing maneuver stimulus indicative of inducible ischemia.

Keywords: coronary artery disease, oxygenation-sensitive imaging, cardiovascular magnetic resonance, feature tracking (CMR-FT), strain, breathing maneuver


INTRODUCTION

Coronary artery disease (CAD) can be classified into subcategories of acute coronary syndromes (ACS) and chronic coronary syndromes (CCS) (1). CCS encompasses a range of clinical scenarios and can include but are not limited to patients who have stable symptoms following revascularization and patients where an obstructive coronary stenosis was observed during screening. In these patients, symptoms and myocardial abnormalities may not be apparent during resting conditions as there may not be a mismatch of oxygen supply to demand. This may rapidly change when the heart is exposed to stressors or vasoactive stimuli that tips this oxygen supply-demand balance. This can induce a cascade of changes in the myocardium including a reduction in tissue perfusion and oxygenation balance, and subsequent diastolic and systolic dysfunction (2, 3). Multiple non-invasive imaging techniques can assess patients at various stages in this cascade (4), and with new developments in cardiovascular magnetic resonance (CMR) there is potential to investigate the triggered change in both myocardial tissue and functional measures associated with inducible ischemia in CCS.


Oxygenation-Sensitive Cardiovascular Magnetic Resonance

Non-invasive imaging of myocardial ischemia is a rapidly developing field, with a significant expansion in the variety of imaging techniques available to investigate changes in the myocardial tissue perfusion and oxygenation. A concomitant deoxygenation response has been demonstrated using Oxygenation-Sensitive (OS)-CMR (5). OS-CMR does not rely on gadolinium contrast but uses deoxyhemoglobin as an endogenous contrast agent, based on its paramagnetic molecular properties (6). The resulting local magnetic field inhomogeneities cause a loss of regional signal intensity (SI) in CMR images acquired using OS sequences (7–10). In contrast, oxygenated hemoglobin is diamagnetic and leads to weak field stabilization, which does not change SI. Thus, OS-CMR offers an attractive option for non-invasive detection and localization of regional myocardial deoxygenation without the use of exogenous contrast. While OS-CMR can indicate oxygen supply-and-demand mismatch, inducible ischemia is the sequela. Therefore, an additional measure of ventricular dysfunction would be beneficial.



Assessing Regional Myocardial Function With CMR Feature Tracking

Regional analysis of myocardial strain using CMR feature tracking (FT) is a more recent technique to assess myocardial function. Myocardial strain provides insight into contractile and lusitropic function in which feature tracking techniques follow the relative movement of unique features in the image throughout the cardiac cycle in the longitudinal, circumferential and radial axis. Post-processing software allows for quantification of multiple systolic and diastolic deformation parameters, such as peak systolic strain (PS), time to PS (TTP), and myocardial diastolic strain rate (dSR). The association of changes of OS-CMR-derived myocardial oxygenation with regional myocardial function has not been studied so far in cardiovascular patients. In swine, this combined analysis was performed and FT measurements from OS images were shown to be linked with myocardial deoxygenation at low perfusion pressures (11). With the use of FT software, the OS cines used for oxygenation analysis can be simultaneously interrogated to assess strain parameters.



Breathing Maneuvers for Provocation of an Endogenous Coronary Vasomotor Response

Pharmacological agents such as adenosine or regadenoson are often used diagnostically to test coronary vasoreactivity. Yet the heart has natural feedback loops to respond to non-pharmacological stimuli as well as exercise, sympathetic function testing (i.e., cold pressor test), and changes in breathing patterns. The mechanisms of hyperventilation and apnea on myocardial oxygenation balance are not fully understood, but a key regulatory pathway appears to be through local blood carbon dioxide (CO2) partial pressures. Hyperventilation induces hypocapnia, which is known to be a potent coronary vasoconstrictor. Apnea has an opposing effect increasing CO2 and this subsequent hypercapnia induces significant vasodilation in healthy coronary vessels (12, 13). This has been demonstrated using inhaled gas mixtures (14, 15) and paced intentional breathing maneuvers (12, 16). Hypercapnic coronary vasodilation has been described since 1970, and it has been hypothesized that hypercapnia could induce inter-coronary flow redistributions that may result in a steal phenomenon in CAD patients (13). Meanwhile, this assumption has been verified by Fischer et al. (12) using OS-CMR in an animal model of acute coronary stenosis. However, the effect on myocardial contractile function is unknown.

This study aimed to investigate the association of provoked dynamic myocardial oxygenation changes, as measured using OS-CMR, with regional myocardial strain in healthy subjects and patients with well-defined CCS.




MATERIALS AND METHODS


Study Population

The study protocol was approved by the ethics board of the Canton of Bern and complies with the ethical guidelines of the 1975 Declaration of Helsinki. A total of twenty-six patients with a diagnosis of CAD and twelve healthy volunteers in a comparable age-range (50–70 years) were included. Seventeen (45%) of the participants had been included in previous publications (17, 18). All participants had given their written informed consent prior to enrolment into the study. The patients were recruited for their CMR in the time interval between their initial coronary computed tomography or invasive coronary angiography visit (>3 weeks) and their subsequent admission for revascularization. From these diagnostic exams the presence of obstructive CAD was verified and patients were included if at least one untreated major epicardial coronary artery with more than 50% stenosis by quantitative coronary angiography (QCA) was present during the CMR scan, together with at least one patent epicardial vessel. Exclusion criteria included general contraindications to CMR, pregnancy, pre-existing coronary bypass grafts, severe pulmonary disease, and any unstable medical condition. Moreover, patients with a ST-elevation myocardial infarction (STEMI) as reason for the initial angiography were not included in this analysis. Healthy subjects were required to be between the ages of 50–70 years, be non-smokers for the past 6 months and to be without a history of cardiopulmonary disease or pertinent medication. Participants were also asked to abstain from caffeine-rich intake for twelve hours prior to the CMR exam.



CMR Protocol

All participants underwent a contrast-free exam in a 3T MRI scanner (MAGNETOM Skyra™ or Prisma™, Siemens Healthineers, Erlangen, Germany). A short-axis stack along with two long-axis images were obtained for the analysis of baseline ventricular function parameters. Additionally, native T1 and T2 maps were acquired in a basal and mid-ventricular slice. OS-CMR cines were obtained in these same slice positions. Under resting conditions, a baseline OS cine was acquired during a brief (5–8 s) breath-hold. Participants were then instructed to hyperventilate for 60 s (30 breaths/min paced by a metronome), and immediately following hyperventilation, to maintain apnea at a comfortable exhalation level. Throughout the entire duration of this apneic period, OS-cines were acquired continuously until participants indicated their need to resume breathing (Figure 1).


[image: Figure 1]
FIGURE 1. Study methods. From the angiography images, quantitative coronary angiography was used to calculate the diameters stenosis of all coronary territories and the myocardial segments were categorized as post-stenotic, reperfused or remote territory based on the individual coronary anatomy. A contrast-free CMR exam was performed at least 3 weeks after the index angiography. Common functional and tissue characterization sequences were acquired at rest, and an oxygenation-sensitive (OS)-cine was acquired repetitively during a breathing maneuver stimulus. From the OS-cine both signal intensity changes indicating the myocardial oxygenation response and feature tracking (FT) strain parameters were measured for the global myocardium, and per myocardial segment.




CMR Sequence Parameters

All images were obtained at an end-expiratory breath-hold. OS-CMR images were obtained with an ECG-triggered balanced steady-state free precession sequence (TR/TE 3.4/1.70 ms, temporal resolution 40.7 ms, flip angle 35°, voxel size 2.0 x 2.0 x 10.0 mm, matrix 192 x 120, bandwidth 1302 Hz/Px). Standard cine images were acquired with a standard gated balanced steady-state free precession cine sequence (TR/TE 3.3/1.43 ms, 25 cardiac phases, flip angle 65°, voxel size 1.6 x 1.6 x 6.0 mm, matrix 192 x 120, bandwidth 962 Hz/Px). T2 maps were generated after acquiring three single-shot gradient echo images (TE 1.32 ms, flip angle = 12°; voxel size 1.9 x 1.9 x 8.0 mm, bandwidth 1184 Hz/Px with T2 preparation times of 0, 30, and 55 ms). A 5(3)3-modified Look-Locker sequence was used for T1 mapping, (TR/TE 281/1.12 ms, flip angle 35°, voxel size 1.4 x 1.4 x 8.0 mm, bandwidth 1085 Hz/Px).



CMR Image Analysis

All analysis was blinded and conducted with cmr42 (Circle CVI, Calgary, Canada). To analyse clinical CMR measures at rest, T1 and T2 maps were quantified, and left-ventricular function and feature tracking strain analysis at rest was performed on the full short axis (SAX) stack cines. For the analysis of images acquired during the breathing maneuver stimulus, the relative changes of OS signal intensity (SI) in end-systolic frames, and myocardial strain as measured by CMR-FT were acquired from the same OS cines. For CMR-FT analysis, each cardiac cycle was assessed for circumferential peak strain (PS), time to PS (TTP), and peak early diastolic strain rate (dSR). Measurements for the radial orientation are provided in the supplement. All parameters were determined and reported for global measurements and for the American Heart Association segment model.



Coronary Angiography Analysis

Independent readers analyzed the angiography images to quantify the percent diameter of the stenosis. Afterwards to allocate the coronary angiogram findings to the regional CMR analysis, the angiography readers classified each myocardial segment into one of three categories based on the individual coronary anatomy: (1) territories subtended to a current stenosis (QCA > 50%; post-stenotic) that had no previous reperfusion treatment, (2) territories revascularized at the initial angiography by coronary stenting (reperfused), or (3) territories perfused by a patent native coronary artery (remote). This allocation was primarily based on the classical perfusion territories (19), with the impact on basal, mid and apex slices determined by the proximal hierarchy of the lesions. A figure detailing this allocation protocol can be visualized in the publication by Fischer et al. (20). The angiographic readers then adjusted the territory classification based on individual coronary anatomy and dominance (17). The segmental CMR values then were averaged according to the angiography classification.



Statistical Analysis

Continuous data are reported as mean ± standard deviation (SD), categorical data as frequency and percentage. Statistical analysis compared datasets acquired at three time points: at rest, immediately post-hyperventilation, and closest to 30 s of apnea. Myocardial oxygenation response to hyperventilation is given as percent change of OS-SI relative to the image at resting conditions. For the apnea-provoked response at 30 s, the first image acquired during full breath-hold was used as reference. Strain parameters are reported as Δ-change. First, the global myocardial response was compared between participant groups using a linear regression model accounting for sex and age as covariates. Strain data from the three time points were compared within-group only, in order to assess whether strain changed globally, or within the respective territory during the breathing maneuvers. Here, a mixed-effects model was used, accounting for repeated measures and with Tukey's post-hoc analysis if applicable. Thereafter, both strain (Δ) and myocardial oxygenation responses (%) were compared for each breathing maneuver step. Pearson's correlation coefficients were used to investigate the association of strain and OS-SI with mapping values.

Receiver operating characteristic curves (ROC) were used to calculate the discriminating ability of imaging parameters for the detection of post-stenotic myocardium defined by angiography. This was performed first for traditional CMR measures acquired at rest including T1 and T2 mapping, ejection fraction, and circumferential peak strain (PSSAXStack). ROC curves were then created for both the myocardial oxygenation response and the CMR-FT measured from the OS cine at the end of apnea. A curve combining both features at the end of the stimulus was created using binary logistic regression. Area under the curve (AUC) between correlated curves was compared using the Hanley and McNeil test.

For validation purposes, global and regional strain measurements from all the resting OS cines of the CAD patients (n = 25) were compared to strain measurements of the function stack cines using a two-way mixed intra-class correlation (ICC) for absolute agreement. ICC was further calculated for inter-observer agreement with a second blinded reader (n = 25). Statistical analyses were performed with GraphPad Prism version 9.0 (GraphPad Software, La Jolla California USA) and R software (version 3.5.0, R Foundation for Statistical Computing, Vienna, Austria). Results were considered statistically significant at a two-tailed value p < 0.05.




RESULTS


Data Inclusion

One patient was excluded from analysis due to poor triggering in the CMR images. Specifically for the OS cine, FT and OS data was available from all the remaining 25 patients, and regionally 92% of the segments could be analyzed for peak strain and time to peak strain, with all exclusions due to poor plane position and no individual segments excluded for tracking issues. Diastolic strain rate could be acquired in 81% of segments, and myocardial oxygenation in 92%.



Participant Characteristics

Baseline characteristics are provided in Table 1. All patients had at least one stenosed coronary vessel with QCA > 50%, with an average diameter stenosis of 67 ± 16%. In the CAD patients, a significant lesion was either in the proximal (68%) or mid (32%) portion of the relevant coronary artery (Table 2). As a result, when translating to the AHA segmentation for the CMR images, all patients had at least one segment in the mid-slice classified as post-stenotic territory, with a median of 5.0 [3.5–6.0] of the 16 myocardial AHA segments defined as post-stenotic when considering the entire ventricle. A PCI procedure was performed during the initial visit in 20 patients (80%).


Table 1. Patient characteristics.
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Table 2. Coronary angiography.

[image: Table 2]

Standard left ventricular function measures of ejection fraction (63 ± 5 vs. 62 ± 10%, p = 0.965) and cardiac index (3.1 ± 0.7 vs. 2.9 ± 0.8 L/min/m2, p = 0.745) acquired at resting conditions did not differ between controls and patients. Nor did global peak circumferential strain acquired from the standard short axis stack differ between the groups (PSSAXStack−19.3 ± 1.9 vs.−20.4 ± 3.6 %, p = 0.279). Similarly, there was no difference in the tissue characterization in global native T1 (1209 ± 41 vs. 1228 ± 51 ms, p = 0.055) and T2 mapping (39.2 ± 1.8 vs. 39.6 ± 2.4 ms, p = 0.642) between groups. Nor were there regional differences between post-stenotic, reperfused and remote territory for either native T1 (1229 ± 53, 1222 ± 66, and 1223 ± 52 ms, p = 0.857) or T2 (40.4 ± 3.5, 39.3 ± 1.9, and 39.4 ± 2.9 ms, respectively, p = 0.654).



Validation of Strain Analysis From ECG-Triggered OS Cines

For global and post-stenotic myocardium strain results from OS cines there was moderate to good intra-class correlation with results derived from the function stack for both global and territorial measurements (n = 25, Supplementary Table 1). Global PS showed best agreement (ICC: 0.900, p < 0.001) between sequence types. The ICC for inter-observer agreement for PS from the OS cines was excellent at 0.907 (p < 0.001, n = 25).



Response to Breathing Maneuvers in Healthy Subjects

Myocardial oxygenation response in healthy subjects was characterized by a reduction of myocardial SI after 60 s of hyperventilation (-10.2 ± 8.3%) and an increase (+9.1 ± 5.3%) after 30 s of apnea. At the end of hyperventilation, PS was significantly augmented compared to baseline (Figure 2). This was accompanied by a shortening of TTP and acceleration of dSR. These changes returned to baseline during apnea (Figure 3A, Supplementary Figures 1A, 2). The findings for when TTP was additionally corrected for heart-rate are shown in Supplementary Figure 3, Figure 3A shows a homogenous oxygenation and strain response of a healthy subject.


[image: Figure 2]
FIGURE 2. Response of circumferential strain parameters to breathing maneuvers. Data are mean (±95%CI) changes of global peak strain, time to peak strain and early diastolic strain rate (dSR) after hyperventilation (HV) and apnea. Global myocardial changes are shown on the top row for healthy controls (black) and coronary artery disease CAD patients (gray), and for angiography defined myocardial territories on the bottom. *p < 0.05 from the previous step, [image: yes]p < 0.05 at rest vs. apnea.
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FIGURE 3. Circumferential strain curve at the different breathing maneuver steps. Circumferential strain during the cardiac cycle for three subjects. In the healthy control participant (A), hyperventilation (HV, orange) improved peak strain (PS), seen by the more negative values, and shortened time to peak strain (TTP) in comparison to resting conditions (white). Both normalized with apnea (red). The dotted line denotes the level of 1 SD below mean PS of control subjects at rest (-16.5%). Values lower than−16.5% were regarded as normal peak circumferential shortening in strain. Patient 1: All three territories had normal PS at rest. HV improved PS without altering TTP. In remote myocardium (B) PS was not attenuated beyond−16.5% and TTP remained unchanged during apnea. In post-stenotic territory regional T1 was 1153ms and T2 was elevated at 45.2ms. Here apnea aggravated PS more severely to a subnormal level (C) and prolonged TTP. The increase in TTP was representative for post-stenotic myocardium in CAD. Reperfused territory experienced stable TTP and less apnea-induced attenuation of PS, still being in the normal range (D). In the reperfused segments normal native T1 (1120ms) and slightly increased T2 (42.2ms) were found in this patient 33 days after NSTEMI. Patient 2: PS in remote territory remained relatively unaffected by the breathing maneuver (E). In post-stenotic (F) territories PS was abnormal already at rest and also during provocation. In contrast to the majority of patients, here apnea even provoked severe systolic function in the post-stenotic segments (T1, 1273 ms; T2, 35.9 ms). In territories reperfused 36 days after an NSTEMI (G), PS was borderline with no attenuation due to the breathing maneuvers (T1, 1252 ms; T2, 36.5 ms).




Global Response in CAD Patients

In response to hyperventilation, CAD patients showed a global myocardial OS-SI response of −5.8 ± 9.6 % (p = 0.085 vs. controls), and in response to apnea a smaller global OS-SI increase (+2.7 ± 4.8 %, p < 0.001 vs. controls), when compared to healthy controls. Moreover, this attenuated global response was correlated with increasing T1 (r = −0.45, p = 0.002, Supplementary Table 3). Strain analysis of CAD patients demonstrated an attenuated hyperventilation-induced change of global PS (Figure 2) in comparison to healthy controls (Δ-1.3 ± 1.6 vs.−3.3 ± 1.6 %, p = 0.008). By 30 s of subsequent apnea, PS had significantly worsened beyond values at rest (p < 0.001). This peak strain response during apnea was also significantly attenuated in comparison to controls (Figure 2, p = 0.025). Global TTP of patients did not respond significantly to hyperventilation, in contrast to TTP of healthy controls. Apnea however prolonged global TTP in patients (p = 0.002). Global early dSR was attenuated both during hyperventilation and during apnea in CAD patients (p = 0.014 and p = 0.012, respectively). Radial strain data are given in Supplementary Figure 2, Supplementary Table 2. With the breathing maneuver stimulus patients reported the onset of minor adverse effects such as dizziness, dry mouth and tingling in the digits that dissipated upon termination of the maneuver. No patients reported any angina or significant discomfort.



Regional Myocardial Oxygenation and Function in CAD Patients

Hyperventilation did not induce oxygenation differences between post-stenotic (-5.5 ± 10.5 %), remote myocardium (-7.1 ± 11.3%) and reperfused territories (-3.3 ± 8.4%, p = 0.350). The subsequent apnea consistently provoked regional oxygenation heterogeneities in post-stenotic (+1.6 ± 3.9%, p = 0.004) and reperfused territories 1.3 ± 6.0%; p = 0.024) compared to the response in remote territories (+4.9 ± 5.7%). Strain and myocardial oxygenation responses of territories and provocation maneuvers steps are detailed in Supplementary Table 2 and depicted in Figures 2–5. All territories exhibited attenuated PS during apnea when compared to post-hyperventilation (Figure 1, p < 0.05), while post-stenotic myocardium was the only territory to have a further reduction in strain with apnea beyond baseline (p = 0.004). Similarly, post-stenotic myocardium was the only territory to have a significantly prolonged TTP (rest: 319 ± 46, hyperventilation: 324 ± 59, apnea: 343 ± 58, p = 0.022 vs. rest). This can also be seen in Supplementary Table 2. Remote myocardium showed significantly shortened TTP after hyperventilation (p = 0.008) with recovery to baseline during apnea (p < 0.001), which was comparable to the respective global response of healthy controls, while no response in TTP was observed in reperfused myocardium. There were no significant territorial changes or differences in dSR. Medications taken by the patients such as beta-blockers did not have a statistical impact on the post-stenotic myocardial oxygenation response or on the strain parameters measured during hyperventilation or apnea (Supplementary Figure 4).
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FIGURE 4. Ventricular dysfunction and myocardial deoxygenation induced by apnea. (A) In a healthy control, hyperventilation (HV) augmented peak strain (PS) homogenously to more negative values. This was accompanied by a HV-induced decrease in OS-SI (blue), followed by an increase of oxygenation (green-yellow) with apnea and normalization of (PS), which is the physiologic response to the breathing maneuver sequence. (B) In a patient (Figure 2, patient 1) with an RCA stenosis (QCA 54%) and a stented LAD, a normal PS was observed in the myocardium at rest. Hyperventilation induced a mild peak strain abnormality in the inferior wall that worsened in apnea (yellow, arrow). This functional reduction was colocalized with apnea-induced regional deoxygenation in post-stenotic myocardium (blue-purple). There was no increased native T1 found in this patient.
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FIGURE 5. Circumferential strain over the cardiac cycle. In a patient with a full occlusion of the right coronary artery partially compensated for by collaterals, deoxygenation occurs in the inferoseptal, inferior and lateral myocardial segments in response to brief intentional apnea seen with OS-CMR (upper left panel, mid-ventricular short axis slice, blue indicating oxygenation deficits, while green shows a normal response). This is accompanied by impaired peak strain (PS, yellow-orange) of the very same segments during apnea (lower left panel, circumferential strain CMR-FT analysis), while remote healthy myocardial segments display a normal physiologic response. The right panel shows strain over the cardiac cycle averaged for the post-stenotic and remote territories defined by the angiography analysis. While remote myocardium at apnea slightly increased (PS) beyond the resting baseline, the angiographically defined post-stenotic myocardium in the inferoseptal and inferior wall showed an averaged pronounced attenuation of PS represented by less negative strain values indicating aggravating severe hypokinesia to regional dyskinesia (seen also in the left lower panel) of these segments triggered by myocardial deoxygenation during apnea. This patient did not have any reperfused territory. Both native T1 (1381 ms) and T2 (44.2 ms) mapping were elevated in the post-stenotic territory.




Resting vs. Post-stimulatory Discrimination of Post-stenotic Territory

The ROC analysis in Figure 6 shows, that both tissue characterization and functional CMR measurements acquired in normal resting conditions were not able to discriminate post-stenotic territory (p > 0.05). For CMR measures obtained with the breathing maneuver stimulus, both OS-CMR (AUC: 0.88, SE: 0.06, p < 0.001) and PS measured from the OS-cine (AUC: 0.73, SE: 0.09, p = 0.023) were able to individually detect post-stenotic territories at the end of apnea. The combination of the two measures of OS-CMR and PS yielded an AUC of 0.91 (SE: 0.04, p < 0.001) and was significantly better at defining post-stenotic territories than the post-apneic PS measurement alone (p = 0.036).


[image: Figure 6]
FIGURE 6. Combined oxygenation-sensitive and feature tracking analysis improves determination of post-stenotic myocardium. Receiver operating characteristic curves are shown for the CMR parameters at resting conditions (top) for both tissue characterization sequences (blue) and functional measurements (red). The bottom row depicts the oxygenation-sensitive (OS) response after 30s of apnea, and the feature tracking peak strain (OS) measurements acquired from the same image, along with a combined predicted curve combining both tissue and functional measures. AUC, Area under the curve (standard error).





DISCUSSION

The major finding of this study is that in patients with chronic coronary syndromes and primarily intermediate coronary stenoses, regional impairment of myocardial kinetics provoked by voluntary breathing maneuvers is detected by feature tracking strain analysis on oxygenation-sensitive (OS) cine acquisitions. Moreover, myocardial oxygenation is compromised in these same territories, with the combined analysis of tissue and wall function improving the detection of post-stenotic myocardium. In fact, this could only be differentiated with the breathing maneuver as traditional contrast-free tissue and functional measures at rest were unable to discriminate post-stenotic myocardium of primarily intermediate-grade stenoses from healthy controls with similar age. These measurements of myocardial oxygenation and strain can be simultaneously obtained from the same set of OS cines, ensuring both measurements are of the same territory and represent the same timepoint during the breathing maneuver provocation stimulus.


Oxygenation and Strain Response to Hyperventilation

As previously reported, healthy participants respond to hyperventilation with decreasing myocardial oxygenation, and to apnea with increased tissue oxygenation (16, 17, 21). Although not completely understood, multiple mechanisms can simultaneously occur during breathing maneuvers that lead to this physiologic response with a key pathway likely driven by hypocapnic vasoconstriction and hypercapnic vasodilation of coronary vasculature (13, 16). The increase in heart rate which accompanies hypocapnic vasoconstriction can further increase oxygen consumption and promote deoxygenation (12, 22, 23). Enhanced contractility and heart rate acceleration from sympathetic stimulation can lead to the increase of PS and shortening of TTP observed in healthy subjects (24). For this combined breathing maneuver technique, hyperventilation primarily serves as the preparatory phase to induce a state of hypocapnia, which will result in a greater range of CO2 manipulation to be observed with the apnea and also allow the patient to maintain a longer breath-hold. The second phase of the combined breathing maneuver, the apnea component, is the focus of the analysis where oxygenation and functional deficits are more consistently revealed.



Oxygenation and Strain Response to Apnea

During apnea arterial carbon dioxide partial pressure rises and heart rate slows, promoting vasodilation and enhancing myocardial oxygenation in healthy myocardium (12, 16). As even breath-holds as short as 10–15 s have been reported to lead to a detectible myocardial and cerebral hyperemic response (17, 25). A combined function of the respiratory, cardiac parasympathetic and vasomotor centers likely play a supporting role in improving myocardial perfusion (26). In healthy participants post-hyperventilation apnea was accompanied by luxury myocardial oxygenation and return of all strain parameters to resting values. However, in our patient group, a detailed regional analysis showed that these patients exhibited heterogenous territorial responses of both myocardial oxygenation and strain indicating that respiratory provocation maneuvers act differently on remote, reperfused and post-stenotic myocardium. Specifically, myocardial deoxygenation developed in the post-stenotic segments during apnea. Coronary arteries affected by a fixed epicardial stenosis exhibit a post-stenotic compensatory vasodilation, exploiting the vasodilatory range. Post-stenotic blood flow becomes pressure dependent and vasodilating stimuli such adenosine or apnea cannot increase blood flow further, which results in an attenuated or blunted increase in SI in OS-CMR sequences (5). In the presence of compensatory post-stenotic dilation and high reported post-stenotic pCO2 levels in CAD patients, the post-stenotic vasculature cannot dilate further and the observed regional heterogeneity may be further explained by redistribution of blood flow and possibly inter-coronary steal away from territory distal to a fixed stenosis, which may lead to a net decrease in OS-SI (12, 17, 27).

Importantly, myocardial deoxygenation does not reflect ischemia per se. As long as oxygen supply exceeds myocardial demand, the observed deoxygenation only delineates myocardium at risk for ischemia (28). If the oxygen demand is not matched by the supply, ischemia and myocardial dysfunction are the consequence. The worsened myocardial kinetics in post-stenotic myocardium in the CAD group occurred in the same myocardial tissue that desaturated during the breathing maneuver, hinting to early ischemic sequelae. Post-stenotic myocardium showed an increase of mean TTP along with attenuated peak strain from baseline to apnea, which may be explained by an increasingly compromised myocardial oxygenation. This was not seen in remote or reperfused territories. During isovolumetric contraction, pressure in the LV cavity increases when segments with sufficient oxygen supply contract in synchronized fashion (24, 29). Segments with compromised myocardial oxygenation are prone to delayed contraction after opening of the aortic valve compared to unaffected segments. This is known as post-systolic shortening, indicated by heterogenous TTP between segments, which has a high sensitivity to ischemia (30, 31).



Diastolic Function

Strain assessments can also provide details on diastolic dysfunction, which is an early harbinger of ischemia, preceding systolic dysfunction, electrocardiogram abnormalities and other ischemic sequelae (32). Early peak diastolic strain rate (dSR) at CMR-FT reports the deformation rate during the active, energy dependent part of ventricular relaxation (33). Accordingly, step-wise global deceleration of early diastolic strain across the breathing maneuvers was observed, and this was associated with increased T2 burden. Edema is also linked with ventricular stiffness and when myocardial edema aggravates, the rise of interstitial pressure reduces ventricular chamber compliance (34, 35). While T2 is not often chronically elevated, edema at the time of CO2 challenges may predispose cardiac patients to diastolic dysfunction. However, the use of regional diastolic strain rate by FT is limited and still developing, as observed by the variation observed in Figure 2.



Imaging the Different Features of the Ischemic Sequalae

The onset of acute cardiac ischemia is a well described progression of abnormal cardiovascular features (2). The order of these features has often been described as a constellation or cascade, in which after the onset of a negative imbalance in myocardial oxygen supply and demand, myocardial perfusion abnormalities are observed early in the cascade, followed by ventricular diastolic and systolic dysfunction, before culminating in electrocardiogram abnormalities and symptoms of myocardial ischemia (3, 36). In an animal study, the spatiotemporal difference observed between perfusion deficits and ventricular dysfunction varied between the subjects based on the degree of disease (37). This variation highlights the importance of using imaging to target multiple stages of this cascade to detect the onset of ischemia in the early stages. In our findings, the presence of diastolic and systolic dysfunction as early sequelae of flow maldistributions in relation to our measured decreases in myocardial oxygenation is suggestive that our breathing maneuver may have triggered inducible ischemia. The fact that short breathing maneuver challenges can trigger this ischemic sequelae may be of concern to situations where the heart is under stress. This may occur if these patients undergo exertion, or during other medical procedures that expose a patient to multiple stimuli. An example may be during general anesthesia, which is an environment where fluctuations in blood gases and respiratory rates frequently occur in combination with other stimuli. Consequently, these CCS patients could be at risk of peri-operative induced ischemia, despite normal resting function.



Diagnostic Potential

While in echocardiography myocardial strain analysis is already firmly established, studies reporting diagnostic and prognostic potential of resting strain measurements from CMR imaging are emerging (38–41). Strain analysis from either modality is useful to identify subtle deficiencies in regional contractile function prior to decreases in left ventricular stroke volume. Reduced myocardial strain emerged as a superior predictor of adverse outcome from myocardial infarction when compared to cardiac output data (39). Strain can be an early marker as impaired contractility in small regions may not necessarily result in globally reduced ejection fraction as long as a sufficient mass of unaffected myocardium can compensate. However, in this cohort with CCS and often intermediate angiographically defined lesions, there was no difference between groups in CMR-FT acquired from the typical short-axis stack at resting conditions, nor could it discriminate post-stenotic territory. In line with strain, other contrast-free CMR measures acquired at rest including ejection fraction and the tissue characterization sequences of T1 and T2 also did not differentiate post-stenotic territory in this small sample.

In particular for investigating ischemia, stress exams are implemented to provoke inducible ischemia. This has been performed frequently with echocardiography based strain measurements, commonly using pharmacological stimuli such as dobutamine or dipyridamole (42). CMR-FT has already demonstrated its usefulness in the detection of CAD during dobutamine stress (43). More recently, Romano et al. (44) used blunted responses of feature tracking longitudinal strain to a vasodilator stress as an independent predictor of major adverse cardiac events in patients with CAD incremental to traditional clinical risk factors or imaging results such as ejection fraction and late gadolinium enhancement. CMR is beneficial as it also investigates myocardial tissue features and vascular function. First pass perfusion scans (5) and native T1 stress mapping both show perfusion deficits under vasodilator stress (45). However, there is a significant proportion of patients with contraindications against contrast agents and vasodilating agents. Similar to native T1 mapping and strain imaging, OS-CMR does not rely on contrast agents. Previous studies have used OS-CMR together with adenosine as a vasodilator stress (5, 46), but non-pharmacological approaches such as inhalation of CO2 and breathing maneuvers have been proposed as alternative vasodilator stimuli (14–16).

Provocation testing of strain parameters with simple breathing maneuvers may be another perspective for early non-invasive diagnostics, even by employing echocardiography as the more widely available imaging modality. As shown by Ochs et al. (47) by implementing strain encoded MR imaging after the same combined breathing maneuver, this group was able to detect coronary stenosis with an even higher diagnostic accuracy than adenosine-based perfusion imaging. This supports our findings about the functional impact of hyperventilation and apnea in a coronary artery disease population. Each approach has its advantages. Although strain encoded imaging is an acquisition-based technique requiring special images to be acquired during the exam, it can have a higher reproducibility than feature tracking based measurements (48). Recent publications have demonstrated that CMR-FT has a high reproducibility between readers in a patient cohort, especially for circumferential parameters in comparison to longitudinal markers (49). As mentioned above, the key advantage of our technique is the ability to use CMR-FT post-processing software to simultaneously acquire myocardial oxygenation and deformation information. In Figure 6, it can be observed that the combination of oxygenation-sensitive imaging on top of CMR-FT, increased the area under the curve for detecting post-stenotic territory over CMR-FT alone. However, to image this dynamic change in myocardial function rapid acquisition was required and consequently only two short-axis views were acquired, and long-axis views were not available. In the future it would be wise to apply this technique to investigate longitudinal strain as well, as ischemia is likely to first arise in the subendocardium. Since this myocardial layer is composed primarily of longitudinal fibers, longitudinal strain may have the potential to detect inducible ischemia even earlier. Future work needs to confirm the diagnostic utility of these techniques for non-pharmacologic and endogenous stress testing. Further work can investigate the comparison between strain response of orientations. Importantly, the circumferential strain analysis allows a better matching to the tissue characterization sequences often acquired in a short-axis view.



Limitations

As this was a contrast-free exam, our study is limited by the lack of late gadolinium enhancement (LGE) and extracellular volume mapping (ECV). Thus, the presence or absence of scar cannot be confirmed in this cohort, nor can the impact of scar on the strain response to breathing maneuvers be determined at this point. In patients with myocardial infarction, resting strain has been reported to be related to the extent of LGE (39). However, in a heart failure cohort without infarct patients, there was no association of resting strain with LGE, rather a correlation to T2 mapping and the OS response with apnea (50). This will have to be investigated in the future to determine if infarcted territory impacts both resting strain, and the dynamic response to a stimulus. Of note, there was no significant difference in native T1 or T2 between the allocated territories in our cohort. The role of native T1 and CMR-FT may help in the development of contrast free protocols (45, 47, 51). Our model did not take the hemodynamic significance of a stenosis and its possible collateralization into account. Our enrolment procedures were based on anatomical measures, as it was a marker available for all patients and is a measurement that is not limited by complex and serial lesions. FFR measurements to address this issue were not available for this study, and it would be important in the future to investigate the heterogeneity in strain responses in relation to the hemodynamic significance of the stenosis. This study had a small sample size, and utility of this technique needs to be validated in larger cohorts, in single and multi-vessel disease, and with a greater range of degrees of stenoses.

The fact that majority of the enrolled CAD patients were under chronic medication with beta-blockers and ACE inhibitors could confound the heart rate increase, oxygenation and strain response observed in the patient group. In this population, patient medications were not statistically associated with the oxygenation or strain results during hyperventilation or apnea. Pharmacological beta-blockade would not explain or confound the inter-territorial differences seen within our CAD patient cohort. Similar to our findings, it has been demonstrated that beta-blocker therapy did not impact myocardial perfusion imaging with adenosine (52), or the heart rate response to hyperventilation (23). Nevertheless, little is known about the effect of beta-blockers and breathing maneuvers on myocardial strain and oxygenation in larger samples.




CONCLUSION

In myocardium subtended to an anatomically defined intermediate-grade coronary stenosis of patients with chronic coronary syndromes, an oxygenation-sensitive (OS)-CMR cine acquisition during a breathing maneuver can simultaneously unmask an impaired vascular and functional response. The detection of post-stenotic myocardium was improved with a combined approach of measuring an attenuated myocardial oxygenation reserve along with CMR feature-tracking. Furthermore, peak strain is attenuated and time to peak strain is prolonged exclusively in post-stenotic segments at apnea. These findings may be indicative of inducible early myocardial ischemia.
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Coronary artery disease (CAD) is the most common cause of death globally, and its diagnosis is usually based on manual myocardial (MYO) segmentation of MRI sequences. As manual segmentation is tedious, time-consuming, and with low replicability, automatic MYO segmentation using machine learning techniques has been widely explored recently. However, almost all the existing methods treat the input MRI sequences independently, which fails to capture the temporal information between sequences, e.g., the shape and location information of the myocardium in sequences along time. In this article, we propose a MYO segmentation framework for sequence of cardiac MRI (CMR) scanning images of the left ventricular (LV) cavity, right ventricular (RV) cavity, and myocardium. Specifically, we propose to combine conventional neural networks and recurrent neural networks to incorporate temporal information between sequences to ensure temporal consistency. We evaluated our framework on the automated cardiac diagnosis challenge (ACDC) dataset. The experiment results demonstrate that our framework can improve the segmentation accuracy by up to 2% in the Dice coefficient.

Keywords: myocardial segmentation, MRI, cardiac sequences, temporal consistency, coronary artery disease, diagnosis


1. INTRODUCTION

Coronary artery disease (CAD) is the most common cause of death globally. It affects more than 100 million people, and results in about 10 million death each year (1). In the United States, about 20% of those over 65 have CAD (2). MRI is a common tool for CAD diagnosis. With cardiac magnetic resonance (CMR), the myocardial structure and functionality can be assessed and analyzed. Particularly, experienced radiologists manually perform MYO segmentation on the CMR image sequences and measure several parameters to finally determine the diagnosis. For instance, the left and right ventricular (RV) ejection fractions (EF) and stroke volumes (SV) are widely used for cardiac function analysis (3).

Recently, automatic MYO segmentation of CMR image sequences has attracted considerable attention in the community (4, 5). On the one hand, with the aging society, the number of patients with CAD has been increasing for decades (6). On the other hand, manual MYO segmentation is tedious, time-consuming, and with low replicability. Considering the medical cost and quality, automatic MYO segmentation is highly desirable. However, it is a challenging task. First, there exist large shape variations in the images. Second, the labels of the noisy images are with low uniformity, which degrades the training efficiency and effectiveness.

Currently, there exist two approaches for automatic MYO segmentation. In the traditional MYO segmentation approach (7, 8), a manually defined contour or boundary is needed for initialization. Although an automatic initialization might be achieved by some algorithms (9, 10), the segmentation performance highly relies on the initialization quality, which makes the framework lack stability. Another approach (11, 12) uses deep learning for MYO segmentation, which does not need any initialization and the whole process can run without manual inter-action. However, these methods treat each CMR frame independently, which does not exploit the temporal consistency among sequences.

On the other hand, temporal consistency has been extensively used to improve segmentation accuracy in a variety of applications. Yan et al. (13) added temporal consistency in the left ventricle segmentation from cine MRI. Punithakumar et al. (14) investigated automatic segmentation of the RV endocardial borders in 3D+ time magnetic resonance sequences acquired from patients with hypoplastic left heart syndrome (HLHS). Qin et al. (15) proposed a novel deep learning method for joint estimation of motion and segmentation from cardiac MR image sequences. Guo et al. (16) focused on automated segmentation of left ventricular (LV) in temporal cardiac image sequences. Recently, temporal consistency has been explored in other cardiac imaging modalities including MRI, CT, and ultrasound (US), which is detailed in Hernandez et al. (17). As far as we know, the effectiveness of temporal consistency has not been explored currently for MYO segmentation of CMR sequences.

In this article, we propose to exploit temporal consistency for MYO segmentation of CMR sequences for automatic CAD diagnosis. Particularly, we propose to combine conventional neural networks and recurrent neural networks to perform segmentation in two stages. The first stage contains an initial segmentation network (ISN) to get the initial segmentation without temporal information, while the second includes a temporal consistency based network (TCN) for refinement considering temporal consistency. The contributions of our study are:

• We proposed to use temporal consistency for accurate MYO segmentation of CMR sequence, and our framework is able to incorporate temporal information between CMR frames.

• To further exploit the temporal consistency among frames, we adopted a bi-directional training approach that can reduce segmentation error introduced by the first few frames in the training process.

• We conducted comprehensive experiments on the ACDC dataset. Compared with the residual 3D U-net model of Yang et al. (18), our framework achieves an improvement of 1–2% of segmentation accuracy in the Dice coefficient.



2. BACKGROUND


2.1. MYO Segmentation of CMR Image

Cardiac MRI image is a widely used imaging tool for the assessment of MYO micro-circulation. It utilizes the electromagnetic signal with characteristic frequency produced by the hydrogen nuclei under a strong contrasting magnetic field and weak oscillating near field as the imaging agent.

Due to the high capacity for discriminating different types of tissues, CMR image is one of the most prominent standards for cardiac diagnosis through the assessment of the left and right ventricular EF and SV, the left ventricle mass and the myocardium thickness. For example, Bernard et al. (3) obtained these parameters from CMR images using an accurate segmentation of CMR image for the LV cavity, RV cavity, and the myocardium at end-diastolic (ED) frame and end-systolic (ES) frame can give out an accurate diagnostic of cardiac function.

In order to evaluate the MYO function, accurate segmentation of the LV cavity, RV cavity, and MYO need to be acquired from the framework. Figure 1 shows the slices of typical CMR images of a patient at ED frame with and without ground truth mask along each axis, respectively. The label shows the ground truth of segment results for different parts of the CMR image.


[image: Figure 1]
FIGURE 1. Structure illustration of a typical CMR image. The images are the slices on the z-axis, y-axis, and x-axis, respectively, from Patient 001 in the automated cardiac diagnosis challenge (ACDC) dataset at end-diastolic (ED) frame with mask, and the second row of the figure is the raw CMR slices of Patient 001.




2.2. Related Study

Medical image segmentation has attracted much attention recently (19–26). MYO segmentation of CMR sequences has the following challenges. First, the contrast between the myocardium and surrounding structures is low as shown in Figure 1. Second, the brightness heterogeneity in the left and RV cavities is due to blood flow (3). Third, misleading structures such as papillary muscle have the same intensity and grayscale information as myocardium, which makes it hard to extract the accurate boundary. There are two approaches among existing works toward myocardium segmentation.

The first approach is based on point distribution models (PDMs) (27). A good example is the active shape model (ASM) (28) or active appearance model (AAM) (29). The main idea of ASM is to learn patterns of variability from a training set of correctly annotated images. ASM uses principal component analysis (PCA) to build a statistical shape model from a set of training shapes and then fits an image in a way that is most similar to the statistical shape in the training set. Ordas et al. (30) proposed an algorithm for MYO and LV cavity segmentation in CMR images based on invariant optimal feature 3-D ASM (IOF-ASM). van Assen et al. (31) improved the ASM such that the method can work for sparse and arbitrary oriented CMR images. Tobon-Gomez et al. (32) proposed a new ASM model that includes the measurement of reliability during the matching process to increase the robustness of the model. Santiago et al. (33) proposed a method of applying ASM on CMR images with the varying number of slices to perform segmentation on arbitrary slices of CMR images with a new re-sampling strategy.

The prediction results of ASM must be constrained into certain shape variations so that the shape of the segmentation result does not go too far from the regular myocardium shape. Note that this is very important when artifacts and defects in the CMR image make the myocardium boundary unclear and hard to recognize. However, ASM is based on linear intensity information in the image, which is insufficient to model the appearance of CMR data with huge intensity variations and large artifacts. In addition, ASM requires a manual initialization shape and the final segmentation result is very sensitive to the shape and position of this initialization. Thus, a fully automatic and non-linear model is needed.

The second approach adopts machine learning techniques to perform image segmentation. For example, Zhang et al. (34) used a simple implementation of a fully connected neural network for the quality assessment of CMR images. Poudel et al. (35) used a recurrent fully connect network (RFCN) on the stack of 2D images for the segmentation of CMR images. The recurrent network is applied on the short axis so that the continuous spatial information on the short axis can be utilized. Simantiris et al. (36) proposed to use Dilation CNN, where each layer has the same resolution so that the localized information in the input image would not be lost. Isensee et al. (37) proposed a multi-structure segmentation for each time step of MRI sequences and extracted the domain-specific features. Simantiris et al. (38) used a simple network composed of cascaded modules of dilated convolutions with increasing dilation rate without using concatenation or operations like pooling that will lead to the decrease of resolution. Zotti et al. (39) introduced the shape prior obtained from the training dataset in the 3D Grid-net and employed the contour loss as loss function to improve the performance on the border of segmentation result. Painchaud et al. (40) presented a method to guarantee the anatomical plausibility of segmentation results such that the anatomical invalid segmentation result of the model will be reduced to zero. Khened et al. (41) proposed a neural network with a dense block that contains dense connections between layers inspired by the Dense Net. Baumgartner et al. (42) compared the performance of 2D and 3D fully convolution network (FCN) and U-net. Calisto and Lai-Yuen (43) used a multi-objective evolutionary-based algorithm to incorporate 2D FCN and 3D FCN to search for an efficient and high-performing architecture automatically. Wolterink et al. (44) used six different types of model's average probability maps and cyclic learning rate schedule to improve the segmentation performance. Rohé et al. (45) proposed a combination of rigid alignment, non-rigid diffeomorphism registration, and label fusion to increase the performance of 3D U-net. Zotti et al. (46) used the shape prior that is embedded in the GridNet to reduce the anatomical impossible segmentation result. Patravali et al. (47) used the combination of 2D and 3D U-net and proposed a new class-balanced Dice loss to make the optimization easier.

Although these above methods showed great improvements in the segmentation performance compared to ASM or AAM. They treat each frame independently, which makes the segmentation results of some specific sequences inaccurate or the overall results lack coherence.

On the other hand, temporal consistency has been extensively used to improve the segmentation accuracy in various applications in multiple image modalities, which includes US, computerized tomography (CT) and CMR. Painchaud et al. (40) proposed a framework to deeply study the temporal consistency of 2D+ time segmentation methods in the US. Wei et al. (48) presented a co-learning model for temporal-consistent heart segmentation of echocardiographic sequences with sparsely labeled data. Guo et al. (16) leveraged to aggregate the characteristics of the spatial sequential network (SS-Net) to improve the LV segmentation during cardiac systole, and associated with excellent performance for temporal left ventricle segmentation on 4D cardiac CT sequence by sequential consistency (cardiac motion), achieving higher accuracy compared to the state-of-the-art methods on 4D cardiac CT dataset. Yan et al. (13) added temporal consistency in the left ventricle segmentation from cine MRI. Punithakumar et al. (14) investigated automatic segmentation of the RV endocardial borders in 3D+ time magnetic resonance sequences acquired from patients with HLHS. Zhang et al. (49) proposed a method to improve the segmentation of the left atrium (LA) by using a classification neural net to detect results with low accuracy and utilizing an unscented Kalman filter to improve temporal consistency. As far as we know, the effectiveness of temporal consistency has not been explored currently for MYO segmentation of CMR sequences.



2.3. Dataset

The automatic cardiac diagnostic challenge (ACDC) dataset consists of both patients with CAD and healthy individuals, whose diagnosis results are extracted from clinical medical cases. There are 150 patients in total and are evenly divided into five subgroups based on their diagnosis results. The five subgroups of patients have systolic heart failure with an infraction, dilated cardiomyopathy, hypertrophic cardiomyopathy, abnormal right ventricle, and no abnormality, respectively. A total of 50 of the patients made up the test dataset on the ACDC website, and the other patients are released as the training dataset. CMR sequences of all patients are collected by two MRI systems with different magnetic strengths (1.5T-Siemens Area, Siemens Medical Solutions, Germany and 3.0T-Siemens Trio Tim, Siemens Medical Solutions, Germany). For each frame in the patient's CMR sequence, there contains a series of short-axis slices covering the LV from base to apex (3). For most patients, the dataset collected 28–40 consecutive frames to cover the whole cardiac cycle. Some of the patients in the dataset may have 5–10% of the cardiac cycle being omitted.

Figure 2 shows some hard and easy cases in both ED and ES phases of CMR image in the ACDC dataset. The hard cases usually have various characteristics such as low contrast blur image, or extreme anatomical structure. While the easy cases have a high contrast, and less misleading structure with the similar features as LV, RV, and MYO have.


[image: Figure 2]
FIGURE 2. Examples of hard and easy cases of CMR image (slices taken on short-axis). The first and second columns refer to hard cases and the third and fourth columns refer to easy cases.





3. METHODS

The proposed framework for MYO segmentation of CMR image sequences is shown in Figure 3. The input consists of a set of CMR frames from a CMR sequence. The output is the MYO segmentation at the ED and ES phases of the input. Note that the proposed method can accept input sequences with variable lengths by its structural design. Such a feature is designed and ensured in ISN and TCN separately. In ISN, the network will treat each frame of the CMR image sequence as an individual input. In TCN, the nature of RNN allows us to handle the sequence of variable lengths. Therefore, our framework can process input sequences of various lengths.


[image: Figure 3]
FIGURE 3. The proposed myocardial (MYO) segmentation architecture, which contains an initial segmentation network (ISN) and a temporal consistency based network (TCN). TSN is based on residual U-net (Res U-Net) (50), while TCN is based on ConvLSTM (51).



3.1. Initial Segmentation Network

Initial Segmentation Network is based on the U-net (50), which is an effective method for a broad range of medical image segmentation tasks. The network structure of ISN is shown in Figure 4. The input of ISN is a single-channel image corresponding to one frame in an MCE sequence. Based on the U-net, we add one residual block between each level of Res-UNet. Also, the results from each layer are combined using pointwise addition instead of concatenation. We expect the addition of residual blocks in the U-net can extract features from the input CMR image without suffering from serious gradient explosion or gradient vanishing problems.


[image: Figure 4]
FIGURE 4. The network structure of our proposed Res U-net based ISN.


We extract four feature maps from U-net as the output of ISN. Four feature maps obtained from ISN represents the probability that one voxel belongs to the background, LV, RV, and MYO, respectively.



3.2. Temporal Consistency Based Network

The network structure of TCN is shown in Figure 5. It contains a hierarchical recurrent network of ConvLSTMs (52) which acts like a recurrent U-net. The output of TCN is the segmentation result of the myocardium of this frame. The dash arrows in Figure 3 depict the temporal recurrence in TCN. We depict the features extracted by ISN for frame t as ft, and gt,k as the feature for frame t in the kth level of hierarchical Conv LSTM network and the output of the k-th ConvLSTM layer for frame t as yt,k. As shown in Equations (1–3), yt,k depends on three variables: (1) the output of the previous ConvLSTM layer yt,k−1; (2) the extracted features in hierarchical ConvLSTM from ISN gt,k; and (3) the hidden state of the same ConvLSTM layer for the previous frame yt−1, k. Note that there is no direct connection between two levels of bi-directional ConvLSTMs in TCN's hierarchical LSTM model. The input of TCN (with 4 channels) will be copied into two copies. The one for level 2 bi-directional ConvLSTM will have 8 channels as the result of an extra 3D Convolution and Max Pooling operations. The one for level 1 bi-directional ConvLSTM will have 4 channels. The outputs from two bi-directional ConvLSTM will be combined by pointwise addition.
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In Equation (3), hinput is the input of ConvLSTM, and hstate is the hidden state input of ConvLSTM. [A|B] is the concatenate operation for tensors A and B on the feature axis. For the first frame of a CMR sequence, hstate is a matrix of ones, which means no prior information is known.


[image: Figure 5]
FIGURE 5. The network structure of TCN. The input of TCN is the features extracted from ISN. TCN consists of hierarchical ConvLSTMs and is able to incorporate temporal information between CMR frames.




3.3. Bi-Directional Training

We notice that the prediction results of myocardium segmentation in the CMR image are highly related to the segmentation result of frames either behind or after it. The first frame of the CMR sequence will not receive enough information if we only use forward Conv LSTM. Figure 6 shows some frames of the CMR images of different patients in the ACDC dataset. We can see that the frames of CMR image of the last frame are highly related to the image of the next frame. Consequently, the prediction error of the first frame due to the brightness heterogeneity may propagate to the rest of the CMR frames.


[image: Figure 6]
FIGURE 6. Frames of CMR sequence from three patients. Note the brightness heterogeneity in left ventricular (LV) and right ventricular (RV) on the first few frames. Using LSTM in TCN, the model can get more temporal information from the previous and future frames and result in more accurate segmentation.


Therefore, we adopted a bi-directional training approach to alleviate this problem. Specifically, we used two Conv LSTMs in our TCN model. One will propagate forward, from frame 1 to frame T, while the other will propagate backward, from frame T to frame 1. T is the total number of frames in one CMR sequence. Figure 7 presents the workflow of the proposed bi-directional training approach. The Forward ConvLSTM cell at time t takes in two inputs: the cell state at time t−1 and the ISN's output for a frame of CMR image at time t. The Backward ConvLSTM cell at time t also takes in two inputs: the cell state at time t+1 and ISN's output for a frame of CMR image at time t. When the ConvLSTM cell is initialized, the cell's hidden state is initialized as a zero vector. Such an approach can better exploit the temporal information along with the frames, thus, improving the segmentation accuracy.


[image: Figure 7]
FIGURE 7. Illustration of our proposed bi-direction training approach.


Note that our method is trained in two phases. In the first phase, ISN is trained. ISN's parameters are updated using the ground truth label from ACDC dataset frames at ED and ES. In the second phase, ISN and TCN are trained together. The supervision signal will only enter the framework from the output of TCN. The computation graph of ISN and TCN are connected, and the gradient can flow from TCN to ISN properly. TCN will give out segmentation result for each frame of the CMR sequence. Among all results, we will only take out the frame at ED and ES time for lost function calculation.




4. EXPERIMENTS


4.1. Experiment Setup

In this section, we evaluated the performance of our proposed framework in the MYO segmentation task of CMR sequences. The residual U-net (Res U-net) implementation is used as our baseline. We compared the proposed framework (Res U-net+ConvLSTM) and Res U-net. Res U-net and ConvLSTM are implemented using PyTorch based on Xingjian et al. (52) and Isensee et al. (53) separately. The CMR images are resampled into 96 × 96 × 24 using the linear resample method. For data augmentation during training, we scaled all images by 0.8 and 1.2 and flipped them on the x-axis and y-axis, respectively. During testing and validation, we did not employ any augmentations. For each iteration, a complete CMR sequence containing 28–40 frames of a patient was used for training. Due to the limited GPU memory, the batch size is set to 1, which means in each iteration, 1 CMR sequence containing 28–40 frames is fed for training. We trained ISN for 10 epochs with a learning rate of 0.0001. Then, we trained ISN and TCN together with a learning rate of 0.0001 and a learning rate decay of 0.7 per epoch for another 10 epochs. Three loss functions including soft Dice loss, cross-entropy loss, and contour loss (54) are used for training. The adaptive momentum estimation (ADAM) optimizer is adopted to update the parameters.

We split the ACDC dataset into the training set, validation set, and testing set by a ratio of 7:2:1 based on the patient number. Therefore, there are 70 patients in the training set, 20 patients in the validation set, and 10 patients in the testing set. Dice coefficient and Inter-section over Union (IoU) are used to evaluate the segmentation performance, which is defined as:
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in which P and T refer to the prediction and ground truth mask, respectively. n is the index of all voxels (totally N voxels).



4.2. Results and Discussion

Table 1 shows the results of MYO segmentation for LV, RV, and MYO at the ED phase and ES phase. Dice coefficient on each label class and IoU are reported. Res U-net+f-ConvLSTM refers to training the proposed framework forwardly from frame 0 to frame T while our framework (Res U-net+bi-ConvLSTM) refers to training in bi-direction. We noticed that our framework outperforms baseline implementation in all metrics for both ED and ES frames. Specifically, our Res U-net+f-ConvLSTM implementation has an improvement of 0.01, 0.10, −0.81, 0.61, 0.55, and 0.30% on the Dice coefficient of LV, RV, and MYO at ED frame and ES frame, respectively. The experiment results of Res U-net+f-ConvLSTM and our framework show that by adding a backward training step, we can further increase the segmentation performance. Our framework's implementation has an improvement of 1.11, 0.64, 0.82, 0.83, 2.39, and 1.02% on the Dice coefficient of LV, RV, and MYO at ED frame and ES frame, respectively.


Table 1. Comparison of our proposed framework against residual U-net (Res U-net).

[image: Table 1]

Figure 8 shows the visualization of segmentation results of four different patients (Patient 16, Patient 39, Patient 64, and Patient 90) in both ED phase and ES phase by Res U-net, our framework, and Res U-net+f-ConvLSTM. Each row refers to the result of Res U-net, our framework, Res U-net+f-ConvLSTM, ground truth, and raw CMR slice, respectively. From Figure 8, we can see the f-ConvLSTM and bi-ConvLSTM, which has temporal consistency between frames, have less inconsistent segmentation result as marked by the white arrow in the figure. However, for few cases, the temporal consistency may not eliminate the inconsistency in the segmentation result completely. This happens when a stable feature on the CMR image is recognized as an incorrect label in the framework. Since the misleading structure will remain on all the CMR frames in the sequence, the temporal consistency provided by LSTM will not be able to remove such an inconsistency. Table 2 demonstrates the quantitative results for the ED phase and ES phase of Patients 16, 39, 64, and 90 corresponding to Figure 8. We can see that our proposed framework tends to predict more consistently and accurately than the baseline, especially in the first few frames such as the ES phase of Patient 16, where the obvious defect exists in the segmentation result. Comparing Res U-net+f-ConvLSTM and our framework on segmentation boundaries, we can observe that the bi-directional training can help our framework to produce more consistent results in most cases. Although in some cases the segmentation of Res U-net+f-ConvLSTM is better than that of our framework, this might be caused by the constraint from backward temporal information that makes the segmentation lack flexibility. The overall performance of our framework is superior in terms of all the metrics. It can be seen that the Dice coefficients of the ED phase are usually higher than the ES phase. However, our framework can achieve higher performance on both phases compared with Res U-net implementation.


[image: Figure 8]
FIGURE 8. Visualization of CMR image segmentation results of three different patients in both end-diastolic (ED) phase and end-systolic (ES) phase. Yellow, orange, and purple areas refer to the LV, myocardial (MYO), and RV, respectively. Each row refers to the segmentation result of Res U-net, our framework, Res U-net + f-ConvLSTM, and ground truth from left to right, respectively. The white arrows in the image specifically point out the segmentation result that is inconsistent. We can see the f-ConvLSTM and bi-ConvLSTM model, which incorporates the temporal information between frames can greatly decrease the existence of such inconsistent segmentation results. Also, most errors in Res U-net + fConvLSTM and our framework are in hard cases like Patient 39, where the input CMR image has low contrast and vague contour between labeled tissue and background tissue.



Table 2. Quantitative segmentation results of different models for frames in Figure 8.

[image: Table 2]

Note that the work (18) used the class-balanced loss and transfer learning to improve the performance of Res 3D U-net on the ACDC dataset. They achieved Dice coefficients of 0.864, 0.789, 0.775, and 0.770 on segmentation of LV and RV in the ED phase and ES phase, respectively, while our framework achieves higher Dice coefficients of 0.897, 0.815, 0.813, and 0.708, respectively.




5. DISCUSSION

Quantitative segmentation results and grading results demonstrate the superiority of our framework compared with the Res U-net baseline implementation. However, there are still some cases where our framework cannot predict reasonable boundaries. For example, Figure 9A shows the segmentation results of Patient 41 in ES and ED phases by our framework. We can notice that there exists deviation between the ground truth boundary (images on Columns 2 and 4) and the prediction boundary (images on Columns 1 and 3). This is because the flow of blood in the RV cavity leads to the brightness heterogeneity in the RV area of the CMR image, which makes the image intensity of the ground truth RV region similar to the surrounding cardiac structures (e.g., heart chambers), and finally leads to segmentation failure.


[image: Figure 9]
FIGURE 9. Typical segmentation error of our framework. The image on Columns 1 and 4 are the segmentation results and images on Columns 2 and 5 are the corresponding ground truth. The segmentation error is usually caused by brightness heterogeneity, lack of contrast, or the improper input image due to faulty setup of magnetic resonance system or the misoperations of operators. The white arrows in the image specifically point out the segmentation result that is inconsistent.


There are some cases as shown in Figure 9B in which CMR sequences have serious defects and ghosting. This may be caused by the improper setup of the magnetic resonance system or the mistake of operators. Therefore, it is hard for our framework to find a plausible MYO boundary even though our framework is able to correct some segmentation errors based on temporal information between frames.

Note that compared with existing works for MYO segmentation of CMR sequences, our main contribution is to adopt temporal consistency for coronary artery disease (CAD) diagnosis which has not been extensively explored before. The results show that temporal consistency is important in the MYO segmentation of CMR sequences. Compared with existing works making use of temporal consistency, our methodology differs from the others as follows. Yan et al. (13) incorporated an optical flow field to capture the temporal consistency, while (14) adopted a moving mesh correspondence algorithm to refine segmentation using temporal consistency. Qin et al. (15) and Guo et al. (16) both proposed a motion estimation branch to assist the segmentation. Ours proposed a two-stage segmentation framework in which conventional neural networks and recurrent neural networks are combined to incorporate temporal information between sequences to ensure temporal consistency. In addition, ours additionally adopt contour loss (54) to facilitate the learning process.



6. CONCLUSION

In this article, we proposed an MYO segmentation framework of CMR sequences for CAD diagnosis. Specifically, we proposed to combine conventional neural networks and recurrent neural networks to incorporate temporal information between sequences to ensure temporal consistency. Extensive experiments showed that compared with Res U-net, our proposed framework can achieve an improvement of 1 to 2% in Dice coefficient. In addition, we introduced a bi-directional training approach to further reduce segmentation error introduced by the first few frames in the forward training process. Experiment results demonstrate that our bi-directional training approach can further improve the segmentation performance.
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Background: It has been recently reported that the renal venous stasis index (RVSI) assessed by renal Doppler ultrasonography provides information to stratify pulmonary hypertension that can lead to right-sided heart failure (HF). However, the clinical significance of RVSI in HF patients has not been sufficiently examined. We aimed to examine the associations of RVSI with parameters of cardiac function and right heart catheterization (RHC), as well as with prognosis, in patients with HF.

Methods: We performed renal Doppler ultrasonography, echocardiography and RHC in hospitalized patients with HF (n = 388). RVSI was calculated as follows: RVSI = (cardiac cycle time-venous flow time)/cardiac cycle time. The patients were classified to three groups based on RVSI: control group (RVSI = 0, n = 260, 67%), low RVSI group (0 < RVSI ≤ 0.21, n = 63, 16%) and high RVSI group (RVSI > 0.21, n = 65, 17%). We examined associations of RVSI with parameters of cardiac function and RHC, and followed up for cardiac events defined as cardiac death or worsening HF.

Results: There were significant correlations of RVSI with mean right atrial pressure (mRAP; R = 0.253, P < 0.001), right atrial area (R = 0.327, P < 0.001) and inferior vena cava diameter (R = 0.327, P < 0.001), but not with cardiac index (R = −0.019, P = 0.769). During the follow-up period (median 412 days), cardiac events occurred in 60 patients. In the Kaplan–Meier analysis, the cumulative cardiac event rate increased with increasing RVSI (log-rank, P = 0.001). In the multivariate Cox proportional hazard analysis, the cardiac event rate was independently associated with RVSI (high RVSI group vs. control group: hazard ratio, 1.908; 95% confidence interval, 1.046–3.479, P = 0.035).

Conclusion: RVSI assessed by renal Doppler ultrasonography reflects right-sided overload and is associated with adverse prognosis in HF patients.

Keywords: heart failure, renal circulation, hemodynamics, kidney, prognosis


INTRODUCTION

Heart failure (HF) is a refractory clinical syndrome that originates from various types of structural or functional heart diseases. The number of patients with HF has been rapidly increasing, and HF is becoming a major public health concern worldwide (1, 2). Congestion is a key feature in HF, and its presence is associated with poor prognosis. However, congestion can go unrecognized, as it is sometimes not clinically evident. To evaluate the degree of congestion objectively, non-invasive image testing is required in patients with HF (3–5).

It has already been reported that the intrarenal venous flow (IRVF) patterns assessed by renal Doppler ultrasonography were associated with congestion and prognosis in patients with HF. Specifically, the most adverse prognosis was present in HF patients with monophasic IRVF pattern, followed in order by biphasic IRVF pattern and continuous IRVF pattern (6–9). However, the classification of IRVF patterns is not necessarily clear. There are patterns for which classification is difficult or classification itself may miss important changes in the pattern. Renal venous stasis index (RVSI) is a novel indicator of cardiac cycle-dependent stasis of renal venous flow. RVSI indicates the proportion of the cardiac cycle during which there is no renal venous outlet flow. RVSI can quantify IRVF patterns and completement the weaknesses of the IRVF pattern classification. According to a past study, RVSI provided information to stratify prognosis in patients with pulmonary hypertension (PH) in terms of propensity to develop right-sided HF. Namely, PH patients with high RVSI experienced more adverse events such as worsening PH or all-cause mortality (10). However, the clinical significance of RVSI in HF patients has not been sufficiently examined. We aimed to elucidate the associations of RVSI with parameters of cardiac function and right heart catheterization (RHC), as well as with cardiac events defined as cardiac death and worsening HF, in patients with HF.



METHODS


Subjects and Protocol

This was a prospective observational study of 402 patients who were classified as either stage C or stage D of heart failure stage classification in the American College of Cardiology Foundation/ American Heart Association guideline and were hospitalized to Fukushima Medical University Hospital between April 2018 and September 2020 (11). Treatment of decompensated HF was provided by each patient's attending cardiologist based on the established HF guidelines (11, 12). Blood samples, renal Doppler ultrasonography and echocardiography were obtained during hospitalization in the patients in a stable condition before discharge. We subsequently excluded patients with who were undergoing dialysis (n = 14). At last, 388 patients were enrolled in this study. Two hundred and forty five of them had undergone RHC within 3 days of renal Doppler ultrasonography. Of these 388 patients, patients with RVSI of 0 were defined as the control group (n = 260, 67%). Patients with RVSI above 0 were divided into two groups on the basis of the median value of RVSI (0.21): the low RVSI group (0 < RVSI ≤ 0.21, n = 63, 16%) and the high RVSI group (RVSI > 0.21, n = 65, 17%).

First, we compared the clinical features as well as the results from laboratory tests, echocardiography and RHC between the three groups. Second, the patients were followed up until November 2020 for cardiac events defined as cardiac death or worsening HF. Cardiac death was defined as death from acute coronary syndrome, ventricular fibrillation and HF, and worsening HF was defined as unplanned re-hospitalization for HF treatment. For patients who experienced ≥ two events, only the first event was included in the analysis. These patients visited hospital monthly or every other month. Therefore, we could follow up on all patients. Disease status and dates of death were gained from the patient's medical records. The results of the analysis were hidden from those conducting the survey, and written informed consent was gained from all enrolled patients. The protocol for this study was approved by the Ethics Committee of Fukushima Medical University and was conducted in accordance with the principles described in the Declaration of Helsinki. We reported this study in conformity to Strengthening the Reporting of Observational Studies in Epidemiology and the Enhancing the Quality and Transparency of Health Research guidelines.

Ischemic coronary artery disease was confirmed by either myocardial scintigraphy or coronary computed tomography angiography and/or coronary angiography (13). Atrial fibrillation (AF) was confirmed by electrocardiogram performed during hospitalization or from medical records including past medical history. Hypertension was defined as systolic blood pressure of ≥ 140 mmHg, diastolic blood pressure of ≥ 90 mmHg, or taking antihypertensive drugs. Dyslipidemia was defined as levels of triglyceride ≥ 150 mg/dL, levels of low-density lipoprotein cholesterol ≥ 140 mg/dL, levels of high-density lipoprotein cholesterol <40 mg/dL, or taking cholesterol-lowering drugs. Diabetes mellitus was defined as recent use of antidiabetic drugs, levels of fasting glucose ≥ 126 mg/dL, levels of casual glucose ≥ 200 mg/dL and/or levels of HbA1c ≥ 6.5% (National Glycohemoglobin Standardization Program) (14). Chronic kidney disease (CKD) was defined as estimated glomerular filtration rate (eGFR) of <60 mL/min per 1.73 m2 (15–17). Anemia was defined as levels of hemoglobin <12.0 g/dL in female and <13.0 g/dL in male (18, 19).



Renal Doppler Ultrasonography

The actual methods of acquisition were as follows. The patients were performed renal Doppler ultrasonography in a stable condition after treatment. Two experienced sonographers (M.M, with 27 years of experience in abdominal ultrasonography, and S.I, with 19 years of experience) performed renal Doppler ultrasonography, using an Aplio i800 system (Canon Medical Systems Corporation, Tochigi, Japan) with a convex transducer frequency range of 2.5–5.0 MHz. The velocity range of the color Doppler was set to approximately 10–20 cm/s. The two examiners were blinded to all clinical data. The patients fasted for at least 12 h before the renal Doppler ultrasonography and were placed in the lateral position. All renal Doppler ultrasonography examinations were performed in the right renal vein. This was because left renal vein is entrapped in the fork between the abdominal aorta and the superior mesenteric artery, thus attenuating its phasicity. Furthermore, although this is a rare event in cases of ovarian or testicular varicose veins, the left ovarian or testicular veins draining into the left renal vein may have affected renal venous flow. The transducer was placed in the lateral abdominal region, and the patient's arms were raised above the chest to obtain a proper acoustic window. The patients were holding their breath while measurements. As shown in Figure 1, we used color Doppler images to record pulsed Doppler waveforms of the interlobar arteries and veins simultaneously. Transducer was placed with an angle of <60 degrees. The upward Doppler signal indicates the intrarenal arterial flow, and the downward Doppler signal indicates the venous flow. We used the interlobar vein flow to calculate RVSI. In patients with sinus rhythm, we selected the most stable value among five cardiac cycles. In patients with AF, an index beat (the beat following two preceding cardiac cycles of equal duration) was used for each measurement. We calculated RVSI, which indicates the proportion of the cardiac cycle during which there was no renal venous outlet flow, as follows: (cardiac cycle time - venous flow time)/cardiac cycle time (10). IRVF patterns were broadly categorized into continuous (RVSI = 0, non-congestive) and discontinuous (RVSI > 0, nadir velocity = 0) flow patterns. We further classified the discontinuous IRVF patterns into two stages: biphasic (with venous peaks during systole and diastole), and monophasic (with venous peak during diastole) (7). Figure 1 shows representative RVSI along with IRVF patterns. Figure 1a, RVSI = 0 (control) with continuous pattern; Figure 1b, low RVSI with biphasic pattern; Figure 1c, high RVSI with biphasic pattern; and Figure 1d, high RVSI with monophasic pattern. Although both Figures 1b, c are classified into biphasic IRVF pattern, these patterns could be distinguished by RVSI (i.e., Figure 1b: Low RVSI and Figure 1c: High RVSI). On the contrary, both Figures 1c, d belonged to high RVSI, but classified into different IRVF patterns (i.e., Figure 1c: Biphasic pattern and Figure 1d: Monophasic pattern).


[image: Figure 1]
FIGURE 1. All renal Doppler ultrasonography studies were performed in the right kidney. Color Doppler images were used to record pulsed Doppler waveforms of the interlobar arteries and veins simultaneously. The upward Doppler signal indicated the intrarenal arterial flow, and the downward Doppler signal indicated the venous flow. We measured venous flow time and calculated RVSI as follows: (cardiac cycle time-venous flow time)/cardiac cycle time. RVSI of 0 was defined as the control. RVSI above 0 were divided based on the median value of RVSI (0.21): the low RVSI (0 < RVSI ≤ 0.21) and the high RVSI (RVSI > 0.21). RVSI increased with increasing severity of renal congestion. This figure shows representative IRVF patterns with RVSI in a patient with HF. IRVF patterns were broadly categorized into continuous (RVSI = 0, non-congestive) and discontinuous (RVSI > 0, nadir velocity = 0) flow patterns. We further classified the discontinuous IRVF patterns into two stages: biphasic (with venous peaks during systole and diastole), and monophasic (with venous peak during diastole). (a) RVSI = 0 (control) with continuous pattern; (b) low RVSI with biphasic pattern; (c) high RVSI with biphasic pattern; and (d) high RVSI with monophasic pattern. RVSI, renal venous stasis index; IRVF, intrarenal venous flow.




Echocardiography

Echocardiography was performed by experienced echocardiographers based on current recommendations (20, 21). The echocardiographic parameters included left ventricular ejection fraction (LVEF), left ventricular outflow tract velocity-time integral (LVOT VTI), left atrial volume, early transmitral flow velocity to mitral annular velocity ratio (mitral valve E/e'), right atrium area, right ventricular areas, right ventricular fractional area change (RV-FAC), inferior vena cava (IVC) diameter, severity of tricuspid regurgitation (TR), tricuspid regurgitation pressure gradient (TRPG), tricuspid annular plane systolic excursion (TAPSE), TAPSE/systolic pulmonary artery pressure ratio (TAPSE/sPAP ratio), and tissue Doppler-derived tricuspid lateral annular systolic velocity (tricuspid valve S') (21). The LVEF was calculated by Simpson's method. The RV-FAC, defined as (end diastolic area - end systolic area)/end diastolic area × 100, is a measure of right ventricular systolic function. The TAPSE/sPAP ratio is an indicator of right ventricle–to–pulmonary circulation coupling (22–27). All measurements were performed using ultrasound systems (ACUSON Sequoia, Siemens Medical Solutions USA, Inc., Mountain View, CA, USA).



Right Heart Catheterizations and Hemodynamic Measurements

Of the total of 388 patients, 245 underwent RHC based on remedial judgment of the attending physician. RHC was performed within 3 days of renal Doppler ultrasonography during hospitalization in the patients in a stable condition without changes in medications, including doses, similar to the setting for renal Doppler ultrasonography. All RHCs were performed under fluoroscopic guidance with the patients in the resting supine position breathing room air and at rest after more than 30 min of catheter placement. Cardiac output and mean right atrial pressure (mRAP) were measured using a 7F Swan-Ganz catheter (Edwards Lifesciences, Irvine, CA, USA). Cardiac output was calculated using the direct Fick method (28).



Measurement of Laboratory Data

We measured B-type natriuretic peptide (BNP) levels using a specific immunoradiometric assay (Shionoria BNP kit, Shionogi, Osaka, Japan). This assay was performed by experienced laboratory technicians in blind.



Statistical Analysis

Normally distributed data were presented as mean ± standard deviation, and non-normally distributed data were presented as median and interquartile range. Categorical variables were expressed as numbers and percentages, and the chi-square test was used for their comparisons. Among the three groups, parametric variables were compared using one-way analysis of variance, and non-parametric variables were compared using Kruskal-Wallis test. Kaplan-Meier analysis with log-rank test was used to evaluate the cardiac event rate. RVSI was assessed as a predictor of post-discharge cardiac events by the Cox proportional hazard analysis. In the univariate Cox proportional hazard analysis, to prepare for potential confounding, we considered the following clinical factors: age, sex and other confounding factors which differed statistically among the groups. Univariate factors with P < 0.05 were entered into the multivariate Cox proportional hazard analyses. A value of P < 0.05 was defined statistically significant for all comparisons. These analyses were performed using a statistical software package (SPSS ver. 27.0, IBM, Armonk, NY, USA).




RESULTS

Table 1 shows the clinical and demographic characteristics of the study population. Of the 388 patients included in the study, the median age was 71 (63.0–79.8) years and 225 (58.0%) were male. There were some unclassified IRVF patterns in our study. The prevalence of AF, hypertension, CKD and anemia increased in proportion to RVSI. In contrast, age, sex, body mass index, blood pressure, heart rate, coronary artery disease and diabetes mellitus, did not differ among the groups. There was not significant correlation between RVSI and heart rate (R = 0.009, P = 0.852). Regarding laboratory data, levels of BNP, C-reactive protein and urine albumin-to-creatinine ratio became higher, and levels of eGFR and hemoglobin became lower with increasing RVSI. However, sodium and proteinuria did not differ among the groups. With regard to the parameters of echocardiography, there was a significant increase in left atrial volume, mitral valve E/e', right atrial area, IVC diameter, severity of TR and TRPG, and a significant decrease in TAPSE and TAPSE/sPAP ratio with increasing RVSI. In contrast, LVEF and LVOT VTI were similar among the groups. Cardiopulmonary hemodynamics evaluated by RHC worsened with increasing RVSI. There was a gradual increase in mRAP (Figure 2A), mean pulmonary artery pressure (mPAP) and mean pulmonary artery wedge pressure (mPAWP) with increasing RVSI, whereas, there was no significant change in cardiac index (CI). As regards medications, the use of diuretic increased in proportion to RVSI. In contrast, angiotensin converting enzyme inhibitor, angiotensin II receptor blocker, angiotensin receptor-neprilysin inhibitor, mineralocorticoid receptor antagonist and sodium glucose cotransporter 2 inhibitor did not differ among the groups. Mean RAP showed a significant stepwise increase along the RVSI groups (Figure 2A, control, low RVSI and high RVSI groups) and IRVF patterns (Figure 2B, continuous, biphasic and monophasic patterns). Both RVSI and IRVF patterns showed similar associations with elevated mRAP (Figure 2A; P < 0.001 and Figure 2B; P = 0.001). In addition, RVSI showed a significant stepwise increase along the IRVF patterns (Figure 2C; P < 0.001). RVSI also showed a significant stepwise increase along the severity of TR (Figure 2D; P < 0.001). TAPSE/sPAP ratio showed a significant stepwise decrease along the RVSI groups (Figure 2E; P < 0.001). Furthermore, there were significant correlations of RVSI with right atrial area (R = 0.327, P < 0.001), IVC (R = 0.327, P < 0.001), TR severity (R = 0.197, P < 0.001), TAPSE (R = −0.173, P = 0.002), TAPSE/sPAP ratio (R = −0.330, P < 0.001), mRAP (R = 0.253, P < 0.001), mPAP (R = 0.288, P < 0.001) and mPAWP (R = 0.279, P < 0.001), but not with LVEF (R = −0.063, P = 0.215), LVOT VTI (R = −0.031, P = 0.553) and CI (R = −0.019, P = 0.769). These results suggest that elevated RVSI indicates right-sided overload rather than left-sided overload.


Table 1. Clinical and demographic characteristics of the study population.

[image: Table 1]


[image: Figure 2]
FIGURE 2. The severity of renal congestion can be assessed by measuring RVSI using renal Doppler ultrasonography. (A,C–E) show the relationship between RVSI and mRAP (A) IRVF patterns (C) severity of TR (D) and TAPSE/sPAP ratio (E). RVSI showed a significant stepwise increase along the IRVF patterns (C; P < 0.001) and severity of tricuspid regurgitation (D; P < 0.001). TAPSE/sPAP ratio showed a significant stepwise decrease along the RVSI groups (E; P < 0.001). In addition, both RVSI and IRVF patterns showed similar associations with elevated mRAP (A; P < 0.001 and B; P = 0.001). RVSI, renal venous stasis index; mRAP, mean right atrial pressure; IRVF, intrarenal venous flow; TR, tricuspid regurgitation; TAPSE/sPAP, tricuspid annular plane systolic excursion/systolic pulmonary artery pressure; IQR, interquartile range.


During the follow-up period (median 412 days; range 4–991 days), cardiac events occurred in 60 patients (16 cardiac deaths and 52 worsening HF). Sixteen cardiac deaths included 14 deaths from HF and 2 deaths from ventricular fibrillation. In the Kaplan–Meier analysis, the cumulative cardiac event rate significantly increased with increasing RVSI (Figure 3, log-rank, P = 0.001). In the univariate Cox proportional hazard analysis (Table 2), high RVSI was associated with high cardiac event rate (high RVSI group vs. control group, hazard ratio, 2.849; 95% confidence interval, 1.596–5.087, P < 0.001). In the multivariate Cox proportional hazard analyses, due to the limited number of cardiac events (60 events) and to avoid overfitting, we selected univariate factors with P < 0.05 (i.e., age, CKD, anemia, BNP and high RVSI). After adjusting for these confounding factors, high RVSI was an independent prognostic factor (Table 2; high RVSI group vs. control group: hazard ratio, 1.908; 95% confidence interval, 1.046–3.479, P = 0.035). In the subgroup analysis regarding LVEF, there was no significant interactions between prognostic impact of RVSI and LVEF (P = 0.759), and high RVSI was associated with high cardiac event rate both in the heart failure with reduced ejection fraction group and the heart failure with preserved ejection fraction group. In the Kaplan–Meier analysis stratified by IRVF patterns, the cumulative cardiac event rate significantly increased with worsening IRVF patterns (Figure 4, log-rank, P = 0.002). There were overlap and inversion between the groups with biphasic and monophasic IRVF patterns.
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FIGURE 3. Kaplan–Meier analysis for cardiac event rates stratified by RVSI. The cumulative cardiac event rate significantly increased with increasing RVSI (log-rank, P = 0.001). RVSI, renal venous stasis index.



Table 2. Cox proportional hazard model for predicting cardiac events.
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FIGURE 4. Kaplan–Meier analysis for cardiac event rate stratified by IRVF patterns. The cumulative cardiac event rate significantly increased with worsening IRVF patterns (log-rank, P = 0.002). Although it showed basically similar to those of RVSI classification, there were overlap and inversion between the groups with biphasic and monophasic IRVF patterns. IRVF, intrarenal venous flow.




DISCUSSION

In this study, we investigated the relationship of RVSI assessed by renal Doppler ultrasonography with laboratory tests, echocardiography and RHC, as well as its prognostic impact in HF patients. According to a past study, PH patients with high RVSI experienced more adverse events such as worsening PH or all-cause mortality (10). However, the clinical significance of RVSI in HF patients has not been sufficiently examined.

Right ventricular function is the main determinant of symptomatology and outcome in patients with HF (23, 25, 26). Right ventricle adapts to increased afterload by increasing contractility to preserve the right ventricle–to–pulmonary circulation coupling. When this adaptation is unsustainable, the right ventricle increases preload (in other words, right ventricular end-diastolic volume) relying on Frank-Starling law (26). In normal subjects without right ventricular diastolic failure, the forward flow from the right atrium to the right ventricle is normal, because the right ventricular end-diastolic pressure remains low. However, in patients with right ventricular diastolic failure, the forward flow is impaired, because the right ventricle is stiff and right ventricular end-diastolic pressure is elevated. When the pressure in the vena cava (IVC and superior vena cava) becomes lower than that in the right ventricle, blood flow will be partially directed backward into the vena cava. This leads to elevation of RAP (29). Namely, RAP is a surrogate marker of both right ventricular diastolic function and right ventricular diastolic stiffness (30–33). Furthermore, these series of processes lead to reduction of venous return to the right ventricle, and result in loss of right ventricular stroke volume and right ventricular dysfunction. In the present study, there was a positive correlation between RVSI and mPAP (R = 0.253, P < 0.001). RVSI also showed a positive correlation with TR severity (R = 0.197, P < 0.001) and a negative correlation with TAPSE/sPAP ratio (R = −0.330, P < 0.001). With advancing right-sided heart failure, TR generally becomes more severe (34). TAPSE/sPAP ratio is a surrogate of the right ventricle–to–pulmonary circulation coupling and is affected by right ventricular diastolic stiffness (26). We consider that RVSI was mainly affected by RAP, and was also affected by right heart diastolic failure, backflow, forward flow impairment and etc. Concordant with our results, it has been reported that RAP, right ventricular dysfunction, severity of TR and TAPSE/sPAP ratio are associated with worse prognosis in HF patients (25–27, 29–32, 35–43). To the best of our knowledge, this study is the first to report that the RVSI, as a marker of right-sided overload, is associated with cardiac events in HF patients.

Cardiorenal syndrome commonly refers to the collective dysfunction of heart and kidney resulting in a cascade of feedback mechanism that damages both organs (44). Renal dysfunction is associated with adverse prognosis in HF patients (45). Given the aging population, patients with HF and CKD are likely to continue to increase due to longer cumulative exposure to common risk factors including hypertension, obesity, diabetes and vascular disorders (46). Thus, we have to understand the various mechanisms of this syndrome. Renal congestion due to elevation of RAP is one of the main conditions of cardiorenal syndrome. Renal congestion may increase interstitial pressure and reduce vessel compliance in the renal parenchymal regions due to direct compression (47–49). Intrarenal venous flow depends on interstitial pressure, intra-abdominal pressure and intravenous pressure, and shows superimposed biphasic forward velocities that peak during systole and diastole (48, 50, 51). Under physiological conditions, intrarenal veins exhibit continuous flow independent of renal function (continuous pattern). With increasing RAP, renal veins become less compliant, continuous flow becomes discontinuous flow and increasing prominence of the superimposed biphasic forward velocities (biphasic pattern). Further increases in RAP finally lead to a diastolic-only flow (monophasic pattern) (52, 53). The classification of IRVF patterns has a weakness; some patterns may be difficult to be classified. According to Table 1, there were no differences in distribution of IRVF patterns between the high and low RVSI groups. RVSI can complement the weaknesses by quantifying IRVF. We consider that quantifying RVSI can detect renal congestion more sensitively than IRVF patterns.

We considered both RVSI and IRVF pattern might be useful as markers of right sided heart failure and prognostic indicators. Regarding comparison of RVSI with IRVF patterns for predicting prognosis, our data suggest that the RVSI may be superior to IRVF patterns. Namely, although Kaplan–Meier analysis of IRVF patterns (Figure 4) showed basically similar to those of RVSI classification (Figure 3), there were overlap and inversion between the biphasic and monophasic IRVF patterns (Figure 4). Additionally, to compare the high and low RVSI groups with the same IRVF patterns about cardiac event rates, in patients with biphasic pattern, we could find that the cardiac event rate was significantly higher in the high RVSI group than in the low RVSI group in the Kaplan–Meier analysis (log-rank, p = 0.004, data not shown in the manuscript). Moreover, RVSI was reported to be more sensitive and specific predictor of the outcome than IRVF patterns in the previous study (20). Taken together, RVSI can predict outcome more sensitive than IRVF patterns, even in cases of same IRVF pattern.



STUDY LIMITATIONS

There are some limitations in the present study. First, the study may be somewhat underpowered because of a single center prospective cohort study with a relatively small number of patients and a short follow-up period. Second, the present study used only variables during hospitalization and did not take into consideration changes in medical parameters or treatments after discharge. The hemodynamics of HF patients changes dynamically. Thus, future studies need to assess alterations of RVSI in response to hemodynamic changes. Third, since the attending physicians made decisions to perform RHC, there might be a potential selection bias. Therefore, the present results need to be viewed as preliminary, and further studies with a larger number of patients are needed.



CONCLUSION

RVSI assessed by renal Doppler ultrasonography reflects right-sided overload and is associated with adverse prognosis in HF patients.
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There is no cure for kidney failure, but a bioartificial kidney may help address this global problem. Decellularization provides a promising platform to generate transplantable organs. However, maintaining a viable vasculature is a significant challenge to this technology. Even though angiography offers a valuable way to assess scaffold structure/function, subtle changes are overlooked by specialists. In recent years, various image analysis methods in radiology have been suggested to detect and identify subtle changes in tissue architecture. The aim of our research was to apply one of these methods based on a gray level co-occurrence matrix (Topalovic et al.) computational algorithm in the analysis of vascular architecture and parenchymal damage generated by hypoperfusion in decellularized porcine. Perfusion decellularization of the whole porcine kidneys was performed using previously established protocols. We analyzed and compared angiograms of kidneys subjected to pathophysiological arterial perfusion of whole blood. For regions of interest Santos et al. covering kidney medulla and the main elements of the vascular network, five major GLCM features were calculated: angular second moment as an indicator of textural uniformity, inverse difference moment as an indicator of textural homogeneity, GLCM contrast, GLCM correlation, and sum variance of the co-occurrence matrix. In addition to GLCM, we also performed discrete wavelet transform analysis of angiogram ROIs by calculating the respective wavelet coefficient energies using high and low-pass filtering. We report statistically significant changes in GLCM and wavelet features, including the reduction of the angular second moment and inverse difference moment, indicating a substantial rise in angiogram textural heterogeneity. Our findings suggest that the GLCM method can be successfully used as an addition to conventional fluoroscopic angiography analyses of micro/macrovascular integrity following in vitro blood perfusion to investigate scaffold integrity. This approach is the first step toward developing an automated network that can detect changes in the decellularized vasculature.
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INTRODUCTION

The incidence of kidney failure, otherwise known as end-stage renal disease Zambon et al. is rising globally (1, 2). Unfortunately, there is no cure for this condition, which can develop form the progression of acute and chronic injuries (3–5). Currently, transplantation is the best option to treat ESRD. Nevertheless, very few patients receive a timely transplant due to the complexity of the procedure, lack of donors, low viability of organs, and prevailing immunological incompatibilities (6–8). As a result, there is a definite need for alternatives to address this worldwide problem. Whole organ bioengineering has been proposed as one such alternative. Major advancements in this field have been developed using three-dimensional bioprinting, advanced stem cell technologies, and organ decellularization. Among these advancements, decellularization techniques currently hold the most promise for creating a bioartificial kidney (9, 10).

Decellularization is a better alternative to porous scaffold fabrication systems, additive manufacturing procedures, and hydrogels, as it provides the necessary physical and biochemical environments to facilitate cell and tissue growth. This technology has garnered much attention within the past decade, as acellular scaffolds have been generated using bovine, equine, leporine, murine, and porcine models. However, substantial compromises to the scaffold architecture, observed under physiological conditions, inhibit their long-term viability and clinical utility (11, 12). Thus, further research is needed to overcome problems related to vascularization and help realize the promise of a bioartificial kidney (13). Using this assertion, it is necessary to devise methods to better evaluate vascular patency in post-transplantation settings. Imaging modalities like X-ray/computed tomography, magnetic resonance imaging, ultrasonography and positron emission tomography have been applied to investigate the decellularized vascular architecture (14).

Recently, our group reported the damage caused to decellularized porcine kidney scaffold vascular architecture and functionality by subjecting them to blood perfusion at pathophysiological rates using fluoroscopic angiography. We noticed substantial alterations to normal arterial branching patterns and patency, parenchymal damage, and glomerular microarchitecture disruption (12). These techniques provide useful information on the scaffold structure and function, as well as insight on the deformation that can arise after transplantation. Yet, the low spatial resolution, artifacts, and unwanted morphological alterations have always proved to be challenging to detect subtle defects (15). Such challenges have paved the way for radiomic approaches that can extract features far beyond the capability of the human eye or brain to appreciate (16).

Computer-automated mathematical image analysis methods have emerged to give potentially wide applications in radiology. In recent years, many different techniques, and algorithms have been proposed and tested, often with limited success regarding their potential for integration in current diagnostic and research protocols. Future developments in information technology ensure that many of these techniques will significantly improve diagnostic and prognostic accuracies in X-ray computed tomography, fluoroscopy, and angiography (17–19). Computational methods that use statistical analyses in evaluating image texture are potentially instrumental in X-ray imaging since they may enable fast, objective, and accurate detection of subtle changes in tissue architecture that are occasionally hard to notice during the conventional assessment. One such method is based on the gray level co-occurrence matrix Topalovic et al. algorithm, which has attracted much attention in computational medicine. The technique uses second-order statistics to determine indicators that reflect image features such as textural homogeneity, uniformity, and level of disorder. Previously, some of these indicators, such as angular second moment and inverse difference moment, have proven to be sensitive in assessing data obtained as the result of various X-ray digital image transformations (18, 20, 21).

In angiography, GLCM was successfully used as an addition to volumetric and radiomic metrics and image reconstruction of coronary lesions (22). Also, some authors have previously demonstrated the potential of this method to evaluate endoleaks in aneurysmatic thrombus CT images of abdominal aorta (23). Endovascular aortic aneurysm repair evolution might also be indirectly assessed with the help of GLCM and other textural algorithms (24). Finally, in some experimental animal models, this form of textural analysis may be used to research pulmonary parenchymatous changes associated with pulmonary thromboembolism (25). To the best of our knowledge, no such applications of GLCM have been used in evaluating kidney vascular architecture.

The aim of our work was to apply a gray level co-occurrence matrix GLCM computational algorithm to collectively assess vascular architecture and parenchymal damage generated from hypoperfusion in decellularized porcine kidneys using fluoroscopic angiography. We present evidence that GLCM may be highly applicable in the evaluation of normal and pathological kidney angiograms indicating its potential for inclusion in contemporary research practices in this area of radiology. Also, this is the first study to quantify textural changes in vascular architecture in decellularized kidney scaffolds, serving as the useful basis for future research on this organ model. Overall, this approach is the initial step toward developing an automated network that can detect changes in the decellularized vasculature.



MATERIALS AND METHODS


Experimental Animals

Adult Yorkshire pigs were euthanized, and whole kidneys were harvested under the guidelines provided by the Institutional Animal Care and Use Committee (IACUC) at the School of Medicine, Wake Forest University. All experimental protocols followed the ethical guidelines and regulations approved by Wake Forest University and the Animal Research Oversight Committee (AROC) at Khalifa University of Science and Technology, Protocol # A20-001. Moreover, all methods were performed in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.



Porcine Kidney Perfusion Decellularization and Sterilization

Whole porcine kidneys were extracted with intact renal arteries, veins, and ureters. The kidneys were then decellularized and sterilized using previously established protocols (11, 12, 26). Briefly, the arteries were cannulated using PE-50 polyethylene catheter tubing (Clay Adams-Becton Dickson, Parsippany, NJ, USA) and a 14-guage cannula and then secured with a 4/0 silk suture (Figure 1). Kidneys were flushed with 0.5–1 ml of heparinized PBS and then attached to a peristaltic pump (Cole-Palmer, Vernon Hills, IL, USA). Triton X-100, SDS, and phosphate-buffered saline (PBS) were slowly infused into cannulated renal arteries at a constant rate of 5 ml/min. Initially, 1% Triton X-100 was perfused through the renal artery for 36 h followed by 0.5% SDS dissolved in PBS for another 36 h. Finally, to remove the residual traces of detergents and cellular components, PBS was perfused through the kidneys for 72 h. The decellularized scaffolds were then submerged in PBS and sterilized with 10.0 kGy gamma irradiation.


[image: Figure 1]
FIGURE 1. Photographs of the bioreactor used to perfuse decellularized scaffolds with whole blood. (A) Image outlining the arterial line (which was then attached to the cannulated renal artery) and venous lines (which was left open to act as a venous reservoir to facilitate fluid recirculation) before the addition of the scaffold. (B) Image of an acellular kidney perfused with PBS illustrates how the scaffold recirculated fluid that emanated from its renal vein (red arrow) and open-ended venous line. (C) Image of a scaffold being perfused with whole pig blood.




Blood Perfusion Studies

Blood perfusion studies were carried out as previously reported (12). Prior to perfusion, the bioreactor components, namely, suction pump heads (Ismatec, Cole-Palmer, Wertheim, Germany), standard pump tubing female and male luer x1/8" hose barb adapters, barbed fittings, reducing connectors, three-way stop cocks, and Kynar adapters (Cole-Palmer, Vernon Hills, IL, USA) were sterilized using a 60 Co Gamma Ray Irradiator. While the bioreactor tubing, chambers, and 2,000 ml round wide mouth media storage bottles with screw caps assemblies (Sigma-Aldrich, St. Louis, MO, USA) were autoclaved.

Once sterilized, the bioreactor systems were assembled within a biosafety cabinet as described earlier (12). Concisely, the chamber was assembled in a way that ensured the two outer blood flow lines were attached on either side of the suction pump head. This aided arterial outflow from the Ismatec MCP-Z Process or MCP-Z Standard programmable dispensing pump (Cole-Palmer, Vernon Hills, IL, USA) into the chamber's arterial line while the venous returns to the pump via the venous line. The scaffold was suspended in a reservoir of roughly 500 ml of heparinized pig whole blood in the bioreactor chamber (BioIVT, Westbury, NY, USA). The renal artery was attached to the arterial line inside the chamber. In comparison, the renal vein cannula remained detached to allow venous outflow from the scaffold into the reservoir. The venous line was freely suspended into the reservoir to support unreplenished and unfiltered blood recirculation through the dispensing pumps. The entire assembled bioreactor system was then placed in a cell culture incubator, and scaffolds were subjected to continuous hypoperfusion (at a rate of 200 ml/min) for 24 h.

The pumps were set to produce pulsatile blood perfusion with 1-second fluctuations, and the model was calibrated to ensure the rotational speeds (measured in RPM) produced the desired volume flow rate of 200 ml/min. This flow rate corresponded to a perfusion pressure of 25.46 mmHg. Perfusion pressures were recorded with a digital differential pressure manometer (Dwyer Instruments, Michigan City, IN, USA) by attaching the arterial line to the manometer. At the 24-h time point, perfusion was ceased, and the scaffolds were removed from the chambers and placed in 60 × 15 mm sterilized polystyrene Petri dishes (Sigma-Aldrich, St. Louis, MO, USA) for fluoroscopic angiography.

At the 24-h time point, perfusion was ceased, and the scaffolds were removed from the chambers and placed in 60 × 15 mm sterilized polystyrene Petri dishes (Sigma-Aldrich, St. Louis, MO, USA) for fluoroscopic angiography.



Fluoroscopic Angiography Analysis

Non-perfused (n = 25) and hypoperfused (n = 25) decellularized kidneys were first infused with 100 ml PBS via the renal artery. The contrast agent was infusion of Iothalamate meglumine contrast agent (60% Angio-Conray, Mallinckrodt Inc., St Louis, MO, USA). Once a sturdy flow of exiting contrast agent was achieved, the renal vein, renal artery, and ureter were occluded to prevent the contrast agent from leaking out of the organ. Angiograms were collected at ambient temperature in a sterilized suite with a Siemens C-arm Fluoroscope (Siemens AG, Munich, Germany). We measured the diameters of each major arterial branch of the renal vasculature (renal artery, segmental artery, lobar artery, interlobar artery, and arcuate artery) using ImageJ software [ImageJ 1.53 k (64-bit), US National Institutes of Health, Bethesda, MD, USA]. Specifically, three portions of each branch were randomly selected to estimate the mean diameter. Moreover, we tracked changes in the branching patterns that occurred with hypoperfusion by using the following criteria: 1° = only the renal artery was left intact; 2° = only the renal and segmental arteries were left intact; 3° = only the renal, segmental, and lobar arteries were left intact; 4° = only the renal, segmental, lobar, interlobar arteries were left intact; and 5° = all five vascular branches were left intact.



GLCM Analysis

We performed GLCM analysis of selected regions of interest in angiograms using Mazda computational platform. This software was created by Michal Strzelecki and Piotr Szczypinski of the Institute of Electronics, Technical University of Lodz (27–29), Poland as a part of COST B21 European project “Physiological modeling of MR Image formation,” and COST B11 AQ6 European project “Quantitative Analysis of Magnetic Resonance Image Texture” (1998–2002). The software, originally made using C++ and Delphi© programming languages can accurately calculate GLCM features on multiple regions of interest (ROIs) of high-resolution BMP images making it an ideal candidate for textural analysis of angiograms.

In our angiograms in 8-bit BMP format (bit depth equaled 24), we formed ROIs covering kidney medulla and the main elements of the vascular network, with the area of ~80,000 resolution units (width of 200 and height of 400 resolution units) as shown in Figure 2B. For each ROI, five major GLCM features were calculated: angular second moment, inverse difference moment, GLCLM contrast, GLCM Correlation and Sum variance of the co-occurrence matrix. GLCM method assigns values to resolution units depending on their gray intensity, after which a series of complex second-order statistical calculations are performed on resolution unit pairs considering their distance and orientation. Values of individual GLCM features depend on the distribution patterns of the gray intensity pairs and the numerical organization of the resulting co-occurrence matrix.


[image: Figure 2]
FIGURE 2. Fluoroscopic angiography. (A) Photograph of a decellularized scaffold that was set to be infused with contrast agent. (B) An angiogram of the scaffold before it was perfused with blood displaying the decellularized vascular network and region of interest Davidovic et al., dashed rectangular region, covering kidney medulla and the main elements of this network. (C) An angiogram of the scaffold after 24 h of hypoperfusion (arterial infusion rate 20 ml/min). The major arterial branches of the renal vasculature are defined as follows, RA, renal artery; SA, segmental artery; LA, lobar artery; IA, interlobar artery; and AA, arcuate artery.


In GLCM analysis, angular second moment (ASM) represents the level of textural uniformity in two-dimensional signal. It can be calculated as:

[image: image]

In this formula, p (i, j) is the (i, j) th entry of the gray-level co-occurrence matrix, after the normalization. In this work, angular second moment was in essence a tool for quantification of textural orderliness of the angiogram ROIs.

A relatively similar feature to angular second moment that can also be calculated during GLCM analysis is inverse difference moment. Inverse difference moment Maidman et al. (30) is often used to quantify the level of textural smoothness, sometimes also referred to as “homogeneity.” It can be calculated as:

[image: image]

Some textural features take into account the mean (μ) and the standard deviation (σ) of normalized GLCM rows (i.e., x or y). Such is the GLCM Correlation parameter which is determined as:

[image: image]

Textural sum variance feature is also a useful measure that can indirectly measure the level of dispersion around the mean of the matrix:

[image: image]

Finally, in our study, we also quantified the textural contrast feature as:
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Textual contrast was used to quantify the difference between the neighboring resolution units considering their respective gray intensities.

All GLCM parameters were calculated for 4 specific pixel directions [(d,0), (0,d), (d,d), (0,-d)] at 4 different inter-pixel distances (d = 1–4). For details on GLCM algorithm and the calculation of features, the reader is referred to previous works that deal on the application of this method in medical and other sciences (31–33).



Discrete Wavelet Transform Features

Discrete wavelet transform (DWT) analysis of angiogram ROIs was performed as an addition to calculation of GLCM features. The DWT algorithm in Mazda software includes linear transformation of data vectors to numerical vectors taking into account their lengths (in case of data vectors, the length of an integer power of two). The analysis is performed separately on rows and columns of data with the application of high (H) and low-pass (L) filtering (34). The final output of DWT includes energies (En) of wavelet coefficients (d) in different subbands (for a respective subband location x and y) at different scales for a ROI resolution unit number (n):

[image: image]

Previous research on application of DWT in microscopy has indicated that textural heterogeneity may influence the values of coefficient energies in subbands. In this work, we focused on the quantification of 3 such energies depending on the use of high (H) and low-pass (L) filtering: EnLH, EnHL and EnHH. Additional details on DWT algorithm can be found in previous publications (34, 35).



Statistical Analysis

Non-parametric statistics were applied to analyze the data using SPSS v.25.0 (IBM Corporation, Chicago, IL). We used the Kruskal–Wallis one-way analysis of variance Ucci et al. (36) with the post hoc Dunn's test to compare the arterial diameters of the renal artery (RA), segmental artery (SA), lobar artery (LA), interlobar artery (IA), and arcuate artery Periayah et al. in both non-perfused and hypoperfused scaffolds. The comparison between the diameters of non-perfused and hypoperfused scaffolds was done using the Mann-Whitney U-test. Difference in GLCM and DWT values between non-perfused and hypoperfused decellularized kidneys were also evaluated using Mann-Whitney U and Kruskal-Wallis tests. A two-tailed p-value < 0.05 was considered to be statistically significant.




RESULTS


Scaffold Perfusion Analyzed Using Fluoroscopic Angiography and Venous Outflow

Fluoroscopic angiography showed that the vascular network was well-preserved post decellularization in non-perfused kidneys (Figure 2B). Angiograms taken from decellularized kidneys post-perfusion with unreplenished and unfiltered blood for 24 h revealed alterations in the decellularized vascular architecture and parenchyma (Figure 2C). Substantial levels of contrast agent extravasation were also observed throughout the cortical and medulla regions highlighting deleterious modifications to the integrity of decellularized renal parenchyma. Moreover, the hypoperfused acellular kidneys were unable to perfuse blood throughout their vascular networks and showed notable signs of thrombosis and cessation of venous outflow.

Furthermore, we observed considerable reductions in the diameter of each vascular segment (Figure 3), apart from the arcuate arterial track, within hypoperfused scaffolds. Angiographic analyses also revealed substantial disruptions to the branching patterns observed within these hypoperfused kidneys. The typical branching pattern (5°) was maintained in non-perfused kidneys, whereas hypoperfused kidneys displayed patterns that ranged from 5° to 1° (Figure 4). Specifically, the standard arterial branching patterns were noticeably disrupted by the end of perfusion, making it difficult to detect and differentiate the various branches of the arterial tree.


[image: Figure 3]
FIGURE 3. Estimated diameters of each major arterial branch of the renal vasculature. A comparison of the diameters of the major arterial branch of the renal vasculature in non-perfused and hypoperfused decellularized kidneys.



[image: Figure 4]
FIGURE 4. Renal arterial branching patterns. A comparison of changes to the innate (non-perfused) branching patterns that occurred with hypoperfusion using the following criteria: 1°, only the renal artery was left intact; 2°, only the renal and segmental arteries were left intact; 3°, only the renal, segmental, and lobar arteries were left intact; 4°, only the renal, segmental, lobar, interlobar arteries were left intact; and 5°, all five vascular branches were left intact.


Kruskal–Wallis one-way analysis of variance Ucci et al. identified differences in the mean diameters of arterial branches, namely, renal artery (RA), segmental artery (SA), lobar artery (LA), interlobar artery (IA), and arcuate artery Periayah et al. in both non-perfused (p < 0.001) and hypoperfused (p < 0.001) scaffolds, individually. The post hoc Dunn's test applied to the non-perfused decellularized data showed significant differences (p < 0.05) among the mean diameters of almost all pairs of branches except for SA-RA (p = 0.63) and AA-IA (p = 0.13). For the hypoperfused decellularized samples, the post hoc Dunn's pairwise test also revealed significant differences in the mean diameters for almost all the major arterial branches except for AA-IA (p = 0.5), IA-LA (p = 0.065), and LA-SA (p = 0.05).

Moreover, the Mann-Whitney U-test was used to compare the diameters of the various arterial branches of non-perfused and hypoperfused scaffolds. There were significant decreases (p < 0.05) in the diameter of the arterial branches in hypoperfused scaffolds as compared to non-perfused scaffolds, except for reductions observed between arcuate arteries of the two groups (p = 0.342).



GLCM Analysis

For the inter-pixel distance of 1 and direction (1,0), the average angular second moment of the ROIs was 0.053 ± 0.022 for decellularized kidneys before perfusion (pre-perfusion) and 0.030 ± 0.018 for after perfusion (post post-perfusion) angiograms (Figure 5A). Statistically highly significant difference was observed (p < 0.01). This result implied a substantial reduction of textural uniformity in post-perfusion vascular architecture. Similar reduction was observed with the mean values of inverse difference moment (0.781 ± 0.046 in post-perfusion compared to 0.805 ± 0.026 in controls) (Figure 5B). The difference was highly significant (p < 0.05) which implied that the textural homogeneity of ROIs decreased.


[image: Figure 5]
FIGURE 5. GLCM indicators before and after blood perfusion. (A) Angular second moment. (B) Inverse difference moment. (C) GLCM Contrast. (D) GLCM Correlation. (E) GLCM Variance. *p < 0.05; **p < 0.01.


On the other hand, there was a substantial rise in the average values of GLCM Contrast (Figure 5C), GLCM Correlation feature (Figure 5D) and Sum variance (Figure 5E). The largest increase was observed in Sum variance (127.99 ± 91.53 in post-perfusion vs. 52.48 ± 43.36 in pre-perfusion angiograms, p < 0.01) followed by the Correlation (0.989 ± 0.007 vs. 0.978 ± 0.008, p < 0.01), and lastly GLCM Contrast (0.51 ± 0.15 vs. 0.44 ± 0.09, p < 0.05). This is in line with the results of the values of angular second moment and inverse difference moment, and imply the rise of the overall textural heterogeneity of vascular architecture. Average values and standard deviations (SD) of GLCM parameters before and after perfusion (per) for specific interpixel distances (d) and directions (dir) are presented in Table 1.


Table 1. Average values and standard deviations (SD) of GLCM indicators before and after perfusion (per) for specific interpixel distances (d) and directions (dir).

[image: Table 1]

We also observed some changes in wavelet coefficient energies of the ROIs, however these changes were not as drastic as the ones exhibited by GLCM features. The average value of EnLH rose from 1.17 ± 0.45 in controls to 1.54 ± 0.70 in post-perfusion angiograms (p < 0.05). Similar rise and level of significance was observed for EnHL means (1.07 ± 0.36 compared to 1.37 ± 0.53 in controls, p < 0.05). Regarding EnHH, the average value in pre-perfusion angiograms was 0.08 ± 0.01 and in post-perfusion angiograms it rose to 0.09 ± 0.02 (p > 0.05).

Significant correlations were detected between GLCM and DWT parameters in both groups of angiograms. For example, statistically highly significant negative correlation (p < 0.01) existed between the DWT EnHL feature and the values of inverse difference moment. Similar statistically highly significant negative correlation (p < 0.01) was observed between EnHH feature and the values of angular second moment. These associations are expected, they are partly the result of the methodological similarities during the implementation of GLCM and DWT algorithms, and confirm the validity of the obtained dataset.




DISCUSSION

Time and again, emphasis has been given to the importance of maintaining the integrity of vascular networks in decellularized organs for transplantation. These vascular tracks support the homogenous recellularization process in complex organs like the kidney. It is vital to consider the infusion rate, volume, and cell type to ensure that the repopulation process does not constrict vascular ducts. Another consideration is the effective removal of the detergents after decellularization. Ineffective removal would prolong the decellularization process and favor disruption of the ECM, and previous studies have shown that SDS and Triton X-100 can denature the triple-helical collagen structure (37, 38). Thus, it is crucial to understand the various conditions that lead to scaffold damage entirely. Such an improved understanding will help us develop enhanced scaffolds that may be able to withstand the recellularization process better and support the development of bioartificial organs.

To better understand these processes, we subjected decellularized scaffolds to hypoperfused infusion rates. Hypoperfusion substantially affected the vascular architecture of the decellularized kidney. For instance, platelet activation and coagulation usually do not occur within the intact vasculature. However, without an intact endothelium and a reduced perfusion rate, the whole blood would have been in direct contact with collagen for substantial periods. As a result, platelets would have been in direct contact with collagen fibers within the scaffold and enabled their adhesion and aggregation (39). This highly thrombogenic environment generated within the decellularized vasculature would have thus supported the development of vascular occlusions throughout the scaffold. Such occlusions would have increased blood viscosity, reduced flow rates, and facilitated the accumulation of viscous blood in the kidney over time, resulting in hemostasis and swelling. These events could explain the substantial disruptions to the scaffold parenchyma observed in the decellularized kidneys (12).

From our analyses, we observed significant decreases in the diameters of the major arterial branches in hypoperfused scaffolds compared to the non-perfused scaffolds. We then applied textural analysis algorithms based on gray level co-occurrence matrix and discrete wavelet transform to investigate the pathologically changes in the vascular architecture of the decellularized kidneys subjected to conditions that mimic renal artery stenosis (12). This form of stenosis is a well-recognized disorder that compromises transplantation and has been shown to denature the acellular vascular tracks. Such deformation also leads to aberrant changes in the decellularized parenchyma. The images obtained using fluoroscopic angiography showed that significant differences in both GLCM and DWT features could be detected using this approach.

With respect to textural analysis, as reported in the previously published studies, we can assume that GLCM parameters are potentially useful indicators of discrete changes in tissue architecture (40). In tissue micrographs, this has been shown to be the case in both physiological and pathological conditions (41, 42).The reduction of angular second moment (textural uniformity) and inverse difference moment (textural homogeneity) might be related to parenchymal structural degradation and deterioration as suggested earlier (40). In general, previous research has shown that in parenchymatous organs, these GLCM parameters decrease as the level of entropy (degree of structural chaos and disorder) increases (43). As for the GLCM contrast and GLCM correlation, in micrographs, these parameters showed relatively good discriminatory power in differetiating between haelthy kidney medular tissue and the tissue following reperfusion injury (40). In our current research, since the analysis was done following the process of decellularization, we can speculate that the ASM and IDM reductions were associated with the changes in vascular network patterns, possibly due to the structural damage of blood vessels. Also, hypoperfusion-related clotting, as well as structural deterioration of extracellular and extravascular matrix might also have significantly contributed to the observed changes in GLCM parameters. Nevertheless, it should be noted that GLCM analysis is a relatively new method in both biology and radiology and additional research is needed to draw definite conclusions on the relationship between specific structural changes in kidney tissue and changes in GLCM parameters. Our findings imply that textural analysis, as a set of contemporary computer-based methods, has a great potential to be used as an addition to the conventional angiographic evaluation of the renal vascular network.

Perhaps the most important finding was the observed significant change of inverse difference moment of angiogram ROIs. This GLCM feature indicates textural homogeneity and is often used to quantify smoothness in the distribution of resolution units in grayscale images. Previous research articles in digital micrographs have shown the potential value of inverse difference moment in detecting structural alterations that are not visible to a professional pathologist (35, 44).

Along with angular second moment and GLCM contrast, this is probably also one of radiology's most frequently calculated textural features.

Generally, in the past, the most frequent application of textural computational algorithms in radiology was to assess images obtained through nuclear magnetic resonance, computerized tomography, and other tomography techniques. Probably the most common approach is to compare the images of tissue lesions or other pathological changes in tissue architecture with controls. After that, one of the possibilities is to determine the sensitivity of individual GLCM features for lesion detection or to test the discriminatory power of the method regarding the separation of post- and pre- perfusion radiographs or parts of a radiograph (20). Another strategy would be to use GLCM features as prediction tools for disease prognosis (45), or to test their ability to determine boundaries of the lesion in the same radiograph. Finally, it may be possible to develop a scoring system that considers GLCM (and other) indicators of texture and test its sensitivity and specificity (46).

In angiography, the GLCM method is much less frequently applied, and so far, only a handful of studies have been published on this topic. These mainly include the use of GLCM features for assessment of low attenuation non-calcified (LANCP), non-calcified and calcified coronary plaques (18, 22), or for computer-aided diagnosis-specific cases of endovascular aortic aneurysms (24). In optical coherence tomography angiography, as demonstrated earlier, some GLCM indicators can also be applied to quantify choriocapillaris in healthy and diseased eyes (47). To the best of our knowledge, there hasn't been a similar study trying to apply texture analysis for the assessment of vascular changes in kidney tissue. Therefore, our research is probably the first to demonstrate the applicability of these computational algorithms (GLCM and DWT techniques on an experimental model of decellularized kidney) in this rapidly developing area of radiology and also provides a potentially useful foundation for future research.

In the future, probably the most important application of both GLCM and DWT analyses will be to provide inputs for various artificial intelligence-based methods for image analysis in radiology. This application would include training and testing different machine learning models, some of which have already been suggested as suitable for GLCM data (44). The examples would be conventional decision tree algorithms such as CHAID (Chi-square Automatic Interaction Detector) or CART (classification and regression tree) or some more modern approaches such as random forests. Support vector machines, naive Bayes, linear discriminant analysis, and similarity learning are potential alternative strategies. The most considerable potential regarding the use of GLCM and DWT raw data may lie in designing various types of neural networks. This process includes simple concepts such as a multilayer perceptron or more complex ones such as recurrent and convolutional neural networks. Convolutional neural networks are a fascinating approach since they are already widely used in medicine and other disciplines of computer vision. Despite the promises that such a computer algorithm makes, many loopholes still need to be addressed that will require extensive quality assurance of these methods, including testing inter- and intra-observer reliability, for their effective application in the clinics.

As mentioned, the limitations of our study include the relatively small sample, which is not sufficient for the implementation of the more complex approaches such as machine learning or the creation of other artificial intelligence-based models. Also, another important aspect to consider is that the results of GLCM and DWT generally depend on various factors associated with image creation. Brightness, contrast, hue, saturation, and many other image parameters which can vary in angiograms can substantially impact GLCM features such as angular second moment or inversed difference moment.

Another important limitation is that the fact that the results of GLCM and DWT analyses in certain circumstances may greatly vary and depend on the positioning of the region of interest within the image. In our study we positioned the ROI to always cover the same area of the kidney, with the left boundary in the proximate vicinity to the area where the branches of the renal artery appear to enter the hilum. Although in our study we successfully applied this approach in all angiograms, in the future it may not be always feasible due to radiological and other factors. Future studies will have to additionally validate this strategy and perform a comprehensive quality assurance of both GLCM and DWT techniques and their applications in renal angiography.

Finally, to our knowledge, the results of the textural analysis are not always the same across different computational platforms. Such variations can arise from the fact that existing software algorithms may use images in different formats (8-bit, 16-bit, BMP, JPG, etc.) or because of many other technical issues and solutions the developers tried to include into the programming code. All of these issues may in the future hinder the potential of successful integration of textural analysis methods in contemporary diagnostic protocols. For this to happen, extensive quality assurance of the processes, including testing inter- and intra-observer reliability, will have to be performed.



CONCLUSION

Our results designate that certain discrete changes in vascular architecture and renal parenchyma in the decellularized kidney can be successfully detected using well-known contemporary computational algorithms for texture analysis, thereby overcoming the limitations of conventional imaging modalities. We report statistically significant changes in GLCM and wavelet features, including reducing angular second moment and inverse difference moment, indicating a substantial rise in angiogram textural heterogeneity in pathological conditions. Our findings suggest that the GLCM method may be used as an addition to the conventional fluoroscopic angiography analysis of micro-/macrovascular integrity for a more accurate diagnosis. To the best of our knowledge, this is the first study to use GLCM and DWT based approach in decellularized kidney experimental model, augmenting appropriate evaluation of the decellularized kidneys vasculature, to accomplish lasting vascular patency post-transplantation, thereby giving hope to impede a looming epidemic of morbidity or mortality due to kidney diseases. This approach is the first step toward developing an automated network that can detect debilitating changes in the decellularized vasculature and supporting tissue network.
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Background: Left atrial (LA) function is linked to atrial fibrillation (AF) pathogenesis. AF catheter ablation decreases disease burden with potentially favorable effects on cardiac function. Atrial volume-pressure loops can optimally assess the LA function.

Objective: To investigate changes in LA function by volume-pressure loops after paroxysmal AF ablation and explored potential differences between the radiofrequency and cryoballoon ablation.

Methods: We analyzed 44 patients undergoing paroxysmal AF ablation from 2 centers, 22 treated with radiofrequency and 22 with cryoablation. Pre- and post-procedure, all patients underwent a real-time three-dimensional transthoracic ECG to evaluate LA volume, while simultaneously recording LA pressure following transseptal puncture. Volume-pressure loops pre- and post-procedure were created by paired data. Areas of A-loop (LA booster pump function) and V-loop (LA reservoir function), and the stiffness constant determining the slope of the exponential curve during LA filling were calculated.

Results: Average LA pressure, A-wave amplitude, and V-wave amplitude were increased post-procedurally (p < 0.001). Overall, A-loop area decreased (p = 0.001) and V-loop area tended to increase (p = 0.07). The change in both A-loop and V-loop areas was similar between radiofrequency- and cryoballoon-treated patients (p = 0.18 and p = 0.52, respectively). However, compared with cryoballoon-treated patients, radiofrequency-treated patients had higher increase in the stiffness constant (b = 0.059; 95% CI: 0.022–0.096; p = 0.006).

Conclusion: AF catheter ablation by the radiofrequency or cryoballoon is associated with the decrease of the booster pump function and increase of the reservoir function. Moreover, there is a post-procedural increase of LA pressure which is associated with an acute increase in LA stiffness in radiofrequency ablation, but not in cryoablation.

Keywords: catheter ablation—atrial fibrillation, atrial fibrillation, left atrium, real-time three-dimensional echocardiography, volume pressure loops


INTRODUCTION

Atrial fibrillation (AF) is associated with significant patient morbidity and mortality (1). Recent research has led to the consideration of AF as a manifestation of atrial cardiomyopathy (2). This is supported by observations linking left atrial (LA) anatomy and physiology to pathogenesis of AF, with a prominent role of LA remodeling and fibrosis, while increased LA pressures play important roles in the initiation and recurrence of this arrhythmia (3). Catheter ablation of AF by pulmonary vein (PV) antral isolation and PV-LA junction ablation is an established therapy that decreases the disease burden, thus leading to reverse remodeling, decreasing LA size, and improving left ventricular (LV) function (4, 5). Yet, the mechanisms by which these actions are mediated have not been completely elucidated, while several studies have demonstrated controversial results regarding its impact on LA function, with stiff LA syndrome described in a small percentage of patients following LA ablation (6).

Atrial volume-pressure loops are the optimal method to assess LA function, based on the classic Newtonian mechanics (2, 7, 8). The loops allow physiological assessment of atrial systolic function, by providing information on LA work during reservoir and contraction phases, as well as on LA stiffness (8). Changes in atrial function induced by catheter ablation of AF have not been documented thus far using this approach.

The aim of this prospective study was (1) to investigate potential changes in LA function by volume-pressure loop assessment after catheter ablation of AF by PV antral isolation and PV-LA junction ablation in patients with paroxysmal atrial fibrillation (PAF), and (2) to explore a potential difference in this response between the radiofrequency catheter and cryoballoon ablation.



MATERIALS AND METHODS


Study Population

This is a prospective observational study of patients undergoing catheter ablation of PAF. Consecutive patients over 18 years old with PAF undergoing for the first time catheter ablation of PAF by PV antral isolation and PV-LA junction ablation, either with a radiofrequency or a cryoballoon catheter, as per clinical indication, were enrolled from 2 high-volume centers from 1 December 2017 to 31 October 2018. Each center enrolled consecutive patients undergoing PV antral isolation using the same method; i.e., radiofrequency ablation for “Evangelismos” General Hospital and cryoablation for Athens Medical Center. All patients included were required to have ≥2 paroxysms of PAF defined as self-terminating AF paroxysms or cardioverted within 7 days, were on sinus rhythm at the time of the ablation, and maintained sinus rhythm immediately after the procedure. Patients with severe mitral stenosis or regurgitation, previous cardiac surgery, any prosthetic valve, evidence of ischemia, LA thrombus, or severe LV systolic or diastolic dysfunction were excluded. Additionally, patients with echocardiographic images of suboptimal quality (i.e., inability to image the left atrium during the entire cardiac cycle, or very low frame rate not allowing a real-time 3D echocardiography analysis) or poor quality ECG recordings were excluded from the post-hoc analysis.



Study Protocol

Patients underwent PV isolation either by a radiofrequency or a cryoballoon catheter, according to the institutional practice and local standards, as described in the “Ablation Procedure” section. Before and after the procedure, all patients underwent a real-time 3D transthoracic ECG to evaluate LA volume changes during an entire cardiac cycle, while simultaneously recording LA pressure following the transseptal puncture. After the procedure, LA volume and pressure recordings were gated offline by ECG, and recorded values were used to plot the LA pressure as a function of LA volume. Demographic, clinical, and 2d-echocardiographic variables were prospectively obtained. All patients gave written informed consent. The protocol was approved by the institutional ethics committees and complied with the Declaration of Helsinki.



Ablation Procedure

All procedures were performed under conscious sedation according to institutional practices, either by radiofrequency ablation or cryoablation (9, 10). Conscious sedation for both methods included administration of intravenous boli of midazolam, while intravenous fentanyl was administered as bolus for analgesia. Heparin was administered before the transseptal puncture and maintained at activated clotting time levels >300. Briefly, for radiofrequency ablation, following a single transseptal puncture, LA was reconstructed by the CARTO 3 navigation system (Biosense Webster, CA, USA) and wide circumferential lesions around both ipsilateral PVs were performed by a 3.5 mm-tip ablation catheter (Thermo Cool Navi-Star and Smart Touch, Biosense Webster) and a power setting of 30–40 W. The endpoint of the ablation was the absence or dissociation of potentials in the isolated area as documented by the circular mapping catheter (Lasso, Biosense Webster) (10).

Cryoablation was performed without the 3D mapping. A 15-F steerable sheath (FlexCath, Medtronic, Minneapolis, Minnesota) was used to introduce the cryoballoon catheter system into the LA. A 28 mm cryoballoon (Arctic Front Advance, Medtronic) was then advanced through the FlexCath sheath, and positioned at the antrum of each PV guided by the circular mapping catheter (Achieve, Medtronic). The ablation strategy was wide antral isolation and additional LA lesions were not allowed. The protocol recommended the use of 240 s cryoapplications using a freeze-thaw-freeze technique. An additional freeze was delivered in the case of failure to isolate the PV, if time to isolation was >60 s, and in cases where a mapping catheter was unable to monitor the real-time isolation. To minimize the risk of phrenic nerve injury, right phrenic nerve pacing was performed by an electrode catheter in the superior vena cava and capture was confirmed by palpation and intermittent fluoroscopy. Application of cryoenergy was terminated immediately upon attenuation or loss of phrenic nerve capture.

For both procedures, entrance and exit block of the PVs were evaluated 30 min after the initial isolation. The procedure was considered complete once all PVs with conduction recovery were re-isolated. In cases where AF occurred during the procedure, when not terminated by ablation, sinus rhythm was restored by cardioversion.



Transthoracic ECG

The studies were performed by two experienced echocardiographers (EP, SK) using a Vivid-E9 system with a 4 V probe (GE Healthcare, Chicago, US) at two time points: pre- and post-ablation. By real-time 3D echocardiography, apical full-volume datasets, taking care to avoid foreshortening, were recorded during end-expiratory apnoea. After the procedure, images were analyzed offline at the independent echocardiographic laboratory of Hippokration Hospital, blinded to the ablation method and timing of acquisition. Images were analyzed by two observers (AKa, MK) with a consensus approach, and images were re-evaluated by a third reviewer (CA) to ensure contingency of the analysis, with disagreements resolved by consensus. The LA borders were traced at multiple planes during the cardiac cycle using a semiautomated contour tracing algorithm (4DQ analysis) of the Echopac software (GE healthcare), excluding the PVs and the LA appendage from the volume measurement (11, 12). Thereby, LA volume within a cardiac cycle was calculated and plotted as a function of time with a simultaneous ECG recording (Figure 1). In the case of suboptimal images to reliably calculate LA volume during the systole, the patient was excluded from the study. Moreover, end-diastolic LA volume (LAEDV), end-systolic LA volume (LAESV), and LA volume pre-contraction were recorded, while total atrial emptying volume was calculated as LAESV minus LAEDV and active atrial emptying volume as LA volume pre-contraction minus LAEDV (12). Atrial ejection fraction was calculated as total atrial emptying volume divided by LAESV and multiplied by 100, while LA active ejection fraction as active atrial emptying volume divided by LAESV and multiplied by 100 (12).


[image: Figure 1]
FIGURE 1. (A) Methodology of echocardiographic analysis for left atrial (LA) volume calculation. (B) Simultaneous recording of LA pressure and LA volume during a cardiac cycle gated by ECG. (C) Graphical plotting of LA volume vs. LA pressure and creation of volume pressure loops. (D) Calculation of the passive elastic chamber stiffness constant (cm−3) and of the elastic constant (mmHg).




LA Pressure Measurement

Following the transseptal puncture, LA pressure was measured by an oscillometric device (Truwave; Edwards Lifesciences) connected to a fluid-filled 6F multipurpose angiographic catheter or to the cryoballoon catheter after removing the Achieve circular mapping catheter. This measurement was performed after transseptal puncture and LA catheterization, just before the ablation procedure, and repeated before the sheath withdrawal. No chronotropic or inotropic agents were administered during measurements. Measurements from a single beat were used for each volume-pressure loop pre- and post-ablation, at an end-expiratory phase and with stable sinus rhythm for at least three beats. All pressure, electrogram, and surface ECG measurements were recorded by the Labsystem Pro software (Boston Scientific), and exported to digital format, containing synchronous values of ECG amplitude and instantaneous pressure at 1 ms intervals.



Calculation of Indices of LA Systolic Function

Recorded values of volume and pressure were gated offline using the ECG recordings, after adjusting for ultrasound signal delay due to the imaging depth (8). Thereby, paired values of volume and pressure were available. Since the sampling ratio of LA volume values is lower than the pressure sampling, and dependent on the sampling rate of the echocardiographic recording, the number of pairs was defined by the number of LA volume measurements, with a minimum of 12 pairs used. These paired values were used to graphically plot LA pressure as a function of LA volume, thus creating a volume-pressure loop (Figure 1) (8). The A-loop area or LA stroke work index, is a measure of the LA booster pump function. The V-loop area expresses the LA reservoir function. Pressure and volume data during the period of the clockwise ascending limb of the volume-pressure loop were fitted to the exponential function P = b × ea·V, where P = instantaneous LA pressure and V = LA volume (2, 13). The least squares method was used for calculation of a and b, where a is the passive elastic chamber stiffness constant (ml−1) that determines the slope of the exponential curve and quantifies LA stiffness, while b is the elastic constant (mmHg) representing baseline LA pressure conditions.



Statistical Methods

All analyses were performed with SPSS 25.0. As this is a pilot study, no official study sample was calculated ad hoc. Continuous variables are presented as mean ± SD or as median [interquartile range, IQR], as appropriate, and nominal variables as n (%). Normality was assessed by the Shapiro–Wilk test. Between-patient normally distributed variables were compared by t-test, while non-normally distributed variables by Mann–Whitney test. Nominal variables were compared by Fisher's exact test. As most echocardiographic, haemodynamic, and volume-pressure loop variables were non-normally distributed, a Generalized Estimating Equation with repeated effects was used to assess the impact of the ablation procedure and of the applied method on these variables. The value of p <0.05 indicated statistical significance.




RESULTS

We enrolled 59 patients with PAF. The study flow diagram is presented in Figure 2. Fifteen patients were excluded, eight due to suboptimal echocardiographic images, six due to poor-quality pressure recordings, and one because of failure to convert to sinus rhythm after the end of the procedure. Eventually, 44 patients were used for the analysis, 22 treated with radiofrequency ablation and 22 with cryoablation. The procedure was uneventful in all cases.


[image: Figure 2]
FIGURE 2. Study flow diagram.



Baseline Characteristics

The mean age was 62.2 ± 10.7 years and 31 patients (70.5%) were men. There were no significant differences in baseline characteristics between patients treated with radiofrequency or cryoballoon (Table 1).


Table 1. Patient and ECG characteristics by ablation method.
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Echocardiographic Analysis

Table 2 summarizes differences before and after the procedure in LA morphometry by real-time 3D echocardiography. There were no significant differences in LAEDV or LA ejection fraction pre- and post-procedure. Conversely, LAESV, total atrial emptying volume, LA volume pre-atrial contraction, active atrial emptying volume, and LA active ejection fraction were significantly lower post-procedurally.


Table 2. Procedure-induced changes in echocardiographic, haemodynamic, and volume-pressure variables.
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Table 3 demonstrates differences in echocardiographic variables between radiofrequency and cryoablation. There were no significant differences between the two groups, except for post-procedural active atrial emptying volume that was higher in patients treated with cryoballoon. Similarly, only active atrial emptying volume and LA volume pre-atrial contraction trended toward higher increase in patients treated with cryoballoon (p = 0.05 and p = 0.10, respectively), while all other changes pre- and post-procedure in real-time 3D-echocardiographic variables were not significantly different between patients treated with radiofrequency or cryoballoon.


Table 3. Echocardiographic characteristics by ablation method.
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Haemodynamic and Volume-Pressure Loop Analysis

Table 2 summarizes procedure-induced changes in LA pressure and volume-pressure loop variables. Average LA pressure, A-wave amplitude, and V-wave amplitude were all significantly increased post-procedurally (p < 0.001 for all). A-loop area decreased (p = 0.001), whereas V-loop area tended to increase (p = 0.07). Although the elastic constant increased (p < 0.001), there was no significant difference in the passive chamber elastic constant overall (p = 0.63).

Differences in haemodynamic and volume-pressure loop variables between radiofrequency- and cryoballoon-treated patients are demonstrated in Table 4. Post-procedurally, V-wave amplitude was similar in the two groups (24.3 mmHg [19.1–32.2] vs. 28.1 mmHg [19.9–43.2]; p = 0.35), but A-wave amplitude tended to be lower in radiofrequency-treated patients (19.0 mmHg [12.4–22.4] vs. 20.7 mmHg [17.2–37.9], p = 0.06), and average pressure was lower (16.6 mmHg [10.4–20.4] vs. 18.7 mmHg [16.5–30.6], p = 0.03). There were no significant differences in A-loop or V-loop area between the two groups, although both tended to be higher in radiofrequency-treated patients (A-loop: 40.3 ml*mmHg [28.0–70.6] vs. 22.7 ml*mmHg [9.5–56.1], p = 0.10; V-loop: 112.9 ml*mmHg [69.8-198.8] vs. 66.0 ml*mmHg [31.4–176.4], p = 0.14]. Change in V-wave amplitude was not significantly different between the two groups (p = 0.24), whereas increase in A-wave amplitude was lower in radiofrequency-treated patients compared with cryoballoon-treated patients (b = −7.87; 95% CI: −14.42 to −1.33; p = 0.044) and so was the change in average pressure (b = −8.51; 95% CI: −15.00 to −2.02; p = 0.021). The extent of change in both A-loop and V-loop areas was similar between radiofrequency- and cryoballoon-treated patients (p = 0.18 and p = 0.52, respectively). However, compared with cryoballoon-treated patients, radiofrequency-treated patients had lower increase in the elastic constant (b = −6.60; 95% CI: −10.56 to −2.64; p = 0.005), and higher increase in the passive elastic chamber stiffness constant (b = 0.059; 95% CI: 0.022–0.096; p = 0.006). To assess a potential impact of peri-procedural fluid administration, especially with the irrigated radiofrequency catheter, we investigated the potential association of total fluid volume, procedural duration, and radiofrequency duration with all post-procedural volume-pressure variables (A- and V-loop area, elastic constant, and passive elastic stiffness constant; Supplementary Table). However, there was no significant correlation for any variable (all p > 0.15). Representative examples of volume-pressure loops in patients with radiofrequency and cryoballoon ablation are presented in Figure 3.


Table 4. Pressure data and volume-pressure variables by ablation method.
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FIGURE 3. Representative examples of changes in LA volume-pressure loops in patients undergoing transcatheter atrial fibrillation (AF) ablation with (A) radiofrequency catheter and (B) cryoballoon.





DISCUSSION

In this prospective pilot study, we thoroughly investigated the acute impact of PV antral isolation and LA-PV junction ablation on morphometric and haemodynamic metrics of LA function, as well as on metrics derived by volume-pressure loops which can quantify the work of the LA, during both the reservoir and active contraction phases, and the LA stiffness. Moreover, we investigated a possible effect of the applied energy source (i.e., radiofrequency versus cryoballoon) on these changes. The main findings of the present study are that: (1) there is a significant increase of average pressure, A-wave amplitude and V-wave amplitude after the procedure observed in both radiofrequency- and cryoballoon-treated patients; (2) although the total volume emptied from LA to LV does not change post-procedurally, the volume ejected during atrial systole is reduced; (3) both in radiofrequency- and cryoballoon-treated patients, there is a decrease in the LA booster pump function and trend for increase in the reservoir function; and (4) in radiofrequency-treated patients, the increase in LA pressure is mainly due to acute increase in LA stiffness, whereas in cryoballoon-treated patients, this increase is observed without such change in LA stiffness.

AF ablation by PV antral isolation and PV-LA junction ablation is a procedure that decreases the disease burden and improves AF-free survival (1). Several approaches, such as echocardiography including LA strain assessment, haemodynamic measurements, and volume-pressure relationships have studied the interaction of LA function with catheter ablation of AF. A decreased reservoir function that recovers following successful AF ablation has been demonstrated by atrial strain measurement (14). Similarly, an increase of the LA ejection fraction by the 3D echocardiography after 3 months has been observed after catheter ablation, due to increase of the volume emptied to LV during the reservoir phase. This effect was more pronounced with cryoablation, as compared with radiofrequency ablation (15). This might be explained by our study, where radiofrequency but not cryoballoon ablation was associated with increased LA stiffness post-procedurally.

Moreover, LA hemodynamics have a potential impact on ablation procedure outcome. The increased pre-procedural LA pressure has been associated with adverse LA remodeling and AF recurrence post radiofrequency catheter ablation (3), while vice-versa the procedure itself has been associated with increase of LA pressure over time in patients undergoing redo procedures (16). Additionally, increased LA stiffness (assessed by the pressure difference within a cardiac cycle) was associated with the reduced diastolic function at follow-up of the same patients (16). This has further been corroborated by a study combining MRI imaging of the LA with subsequent invasive LA pressure measurements pre-ablation to generate volume-pressure loops. This study assessed the stiffness by calculating the linear slope of ΔP/ΔV during the diastolic LA filling phase—albeit not taking into account the non-linear correlation between these variables—and found that increased pre-procedural LA stiffness was independently associated with AF recurrence after LA ablation (16). Finally, pre-existing LA fibrosis has been associated with recurrences after PV isolation, further supporting a potential adverse impact of LA stiffness (17).

Nevertheless, no study has used an integrated approach to characterize the acute impact of the ablation procedure on LA function. While the main determinants of the LA reservoir function are the LA myocardial compliance and the LV longitudinal displacement, LA contraction is to a greater extent dependent on ventricular filling pressures (18). In our study, despite a higher A-wave amplitude post-ablation, total LA work during active contraction (A-loop area) was reduced due to a lower active emptying volume, lending evidence to a hypothesis of a “stunned” LA unable to forward the blood into the LV despite a higher filling pressure. However, this acute adverse impact of the ablation procedure is counteracted by a compensatory increase of the reservoir function that manages to maintain an unchanged total emptying volume and atrial ejection fraction due to the increase in LA filling pressures.

In our study, both radiofrequency and cryoablation resulted in similar changes in LA function and hemodynamics: reservoir function was increased and booster pump function was decreased in the same extent, while average LA pressure was similarly increased in both methods. This increase in pressure might share common mechanisms in the two groups, such as change of preload with periprocedural fluid administration, or a potential impact of increased vagal stimulation, given the increased passive emptying and reduction of booster function. However, the increase in LA pressure for patients treated with radiofrequency ablation was clearly associated with a higher increase in LA stiffness, as assessed by the passive elastic chamber stiffness constant, which determines the slope in the exponential equation that expresses the changes in LA pressure as a function of volume (2, 13). A similar increase in LA stiffness has been described in an experimental model of the Cox maze procedure (19). It is unclear whether this differential response in LA stiffness in our study might be explained by differences in myocardial injury between the methods. In radiofrequency ablation, effective lesions are transmural and characterized by permanent electrical changes ensuring PV isolation, whereas cryo-lesions are characterized by preserved tissue architecture and cause less damage to the endocardium (20). These histologically well-demarcated and homogeneous lesions might be associated with a subtler response which does not increase LA stiffness to the same extent.


Perspectives

Using an integrated approach, we documented several important changes underlying catheter ablation of AF. Namely, we observed an acute decrease in active atrial emptying volume with a preservation of the total volume, an acute decrease of the LA booster pump function and an increase of the reservoir function, increase in LA pressures, and in radiofrequency ablation increased LA stiffness. These changes were observed in varying extents among individual patients, and future studies need to examine whether these changes can be used as surrogate markers for assessing the long-term success of the procedure, and whether they might translate to changes in diastolic function over long term, given the well-defined relationship between LA physiology and diastolic filling of the LV (7).



Limitations

Although the study was not randomized, we included consecutive patients from two different hospitals with each hospital performing a single AF ablation method. Thus, there were no significant baseline differences between the groups. Moreover, the analysis was blinded to the method applied. An ad-hoc study sample was not predefined, and thus our study might be underpowered for endpoints with high variability, such as echocardiographic measurements. However, we used a real-time three-dimensional echocardiographic approach which improves reproducibility of the measurements and thus reduces bias (11). As we excluded patients with severe systolic or diastolic dysfunction or severe mitral valve dysfunction, our findings do not necessarily apply to such populations. The exclusion of patients with poor quality echocardiographic or pressure data limited our study sample, but enhanced the robustness of our data. Although micromanometers are the golden standard for invasive pressure measurements, fluid-filled systems remain the mainstay of invasive pressure measurement, as they also have high reproducibility and sampling rate, clearly superior to the sampling rate of echocardiographic measurements. Moreover, the same method was used pre- and post- procedurally, while poor quality tracings were excluded. Additional imaging modalities could have further corroborated the results of our study. Cardiac magnetic resonance is the standard for morphometric evaluation of left atrium with fast strain-encoded sequence allowing the evaluation of strain, while it may delineate myocardial scar within the left atrium, a surrogate marker of reduced compliance and atrial cardiomyopathy (4, 21). Additionally, a 3D echocardiography derived LA strain could have assisted in a more comprehensive evaluation of LA function (22). Nevertheless, the pressure-volume assessment remains an ideal tool for the acute assessment of physiological changes in a research setting, although not easily applicable in everyday practice (2). Non-invasive follow-up by the above mentioned methods will help investigate the long-term implications of the findings of the current study.




CONCLUSIONS

Catheter ablation of AF either by radiofrequency or cryoballoon is associated with functional changes of the left atrium, with a decrease of the booster pump function and an increase in the reservoir function. Moreover, there is a post-procedural increase in LA pressures which in radiofrequency ablation is associated with an acute increase in LA stiffness, but not in cryoablation. Further studies are needed to elucidate the significance of this change on the patient outcome and the long-term diastolic function.
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Background: Cardiac CT (CCT) is well suited for a detailed analysis of heart structures due to its high spatial resolution, but in contrast to MRI and echocardiography, CCT does not allow an assessment of intracardiac flow. Computational fluid dynamics (CFD) can complement this shortcoming. It enables the computation of hemodynamics at a high spatio-temporal resolution based on medical images. The aim of this proposed study is to establish a CCT-based CFD methodology for the analysis of left ventricle (LV) hemodynamics and to assess the usability of the computational framework for clinical practice.

Materials and Methods: The methodology is demonstrated by means of four cases selected from a cohort of 125 multiphase CCT examinations of heart failure patients. These cases represent subcohorts of patients with and without LV aneurysm and with severe and no mitral regurgitation (MR). All selected LVs are dilated and characterized by a reduced ejection fraction (EF). End-diastolic and end-systolic image data was used to reconstruct LV geometries with 2D valves as well as the ventricular movement. The intraventricular hemodynamics were computed with a prescribed-motion CFD approach and evaluated in terms of large-scale flow patterns, energetic behavior, and intraventricular washout.

Results: In the MR patients, a disrupted E-wave jet, a fragmentary diastolic vortex formation and an increased specific energy dissipation in systole are observed. In all cases, regions with an impaired washout are visible. The results furthermore indicate that considering several cycles might provide a more detailed view of the washout process. The pre-processing times and computational expenses are in reach of clinical feasibility.

Conclusion: The proposed CCT-based CFD method allows to compute patient-specific intraventricular hemodynamics and thus complements the informative value of CCT. The method can be applied to any CCT data of common quality and represents a fair balance between model accuracy and overall expenses. With further model enhancements, the computational framework has the potential to be embedded in clinical routine workflows, to support clinical decision making and treatment planning.

Keywords: cardiac computed tomography, intraventricular hemodynamics, image-based modeling, left ventricle aneurysm, mitral regurgitation, fluid-structure interaction, computational fluid dynamics


1. INTRODUCTION

Cardiac CT (CCT) is a preferred imaging modality for the treatment of various cardiovascular diseases and is for example used in the investigation of coronary artery disease, for the measurement of myocardial perfusion, or in the planning of interventions in valvular heart diseases (1, 2). For surgical or transcatheter aortic valve (AV) implantation, CCT is currently state of the art imaging technique (3–5). Due to a superior spatial resolution (0.5–0.625 mm), if compared to MRI (1–2 mm), or echocardiography (0.5–2 mm) (6), CCT allows for assessment and quantification of anatomical structures necessary for decision making and treatment planning (5). However, in clinical practice, intracardiac blood flow analysis is based on MRI or Doppler echocardiography, as CCT cannot capture flow quantities like blood velocity and pressure. Recently, Lantz et al. (7) demonstrated the potential of coupling CCT with computational fluid dynamics (CFD) for so-called 4D flow CCT that allows the computation of intraventricular hemodynamics based on CCT. Despite being more time-consuming in post-processing and in general, less investigated and established, the methodology potentially enables investigations at higher spatial resolutions as well as a reduction of acquisition time, and may thus be a promising alternative to 4D flow MRI (8).

Intraventricular blood flow behavior is believed to potentially serve as an early predictor for the manifestation of diseases (9) and is used to investigate pathological states (10, 11) or the success assessment of interventional procedures for heart diseases (12). It is furthermore used for the analysis of post-operative states like intraventricular flow with prosthetic mitral valves (MVs) (13) or the influence of annuloplasty rings (14). The in vivo analysis of intraventricular blood flow via medical images includes, for example, the quantification of blood flow kinetic energy (15, 16), the characterization of the LV hemodynamics via the analysis of large-scale flow patterns (17–22), intraventricular pressure gradient analysis (23) or diastolic vortex analysis in terms of formation time in early diastole (10), vortex strength (11) or rotational vortex direction (16). Techniques and quantities for intracardiac flow analysis were recently overviewed by Mele et al. (24).

Due to advancements in medical image acquisition and numerical modeling, as well as growing computational resources, the use of image-based patient-specific models for the analysis of intraventricular hemodynamics increased in recent years. Image-based CFD approaches are for example used to investigate intraventricular flow patterns and diastolic vortex formation (25–28) as well as loss of kinetic energy and pressure gradients in LVs (29). In contrast to medical imaging techniques, CFD allows to analyze wall shear stress at high spatio-temporal resolutions (30) and to model post-operative states, e.g., after MV treatment (12, 31) or surgical ventricular restoration (32). CFD furthermore enables the creation of synthetic cases, for example, LVs via statistical shape models (33) or different incorporated MV shapes in mitral regurgitation (MR) (34). Proposed modeling approaches vary significantly regarding complexity, ranging from 0D Lumped Element Models, where the cardiovascular system is described as an electro-mechanical circuit (35, 36), via image-based CFD approaches where the LV motion is prescribed as boundary condition (BC) (25, 26), to complex models coupling electro-, structural and fluid mechanics, as for example used in the Living Heart Project (37, 38). Doost et al. (39) gave a detailed review of heart blood flow simulation approaches and attributed the image-based, prescribed-motion CFD models the greatest popularity due to lower computational costs and their convenience in comparison to coupled fluid-structure-interaction (FSI) frameworks. An overview of different modeling approaches of FSI and a review on the current state of the art FSI modeling in cardiovascular medicine was recently given by Quarteroni et al. (40) and Hirschhorn et al. (41).

The balancing between model accuracy and complexity marks a central trade-off in the CFD-based investigation of LV hemodynamics. Modeling approaches need to incorporate the most important features to accurately reproduce the intraventricular hemodynamics. At the same time, data requirements, required working hours, computational expenses, and model uncertainties need to be minimized to enable a usability in the clinical routine. Finding an adequate compromise is the subject of this study. We propose a moderate complexity computational framework to compute LV hemodynamics by using CCT image-based, prescribed-motion CFD that requires pre-processing times and computational expenses that are within reach of clinical feasibility. The workflow is largely automated and applicable to arbitrary CCT data of common quality. The technical feasibility is demonstrated by means of four cases, each representing a subcohort with a respective pathological configuration: patients with and without LV aneurysm as well as with severe and no MR.



2. MATERIALS AND METHODS

The central workflow of the computational framework is illustrated in Figure 1. Following the image acquisition via CCT, the image data is used to segment end-diastolic and end-systolic LV geometries as well as both annuli. In the next step, the segmented data are used to set up LV geometries with 2D valves and to derive the ventricular movement. For the intracardiac flow simulations, adequate physics models and BCs are furthermore posed. As the last step, valuable hemodynamic markers for the analysis of intraventricular flow features are selected before each of the four patient-specific cases is computed and evaluated. The individual steps are addressed in detail in the following.


[image: Figure 1]
FIGURE 1. Illustration of the central workflow of the computational framework.



2.1. Study Cohort

A cohort of heart failure patients after myocardial infarction (n = 125, mean age of 60.6 ± 10.0 years, 16.8 % women) was retrospectively analyzed. Data were collected in the German Heart Center Berlin between November 2005 and January 2016. The patients are grouped into two cohorts: patients without (Cohort I) and with (Cohort II) anterior LV aneurysm. The LV aneurysm was diagnosed by echocardiography and confirmed by CCT. The MR grade was defined echocardiographically. For each cohort, one case without MR and one with severe MR (grade III) were selected. The different cases are denominated via M{MR: 0 = no MR; 1, 2, 3 = grade I, II, III}A{aneurysm: 0 = no; 1 = yes}, resulting in the four cases: M3A1, M3A0, M0A1, and M0A0. The hemodynamics of all cases are investigated, each being representative for its subcohort. The four LVs were chosen such that the end-diastolic volumes (226 to 256 ml) and the reduced ejection fractions (EFs) (23 to 29 %) are comparable. Table 1 summarizes the clinical and demographic data of the two cohorts and the four representative cases. Statistical analysis was performed with SPSS (version 27, IBM, Armonk, NY, USA), whereat a p-value below 0.05 was considered statistically significant.


Table 1. Clinical and demographic data of the two study cohorts and the four representative cases.
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2.2. Computed Tomography

Cardiac CT examinations were performed following injection of intravenous contrast agent. The scans were performed in a spiral modus with retrospective electrocardiogram-gating, using a dual-source multi-slice spiral CT scanner (Somatom Definition Flash, Siemens Healthcare GmbH, Erlangen, Germany). All scans were conducted at a tube voltage of 100 kV and an individually adapted tube current, using the scanners exposure control software. A multiphase data set of the whole heart cycle was reconstructed that allows identification of the diastolic phase with the largest left ventricular end-diastolic volume (LVEDV) and the systolic phase with the smallest left ventricular end-systolic volume (LVESV). All images were reconstructed using a standard soft-tissue convolution kernel and a dedicated noise reduction software. The spatial and temporal resolution of the CT images varied. Spatial resolutions of (0.39–0.648 mm) x (0.39–0.648 mm) in-plane resolution and (0.5–1.85 mm) slice thickness were used for segmentation. The temporal resolution ranged from 70 to 140 ms depending on the patient's heart rate. One heart cycle was always resolved by 10 phases.



2.3. Segmentation

To analyze the LV anatomy as well as to prepare geometric and dynamic boundary conditions for the flow simulations, the LVs were segmented. The segmentations were created using a prototypical software developed earlier on the basis of the MeVisLab platform (43). A detailed description of the segmentation procedure can be found in Tautz et al. (44). In a first step, segmentations of the end-diastolic and end-systolic LVs were done automatically. The automated procedure is based on an adaptive 3D region growing approach, detection of the axial view of the ascending aorta (AO), and taking into account contextual information of the heart topology. Nevertheless, a manual correction was required to fix problems associated with artifacts due to implanted metal parts or uneven distribution of contrast agents. The segmentation of the end-diastolic myocardial wall was done manually based on the previously segmented LV. Subsequently, the mitral and aortic annuli were segmented manually by defining 36 landmarks in altogether 18 2D image planes, rotated around the estimated valvular axis. These landmarks were used to interpolate the aortic annulus onto an ellipse and the mitral annulus onto a cardioid. As the last step, three landmarks were set manually to define the right coronary artery ostium as well as the tips of the anterior and posterior papillary muscles. The right coronary artery was used for the registration of the end-diastolic and end-systolic geometry, necessary to implement 17-segment visualizations of the LV. The 17-segment visualizations of the myocardial wall movement and wall thickness are shown in Figures 2A,B for both cohorts and the four representative cases. For details on the 17-segment visualizations, the reader is referred to Cerqueira et al. (45). The segmented lumina were saved as DICOM files and used to generate triangulated surfaces required for the computation of hemodynamics and the measurement of selected geometric parameters including LVEDV and LVESV, LV sphericity index, stroke volume (SV), EF, and the areas of both annuli. It is to note, that LVEDV, LVESV, and SV slightly increase when reconstructing the LV annuli area, while the EF is kept constant (see section 2.4). The sphericity index is calculated based on the LV volume and the LV long axis length according to the empiric formula in Equation (1) (46).
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[image: Figure 2]
FIGURE 2. 17-segment representation of (A) the myocardial wall movement (averaged wall distance from LVEDV to LVESV per segment) and (B) the myocardial wall thickness (segmented for the LVEDV). Data are shown averaged for Cohort I and II as well as for the four representative cases.


Table 2 summarizes the geometric parameters of both cohorts and the four representative cases. Figure 3 displays a 3D wire-frame representation of the four investigated cases for visual comparison of the LV sphericity, annuli sizes, and positioning, as well as the location of the papillary muscle tips. Therein, the LVs are simplified by a half-ellipsoid of the case-respective LV volume and sphericity index.


Table 2. Geometric parameters of the two investigated cohorts and the four representative cases.
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[image: Figure 3]
FIGURE 3. Wireframe visualizations of the four representative cases at the end of systole. The papillary muscle tips are projected on the surface of the half-ellipsoid. The black line shows the vector normal on the mitral annulus plane. The cyan line and dot mark the average of the vectors connecting the papillary muscle tips with the center of the mitral annulus. It represents the direction of an averaged force of the chordae tendineae acting on the MV leaflets.




2.4. Modeling Geometry and Motion

The segmentations are used to create well-defined surface meshes of the LVs and to derive the ventricular movement. For the sake of generalization that enables automation, the LVs are aligned via the MV centers. End-diastolic and end-systolic geometries are cut 1 cm below the most apical points of the AV and MV in the end-diastolic state and are slightly smoothed, preserving the LV volumes. The boundary points of that cutting plane as well as the segmented annuli are used to reconstruct a well-defined LV surface mesh of the end-diastolic geometry as follows and as schematically shown in Figure 4A. First, local coordinate axes are placed into the point clouds of the LV boundary points and both annuli via a best-fit plane for point clouds (47). All data is moved to the global Euclidean coordinate system, such that the LV boundary points are centered in the global origin, aligned in the x-y plane, and the vector connecting the aortic annulus center to the mitral annulus center points in the positive x-direction. Subsequently, points are fitted in between the annuli and the LV boundary points using a cubic polynomial function. A Poisson surface reconstruction algorithm (48) available in the open-source software Meshlab (version 2021.05, ISTI-CNR, Pisa/Rome, Italy) is applied onto the resulting point cloud to retrieve a 3D triangulation of the entire LV with interpolated annuli. To obtain well-defined 2D planes for valve modeling, the annuli are stamped into the LV. Available non-case-specific high-quality segmentations of an LA and an AO were adapted to fit the size and shape of the annuli and are attached at the respective annulus.


[image: Figure 4]
FIGURE 4. Schematic workflow representation for pre-processing of geometry (A) and motion (B), exemplified for case M0A1. Details about the workflow are described in the text.


The ventricular motion is derived from the cut end-diastolic and end-systolic geometries (Figure 4B). With two available states, a deformation field d(x) constant in time t and dependent on the position x = (x, y, z) in Euclidean coordinates, can be derived. It is scaled by a time-dependent factor α(t) to obtain a grid velocity vector v(x, t) that allows the ventricular volume to follow any specified volume curve at a given EF (Equation 2).
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The deformation field d(x) is computed as follows. During geometry creation, the cut LVs were positioned in the global origin with the negative z-axis pointing toward the apex. From the highest z-coordinate to 1 cm above the lowest z-coordinate, 100 equidistantly distributed planes, being parallel to the x-y plane, are placed into the LV (as shown in Figure 4B, left, blue planes). The center of each plane is calculated, resulting in a centerline (Figure 4B, left, black line). Subsequently, the plane-LV intersection lines (Figure 4B, left, yellow line) are interpolated onto 180 points, being equidistantly distributed every 2° in azimuthal direction. Likewise, spherical plane cuts are placed in the apex region of the LV every 2° in the azimuthal direction (shown in Figure 4B, left, red planes). Again, at the intersection line of each plane with the LV, 25 points are interpolated, being equidistantly distributed in polar angle direction. The LV results to be resampled on a structured grid at 180 points in circumferential direction and 125 points in longitudinal direction, leading to a total of 22,500 sampling points at clearly defined positions. This procedure is applied to the end-diastolic and the end-systolic geometry. Figure 4B, mid, shows the LV in the end-systolic state, displayed in a half-section without the annuli region for visualization purposes (inner surface: pink, outer surface: blue). The pink dots mark the interpolated points on an exemplary plane in mid region of the LV that lie on the end-systolic surface. The gray dots mark the corresponding points in the end-diastolic state of the LV. Under the simplifying assumptions of a homogeneous longitudinal deformation and negligence of the torsional LV motion, a point correspondence between the geometries can be deduced by assigning the respective points (as shown in Figure 4B, mid, blue lines). Thereby, the deformation field of the cut LVs can be computed (Figure 4B, right). It is smoothed making use of a 3x3 Gaussian convolution kernel. The annuli, LA, and AO are simplified to be stiff. The region between the annuli and the LV boundary points is set to move in response to the deformation field at the annuli and the cut LV parts, as calculated by the STAR-CCM+ (version 2020.1, Siemens PLM Software, Plano, TX, USA) internal cubic BSpline morpher.

As the last step, the scaling factor α(t) is derived. It is based on a multiplicative approach and realized by forcing the volume flux of the simulation to follow the volume flux BC and results in Equation (3).
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where t is time, V is the relative volume as specified in the BC, Vsim(t) is the relative volume of the simulated LV, and ξ(Vsim(t), Δt, d(x)) is the differential relative volume flux that a deformation along d(x) over Δt at a specific volume Vsim(t) induces. ξ(Vsim(t), Δt, d(x)) can be obtained by computing the deformation once for α(t) = 1 and equating ξ(Vsim(t), Δt, d(x)) to the resulting volume flux [image: image] (Equation 4).
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Having obtained d(x) and α(t), the grid velocity vector (Equation 2) can be computed.



2.5. Governing Equations

An arbitrary Lagrangian-Eulerian method available within the STAR-CCM+ software package is utilized as discretization method. The governing equations consist of the 3D incompressible Navier-Stokes equations with moving mesh for unsteady flow. No body-forces and source terms are added. Therefore, the governing equations for mass (Equation 5) and momentum (Equation 6) conservation in tensor notation read as follows (49).
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Therein, t is time, V is the control volume, Ω is the boundary of the control volume, n is the outwardly directed vector normal to dΩ, ρ is density, v is velocity, vg is the grid velocity, p is pressure, T is the viscous stress tensor, and I is the unit tensor of second order. The viscous stress tensor T for an incompressible Newtonian fluid with μ being the dynamic viscosity is shown in Equation (7).
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Blood is modeled as Newtonian fluid with a density of 1,050 kgm−3 and a dynamic viscosity of 0.0035 Pas. The Star-CCM+ internal mesher is used to create a polyhedral volume mesh at a base size of 1 mm with a refinement to 0.25 mm in the valve region. Detailed information about the mesh can be found in the Supplementary Material.



2.6. Boundary Conditions and Valve Modeling

The ventricular motion is prescribed as BC at the walls. No-slip BCs are furthermore posed at the walls in terms of the relative movement of the fluid to the wall. For the non-MR cases, physiological pressure BCs are extracted from circadapt (35) and posed at the aortic outlet and the atrial inlet (Figure 5B). In the MR cases, a mass flux BC is applied at the aortic outlet instead of the pressure BC. It is set to zero in diastole and to the respective proportion of the stroke volume that does not regurgitate, in systole. The regurgitation fraction is calculated based on the MR grade by correlating MR grades of I, II, and III to regurgitation fractions of 15, 30, and 50% (50). To enable comparability, the same pressure BCs and the same qualitative volume curve are utilized for all cases. The volume curve (Figure 5A) was obtained from a representative cohort by mapping all individual volume curves onto the same cyclic time, computing the first five Fourier coefficients, and averaging these. The resulting curve is then scaled onto a cyclic time of 0.8 s (75 bpm) and the case-specific EF.


[image: Figure 5]
FIGURE 5. Posed BCs exemplified for case M0A1: (A) shows the normed volume curve and the volume flux, (B) the physiological pressure BCs, (C) and (D) the opening and closing times of AV and MV, and (E) some intermediate valve shapes of the AV (left) and the MV (right) used to realize opening and closing. Time points t1, t2, and t3 in (A) mark peak systole, peak E-wave, and diastasis.


The valves are implemented in a 2D-planar modeling approach (25, 51). Therein, the valve is embodied as a 2D plane, incorporating the projected orifice area of the respective valve. The valve planes are modeled as porous baffle interface, where passing fluid experiences a pressure drop according to Darcy's law (49). Advantages of this 2D-planar model are the comparably easy implementation as well as low computational costs while being able to reproduce large-scale intraventricular flow patterns (51). For the MV, a projected orifice area from the work of Schenkel et al. (25) along with its halfway opened state for opening and closing is depicted. For the AV, the orifice is assumed to be elliptical, as the aortic flow is not of particular interest in this work. Subsequently, 19 intermediate valve shapes are placed in both valve planes (Figure 5E). For the AV, they are elliptical with the same aspect-ratios and rising areas. For the MV, they are interpolated via a quadratic sine function between the halfway opened and the final projected orifices. By varying the pressure drop at these intermediate valve shapes, valve opening and closing as well as the general valve function is mimicked. Common areas of the MV orifice range between 4.0 and 6.0 cm2 (52). As all the considered LVs are dilated, a projected orifice area of 5.65 cm2 for the MV is chosen. This value was obtained by measuring the projected orifice area of 10 segmented MVs of patients with MR and taking the median value. For the AV, an orifice area of 4 cm2 is chosen, which lies at the upper end of the common range (53). The time intervals of AV opening and closing are set to 57 ms, and 39 ms, respectively, based on measured valve characteristics (54). For the MV, data availability concerning opening and closing times based on medical images is rather poor. Mao et al. (55) measured 50 ms for opening and 94 ms for closing via M-mode echo for one patient. In other investigations, porcine MVs (56, 57) or MVs in the ovine heart (58) were regarded. The authors reported opening times between 50 to 100 ms and closing times ranging from 50 to 150 ms. We visually inspected three MRI data sets of our own. Therein, the opening times ranged from 40 to 60 ms and the closing times from 50 to 80 ms at heart rates of 60 to 75 bpm and a temporal resolution of 40 frames per cycle. An opening time of 48 ms and a closing time of 60 ms lead to reasonable valve velocities and transvalvular pressure drops and were thus chosen. The resulting relative areas during valve opening and closing are shown in Figures 5C,D.



2.7. Post-processing of the LV Hemodynamics

Beside the large-scale flow patterns and the common clinical measures as transvalvular pressure differences, valve velocities, and E/A ratio, the focus is laid on the intraventricular washout and energetic efficiency. In the first cycle, a passive scalar (passive tracer that does not influence the fluid motion) is placed in the LA fluid to track the path of blood that flows into the LV in the first cycle. Therewith, a contrast agent washout can be mimicked. For the passive scalar, only convective transport is considered. To extrapolate the washout, an exponential function is used (Equation 8).
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Therein, t is time and B is the coefficient quantifying the washout. In terms of energetic efficiency, the cycle-averaged kinetic energy is regarded. To get a hold of the energetic loss, the dissipation function Φ is used. It is defined as the double-dot product of the stress tensor σ and the gradient of the velocity vector ∇v (30, 59) as shown in Equation 9.
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To visualize vortex structures, isosurfaces of the Q-criterion are used. The Q-criterion is computed via the second invariant of the velocity gradient tensor (60).




3. RESULTS

For an experienced user, pre-processing from segmentation to a ready to process setup takes 6 - 8 h, depending on the image quality and necessity for manual rework. Computing the deformation requires 2 - 12 h, depending on the desired accuracy. By experience, a spatio-temporal resolution resulting in a 4 h computation is sufficient. The blood flow computations took 25 to 30 h per cycle on 4 nodes at 40 cores (Intel Skylake 6148) at 2.3 GHz on the Emmy system of the North-German Supercomputing Alliance. Concerning the accuracy of the deformation, the mean difference between the imposed and the computed volume curve is below 0.02 ml for all cases. The mean distances between the segmented and the computed end-systolic geometries of the four cases (when creating a nodal correspondence as described in section 2.4) are between 0.14 and 0.52 mm. The mesh quality shows no degeneration, and a mesh independence study was performed (see Supplementary Material). As the fluid is initialized in an unphysiological resting state, five cycles were computed in advance to receive a swung in the state. The consecutive eight cycles were then used for the analysis of large-scale flow patterns, energetic performance, and washout.


3.1. Large-Scale Flow Patterns

The intraventricular large-scale flow patterns are qualitatively evaluated by means of streamlines, first cycle diastolic inflowing blood (FCDIB), and Q-criterion. Latter two are provided in video format in the Supplementary Material (videos M3A1-FCDIB, M3A0-FCDIB, M0A1-FCDIB, M0A0-FCDIB, M3A1-Q-criterion, M3A0-Q-criterion, M0A1-Q-criterion, and M0A0-Q-criterion). Quantitative valve measures are displayed in Table 3.


Table 3. Quantitative valve measures of the four representative cases averaged over cycles one to eight.

[image: Table 3]

During systole, blood is accelerated toward the basal LV regions (Figure 6 at t1). In the non-MR cases, all blood is ejected through the LV outflow tract, whereas in the MR cases blood from the posterior-sided regions regurgitates into the LA. The regurgitating jet impinges on the upper LA wall and causes a chaotic, swirling blood motion in the LA. At the onset of diastole, a jet of blood is accelerated from the LA into the LV (Figure 6 at t2). In the MR cases, the jet transports vortex tubes, which are leftovers of the chaotic systolic flow field inside the LA caused by the regurgitation (videos M3A1-Q-criterion, M3A0-Q-criterion). Vortices are rolled up along a shear layer that forms between the resting and the inflowing blood. Whereas in the non-MR cases, a distinct ring vortex structure is visible at peak diastole, the ring structure does not entirely evolve in the MR cases (videos M3A1-Q-criterion, M3A0-Q-criterion, M0A1-Q-criterion, and M0A0-Q-criterion). Concerning the E-wave jet, its structure is being disrupted in the MR cases, such that by diastasis, it is split into several parts (Figure 6 at t3). In cases M0A1, M0A0, and partially M3A1, the jet impinges on the septal wall in mid region of the LVs in diastasis and is partially redirected toward the apex. In case M3A0, the E-wave jet moves along the posterior wall towards the apex. It is decelerated and decomposes without impinging on any wall. At late diastole (A-wave), a second jet at lower velocities rushes into all LVs. Again, vortices are rolled up along the shear layer, being weaker than the E-wave vortices. At the end of diastole, an unstructured flow field is present in all LVs.


[image: Figure 6]
FIGURE 6. Streamlines of all four cases (left to right: M3A1, M3A0, M0A1, and M0A0) at t1: peak systole (top), t2: peak E-wave (mid), and t3: diastasis (bottom) of the seventh cycle. The white arrow, the dashed white arrow, and the dotted black line at t2 qualitatively show the vortex formation, the orientation of the E-wave jet, and the ventricular axis from MV center to apex. The white arrows at t3 schematically display the path of the E-wave jet. At low velocity regions, streamlines are made transparent and velocities above 1.5 m/s are clipped.


The peak systolic LV volume change rates range from 342 to 465 ml/s (Figure 7A). In the non-MR cases, all systolic flow leaves via the AV, whereas in the MR-cases, 50 % regurgitates back into the LA. The regurgitating blood exceeds velocities of 4.5 m/s in cases M3A1 and M3A0 (Table 3). The systolic AV velocities in the MR cases are lower than those in the non-MR cases (Figure 7B). In diastole, flow rates between 201 and 275 ml/s in E-wave and flow rates between 151 and 206 ml/s in A-wave, are present. The MV velocities of the non-MR cases are smooth, peaking at E-wave, and a second time at lower magnitude at A-wave. In the MR cases, the MV velocities follow the same trend, being accompanied by oscillating behavior, especially in early diastole.


[image: Figure 7]
FIGURE 7. LV volume change and valve volume flow rates (A) and valve velocities (B) in the seventh cycle for all cases. The valve velocities are measured 5mm downstream of the respective valve center and are only displayed at points in time when the respective valve is open.




3.2. Energetic Performance

The cycle-averaged specific kinetic energy takes a qualitative similar course for all cases (Figure 8A). Local maxima are visible in peak systole, early diastole, and late diastole. In between, as the blood decelerates, local minima appear. In the non-MR cases, the global maximum is present at peak systole, whereas in the MR cases it appears at the end of early diastole when most of the vortex tubes were transported into the LV (videos M3A1-Q-criterion, M3A0-Q-criterion). The cycle-averaged specific kinetic energy magnitude is highest for cases M3A1 and M0A1, which are characterized by larger SVs.


[image: Figure 8]
FIGURE 8. Specific kinetic energy course (A), and specific energy dissipation (B) averaged over cycles one to eight for all cases. Time points t1, t2, and t3 mark peak systole, peak E-wave, and diastasis, respectively.


Figure 8B displays the cycle-averaged specific energy dissipation. In the MR cases, higher specific energy dissipation is observable in systole. When comparing case M3A1 to M0A1 and case M3A0 to M0A0, where the SVs are very similar, the specific energy dissipation in peak systole is more than two times as high in the MR cases. In diastole, the maximum specific energy dissipation in the MR cases appears during early diastole, whereas in the non-MR cases, it is visible in diastasis. By taking the volume integral of the energy dissipation, a power loss can be calculated (30). The application of a time integral over the cardiac cycle can then reveal the cyclic power loss. Computing that cyclic power loss per case, it is revealed, that over a cardiac cycle, the MR cases dissipate approximately the same amount of energy as they have left at the end of that cycle, whereas the non-MR cases only dissipate around 60 % (cyclic power loss/end-diastolic kinetic energy in M3A1: 92.9; M3A0: 100.5; M0A1: 58.5; and M0A0: 64.1 %).



3.3. Intraventricular Washout

The blood in which the passive scalar was placed to track the fluid motion, the FCDIB, enters the LV in diastole of the first cycle and is ejected in the subsequent cycles (Figure 9A). The ejection evolutes in a staircase-like manner with reducing stair sizes. Characteristic washout measures are displayed in Table 4. The 99 % washout is computed via the exponential fit function in Equation (8). The R2 values (quality criterion for regression models) for the exponential fits are above 97 % for all cases.


[image: Figure 9]
FIGURE 9. Intraventricular washout of FCDIB until the end of cycle eight (A) and the respective ejected fractions of FCDIB per cycle (B). To perform the exponential fit, the FCDIB fractions at the end of each cycle were used [marked as dots in (A)].



Table 4. Intraventricular washout measures of the four representative cases.
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The ejected fractions of FCDIB per cycle are displayed in Figure 9B. Cases M3A1, M0A1, and M0A0 behave similar in a decreasing exponential shape, whereas the trend is linear in case M3A0. As a result, similar fractions of FCDIB inside the LVs are present at the end of cycle eight at 6.4 s (Figure 9A). A slightly worse washout is observed in the non-aneurysmatic cases M3A0 and M0A0. At the end of cycle eight, approximately 5 % more FCDIB are still present in the LVs in the non-aneurysmatic cases. They furthermore incorporate lower medium velocities in the apex region during systole and diastole and a slightly increased FCDIB accumulation in that region at the end of cycle eight (see Supplementary Material).

Figure 10 shows the FCDIB over several points in time of the first three cycles. At end systole of the first cycle (0.29 s), the entire LA is filled with the passive scalar. In peak E-wave of the first cycle (0.42 s), the FCDIB jet rushes into the LV. In the non-MR cases, the jet is coherent, whereas in the MR cases, it already starts disintegrating. By the end of the first cycle (0.8 s), regions the FCDIB did not reach are visible (see red marked contours in Figure 10). These regions differ from case to case (M3A1: concentrated lateral region; M3A0: septal and apical regions; M0A1: elongated lateral region; M0A0: lateral and apical regions) and are partially still visible in peak systole of the second cycle (0.92 s). It furthermore becomes visible, that the non-MR cases eject a larger fraction of FCDIB into the AO than the MR cases, in which some of the FCDIB regurgitates into the LA. At the end of the third cycle (2.4 s), the remaining FCDIB is distributed mostly homogeneous inside the LVs.


[image: Figure 10]
FIGURE 10. FCDIB for all cases (top to bottom: M3A1, M3A0, M0A1, M0A0) from left to right at end systole of the first cycle (0.29 s), peak E-wave of the first cycle (0.42 s), end diastole of the first cycle (0.8 s), peak systole of the second cycle (0.92 s), and the end of the third cycle (2.4 s). Red contours at end diastole of the first cycle mark regions with poor washout, which are associated with a higher risk of thrombus formation.





4. DISCUSSION

In this study, we propose a moderate complexity, generally applicable, and quick to preprocess modeling approach to calculate intraventricular hemodynamics with image-based CFD. The ventricular movement is derived from the segmented end-systolic and end-diastolic geometries and prescribed in an arbitrary Lagrangian-Eulerian formulation at the boundaries. The valves are modeled as 2D orifices, whereat the MV is represented by a projected orifice shape. LA and AO geometries are attached at the annuli and physiological pressure curves, respective mass flow rates are posed as inflow and outflow BCs. This methodology requires only end-diastolic and end-systolic geometries and is currently focused on CCT, which typically has a rather low temporal resolution due to the desired minimization of radiation dose and technical limitations. However, it is applicable in the same manner to MRI and echocardiographic data. To demonstrate the technical and clinical feasibility, the methodology was applied to four cases, each representing a subcohort of a pathological state of heart failure patients after myocardial infarction.


4.1. Intraventricular Hemodynamics

We evaluated the intraventricular hemodynamics of the four representative cases in terms of large-scale flow patterns, energetic behavior, and washout. The most noticeable observations were made in the MR cases. In these, no clear ring vortex structure evolves during the diastolic inflow. The E-wave jet is disrupted by the transported vortex tubes and the accompanying swirling motion supposedly prevents a distinct shear layer development, leading to fragmentary vortex formation. In the study of Le and Sotiropoulos (28), similar observations were made for wall-extracted secondary vortex tubes that cause instabilities in the circumferential direction of the vortex ring. Subsequently, the E-wave jet is decomposed in the temporal course of diastole in the MR cases, resulting in an unstructured, vortical flow. In terms of energetic behavior, the MR cases have their global specific kinetic energy maximum in early diastole, whereas it appears in systole in the non-MR cases. These observations correlate well with the findings of Al-Wakeel et al. (15), where MR patients were examined with 4D flow MRI. Therein, an unstructured diastolic LV flow field with several smaller vortex structures and an increased early diastolic kinetic energy state in MR patients that reduces after MV surgery were seen. The increased early diastolic kinetic energy state might be explained by the vortex tubes flowing from the LA into the LV during early diastole, storing kinetic energy. Regarding the temporal course of specific energy dissipation in diastole, the maximum values in the MR cases appear in early diastole, whereas it peaks in diastasis in the non-MR cases. Possible explanations can be found in the early diastolic decaying vortex structures and the jet impingement on the septal wall in diastasis. It furthermore strikes out, that the MR cases reveal a significantly increased specific energy dissipation in systole. To make estimates about the overall degree of abnormality of the energetic behavior in these pathological cases, a comparison to energetic states of a healthy LV analyzed in the same modeling approach seems promising.

In addition to the findings when comparing MR to non-MR cases, two further interesting aspects are to highlight. First concerns the intraventricular washout. Our results suggest that considering several cycles might provide a more detailed view of the washout process. When tracking the FCDIB over several cycles, it strikes out that case M3A0 has a significantly lower direct flow rate, but the fraction of FCDIB inside the LV catches up to the other cases by the end of the eighth cycle. We extrapolated the washout via a straightforward exponential fit function. The resulting fits overestimate FCDIB in the first cycles and underestimate FCDIB in the later ones or vice versa (Figure 9A). Such a discrepancy is likely to be transferred onto the extrapolation. However, this deviation can potentially be overcome by computing more cycles or applying enhanced fit functions (e.g., the sum of two time-weighted exponential functions), which might be interesting as a 99 % washout time could serve as a valuable metric for clinicians to quantify blood residence times, that CFD can provide.

In terms of tracking the FCDIB, it is also noticeable that the aneurysmatic LVs are characterized by a better washout. At first sight, this seems contra-intuitive. Yet, differences are small, and it must be taken into account that the non-aneurysmatic cases have higher EFs and SVs. Furthermore, all LVs suffered a myocardial infarction and are dilated with reduced EFs, thus being characterized by a pathological state.

The second aspect relates to the regions the FCDIB did not reach at the end of the first cycle, which are partially still present in the systole of the second cycle (Figure 10). These regions can be associated with a worsened washout. In cases M3A1, M0A1, and M0A0, mainly lateral regions are affected. In these cases, the E-wave jets are oriented away from the lateral regions toward the septal wall (Figure 6 at t2), suggesting a correlation between E-wave jet orientation and washout. Based on this, the question arises as to what determines the inflow orientation. We identify two potentially interesting relationships in this study. First concerns the deformation. In cases M3A1 and M0A1, the strongest deformation appears in septal and inferior regions, e.g., segments 5 and 6 (Figure 2A). As these regions expand strongest in diastole, they are prone to have a suction effect on the inflow. The second relates to the angle β between the normal on the MV plane and a vector connecting the MV center to the apex at LVEDV. This angle lies between 30° and 31° for cases M3A1, M0A1, and M0A0, whereas it is only 14.3° for case M3A0. The large angles indicate an inflow being oriented toward the septal walls. A link between the inflow angle and an abnormal LV flow field was also observed in the study of Witschey et al. (14). Such a causal chain from local deformation and angle β via the inflow orientation toward the intraventricular washout would be insofar interesting, as it links purely geometric metrics with the washout. This would allow clinical assessments without the need for actual flow measurements or CFD. However, for further investigations of such a relationship, a larger database needs to be considered and the influence of neglecting the 3D valve topology must be reviewed in this context.

It is to say, that this pilot study is based on a small number of investigated clinical cases and is thus not suited for statistical analysis and generalized statements of findings regarding intracardiac flow feature differences between the subcohorts. In general, the question arises whether intracardiac flow measures may, besides the usage to quantify and analyze the LV flow field, serve as biomarkers for an early prediction of LV diseases. This topic is currently discussed (9, 24, 61). As this study only covers snapshots of the LV states, the progression of the diseases cannot be assessed. However, we are aiming to make use of the low pre-processing time of the presented methodology to investigate the entire available LV cohort and search for patterns in different manifestations of the diseases, which might provide further insights.



4.2. Methodology

The proposed computational framework is set up at moderate complexity to obtain reasonable results for the intraventricular hemodynamics based on CCT in clinically realizable time frames. A modeling approach of this sort comes at the price of simplifications, which must be critically reviewed. In terms of the geometric level of detail, the negligence of papillary muscles and trabeculae must be noted. Lantz et al. (62) and Vedula et al. (63) simulated LV flow dynamics based on high-resolution CCT, including papillary muscles and trabeculae, and compared it to the same LVs excluding these features. In both publications, local flow differences become visible and, e.g., stagnant flow in the papillary muscle region (62) and an increased viscous dissipation rate in early diastole (63) are observed in the detailed LVs. Yet, for example, the specific kinetic energy course did not extensively differ between the cases in the study of Vedula et al. (63). Including papillary muscles and trabeculae and investigating their influence is planned in upcoming model development steps.

Validation of the 2D valves is currently ongoing. We incorporated 2D generic valves as adequate 3D patient-specific valves could not be obtained for all cases from the available CCT data. We followed the approaches by Schenkel et al. (25) and Daub et al. (51) that implemented the 2D-planar valve model in previous studies. As the valves are simplified, not the entire MV apparatus, e.g. chordae tendineae, is modeled. The inclusion of the chordae into the MV model could however be necessary for biomechanical studies (64) or realization of a 3D MV movement using fully-coupled FSI (55). Yet, it is to note, that Morud et al. (65) found a negligible impact of chordae on the systolic intraventricular flow. Including chordae can furthermore be associated with time-consuming efforts in pre-processing. In case our ongoing studies indicate non-negligible differences between the valve models, the model will be adapted.

At the annuli, we attached available non-patient-specific high-quality segmentations of LA and AO. The aortic flow field and the patient-specific AO geometry are not of particular interest in this study. Concerning the LA, Mihalef et al. (66) compared vortex structures of the same configuration with and without including the LA. In their study, they observed that the main differences in terms of vortical flow come from the transported vorticity from the LA into the LV. Schenkel et al. (25) demonstrated a dependency of the LV flow field on the LA geometry by incorporating two different generic LA structures. The extent to which the LA geometry must be patient-specific and whether its motion must be represented to adequately model the LA-LV coupling remains to be clarified. The same applies to a representation of the arterial system at the AO outlet and the concomitant ventriculo-arterial coupling.

The ventricular motion is based on the end-diastolic and end-systolic geometries under the simplifying assumption of a longitudinal homogeneous contraction and negligence of the torsional motion. Including intermediate states would be desirable but was not adequately possible due to the temporal resolution of the CCT data. Yet, the imposed ventricular deformation is able to follow the specified volume curve at high precision. Additionally, the ventricular movement, with the simulation starting at the onset of systole at LVEDV, is able to closely match the respective segmented end-systolic geometry. Under these considerations, the prescribed motion can be verified. The mesh quality preservation and the results of the mesh independence study furthermore confirm an adequate computational mesh. It is left to point out, that in this pilot study we focused on establishing the workflow and performing a proof of concept. Further model enhancements and detail inclusion will be the subject of future developments.

In this study, we focused on the evaluation of the intraventricular flow field and investigated several hemodynamic parameters. The model allows the examination of further quantities like wall-shear-stress or blood residence times, such that in total, a broad range of hemodynamic markers is covered. Yet, to be able to investigate, for example, the pressure-volume loop, valve opening and closing times or tissue stresses and strains, complex modeling approaches that include tissue mechanics and potentially electrophysiology are required. Such modeling approaches are pursued, e.g., by Karabelas et al. (67), who introduced an electro-mechano-fluidic model or Mao et al. (55), who developed a fully-coupled FSI model including both valves. Despite having the potential to describe all aspects of cardiac physiology, these multi-physics models tend to have high requirements on data quality, introduce additional modeling uncertainties, and require additional resources for pre-processing, model parameterization, and computation, which might, however, impact clinical usability.

In comparison to in vivo measurements of hemodynamic quantities via flow MRI (16) or echocardiography (13, 23), the proposed computational framework introduces uncertainties due to model simplifications, especially in terms of anatomical shapes and resolution of fine structures (e.g., chordae tendineae, trabeculae, and valve leaflets). On the other hand, it allows for the computation of hemodynamics at considerably higher spatio-temporal resolution and enables a direct calculation of pressure fields and intraventricular washout over various cardiac cycles, whereas image-based in vivo measurements are unable to directly measure pressure fields. To make use of these advantages of the proposed CCT-based CFD framework, a validation with, e.g., 4D flow MRI is required to quantify the impact of the mentioned simplifications. Such a validation is planned in the near future, taking into consideration various hemodynamic parameters which are associated with pathological LVs.



4.3. Clinical Feasibility

The proposed computational framework is motivated by developing image-based CFD models toward a clinical feasibility. Beside data availability and model quality, the required working hours, computing time, and computational expenses affect the prospective clinical feasibility. Currently, pre-processing by an experienced user takes 6-8 h to get from medical images to a simulation setup, which is ready for computation. Further automation in the segmentation and pre-processing procedures offers the potential to reduce these working hours as well as to minimize possible impacts of operator-dependent manual interactions. Inter-user variability is known in the context of segmentation or surface preparation of geometric models, influencing the resulting cardiovascular structures and therewith the intraventricular flow (68, 69). The computation time per cycle at the specified CPU number results in computational costs of approximately 150 to 200 € per cycle at the North-German Supercomputing Alliance. In this study, we primarily focused on computational accuracy. An optimization toward low computational costs can significantly reduce these expenses.

Besides the costs per cycle, the investigated number of cycles is crucial for overall cost estimation. In this work, we computed five cycles in advance before assuming a swung in the state and considering the results for the evaluation. To review whether less than five cycles would be sufficient to receive a swung in state, we computed the mean cyclic energy for each of these in advance compute five cycles and compared it to the mean cyclic energy of the consecutive eight cycles that were used for the evaluation. The relative changes were 34.6–38.3% for the first cycle and ranged from 0.6–9.7% for cycles two to five. From an energetic perspective, it thus seems justifiable to only compute one cycle in advance for LVs at comparable volumes and EFs.

In the evaluated eight cycles, the specific kinetic energy, specific energy dissipation, and the averaged valve velocities and transvalvular pressure drops show sufficiently small cyclic deviations to be evaluated in solely one cycle. The large-scale flow patterns behave qualitatively alike over all cycles, considering cyclic variations, which are also emphasized by Chnafa et al. (26). In terms of intraventricular washout, our results indicate that considering several cycles might provide a more detailed view of the washout process.

Taking these considerations into account, the here proposed computational framework yields orders of magnitude for pre-processing, solving, and post-processing, that are within range of clinical feasibility. Furthermore, there is still potential to minimize the need for manual interaction as well as pre-processing and computational times.




5. CONCLUSION

In this study, we propose a CCT-based CFD framework to compute intraventricular hemodynamics on a patient-specific level to complement the informative value of CCT. The computational framework enables pre-processing and computational times, respective expenses at an order of magnitude that is within reach of clinical feasibility. The technical feasibility was verified by means of four cases, each representing a subcohort with a respective pathology. Where possible, the plausibility of the results was confirmed by comparison with other publications. Comparing the four cases, the most noticeable observations were made in the LVs with MR. Developments toward the inclusion of geometric details and patient-specific valve geometries have the potential to provide further insights into the disease. We conclude the proposed computational framework to have a good potential of becoming clinically usable as it represents a fair balance between model accuracy and overall expenses. Further model refinement, workflow automation, computation acceleration, and a validation with 4D flow MRI are the next steps toward enabling a clinical translation and making image-based CFD usable to support clinical diagnosis and treatment planning in everyday routine.
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Background: Although epicardial adipose tissue (EAT) is associated with coronary artery disease (CAD), it is unclear whether EAT volume (EAV) can be used to diagnose high-risk coronary plaque burden associated with coronary events. This study aimed to investigate (1) the prognostic impact of low-attenuation non-calcified coronary plaque (LAP) burden on patient level analysis, and (2) the association of EAV with LAP volume in patients without known CAD undergoing coronary computed tomography angiography (CCTA).

Materials and Methods: This retrospective study consisted of 376 patients (male, 57%; mean age, 65.2 ± 13 years) without known CAD undergoing CCTA. Percent LAP volume (%LAP, <30 HU) was calculated as the LAP volume divided by the vessel volume. EAT was defined as adipose tissue with a CT attenuation value ranging from −250 to −30 HU within the pericardial sac. The primary endpoint was a composite event of death, non-fatal myocardial infarction, and unstable angina and worsening symptoms requiring unplanned coronary revascularization >3 months after CCTA. The determinants of %LAP (Q4) were analyzed using a multivariable logistic regression model.

Results: During the follow-up period (mean, 2.2 ± 0.9 years), the primary endpoint was observed in 17 patients (4.5%). The independent predictors of the primary endpoint were %LAP (Q4) (hazard ratio [HR], 3.05; 95% confidence interval [CI], 1.09–8.54; p = 0.033] in the Cox proportional hazard model adjusted by CAD-RADS category. Cox proportional hazard ratio analysis demonstrated that %LAP (Q4) was a predictor of the primary endpoint, independnet of CAD severity, Suita score, EAV, or CACS. The independent determinants of %LAP (Q4) were CACS ≥218.3 (p < 0.0001) and EAV ≥125.3 ml (p < 0.0001). The addition of EAV to CACS significantly improved the area under the curve (AUC) to identify %LAP (Q4) than CACS alone (AUC, EAV + CACS vs. CACS alone: 0.728 vs. 0.637; p = 0.013).

Conclusions: CCTA-based assessment of EAV, CACS, and LAP could help improve personalized cardiac risk management by administering patient-suited therapy.

Keywords: chronic coronary syndrome (CCS), coronary CT angiography, high-risk plaque, coronary artery calcium score, epicardial adipose tissue, prognosis


INTRODUCTION

Coronary artery disease (CAD) is a progressive chronic disease that leads to acute coronary syndrome (ACS) often as the first manifestation (1). The assessment of myocardial ischemia is important for diagnosing patients who will benefit from coronary revascularization (2, 3). However, the ISCHEMIA trial (4) demonstrated that there was no significant differences in event-free survival between the invasive strategy (invasive coronary angiography and revascularization if necessary) plus optimized medical therapy (OMT) and conservative management with OMT alone. Therefore, it is important to identify high-risk patients treated with OMT who can develop subsequent coronary events.

Coronary plaque burden is a robust risk factor for plaque rupture, and it is the leading cause of ACS (3, 5, 6). There is a correlation between myocardial ischemia and coronary plaque burden; however, the disease progression of coronary atherosclerosis can be accelerated by the coexistence of distinct coronary risk factors such as metabolic activities (3, 7), which in turn account for the heterogeneity in the risk of developing unstable angina, myocardial infarction, and death among individuals. These findings suggest that there are potential mechanisms that accelerate the disease progression leading to ACS apart from myocardial ischemia (1, 3, 8). One of the mechanisms may involve an underlying high-risk coronary plaque composition in which earlier-stage plaques may have increased metabolic activities with a greater risk of plaque progression than advanced and more inert atherosclerotic lesions (3, 7, 9, 10). Coronary computed tomography angiography (CCTA) is a first-line, non-invasive diagnostic test to assess the presence, severity, and extent of CAD (11–13). It is mostly used in clinical practice because of its high negative predictive value for obstructive CAD. CCTA allows for fully quantitative assessment of coronary plaque burden, which has been shown to predict cardiovascular outcomes (7, 14, 15). A sub-analysis of the SCOT-HEART trial demonstrated that low-attenuation non-calcified coronary plaque (LAP) volume ≥4% was a robust predictor of the 5-year incidence of cardiac death or non-fatal myocardial infarction (16, 17). These observations indicate that quantifying high-risk coronary plaque burden is important to estimate the risk of future coronary events. Another mechanism that accelerates disease progression is inflammatory activity in the epicardial adipose tissue (EAT), a passive fat storage that functions as an endocrine organ (18). EAT volume (EAV) assessed using CCTA has been shown to play a pivotal role in coronary plaque progression (19–22). Even though EAV is associated with CAD extent, severity, and the presence of high-risk coronary plaque morphology (21, 23, 24), it is unclear whether EAV can be used to diagnose high-risk coronary plaque burden that progresses rapidly in patients without known CAD. In this CCTA study, we aimed to investigate (1) the prognostic impact of LAP burden on patient level analysis, as well as (2) the association of EAV with LAP volume in patients without known CAD.



MATERIALS AND METHODS


Study Population

This retrospective observational study protocol was approved by the ethics committee of Fujiikai Kashibaseiki Hospital (2021-E). The requirement of obtaining written informed consent from the participants was waived in accordance with the institutional requirements. The study was conducted in accordance with the Declaration of Helsinki. Figure 1 shows the flow chart of the study population. The study population consisted of symptomatic patients with suspected CAD (n = 610) who visited the Fujiikai Kashibaseiki Hospital between April 2017 and January 2020 for CCTA examination. Patients meeting the following criteria were excluded from this study: (1) patients with a prior history of myocardial infarction (n = 10), percutaneous coronary intervention (n = 72), or coronary artery bypass grafting (n = 7); (2) patients with cardiogenic shock or ACS (n = 19); (3) patients with acute aortic dissection (n = 5); (4) patients with second follow-up CCTA imaging (n = 9); (5) patients with a poor CCTA image quality (n = 5), missing data to calculate clinical risk score (n = 60), (6) those less than 35 years old who did not meet the criteria to calculate the clinical risk score (n = 10); and (7) patients who were lost to follow-up (n = 37). A total of 376 patients without known CAD were included in the analysis (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart for the study population. ACS, acute coronary syndrome; CAD, coronary artery disease; CCTA, coronary computed tomography angiography; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention.


To estimate the 10-year probability of CAD, the Suita score was calculated and reported for each patient. The Suita score is a risk score that predicts the probability of developing of coronary heart disease in 10 years in the Japanese population (25). The parameters used to calculate the Suita score were age, sex, smoking status, blood pressure, low-density lipoprotein (LDL)-cholesterol, high-density lipoprotein (HDL)-cholesterol, and chronic kidney disease (CKD, estimated glomerular filtration ratio, eGFR <60 ml/min/1.73 mm2).



CCTA Image Acquisition

All the CCTA examinations were performed using a 320-row multidetector CT and an ECG-triggered prospective gating method during a single breath-hold (Aquilion ONE/NATURE Edition, Cannon Medical Systems, Inc., Japan). Patients with a heart rate of >60 bpm were pretreated with an oral beta-blocker. Coronary artery calcium score (CACS) was assessed using the Agatston scoring method at a fixed thickness of 3 mm (26). Following CACS scanning, the Bolus Tracking method was used for the image acquisition, where the non-ionic contrast medium of 270 mgI/kg (ranging from 33 ml to 74 ml, Iopamidol, 370 mg iodine per ml iopamilon; Bracco, Milan, Italy) was administrated with a power injector at a rate of 2.3–4.9 ml per second through a 20-gauge needle. After injecting the contrast medium, saline was injected through the same venous access at the same injection rate. A region of interest (ROI) was set in the ascending aorta at the bronchial bifurcation level. When the CT value exceeded 150 Hounsfield units (HU), ECG-synchronized scans were performed within a single breath-hold. The scan parameters were a detector collimation of 0.5 × 320 mm, gantry rotation time of 350 ms, tube voltage of 120 kV, and tube current of 130–600 mA. The images were reconstructed using a Forward-projected Model-based Iterative Reconstruction SoluTion (FIRST) for coronary artery analysis.



CCTA Image Analysis

Synapse Vincent software (Fujifilm Inc., Tokyo, Japan) was used to automatically generate three-dimensional volume-rendering images, straight and stretch curved planar reformation images, and cross-sectional multiplanar reconstruction (MPR) images. According to the Agatston scoring method, CACS was classified into five categories as follows: 0, 1–10, 11–100, 101–400 and >400. The diameter of the coronary artery stenosis was reported based on the SCCT guideline by two observers (K.O. and H.I.). According to the patient-level CAD-RADS classification (13), CAD was categorized into seven categories as follows: 0 (no plaque or no stenosis), 1 (1–24% stenosis), 2 (25–49% stenosis), 3 (50–69% stenosis), 4A (one or two vessels, 70–99% stenosis), 4B (left main artery >50% stenosis or three vessels ≥70% stenosis), and 5 (100%, total occlusion).

Regarding the vessel- and patient-level analysis of coronary plaque volume, we used the Synapse Vincent software (Fujifilm Inc.) to semiautomatically measure the lumen, vessel, and plaque volume of each major epicardial coronary artery. The luminal contour was automatically detected and manually corrected using cross-sectional MPR images. The vessel contour was automatically detected and manually corrected on the MPR images. The plaque components were categorized into either calcified plaque (CP, ≥150 HU), non-calcified plaque (NCP, <150 HU), or LAP <30 HU (17). The total coronary plaque burden and that for each plaque component was calculated using the following equation:

[image: image]

In the patient-level analysis, each plaque volume for 3-vessel coronary arteries was categorized into quartiles. Figure 2 illustrates the CCTA images (Figures 2A–D) of a patient with non-obstructive CAD and an increased LAP (Q4) who developed unstable angina requiring urgent coronary revascularization.


[image: Figure 2]
FIGURE 2. CCTA images and invasive coronary angiography. (A–D) CCTA images of a patient with non-obstructive CAD and increased low-attenuation plaque (Q4) who developed to unstable angina requiring urgent coronary revascularization. The MPR image of the baseline CCTA image for right coronary artery (RCA) showing intermediate stenosis severity with low-attenuation coronary plaque (Q4). (B–D) Cross-sectional images of coronary lesions (white broken bars). (B) Mild stenosis with non-calcified plaque (yellow asterisk). (C) Intermediate stenosis with calcified plaque (white asterisk) and low-attenuation plaque (red asterisk). (D) Intermediate stenosis with calcified and non-calcified plaques. (E) Invasive coronary angiography performed at 12 days following the baseline CCTA examination. Invasive coronary angiography (ICA) image shows intermediate stenosis of the proximal (yellow arrowhead) and distal portions of the RCA (red arrowhead). The patient was managed with conservative strategy, including statins. (F) The patient presented with unstable angina and underwent emergency ICA at 1.5 years following the baseline CCTA examination. The ICA image revealed progression of the coronary lesions (red arrowheads). CCTA, coronary computed tomography angiography; ICA, invasive coronary angiography; MPR, multi-planar reconstruction; RCA, right coronary artery.


EAV was measured from contrast-enhanced CT images using the Synapse Vincent software (Fujifilm Inc.) as reported previously (27). To measure the EAV, several equidistant axial planes were extracted according to the size of each heart. The upper slice limit was at the bifurcation of the pulmonary artery trunk, and the lower slice limit was at the last slice that contained any structure of the heart. In each plane, the software automatically detected a smooth, closed pericardial contour as a region of interest, where the software automatically identifies adipose tissue as having CT attenuation values ranging from −250 to −30 HU within the pericardial sac (27). Finally, the EAV was calculated as the sum of the EAT areas.



Endpoints

Clinical follow-up was performed through interviews with the patients at each hospital visit. Interviews through telephone and mail were used to obtain the follow-up data. The primary endpoint was defined as a composite event of cardiovascular or non-cardiovascular death, non-fatal myocardial infarction, and unstable angina requiring coronary revascularization more than 90 days after CCTA examination, as well as worsening symptoms requiring unplanned coronary revascularization more than 90 days after CCTA examination. Myocardial infarction was defined as a typical persistent chest pain with elevation of cardiac enzymes (elevation of cardiac troponin I above the reference level), regardless of ST-segment elevation myocardial infarction or non-ST-segment elevation myocardial infarction. Unstable angina was defined as new-onset angina, exacerbated angina that is symptomatic with light exertion, or angina that appears at rest, without elevated cardiac-deviated enzymes.



Statistical Analysis

Statistical analysis was performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a modified version of the R commander. Categorical variables were reported as counts (percentage), and continuous variables as means (standard deviation, SD) or medians (interquartile range, IQR). The variables were compared using the chi-square test for categorical variables. One-way analysis of variance or the Kruskal-Wallis test was used to compare the %LAP quartiles for continuous variables. A Cox proportional hazard ratio analysis (forced entry method) was used to identify the predictors of the primary endpoint. The multivariable model using Cox hazard proportional ratio analysis included 4 models; LAP (Q4) was adjusted by CAD-RADS ≥3 for model 1, Suita score for model 2, EAV for model 3, and CACS >100 for model 4. Using the Kaplan-Meier curve analysis, a time-to-event analysis for patients with %LAP Q4 and those with %LAP Q1–3 was performed. The determinants of %LAP (Q4) were analyzed using logistic regression analysis. The model was adjusted for advanced age, body mass index, Suita score, and obstructive CAD. Suita scores of <56 and ≥56 points were classified as low risk (n = 274; <9 % for 10-year risk) or intermediate/high risk (n = 102; ≥9 % for 10-year risk), respectively. Spearman's correlation coefficient was used to analyze the association of %LAP with CACS and EAV. Receiver operating curve (ROC) analyses were performed to determine the best cutoff value of EAV and CACS in identifying patients with increased %LAP (Q4) and the areas under the curve (AUCs) as well as the sensitivities, specificities, and positive and negative predictive values of the diagnostic test. To test the hypothesis that EAV had additional diagnostic value than CACS, a multivariate ROC analysis adjusting for EAV and CACS was performed and compared with that of CACS alone. To report the reproducibility of coronary plaque burden, we performed an intraclass correlation (ICC) analysis for intra- and interobservers in 30 randomly selected patients. A p-value of < 0.05 was considered as statistically significant.




RESULTS


Baseline Characteristics and CCTA Findings

All of the 376 patients who underwent CCTA examination had images of suitable quality as well as available clinical data for analysis. Table 1 shows the baseline characteristics of the patients. The patients had a mean age of 65.2 (13.1) years, and 56.6% (n = 213) were male with a range of cardiovascular risk factors. The mean Suita score was 48.4 (10.8) points, and 27.1% (n = 102) of the patients had Suita scores ≥56 (Table 1). Table 1 shows that 5.0% (n = 19) and 25.5% (n = 96) of the patients were treated with aspirin and statins at study enrollment, respectively. Compared to patients without the primary endpoint, those with the primary endpoint tended to have greater prevalence of diabetes and were older (p = 0.011), as well as had a higher Suita scores (p = 0.003). There was no significant difference in serum CRP (p = 0.502) and eGFR (p = 0.161) levels between patients with and without the primary endpoint. Table 2 shows patient-level CCTA findings at baseline and a comparison between patients with and without the primary endpoint. The median CACS was 17 (0–166). Accoridng to CAD-RADS category, CAD-RADS 1 (absence of CAD), CAD-RADS 1–2 (minimal-mild CAD), and CAD-RADS ≥3 (severe stenosis and total occlusion) were found in 20.2% (n = 76), 39.6% (n = 149), and 40.2% (n = 151) of the patients, respetively. The mean %LAP for all the patients was 1.35 (0.98) % and the mean EAV was 124.0 (52.0) ml. As expected, patients with the primary endpoint had higher prevalence of CAD-RADS ≥3, and a greater plaque volume for calcified plaque and low-attenuation non-calcified plaque (all p < 0.05), but there were no statistically significant differences in EAV between the two groups (p = 0.40).


Table 1. Baseline patient characteristics.

[image: Table 1]


Table 2. Baseline patient-level CCTA findings.

[image: Table 2]

Excellent reproducibility was observed in %LAP volume (intraobserver ICC, 0.939; 95% CI, 0.887–0.96; interobserver ICC, 0.953; 95% CI, 0.900–0.978), %NCP volume (intraobserver ICC, 0.981; 95% CI, 0.966–0.991; interobserver ICC, 0.977; 95% CI, 0.952–0.989), and %CP volume (intraobserver ICC, 0.989; 95% CI, 0.979–0.994; interobserver ICC, 0.984; 95% CI, 0.966–0.992).



Predictors of the Primary Endpoint

During the mean follow-up period of 2.2 ± 0.9 years, the primary endpoint was observed in 15 patients (4.0%), including death (n = 2), ACS (n = 6), and unplanned coronary revascularization more than 90 days after CCTA examination (n = 7). Table 3 shows the comparisons of the Suita score, CCTA findings, and the rates for the primary endpoints among the four groups stratified by %LAP (Q1-Q4). Further, %LAP in each quartile was 0.07–0.72% for Q1 (25 percentile), 0.72–1.06% for Q2 (25–50 percentile), 1.07%−1.66% for Q3 (50–75 percentile), and 1.67–7.09% for Q4 (75–100 percentile). Of the patients who developed the primary endpoints, 65% (n = 11) arose from %LAP (Q4), which was more frequent than the remaining groups of %LAP (Q1–Q3). Compared to patients with the %LAP (Q1–Q3), those with %LAP (Q4) had a greater Suita score, CACS, EAV, and frequent obstructive CAD (all p < 0.05) (Table 3).


Table 3. Clinical risk score, CCTA findings, and event rates according to quartile of %LAP.

[image: Table 3]

In the Cox proportional hazard model adjusted by CAD-RADS ≥3 (model 1), %LAP (Q4) was independent predictors of the primary endpoint (hazard ratio [HR], 3.05; 95% confidence interval [CI], 1.09–8.54; p = 0.033) (Table 4). Similarly, %LAP (Q4) remained as the predictor of the primary endpoint in model 2 adjusted by Suita score (LAP Q4; HR, 3.41; 95% CI, 1.23–9.45; p = 0.018), in model 3 adjusted by EAV (LAP Q4; HR, 3.15; 95% CI, 1.06–9.32; p = 0.038), and in model 4 adjusted by CACS ≥100 (LAP Q4; HR, 3.52; 95% CI, 1.28–9.71; p = 0.015) (Table 4). Kaplan-Meier curve analysis illustrated that patients with %LAP (Q4) had a worse prognosis than those with Q1–Q3 for both endpoints (both log rank p < 0.001) (Figure 3).


Table 4. Multivariable Cox hazard model for the prediction of the primary and secondary endpoints during follow-up.
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FIGURE 3. Kaplan-Meier curves analysis according to the LAP burden. Kaplan-Meier curve analysis illustrated that patients having %LAP (Q4) had a worse prognosis than those with Q1–Q3 (p < 0.001, log-rank test).




Predictors of Patients With %LAP (Q4)

We observed a weak but statistically significant positive correlation between CACS and %LAP (ρ = 0.238, p < 0.001) and between EAV and %LAP (ρ = 0.386, p < 0.001). To diagnose patients with %LAP (Q4), the ROC analysis demonstrated that the best cut-off value for CACS was 218.3 Agatston units (Figure 4A, AUC = 0.637, sensitivity of 38.3%, and specificity of 84.8%), and that for EAV was 125.3 ml (Figure 4B, AUC = 0.693, sensitivity of 69.1%, and specificity of 65.2%). In a logistic regression analysis after adjusting for age, body mass index, Suita score, and CAD-RADS category, the independent determinants of %LAP (Q4) were CACS ≥218.3 and EAV ≥125.3 ml (both p < 0.001, Table 5). For the identification of patients with %LAP (Q4), the addition of EAV to CACS significantly improved the AUC (Figure 4C, AUC, 0.728, p = 0.013) compared to that of CACS alone (Figure 4A, AUC, 0.637).


[image: Figure 4]
FIGURE 4. To diagnose patients with %LAP (Q4), the ROC analysis demonstrated that the best cut-off value for CACS was 218.3 Agatston units (A), and that for EAV was 125.3 ml (B). (C) Addition of EAV on CACS significantly improved the AUC that is used to identify %LAP (Q4) than CACS alone (C, EAV + CACS versus CACS alone, 0.728 versus 0.637; p = 0.013).



Table 5. Multivariable logistic regression analysis to predict %LAP (Q4).
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DISCUSSION

Our results show that in patients without overt known CAD, 3-vessel LAP volume is a significant predictor of the primary and secondary endpoints independent of CAD-RADS ≥3 (severe stenosis and total occlusion). The major findings of the present study are as follows: (1) Coronary high-risk plaque burden, assessed by LAP volume on CCTA, was a prognostic factor for mortality and coronary events; (2) EAV was independently associated with increased LAP volume; and (3) the combination of CACS and EAV provides a non-invasive method of identifying patients with increased LAP volume that can lead to coronary events. These findings suggest that the link between high-risk coronary plaque burden, death, and acute coronary events is potentially mediated by increased EAT volume.

Our understanding of the mechanisms of ACS largely stems from histopathological studies followed by investigations using imaging modalities (5, 28–32). The identification of patients at risk of developing ACS who will benefit from more intensive therapy is the focus of current clinical practice (11, 12, 31). Although the concept of rupture-prone “vulnerable plaque” was a driving motivation of the identification of patients at risk of ACS (5, 29), there are debates regarding how to diagnose patients who are most likely to develop coronary atherosclerotic disease burden leading to ACS (3).

Calcification plays a vital role in the natural history of coronary atherosclerosis and plaque rupture. Microcalcification (≥0.5 μm, and typically <15 μm) derived from dying macrophages and smooth muscle cells potentially causes stress-induced fibrous cap rupture (6, 33, 34). Several clinical studies using imaging modalities have demonstrated that spotty calcification is frequently found in the culprit lesion as compared to that of stable angina (28). It has been reported that high-density calcification on CCTA is a marker of plaque stability (10). Mortensen et al. recently demonstrated that CACS provides prognostic information regardless of the presence or absence of obstructive CAD (7), indicating the importance of assessing coronary plaque burden. These findings indicate that coronary lesions with mild-to-intermediate calcification exhibit a higher incidence of ACS (33). In lin with these findings, our results indicate that CACS ≥218.3 was independently associated with a greater high-risk plaque burden, as assessed by %LAP.

In recent years, atherosclerosis has been established as a chronic inflammatory disease (8). Adipose tissue is a passive fat storage and can function as an endocrine organ, releasing adipokines in response to extracellular stimuli or alterations in metabolic status (18). There is a link between local inflammation in EAT and lipid-rich coronary plaques and necrotic core, likely mediated by an increased density of vasa vasorum (35). Previous studies have reported an increased density of neovascularization from the adventitia into ruptured plaques (6, 36, 37), where increased expression of matrix metalloproteinases-2 and−9 by macrophages was observed in inflamed adventitia (38). As a result, more attention has been paid to assessing the inflammatory status of the pericoronary artery using non-invasive imaging modalities (39).

EAV has been independently associated with the extent and severity of obstructive CAD (21), hemodynamically significant stenosis (40), and the presence of high-risk coronary plaque detected on CCTA (24). Pericoronary fat volume has previously been reported to be significantly correlated with the presence of both calcified plaques and non-calcified plaques, indicating that perivascular fat depots play a pivotal role in the local process of atherosclerotic disease progression (19). Furthermore, Schlett et al. demonstrated that EAT volume is associated with high-risk coronary lesion morphology on CCTA independent of clinical characteristics and obesity (20). Hwang et al. (22) demonstrated that a greater amount of EAT at baseline CT was an independent predictor of NCP development in asymptomatic individuals. Taken together, these findings demonstrate the utility of measuring EAV to detect high-risk patients.

It remains controversial whether EAV enables the provision of prognostic information in patients with CAD (41, 42). Gitsioudis et al. (41) demonstrated that increased EAV (EAV ≥162.2 cm3) is associated with coronary plaque burden and is a predictor of worse outcome independent of risk factors, although the increased EAV did not remain as an independent predictor when coronary artery luminal stenosis was included in the model. Brandt et al. demonstrated that EAT volume showed the improved prediction performance in addition to clinical risk score alone or its combination with CCTA findings (42). Contrastingly, CCTA-derived LAP has been validated by histopathology, demonstrating a close association between LAP and lipid core plaque (43) and outcomes, including mortality and non-fatal myocardial infarction (11, 17). While the detection of obstructive CAD is the central focus of CCTA in patients with symptomatic CAD, the identification of high-risk plaque burden may provide further information on risk stratification beyond luminal stenosis. Romijn et al. showed the importance of adding EAV to CACS in predicting functionally significant stenosis in patients with CAD who underwent CCTA and invasive coronary angiography (23). Our results indicate that the addition of EAV to CACS can be used for risk stratification of patients with a greater plaque burden requiring immediate coronary revascularization and at risk of developing future ACS event.


Study Limitations

This study has some limitations. First, this study had a small sample size with relatively high Suita scores (48.4 ± 10.8 points). This can be explained by the advanced age of the participants. Moreover, patients had a high prevalence of coronary risk factors, including hypertension (71.5%) and dyslipidemia (73.1%), whereas pharmacological therapeutic interventions were deemed to be insufficient at baseline. Second, to measure the CT attenuation values of coronary plaques, we used a tube voltage of 120 kV in all patients regardless of body weight. To reduce radiation exposure, however, we used the wide-volume scan method with a prospective gating method. Third, the event rate observed in this study was relatively high (4.5%), and this may be explained by the relatively high Suita scores of the participants. Another explanation is that the approximately half of the primary endpoint consisted of a soft endpoint, including unstable angina and coronary revascularization. Fourth, this study did not analyze pericoronary adipose tissue attenuation (PCATA) (39), which has been shown to be an independent predictor of prognosis in patients with CAD. Given that PCATA might be associated with inflammation around coronary arteries, analyzing PCATA will further help in risk stratification beyond the EAT burden. Fifth, although plaque rupture is a major leading cause of ACS and sudden cardiac death, attempts have been made in recent decades to identify patients at risk of ACS caused by plaque erosion, the second leading cause of ACS (8). ACS caused by plaque erosion has been reported to be more common in females. Plaque erosion has fewer inflammatory cells, and is a proteoglycan-rich lesion in contrast to plaque rupture (8). Further in vivo investigations are warranted to elucidate the mechanisms and plaque composition in patients with ACS caused by plaque erosion. Novel intracoronary imaging may provide new insights (30, 32). Sixth, cardiac troponin can be elevated even in patients with stable CAD, and has been shown to be associated with increased cardiovascular events (44); however, this study did not include any biomarker analysis that may have provided mechanistic insights regarding the hypothesis of identifying patients at very high risk for developing a primary endpoint carrying both increased LAP volume and elevated CACS and EAT volume. Finally, due to the retrospective nature of the study, the effect of medical therapies on the outcomes was not included in the analysis. A recent CCTA study demonstrated that icosapent ethyl was effective for the reduction of coronary plaque volume assessed using CCTA (45). Accumulating evidence suggests potential therapeutic strategies for reducing EAT (46). These findings suggest that CCTA might be useful for identifying and monitoring patients at a higher risk of future ACS events in response to OMT.




CONCLUSIONS

In conclusion, CCTA-based assessment of EAV, CACS, and LAP could help improve personalized cardiac risk management by administering patient-suited therapy.
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Serious adverse events associated with new vaccines targeting SARS-CoV-2 are of high interest to the public and to public health as a worldwide mass immunization campaign has been initiated to contain the ongoing COVID-19 pandemic. We describe a series of 4 individuals with signs of a myocarditis/pericarditis according to cardiac MRI results in temporal association with currently in the European Union authorized SARS-CoV-2 vaccines. We found mild abnormal MRI results independent of the type of SARS-CoV-2 vaccine. There is a need of continuing monitoring outcomes of myocarditis cases after COVID-19 vaccination as recently published cases suggest an uncomplicated short-term course whereas the long-term implications are not yet known but taking the available evidence into account the benefits of using COVID-19 vaccines still clearly outweigh the risks.
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BACKGROUND

Before the COVID-19 pandemic, there have only been a few reports of myocarditis and pericarditis as an adverse event following immunization with the exception of cases following live-attenuated smallpox vaccine (1, 2).

Serious adverse events associated with new vaccines targeting SARS-CoV-2 are of high interest to the public and to public health as a worldwide mass immunization campaign has been initiated to contain the ongoing COVID-19 pandemic.

SARS-CoV-2 vaccines currently authorized for use in the European Union by the European Pharmacy Agency include the messenger RNA (mRNA) vaccine Comirnaty (Pfizer-BioNTech), Spikevax (Moderna) and the vector-based vaccines Vaxzevria (AstraZeneca), and Vaccine Janssen (Johnson and Johnson) (3).

We describe a series of 4 individuals with signs of a myocarditis/pericarditis according to cardiac MRI results in temporal association with SARS-CoV-2 vaccination to investigate any differences regarding the phenotype.



MATERIALS AND METHODS

For this report we retrospectively reviewed cardiac MRI exams performed at our institution between 07/01/2021-09/06/2021 for MRI findings of cardiac inflammation such as myocarditis or pericarditis associated with SARS-CoV-2 Vaccination. We reviewed the medical records regarding the timing of COVID-19 or SARS-CoV-2 vaccination and the vaccine used. All available demographic, clinical or laboratory information were documented (Table 1).


Table 1. Four patients diagnosed with signs of myocarditis/pericarditis in temporal relation to a SARS-CoV-2 vaccination.
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The study complies with the declaration of Helsinki. Approval was obtained from the ethics committee of Charite – Unversitätsmedizin Berlin. All examinations have been clinically indicated.

Cardiac MRI was performed at 1.5T/3T [Philips Healthcare, Best, Netherlands] and evaluated using a standardized diagnostic protocol as described previously (4). The protocol included cine, T1 and T2 mapping, and late gadolinium enhancement (LGE) images. Cutoffs for elevated T1 values (normal 903 to 1,085 ms at 1.5 Tesla and 1,173 to 1,334 ms at 3 Tesla) and T2 values (normal 41 to 57 ms at 1.5 Tesla and 35 to 51 at 3 Tesla) were based on 2 standard deviations above the respective means in a healthy reference group examined on the same scanners. Clinical cardiac MRI reports were reviewed by three cardiologists experienced in cardiovascular imaging in consensus.



CASES


Patient 1

Patient 1, a healthy 21-year-old male, received his second vaccination dose of Spikevax (Moderna). The following day the patient complained about chest pain and discomfort, shortness of breath, limited physical capacity and malaise. At presentation to the hospital the electrocardiogram showed no pathological findings. The serum levels for C-reactive protein and NT-proBNP were normal. High-sensitive Troponin T was elevated up to 526 ng/l (normal <14 ng/l). A coronary angiography was performed with exclusion of a coronary artery disease. CT pulmonary angiography excluded a pulmonary embolism. Transthoracic echocardiography showed normal myocardial function without wall motion abnormalities or relevant valvular heart disease.

Cardiac MRI at 3 Tesla showed a normal left and right ventricular size with normal left and right ventricular ejection fraction and normal values for the global longitudinal strain. T2 weighted images indicated a regional edema anterolateral/inferolateral (basal) with corresponding elevated quantitative myocardial T2 mapping parameters up to 70 ms (normal 35 to 51 ms at 3 Tesla) (Figure 1). Corresponding patchy subepicardial LGE indicating inflammatory myocardial necrosis (Figure 1). Pericardial enhancement in the LGE and T2 weighted images in corresponding locations indicated a pericardial involvement (Figure 1). The global T1 relaxation time (1,227 ms, normal 1,173 to 1,334 ms at 3 Tesla) and global T2 relaxation time (43 ms, normal 35 to 51 ms at 3 Tesla) were normal. The patient was discharged after 6 days with stable cardiopulmonary parameter and improved symptoms with an anti-inflammatory therapy with ibuprofen and a supportive therapy with ACE-inhibitor and outpatient follow-up appointments.
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FIGURE 1. Cardiac MR images of Patient 1–4. Patient 1 with signs of a myopericarditis after mRNA SARS-CoV-2 vaccination with Spikevax (Moderna). Patient 2 with signs of a myocarditis after mRNA SARS-CoV-2 vaccination with Comirnaty (Pfizer-BioNTech). Patient 3 with signs of a discrete pericarditis in the LV-lateral area after SARS-CoV-2 vaccination with Janssen (Johnson and Johnson). Patient 4 with a mild to moderate pericardial effusion up to 11 mm in the medial posterior wall of the LV as a possible residual of an expired pericarditis/myocarditis after SARS-CoV-2 vaccination with Vaxzevria (AstraZeneca). SSFP, Stady state free precession; T2w FSE, T2-weighted fast spin echo; mDixon, Single breath-hold three-dimensional (3D) ECG-gated multi-echo chemical shift-based sequence; T1 relaxation were calculated from single breath-hold two-dimensional (2D) modified Look-Locker inversion recovery (MOLLI) sequence LA, long axis; SA, short axis.




Patient 2

Patient 2, a healthy 42-year-old male, received the second vaccination dose of Comirnaty (Pfizer-BioNTech). Two days later, the patient presented to the emergency room of a referring hospital with chest pain and discomfort, shortness of breath and a decreased physical capacity.

The electrocardiogram on admission showed no pathological findings. The serum levels for C-reactive protein (59 mg/l, normal <5.0 mg/l) and cardiac necrosis marker were elevated with a highsensitive Troponin-I level of 4,868 pg/ml (normal <34.1 pg/ml) and creatinin kinase of 581 U/l (normal 190 U/l). The levels for D-Dimer and BNP were normal. A coronary angiography was performed with exclusion of a coronary artery disease. CT pulmonary angiography excluded a pulmonary embolism. Transthoracic echocardiography showed normal myocardial function without wall motion abnormalities or relevant valvular heart disease.

Cardiac MRI at 3 Tesla showed a normal left and right ventricular size with normal left and right ventricular ejection fraction but reduced values for the global longitudinal strain with −17.8% (normal −28.5 to −20.5% according to local reference values). T2 weighted images indicated a regional edema inferior/inferolateral (basal) with corresponding elevated quantitative myocardial T2 mapping parameters up to 53 ms (normal 35 to 51 ms at 3 Tesla) and corresponding subepicardial LGE in this region (Figure 1). The global T1 relaxation time (989 ms, normal 903 to 1985 ms at 1.5 Tesla) was normal. In summary, this provided evidence for acute myocarditis without functional limitation. An anti-inflammatory therapy with ibuprofen was started. During hospitalization, the patient complained of left lower leg pain. Duplex sonography of the veins showed thrombosis of a collateral vein in the region of the posterior tibial artery. Compression therapy and oral anticoagulation were started. The patient was discharged after 6 days with improved symptoms with recommendation to continue the anti-inflammatory, compression and oral anticoagulation therapy.



Patient 3

Patient number 3 was an 18-year-old healthy and athletic young man. The patient reported that shortly after a vaccination with Janssen (Johnson and Johnson), he initially experienced an episode of fever and limb pain. The initial symptoms subsided significantly after 3 days. However, a marked limitation of physical capacity and a feeling of chestpain and discomfort at rest and under physical stress remained. After the complaints persisted even for 2 months after vaccination, an outpatient presentation was made for further diagnostics. The electrocardiogram showed no pathological findings. Transthoracic echocardiography showed normal myocardial function without wall motion abnormalities or relevant valvular heart disease. Cardiac MRI at 1.5 Tesla showed a normal left and right ventricular size with normal left and right ventricular ejection fraction and normal values for global longitudinal strain. The images showed a mild pericardial effusion in the area of the free RV wall and the basal posterior LV wall up to a maximum of 4 mm with evidence of inflammatory changes of the pericardium in the T2 weighted images and the LGE images in the area of the lateral LV wall. The global T2 relaxation time (49 ms, normal 35 to 51 ms at 1.5 Tesla) and T1 relaxation time (1,071 ms, normal 903 to 1,085 ms at 1.5 Tesla) were normal. Assuming a discrete pericarditis of the LV-lateral area, a native MRI follow-up after 3 months was recommended.



Patient 4

Patient number 4, a healthy 18-year-old male received the first dose of Vaxzevria (AstraZeneca) at the end of June 2021. The patient reported new episodes of chestpain and discomfort and exercise limitation ~10 days after the vaccination. Initially, no medical presentation was made in the expectation that the symptoms would disappear. After a clear increase of the symptoms in the course of time, the patient presented to the emergency department of a referring hospital. The electrocardiogram on admission showed ST segment elevation in the inferior leads (II, III, and aVF). A coronary angiography was performed with exclusion of a coronary artery disease. The serum levels for C-reactive Protein [<1.0 mg/l, normal < 5.0 mg/l)] and highsensitive Troponin-I [<5.1 pg/ml, normal <34.1 pg/ml)] were normal. Creatinin kinase was increased with a serum level of 255 U/l (normal <190 U/l). Transthoracic echocardiography showed normal myocardial function without wall motion abnormalities or relevant valvular heart disease.

Cardiac MRI at 1.5 Tesla showed a normal left and right ventricular size with normal left and right ventricular ejection fraction and normal values for global longitudinal strain. The examination showed a mild to moderate pericardial effusion up to 11 mm in the mid-posterior wall of the LV. There was no evidence of acute cardiac inflammation in the T2 weighted and LGE images. The global T2 relaxation time (52 ms, normal 35 to 51 ms at 1.5 Tesla) and T1 relaxation time (979 ms, normal 903 to 1,085 ms at 1.5 Tesla) were normal. In the absence of signs of acute cardiac inflammation in the T2 weighted images and the LGE images, the pericardial effusion was considered as a possible residual of an expired pericarditis/myocarditis.




DISCUSSION

Myocarditis is an inflammation of the heart muscle in the absence of ischemia (5). If it is accompanied by pericarditis, an inflammation of the pericardium, it is referred to as myopericarditis. Myocarditis is predominantly mediated by viral infection, but can also be induced by bacterial, protozoal or fungal infections as well as systemic immune-mediated diseases and a variety of toxic substances and certain drugs as well as vaccine exposures (5).

For vaccine associated myocarditis the underlying mechanisms are not fully understood either. Molecular mimicry between the spike protein of SARS-CoV-2 and self-antigens, trigger of preexisting dysregulated immune pathways, immune response to mRNA, and activation of immunologic pathways, and dysregulated cytokine expression have recently been proposed (6).

Vaccine associated myocarditis is still overall rare and more common in males and the young population (7). The Advisory Committee on Immunization Practices (ACIP) recently published an incidence of 40.6 cases per million second doses of mRNA SARS-CoV-2 vaccinations in a population of males aged 12–29 years compared to 2.4 per million second doses administered to males aged ≥30 years (7).

The reasons for male predominance is unknown, but theories relate to sex hormone differences in immune response and myocarditis and underdiagnosis of cardiac disease in women (6).

Severity and clinical presentation of myocarditis or pericarditis vary among patients. Symptoms might include dyspnea, chest pain or palpitations, although especially in younger children other symptoms might be present (8). The clinical diagnostic evaluation might show elevated cardiac injury marker, pathological findings on electrocardiogram, echocardiogram, or as shown cardiac MRI results.

As also seen in our patients the clinical course of SARS-Cov2 vaccination associated myocarditis is typically mild and self-limited (2). Data published by the Israeli Ministry of Health showed 148 cases of myocarditis among 10.4 million vaccinated Israelis (9). Most cases occurred within 30 days after the second dose of a mRNA vaccination. Most cases required a hospitalization up to 4 days but were considered mild (9).

Regarding the guidelines for a mild and uncomplicated myocarditis/pericarditis a myocardial biopsy or viral serology was not performed in our patients. According to the guidelines the management depends on supportive therapy with targeted cardiac and anti-inflammatory medications and specific interventions if necessary (10, 11). Exercise restriction is recommended until the heart recovers (10, 11).

We found mild abnormal MRI results independent of the type of SARS-CoV-2 vaccine. We hypothesize, that abnormal findings might be present independent of vaccine and potentially might also be present when patients are flu-vaccinated. Future research work should also focus on this aspect. A more pragmatic approach might be to look first for cardiac abnormalities in cases of cardiac symptoms after vaccination, such as elevated lab values as troponin and NTproBNP or abnormalities at echocardiography as previously described from our group post COVID-19 (12).

In conclusion clinicians should be aware of vaccine-induced myocarditis as a possible adverse event after SARS-CoV-2-vaccination.

There is a need of continuing monitoring outcomes of myocarditis cases after COVID-19 vaccination as recently published cases suggest an uncomplicated short-term course whereas the long-term implications are not yet known.

Taking into account the available evidence including the risks of myocarditis and pericarditis, it can be determined that the benefits of using COVID-19 vaccines still clearly outweigh the risks. There is a need for a continued educational campaign for the public regarding the risk of COVID-19 and the benefits and risks of a SARS-CoV-2 vaccination.
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Background: The objective of the study was to determine the association between right ventricular (RV) myocardial performance index (MPI) and successful liberation from the ventilator and death within 28 days.

Methods: Post hoc analysis of 2 ventilation studies in invasively ventilated patients not having ARDS. RV-MPI was collected through transthoracic echocardiography within 24–48 h from the start of invasive ventilation according to the study protocols. RV-MPI ≤ 0.54 was considered normal. The primary endpoint was successful liberation from the ventilator < 28 days; the secondary endpoint was 28-day mortality.

Results: A total of 81 patients underwent transthoracic echocardiography at median 30 (24–42) h after the start of ventilation—in 73 (90%) patients, the RV-MPI could be collected. A total of 56 (77%) patients were successfully liberated from the ventilator < 28 days; A total of 22 (30%) patients had died before or at day 28. A total of 18 (25%) patients had an abnormal RV-MPI. RV-MPI was neither associated with successful liberation from the ventilator within 28 days [HR, 2.2 (95% CI 0.47–10.6); p = 0.31] nor with 28-day mortality [HR, 1.56 (95% CI 0.07–34.27); p = 0.7].

Conclusion: In invasively ventilated critically ill patients without ARDS, an abnormal RV-MPI indicative of RV dysfunction was not associated with time to liberation from invasive ventilation.

Keywords: heart-lung interactions, echocardiography, hemodynamic monitoring, mechanical ventilation, mortality, successful extubation


INTRODUCTION

Acute right ventricular (RV) dysfunction is a common complication in critically ill patients and is associated with higher morbidity and mortality (1). RV function is affected by the change from negative to positive intrathoracic pressure in patients who receive invasive ventilation, by the decrease in venous return and increase in RV afterload (2). Acute RV failure in invasively ventilated patients can cause life-threatening hemodynamic instability and delay liberation from the ventilator (3, 4). Accordingly, monitoring RV function could be important for fluid optimization, vasopressor strategy, and respiratory support in these patients (3, 5).

The RV myocardial performance index (MPI) is an easy-to-obtain variable through transthoracic echocardiography (6). It is a measure for systolic and diastolic RV performance, and to a certain degree fluid status-independent (7). Right ventricular myocardial performance index (RV-MPI) has been shown to have predictive capacity for mortality in chronically ill patient, including patients with primary pulmonary hypertension (8) and patients with chronic heart failure (9). RV-MPI has also been shown to have predictive capacity for mortality in acutely ill patients, including patients after cardiac surgery (10), patients after myocardial infarction (11), patients with acute pulmonary embolism (12), and patients with sepsis (13). Whereas RV-MPI has been shown to have predictive capacity for liberation from the ventilator in critically ill ventilated patients with acute respiratory distress syndrome (ARDS) (14), it is uncertain whether it also holds prognostic capacity in critically ill ventilated patients without ARDS. To test the hypothesis that an abnormal RV function has associations with delayed extubation and higher mortality in these patients, we collected RV-MPI who underwent transthoracic echocardiography in two studies on invasive ventilation in patients without ARDS.



MATERIALS AND METHODS


Design

This is a post hoc analysis of patients included in two multicenter randomized clinical trials of invasive ventilation—in one study, ventilation with a low tidal volume (VT) was compared with ventilation with an intermediate VT (the “Protective Ventilation in Patients Without ARDS” (PReVENT) study) (15); in the other study, ventilation with lower positive end-expiratory pressure (PEEP) was compared to ventilation with higher PEEP (the “REstricted vs. Liberal positive end-expiratory pressure in patients without ARDS” (RELAx) study) (16). The results of the substudy with the PReVENT study have been published in part before (17). Echocardiography was performed as the part of two substudies that focused on the effects of the tested ventilation strategies on cardiac function and enrolled patients in only one center, the Amsterdam UMC, location “AMC,” Amsterdam, the Netherlands, from 4 November 2014 to 20 August 2017 (in the PReVENT study) and from 26 October 2017 to 17 December 2019 (in the RELAx study).



Ethics

Ethical approval for the two parent studies (ethical committee number: 2014_075#B2014424ENG and ethical committee number 2017_074#C2017635) was provided by Medical Ethics Review Committee of AMC on 19 September 2014 and 28 June 2018. Ethical approval for the two substudies (ethical committee number W14_2992017_074 and ethical committee number #B2018435) was provided by Medical Ethics Review Committee of AMC on 4 November 2014 and 18 July 2018. Patients or relatives had to provide written informed consent before the participation in the parent study, as well as the substudy.



Study Registration

The studies were registered at clinicaltrials.gov (NCT02153294, 3 June 2014; NCT03167580, 13 May 2017).



Patients

The PReVENT and RELAx studies had identical inclusion and exclusion criteria and enrolled patients who received invasive ventilation shortly before and not longer than 1 h after admission to the intensive care unit (ICU) and who were expected not to be extubated within 24 h of randomization. The exclusion criteria were age < 18 years, the presence of ARDS according to the current definition of ARDS (18) known chronic obstructive pulmonary disease (COPD), pregnancy, increased and uncontrollable intracranial pressure, history of pulmonary disease, and new pulmonary thromboembolism. Patients were excluded from participation in the substudies if known poor left ventricular function, with left ventricular ejection fraction less than or equal to 30%, and severe shock, requiring norepinephrine ≥ 0.5 μg/kg/min.



Data Collected

Patient demographics, disease severity scores, and reasons for intubation and invasive ventilation were collected at baseline. Ventilator settings and parameters, fluid status, and inotropic and vasopressor use were collected at the time of transthoracic echocardiography.



Transthoracic Echocardiography

Transthoracic echocardiography was performed by physicians trained in cardiac ultrasound in critically ill patients using a Vivid 9 Dimension Ultrasound System (GE Healthcare, Hoevelaken, the Netherlands). Transthoracic echocardiography was performed in the supine position without any major mobilization 24–48 h after invasive ventilation initiation. A comprehensive transthoracic echocardiogram was performed, and the right and left heart were assessed using parasternal, apical, and subcostal sonographic windows. Continuous cardiac rhythm was recorded. Images and videos were stored digitally and analyzed blindly using automated function imaging software (EchoPAC®, GE Vingmed, Norway). For the analysis of echocardiographic variables, the median values of three or five cardiac cycles were calculated for sinus rhythm and atrial fibrillation, respectively.

Pulsatile and continuous wave Doppler was used to assess blood velocities. Tissue Doppler imaging (TDI) and motion mode (M–mode) synchronized with electrocardiogram readings were used to assess mitral and tricuspid valve annulus motion. Isovolumetric contraction time, isovolumetric relaxation time, and ejection time were calculated from the TDI trace. MPI was calculated as the ratio between the sum of the isovolumetric contraction and relaxation time to the ejection time. The two-dimensional speckle tracking for the right and left ventricles was calculated from the 4–chamber apical view after tracing the endocardial borders of the left and right ventricles. Regions of interest (ROIs) were automatically generated and manually corrected when necessary. The global longitudinal strain was calculated for the left ventricle. For the RV, the free wall was automatically divided into three segments, that is, basal, mid, and apical, and the means of the strain values were calculated for each segment.



Outcomes

The primary outcome of this post hoc analysis was successful liberation from invasive ventilation within 28 days, in which successful liberation was defined as no requirement for tracheal intubation within a 48-h period following extubation and alive. The secondary outcome was the 28-day mortality.



Statistical Analysis

The number of available patients in the substudies of the two randomized clinical trials served as the sample size for this analysis.

Demographic, clinical, echocardiographic, and outcome variables were presented as percentages for categorical variables and as medians with interquartile ranges (IQRs) for continuous variables and compared using the Mann–Whitney U-test or chi-square test, as appropriate. Patients were classified as having a normal or an abnormal RV–MPI based on a previously defined cutoff (RV-MPI ≤ 0.54, normal) (19).

The association of RV-MPI with outcomes was analyzed with multistate, competing risk proportional hazard models as described in the survival package via the compete function in R. Risks were estimated for successful extubation and mortality and compared to persistent intubation (reference category). We considered mortality and successful extubation as competing outcomes for persistent intubation. Follow-up was censored after 28 days. Patients who died and received a follow-up of less than 28 days with no events were not censored to eliminate bias through censoring by mortality. This analysis was repeated for other parameters of RV dysfunction.

Moderation of the association of RV-MPI with outcomes by VT or PEEP was evaluated by adding an interaction term to the above-mentioned models. Hazard ratios (HR) with 95% confidence intervals (CI) were calculated for each outcome.

All analyses were performed in R using the R-Studio interface (R version 3.3.1)1 (accessed on 08/05/2022). Statistical significance was set at p < 0.05.




RESULTS


Patients

A total of 81 patients were enrolled in the two substudies. We excluded four patients from the cohort of patients enrolled in the substudy of the PReVENT study, because outcomes of interest were missing for these patients. Thus, we had 73 patients left for the current analysis (Figure 1). Patient characteristics are presented in Table 1. A total of eighteen patients (25%) had abnormal RV-MPI; a total of 2 patients were randomized to the high PEEP ventilation strategy, 1 patient to the low PEEP strategy, 12 patients to the high VT strategy, and 3 patients to the low VT strategy. A total of 55 patients (75%) had a normal RV–MPI; a total of 19 patients were randomized to the high PEEP strategy, 17 patients to the low PEEP strategy, 4 patients to the high VT strategy, and 15 patients to the low VT strategy. Differences in noradrenaline use or in the applied dosages did not achieve statistical significance. Echocardiography findings, including RV-MPI, are presented in Table 2.
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FIGURE 1. Flow chart of the patients enrolled in the study.



TABLE 1. Demographic and clinical characteristics according to normal or abnormal right ventricular myocardial performance index (RV-MPI).
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TABLE 2. Echocardiographic variables of left and right ventricle of invasively ventilated patients examined within 48 h after mechanical ventilation initiation according to normal or abnormal right ventricular myocardial performance index (RV-MPI).
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Association of Right Ventricular Myocardial Performance Index With Liberation Form Invasive Ventilation

The RV-MPI, used as a continuous variable, was not associated with successful liberation from invasive ventilation before day 28 [HR, 2.2 (95% CI 0.47–10.6); p = 0.31]. RV-MPI > 0.54 was also not associated with a lower probability of successful liberation from mechanical ventilation [HR, 0.89 (95% CI 0.49–1.62); p = 0.72] (Figure 2).
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FIGURE 2. Abnormal right ventricular myocardial performance index (RV-MPI > 0.54) and normal RV-MPI (≤0.54) and cumulative incidence of outcomes. X-axis: Days since intubations. Y-axis: probability of an event (extubation or death) in the population. The two facets show the risk for patients with an abnormal RV-MPI (left) and normal RV-MPI (right). Red areas represent patients who died. Green areas represent patients who were successfully extubated. Gray areas represent patients who remained invasively ventilated.




Association of Right Ventricular Myocardial Performance Index With Mortality

The RV-MPI was not associated with 28-day mortality [HR, 1.56 (95% CI 0.07–34.27); p = 0.78]. An RV-MPI > 0.54 was also not associated with mortality [HR, 2.1 (95% CI 0.46–9.17); p = 0.34] (Figure 2).



Associations of Other Echocardiography-Derived Parameters for Right Ventricular Function With Outcomes

Other echocardiography-derived parameters for RV function were not associated with successful liberation from invasive ventilation before day 28 (Table 3).


TABLE 3. The association of right ventricular parameters obtained with transthoracic echocardiography with the probability of successful liberation from invasive ventilation and death at 28 days.
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Subgroup Analyses

PEEP levels were not different between patients with normal RV-MPI and those with abnormal RV-MPI (Table 4), and there was no evidence of moderation by PEEP of the associations of RV-MPI with outcome (p = 0.81). VT was higher in patients with RV-MPI > 0.54 (Table 4), but there was no evidence of moderation by VT of the association of RV-MPI with outcome (p = 0.35).


TABLE 4. Respiratory and hemodynamic variables at the time of transthoracic echocardiography according to normal or abnormal right ventricular myocardial performance index (RV-MPI).
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DISCUSSION

The findings of this study can be summarized as follows: (1) RV-MPI is abnormal in a substantial number of patients who receive invasive ventilation for reasons other than ARDS; (2) in these patients, RV-MPI is neither associated with successful liberation from the ventilator within 28 days; (3) nor with 28-day mortality.

The findings of our study are in contrast to the results of one previous study (14). Indeed, in that study, RV-MPI was strongly associated with the duration of ventilation. Several difference between our study and that previous study should be mentioned, though. First, that study enrolled patients with ARDS, while we restricted the enrollment of patients not having ARDS. Second, and probably as a consequence of this, patients in the previous study were ventilated with higher PEEP than in our study. The results of this study add to our understanding of the association of RV-MPI with liberation of mechanical ventilation and mortality in critically ill patients, by showing that the prognostic value of RV-MPI may depend on the presence of ARDS and may be also the level of PEEP.

The findings of our study are in line with the results of several other studies (20–22) and one meta-analysis (23), Indeed, these investigations did not find an association of right ventricular dysfunction with successful liberation from invasive ventilation. Of note, associations of diastolic left ventricular function with successful liberation from invasive ventilation have been reported before (23). An abnormal right ventricular function could be associated with an abnormal systolic or diastolic left ventricular function (24–26). However, only left ventricular diastolic dysfunction, and not systolic dysfunction, has been found to have an association with successful extubation (23), and in our cohort, we did find only systolic, and not diastolic dysfunction of the left ventricle.

Right ventricular myocardial performance index is, at least in part, preload-dependent, and the size of VT and level of PEEP could affect the preload of the right ventricle in invasively ventilated patients. In our cohort, patients were ventilated with higher or lower VT (15), and with higher or lower PEEP (16), as per the study protocols of the two parent studies. Of note, several patients treated with VT near to 10 ml/kg (PBW) which can cause significant instant preload variations (27) affecting, in theory, RV-MPI measurement reliability and, consequently, its association with the outcome. In this relatively small post hoc study, we could not clearly establish the relationship between VT and RV dysfunction, and it cannot be excluded that VT actually affects RV-MPI. One potential weakness of our approach is that there could be an interaction between the intervention being tested in the original trial(s) and the outcome of the secondary analysis. We cannot exclude that ventilation with high VT does not affect the reliability of RV-MPI to evaluate right heart function.

The results of this study can be used to decide on whether RV-MPI should be monitored with transthoracic echocardiography in invasively ventilated patients without ARDS. One could hypothesize that right ventricular dysfunction is in part caused by higher intrathoracic pressures, as patients randomized to ventilation with higher VT and patients randomized to ventilation with higher PEEP more often had an abnormal RV-MPI. While we show that RV-MPI has no predictive validity, we cannot exclude that RV-MPI may be useful in guiding fluid and inotrope therapy in these patients. While RV-MPI seems a relatively easy to collect index, in 8 out of 81 patients, we were not able to capture it. However, other parameters are usually more difficult to collect—-for instance, right ventricular global longitudinal strain, another parameter for right ventricular function could not be measured in more than a quarter of these patients.

The strength of this study was the systematic evaluation of the prognostic validity of RV function in a homogeneous population of critically ill patients without ARDS. Patients were examined soon after the start of invasive ventilation, thereby reducing the risk of the effects of other strategies, as well as bias by left truncation. We also excluded patients with pre-existing heart failure. Echocardiographic parameters were evaluated in a blind fashion, and only in a small portion of patients, the RV-MPI could not be collected.

This study also has limitations. First, although the sample size was larger than that in most other studies on this topic, the confidence intervals were wide and repeating this study in a larger cohort of patients would likely result in a more precise estimate of effect. Seen the lack of previous studies on associations of RV-MPI with outcome in this specific group of critically ill patients, we were not able to perform a proper sample size calculation. Nevertheless, given that the observed difference in mortality was opposite to the hypothesis, the likelihood that a larger sample size would provide an opposite result (a higher mortality in patients with a more abnormal RV function) is minimal. Second, we did not analyze inter-observer and intra-observer variability of MPI measurement; however, all measurements were taken blindly for the ventilator settings. Third, patients were evaluated only one time in the acute phase, and we cannot exclude the possibility that some patients developed right ventricular dysfunction at later timepoints in the course of their disease or in response to certain treatments, like the administration of fluid, or the use of inotropes and vasopressors.



CONCLUSION

In this post hoc analysis of two studies in invasively ventilated critically ill patients without ARDS, an abnormal RV-MPI indicative of RV dysfunction was prevalent, but was not associated with successful liberation from invasive ventilation or death. The association between RV function should be further studied in prospective investigations that have a larger sample size, possibly focusing on patients with a higher likelihood of extubation failure specifically.
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Case (No) References Sex Age Presentation Tumor size (mm) Image feature Operation  Outcome Follow-up
(months)
LA RA

1 Hanly et al., (4) F 14 Bilateral pleuritic chest NM NM A-mode: sonic mass in the left atrium, and ~ Yes Discharged 16
painfioss of energy right atrium.

2 Deshpande etal.,(5)  F 18 Congestive heart failure 70x 45 x 25 55x 50 x 30  TTE: biatrial cardiac masses. Yes Discharged 24

3 Ciliiers et‘al. (6) M 8 Sudden onset of shortness 39 x 26 6x 38 Xray: large globular heart. Yes Discharged -
of breath TTE: large pedunculated biatrial masses.

4 Mahimaranetal, () M 12 Fatigabity, sweling of the 30 x 19 80x40  TIE:an8 x 4cmmyxomaarising fiom  Yes Discharged 24
legs, facial puffiness, the right atrium, another pedunculated
abdominal distention, myxoma, 3 x 1.9cm, was seen in the
progressive breathlessness left atrium.

5 Ananthanarayanan M 14 Transientischemic attack 60 x 40 40x30  TTE: biatrial myxoma attached to the Yes Discharged -

etal, (§) interatrial septum.
6 PC F 17 Loss of consciousness 38 x 21 51x27  TIE: iregular iso-echoic masses in Yes Discharged 25

PC, present case; F, female; M, male; LA, left atrium; RA, right atrium; NM, not mention; TTE, Transthoracic echocardiography; CTPA, computed tomography pulmonary angiography; MRI, magnetic resonance imaging.

bilateral atrium.

CTPA: fling defects in right atrium, left
atrium, and left lower pulmonary basilar
artery.

Brain MRI: extensive hyperintensity on
T2-weighted imaging and hypointensity on
Ti-weighted imaging of the bilateral parts
of the pons.
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Centers

Jinling hospital
Nanjing first hospital

Taizhou people’s hospital

The first affiated hospital of nanjing medical university

The affilated wuxi people’s hospital of nanjing medical university

Affiated hospital of jiangnan university

Subei people’s hospital of jiangsu province

The first affiated hospital of soochow university

The affiliated hospital of xuzhou medical university

The first afffiated hospital of anhui medical university*

Affiiated hospital of nantong university

The affilated huai'an No.1 people’s hospital of nanjing medical university
Third affiliated hospital of soochow university

The affilated changzhou No.2 people’s hospital of nanjing medical university
The second affilated hospital of nanjing medical university

The second affifated hospital of nantong university

The first affiiated hospital of kangda college nanjing medical university
Jiangsu province official hospital

Affiated hospital of iangsu university

The affiiated sudian first people’s hospital of nanjing medical university
The affiliated wujin hospital of jiangsu university

Qinhuai medical region of jiniing hospital

Hai'an city people’s hospital

YYancheng No.1 hospital

The huaihai affiated hospital of xuzhou medical university

Xuzhou central hospital®

The first people’s hospital of xuzhou®

Affiiated Hospital of Integrated Traditional Chinese and Western Medicine*
People’ hospital of maanshan*

Principal Investigator (PI)

Long Jiang Zhang
Xindao Yin

Bo Zhang

YiXu
Xiangming Fang
Jianwei Jiang
Jing Ye

Xirming Wang
Lixiang Xie
Xiaohu Li
Hongmei Gu

Lii Guo

Wei Xing
Changjie Pan
Haige Li

Sheng Huang
Ying Zhou
Dongsheng Jin
Dongging Wang
Feng Xu
Honglin Wu
Hong Gao

Ping Wu
Dingyou Lu
Hanaing Zhao
Yibing Shi

Wei Cao
Zongjun Zhang
Xiao Luo

Target number of subjects

1,000
1,000
500
500
500
500
500
500
500
500
300
300
300
300
200
200
200
200
200
200
200
200
200
200
200
200
200
100
100

*Medical centers joined in August 2020.
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Whether there is a history of cardiovascular disease-related surgeries within 6
months before the examination: C1Yes CINo (f yes, continue to fil i the content
below)
1. Surgical method:
Surgical date:
Postoperative diagnosis:
2. Surgical method:
Surgical time:
Postoperative diagnosis:
3. Surgical method:
Surgical time:
Postoperative diagnosis:
4. Surgical method:
Surgical time:
Postoperative diagnosis:
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Whether there is a history of cardiovascular disease-related imaging
examinations before the examination: Yes CINo (If yes, continue to filin the
content below)

1. Examination method: JCT CMRI JOCT COPET CISPECT Clother
time: region:
diagnosis:

2. Examination method: JCT OMRI DOCT OPET OSPECT Clother

time:. region:

diagnosis:

3. Examination method: JCT OMRI DOCT OPET OSPECT Clother
time: region:
diagnosis:

4. Examination method: JCT CIMRI IOCT OPET OISPECT Clother
time:, region:
diagnosis:

5. Examination method: JGT OMRI DOCT OPET OISPECT Clother
time: region:

diagnosis:
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Variables Abnormal Normal P-value
RV-MPI RV-MPI
(n =18) (n =55)
Respiration
Tidal volume, mi/kg PBW, median (IQR) 8.55 (7.47-9.72) 7.3(5.7-8.6) 0.02
PEEP, cm HoO, median (IQR) 5 (56-7) 8 (1-8) 0.56
FiO2,%, median (IQR) 25 (22-33) 30 (25-35) 0.51
SpOy, median (IQR) 95 (94-96) 97 (94-98) 0.39
RR, breaths/min, median (IQR) 17 (14-21) 19 (15-24) 0.27
Laboratory
pH, median (IQR) 7.43 (7.40-7.48) 7.44 (7.40-7.46) 0.97
PaCOy, kPa, median (IQR) 4.9 (4.21-5.75) 5.0 (4.5-5.4) 0.67
Pa0,, kPa, median (IQR) 10.8 (10.2-11.7) 10.6 (9.7-11.9) 0.81
Hemodynamics
Heart rate, mmHg, median (IQR) 90 (79-103) 80 (67-99) 0.18
Systolic blood pressure, mmHg, median (IQR) 118 (104-141) 130 (109-163) 0.29
Diastolic blood pressure, mmHg, median (IQR) 67 (57-79) 65 (56-72) 0.48
Mean arterial pressure, mmHg, median (IQR) 86 (73-92) 85 (76-102) 0.82

PBW, per predicted body weight; PEER positive end expiratory pressure; FiO,, fraction inspired oxygen; SpO», peripheral oxygen saturation; RR, respiratory rate; PaCOo,

partial pressure of carbon dioxide in the arterial blood; PaOs, partial pressure of carbon dioxide in the arterial blood.
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Variables Hazard ratio (95% P-value
Cl)
Endpoint: Successful extubation
Myocardial performance index 2.2(0.47-10.63) 0.30
Tricuspid annular plane systolic excretion 0.9 (0.95-1.04) 0.93
Systolic maximal velocity 1.0 (0.94-1.06) 0.91
Global longitudinal strain 1.1 (0.99-1.08) 0.10
Right ventricle/left ventricle diameter 0.6 (0.21-2.11) 0.48
Endpoint: Mortality
Myocardial performance index 1.6 (0.07-34.27) 0.77
Tricuspid annular plane systolic excretion 1.1(0.93-1.12) 059
Systolic maximal velocity 1.1 (0.87-1.09) 0.67
Global longitudinal strain 0.9 (0.86-1.01) 0.09
Right ventricle/left ventricle diameter 0.5 (0.22-14.33) 0.58
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Variables

Abnormal
RV-MPI
(n=18)

Normal
RV-MPI
(n = 55)

P-value

Right ventricular function
Systolic parameters
Myocardial performance index [n]

Tricuspid annular plane systolic excursion (mm) [n]

Global longitudinal strain,% [n]
Isovolumetric acceleration, m/sec [n]
Systolic maximal velocity, cm/sec [n]
Diastolic parameters

Early (E)/Atrial velocity ratio [n]

Early maximal diastolic velocity (E’), cm/sec [n]
E/E’ [n]

General parameters

Pulmonary acceleration time (m/s?) [n]
Right ventricle/left ventricle diameter* [n]
Left ventricular function

Systolic parameters

Myocardial performance index [n]
Ejection fraction, % [n]

Global longitudinal strain,% [n]
Isovolumetric acceleration, m/sec [n]
Systolic maximal velocity, cm/sec [n]
Diastolic parameters

Early (E)/atrial velocity ratio [n]

Early maximal diastolic velocity (E’), cm/sec [n]
E/E’ [n]

General parameters

Cardiac index, L/min/m? [n]

Eccentricity index [n]

[n], number of patients for which this measure was available.
*Basal diameters (endocardial to endocardial surface) obtained in the four-chamber view at the end of diastole.

0.71 (0.61-0.75) [18]
16 (15-19) [18]
—12(-18—10)[17]
2.1 (1.4-2.7) [16]
11 (8-12) [18]

1.1 (0.8-1.4) [14]
10 (8-12) [18]
4.7 (3.1-5.4) [14]

8.2 (7.1-8.8) [10]
0.81 (0.73-0.87) [15]

0.58 (0.44-0.68) [18]
43 (37-53) [18]
—12(-14—-10)[18]
1.5(1.1-2.8) [17]
7.5 (6.0-10.0) [18]

0.9 (0.7-1.2) [14]
8.0 (7.0-10.0) [18]
6.9 (5.7-10.1) [14]

2.00 (1.63-2.92) [13]
1.00 (0.85-1.26) [15]

0.36 (0.29-0.41) [55]
22 (18-26) [55]
—19 (—24—16) [41]
3.1 (2.1-4.7) [55]
13 (11-16) [55]

1.1 (0.8-1.2) [47]
12 (10-15) [54]
4.1 (3.2-5.4) [47]

10.5 (7.1-12.5) [39]
0.79 (0.65-0.89) [46]

0.42 (0.38-0.52) [55]
55 (47-61) [55]
—14 (-18—10) [55]
2.5 (1.7-4.1) [65]
8.7 (7.0-10.0) [55]

1.0 (0.7-1.2) [54]
8.5 (6.5-11.0) [55]
8.2 (6.2-10.8) [54]

2.57 (1.93-3.36) [49]
0.92 (0.81-1.05) [46]

NA
< 0.01
< 0.01
< 0.01
0.02

0.29
0.07
0.61

0.25
0.37

< 0.01
< 0.01
0.09
0.01
0.21

0.91
0.62
0.32

0.06
0.23
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Variables Abnormal Pl Normal P-value

(n=18) RV-MPI

(n =55)

Age, years, median (IQR) 68 (56-73) 64 (54-70) 0.29
Female gender, No. (%) 5(27) 30 (54) 0.06
Height, cm, median (IQR) 175 (170-183) 173 (168-178) 0.27
Weight, kg, median (IQR) 79 (72-88) 75 (66-71) 0.81
SOFA score, median (IQR)* 9.5 (6.5-13) 9.0 (7.0-11.0) 0.47
APACHE I score, median (IQR)* 25 (23-29) 22 (17-27) 0.34
Pa0,/FiO2, median (IQR) 354 (219-375) 284 (220-370) 0.53
Medical reasons for admission, No. (%) 14 (77) 40 (72) 0.76
Reason of intubation, No. (%)
Respiratory failure 6 (33) 11 (20) 0.17
Cardiac arrest 2(11) 8 (15) 0.99
Depressed level of consciousness 4 (22) 12 (22) 0.73
Planned postoperative ventilation 5 (28) 19 (34) 0.98
Airway protection 1(6) 5(9) 0.99
Ventilatory mode, No. (%)*
Pressure controlled ventilation 3(17) 23 (42) 0.08
Volume controlled ventilation 5(27) 12 <0.01
Pressure support ventilation 10 (85) 31 (56) 0.98
Vasopressor use*
Norepinephrine, No (%) 10 (55) 19 (34) 0.09
Norepinephrine dose, u g/kg/min, median (IQR) 0.16 (0.10-0.27) 0.11 (0.09-0.17) 0.11
Sinus rhythm, No (%)* 16 (88) 49 (89) 0.99
ICU LOS, days 9.5 (5.0-15.5) 4.5 (3.0-13.5) 0.29
Successfully extubated 28 days, No. (%) 15 (83) 41 (74) 0.53
Ventilation free days 22.5(12.6-25.3) 18.8 (0.0-26.3) 0.66
Mortality 28 days, No. (%) 3(16) 13 (23) 0.23
Duration of invasive ventilation, days 5.1 (2.7-10.6) 5.3 (2.3-10.6) 0.77

* At time of echocardiography.

IQR, interquartile range; SOFA, Sequential Organ Failure Assessment; APACHE, Acute Physiology and Chronic Health Evaluation, ICU LOS, intensive care length of stay.
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PReVENT echo substudy
37 patients

\

RELAx echo substudy
44 patients

/

81 invasively ventilated patients without ARDS

, 8 patients RV-MPI could

A

! not be calculated

73 patients RV-MPI available

P

18 patients RV-MPI > 0.54

o g

15 patients 3 patients
Successful Not-Successful
Extubation Extubation

\

55 patients RV-MPI £ 0.54

O\

41 patients 14 patients
Successful Not-Successful
Extubation Extubation
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Clinical data

Demographic data
Type of vaccine

Symptoms

Vaccination-symptoms (days)
Vaccination-Cardiac MRI (days)
Troponin (ng/ml)

NT-pro-BNP (ng/))
Coronary angiography

Pulmonary angiography

Cardiac MRI results
LV-EF (%) (normal 57 to 77%)
RV-EF (%) (normal 52 to 72%)

GLS (%) (normal —28.5 to ~20.5%)
ECV (%) (normal < 30%)

Weall motion abnormalities

Local T2w signal abnormaiity
Elevated global T2 relaxation time
Elevated global T relaxation time
Pericardial effusion

Local LGE

Patient 1

21 years old/male
2nd dose Spikevax
(Moderna)

Chest pain and
discomfort, malaise,

dyspnea, limited
physical capacity

1

6

Troponin-T-hs 526
(normal <14 ng/)
79 (normal <97 ng/)
No pathological
findings

No pathological
findings

58

59

—21.2

21

¥

¥

+

Patient 2

42 years olc/male

2nd dose Comirnaty
(Pfizer-BioNTech)

Chest pain and
discomfort, dyspnea,
limited physical
capacity

2

8

Troponin-I-hs 4,868
(normal <34.1 ng/)
40 (normal <100 ng/)

No pathological
findings
NA

64
NA
-17.8
25

Patient 3

18 years old/male

Janssen (Johnson and
Johnson)

Chest pain and
discomfort, dyspnea,
limited physical
capacity

1

4

NA

NA
NA

NA

55
—232
26

Patient 4

18 years old/male
Vaxzeviia (AstraZeneca)

Chest pain and
discomfort, limited
physical capacity

12
68
Troponin-I-hs <5.1
(normal<34.1 ng/)
NA

No pathological
findings

NA

60
62
—24
25

LV-EF, Left ventricular ejection fraction; RV-EF, Right ventricular jection fraction; GLS, Global longitudinal strain; ECV, Extracellular volume; LGE, Late gadolinium enhancement; NA, Not
available; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide.
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Rater

O o0 w>»

Mean quality score

Manual

3.94
367
381
3.68

Automated

3.93
371
3.81
3.69

P value (Wilcoxon test)

029 (0 =3,283)
<0.001 (n = 2,266)
087 (1=3.281)
0.56 (n = 571)
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Year of publication 1stauthor Country/Population

2012
2019
2014
2019
2013
2011
2017

Boles
Dogan
Eicher
Gunduz
Hayiroglu
Hsu
Kadi
Khan
Krepp
Miwa
Namdar
Nikolaidou
Ofman
Onoune
Palmieri
Saver
Sumita
Taha
Tan

Tsai
Wiloox
Yang

Patient selection

Ireland Unclear
Turkey Low

France Low

Turkey Low

Taiwan Low

Pakistan Unclear

UsA

Japan

Switzeriand

UK Low

Japan Unclear
Europe/USA Low

USA Low

Japan Low

Egypt

Taiwan Low
UsA Low

Australia Low

Critical appraisal

Index test (ECG) Reference test (Diagnosis) Flow and timing

Low
Low
Unclear
Unclear
Unclear
Low
Low
Low
Low
Unclear
Low
Low
Low
Low
Low
Low
Unclear
Low
Unclear
Low
Low
Unclear

Low
Unclear
Unclear
Unclear
Low
Low
Low
Unclear
Low
Unclear
Low
Low
Unclear
Low
Low
Low
Unclear
Low
Unclear
Low
Low
Unclear

Level of evidence

Intermediate

Intermediate
Intermediate

Intermediate
Intermediate

Intermediate

Domain

No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concems
No concerns
No concems
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns

No concerns

Applicability

Determinant Outcome

No concerns.
No concemns:
No concerns.
No concems
No concerns.
No concerns:
No concemns:
No concems
No concerns:
No concems
No concerns
No concerns:
No concemns:
No concerns:
No concemns:
No concerns:
No concemns
No concerns:
No concerns.
No concerns:
No concerns

No concerns:

No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns
No concerns

No concerns

Green boxes represent either a low risk of bias, a high level of evidence, and no concems with respect to applicabillty. Grey boxes represent an unclear risk of bias. Yellow boxes represent an intermediate level of evidence. Red boxes
represent either a high risk of bias or a low level of evidence.
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LVDD/HFpEFPhase
Atrial activation

LvDD

Ventricular
depolarization

Ventricular
repolarization

Full diastolic
period

Indexes

HFpEF Ventricular

depolarization

ECG feature Definition
P wave amplitude in  Peak of P wave to the iso-electric line of TP interval in
vi lead V1

PTFV4 P-wave terminal force in lead V1 is the multiplication of
the amplitude by duration of the terminal part of the

P-wave in lead V1

Morris Index Present when P wave negative phase’ width and
amplitude are both > 1mm.
P wave area P wave area is the multiplication of the P wave ampltude

(V) by 0.5 P wave duration (ms) in lead .

P wave duration Duration of P wave.

Pwave dispersion  Difference between longest and shortest P wave

recorded from multiple ECG leadss.

PQ-and PRinterval  Beginning of P wave until onset of Q or R wave.

WH Most common criteria for left ventricular hypertrophy
includie: (1) Cornell voltage criteria: S in V8 + Rin aVL

> 28mm (men), Sin V3 + Rin aVL > 20mm (women).
(2) Cornell product: (ampltude S in V3+R in aVL)'QRS
duration. (3) Sokolow Lyon criteria: S wave in V1 and
tallest R wave in V5 or V6 are 35 mm, or R wave in aVL

>11mm.
Sum of S wave amplitude in V1 and R wave amplitude in V5

Rwave ampltudein R wave ampitude in aVL

avlL
QT interval Interval between Q wave onset and end of T wave.
QTe interval As QT interval decreases when heart rate increases, QT

interval is often corrected for heart rate (QTc) by Bazett's
formula.

ST segment deviation ST segment deviation from J point of at least 20m\V.
Tpeak—T end Interval between peak and end of T wave.
Tend—Pinterval  End of T wave to P wave onset.

Tend—Qintervl  End of T wave to Q wave onset.
T end-P/(PQ"age)

T end-Q/(PQ"age)

RinaVL* (S in V1 + Rin V5)/P wave amplitude in V1)

LVH See LVDD

Study

Hayiroglu et al. (19)
Sumita et al. (20)
Yang et al. (21)
Sumita et al. (20)
Tsaietal. (22)
Teaiet al. (22)

Sumita et al. (20)
Sumita et al. (20)
Taha etal. (29)

Tsaietal. (22)
Namdar et al. (24)

Krepp et al. (25)

Hayiroglu et al. (19)
Hayiroglu et al. (19)
Taha etal. (23)

Taha et al. (23)

Khan et al. (26)

Wilcox et al. (27)
VYang et al. (21)
Tahaetal. (23)
Namdar et al. (24)

Namdar et al. (24)
Namdar et al. (24)
Namdar et al. (24)
Hayiroglu et al. (19)

Tan etal. (28)

Cut-off value
=0.102mV

PTFV1 20.04 mm's

PTFV1 <-4,000 V'ms

corrected P wave area > 60
ms*'mV/

corrected P wave duration >
85ms

P wave duration > 110ms.
P wave duration > 120ms
P wave dispersion > 45ms

P wave dispersion > 65ms.
PQ > 150ms

Comell product > 1,595 mm*ms

> 185mV

20517mV

QT > 330ms

Qe = 395ms

QTe > 435ms

QTe > 435ms

Tpeak—T end > 95ms
Tend—P <311ms

Tend—Q < 455ms

(T end-P/(PQage) > 0.0333

(T end-Q/(PQage) = 0.0489

> 853mV

Cornell product > 1,800 mm'ms

Findings

AUC = 0,69, sensitivity = 67%, specificity
=60%

Sens = 27%, spec = 100%, PPV =
100%, NPV = 38%

Sens = 36%, PPV = 67%

Sens = 13%, spec = 100%, PPV =
100%, NPV = 34%

AUC = 0.60, sens = 58%, spec = 56%
AUC = 0.62, sens = 65%, spec = 46%

Sens = 86%, spec = 86%
Sens = 84%, spec = 100%
Sens = 98%, spec = 64%

AUC = 0.62, sens = 62%, spec = 57%
AUC = 0.65, sens = 78%, spec = 46%,
PPV = 58%, NPV = 68%

36%, spec = 90%, PPV = 83%,
2%

AUC = 0,68, sensitivity and specificity =
65%

AUC = 0,68, sensitivity = 62%, specificity
=61%,

Sens = 69%, spec = 64%

Sens =81%, spec = 79%

AUC = 0.82, sens = 71%, spec = 81%,
PPV = 65%, NPV = 85%

Sens = 73%, spec = 74%
Sens = 28%, PPV = 67%
Sens = 76%, spec = 29%

AUC = 0.82, sens = 79%, spec = 72%,
PPV =74%, NPV = 78%

78%, spec = 78%,

AUC = 0.95, sen:
PPV = 94%, NPV = 90%

.78, sensitivity and specificity =

AUC = 0.62, sens = 40%, spec = 80%

AUC, area under the receiver operating characteristics curve; BBB, bundle branch block; HFpEF, heart failure with preserved ejection fraction; LVDD, left ventricular diastolic dysfunction; NPV, negative predictive value; PPV, positive

predictive value; PTFV1, P-wave terminal force in lead V/1; LVH, left ventricular hypertrophy; sens, sensitivity; spec, specificity.
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Variables RASr

n  B95% p-value
1<)

Year of publication 14 -054 0364
(172,
0.69)

Number of participants 14 000 0539
(-001,001)

Age 14 022 0221
(-0.13,
058)

Sex (Male) 14 -042 0028
(-0.23,
-0.01)

Heart rate, bpm 12 0.1 0830
(-0.89,
1.1)

BMI, kg/m? 9 092 0520
(-3.78,
1.89)

BSA, m? 9 —1.16 0942
(-3267,
30.35)

SBR, mmHg 11 -101 0067
(-2.08,
0.07)

DBP, mmHg 1 -131 0036
(-254,
-0.09)

LVEF, % 8 044 0636
(—1.39,
228)

RAVI, mUm? 9 —021 0835
(-2.14,
1.78)

RVFAC, % 7 054 0.185
(-0.26,
1.33)

TAPSE, mm 9 —160  0.153
(-3.78,
059)

RVSM, om/s 7 141 0808
(-7.89,
10.12)

SPAP, mmHg 6 -0.13 0851

Gating 13 2.74 0.492

Software 12 -159 0658

Method of calculation 9 550  0.131
(~1.64,12.85)

RAScd

B (95% CI) p-value

-0.78
(175,
0.19)
0.00

(~0.01,0.00)

008
(-036,
052)
-0.06
(<017,
0.08)
-0.45
(~1.08,
0.19)
~0561
(-1.43,
021)
19.72
(~159,
41.02)
—0.11
(-108,
0.86)
-020
(-133,
092)
087 (0.18,
1.56)

2.09(0.50,
3.68)

031
(-1.13,
1.75)
~0.60
(~4.20,
3.00)

328
(-971,
16.26)
—3.97
(1241,
4.46)
5.13(0.44,
9.82)

2.10(0.69,
3.50)

0.114

0.134

0.719

0.310

0.166

0.146

0.070

0.828

0.725

0.014

0.010

0.675

0.742

0.621

0.356

0.032

0.004

El

13

RASct

B (95% Cl) p-value

053
(-0.34,
1.41)
0.01
(0.01,001)
022
(-008,
0.50)
-0.06
(-0.14,
001)
0.46 0.13,
0.80)

—1.44
(-2.74,
~0.14)
—27.23
(-49.83,
—4.64)
—061
(-1.58,
0.36)
—071
(~1.89,
0.48)
-032
(~1.09,
0.44)
175
(-3.89,
0.40)
—0.40
(-0.70,
-0.11)
0.26
(-0.75,
1.26)
~1.65
(~4.79,
1.48)
063
(-2.74,
4.00)
208
(-3.95,
8.02)
—4.64
(-10.13,
0.85)
3.89 (1.88,
5.95)

0.233

<0.001

0.115

0111

0.007

0.030

0.018

0.220

0.242

0.409

o0.111

0.007

0.616

0.302

0.713

0.5056

0.097

<0.001

PRASRr

8 (95% Cl) p-value

0.01
(-0.04,
0.05)
0.00
(0.00,0.00)
0.00
(-001,
001)
0,00 (0.00,
0.00)

0.00

(-0.02,
0.07)
0.06

(-0.18,
030)

-0.11

(-0.28,
0.06)
0.10

(~0.04,
0.23)

0.805

0.464

0.920

0.387

0.722

0.592

0.826

0.856

0.416

0.450

0.133

0.477

0.784

0.228

0317

0.638

0.195

0.167

PRASRed

B(95% CI) p-value

001
(-0.10,
0.12)
0.00

(-0.01,001)

001
(-001,
0.09)
0.00
(-001,
0.00)
0.00
(~0.08,
0.08)
001
(-0.12,
0.14)
-0.85
(-231,
0.60)
006 (0.05,
0.17)

-0.05
(-0.17,
0.06)
—0.07
(-0.26,
0.11)
001
(-0.04,
0.07)
0.04(0.00,
0.08)

-0.03
(-0.15,
0.08)
~0.49
(-1.73,
0.75)
003
(-002,
0.08)
-0.05
(-037,
0.26)
-0.31
(-064,
001)
017 (0.08,
0.31)

0.806

0917

0.406

0.140

0.989

0.897

0.251

0.264

0.370

0.419

0.677

0.031

0.591

0.442

0.201

0.748

0.056

0.018

n

7

pRASRct

B (95% Cl) p-value

001 0844
(-0.12,
0.15)
000 0.440
(-001,001)
001 0.469
(-001,
0.03)
000 0950
(-001,
001)
—004 0126
(-0.10,
0.01)
-003 0760
(-0.19,
0.14)
149 0295
(-1.29,
4.26)
005  0.453
(-008,
0.18)
005 0.433
(-0.16,
007)
005 0663
(-0.17,
027)
-003 0751
(-0.19,
0.14)
0.03(0.01, 0.003
0.05)

-007 0272
(-007,
-0.19)
034 0651
(=1.14,
1.83)
—008 0235
(-0.21,
0.05)
-0 0692
(-0.65,
0.43)
0.01 0975
(-0.53,
054)
-0.36 0.220
(-094,0.22)

BMI, Body mass index; BSA, Body surface area; DBP: Diastolic blood pressure; FR, Frame rate; HR, Heart rate; LVEF, Left ventricular ejection fraction; NR, Not reported; pRASR; peak Right atrial strain rate during the reservoir phase;
PRASRed, peak Right atrial strain rate during the condluit phase; pRASRC, peak Right atrial strain rate during the contraction phase; RASr, Right atial strain during the reservoir phase; RAScd, Right atial strain during the condiuit phase;
RASct, Right atrial strain during the contraction phase; RAVI, Right atrial volume index; RV, Right ventricle; RVFAC, Right ventricular fractional area change; RVSm, Right ventricular systolic velocity; SBR Systolic blood pressure; SPAP,
Systolic pulmonary artery pressure; TAPSE, Tricuspid annular plane systolic excursion.
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Whether there is a history of cardiovascular disease-related drug use within 6
months before the examination: OYes  ONo (If yes, continue to fill in the
content below)

Olstatin: dose: duration: from_to
Dlantiplatelet: dose: duration: from___to
Obeta-blocker: dose: duration: from_to

DACE!: dos duration: from__to

DARB: dose: duration: from_to

0CCB: dose: duration: from_to

Odiuretic: dose: duration: from__to

Dloral hypoglycemic agents: dose: duration: from___to
linsuiin: dose: duration: from__to

fos duration: from__to

Dloral anticoagulatior
Dother: dose: duration: from__to

ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin-receptor blocker; CCB,
calchmitanne Btk
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Patients who are recommended for CCTA examination

Patients exclusion:
Fefused to participate

‘younger than 18 years or older than 80 years
regnancy or lactation

allergy to odinated contrast agents

previous revascularization (PC1 or CABG)

previous cardiac transplantation or valvular surgery.
‘any lifethreatening condition orsignificant co-morbidity

Basclincin

formation colletion

|

Noncontrast-nhanced coronary calcium scoring and CCTA examination

Patients exclusion:
ot diagnosed as non-obstructive coronary artery

disease

‘Send the basclineinformation.

and imaging data o the core laboratory.

|

Data checking,_re-evaluation of oronary artery stenosis and image quality assessment

Patientsexclusion:
missing or wrong data

not diagnosed as non-obstructve coronary artery disease.

poor image quality
coronary artery fistula

‘coronary artery origination abnormality
complex congenital heart disease.

‘Confirm earoliment and inform patients






OPS/images/fcvm-08-778010/fcvm-08-778010-t001.jpg
Name: 1D number:

Birthday: Sex: CMale OFemale
Height: om Weight: kg
Telephone number (participant):

Telephone number (first refatives):
Relationship between relatives and participant:

ID, Identity document; cm, centimeter; kg, kilogram.
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1. Hypertension: OYes CNo (meet one of the following three factors)
Osystolic blood pressure =140 mmHg
Oldiastolic blood pressure >90 mmHg
Obeing treated with antihypertensive therapy
2. Diabetes meliitus: OYes ONo (meet one of the following two factors)
DOifasting blood glucose level >126mg/dl
Obeing treated with oral anticiabetic therapy
3. Dyslipidemia: OYes OINo (meet one of the following two factors)
Oltotal cholesterol >200mg/dl
Obeing treated with antihyperlipidernic drugs
4. Smoking: OYes CNo (meet one of the following two factors)
Dourrent smoker
Oprevious smoker within the last year
5. Drinking: OYes ONo (meet one of the following two factors)
Oecurrent drinker
Oprevious drinker within the last year
6. Positive family history: OYes ONo (meet one of the following two factors)
Doardiac death or Mi in first-degree relatives younger than 55 years in men
Dcardiac death or Miin first-degree relatives younger than 65 years in women
7. Clinical symptoms:
Ochest pain: Oin the front of the chest or in the neck, jaw, shoulder, or arm
Oprecipitated by physical exertion
Orelieved by rest or nitrates within 5 min
Opalpitation Odyspnea Oisyncope Clother

Mi, myocardial infarction.
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Baseline Follow-up  P-value

Age (years) 5254125 5854128
Female gender 61(61.7%)  61(61.7%
Body weight (kg) 838+ 147 865+150 00004
Body mass index (kg.m™2) 206+48  307£49 <0000
Obesity 61(61.7%)  65(85.1%) 080
Heart rate (opm) 708+ 115 659+107 0002
Systolic BP (mmHg) 1287181 1287163  0.60
Diastolic BP (mmHg) 747+123 763+104 0045
Mean BP (mmHg) R24+£132 934£108 015
Pulse BP (mmHg) 5404129 524+134 013
Indexed stroke volume (mL.m-2) 431£89 419+£88 044
Cardiac index (L.min~".m™2) 800£066 272+053 <0.0001
Indexed SVR (mmHg.min.m?.L~") 821+79  356+£76 <0.0001
Abnormal (>40 mmHg.min.m? L 17(14.4%) 20246% 045
Indexed TAC (mL.mmHg~".m"2) 084+£023 085+£027 065
Indexed Ea (mmHg.mL~".m?) 2794067 289£076 040
Indexed ESV (mL.m~?) 289£75 283£76 015
Indexed EDV (mL.m~2) 718122 693£130 0006
EF (%) 600+63 596+53 046
Abnormal (<50%) 5(4.2%) 4(3.4%) 056
Indexed LV mass (g.m~2) 5054105 482£96  <0.0001
CR index (g.mL"") 0714015 071014 019

BR. blood pressure; CR, concentric remodeling; Ea, effective arterial elastance; EDV, end-
diastolic volume; EF; ejection fraction; LY, left ventricle; TAC, total arterial compliance; SVR,
systemic vascular resistance.
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Parameter

Female gender
Body mass index (kg.m~2)
A from baseline
Age (years)
A from baseline
Heart rate (opm)
A from baseline
Systolic BP (mmHg)
A from baseline
Diastolic BP (mmHg)
A from baseline
Mean BP (mmHg)
A from baseline
Pulse BP (mmHg)
A from baseline
Indexed EDV (mL.m~2)
A from baseline
Baseline EF
Indexed SVR (mmHg.min.m? L)
A from baseline
Indexed TAG (mL.mmHg~".m=?)
A from baseline
Indexed Ea (mmHg.mL".m?)
A from baseline

1, (95% Cl)

—0.60 (~2.05, 0.84)
~0.01(-0.19,0.17)
~0.09 (-0.27, 0.09)
~0.13 (~0.30, 0.05)

002 (~0.16, 0.20)
002 (~0.16, 0.20)
~0.10 (-0.28, 0.08)
~0.03 (~0.21,0.16)
~0.08(~0.26,0.10)
0,06 (-0.12, 0.24)
—0.20 (-0.37, ~0.02)
0.06 (~0.12, 0.24)

—0.20 (~0.36, ~0.02)

~0.10 (<027, 0.09)
0.10(~0.08, 0.27)
007 (-0.06, 0.12)
005 (~0.16, 0.05)

—0.63 (~0.73, ~0.50)

032 (0.14,047)

—0.44 (~0.57, ~0.28)

~0.18(~0.30, 0.06)
0.19(0.01,036)

~0.17 (-0.34,0.01)

~0.42 (~0.56, ~0.26)

P-value

072
091
031
0.16
0.84
0.84
027
0.78
0.38
0.52
0.027
050
0.081
0.30
0.29
0.484
0.330
<0.0001
0.0005
<.0001
0.18
0.038
0.059
<0.0001
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Intercept
Change in SVR
Baseline EF
Intercept
Change in SVR

Beta (SE)

30.83 + 3.66
—-0.22 +0.05
-0.51£0.06
0.51 +£0.50
—0.30 + 0.08

P-value

<0.0001
<0.0001
<0.0001
0.31
<0.0001

Global R?

0.50

0.19
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Maximum diameter stenosis (%)
>50% diameter stenosis*
Left anterior descending artery
Circumflex artery

Right coronary artery

Proximal involvement"
Proximal

Mid

Distal

Post-stenotic AHA myocardial segments
Whole heart (/16)

Basal (/6)

Mid (/6)

Apex (/4)

Prior PCI

Left anterior descending

Left circumflex

Right coronary artery

None

Reperfused AHA myocardial segments.
Whole heart (/16)

Basal (/6)

Mid (/6)

Apex (/4)

Patients (n = 25)

67+ 16

13 (62%)
6(24%)
10 (40%)

17 (68%)
8(32%)
0(0%)

5.0(35-6.0)
20(0.0-2.0)
20(2.0-2.0)
10[1.0-20]

8(32%)
2(8%)
10 (40%)
5(20%)

50[2.5-6.0)
20(0.0-2.0)
20[05-2.0)
1.0(05-2.0)

Coronary status at the time of the cardiovascular magnetic resonance exam. Data
is reported as mean = SD, n (%) or as median [interquartie range]. The number of
post-stenotic and reperiused myocardial AHA segments correspond to the classification
of myocardil territories derived from the coronery angiogrephy. AHA, American Heart
Association; PCI, percutaneous coronary intervention. *A significant stenosis in multiple
vessels per patient was possible. TLocation of the most proximal significant lesion (>50%

diameter stenosis).
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Demographics Healthy
volunteers
(n=12)
Age (years) 56£5
Sex (ferale) 4(33%)
Body mass index (kg/m?) 24421
Body weight (kg) 725+ 104
Global left ventricular CMR measures
Mass index (g/m?) 75£15
End-diastolic volume index (ml/m?) 86+ 16
End-systolic volume index (ml/m?) R2+7
Stroke volume index (mi/m?) 54£11
Ejection fraction (%) 63£5
Cardiac index (L/min/m?) 31407
Peak straingaxstack (%) -204+36
Native T1 mapping (ms) 1,200 & 41
T2 mapping (ms) 302:£18
Coronary risk factors
Dyslipidemia -
Hypertension -

Diabetes melltus -
Sleep apnea syndrome -
Medication

Aspitin -
Statins -
Dual anti-platelet therapy B
Beta-blockers -
Angiotensin-converting enzyme inhibitors -
Angiotensin receptor blocker -
Galcium channel blocker -

Patients.
(=25

65+9"
3(12%)
280+ 46"
863+ 162"

68+ 10
72+ 15
27+ 11
44+ 11
62+ 10
29+08
—-193+£1.9
1,228 + 51
39.6+24

17 (68%)
14 (56%)
8 (32%)
3(12%)

25 (100%)
22 (88%)
21 (84%)
18 (72%)
9 (36%)

7 (28%)

4 (16%)

Baseline characteristics of the study subjects at the time of CMR exam. Data reported as

mean + SD or n (%). *p < 0.05 between groups.
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0.6666
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0.6563
0.6563

Res U-net

Dice

0.8245
0.8168
0.8132
0.7556
0.8537
0.8334
0.8099
0.7476

Res U-net+f-ConvLSTM

loU

0.5417
0.5729
0.6771
0.7396
0.6667
0.6875
0.6563
0.6563

Dice

0.8433
0.8196
0.8364
0.7688
0.8653
0.8368
0.8027
0.7482

Our framework
loU Dice
0.6417 0.8499
05729 0.8234
0.6771 0.8348
0.7396 0.7587
0.6667 0.8616
0.6875 0.8347
0.6563 0.8043
0.6563 0.7623
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Res U-net 0.8856
Res U-net + 0.8857
f-ConvLSTM

Our framework 0.8967

Dice

RV

0.8073

0.8082

0.8146

ED

MYO
0.7178
0.7097

0.7260

Overall
loU
0.6583+0.0045
0.5586+0.0044

0.5587::0.0045

p-value

<0.0001
<0.0001

w

0.8050

0.8056

0.8133

Dice

RV

0.6841

0.6896

0.7080

MYo

0.75564

0.7588

0.7656

ES

Overall
loU
0.4053+0.0379
0.4186+0.0038

0.4231::0.0038

p-value

<0.0001
<0.0001

Res U-net+f-ConvL.STM refers to forward ConvLSTM that is trained forwardly from frame 1 to frame T. Res U-net+bi-ConvL.STM (our framework) refers to training both forward
ConvLSTM and backward ConvL.STM, where backward ConvL.STM processes input CMR images from frame T to frame 1. Two-sided t-test with 95% Cl is used for statistic analysis.
The bold values correspond to the optimal performance.
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Mean  SD, median (interquartile), or n (%)

Age, years 60+9
Male 81(75)
BMI, kg/m? 26.1+4.8
Heart rate at CTCA, bpm 576
Race/ethnics

Chinese, n (%) 86(80)
Indian/Malay, n (%) 16(15)
Other Asians, (%) 665
Risk factors

Hypertension, n (%) 69 (64)
Hyperlipidemia, n (%) 76 (70)
Diabetes, n (%) 30 (28)
Current smoker, 1 (%) 16(15)
Ex-smoker, n (%) 98
Vital signs

SBP, mmHg 134 £ 17
DBP, mmHg 7711
Laboratory measures

Hemoglobin, g/dl 139+ 13
Hematocrit, % 41934
Creatinine, mmol/L 0,076 + 0,019
Medications

Aspirin, n (%) 94 (87)
Beta-blocker, 1 (%) 54(50)
Nitrate, n (%) 72(67)
Statins, n (%) 91 (84)
ACEVARB, n (%) 31(29)
Clopidogrel, n (%) 93 (86)
Calcium channel blockers, n (%) 23(21)
Other medications, n (%) 52 (48)
Left ventricular mass, g 115+ 31
Agatston score 275 (108, 502)

BMI, body mass index; CTCA, computed tomography coronary angiography; SBR
systolic blood pressure; DBR. diastolic blood pressure; ACE|, angiotensin-converting
enzyme injection; ARB, angiotensin receptor blocker.
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Below ARZ, P Within ARZ, Above ARZ, P

<52mmHg vs. ARZ 52-127 mmHg >127 mmHg vs. ARZ
LEFT VENTRICLE
APezk strain, GCS (%) 120.4) 0.041* 0.4(0.2) 2.104) <0.001"
ATime to peak, TTP (ms) 20(21) 0920 19(19) 52(21) 0.008*
ASystolic strain rate, SR (/s) 0.02(0.14) 0.116 ~0.13(0.12) 0.08(0.15) 0.042*
ADiastolic strain rate, dSR (/s) ~0.02(0.14) 0723 -0.08(0.08) ~0.18(0.16) 0.183
AEnd-diastolic area (mm2) —0.04(3.8) 0623 15(3.0) 17.8(4.0) <0.001*
AEnd-systolic area (mm?) 6.4(2.9) 0740 5.4(20) 27.0(30.7) <0.001*
AFractional area change (%) ~15.4(6.0) 0.046* —-6.8(.1) -159(6.2) 0.043*
RIGHT VENTRICLE
APeak strain, GCS (%) 44(1.2) 0.004* 1.0(09) 5.4(1.4) <0.001*
ATime to peak, TTP (ms) 4(29) 0596 14(25) 67(30) 0011*
ASystolic strain rate, SR (/s) 0.13(0.13) 0.400 0.02(0.08) 0.70(0.15) <0.001"
ADiastolic strain rate, dSR (/s) ~0.16(0.19) 0903 ~0.18(0.13) ~0.29(021) 0568
AEnd-diastolic area (mm?) -5003.8) 0.022° 25(29) 4.6(4.1) 0.029"
AEnd-systolic area (mm?) 0.1(4.8) 0995 0.1(4.1) 16.3(5.1) <0.001*
AFractional area change (%) —~6.0(@3.7) 0219 —21(2.8) —24.5(4.0) <0.001*
OXYGEN MEASURES (LEFT VENTRICLE) AND HEART RATE
ALAD CBF blood flow (mi/min) —20.8(8.3) <0.001* 99(6.7) 45.5(10.5) <0.001*
Myocardial oxygenation, OS-CMR (%) -08(0.9) 0015* 1.3(0.6) 20(1.0) 0.431
ACoronary sinus saturation, ScsOz (%) -69(25) <0.001* 28(20) 200.1) 0762
AOxygen extraction ratio, Ozer (%) 63(20) <0.001" —36(13) —46@2.7) 0.731
A%, Oxygen excess ~0.17(0.08) <0.001* 0.12(0.04) 0.14(0.08) 0.750
AHeart rate (beats per minute) —2.4(3.2) 0348 05(2.3) -15(3.9) 0.594

Mean (standard error) change from the baseline level (70 mmHg) acquired from a mixed effects modiel are shown measurements at levels below, inside and above the autoregulation
zone (ARZ) as determined by the invasive measures of coronary blood flow (CBF) in the left anterior descending coronary artery (LAD).
“p < 0.05 represents a significant difference in comparison to values inside the autoregulation zone (52-127 mmHg).
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ALAD CBF

B
Al MAP LEVELS (29-196 mmHg)
Left ventricle
APeak strain, GCS (%) ~0.001
ATime to peak, TTP (ms) -0.077
ASystolc strain rate, SSR (/5) ~0.001
ADiastolic strain rate, dSR (/s) ~0.001
Right ventricie
APeak strain, GOS (%) -0.043
ATime to peak, TTP (ms) ~0.101
ASystolic strain rate, SSR () -0.003
ADiastolic strain rate, dSR (/s) ~0.001
BELOW ARZ (<52 mmHg)
Left ventricle
APeak strain, GCS (%) -0.028
ATime to peak, TTP (ms) 0472
ASystolic strain rate, sSR (/s) ~0.004
ADiastolic strain rate, dSR ('s) 0026
Right ventricle
APeak strain, GCS (%) ~0.107
ATime to peak, TTP (ms) 0.155
ASystolc strain rate, SSR (/5) ~0010
ADiastolic strain rate, dSR (/s) 0.004
ABOVE ARZ (>127 mmHg)
Left ventricle
APeak Strain, GCS (%) -0016
ATime to peak, TTP (ms) —2.050
ASystolic strain rate, SSR (/) ~0.001
ADiastolic strain rate, dSR (/s) 0.001
Right ventricie
APeak strain, GOS(%) -0013
ATime to peak, TTP (ms) —2.047
ASystolic strain rate, SSR (5) -0.003
ADiastolic strain rate, dSR (/s) 0010

0.869
0564
0.421
0.347

0.008*
0.647
0.012*
0.856

0.047"
0.204

0017*
0.002%

0.071
0.719
0.007*
0.102

0.180
0.454
0.936
0.977

0.868
0.256
0.568
0.147

-0.083
2.136
—-0.009
0.015

—0.425
0.687
-0.038
0.048

-0.216
2203
-0.019
0.037

-0.145
—1.046
—0.048

0.014

0.018
7.601
—-0.050
0.045

—-0.700
—3.341
-0.127

0.073

0S-CMR

0.109
0.143
0.467
0.146

0.002*

0.759

0.023*
<0.001*

0.036"
0.382
0.063
0.072

0.662
0.689
0.010*
0.350

0.894
0.149
0.360
0.163

0.146
0.520
0.092
0.104

—0.069
-0.503
—0.006
—0.004

-0.243
-1.123
-0.013
—0.008

—0.046
3.216
0.008

-0.0156

AScsOz

<0.001*
0.156
0.006*
0.588

<0.001*
0.121
0.006*
0.529

0.258
0.113
0.128
0.738

0.156
0.3565
0.122
0.216

0.641
0.011*
0.299
0.561

0.542
0.106
0.642
0.114

0.058
0536
0.005
0.005

0212
1.362
0.017
0.007

0035
1.116
0003
0.017

0.301

0.143
0.019
-0.008

0.103
-2.630
-0.006
0.005

1.185
10.36
0.162
0.123

AOzer

0.006*
0.169
0.026"
0.548

0.001*
0.081
0.001*
0511

0.480
0.183
0.436
0.106

0.079
0.856
0.078
0.268

0.345
0.138
0.504
0.857

0.230
0.521
0.028*
0.076

Parameter coeffiients (8) and corresponding p-values represent linear associations between strain and measures of oxygenation from all MAP levels below the autoregulation zone
(ARZ: <52 mmHg), or independently assessed above the ARZ (> 127 mmHg). CBF, coronary blood flow of the left anterior descending coronary artery (LAD); Oger, oxygen extraction

ratio; OS-CMR, oxygenation-sensitve cardiovasculer magnetic resonance; ScsOg, coronary sinus oxygen saturation.

p <0.05.
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> 35.000
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11
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Male
211

MEM, mild recurrent
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Ca** channel blocker,
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44

42

48

Al data are from the day (+ 3) of CMR examination, if not mentioned otherwise. Units are
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BMI, body mass index; FMF, familial mediterranean fever; CMR, cardiovasculer magnetic
resonance; CK, creatine kinase; CK-MB, creatine kinase myocardial band; eGFR (CKD-
EP)) estimated glomeruler firation rate according to chronic kicney disease epicemiology
collaboration; NT-proBNR. N-terminal pro brain natruretic peptides; ECV, extracellular
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Low RVSI vs. control
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Total (N = 388) Control (RVSI = Low RVSI (0 < High RVSI (RVSI P-value*

0,N = 260) RVSI <0.21, N = >0.21,N = 65)
63)
Renal Doppler 260 (67.0/ 78 260 100y 0 (0 0 0(0y/ 38 (60.3y 23 0(0) 40 (61.5// 25 <0.001
ultrasonography (20.1y 48 (12.4y 2 ©/00) 865)2(32) (385/0(0)
IRVF pattern (n, %) ©5)
continuous/ biphasic/
monophasic/ unclassiied
Demographics
Age (years) 71(63.0-79.8) 71.0 (63.0-78.0) 69.0(58.0-80.0) 75.0(66.0-82.0) 0.295
Male sex (n, %) 205 (58.0) 155 (59.6) 36(57.1) 34(52.3) 0.559
Body mass index (kg/m?) 22,6 (20.3-25.4) 225 (20.4-25.4) 23.3(20.1-24.8) 21,9 (20.2-25.8) 0.921
Systolic BP (mmHg) 116.0 117.0 113.0 116.0 0.453
(105.0-130.0) (106.0-130.0) (101.8-127.3) (103.5-132.0)
Heart rate (opm) 69.0 (60.0-80.0) 69.0 (60.0-81.8) 69.0(60.0-77.0) 70.0 (60.5-79.5) 0,632
NYHA class lllor IV (n, %) 111 (286) 67 (27.8) 16(26.2) 28(43.8) 0.036
Etiology (n, %) ischemic/ 77 (19.8/ 92 53 (20.4) 65 10(15.9) 16 14(21.5/ 11 0.979
myopathy/ valvular/ (23.7)/ 126 (32.5// (25.0/84(32.3)/ (25.4/ 19302/ 7 (16923 (35.4) 8
arthythmia/ pulmonary/ 40 (10.3y 37 (9.5 25 (9.6)/ 23 8.8) (118271 123/ 6(9.2/1
congenital/ others 7(1.8/9(23) 51.9/5(1.9) (1.6/2(32) (1572@3.1)
Comorbidities
CAD (n, %) 111 (28.6) 76 (29.2) 16(26.4) 19(29.2) 0.827
Atrial fibrillation (n, %) 139 (35.8) 79(30.4) 25(39.7) 35(53.8) 0.002
Hypertension (n, %) 249 (64.2) 156 (60.0) 44.(69.8) 49 (75.4) 0.041
Dyslipidemia (n, %) 265 (65.7) 180 (69.2) 41(65.1) 34/(52.3) 0.036
Diabetes melltus (1, %) 139 (35.8) 93(35.9) 20(31.7) 26 (40.0) 0623
CKD (n, %) 251 (64.7) 158 (60.8) 42 (66.7) 51(78.5) 0.027
Anemia (n, %) 175 (45.1) 105 (40.4) 26(41.3) 4467.7) <0.001
Laboratory data
BNP (pg/mL) 183.8 157.0 200.8 3052 <0.001
(77.8-396.2) (67.3-334.5) (76.8-501.4) (158.2-582.6)
Log BNP 2.26 (1.89-2.60) 220 (183-2.52) 2.32(1.89-2.70) 2.49 (2.20-2.77) <0.001
BUN (mg/dL) 19.0(15.0-25.0) 19.0 (15.0-25.0) 19.0(15.0-25.0) 21.0(16.0-26.5) 0.285
Creatinine (mg/clL) 100 (0.82-1.24) 097 (0.79-1.19) 0.98 (0.82-1.30) 1.07 (0.86-1.32) 0.129
€GFR (mU/min/1.73 m2) 52.5 (40.0-64.0) 54.0(41.3-65.0) 51.0 (42.0-64.0) 45.0 (36.0-69.0) 0.017
Sodium (MEq/L) 140.0 1400 140.0 140.0 0.186
(138.0-141.0) (138.0-141.0) (139.0-142.0) (139.0-141.0)
CRP (mg/dL) 0.20 (0.08-0.70) 0.17 (0.07-0.66) 0.24(0.06-0.68) 0.33(0.13-1.07) 0.035
Hemoglobin (g/dL) 129 (11.3-14.4) 132(11.6-14.7) 12.8(11.6-14.5) 117 (10.3-13.5) <0.001
Proteinuria (- () (1+)/ 205 (52.8) 90 152 (69.1) 56 26(41.9/ 18 27 (42.9/ 17 0.072
(@+)/ missing (n, %) (23252 (13.4) (21.4y/28 (109)/ (29.0/ 132105 7.0/ 11(175/8
35(9.0/6(1.5) 22(8.6/3(1.1) @1y 1(1.6) (127y2 @)
UACR 22.0(9.0-74.3) 19.0(9.0-59.8) 225(6.8-81.0) 56.0 (14.0-149.3) 0.008
Echocardiography
LV ejection fraction (%) 53.0 (34.0-63.0) 54.0 (35.0-63.0) 57.0(32.2-635) 46.0 (30.1-62.0) 0.201
LVOT VTI (em) 16.1(13.0-20.3) 16.2(13.0-20.2) 17.5(13.0-22.0) 155 (11.6-19.2) 0219
Left atrial volume (mL) 86.0 (65.0-120.0) 82.4(61.1-100.3) 87.5(68.0-117.1) 119.1 <0.001
(81.8-159.9)
Mitral valve /6’ 13.7 (9.5-19.7) 12.9(9.1-17.6) 14.5(10.7-20.4) 156 (11.2-26.4) 0.006
RA area (cm?) 19.0(14.0-25.0) 15.8 (13.0-23.0) 20,0 (15.4-26.0) 23,0 (17.7-30.0) <0.001
RV diastolic area (cm?) 19.4 (15.0-25.6) 17.1(12.8-235) 21.2(16.9-34.2) 208 (18.4-27.9) 0.032
RV systolic area (cm?) 115 (8.9-17.9) 102 (7.8-14.6) 13.7 (10.4-24.9) 12.4(10.3-20.1) 0.025
RV-FAC (%) 36,0 (28.0-44.0) 38,0 (32.0-44.5) 31.2 (23.0-40.5) 34.5(23.9-44.3) 0.039
IVC (mm) 15.0(12.7-18.6) 140 (12.0-17.6) 15.7 (13.0-19.3) 18.8 (15.0-22.0) <0.001
TR (n, %) none-trivial/ mild/ 238 (61.3)/ 90 170 (65.4) 62 40 635/ 14 28(43.1)/ 14 <0.001
moderate/ severe (23.2)/ 45 (1.6 (23.8/25(0.6 3 (222/6(95/3 215/ 14215/ 9
15(3.9) (12 @8) (138)
TRPG (mmHg) 24.9(20.0-33.0) 23.0(20.0-30.0) 27.0(21.8-35.3) 29,0 (23.0-37.0) 0003
TAPSE (mm) 17.3(14.5-20.4) 17.7 (15.2-21.1) 17.7 (13.7-20.1) 15.0 (12.0-18.9) 0008
TAPSE/systolic PAP ratio 050 (0.36-0.68) 0.54(0.40-0.78) 0.45 (0.29-0.55) 0.37 (0.28-0.52) <0.001
(mm/mmHg)
S’ emvs) 9.1(7.3-10.7) 97(7.9-11.2) 7.8(6.2-10.2) 87(6.9-9.8) 0089
Right heart catherization
Gardiac index (/min/m?) 2.4(21-28) 2.4(21-29 25(22-29) 2.2(20-2.7) 0200
Mean RAP (mmHg) 7.0(4.0-10.0) 60(38-9.0) 7.5(6.3-10.0) 9.0(60-11.0) <0.001
Mean PAP (mmHg) 23.0(18.0-31.0) 21.0(16.3-288) 26.0 (20.0-34.8) 28,0 (22.0-35.5) <0.001
Mean PAWP (mmHg) 14.0(9.0-19.0) 13.0 (8.0-17.0) 14.0(113-19.8) 19.0(14.0-22.5) <0.001
PVR (WoodU) 20(1.3-32) 19(1.3-28) 20(15-62) 2.8(166.0) 0057
Medications
p-Blocker (n, %) 270 (69.6) 191 (73.5) 33(62.4) 46 (70.8) 0005
ACE-l (0, %) 157 (40.5) 108 (41.5) 24/(38.1) 25(38.5) 0827
ARB (n, %) 95 (24.5) 63(24.2) 12 (19.0) 20(30.8) 0300
ARNI(n, %) 0() 0() 0() 0() -
MRA (n, %) 146 (37.6) 92 (35.4) 25(39.7) 29 (44.6) 0364
SGLT2 inhibitor (n, %) 1(03) 0() 101.6) 0() 0075
Diuretic (n, %) 253 (65.2) 157 (60.4) 44.(69.8) 52(80.0) 0009

RVS}, renal venous stasis index; IRVF; intrarenal venous flow; BR, biood pressure; NYHA, New York Heart Association; GAD, coronary artery disease; CKD, chronic kidney disease;
BNP, B-type natriuretic peptide; BUN, blood urea nitrogen; eGFR, estimated glomerular fttation rate; CRR, C-reactive protein; UACR, urine albumin-to-creatinine ratio; LV, eft ventricle;
LVOT VT, left ventricular outfiow tract velocity-time integral; mitral valve E/e', early transmitral flow velocity to mitral annular velocity ratio; RA, right atrial; R right ventrice; RV-FAC,
right ventricle frectional area change; IVC, inferior vena cava diameter; TR, tricuspid regurgitetion; TRPG, tricuspid regurgitation pressure gradient; TAPSE, tricuspid annuler plene
systolic excursion; S', tissue Doppler-derived tricuspid lateral annular systolic velocity (tricuspid valve S); RAP right atrium pressure; PAR, pulmonary artery pressure; PAWR, pulmonary
artery wedge pressure; PVR, pulmonary vascular resistance; ACE-L, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; ARNI, angiotensin receptor-nepriysin
inhibitor; MRA, mineralocorticoid receptor antagonist; SGLT2 inhibitor, sodlum glucose cotransporter 2 inhibitor. *A p-value indicates statistically signiicance in comparison across
all groups.
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Parameters M3A1

M3A0 MOA1 MoAO
direct flow rate (%) 335 193 342 349
direct flow rate (mi) 272 135 287 215
half-life FCDIB (5) 1.80 257 1.82 1.85
99% washout FCDIB (s) 1095 14.88 11.46 12,52

The hell-lfe marks the time when 50% of FCDIB are ejected. The 99% weshout marks
the time when 99 % of FCDIB are ejected and is computed via an exponential fit function
(Equation §). FCDIB, first cycle diastolic inflowing blood.
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Parameters

VMV peak E-wave (m/s)

v MV peak A-wave (m/s)
VMV peak sys (m/s)

VAV peak sys (m/s)

mean E/A ratio ()

Ap MV peak E-wave (mmHg)
Ap MV peak sys (mmHg)

Ap AV peak sys (mmHg)

Aps MV peak E-wave (mmHg)
Aps MV peak sys (mmHg)
Apa AV peak sys (mmHg)

M3A1

0.756 £ 0.10
0.44 £0.02
458 +£0.01
0.70£0.03
1724028
0.69 +0.25
77.968 £0.56
0.93 +0.04
230+ 058
84.06 +£0.35
1.95+0.18

M3A0

0.63 4 0.04
0.36 £0.03
4.46 001
0.56 £ 0.02
1.75£0.16
0.40+0.28
72.96 £0.36
0.68 +0.02
1.61£0.19
79.66 +0.18
1.25£0.07

MOA1

0.61+0.01
0.44 £0.01
1.38 £0.04
1.39+0.04
0.67 £0.01
391+£0.13
1.48 +£0.03

7.66 £0.42

MOAO

0.53+0.01
0.35£0.01
1.10£0.08
1.49£0.04
058 +0.01
259+ 0.01
1.11£0.02

4.85+0.28

Velues are given in mean  SD. The valve velocities are measured 5 mm downstream of the respective valve center. The transvalvular pressure difference is celculated via the static
pressure of two point probes positioned & mm upstream and downstream of the respective vaive center. MY, mitral vaive; AV, aortic valve; Aps, pressure loss calculated from Bermoull
via 4v2 with the respective valve velocity as specified in this table.





OPS/images/fcvm-09-828556/fcvm-09-828556-t002.jpg
Parameters  Cohort1(A0)  Cohortll (A1) M3A1 M3A0 MOA1 MOAO

LVEDV (ml) 287 [228-349] 284[233-356] 256 248 251 226
LVESV (mi) 208(167 -269] 218[177-285] 181 191 181 170

SV (m) 7159 - 84) 66(54-89) 75 57 70 56
EF (%) 24.6[206-29.7) 228(19.2-27.7) 203 281 27.7 247
DS 083+018  083£019 083 076 067 056
Ess| 0.73[0.62-0.88) 0.7 [0.62-0.91) 0.78 081 064 055

MWT (mm)  8.22[7.21-9.28) 8.11[7.02-8.55 857 853 9.16 927
WM(mm) 872324 -4.55) 3.63(2.76-4.37) 522 350 895 350
EDAMA(m?) 5804098  556+£096 630 645 530 532
EDMAA(em?) 1073223  10.63+264 12.13 1191 1020 828

Cohort p-values range from 0.124 to 0.834 and are not considered significant. If a
parameter is not normally distributed in either cohort, valies are shown as median [IQR]
for both cohorts, whereas values are shown as mean = SD othenwise. Normality was
proved by the Shapiro-Wikk test. LVEDV, left ventricular end-diastolic volume; LVESV,
left ventricular end-systolic volume; SV, stroke volume; EF, ejection fraction; DS, end-
diastolic sphericity indlex; ESSI, end-systolic spheriity index; MWT, mean myocardial wall
thickness; WM, mean wall movement; ED AAA, end-diastolic aortic annulus area; ED
MAA, end-diastolic mitral annulus area.
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Parameters Cohort| (A0) Cohortll (A1) M3A1 M3A0 MOA1 MOAO

Nr. of cases 72 53 - - - -
LV aneurysm no Yes yes no  yes no
Age(years)  60[54-69] 69(54-68] 60 60 49 62
Sex (m/w) 62/10 4211 m m m m
BSA (m?) 1984019 191+£028 218 202 176 236
MR (grade) 10 - A - 1] i - -
NYHAclass Il i - i) 10 - 1) 1] % ] i

Cohort p-values range from 0.143 to 0.676 and are not considered significant. If a
parameter is not nommally distributed in either cohort, values are shown as median
finterquartil range (IQR)] for both cohorts, whereas values are shown as mean i standard
deviation (SD) otherwise. Normality was proved by the Shapiro-Wilk test. The BSA was
calculated according to the Dubois formula (42). LV, left ventricle; BSA: body surface aree;
MR, mitral regurgitation; NYHA, New York Heart Association.
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Data

Age (years)

Male gender

BMI (kg/m?)
Hypertension
Smoking

Family history of CAD
bLP

History of MI

CKD

Cardiovascular medication:

Beta-blockers
ccB
Nitrates.
ACEI
ARB
Aldosterone antagonist
Aspirin
P,Y1 inhibitors
Statins
Laboratory data
Hot (%)
GFR (ml/min/1.78 m?)
LDL (mg/d)
HOATC (%)
CMR findings
LVEF (%)
LVEF < 50%
LGE present (%)
T4 native (ms)
ECV (%)

Al
(N =1739)

695+ 14.0
364 (49.3%)
25447
418 (56.6%)
47 (6.4%)
7(0.9%)
432 (58.5%)
57 (7.7%)
185 (25.0%)

315 (42.6%)
216 (29.2%)
138 (18.7%)
83(11.2%)
123 (16.6%)
30 (4.1%)
317 (42.9%)
114 (15.4%)
409 (55.3%)

3884562

56.2 £24.0

83.7 £36.6
62+22

642+ 17.8
134 (18.19%)
236 (31.9%)
1,882 + 63
29.1£50

T20
(n=188)

724105
93 (49.5%)
269556
142 (75.5%)
17 0%)
1(0.5%)
143 (76.1%)
13 (6.9%)
83(46.8%)

93 (49.5%)
89 (47.3%)
49 (26.1%)
21 (11.2%)
39(20.7%)
5@2.7%)
115 (61.2%)
40 (21.3%)
152 (80.9%)

38.0+5.2

535245

798 +£388
68+20

64.7 =189
38 (20.29%)
73(38.8%)
1,835+ 75
30059

Non-T2D
(n =551)

685£14.8
271 (49.2%)
248+42
276 (50.1%)
30 (5.4%)
6(1.1%)
289 (62.5%)
44 (8.0%)
97 (17.6%)

222 (40.3%)
127 (28.0%)
89 (16.2%)
62(11.3%)
84(15.2%)
25 (4.5%)
202 (63.7%)
74 (18.4%)
257 (46.6%)

392461
60.0£228
89.2£326

5124

64.0%17.4
96 (17.4%)
163 (29.6%)
1,331+ 58
288+ 4.7

<0.001
0.946
<0.001
<0.001
0.081
0.685
<0.001
0.635
<0.001

0.028
<0.001
0.003
0975
0.080
0.260
<0.001
o.010
<0.001

o0.010
o0.018
0.026
<0.001

0.599
0.391
0.019
0516
0.004

Data presented as number and percentage of patients or mean = SD.

Ap < 0.05 indlcates statistical significance (bold-italic).
72D, type 2 diabetes; BMI, body mass index; CKD, chronic kidney disease; CAD, coronary artery disease; CCB, calcium channel blockers; ACEI, angiotensin converting enzyme
inhibitors; ARB, angiotensin-receptor blockers; Het, hematocrit; GFR, glomerular firation rate; LDL, low-density lipoprotein-cholesterol; LVEF, left ventricular ejection fraction; ECV,

extracellular volume fraction.
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Variables

Age (years)
Male gender
BMI (kg/m?)
T20
Hypertension
Smoking
Family history of CAD
bLP
History of MI
CKD
Laboratory data
Het (%)
GFR (m/min/1.73 m?)
LDL (mg/d)
HoAss (%) (n = 265)
CMR findings
LVEF (%)
LGE present (%)
T4 native (ms)
ECV (%)

Composite
outcome
(n=43)

722£14.1
24 (56.8%)
250450
24 (55.8%)
25 (58.1%)
3(7.0%)
1(2.3%)
24 (55.8%)
8(18.6%)
21 (48.8%)

37.2£5.1

451 £24.7

838 £495
68+20

49.1£22.8
23 (53.5%)
1371+ 93
320£70

No composite
outcome
(n =696)

603+ 139
340 (48.9%)
25.4£50
164 (23.6%)
393 (56.5%)
44.(6.3%)
6(0.9%)
408 (58.6%)
49 (7.0%)
164 (23.6%)

389+52

57.56+236

83.7+£348
51+£24

65.1 +17.0
213 (30.6%)
1330 + 60
200+48

Data presented as number and percentage of patients or mean = SD.

Ap < 0.05 indicates statistical significance (bolc-talc).

0.190
0375
0.564
<0.001
0.830
0.749
0.344
0717
0.013
<0.001

0.042

0.006

0991
<0.001

<0.001
0.002
0.006
0.008

BMI, body mass index; T2D, type 2 diabetes; CKD, chronic kidney disease; CAD, coronary
artery disease; CCB, calcium channel blockers; ACEI, angiotensin-converting enzyme
inhibitors; ARB, angiotensin-receptor blockers; Het, hematocit; GFR, glomerur fitration
rate; LDL, low-density ljpoprotein-cholesterol; HbArc, glycated hemoglobin; LVEF, left
Ventricular ejection fraction; ECV, extracellular volume fraction.
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Characteristics

Baseline
BNP, pg/ml
Mean pulmonary arterial pressure, mm Hg
Right atrial pressure, mm Hg
Pulmonary vascular resistance, Wood Units
Cardiac index, /min/m?
Pulmonary arterial capacitance, m/mmHg
RV end-diastolic area, cm?®
RV end-systolic area, cm?
Fractional area change, %
TAPSE/PASP, mm/mmHg
RV global longitudinal strain, %
RAarea, om?

A During follow-up

A Mean pulmonary arterial pressure, mm Hg
A Pulmonary arterial capacitance, mi/mm Hg

A Pulmonary vascular resistance, Wood Units

A BNP, pg/ml

A TAPSE/PASP

A RAarea, cm?

A RV end-diastolic area, cm?

A RV end-systolic area, cm?

A Fractional area change, %
ARV global longitudinal strain, %

Worsened (n = 19)

106 (88-220]
41£10
85-9)
7£3
2404
1.4[1.4-28)
23 [18-29)
18 [12-22)
2748
0.29[0.22-0.40]
—17.2£87
17 [14-20]

2410
~002(-053-027]"
=01+ 3.0r
0[-71-68]
002 -0.08-002]
127
—2xe
-1+4
1+ 119
178710 07

RA peak longitudinal strain tertile

Stable (n = 18)

182 [44-559]"
40+9
8(6-13)

743
25+06
16[1.4-1.9)
28 [23-35)
18 [17-20)
24 +14
031 [0.21-0.4]
18165
18(17-20]

-7%1 1‘
063 (-0.11-1.00]
—24 % 3.7x
61 [-154-618
0.04[-0.04-0.14)
544
-4+3
-5+4
6413
12[-09-48)

Improved (n = 19)

160 [62-429)
46+ 11
8(6-10]

9+3

23+05
1.4[09-19)
28(25-32)
22[17-27)

24+ 10

028 [0.18-0.41]

—147£43
18 [14-22)

-8z’
088(036-1.4)"
—42%2. B'
83305t -21]
000[0.03-047]
—3£5
545
65
74415
4612658

p value

0.797
0.187
0.508
0.178
0.399
0.624
0.095
0.131
0.655
0.668
0.050
0.288

0.039
0.006
0.009
0.015
0.018
0.083
0.103
0.005
0.271
<0.001

A, change; BNR, B-type natriuretic peptide; PASP, pulmonary arterial systolic pressure; RA, right atrial; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion.
Values represent mean + SD or median (interquartile range) (for normally or non-normally distributed parameters, respectively), unless otherwise specified.

“Available in 17 petients.
* Available in 13 patients.
? Available in 12 patients.
$Available in 16 patients.
SAvailable in 18 patients.
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Pressure measurements pre

V-wave pre (mmHg)

A-wave pre (mmHg)

Average pressure pre (mmHg)

Pressure measurements post

V-wave post (mmHg)

A-wave post (mmHg)

Average pressure post (mmHg)

Volume-pressure analysis pre

A-loop area pre (mimmHg)

V-loop area pre (mi'mmHg)

Passive elastic chamber stiffness constant pre (mi~")
Elastic constant pre (mmHg)

Volume-pressure analysis post

A-loop area post (mi'mmHg)

V-loop area post (mi'mmHg)

Passive elastic chamber stiffness constant post (mi~")

Elastic constant post (mmHg)

Radiofrequency ablation (n = 22)

19.8[16.2-25.9)
16.8[14.0-21.0
12,0 [10.6-15.9]

243 [19.1-32.2]
19.0 [12.4-22.4)
16.6 [10.4-20.4)

712[55.6-114.7)
87.1[61.2-141.0]

0.053 [0.038-0.073]
1.07 [0.47-2.40)

403 28.0-70.6]
112.9[69.8-198.8)
0.063 [0.087-0.100]
2.46 [0.50-4.54]

Cryoballoon ablation (n = 22)

18.9[13.4-32.9)
16.8[11.1-28.8)
12.4[8.5-22.4)

28.4 [19.9-432)
20.7 17.2-37.9)
18.7 [16.5-30.6)

46.2[26.9-86.2)
73.1[25.7-152.3]

0031 0.023-0.081]
359 (0.46-5.37)

22.7[9.5-66.1)
66.0 [31.4-176.4]

0.027 [0.015-0.042)
679 [2.74-13.95)

P-value

0.93
0.61
0.41

0.35
0.06
0.03

0.08
0.29
0.02
0.08

0.10
0.14
<0.001
0.001
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Baseline TTE findings
LVEDD' (mm)

E-wave velocity (cm/s)
A-wave velocity (cm/s)
E/A ratio

£’ Velocity (cvs)

E/E’ ratio

Real-time 3D-echocardiography measurements pre ablation

LAEDV* pre (m))

LAESVS pre (ml)

LAVY pre-contraction pre (mi)

Total atrial emptying volume pre (mi)
Active atrial emptying volume pre (mi)
LA ejection fraction pre (%)

LA" active ejection fraction pre (%)

Real-time 3D-echocardiography measurements post ablation

LAEDV* post (ml)

LAESVS post (m))

LAV® pre-contraction post (ml)

Total atrial emptying volume post (m))
Active atrial emptying volume post (mi)

LA ejection fraction post (%)

LA* active ejection fraction post (%)
TLVEDD: left ventricular end-diastolic diameter.
*LAEDV: left atrial end-diastolic volume.
SLAESV: left atrial end-systolic volume.

SLAV: left atrial volume.
#LA: left atrial.

Radiofrequency ablation (1 = 22)

4843
80 [60-90]
62416

1,33 (1.18-1.81)
9[7-10)
92+16

260 (19.0-39.0]
589+ 14.4
37.5 [32.0-49.3]
295 23.8-33.0]
12,5 [7.8-16.0]
51.4+£124
212 [14.3-24.5]

245 200-35.3]
559+ 13.7
32.5[27.8-41.0)
27.0 (22.0-31.0]
70(5.0-8.3)
50.4 % 10.2
13.6 (89-16.4)

Cryoballoon ablation (1 = 22)

494
82 [75-91)
6140
1.28(1.19-1.62)
10(9-11)
89+3

27.0 [22.0-39.0]
602+ 158
440 (35.0-54.5]
29[21.8-39.0]
14.0 [8.0-17.0)
290+ 125
205 [16.5-25.7]

295 [20.5-40.3]
572+ 165
400 [30.5-54.0]
26.5[20.0-31.8]
10,0 [7.0-12.5)
468+ 105
14.7 [11.8-22.5)

P-value

0.47
037
0.88
0.86
0.08
0.75

0.61
0.78
0.40
0.97
051
0.63
0.88

0.47
078
0.08
0.44
0.02
025
0.14
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LA' volume measurements
LAEDV (mi)

LAESVS (m)

LAVS pre-contraction (ml)

Total atrial emptying volume (m)
Active atial emptying volume (ml)
LA ejection fraction (%)

LA active ejection fraction (%)
Pressure measurements
V-wave (mmHg)

A-wave (mmHg)

Average pressure (mmHg)
Volume-pressure analysis
Arloop area (miPmmHg)

V-loop area (mi'mmHg)

Passive elastic chamber stiffness constant (mi~1)

Elastic constant (mmHg)

LA: left atrial. *LAEDV: left atrial end-diastolic volume. $LAESV: left atrial end-systolic volume. SLAV: left atrial volume. *Derived from Generalized Estimating Equation.

265 [22-38.8]
5964 14.9
41.0 [33.0-50.0)
20.0[22.0-34.8)
13.0(8.0-17.0
502+ 124
205[16.4-24.6]

19.415.0-28.6)
16.8[13.0-23.3)
12.2 [10.0-19.8)

65.7 [32.7-93.7)
795 [32.7-150.2)
0,047 [0.028-0.073]
1.91(0.48-4.64)

Post

25.5[20.3-37.5]
56,64 150
36.0[28.0-50.0]
270(22.0-310)
8.0(5.0-100]
48.6 £ 10.4
14.6[11.0-18.9)

24.6[19.8-34.4]
20.0(14.3-25.6]
17.3(12.9-23.8)

39.0[15.4-67.5]
926 (48.0-181.5)

0.040 [0.021-0.068]

415 [1.75-10.88)

P-value®

0.68
0.04
0.006
0.04
<0.001
034
0.001

<0.001
0.001
<0.001

<0.001

0.072
0.63

<0.001
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Radiofrequency

ablation

(n=22)
Age (years) 611497
Male gender, n (%) 1891.7)
Hypertension, n (%) 10(45.5)
Dyslipidaemia, n (%) 6(27.3)
Diabetes melitus, n (%) 29.1)
Thyroid disorders, n (%) 20.1)
Medications
B-blockers, n (%) 10(45.5)
Sotalol, n (%) 14.5)
Amiodarone, n (%) 3(13.6)
ACE! inhibitors, n (%) 8(36.4)
Statins, n (%) 6(27.3)
P wave duration pre (msec) 101415
PR interval pre (msec) 173£22
QRS interval pre (msec) 88(80-115]
P wave duration post (msec) 103417
PR interval post (msec) 177 £27
QRS interval post (msec) 93[78-115)

tACE, Angiotensin-converting enzyme.

Cryoballoon
ablation
(=22

623+ 123
13(59.1)
10(45.5)
4(182)

14.5)
20.1)

11(50.0)
0
3(13.6)
10(45.5)
5(22.7)
105 % 17
186 %29
89[79-106]
9421
17984
93[79-106)

P-value

0.75
0.19
072
0.68
099
0.99

0.99
0.9
0.54
0.76
0.99
0.41
0.09
0.76
0.14
0.84
0.67
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Variables

Age > 65

Male gender

BMI > 25

T20

Hypertension
Smoking

Family history of CAD
DoLP

History of MI

CKD

GFR

LVEF < 50%

LGE present

T1 native > 1,367 ms
ECV > 30.95%

Univariate analysis

HR (95% CI)

1.22 (0.60-2.48)
1.82 (0.72-2.40)
1.04 (0.57-1.90)
2.78 (1.52-5.10)
1.07 (0.58-0.96)
1.08 (0.34-8.50)

4.31(0.59-31.49)

083 (0.45-1.51)
3.10 (1.44-6.69)
2,57 (1.41-4.69)
2.72(1.18-6.20)
3.57 (1.93-6.59)
2.58 (1.42-4.69)
2.21(1.17-4.16)
2.14(1.14-4.04)

P

0.583
0.373
0.900
0.001
0.830
0.894
0.150
0.530
0.004
0.002
0.019
<0.001
0.002
0.014
0.019

Ap < 0.05 indicates statistical significance (bold-taic).
HR, hazard ratio; aHR, adjusted hazerd ratio; T2D, type 2 diabetes; CKD, chronic kidney
disease; ARB, angiotensin-receptor blockers; GFR, glomerular firation rate; LVEF, left
Ventricular ejection fraction; ECV, extracellular volume fraction.

Multivariate analysis

aHR (95%Cl)  p

2.76(1.51-5.06)  0.001

3.11(1.67-5.80) <0.001

2.06(1.12-379)  0.020
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Odds ratio  95% CI 95% Cl  p-value

lower  upper
Age >70 years 0918 0515 164 0772
Body mass index, kg/m? 108 0,990 114 0003
Suita score >56 0939 0516 171 0838
CACS 22183 Agatston unit 338 1.84 620 <0001
EAV > 1253 mI 314 173 560 <0001
Obstructive GAD 1.29 0751 223 0353

Abbreviations as in Table 2. Suita score >56: probability of coronary heart disease in 10
years =9%.





OPS/images/fcvm-09-824470/fcvm-09-824470-t004.jpg
Model 1
%LAP Q4
CAD-RADS 23
Model 2

%LAP Q4

Suita score =56
Model 3

%LAP Q4

EAT volume
Model 4

%LAP Q4
CACS >100

Predictors of the primary endpoint

Hazard ratio

3.05
277

3.41
237

3.15
145

352
145

95% Cl lower

1.09
0.93

1.23
0.86

1.08
0.48

1.28
041

95% Cl upper

854
822

9.45
6.55

9.32
4.37

971
5.65

p-value

0.083
0.066

0.018
0.096

0.038
0.511

0.016
0565

Abbreviations as in Tables 1, 2. A Cox proportional hazerd model (forced entry method)
was carried out to identify the predictors of the primary endpoint. The predictors included
in the model were %LAP (Q4), CACS >300, EAV, obstructive CAD, and Suita score =56.
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%LAP, %

Suita score

cacs

EAV, mL

Obstructive CAD

Number of patients with primary endpoints

Variables were expressed as n (%), mean (SD) or median (interquartile range, IQR).

Abbreviations as in Table 2.

%LAP Q1 n =94

052(0.15)
452(11.3)
0(0-64)
102.1(44.0)
28(29.8)
22.1%)

%LAP Q2 n =94

0.88(0.10)
486 (9.6)
15 (0-93)

112.6 (43.7)
36(38.3)
1(1.1%)

%LAP Q3 n =94

1.83(0.16)
496(11.2)
24 (0-169)
132.4(51.0)
39415)
4(4.3%)

%LAP Q4 n =94

267 (1.08)
50.3(10.3)
67 (0-390)
1490 (53.0)
48(51.1)
8(8.5%)

pvalue

<0.001
0.006
<0.001
<0.001
0.029
0.046
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Overall
(n=376)

CAD-RADS classification

0 76 (202 %)
1 110 (29.3%)
2 39 (10.3%)
3 74 (19.79%)
4A 44 (11.7%)
48 21 (5.6%)
5 12 (3.2%)
>3 151 (40.2 %)
Location of obstructive CAD
LMCA 8(2.1%)
LAD 105 (27.9 %)
Lox 57(152 %)
RCA 59(15.7 %)
%NCP volume, % 21.7 (6.52)
%CP volume, % 1.03 (2.82)
%LAP volume, % 135 (0.98)
CACS, Agatston 17 (0-166)
unit

EAV, ml 124.0 (62.0)
Abdominal visceral  101.3 (57.4)
adipose tissue

area, om?

Primary

endpoint (+)

(n=15)

1(6.7%)
1(6.7%)
3(20.0%)
1(6.7%)
3(20.0%)
3(20.0%)
3(20.0%)
10 (66.7%)

1(6.7%)
9(60.0%)
5(33.3%)
6(40.0%)
23.4(6.59)
6.22(0.17)
1.92(1.28)
67 (0-390)

1349 (51.0
110.4 (66.0)

Primary
endpoint (-)
(n=361)

75 (20.8%)
109 (80.2 %)
36(10.0%)
73 (20.29%)
41(11.4%)
18 (5.0%)
9(25%)
141.(39.1%)

7(19%)
96 (26.6%)
52 (14.4%)
53 (14.7%)
217 6.52)
082 (1.97)
1.33 (0.96)
4.8 (0-108)

1285 (51.2)
1009 (57.1)

p-value

0.182
0.049
0.212
0.196
0.308
0.0131
<0.001
0.083

0.302
<0.001
0.023
<0.001

0.4
053

Variables were expressed as n (%), mean (SD) or median (interquartile range, IQR).
CACS = coronary artery calcium score, CAD, coronary artery disease; CCTA, coronary
computed tomography angiography; EAV, epicardia adipose tissue volume; LAD, left
anterior ascending artery; LCX, left circumflex artery; LMCA, left main coronary artery;
RCA, right coronary artery; NCR, non-calcified plaque; CP, calcified plaque; LAP, low
attenuation non-calcified plaque.
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Overall Primary Primary p-value

(n =376) endpoint (+) endpoint (-)
(n=15) (n =361)

Age, years 65.2 (13.1) 73.7(9.8) 64.9 (13.1) 0.011
Male 213(56.6 %) 10 (66.7%) 203 (56.2%) 0.424
Body mass index, kg/m? 24.0 (4.1) 22.8(3.0) 24.0 (4.1) 0.236
Smoking 58(15.4 %) 2(13.3%) 56 (15.5%) 0819
Hypertension 269 (715 %) 10 (66.7%) 259 (71.7%) 0,669
Diabetes melitus 84(223%) 6(40.0%) 78(21.6%) 0,094
Dyslipidemia 275 (73.1 %) 12 (80.0%) 263 (72.9%) 0541
Atral fibriation 45(12.0%) 1(6.7%) 44 (12.2%) 0519
CKD 101 (26.9 %) 5(33.3%) 96 (26.6%) 0564
©GFR, m/min/1.73 mm? 67.9(13.8) 63.0(21.6) 68.2(13.4) 0.161
LDL-Cholesterol, mg/dL 125 (35.1) 133.3 (25.2) 124.8 (35.4) 0.355
HDL-Cholesterol, mg/clL 637 (18.6) 61.4(17.8) 63.8(18.6) 0615
Triglyceride, mg/dL 156 (216) 153.2(87.4) 157.1 (219.8) 0946
CRP, mg/dL 0.33(0.84) 0.18(0.29) 0.33 (0.86) 0502
Hemoglobin Atc, % 6.0(1.1) 6.1(0.6) 60(1.1) 0.897
Medication
Aspirin 19(5.0%) 0(0%) 19 (6.3%) 0.362
Beta blockers 22(59%) 0(0%) 22(6.1%) 0.324
RAS-inhibitors 86/(22.9%) 4(26.7%) 82 (22.7%) 0581
Galcium channel blockers 102 (27.1 %) 5(33.3%) 97 (269%) 0.182
Statins 96/(255 %) 5(33.3%) 91(25.2%) 0.479
Suita score 48.4(108) 56.4(98) 481 (10.7) 0,003

Veriables were expressed as n (%) or mean (SD). eGFR, estimated glomerler fitation rate; CKD, chronic Kicney disease; CRP, C-reacitive protein; HDL, high-dense lipoprotein; LDL,
low-dense lipoprotein; RAS, renin-angiotensin system.
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Parameter

Qorp (ml/s)
Quv (ml's)
Ap (mm?)
As (m?)
Ag (mm?)

L (mm)

Lps (mm)
Lsg (mm)
«()

BC)

Pes (mmHg)
Pag (mimHg)
Pss (mmHg)

Qorp, flow rate derived from computational fluid dynamics (CFD); Qaw, flow rate estimated
from analytical model (AM); Ay, lumen area at the proximal end of the coronary lesions;
As, lumen area at the maximally stenosed segment; Aq, lumen area at the distal end of
the coronary lesions; L, lesion length; Lps, length of the segment from the proximal end of
the coronary lesion to the proximal end of the maximaly stenosed segment; Leg, length
of the segment from the distal end of the maximally stenosed segment to the distal end
of the coronary lesion; «, flow entrance angle at the distal end of the proximal contracting
segment; g, flow exit angle at the proximal end of the distal expanding segment; Pps,
pressure drop due to the contraction of the lumen area at the proximal contracting
segment; Psq, pressure drop due to the expansion of lumen area at the distal expanding

overall
(n = 169)

330+ 1.97
338+ 1.93
6.80 + 3.66
380£2.16
6.62 + 3.22
10.77 £ 6.74
371+£324
351£279
9.35+£9.16
10.06 +9.23
3.37 £ 4.08
7.10+ 11.09
1.03+1.64

FFR > 080
(n=96)

3274223
321 £217
768 +3.79
456 £2.41
7.36 +3.47
10.07 + 5.97
3.64 £3.44
3.31:£256
7.15+8.49
7.54 £8.07
176 £2.71
292 £4.63
0.48 £ 0.60

FFR<08
(=13

3.33+1.67
3.55 £ 1.67
6.03+3.38
3.05 £ 1.56
5.90 £2.79
11.46 £7.40
3.78 £3.06
3.70 £3.01
1228 £9.25
13.39 £ 9.66
4.95 + 4.57
11.23 £ 13.79
159 £2.11

p-value

0.855
0.295
0.012
<0.0001
0.008
0.223
0.800
0.420
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

segment; Pss, pressure drop along the straight maximally stenosed segment.
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Parameter Overall (n = 169) FFR > 0.80 (n = 96) FFR=08(n=73) p-value

DScroa = 50% 129 (76%) 64 (67%) 65 (89%) 0001
DSca 25 0% 119 (70%) 49 (51%) 70 (96%) <0.0001
DScroa 270% 54.(32%) 35 (36%) 19 (26%) <0.0001
DSca 270% 59 (35%) 44 (46%) 15(21%) <0.0001
FFRav 080020 091009 067 £0.22 <0.0001
FFRg 080+0.12 087008 0.71£0.10 <0.0001
Threshold Accuracy Sens Spec LR+ LR- PPV NPV
@
DScroa = 50% 057 0.89 033 133 033 050 080
DSa > 50% 069 096 0.49 1.88 009 059 094
DSoron = 70% 066 047 081 249 065 065 067
DSca 2 70% 076 063 086 457 043 078 075
FFRa < 0.8 081 075 086 5.48 029 081 082
FFRe <08 087 0.88 086 639 014 083 090
©
DScrea = 50% 057 093 011 104 063 057 056
DSca > 50% 075 095 051 1.94 0.10 071 089
DScroa = 70% 059 0.49 072 178 070 069 053
DSca = 70% 069 063 077 268 049 077 062
FFRuv < 0.8 075 073 079 342 034 081 070
FFRg <08 082 086 077 360 018 082 082

Sen, sensil Spec, specificity; LR+, positive likelihood ratio; LR-, negative likelihood ratio; PPV, positivity predictive value; NPV, negative predictive value.
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Right ventricle
RV end-diastolic area, cm?
RV end-systolic area, cm?
Fractional area change, %
TAPSE, mm
PASP, mmHg
TAPSE/PASP, mm/mmHg

RV global longitudinal strain, %
Triouspid valve regurgitation
None/mild
Moderate
Severe
Right atrium
RA area, om?
Peak longitudinal strain, %
Passive strain, %

Peak active contraction strain, %

Inferior vena cava diameter, mm

Patients with PAH (n = 56)

Baseline

27 (22-32)
20 [16-24)
26+ 11
20 (18-22)
67423
029
[0.21-0.40)"
—151£47

23(41.1)
29(518)
4@.1)

17 (15-20]
31 [23-36)
8+5
217
18(15-20]"

Follow-up

23 (18-29)
15 [12-19]"
29+ 11*
21[19-28)
61421

035
0.27-0.44]

-16.8 & 4.8x

26 (46.4)
21(37.5)
9(16.1)

15 [12-20]
29 [22-39)
1048
20+ 10*
18 [14-21)%

P-value

<0.001
<0.001
0.010
0.105
0.089
0.108

0.007
<0.001

0.014
0.864
0.0117
0.704
0.928

PAH, pulmonary arterial hypertension; PASR, pulmonary arterial systolic pressure; RA, right
atral; RV, right ventriculer; TAPSE, tricuspid annular plane systolic excursion.
Values represent mean < SD or median (interquartie range) (for normally or non-normally
distributed parameters, respectively), unless otherwise specified.

“Available in 55 petients.
1 Available in 52 patients.
? Available in 54 patients.
$Available in 49 patients.
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Characteristics

Meale/female, n/n

Age, years

PAH subtype, 71 (%)
Idiopathic PAH

PAH wiith overt features
of venous/capillary
involvement

WHO FC, n (%)
|
[
[
Y
BNP (pg/m)
Right heart catheterization

Mean pulmonary arterial
pressure, mm Hg

Right atrial pressure,
mm Hg

Pulmonary vascular
resistance, Wood Units:

Cardiac index, Vmin/m?

Pulmonary arterial
wedge pressure, mm Hg

Pulmonary arterial
capacitance, mi/mm Hg

Maximel treatment, n (%)
Monotherapy
Dual therapy
Triple therapy

Patients with PAH (n = 56)

Baseline Follow-up  p value
21/36
62+ 15
55(98.2)
1(1.8)
47.4) <0.001
11(196) 16 (28.6)
40 (71.4) 29(51.8)
5(8.9) 7(12.5)
133(65-307) 89 [20-249)  0.003
t
42+10 40+ 10 0.003
8[6-10] 8[6-11] 0127
76+3.1 60£30 0,066
24+05 2807 0.147
11(8-18) 10 (0-13) 0547
15010200  17[2-27] 0003
19 33.9)
25 (44.6)
12 21.4)

PH, pulmonary hypertension; FC, functional class; BNF, B-type natriuretic peptide.
Values represent mean = SD, unless othenwise specified.

“Available in 55 patients.

t Follow-up right heart catheter data were available in 38 patients.
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Parameters
A. Presence of inducible perfusion abnormalities

Presence of perfusion GS during stress (%)
defects SAS strain reduction =6.5%

Number of segments with SAS reductionz6.5%
B. Cardiac outcomes during follow-up

Prediction of cardiac Average perfusion score index
endpoint during Perfusion abnormality present
follow-up

Number of segments with SAS reduction =6.5%
At least one segment with SAS reduction 26.5%

AUC, area under the curve; GS, global strain; SAS, segmental aggregate strain; SLS, segmental longitudinal strai

Criterion

> -19.8%
>65%
=1 segment

>1.08
=1
=1

=1

1%
7%
73%

82%
86%
75%
75%

ity

Specificity

64%
81%
84%

7%
76%
74%
74%

AuC

0.65
0.78
0.79

0.82
0.81
0.74
0.74

CS, segmental circumferential strain.

p-values

0004
005 vs. SLS and
p=NSvs.SCS

P = NS for perfusion
abnormalities or index
vs. SAS
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Parameters GS during Minimum SAS

stress difference during
stress

Average -0.20 -034

perfusion P=0.03 P <0.001

score

GS, global strain; SAS, segmental aggregate strain.

Number of segments
with inducible SAS
decrease 26.5%

0.35
P <0001
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Coefficients Toartal p-values

Age (yrs) 0.00035 001 091
LVEF (%) 0.0046 008 0.40
CAD related LGE score -0.02 -0013 0.88
Average perfusion score 082 036 0.0002
Ischemic segments 023 026 0.008
by SAS

LVEF, left ventricular ejection fraction; SAS, segmental aggregate strain; LGE, late
gadolinium enhancement; CAD, coronary artery disease.
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All patients Patients w/o Patients with P-values Patients w/o Patients with P-values

(1=111)  inducible perfusion inducible cardiac endpoints ~ cardiac endpoints
defects perfusion defects (Death/MI/PCI)  (Death/MI/PCI)
(n =67) (n=44) (n=86) (=25

Demographic data
Age (years) 626+ 11.8 61.4+125 64.4 £ 10.4 0.19 6224126 638+87 0.56
Male gender 76 (68%) 47 (70%) 29 (66%) 064 62 (72%) 14 (56%) 0.13
Arterial hypertension 88 (79%) 53 (79%) 35 (80%) 096 69 (80%) 19 (76%) 065
Type 2 diabetes melltus 28 (25%) 20 (30%) 8(18%) 047 20 (28%) 8(32%) 038
Hyperipidemia 84 (76%) 51(76%) 33 (75%) 089 63 (73%) 21 (84%) 028
Past myocardial infarction 16 (14%) 10 (15%) 6(14%) 085 11 (13%) 5(20%) 037
Known CAD 74 67%) 41(61%) 33 (75%) 0.13 54 (63%) 20 (80%) 011
Body-mass-index (kg/m?) 27038 267£40 27.4%35 034 269+ 40 272433 073
Baseline CMR data
LV ejection fraction (%) 57172 57.1:68 57079 096 56.7+£75 586+ 6.1 025
VS (mm) 11.0+£21 10921 11.2+21 0.37 112+£21 104 £1.7 0.12
Lateral wall (mm) 73£20 73£18 73+23 094 73+20 7.4£20 074
LV mass (g) 109.2 + 25.2 104.7 £22.0 116.0 £ 28.4 0.02 109.2 +24.7 109.0 +27.6 0.97
LV mass index (g/m?) 562 10.9 50489 59.0 4 13.1 003 56.1 % 11.0 566+ 110 082
Native T4 values 1,042 £ 3,446 1,047 & 32 1,087 £35 022 1,044 £ 82 1,087 £ 41 053
RV ejection fraction (%) 558462 565 6.4 547+56 0.12 558+ 6.4 559%55 098
Wall motion score index 1.16 £0.33 1.19£0.38 1.11£025 0.19 119+ 037 1.06 £0.14 0.07
CAD related LGE score 143028 1.12:£030 1.18£022 093 1.18+0.30 1,42 £0.19 091
Perfusion and strain CMR data
Perfusion defect (yes/no) 44 (40%) 67 (0%) 44 (100%) NA. 22 (26%) 22 (88%) <0.001
Average perfusion score index  1.12 % 0,19 1.0£00 13+0.18 <0001 1.00£0.15 1284022 <0001
GS (%) at baseline —18.7£20 ~189+196 ~18.4£20 0.18 —187£1.9 —185+2.1 057
GS (%) during stress ~19.4+38 198+ 17 ~189+19 0005 ~195£19 ~192£15 054

GAD, coronary artery disease; IVS, intraventriculer septum; LGE, late gadoiinium enhancement; MI, myocardial infarction; PC), percutaneous coronary intervention; LV, left ventricular;
RV, right ventricular; GS, global strain; w/o, without; CMR, cardiac magnetic resonance.





