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Editorial on the Research Topic
Insights in General Cardiovascular Medicine: 2022



In this Research Topic, an international selection of high-quality papers by our editorial board members contributed to highlight the latest advancements in research across the field of cardiovascular medicine. Specifically, these papers offer new insights into various conditions, including heart failure (HF), atrial cardiopathy, coronary artery disease (CAD), pulmonary hypertension, and syncope.


Heart failure

Several contributions focused on chronic HF and explored the potential risk factors that can impact clinical outcomes and mortality. Sleep apnea (SA) (including both obstructive and central SA) represents one of these factors, associated with a poor prognosis in patients with HF (1). In particular, in their retrospective observational study, Naito et al. demonstrated that in patients with HF, SA, which was not effectively suppressed by continuous positive airway pressure (CPAP), was associated with worse prognosis as compared to those with suppressed SA by CPAP. Another interesting risk factor is represented by the epigenetics, that can influence myocardial structure modifications during HF natural history (2). In this view, Han et al. provided evidence on the role of methyltransferase-like 5 (METTL5) whose loss in the animal model could promote pressure overload-induced cardiomyocyte hypertrophy and adverse remodelling. In their work, authors demonstrated how a missing m6A catalysation of 18S rRNA about the METTL5 would reduce the efficiency of mRNA translation of SUZ12, a core component of PRC2 complex, strong inhibitor of cardiac hypertrophy–related genes in hypertrophy hearts (3). One of this gene is GATA4. According to the study by Yan et al., GATA4 protein directly binds the promotor site of Cardiac ISL1-Interacting Protein (CIP), responsible to the production of CIP protein, that inhibits cardiac remodelling and protects the heart from HF after cardiac hypertrophy through IGF, mTORC2 and TGFβ signalling pathways, which regulate cardiac hypertrophy–related genes expression. A deeper understanding of cardiac remodelling is crucial in identifying potential molecular targets for pharmacotherapies. Furthermore, it is equally intriguing to anticipate the risk of mortality and re-hospitalization in patients with HF (4). Zhao et al. developed machine learning-based models specifically designed for patients with mild-reduced ejection fraction (HFmrEF), which demonstrated superior performance compared to traditional models in predicting mortality and rehospitalization. From the perspective of heart failure, an intriguing aspect is heart failure with preserved ejection fraction, where diastolic dysfunction of the left ventricle (LVDD) assumes a significant role. In septic patients LVDD is common and associated with high mortality. The endothelial dysfunction, characteristic of sepsis, results in increased vascular permeability, potentially causing pulmonary edema. Unfortunately, the quantification of acute pulmonary edema in septic patients using the lung ultrasound score (LUSS) is frequently challenging or unreliable. Indeed, Kahl et al. in a prospective cohort study observed that in 54 patients with sepsis, LVDD was not significantly associated with LUSS, even in the presence of severe pulmonary edema. Heart failure is also burdened by an important arrhythmic risk. Ventricular tachycardia, which occurs primarily in the context of structurally abnormal hearts, can result in severe hemodynamic compromise. Ventricular tachycardia ablation (VTA) is often a challenge. This procedure can be performed safely in selected high-risk patients using veno-arterial extracorporeal membrane oxygenation (VA-ECMO) support. In this regard, Sabbag et al. evaluated how early decanullation from VA-ECMO is associated with a higher survival at one year after VTA than in those in which it is not performed. Therefore, this procedure should be considered and performed immediately upon completion of VTA in most cases.



Atrial cardiopathy

Within this Research Topic, several intriguing articles delve into the role of atrial cardiopathy as a significant substrate for promoting cardiac arrhythmias, including atrial fibrillation, as well as the pro-thrombotic state, which can occur independently of atrial fibrillation (5). In their review article, Donniacuo et al. provided valuable insights into the pathogenesis of COVID-19-related atrial fibrillation events, specifically addressing the cardiovascular safety profile of drugs used for the treatment of COVID-19. The authors highlighted multiple putative mechanisms, such as a reduced availability of angiotensin-converting enzyme 2, binding of viral spike protein to CD147 or sialic acid, enhancement of inflammatory signalling culminating in cytokine storm, endothelial damage, and increased adrenergic drive. Atrial cardiopathy, along with the intricate interplay of multiple mechanisms, may also contribute to the pathogenesis of many ischemic strokes of undetermined causes (6), especially embolic strokes of undetermined source (ESUS), where inflammation can promote both atrial fibrillation events and a prothrombotic state (7). In line with this perspective, the study conducted by Acampa et al. demonstrated that the presence of atrial cardiopathy, as assessed through electrocardiographic and echocardiographic markers, could serve as the underlying pathogenic mechanism in a subgroup of ESUS patients. Notably, this subgroup exhibits more severe neurological deficits and presents a clinical pattern resembling cardioembolic strokes attributed to atrial fibrillation. As regards the complications of stroke, spasticity stands out as one of them. In a randomized double-blind, placebo-controlled crossover study, Rosa et al. investigated the impact of nabiximols, a cannabinoid-derived drug, on post-stroke spasticity. The study findings indicate that nabixomols effectively alleviate spasticity without causing significant changes in blood pressure, heart rate, or cardiovascular complications in patients who in patients who have experienced a cerebrovascular accident. However, additional research is needed to explore other potential cardiovascular benefits of cannabinoids, such as their potential role in delaying the progression of atherosclerosis and inflammation.



Coronary artery disease

The risk of mortality due to cardiac infarction can be enhanced in presence of complication related to the natural history of the disease, such as infections (8) in hospitalized patient and cardiac autonomic imbalance. Considering these concerns, prevention has become one of the top priorities in healthcare, to better improve the prognosis in patient with acute coronary syndrome (ACS). Given that, Liu et al. developed a 24-point risk score to use in ST-segment elevation myocardial infarction (STEMI), including seven variables such as age, Killip classification, insulin use, white blood cell count, serum albumin, diuretic use, and transfemoral approach. The score not only established a simple bedside tool to estimate the risk of developing infection for patient with STEMI but also demonstrated good performance for in-hospital all-cause death, and major adverse cardiovascular events (MACE) among these patients and even in the non-ST-elevation acute coronary syndrome (NSTE-ACS) treated with PCI. On the other hand, Duan et al. evaluated a possible extension of post-discharge GRACE score, considering in addition cardiac autonomic nerve imbalance, measured through the value of 24 h deceleration capacity (DC), a feasible and non-invasive indicator that captures autonomic activity-related modulations of heart rate. Combination of DC and the post-discharge GRACE score significantly enhanced the discriminatory ability and accuracy in the prediction of poor long-term follow-up prognosis. As regards the mortality induced by acute myocardial infarction, it is necessary to consider ischemia reperfusion injury (IRI), a possible cause of secondary myocardial damage. Evaluating the possible therapeutic strategies able to attenuate the IRI, Wei et al. analysed the protective role of Danlou tablet (Dan), a Chinese herbal compound. This study provided for the first time evidence that Dan could attenuate cardiomyocyte apoptosis and ischemia-reperfusion injury, by experiments conducted in vivo, using an acute IRI model in mice, and in vitro, through oxygen-glucose deprivation-reperfusion (OGD/R)-induced apoptosis in primary neonatal rat cardiomyocytes (NRCMs). Mechanistically, Dan could activate proliferator-activated receptor gamma (PPAR-γ) in both models, while inhibition of PPAR-γ could attenuate the protective effect of Dan. These data provide a new potential strategy for the precise treatment of ischemic heart diseases complications. Left ventricular (LV) remodelling is one of the possible functional complications following a STEMI. Pharmacological interventions, able to prevent LV remodelling following a STEMI, improve the outcome of this condition. Egea Iborra et al. evaluated the possible effects of paroxetine, a GRK2 inhibitor also known as beta-adrenergic receptor kinasi 1. Among the drugs used for neuronormal antagonism (beta-blockers,angiotensin converting enzyme inhibitors, mineralcorticoid receptor antagonists, angiotensin receptor blockers), capable of preventing LV remodelling, only beta-blockers act directly on GRK2 as paroxetine. For this reason, paroxetine, sharing the same molecular target with beta-blockers, could be used when these are contraindicated (for example in subjects with hypotension) or poorly tolerated.



Pulmonary hypertension

Another topic of particular interest in the management of cardiovascular patient is pulmonary hypertension, which is often a consequence of heart disease. In this context, given the high impact of this condition on cardiovascular health, Miao et al. presented a more in-depth insight about the complex molecular mechanisms of chronic thromboembolic pulmonary hypertension, highlighting the role of specific mRNAs, miRNAs, and circRNAs and inflammatory cells recruitment in the progression of the disease. Instead, Rodrigues et al. evaluated the impact of a blunted cardiac autonomic modulation and a pro-inflammatory profile on pulmonary artery pressure (PAPs) in systemic sclerosis patients, suggesting a relationship among cardiac autonomic control, inflammatory status, and cardiopulmonary mechanics.



Syncope

A common challenge in cardiovascular medicine involves the impact of syncope in childhood, which exhibits a high prevalence and multiple etiologies (9). To distinguish syncope due to an excess in vasovagal reflex [vasovagal (VVS) syncope] and syncope due to a conversion disorder [psychogenic (PPS)] poses a significant difficulty, as these two forms share several clinical manifestations, including repeated episodes of transient loss of consciousness and falls usually without convulsions. On this argument, Li et al. designed a study to evaluate a clinical manifestation-based scoring, consisting of 4 variables, aiming to aid in the initial differential diagnosis between PPS and VVS. On a different note, to gain a better understanding of the pathophysiology of VVS, Wang et al. investigated the profile of plasma human growth cytokines. Their findings revealed that elevated plasma concentrations of HGF and IGFBP-1, and decreased EGF were typical in pediatric VVS.

In conclusion, the remarkable contributions within this Research Topic have greatly advanced our comprehension of various aspects within cardiovascular medicine. These studies have illuminated intricate physiological and pathogenic mechanisms, which bear significant clinical implications for patient management. Moreover, they have provided valuable insights and recommendations that pave the way for further exploration in this rapidly evolving field.
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The study was designed to explore a clinical manifestation-based quantitative scoring model to assist the differentiation between psychogenic pseudosyncope (PPS) and vasovagal syncope (VVS) in children. In this retrospective case-control study, the training set included 233 pediatric patients aged 5–17 years (183 children with VVS and 50 with PPS) and the validation set consisted of another 138 patients aged 5–15 years (100 children with VVS and 38 with PPS). In the training set study, the demographic characteristics and clinical presentation of patients were compared between PPS and VVS. The independent variables were analyzed by binary logistic regression, and the score for each variable was given according to the approximate values of odds ratio (OR) to develop a scoring model for distinguishing PPS and VVS. The cut-off scores and area under the curve (AUC) for differentiating PPS and VVS cases were calculated using receiver operating characteristic (ROC) curve. Then, the ability of the scoring model to differentiate PPS from VVS was validated by the true clinical diagnosis of PPS and VVS in the validation set. In the training set, there were 7 variables with significant differences between the PPS and VVS groups, including duration of loss of consciousness (DLOC) (p < 0.01), daily frequency of attacks (p < 0.01), BMI (p < 0.01), 24-h average HR (p < 0.01), upright posture (p < 0.01), family history of syncope (p < 0.05) and precursors (p < 0.01). The binary regression analysis showed that upright posture, DLOC, daily frequency of attacks, and BMI were independent variables to distinguish between PPS and VVS. Based on the OR values of each independent variable, a score of 5 as the cut-off point for differentiating PPS from VVS yielded the sensitivity and specificity of 92.0% and 90.7%, respectively, and the AUC value was 0.965 (95% confidence interval: 0.945–0.986, p < 0.01). The sensitivity, specificity, and accuracy of this scoring model in the external validation set to distinguish PPS from VVS were 73.7%, 93.0%, and 87.7%, respectively. Therefore, the clinical manifestation-based scoring model is a simple and efficient measure to distinguish between PPS and VVS.

Keywords: psychogenic pseudosyncope, vasovagal syncope, differential diagnosis, scoring model, binary logistic regression


INTRODUCTION

Syncope is the inability to maintain an autonomous body position due to recoverable whole-brain hypoperfusion and manifests as a transient loss of consciousness (TLOC) (1). It is typically characterized by spontaneous and complete recovery of TLOC within a short period of time (2, 3). Vasovagal syncope (VVS) accounts for about 60–70% of syncope in children and adolescents (4). Psychogenic pseudosyncope (PPS) is the other entity of TLOC without virtual cerebral hypoperfusion or impaired physiological function (5–7). It is considered a conversion disorder in nature (8). The prevalence of PPS varies from 0 to 12%, with an average incidence rate of 4% (9–11). PPS and VVS share several similarities in clinical manifestations, such as recurrent episodes of TLOC and falls usually without convulsions. Since children with PPS have no convulsion-like symptoms, their attacks are sometimes considered as syncope in the preliminary evaluation in many cases. In a study including both adults and children as study subjects, even up to 50% of PPS cases were misdiagnosed as VVS at the beginning (9). In addition, the manifestation of some children with PPS may be taken as malingering attacks and the actual diagnosis is ignored due to the uneven understanding of PPS among medical institutions at all levels (12). Therefore, increasing reports suggested that the incidence of PPS in children may be underestimated (13–15). Furthermore, although PPS and VVS are similar in clinical manifestations, the management strategies and prognosis of PPS are completely different from those of VVS. The above facts suggest the absolute necessity of distinguishing PPS from VVS.

At present, there has not been any acknowledged clinical manifestation-based systematic procedure to differentiate PPS and VVS in children. Head-up tilt test (HUTT) has been performed to clarify the cause of syncope and is one of the auxiliary examinations to distinguish between VVS and PPS (16, 17). However, under many circumstances, the response of patients to HUTT alone is not sufficient enough to confirm the diagnosis of VVS as its sensitivity in the diagnosis is low (18). Therefore, several guidelines emphasized that it is important to explain the results of HUTT together with the clinical manifestations and make careful differentiation (19, 20). In addition, there are some limitations of the HUTT use. For example, the basic HUTT sometimes takes 45 min (min), and the drug-provocated HUTT is extended by another 20 min under certain circumstances (19). Furthermore, during HUTT, patients may sometimes present as cardiac arrest (21). Even after careful evaluation, the HUTT for pediatric patients may be suspended just because the child cannot cooperate very well and it is not being widely used in grassroots hospitals or even in some general hospitals (17, 22). Therefore, a simple, efficient, and rapid measure for the differentiation between PPS and VVS based on clinical manifestations is urgently needed.

Previous studies have shown that the episodes of unconsciousness in children with PPS usually last for a longer time (from 5 to 20 min or longer) and occur more frequently than those in children with VVS (11). Other clinical characteristics indicating the diagnosis of PPS include closing eyes without being pale look, no sweating during the attack, and seldom physical injury (20, 23). However, how to quantify these various clinical features and use them to discriminate between PPS and VVS is an urgent issue in clinical practice. In a previous study, the authors described a model composing of the posture during an episode, loss of consciousness (LOC) duration, and electrocardiogram-derived QT dispersion (24). However, the result of QT dispersion cannot be determined in a very quick and convenient way in grassroots hospitals.

Therefore, the present study was undertaken to develop a new scoring model to differentiate between PPS and VVS using recognized clinical features to help pediatricians, especially those working in grassroots hospitals, to differentiate pediatric PPS from VVS in a simple and rapid way.



METHODS


Subjects

Totally, 233 children hospitalized in the Department of Pediatrics, Peking University First Hospital, China, from January 2012 to June 2021 were included in the training set. Of whom, 183 children (71 males and 112 females) had VVS with a median age of 11.0 (9.0, 13.0) years, and 50 children (22 males and 28 females) had PPS with a median age of 12.0 (9.0, 13.0) years. An additional 138 children treated at the Cardiovascular Center, Children's Hospital, Fudan University, China, from January 2009 to June 2021 were included in the external validation set, of whom 100 children (47 males and 53 females) had VVS with a median age of 10.0 (8.0, 12.0) years and 38 children (24 males and 14 females) had PPS with a median age of 11.0 (9.0, 13.0) years.

The diagnostic criteria of VVS are: (1) occurring primarily in older children and adolescents; (2) often accompanied by precipitating factors such as long periods of uprightness, mental tension, and sultry environment; (3) a clear history or aura of syncope; (4) a positive HUTT test; and (5) exclusion of other diseases such as cardiogenic, cerebrovascular or metabolic diseases (19, 20). The diagnostic criteria for PPS are based on the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) (25).

The inclusion criteria of the study subjects: (1) those diagnosed as VVS or PPS; (2) patients under the age of 18 years old; (3) patients with normal routine biochemistry and 24-h Holter recordings results; (4) the data of the first confirmed hospitalization were included in the study for those with multiple hospitalizations; and (5) the children did not receive medication within 2 weeks.

Exclusion criteria of research subjects: (1) syncope caused by cardiogenic, cerebrovascular, and other diseases; (2) patients with non-sinus rhythm in electrocardiogram (ECG); (3) patients with incomplete medical records, and loss of data; (4) the children without HUTT examination; (5) patients diagnosed as PPS with VVS.

This study was approved by the Ethics Committee of Peking University First Hospital (2021–424) and Children's Hospital of Fudan University (2021–476), and the informed consent was permitted to be waived.



Data Collection

We collected the demographic data of all the participants based on the medical records during their hospitalizations, including sex, age, and body mass index (BMI). The clinical manifestations as triggers or predisposing factors (e.g., upright posture, emotional stress, and stuffy environment), precursors, duration of loss of consciousness (DLOC), the daily frequency of attacks (the highest number of LOC episodes within 1 day, at least once) in the present history and the family history of syncope were collected. The upright posture means that the attacks happen when the patient is at an orthostatic posture, including standing for a long time and/or just standing up suddenly. Other kinds of situations were non-upright posture, for example, postures except orthostatism or walking, and/or exercising in the upright position. DLOC referred to the maximum recorded duration of the real or apparent LOC reported by the witness according to the medical records. We defined a child with a history of syncope in the family within two generations as having a positive family history. Besides, the baseline data of resting HR, resting systolic blood pressure (SBP), and resting diastolic blood pressure (DBP) as well as the 24-h average HR in Holter monitoring records of the patients were also recorded. The above data were obtained from the Medical Recording Management Digital System (Kaihua, Beijing, China). The medical history and laboratory findings of all the patients were reviewed in detail and recorded by a specialized investigator. The records were carefully proofread by another investigator independently.



Methodology of HUTT and Dynamic Electrocardiogram

Children fasted for at least 4 h before the testing, stopped any vasoactive medication for at least five half-lives, and avoided the drink that could affect autonomic nervous system function (e.g., coffee). The test was performed in the morning, and the environment was kept quiet and dimly-lit at a suitable room temperature. Children first laid on the tilt table (SHUT-100A, Standard, Jiangsu and ST-711, Juchi, Beijing, China) for 10–30 min. During HUTT, HR, BP and ECG were recorded continuously with an ECG monitor (General Electric, New York, USA) and Finapres Medical System (FinometerPRO, FMS, The Netherlands). After the stabilization of HR and BP, the table was tilted upward at 60° and HR, BP, and ECG were continuously monitored till the positive response appeared, or otherwise till the whole test duration (45 min) if no positive response was observed. Positive response criteria of HUTT are listed below: (1) significant blood pressure drop (i.e., SBP ≤ 80 mmHg, DBP ≤ 50 mmHg, or ≥25% decrease in mean BP); (2) bradycardia (i.e., HR <75 bpm for children at 4–6 years of age, <65 bpm for children at 6–8 years of age, and <60 bpm for children at 8 years of age and older); (3) the presence of sinus arrest, premature junctional contractions; or (4) transient second-degree or higher atrioventricular block or cardiac arrest ≥3 s (19, 26, 27).

A 24-h ECG was recorded with an ECG recorder (Mortara Instrument, Milwaukee, Wisconsin, USA) and coffee, tea, or other drugs and strenuous exercise were avoided during the 24-h ECG. The 24-h ECG results were automatically analyzed by Mortara software (Mortara H-Scribe 7.0, Milwaukee, Wisconsin, USA) to obtain the 24-h average HR after automatic analysis.



Statistical Analysis

All statistical analyses were performed using SPSS version 25.0 (IBM, New York, USA). The normality test of continuous variables was performed using the Shapiro–Wilk test. For data where both groups obeyed a normal distribution, the measured data were expressed as (x ± s) and the t-test was used to compare between the two groups. Non-normally distributed data were described as median (25th percentile, 75th percentile) and the differences between groups were compared using the Mann-Whitney U test. The categorical variables were described by frequency and constituent ratio, and comparisons between groups were made using chi-square tests.

To establish a scoring system for differential diagnosis, variables with a statistical difference of p < 0.05 in the univariate analysis of the comparison between the PPS and VVS groups were included in a binary logistic regression, and for clinical application, continuous variables were transformed into dichotomous variables using cut-off values extracted from receiver operating characteristic (ROC) curves. Each variable derived from the regression was given a score according to the approximate odds ratio (OR) values, and the total score of a patient was calculated by adding up the scores of all identified variables, forming a scoring model. The Hosmer-Lemeshow test was used to assess the goodness of fit of the discriminant model. The ROC curve was performed to assess the power of the above scoring model in the differential diagnosis and determine the optimal cut-off score based on the maximum Youden index. Finally, the sensitivity, specificity, and accuracy of the scoring model were evaluated in the differentiation between PPS and VVS in an external verification study. A p-value <0.05 was considered significant.




RESULTS


Demographic Features

In the training set, 183 and 50 children were included in the VVS and PPS groups, respectively. The two groups did not show any statistically significant difference in sex, age, resting HR, resting SBP, and resting DBP (p > 0.05). Children in the PPS group had a much higher BMI (21.0 kg/m2 vs. 17.7 kg/m2) and 24-h average HR (84.0 bpm vs. 81.0 bpm) than those in VVS group, and the differences were statistically significant (p < 0.01, Table 1).


Table 1. Comparison of the demographic characteristics between the VVS and PPS groups in training set.
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Comparisons of Clinical Features Between PPS and VVS Groups

There was no statistical difference in emotional stress (p = 0.097) and stuffy environment (p = 0.096) before syncopal episode between the two groups; while, the significant differences were found in other manifestations, including DLOC (p < 0.01), daily frequency of attacks (p < 0.01), upright posture (p < 0.01), precursors (p < 0.01), and family history of syncope (p < 0.05, Table 2).


Table 2. Clinical features of patients diagnosed with VVS and PPS groups in training set.
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The Cut-Off Value for Binary Classification of the Continuous Variables

Among the 7 variables showing statistical differences (p < 0.05) in comparison between PPS and VVS groups, including upright posture, DLOC, daily frequency of attacks, BMI, precursors, family history of syncope and 24-h average HR, there were 4 continuous variables (DLOC, daily frequency of attack, BMI and 24-h average HR) which were converted into dichotomous variables, respectively, for the ease of clinical application. The cut-off value, p-value, sensitivity and specificity of these continuous variables were shown in Table 3.


Table 3. The cut-off value for diclassification the continuous variables in training set.
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Building a Scoring Model to Identify PPS and VVS

Totally seven dichotomous variables were selected as independent variables for further logistic regression analysis using the backward conditional method, including upright posture (Yes/No), DLOC (≥9 min/ <9 min), daily frequency of attacks (≥twice/ < twice), BMI (≥20.5 kg/m2/ <20.5 kg/m2), precursors (Yes/No), family history of syncope (Yes/No) and 24-h average HR (≥93.0 bpm/ <93.0 bpm). Finally, four variables (upright posture, DLOC, daily frequency of attacks, and BMI) were determined as the independent variables to distinguish PPS from VVS. The statistical data of Hosmer-Lemeshow in each step did not show any significance (p > 0.05), suggesting that the goodness of fit was satisfactory.

According to the OR value of each independent variable, the score was assigned for each variable as follows (Table 4). (1) Upright posture: if there was no static upright posture as a predisposing factor before the TLOC event, four points were assigned, and otherwise, 0 point was assigned; (2) DLOC: if DLOC was ≥9 min, four points were assigned, and otherwise, 0 point was assigned; (3) daily frequency of attack: if daily frequency of attacks was ≥twice, 8 points were assigned, and otherwise, 0 point was assigned; and (4) BMI: if BMI was ≥20.5 kg/m2, 1 point was assigned, and otherwise, 0 point was assigned. The total score for the four variables was calculated for each patient in the PPS and VVS groups, respectively.


Table 4. Coefficients of binary logistic regression in training set.
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The power for differential diagnosis of the total score based on this model was assessed by the ROC curve. As a result, the area under the curve of the ROC was 0.965 (95% confidence interval: 0.945–0.986, p < 0.01). When the total score ≥5 points was used as the cut-off value for initial differentiation between pediatric PPS and VVS, its sensitivity was 92.0% and specificity was 90.7% for the diagnosis of PPS (Table 4; Figure 1).


[image: Figure 1]
FIGURE 1. ROC curve of the scoring model between VVS and PPS groups. The vertical and horizontal axes of the curve represent predictive sensitivity and positivity (1-specificity), respectively. The 45° slash indicates that the sensitivity is equal to the false positive rate, indicating no predictive value. The blue curve represents the ROC curve of the scoring model for the predictive value of the PPS. The AUC represents the predicted value for different cut-off values and it has a value of 0.965 (95% CI: 0.945–0.986; p < 0.01). ROC, receiver operating characteristic; PPS, psychogenic pseudosyncope; VVS, vasovagal syncope; AUC, area under the curve; CI, confidence interval.




External Validation

To verify the efficiency of the scoring model, total scores of the patients with a definite clinical diagnosis of PPS or VVS in the validation set were calculated. Patients with total scores ≥5 points or <5 points were suspected to be PPS or VVS, respectively, according to the scoring model (Table 5). The suspected diagnosis based on the scoring model was then compared with the patient's true definitive clinical diagnosis, and the sensitivity, specificity, and accuracy of the scoring model in distinguishing between PPS and VVS were calculated to be 73.7%, 93.0%, and 87.7%, respectively.


Table 5. Predictive values of scoring model in external validation set.
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DISCUSSION

PPS and VVS share many similar clinical characteristics, but they are completely different diseases. This study showed that there were significant differences between the two diseases in DLOC, daily frequency of attacks, upright posture, family history of syncope, precursors, BMI, and 24-h average HR. The scoring model for the preliminary discrimination between PPS and VVS by four variables (daily frequency of attacks, upright posture, DLOC, and BMI) was established through binary logistic regression. By assigning scores for the four variables according to the OR values, we determined the final model with a maximum total score of 17 points. When the total score of the child was ≥5 points, the sensitivity and specificity for the possible differentiation of PPS from VVS were 92.0% and 90.7%, respectively.

In this study, the daily frequency of attacks ≥twice had the highest weight (eight points) in indicating the diagnosis of PPS, followed by DLOC ≥9 min (four points) and onset without predisposing upright posture (four points). In other words, children with PPS were more likely to experience more than one event within 1 day and have a longer duration of each episode. The median of DLOC in the PPS group reached 20 min in this study. The difference in frequency and DLOC between PPS and VVS are closely related to their distinct pathogenesis. A PPS-like event can occur anytime and anywhere with or without psychological triggers, which may vary from person to person and the duration may also differ in length without the challenge of cerebral ischemia. As for VVS, the syncopal events often occur under specific inducement and the events are usually not that frequent (28). Although VVS is sometimes characterized by cluster attacks, the recurrences usually occur a few days later after the first episode (29). Regarding the posture as a predisposing factor of attacks, children in the VVS group were more likely to have an event while standing upright than those in the PPS group (90.2 vs. 26.0%, p < 0.01). VVS is an important form of acute orthostatic intolerance. When standing, the peripheral blood volume in the abdomen and lower limbs increases due to the gravity; therefore, when paradoxical vagal activation occurs in children with VVS during the adaptation to upright posture, a decrease in blood return volume causes a sharp drop in cardiac output, leading to syncope (28). In contrast, the mechanism for PPS attack is not directly related to the posture, and children with PPS may faint at any posture. Finally, BMI ≥20.5 kg/m2 was assigned as 1 point to cue the diagnosis of PPS. Some scholars found that children with VVS had a lower BMI than healthy controls (30). This may be due to the fact that children with low BMI have relatively lower blood volume, which may deteriorate orthostatic intolerance (31). However, the relationship between BMI and PPS is not clear. Collectively, the four variables derived from the binary logistic regression equation can reflect the distinct characteristics between pediatric PPS and VVS.

In the external validation, the sensitivity of the scoring model is not as high as that of the training set in our study. The reason may be the fact that BMI and clinical characteristics of children in different regions may not be that identical. In addition, the DLOC is difficult to be reported exactly because the duration is often estimated by the witness. Therefore, the large sample sizes and multicenter studies are still necessary to improve the efficiency of the discriminant model.

In the previous clinical differential diagnosis between PPS and VVS, no clinical manifestations are specific and the weight of each feature is not clear. Therefore, pediatricians can only analyze the clinical data and make judgment according to their own experiences. HUTT is an important examination to identify the causes of syncope, but as mentioned above, its value in distinguishing between PPS and VVS is limited (32).

In this present study, several features with the most distinguishing significance were analyzed, and these variables were quantified according to the weight assignment. By this scoring model, a rapid preliminary judgment between PPS and VVS can be made just through a simple inquiry of medical history and basic measurement of height and weight, which is highly practical and easy to be popularized. Of course, in the diagnostic procedure of TLOC, it is also necessary to identify other causes except for PPS and VVS. Nevertheless, the significance of this study is that, contrary to the relatively complex diagnostic procedure at present, doctors at different levels can obtain a preliminary judgment and make a more targeted investigation plan for children suffering from TLOC with the help of our scoring model. If the total score indicates PPS, the patient should be recommended to see the psychiatric specialists for further evaluation while screening for other physical diseases, to manage the patient in a more efficient and comprehensive way. While, if the total score suggests VVS, the patient should be recommended to have HUTT, etc. Therefore, the results of this study will be helpful to suggest reasonable referrals and optimize the differential diagnostic process in clinical practice. Furthermore, compared with the previous study (24), this scoring model, for the first time, used the clinical manifestations only instead of doing a variety of laboratory investigations at the initial diagnostic step, and the newly developed scoring model yielded relatively high sensitivity and specificity for differentiating PPS from VVS.

Our study also had some limitations. Children with VVS were unable to accurately describe the frequency and duration of syncope, and the information of syncopal attack was sometimes described by their family members or bystanders. In the training set, we included children aged 5–17 years, and in the validation set, we recruited the subjects aged 5–15 years, although the diagnostic criteria were kept the same. The study was a retrospective study, in which only hospitalized children were included. Therefore, prospective, multicenter and large sample-sized studies are still necessary to optimize this model. Nevertheless, in the present study, we developed a useful, easy-to-operate, and very inexpensive clinical characteristics-based scoring model for pediatricians to make a quick and initial differentiation between PPS and VVS in children.



CONCLUSION

This study developed a clinical manifestation-based scoring model to differentiate PPS from VVS, assisting in making a quick initial differential diagnosis. Further multicenter studies are still needed to improve the ability to differentially diagnose pediatric TLOC cases.
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Loss of m6A Methyltransferase METTL5 Promotes Cardiac Hypertrophy Through Epitranscriptomic Control of SUZ12 Expression
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Enhancement of protein synthesis from mRNA translation is one of the key steps supporting cardiomyocyte hypertrophy during cardiac remodeling. The methyltransferase-like5 (METTL5), which catalyzes m6A modification of 18S rRNA at position A1832, has been shown to regulate the efficiency of mRNA translation during the differentiation of ES cells and the growth of cancer cells. It remains unknown whether and how METTL5 regulates cardiac hypertrophy. In this study, we have generated a mouse model, METTL5-cKO, with cardiac-specific depletion of METTL5 in vivo. Loss function of METTL5 promotes pressure overload-induced cardiomyocyte hypertrophy and adverse remodeling. The regulatory function of METTL5 in hypertrophic growth of cardiomyocytes was further confirmed with both gain- and loss-of-function approaches in primary cardiomyocytes. Mechanically, METTL5 can modulate the mRNA translation of SUZ12, a core component of PRC2 complex, and further regulate the transcriptomic shift during cardiac hypertrophy. Altogether, our study may uncover an important translational regulator of cardiac hypertrophy through m6A modification.
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INTRODUCTION

The cardiac plasticity refers to the capability of the heart to remodel in response to environmental demands. One of the cardiac responses to mechanical or pathological stress is cardiac hypertrophy (1). Hypertrophic growth of cardiomyocytes, in which the size and contractile force of cardiomyocytes increase significantly, is one of the major cellular changes in response to stress. It has been well-studied that hypertrophic growth involves control of cardiomyocyte gene expression at multiple molecular levels (2, 3). Multiple signal transduction pathways, such as PI3K/AKT (4) and MAPK (5), and transcriptional factors, such as MEF2 (6), NFAT (7), and GATA4 (8), have been demonstrated to control the shift of transcriptome toward hypertrophy. Enhanced protein synthesis and sarcomere assembly are main features of hypertrophic growth of cardiomyocytes. The observation that transcriptome data deviate from mass spectrum data (9) indicates that translational control is a key step of regulating this cellular process. Recently, our study suggests that the increased quantity of ribosomes is one of the main contributors of enhanced protein synthesis in cardiomyocyte hypertrophy (10). However, how cardiac hypertrophy is controlled at the step of translation remains largely unknown.

Methylation is one of the well-known modifications in ribonucleic acid, including m6A, m5C, m1A, m7G, and m6Am (11). These modified nucleic acids widely exist in ribosomal RNAs, transfer RNAs, messenger RNAs and even some non-coding RNAs (12). Enzymes responsible for the dynamics of these RNA modifications have also been explored. For example, the METTL3/METTL14/WTAP protein complex is responsible for adding a methyl group to the targeted adenosine in RNAs (13, 14), whereas demethylases, such as FTO (15) and ALKBH5 (16), erase the existing m6A modification from RNA molecules. In addition, multiple proteins, including YTHDC1, YTHDC2, YTHDF1, YTHDF2, and YTHDF3, have been identified as “readers,” which recognize and bind to m6A-modifed RNAs, and promote different processes, such as mRNA export from nucleus, mRNA degradation and mRNA translation (17). Two m6A RNA modification readers, YTHDF1 and YTHDF3, have been shown to promote the translational efficiency of their target mRNAs by interacting with ribosome 40S and 60S subunits and translation initiation factor complex 3 (18, 19). These studies indicate m6A methylation could play an important role in regulating gene expression at the step of translation. Indeed, alteration of m6A methylation leads to the change of protein abundance in an mRNA-level-independent manner during heart failure (20). The importance of translational control in cardiac remodeling and cardiomyocyte hypertrophy indicates m6A RNA methylation dynamics is critical to the pathogenesis of cardiac disease. Supportively, recent work has demonstrated that manipulation of cardiac m6A modification level by either depleting m6A “writer” METTL3 (21) or overexpressing “eraser” FTO (22) regulates cardiac disease progression in different pathological conditions.

METTL5 is a methyltransferase containing a typical SAM-binding motif and a conserved m6A-catalyzing NPPF motif (23). Recent studies have demonstrated that METTL5 forms a complex with TRMT112 and catalyzes methylation of 18S rRNA m6A1832 (23– 25). METTL5 has been shown to regulate the differentiation of embryonic stem (ES) cells (24, 26) and the growth of cancer cells (27). Furthermore, mechanistic studies link the function of METTL5 to the regulation of mRNA translation by possibly fine-tuning the interaction between ribosome decoding center and translating mRNA through methylation of 18S rRNA (27). However, the functional role of METTL5 in cardiac physiology and pathology has not yet been studied. In this study, we take advantage of a genetic model, in which the function of METTL5 is abolished in a cardiomyocyte-specific manner, to study its function in the heart. We show that METTL5 promotes stress-induced cardiac hypertrophy mainly via regulating the translation of SUZ12 mRNA. Altogether, our study may uncover an important translational mechanism for maintaining the homeostats of heart cells via epitranscriptomic regulation.



RESULTS


The Expression Profile of METTL5 and Its Physiological Function in the Heart

Thus far, little is known about how N6-methyladenosine (m6A) modification of 18S rRNA at position A1832, which has been widely reported to be mediated by methyltransferase METTL5 (23–27), regulates cardiac physiology and/or pathology. To understand its function in the heart, we first examined its expression levels in different organs. Multiple mouse organs, including the heart, liver, lung, spleen, kidney, eye, brain and skeletal (Sk.) muscle, were collected from the neonatal (1 week) and adult (4.5 months) stages. METTL5 was detected as ubiquitously expressed in all tissues examined (Figure 1A). We then asked whether the expression level of METTL5 alters under pathological conditions. As a result, the expression level of METTL5 was reduced in Calcineurin transgenic (CnA-Tg) hearts but remained unaltered in transverse aortic binding (TAC)-induced cardiac hypertrophy (Figure 1B). In addition, the expression level of METTL5 in human samples collected from patients with heart failure was also tested (Supplementary Table 1). The mRNA and protein levels of METTL5 tended to decrease in the human failing hearts, respectively (Figures 1C,D).
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FIGURE 1. METTL5 expression profile and the generation of METTL5-cKO mouse. (A) Relative gene expression of METTL5 in different organs from 1 week and 4.5 months old mice by RT-PCR. n = 3 mice in each group. (B) Relative gene expression of METTL5 in TAC vs. Sham (n = 3 mice in each group) and CnA-Tg vs. WT (n = 4 mice in each group) mouse hearts by RT-PCR. (C) The protein level of METTL5 in control patient hearts (n = 3) and dilated cardiomyopathy (DCM) patient hearts (n = 6) by western blotting. β-tubulin srerves as a control. (D) Quantification of western blotting in panel C and the relative expression of METTL5 in control patient hearts (n = 3) and DCM patient hearts (n = 6) by RT-PCR. (E) Schematic of generation of METTL5 cardiomyocyte-specific knockout (METTL5-cKO) mouse. (F) The genomic view of reads in RNA-seq for METTL5 in the IGV browser.


METTL5 knockout (KO) mice were reported viable recently by our group and others (24, 26). Cardiac histological and transcriptomic analyses of 1-month-old METTL5-KO mice and their control littermates showed no obvious cardiac abnormality (Supplementary Figures 1, 2 and Supplementary Table 2), indicating that METTL5 is dispensable for heart development. To specifically study the function of METTL5 in cardiomyocytes in vivo, Myh6-Cre was crossed with METTL5fl/fl, in which exons 2, 3 and 4 are floxed, to generate the cardiac-specific METTL5 depleted (METTL5-cKO) mice (Figure 1E). The 3 months old METTL5-cKO mouse hearts showed no obvious abnormality by echocardiography and histological examination (Supplementary Figure 3 and Supplementary Table 3). Similarly, transcriptomic analyses only detected 28 genes with significant difference in METTL5-cKO hearts (Supplementary Table 4). Of note, the floxed exons 2–4 of METTL5 were almost undetectable in METTL5-cKO hearts, indicating that METTL5 was predominately expressed in cardiomyocytes (Figure 1F).



Cardiac-Specific Ablation of METTL5 Promotes Stress-Induced Cardiac Remodeling

In order to understand the function of METTL5 in cardiac remodeling, METTL5-cKO mice and control littermates were subjected to TAC surgery, which induced pressure overload in the left ventricle. As expected, echocardiographic examination showed significant increase in left ventricular posterior wall thickness (LVPW) without obvious chamber dilation and decrease in cardiac function in control mice at 4 weeks post-TAC (Figures 2A,B and Table 1). In contrast, loss of METTL5 promoted TAC-induced cardiac remodeling with progression to heart failure in the METTL5-cKO group, which was associated with significantly increased left ventricular internal dimension (LVID) and dramatic reduced fraction shortening (FS) (Figures 2B,C and Table 1). Hearts were collected at 4 weeks post-TAC after echocardiographic examination. The ratio of ventricular weight vs. body weight (Vw vs. Bw) and gross morphology consistently demonstrated the enlargement of METTL5-cKO hearts in the TAC group compared to that of the control hearts (Figures 2D,E). In addition, histological examination showed the obvious chamber dilation of METTL5-cKO TAC hearts (Figure 2F). Adverse cardiac remodeling and heart failure are often associated with increased cardiac fibrosis. Indeed, Sirius red/Fast green staining showed significantly increased fibrosis in TAC control hearts, which was further increased in METTL5-cKO TAC hearts (Figures 2G,H). In line with the further progression of cardiac remodeling in METTL5-cKO TAC group, Wheat Germ Agglutinin (WGA) staining indicated further hypertrophic growth of cardiomyocytes, which was evident by the cross area of cardiomyocytes, in METTL5-cKO TAC hearts compared to that of the control TAC hearts (Figures 2I,J).
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FIGURE 2. Cardiac-specific knockout of METTL5 in vivo promotes TAC-induced cardiac remodeling. (A–C) Left ventricular posterior wall thickness at end-diastole (LVPW;d), Left ventricular internal dimension at end-diastole (LVID;d), and Fractional shortening (FS) of TAC or sham operated METTL5-cKO and control mice at 4 weeks after surgery. N number (n > 4) for each group is indicated by the number of dots. (D) Representative images of gross morphology of METTL5-cKO and control hearts 4 weeks after TAC or sham operation. Scale bar = 5 mm. (E). Quantification of heart weight to body weight ratio (HW/BW) of METTL5-cKO and control mice 4 weeks after TAC or sham operation. N number (n > 4) for each group is indicated by the number of dots. (F) Representative images of H&E staining of METTL5-cKO and control hearts 4 weeks after TAC or sham operation. Scale bar = 1 mm. (G) Representative images of Fast green and Sirius red staining of METTL5-cKO and control hearts 4 weeks after TAC or sham operation. Scale bar = 1 mm. (H) The fibrotic area of images from Fast green and Sirius red staining is quantified. N number (n > 3) for each group is indicated by the number of dots. (I) Heart cross sections were stained with wheat germ agglutinin (WGA). Scale bar = 25 μm. (J) Cardiomyocyte cross-sectional area was quantified. More than 500 cardiomyocytes from five hearts are quantified for each group. (K–M) Relative gene expression of hypertrophy marker genes by RT-PCR. n = 4 mice in each group. N. Relative gene expression of fibrosis related genes by RT-PCR. n = 4 mice in each group. (O) Volcano plot of differentially expressed genes in METTL5-cKO and control hearts 4 weeks after TAC operation. (P) GSEA analysis of differentially expressed genes in METTL5-cKO and control hearts 4 weeks after TAC operation. (The unpaired T-test was used for 2-group comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).



Table 1. Echocardiography examination of METTl5-cKO mice and their control littermates with transverse aortic constriction (TAC) or sham operation at 4 weeks after surgery.
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Gene expression was detected to confirm the above observation. The expression levels of fetal genes, including Nppa, Nppb, and Acta1, which are often elevated in cardiac hypertrophy, were further increased in METTL5-cKO TAC hearts (Figures 2K–M). Similarly, the expression levels of genes related to fibrosis, such as Col1a1, Col3a1, Fn1, and Postn, were dramatically increased in METTL5-cKO group under stress (Figure 2N). RNA sequencing were further performed to monitor the globe shift of transcriptome. A total of 392 upregulated genes, including Nppa and Nppb, and 146 downregulated genes (|Log2 fold change|>1; p < 0.05) were detected (Figure 2O and Supplementary Table 5). GSEA analysis showed the activities of several cardiac hypertrophy-related KEGG pathways, such as cardiac muscle tissue development, cell growth, muscle tissue development and tissue remodeling, were enhanced (Figure 2P). Together, these data consistently demonstrated that the loss of METTL5 promoted cardiac remodeling induced by pressure overload.



METTL5 Mediates Hypertrophic Growth of Cardiomyocytes

Our data indicated that METTL5 was dominantly expressed in cardiomyocytes. We therefore suggested that METTL5 could regulate hypertrophic growth of cardiomyocytes in a cell-autonomous manner. The expression of METTL5 was knocked down in isolated neonatal rat ventricular cardiomyocytes (NRVM) (Figure 3A). Quantification of cell size indicated that loss-of-function of METTL5 promoted phenylephrine (PE)-induced hypertrophic growth of cardiomyocytes (Figures 3B,C). To confirm this observation, the detection of gene expression showed that knockdown of METTL5 further promoted the expression of hypertrophic marker genes, including Nppa, Nppb, and Acta1, in PE-treated NRVMs (Figures 3D–F). The enhanced levels of phosphorylation of ERK1/2 and S6 ribosomal protein are often connected to cardiac hypertrophy. Western blotting showed that the expression levels of both phosphorylated proteins were further elevated in the PE-treated METTL5 knockdown NRVMs (Figures 3G–J). On the contrary, we asked whether forced expression of METTL5 in NRVMs showed the opposite effect on hypertrophy. Indeed, forced expression of METTL5 with adenovirus repressed PE-induced hypertrophic growth in NRVMs as evident by the smaller cell size of Ad-METTL5-treated NRVMs (Figures 3K,L and Supplementary Figure 4). In addition, forced expression of METTL5 dramatically inhibited the induced expression of Nppa, Nppb, and Acta1 by PE treatment (Figures 3M–O). Collectively, these data demonstrated that METTL5 regulated the hypertrophic growth of cardiomyocytes.
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FIGURE 3. METTL5 promotes hypertrophic growth of cardiomyocytes in vitro. (A) qRT-PCR detecting the knockdown of METTL5 in neonatal rat ventricular cardiomyocytes (NRVMs) with siRNA. n = 3 in each group. (B) Representative images of immunostaining of NRVMs transfected with si-METTL5 or control siRNA (si-Ctrl) with or without PE treatment. α-actinin labels cardiomyocytes. DAPI marks nuclei. Scale bar = 50 μm. (C) Quantification of the size of cardiomyocytes in panel B. More than 200 cells are measured in each group. (D–F) Relative gene expression of hypertrophy markers in NRVMs transfected with si-METTL5 or si-Ctrl with or without PE treatment. n = 3 in each group. (G,H) Detection of the expression of phosphorylated and total ERK in NRVMs transfected with si-METTL5 or si-Ctrl with or without PE treatment by western blotting. Protein level is quantified and the ratio of phospho-ERK to total ERK is presented. n = 3 in each group. (I,J) Detection of the expression of phosphorylated and total S6 in NRVMs transfected with si-METTL5 or si-Ctrl with or without PE treatment by western blotting. Protein level is quantified and the ratio of phospho-S6 to total S6 is presented. n = 3 in each group. (K) Representative images of immunostaining of NRVMs transduced with Ad-METTL5 or control virus (Ad-GFP) with or without PE treatment. α-actinin labels cardiomyocytes. DAPI marks nuclei. Scale bar = 50 μm. (L) Quantification of the size of cardiomyocytes in (K) More than 200 cells are measured in each group. (M–O) Relative gene expression of hypertrophy markers in NRVMs transduced with Ad-METTL5 or Ad-GFP with or without PE treatment. n = 3 in each group. The unpaired T-test was used for 2-group comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.




SUZ12 Is a Key Regulator of METTL5-Medited Cardiac Phenotype

To explore the molecular mechanism downstream of METTL5 in cardiomyocytes, transcriptomic shift caused by gain- and loss-of-function of METTL5 in NRVMs were monitored by RNA sequencing followed by a series of analyses (Figure 4A). A total of 316 and 981 dysregulated genes (|Log2 fold change|>1; p < 0.05) were detected in si-METTL5 and Ad-METTL5 treated NRVMs under the stimulation of PE, respectively (Figure 4B and Supplementary Tables 6, 7). Analyses indicated that 52 dysregulated genes, including Nppa, Nppb, and Acta1, were overlapped but showed an opposite expression trend of dysregulation between Ad-METTL5 and si-METTL5 treated NRVMs (Figures 4C,D). Multiple key pathways of cardiac hypertrophy, such as Adrenegic signaling and MAPK signaling, were significantly altered in the KEGG analyses, that showed an opposite direction of alteration in si-METTL5 treated NRVMs vs. Ad-METTL5 treated NRVMs (Figure 4E). We further asked whether these dysregulated genes were controlled by one or more upstream regulators. Dysregulated genes from both datasets were subjected to upstream factor analysis with two independent algorithms, X2K (28) and Lisa (29). Excitingly, SUZ12, a core component of PRC2 complex, was the top hit of the list from both analyses (Figure 4F and Supplementary Figure 5). Given that PRC2 complex has been recently reported to participate in regulating cardiac hypertrophy (30, 31), our data could suggest that SUZ12 was a key upstream regulator mediating the METTL5-related cardiac phenotype observed above.
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FIGURE 4. Transcriptome analyses reveal SUZ12 as a key mediator of METTL5-regulated cardiac phenotype. (A) Schematic showing the experimental design and workflow of transcriptome analyses of siRNA and adenovirus-treated NRVMs under the stimulation of PE. (B) Hierarchical clustering of differentially expressed genes in groups of si-METTL5 vs. si-Ctrl and AdMETTL5 vs. AdGFP under the stimulation of PE. (|Log2FoldChange|>1, adjusted P-value < 0.05). (C) Venn diagram showing the overlap of upregulated- and downregulated-genes in groups of si-METTL5 vs. si-Ctrl and AdMETTL5 vs. AdGFP under the stimulation of PE, respectively. (|Log2FoldChange|>1, adjusted P-value < 0.05). (D) The genomic view of reads in RNA-seq for hypertrophic marker gene Nppa, Nppb in the IGV browser. (E) KEGG pathway enrichment analysis of dysregulated genes in groups of si-METTL5 vs. si-Ctrl and AdMETTL5 vs. AdGFP under the stimulation of PE (adjusted P-value < 0.05). (F) Upstream factor analysis by X2K of the top 500 dysregulated genes (|Log2FoldChange|>1, adjusted P-value < 0.05; ranking by adjusted P-value) in groups of si-METTL5 vs. si-Ctrl and AdMETTL5 vs. AdGFP under the stimulation of PE. The upstream factors were selected by Hypergeometric p-value < 0.05. The algorithm of independent hypothesis weighting (IHW) in DEseq2 was used for calculating the adjusted P-value of the RNA-seq data.




METTL5 Translationally Regulates the Expression of SUZ12

Next, we asked how METTL5 regulated the SUZ12-mediated signaling in cardiac hypertrophy. First, we carefully checked the transcript level of SUZ12 from transcriptome analyses of Ad-METTL5 and si-METTL5 treated NRVMs. To our surprise, no significant alteration of SUZ12 expression is found (Figures 5A,B). METTL5 is known to regulate mRNA translation via modifying nucleotide (m6A) in 18s rRNA (24, 27). Recently, METTL5-mediated translational control of differentiation regulator FBXW7 has been reported to play a key role in ES cell differentiation (32). Therefore, we suspected that METTL5 regulated the translational efficiency of SUZ12 mRNA in cardiac hypertrophy. Protein and mRNA expression of SUZ12 were detected in si-METTL5 treated NRVMs with PE induction. As a result, protein expression of SUZ12 was significantly decreased with no alteration of mRNA expression (Figures 5C,D), indicating that the translational efficiency of SUZ12 mRNA was repressed when expression of METTL5 was reduced (Figure 5E). On the contrary, gain-of-function of METTL5 promoted the translational efficiency of the SUZ12 mRNA, evidenced with the increased SUZ12 protein level without change in its mRNA expression level (Figures 5F–H). To validate the role of SUZ12 in METTL5-mediated inhibition of cardiac hypertrophy, we performed a rescue experiment by knocking down SUZ12 (Figure 5I). The expression of hypertrophic marker genes Nppa and Nppb, which was repressed by the overexpression of METTL5, was partially rescued by the SUZ12 knockdown (Figure 5J). Furthermore, the partial rescue effect in cardiac hypertrophy was also observed in the treatment of SUZ12/PRC2 inhibitors, EED226 and Boc-NH-C4-acid, during METTL5 overexpression (Figure 5K). Our data indicated that SUZ12 is an important regulator mediating the inhibitory function of METTL5 in cardiac hypertrophy. Mef2a and Mef2d are two major Mef2 family members expressed in the heart and key transcriptional factors for activating hypertrophy-related downstream genes (33, 34). Furthermore, PRC2 complex has been reported to regulate the expression of Mef2 family members (30). Therefore, we detected the expression of Mef2a and Mef2d in NRVMs with PE induction. As indicated, the expression levels of both Mef2a and Mef2d were significantly downregulated in NRVMs with forced expression of METTL5; while that of Mef2d was significantly increased after si-METTL5 treatment (Figure 5L). Taken together, our results suggested that the SUZ12(PRC2)-Mef2d axis could be critical in the regulation of cardiac hypertrophy by METTL5 mainly through modulating the translational efficiency of SUZ12 mRNA.
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FIGURE 5. METTL5 regulates the translation efficiency of SUZ12. (A,B) The genomic view of SUZ12 mRNA reads of RNA-seq of si-METTL5 vs. si-Ctrl and AdMETTL5 vs. AdGFP under the stimulation of PE in the IGV browser. (C) Detection of the expression of SUZ12 in si-METTL5 and si-Ctrl treated NRVCs under the stimulation of PE. GAPDH serves as control. (D) Quantification of SUZ12 protein level and qRT-PCR detection of the relative gene expression of SUZ12 in si-METTL5 and si-Ctrl treated NRVCs under the stimulation of PE. (E) The translation efficiency (TE) is presented by calculating the ratio between transcript level and protein level. n = 3 for each group. (F) Detection of the expression of SUZ12 in Ad-METTL5 and Ad-Ctrl treated NRVCs under the stimulation of PE. GAPDH serves as control. (G) Quantification of SUZ12 protein level and qRT-PCR detection of the relative gene expression of SUZ12 in Ad-METTL5 and Ad-Ctrl treated NRVCs under the stimulation of PE. (H) The translation efficiency (TE) is presented by calculating the ratio between transcript level and protein level. n = 3 for each group. (I) Detection and quantification of the knockdown of SUZ12 in Ad-METTL5 treated NRVCs under the stimulation of PE. GAPDH serves as control. n = 3 for each group. (J,K) Relative gene expression of hypertrophy markers in NRVMs treated with (H) si-SUZ12 or (I) SUZ12 inhibitors under Ad-METTL5 or Ad-GFP transfection with or without PE treatment. n = 3 in each group. (L) Relative gene expression of Mef2a and Mef2d in METTL5 knockdown and overexpression NRVCs and control cells under the stimulation of PE by RT-PCR. n = 3 in each group. The unpaired T-test was used for 2-group comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





DISCUSSION

Nowadays, heart failure is still a deadly disease without effective cure. The complexity of the gene regulatory network underlying the disease development and the lack of fully understood molecular mechanism prevent us from developing novel and effective therapies targeting heart failure. Transcriptional and translational regulation are two critical control steps in the central dogma. Huge amount of efforts have been spent on investigating the transcriptomic shift in the failing heart, giving important insights into key signaling pathways and transcriptional factors in regulating the disease progression. Moreover, the recent findings of m6A RNA modification connect the alteration of mRNA translational efficiency to heart failure, indicating the importance of translational control underlying the pathogenesis. However, little is known about how the key step of translation is regulated in the failing heart. In this study, we showed that METTL5 participated in the translational regulation of cardiac remodeling. Forced expression of METTL5 in cardiomyocytes repressed cardiac hypertrophy via modulating the translation of SUZ12 mRNA. In the future, investigation with a model using cardiac-specific overexpression of METTL5 in vivo should be carried out to test the therapeutic potential of controlling mRNA translation via METTL5 in delaying cardiac hypertrophy and the progression of heart failure.

METTL5 was ubiquitously detected in mouse organs, which was consistent with the expression data from Genotype-Tissue Expression Project (GTEx) in human. However, it was surprising to find that METTL5 was predominantly expressed in cardiomyocytes. This may suggest that METTL5 could mainly regulate the physiology and/or pathology of the heart. Although the decreased faction of polysome in the METTL5 loss-of-function system has been observed in several reports (24, 27), which indicates the translational efficiency of global mRNAs is affected; however, it seems that it is not entirely true when individual mRNA is evaluated. Ignatova et al. showed that only ~500 transcripts with altered ribosome occupancy without concordant changes in mRNA levels in METTL5-KO ES cells (24), and a portion of these transcripts was even increased in translational efficiency. Therefore, the affected gene target(s) responsible for the observed phenotype could be context-dependent. For example, the decreased translational efficiency of FBXW7 affected by the loss of METTL5 has been reported to be mainly responsible for promoting mouse ES cell differentiation (32). In this study, our data indicated that the enhanced cardiac hypertrophy was mainly mediated by the decreased translation of SUZ12 mRNA in METTL5-depleted cardiomyocytes. More tissues or cell types are warrant to be investigated for the loss-of-function of METTL5 to gain more information of its function of translational regulation in the future.

In summary, our study uncovered that METTL5 was a key regulator of cardiac hypertrophy, highlighting the importance of regulation at the step of mRNA translation during the development of heart disease. The SUZ12-controlled PRC2-mef2d axis was identified in this study as the main signaling cascade mediating the function of METTL5 in cardiac remodeling (Figure 6). In the future, further investigation should be carried out to dissect the detail mechanism to explain how translational regulation and epigenetic regulation are coupled in the gene regulatory network during the development of cardiac hypertrophy and heart failure.
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FIGURE 6. A proposed working model of METTL5 in cardiac remodeling.




MATERIALS AND METHODS


Human Samples

Left ventricular (LV) tissues were collected from patients with dilated cardiomyopathy (DCM) during heart transplantation performed in the First Affiliated Hospital, Sun Yat-sen University. In brief, diseased hearts were removed at the time of transplantation and LV tissue was subsequently dissected and snap-frozen. We used LV samples from not implanted healthy hearts to serve as controls (Supplementary Table 1). All the procedures followed the protocol approved by the First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China. All procedures conformed to the 1964 Helsinki declaration and its later amendments or comparable ethical standards.



Animal Studies

All experiments involving animals in this study were reviewed and approved by the Medical Ethics Committee of The First Affiliated Hospital, SunYet-sen University. Mice were housed under a 12 h light/dark cycle under pathogen-free conditions and with free access to standard mouse chow and tap water. This study conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th Edition, National Research Council, 2011). The METTL5-flox allele mice containing a floxed exon 2–4 of METTL5, which was engineered by CRISPR-mediated homologous recombination, was bred with αMHC-Cre mice (35) to generate cardiomyocyte-specific METTL5 knockout mice. Transverse aortic constriction (TAC) surgery was performed as previously described (36). 2–4% Isoflurane (in oxygen) was used for anesthetization and heating pad was used to maintain the mouse body temperature during the transverse aortic constriction surgery. Anesthesia of the mouse was performed with a nose cone delivering 2–4% Isoflurane in oxygen via small animal ventilator. The setting of ventilator was 110–120 breaths per min with a tidal volume of 0.1 mL under constant monitoring of the inspiratory pressure. At the end of the experiments, mice were killed with the intraperitoneal injection of an overdose of sodium pentobarbital (200 mg/kg).



Echocardiography Examination

Echocardiographic measurements of mice were performed using a Visual Sonics Vevo 2,100 Imaging System (Visual Sonics, Toronto, Canada) with an 18–38 MHz MicroScan transducer (model MS400). Heart rate and left ventricular (LV) dimensions, including diastolic and systolic wall thicknesses and LV end-diastolic and end-systolic chamber dimensions were measured from two dimensional (2D) short axis under M-mode tracings at the level of the papillary muscle. LV mass and functional parameters such as percentage of fractional shortening (FS%) and ejection fraction (EF%) were calculated using the above primary measurements and accompanying software.



Histology and Immunostaining

Mouse heart tissues were dissected out, rinsed with PBS, and fixed in 4% paraformaldehyde (pH 8.0) overnight. After dehydration through a series of ethanol baths, samples were embedded in paraffin wax according to standard laboratory procedures. Five micrometer sections were stained with H&E for routine histological examination with light microscope.

For Sirius red/Fast green staining, sections were fixed with pre-warmed Bouin's solution at 55°C for 1 h and then washed in running water. Sections were stained in 0.1% fast green solution for 10 min, then washed with 1% acetic acid for 2 min. After rinsing in tap water, sections were stained in 0.1% Sirius resolution for 30 min. After staining, sections were dehydrated and cleared with xylene. The images were examined with light scope and quantified with Image-Pro Plus software.

To quantify the cross-sectional area of cardiomyocytes, heart sections were deparaffined and stained with Wheat Germ Agglutinin (Alexa Fluor 594 Conjugate WGA; 1:200, Invitrogen) for labeling the cardiomyocyte membrane. Stained sections were examined with a fluorescence microscope (Zeiss; Imager.Z2), and the cross-sectional area of cardiomyocytes in the papillary muscles was quantified with ImageJ software.



qRT-PCR and Western Blot Analysis

Total RNAs were isolated using Trizol Reagent from cells and tissue samples. For qRT-PCR, 2.0 μg RNA samples were used for cDNA synthesis. In each analysis, 0.1 μL cDNA pool was used for qPCR. The relative expression of interested genes was normalized to the expression of GAPDH, β-actin or 18S. Primers for qRT-PCR were listed in Supplementary Table 8.

For western blotting analyses, tissue samples and cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing 1 mM PMSF and then denatured at 98°C for 10 min. Samples were subsequently analyzed by SDS-PAGE and transferred to 0.45 μm PVDF membranes. Blocking and blotting with primary antibodies were performed in Tris-buffered saline with Tween-20 (TBST), supplemented with 5 and 3% Bovine Serum Albumin (BSA), respectively. The antibodies used in this study included the following: ant-METTL5 (Proteintech; 16791-1-AP), anti-FLAG M2 (Sigma-Aldrich; F1804), anti-GAPDH (Cell Signaling Technology; cat #2118), anti-β-tubulin (Sigma-Aldrich; T0198), anti-phospho-Erk1/2 (Cell Signaling Technology; cat #4370), anti-total-Erk1/2 (Cell Signaling Technology; cat #4695), anti-phospho-S6 (Cell Signaling Technology; cat #4858), anti-total-S6 (Cell Signaling Technology; cat #2217), anti-SUZ12(Cell Signaling Technology; cat #3737). The membrane was incubated overnight at 4°C with the primary antibodies and washed three times with TBST buffer before adding horseradish peroxidase (HRP)-conjugated secondary antibodies. Specific protein bands were visualized using the Immobilon Western chemiluminescent HRP substrate (Millipore; WBKLS0500) by ImageQuant LAS4000 Mini (GE Healthcare).



METTL5 Expression Vector and Adenoviral Construction

The human METTL5 coding sequence was cloned into the adenoviral empty vector harboring the murine cytomegalovirus (mCMV). The shuttle vector and an adenoviral backbone plasmid, pAd-ΔE1E3, was then transfected in 293AD cells with PEI (1 mg/mL) to produce packed adenovirus. Subsequently, 293AD cells were transduced with adenovirus for viral amplification. Adenovirus was collected, purified and concentrated by gradient centrifugation with the ViraTrap Adenovirus Purification Miniprep Kit, according to the manufacturer's instructions (Biomiga; V1160).



Cardiomyocyte Culture

Neonatal rat ventricular cardiomyocytes (NRVCs) were prepared as previously described (37). Briefly, NRVCs were isolated from 1- or 2-day-old neonatal Sprague-Dawley rat hearts by repeated enzymatic dissociation. All isolated cells were pre-plated for 1 h to remove fibroblasts. Non-adherent cells were then plated on 0.5% gelatin-coated plates and cultured in DMEM high-glucose medium (Gibco) containing 10% fetal bovine serum, sodium pyruvate (1×), GlutaMAX (1×) and antibiotics. Cardiomyocytes were changed into serum-free medium after plating for 18 h and transduced with adenovirus for 24 h prior to hypertrophic agent PE (20 μM) treatment. Suz12/PRC2 inhibitors, EED226 (20 μM, HY-101117, MCE), and Boc-NH-C4-acid (50 μM, HY-W014099, MCE) were used in the PE treatment in the rescue experiments. The inhibitors were dissolved in DMSO and manipulated according to the manufacturer's instructions. For the treatment of siRNA, 50 nM siRNA targeting METTL5 or SUZ12 transcript and control siRNA (from GenePharma) was transfected into cardiomyocytes by using Lipofectamine RNAiMAX transfection reagent. 6 h later, media with transfection reagent were removed and cardiomyocytes were then treated with the hypertrophic agent PE (20 μM) by changing the PE-contained serum-free medium. Cells were harvested 24 h after PE treatment for RNA isolation or 48 h after PE treatment for immunochemistry and total proteins or 0.5 h for detection of phosphorylated protein.



Immunofluorescence Staining

Cardiomyocytes were washed with PBS three times and fixed with 4% PFA for 15 min. After washing with PBS, cells were then blocked with 3% BSA in PBS containing 0.1% TritonX-100 for 1 h, followed by incubation with anti-sarcomeric a-actinin (1:200; Abcam; ab9465) in blocking buffer for 2 h at room temperature. After three times wash with PBS, cells were incubated with anti-mouse secondary antibodies conjugated with Alexa 488 (1:1,000; Thermo Fisher Scientific; A-11029) or Alexa 594 (1:1,000; Thermo Fisher Scientific; A-11032), together with the nuclear stain DAPI (0.1 mg/mL; Sigma; D9542) in PBS for 1 h. Images ware captured using a fluorescence microscope (Olympus; IX71). The surface area of cardiomyocytes was quantified with ImageJ software.



RNA-Seq Data Analysis

Raw reads were aligned to the rat or mouse genome (Rattus_norvegicus.Rnor_6.0; Mus_musculus.GRCm38) using HISAT2 (38). We generated read counts using StringTie (v2.1.4) with default options (39). Differentially expressed gene was calculated using DESeq2 (40). To view the distribution of reads, the bam files were converted to bigwig format using deepTools (v.3.3.1) (41) and visualized with the Integrative Genomics Viewer (IGV).

The raw data of RNA-seq in this study were deposited in Gene Expression Omnibus (GEO) database of the National Center for Biotechnology Information (NCBI) (Accession: GSE186615).



Upstream Factor Analysis

The dysregulated genes in si-METTL5 (vs. si-Ctrl) and AdMETTL5 (vs. AdGFP) were analyzed with the parameter of |Log2FoldChange|>1 and adjusted P-value < 0.05. Two independent algorithms, X2K (7, https://maayanlab.cloud/X2K/) and Lisa (8, http://lisa.cistrome.org/), were used for upstream factor analysis, and top 500 dysregulated genes (ranking by adjusted P-value) were selected and subjected to analysis according to the instructions.



Statistics

Values are reported as mean ± SD unless indicated otherwise. For multiple group comparisons, a post-hoc Tukey's test was performed when ANOVA reached significance. In addition, the unpaired T-test was used for two-group comparisons. P-values < 0.05 were considered statistically significant.
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Heart failure is characterized by the inability of the heart to pump effectively and generate proper blood circulation to meet the body’s needs; it is a devastating condition that affects more than 100 million people globally. In spite of this, little is known about the mechanisms regulating the transition from cardiac hypertrophy to heart failure. Previously, we identified a cardiomyocyte-enriched gene, CIP, which regulates cardiac homeostasis under pathological stimulation. Here, we show that the cardiac transcriptional factor GATA4 binds the promotor of CIP gene and regulates its expression. We further determined that both CIP mRNA and protein decrease in diseased human hearts. In a mouse model, induced cardiac-specific overexpression of CIP after the establishment of cardiac hypertrophy protects the heart by inhibiting disease progression toward heart failure. Transcriptome analyses revealed that the IGF, mTORC2 and TGFβ signaling pathways mediate the inhibitory function of CIP on pathologic cardiac remodeling. Our study demonstrates GATA4 as an upstream regulator of CIP gene expression in cardiomyocytes, as well as the clinical significance of CIP expression in human heart disease. More importantly, our investigation suggests CIP is a key regulator of the transition from cardiac hypertrophy to heart failure. The ability of CIP to intervene in the onset of heart failure suggests a novel therapeutic avenue of investigation for the prevention of heart disease progression.
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INTRODUCTION

Heart failure (HF), characterized by insufficient cardiac output to meet the body’s needs, is generally believed to be a clinical consequence of cardiac remodeling. Pressure overload of the left ventricle induced by various clinical conditions, such as hypertension and aortic stenosis, triggers pathological cardiac remodeling (1). Indeed, clinical data revealed that hypertension is a major risk factor for the development of HF (2). Pathological changes of cardiac cells, including hypertrophic growth of cardiomyocytes, necrosis and apoptosis of cardiomyocytes, and activation of cardiac fibroblasts, are closely linked to cardiac remodeling (3, 4). A complex gene regulatory network is thought to control these cellular processes (5). Since the recognition that cardiac remodeling is a key process leading to the development of HF, the slowing or reversing of remodeling has become a goal of HF therapy (1). Therefore, fully understanding the underlying molecular mechanism of cardiac remodeling is a prerequisite for developing new HF therapies. Although several important signaling pathways, such as IGF (6, 7), TGF-beta (8, 9), Mitogen-activated protein kinases (10, 11), Calmodulin-Calcineurin signaling (12, 13), have been identified and well-studied in cardiac hypertrophy, a comprehensive understanding of the molecular mechanisms responsible for progression toward HF remains elusive.

Recently, we identified a striated muscle-enriched protein, CIP (14). CIP is predominately expressed in cardiomyocytes in the heart. Loss-of-function of CIP promotes pressure overload-induced cardiac remodeling and leads to premature HF in vivo through modulation of the FOXO1 signaling pathway (15). Human genetic studies revealed that mutation of the CIP gene is associated with human dilated cardiomyopathy (16). Interestingly, our recent study demonstrated the expression of CIP in skeletal muscle plays an important role in regulating nucleus positioning in multinucleated muscle fibers (17). Although overexpression of CIP inhibits hypertrophic growth of cardiomyocytes (14), whether CIP is able to inhibit or even reverse cardiac remodeling after disease status has been established remains unanswered. In this study, we show how CIP expression is regulated in cardiomyocytes and diseased human hearts. Furthermore, we demonstrate that CIP inhibits cardiac remodeling and protects the heart from HF after cardiac hypertrophy has been established, providing evidence of a role for CIP in cardiac hypertrophy and HF treatment.



RESULTS


Cardiac Transcription Factor GATA4 Binds to the Promotor of Cardiac ISL1-Interacting Protein and Regulates Its Expression

Cardiac ISL1-interacting Protein (CIP) (14) or Muscle-enriched A-type Lamin-Interacting Protein (MLIP) (18) has been previously identified as a striated muscle-enriched gene. In the heart, CIP is dominantly expressed in cardiomyocyte cells. However, transcriptional factor(s) that control the expression of CIP in cardiomyocytes have not yet been investigated. Genome-wide binding sites for multiple cardiac transcriptional factors, including GATA4, Tbx5, Nkx2-5, Mef2A, and SRF, have been carefully investigated (19). Binding sites for GATA4, Tbx5, and Nkx2-5 were detected in the promotor region of CIP (Figure 1A). Knock-down of GATA4 alone or both GATA4 and mef2a decreased the expression of CIP in cardiac cells (Supplementary Figure 1), indicating GATA4 is a key transcriptional factor for the expression of CIP. To determine whether CIP is directly regulated by GATA4, we generated luciferase reporters controlled by a series of CIP promotor sequence variants, each of which contains the GATA4-binding sequences detected by previous CHIP-seq assay (19). In transient cell-based luciferase assays, all CIP-Luc reporter variants were responsive to GATA4 transactivation. The 554bp CIP-Luc reporter construct, containing a proximal GATA4 binding sequence, was the most responsive one in the assay, indicating a functional GATA4 enhancer located in this binding sequence (Figure 1B). Four putative GATA4 binding motifs, which are evolutionarily conserved, were found in 554 bp CIP promotor fragment (Figure 1C). To determine which of the binding motifs were functional, we generated three mutant variants of the 554 bp CIP-Luc reporter that contained mutant versions of motifs 1 and 2, motif 3, and motif 4, respectively. The results of the luciferase assay revealed that mutations in motif 3 and motif 4, but not motif 1 and 2, decreased the responsivity of 554 bp CIP-Luc reporter to GATA4 transactivation (Figure 1D), suggesting motif 3 and motif 4 are functional GATA4 binding motifs in CIP promotor. Therefore, our data demonstrated that GATA4 is a key transcriptional factor regulating the expression of CIP in cardiomyocytes.


[image: image]

FIGURE 1. GATA4 regulates the expression of cardiac ISL1-interacting protein (CIP). (A) Distribution of reported binding sequences for cardiac transcriptional factors around the transcriptional starting site of CIP gene in a genome browser. Red arrows indicate GATA4 binding sequences. (B) Luciferase reporter assay of reporters with full length or truncated CIP promotors with or without GATA4 activation. Orange bars indicate potential GATA4 binding sites. (C) Conservation of potential GATA4 binding motifs in mammalian, which are shown in red letters. Asterisks indicate the conserved nucleotides. (D) Luciferase reporter assay of reporters with full wildtype or mutant CIP promotors with or without GATA4 activation. Orange boxes indicate potential GATA4 binding motifs. Boxes with cross indicate mutant motifs.




Decreased Expression of Cardiac ISL1-Interacting Protein Correlated With Dysregulated Oxidative Phosphorylation Pathway Activity in Diseased Human Hearts

In order to further investigate the relevance of CIP in human cardiac diseases, we collected a total of 194 RNA-seq datasets based on analyses of human heart tissue from the NCBI public database, including 53 non-failing heart samples (NF), 28 hypertrophic cardiomyopathy samples (HCM), 40 ischemic cardiomyopathy samples (ICM), and 73 dilated cardiomyopathy samples (DCM). After normalizing the data from different batches, we found that expression of CIP was significantly decreased in all groups of diseased hearts, while cardiac disease markers, NPPA and NPPB, were significantly upregulated (Figure 2A). Furthermore, the downregulation of CIP in human DCM hearts was further confirmed by Western blotting analysis (Figure 2B). Next, we examined the data to detect genes co-expressed with CIP to define a potential CIP-based gene regulation network. Human genes were divided into multiple modules based on the Spearman correlation coefficient score of genes, then the module containing CIP was further subjected to KEGG pathway analysis. Pathways related to “Parkinson disease,” “oxidative phosphorylation,” “Huntington disease,” and “metabolic pathways” were on the top of the list (Figure 2C). Given that we focused on cardiac disease in this study, our data suggest that CIP was involved in the regulation of OXPHOS pathway. OXPHOS-related genes with the strongest correlation coefficient, including ATP5PF, SDHB, SDHA, etc., are illustrated in a Circos plot (Figure 2D). Together, our data from this genome-wide analyses of human diseased hearts suggest CIP plays an important role in human heart disease by regulating oxidative phosphorylation in cardiomyocyte.


[image: image]

FIGURE 2. Cardiac ISL1-interacting protein expression is down-regulated in diseased human hearts. (A) Relative gene expression indicated by log counts per million (CPM) from disease human heart RNA-seq data. N number for each group is show. The significance between each category of heart disease and control was tested with 1-way ANOVA with post hoc Tukey’s test and shown. (B) Western blotting detecting the expression of CIP in human hearts with dilated cardiomyopathy (DCM) and controls. GAPDH served as loading control. The significance between groups was tested with 1-way ANOVA with post hoc Tukey’s test. **P < 0.01. (C) The ranking of enriched KEGG pathways in the gene set having strong expression correlation coefficient with CIP, which is determined by Spearman correlation coefficient (SCC). SCC between CIP and individual genes genome-wide from 194 human hearts was calculated. Pathways were ranked by the adjusted P value. (D) The expression of CIP has strong expression correlation coefficient with oxidative phosphorylation (OXPHOS) related genes in human heart (p = 6.77 × e10– 13). OXPHOS genes with SCC > 0.4 are shown in Circos plot. The color of line linked between CIP and each gene indicates the expression correlation coefficient. A darker line suggests a stronger expression correlation coefficient.




Cardiac Overexpression of Cardiac ISL1-Interacting Protein Protects the Heart From Disease Progression to Heart Failure

In a previous study, we reported that overexpression of CIP in the heart before cardiac stress inhibited the stress-induced cardiac mal-remodeling (15). In order to test the therapeutic potential of CIP in interfering the progression of adverse cardiac remodeling, we performed transverse aortic constriction (TAC) surgery, which induced ventricular pressure overload, on an inducible cardiac-specific CIP overexpressing mouse model (Rosa26-CIP-flox; Myh6-MerCreMer, and CIP-OE mice). Mice were administrated Tamoxifen to induce the cardiac-specific overexpression of CIP 2 weeks after TAC surgery (Supplementary Figure 2). The establishment of cardiac remodeling was confirmed at 2 weeks after TAC as indicated by the echocardiography examination of the left ventricular posterior wall (LVPW; Figures 3A,B and Table 1). Cardiac parameters were measured at 2 and 8 weeks post-surgery by echocardiography (Table 1). Compared to the sham-operated group, the ventricular wall became thicker and the ventricular chamber was dilated in control mice when the stress was prolonged (Figures 3A,C). As expected, their cardiac function reflected by fraction shortening (FS) decreased significantly, indicating disease progression to heart failure (Figures 3A,D). In contrast, overexpression of CIP in the heart during stress significantly repressed the thickening of the ventricular wall and chamber dilation. More importantly, cardiac function was preserved by CIP overexpression during the prolonged stress (Figures 3A–D).
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FIGURE 3. Cardiac-overexpression of CIP preserves cardiac function during the disease progression toward heart failure. (A) Representative echocardiographic images from indicated group at 8 weeks after operation. (B) Left ventricular posterior wall thickness at end-diastole (LVPW;d), (C) Left ventricular internal dimension at end-diastole (LVID;d) and (D) Fractional shortening (FS) of CIP-OE mice and their control littermates with TAC or Sham operation determined by echocardiography at 2 weeks (2w) and 8 weeks (8w) after operation. N number for each group is show. The significance between groups was tested with 1-way ANOVA with post hoc Tukey’s test. *P < 0.05; **P < 0.01.



TABLE 1. Echocardiography examination of cardiac ISL1-interacting protein (CIP)-OE mice and their control littermates with transverse aortic constriction (TAC) or sham operation at different time points after surgery.

[image: Table 1]
Mice were sacrificed at 8 weeks post-surgery for cardiac tissue collection. Consistent with echocardiographic data, significant adverse cardiac remodeling was induced by pressure overload in control mice, which was indicated by the ratio of ventricular weigh vs. body weight (Vw vs. Bw) and histological examination (Figures 4A,B). Overexpression of CIP in the heart resulted in a smaller heart under pressure overload. Consistently, cardiomyocyte size, indicated by its cross area determined by Wheat Germ Agglutinin (WGA) staining, was significantly larger in the control group after TAC but became smaller when CIP was overexpressed (Figure 4C). Heart failure is often accompanied with increased cardiac fibrosis. Sirius red/Fast green staining showed less cardiac fibrosis in CIP-OE hearts under cardiac stress compared to the control group (Figure 4D). We further examined the molecular markers for cardiac disease and fibrosis, including NPPA, NPPB, ACTA1, and FBN1. The induction of these marker gene expression by cardiac stress was significantly repressed by the CIP overexpression (Figure 4E). Together, all these data demonstrated that cardiac overexpression of CIP after the pathological remodeling has been initiated is able to inhibit disease progression and protect the heart from failure.
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FIGURE 4. Cardiac ISL1-interacting protein inhibits cardiac remodeling in the transition from cardiac hypertrophy to failure. (A) The ratio of ventricle weight vs. body weight of CIP-OE mice and their control littermates at 8 weeks after TAC or sham operation. N number of each group is shown. (B) Haematoxylin Eosin (H&E) staining of hearts from CIP-OE mice and their control littermates at 8 weeks after TAC or sham operation. Bars = 1 mm. (C) Fast green and Sirius red staining of hearts from CIP-OE mice and their control littermates at 8 weeks after TAC or sham operation. The fibrotic area was quantified. Bars = 1 mm. (D) Wheat germ agglutinin staining detecting the cross area of cardiomyocytes in TAC- or sham-operated CIP-OE hearts and littermate controls. The size of cardiomyocyte was quantified. Bars = 40 μm. (E) qRT-PCR detection of expression of cardiac fibrosis and heart disease marker genes in TAC- or sham-operated CIP-OE hearts and littermate controls. N = 4 for each group. The significance between groups was tested with 1-way ANOVA with post hoc Tukey’s test. *P < 0.05; **P < 0.01.




The Protective Function of Cardiac ISL1-Interacting Protein Is Mediated by IGF and mTORC2 Signaling Pathways

In order to investigate the potential mechanism of the protective effect of CIP in cardiac remodeling, we carried out unbiased transcriptome profiling with hearts of CIP-OE mice at 8 weeks post-surgery by performing RNA-seq. In total, 444 genes, including CIP, were significantly up-regulated, while 792 gene were significantly down-regulated in CIP-OE hearts (fold change > 1.5, p < 0.05; Figure 5A). A hierarchical clustering heatmap revealed that the dysregulation of these genes was induced by TAC surgery in the control group but rescued by the overexpression of CIP in stressed hearts (Figure 5B). In order to further characterize this subset of genes, 1,236 dysregulated genes were subjected to GO term analysis. Consistent with what we had found in human diseased hearts, genes related to “Mitochondrion” and “Oxidative phosphorylation” were enriched in the down-regulated genes (Figure 5C). To gain more information of the gene regulation network, we further searched for upstream regulators of these dysregulated genes using Ingenuity Pathway Analysis (IPA). Several regulators, including IGF1R (p = 7.27e-8; Figure 5D), Rictor (a core component of mTORC2, p = 6.25e-14; Figure 5D) and TGFB1 (p = 4.76e-7; Supplementary Figure 3), were showed in the top list. It is worth noting that the IGF1R was reported to modulate the activity of FoxO1 through regulating AKT, which is consistent with our previous report that CIP regulated pathological cardiac remodeling through the FoxO1/CnA signaling cascade (15). Dysregulation of downstream targets for IGF1R from IPA analysis, including TGFB1, BAX, CEBRA, CEBRB, COX6A2, COX8B, DES, NDUFA1, and NDUFB9, as well as several downstream targets for Rictor and TGFB1 were further confirmed by qRT-PCR (Figure 5E). All these data suggested that the inhibitory function of CIP on the progression of adverse cardiac remodeling was mediated, at least in part, by IGF and mTORC2 signaling pathways.
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FIGURE 5. IGF1R and mTORC2 signaling pathways mediates the function of CIP in cardiac protection. (A) A volcano plot of all detected genes in RNA-seq. Each dot represent one gene and the blue dots indicate dys-regulated genes in TAC-CIP-OE hearts comparing to TAC-Ctrl hearts. (B) A hierarchical clustering heatmap of 1,236 dys-regulated genes in all groups. (C) Gene ontology analysis of 444 up-regulated (p < 0.05) and 792 down-regulated (p < 0.05) genes in TAC-CIP-OE hearts. The GO terms are ranked by the adjusted P values. (D) Ingenuity Pathway Analysis (IPA) of upstream regulators of dys-regulated genes in CIP-OE heart after 8 weeks of TAC operation. Genes in green indicate their expression in CIP-OE heart is down-regulated. Genes in red indicate their expression in CIP-OE heart is up-regulated. Blue lines indicate that the dysregulation of upstream regulator lead to the down-regulation of the downstream genes, which is consistent with reported data; Red lines indicate that the dysregulation of upstream regulator lead to the up-regulation of the downstream genes, which is consistent with reported data. Yellow lines indicate that the gene regulation is inconsistent with reported data. Gray lines indicate the unknown gene regulation; (E) qRT-PCR validation of dys-regulated genes downstream of IGF1R, Rictor or TGF1B. N = 3 for each group. The significance between groups was tested with 1-way ANOVA with post hoc Tukey’s test. *P < 0.05; **P < 0.01.





DISCUSSION

Although it has been recognized for a long time that the progression from cardiac hypertrophy to heart failure is detrimental, how this transition process is regulated remains largely unknown. Exploring a new regulator and associated molecular mechanisms connected to this disease progression will promote the development of new therapeutic approaches for heart failure. We have previously identified a striated muscle-enriched expressed gene, CIP, and showed it participated in the modulation of cardiac disease (14, 15). More and more genetic evidences indicate that CIP is a critical gene associated with human muscular diseases, both cardiac and skeletal ones. An exonic mutation of CIP gene was reported to associate with human dilated cardiomyopathy (16). Recently, loss-of-function of CIP induced by DNA mutations was demonstrated to cause myopathy with hyperCKemia in human (20, 21). CIP is specifically expressed in cardiomyocyte in the heart, but the regulatory mechanism of CIP’s expression remains unclear. Here, we reported that GATA4, a key cardiac transcriptional factor, binds to the promotor of CIP and regulates its expression. Interestingly, GATA4 was shown to be upregulated in human failing hearts (22), and its expression decreases in response to the treatment of left ventricular assist device (LVAD) in heart failure (23), indicating other regulatory factors exist for CIP expression control. Significantly, CIP was shown to be down-regulated in various human heart diseases at both the mRNA and protein levels, indicating CIP plays an important regulatory role in the pathogenesis of human heart diseases and could be a target for reversing the adverse effects of the remodeling process and remodeling itself, thereby preventing heart failure.

The molecular mechanism of CIP’s function in protecting the heart was further explored in this study. Several key upstream regulators, including IGF1R, Rictor and TGFB1, were identified. Previously, we showed that CIP regulates the activity of a key cardiac remodeling regulator, Calcineurin, through FoxO1 (15). Here, we found that CIP regulated the activity of IGF1R, an upstream regulator of FoxO1 (24, 25) and played an important role in cardiac hypertrophy (26). Rictor, a core component in mTORC2 (27), displayed increased expression levels in CIP-overexpressing hearts, indicating activation of mTORC2. Indeed, activation of mTORC2 shows a cardioprotective effect in stressed hearts (28). TGFB1, which showed decreased expression in stressed CIP-overexpressing hearts, seems to be another key factor mediating CIP’s function. Although TGFB1 has been widely demonstrated to regulate cardiac fibrosis in heart disease (29, 30), it was also shown to regulate the hypertrophic growth of cardiomyocytes through TAK1 (9). Interestingly, TGFB1 stimulates mitochondrial oxidative phosphorylation in non-cardiomyocytes (31). Consistently, the decreased expression of TGFB1 is coincident with the pattern of down-regulation of “oxidative phosphorylation” genes in the heart when CIP was overexpressed in our study. Indeed, we showed that CIP has a strong expression correlation coefficient with “oxidative phosphorylation” genes in human cardiac samples. In addition, our recent study indicated that CIP modulates oxidative stress by regulating CnA-NFAT-Nox4 signaling cascade in dystrophic cardiomyopathy (32). Further study is required to further dissect how CIP regulates this gene network before it can be pursued as a therapeutic approach for heart failure.

Previously, we demonstrated that CIP functions as a stress sensor and inhibited pathological hypertrophy from base line (15). This observation is a good sign that CIP has the potential for clinical application; however, we often face patients who have already developed severe cardiac sequelae in the hospital. To explore the potential of CIP in this situation, we induced cardiac-specific overexpression of CIP after a disease model of cardiac hypertrophy was established. Our data demonstrated that CIP significantly delayed disease progression and pathological cardiac remodeling, as well as protecting the heart from heart failure during prolonged stress; however, the overexpression could not reverse the hypertrophy. The results suggests that the CIP protein has great therapeutic potential in the treatment of cardiac disease progression toward heart failure. In the future, cardiac CIP overexpression mediated by adeno-associated virus (AAV), which has been well established for transgene expression in the heart and proposed for clinical study (33, 34), should be tested to further support this potential.



MATERIALS AND METHODS


Human Samples

Left ventricular (LV) tissues were collected from patients with end-stage heart failure during heart transplantation performed in the First Affiliated Hospital, Sun Yat-sen University. In brief, diseased hearts were removed at the time of transplantation and LV tissue was subsequently dissected and snap-frozen. We used LV samples from not implanted healthy hearts to serve as controls (Supplementary Table 1). All the procedures followed the protocol approved by the First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China.



Mice

Cardiac ISL1-interacting Protein-KI-flox mice were generated in a previous study (15). CIP-KI-flox mice, which have a Rosa-CIP allele (the stop codon is present and floxed) were bred with aMHC–Mer–Cre–Mer mice to obtain CIP-OE (CIP-KI-flox; aMHC–Mer–Cre–Mer) mice. Tamoxifen was administrated through intraperitoneal injection to activate the expression of Cre recombinase and the excision of the stop codon for the ectopic expression of CIP transgene in the heart in CIP-OE mice. CIP-KI-flox littermates were used as controls.



Measurement of Cardiac Function by Echocardiography

Echocardiographic measurements were performed on mice using a Visual Sonics Vevo® 2100 Imaging System (Visual Sonics, Toronto, ON, Canada) with a 40 MHz MicroScan transducer (model MS-550D). Mice were anesthetized with isoflurane (2.5% isoflurane for induction and 0.1% for maintenance). Heart rate and LV dimensions, including diastolic and systolic wall thicknesses, LV end-diastolic and end-systolic chamber dimensions were measured from 2-D short-axis under M-mode tracings at the level of the papillary muscle. LV mass and functional parameters such as percentage of fractional shortening (FS%) and ejection fraction (EF%) were calculated using the above primary measurements and accompanying software.



Transverse Aortic Constriction Operation

Mice were anesthetized with isoflurane (3–4% isoflurane for induction, 1–2% isoflurane for maintenance). The chest was shaved and cleaned with alcohol. A suture was placed around the front upper incisors and pulled taut so that the neck was slightly extended. The tongue was retracted and held with forceps, and a 20-G catheter was inserted into the trachea. The catheter was then attached to the mouse ventilator via a Y-shaped connector. Ventilation was performed with a tidal volume of 220–240 μl for a 25–30 g mouse and a respiratory rate of 130–140 breaths per min. 100% oxygen was provided to the inflow of the ventilator. The chest was opened through a left 2nd intercostal thoracotomy. The 26-G needle without its sharp tip was put on the ascending aorta. They were tightly ligated together using 7-0 Nylon suture (Ethicon, Edinburgh, Scotland) at the position between brachiocephalic artery and left common carotid artery, and the 26-G needle was removed immediately after ligation. In the sham operation, no ligation was performed. Isoflurane was stopped, and the lungs were slightly overinflated to assist in removal of air in the pleural cavity. Dissected intercostal space and chest skin were closed using 6-0 silk suture (Ethicon, Edinburgh, Scotland). All manipulations were performed by an operator without knowledge of genotype.



Haematoxylin and Eosin Staining and Fast Green/Sirius Red Collagen Staining

Mouse heart tissues were dissected from the animals, rinsed with PBS and fixed in 4% paraformaldehyde (pH 8.0) overnight. After dehydration through a series of ethanol baths, samples were embedded in paraffin wax according to standard laboratory procedures. Sections of 5 μm were stained with haematoxylin and eosin (H&E) for routine histological examination with light microscope. For Sirius red/fast green collagen staining sections were fixed with pre-warmed Bouins’ solution, 55°C for 1 h then washed in running water. Sections were stained in 0.1% fast green solution for 10 mins then washed with 1% Acetic acid for 2 mins. After rinsing in tape water, sections were stained in 0.1% Sirius resolution for 30 mins. After staining, sections were dehydrated and cleared with Xylene. The images were examined with light scope and quantified with ImageJ software.



Quantitative RT-PCR and Western Blot Analysis

Total RNAs were isolated using Trizol Reagent (Life Technologies, Carlsbad, CA, United States) from cells and tissue samples. For Quantitative RT-PCR, 2.0 μg RNA samples were reverse-transcribed to cDNA by using random hexamers and MMLV reverse transcriptase (Life Technologies) in 20 μl reaction system. In each analysis, 0.1 μl cDNA pool was used for quantitative PCR. The relative expression of interested genes is normalized to the expression of ACTB or PRKG1. Primers used in this study were listed (Supplementary Table 2). For Western blot analyses, tissue homogenate were cleared by 10,000 × g centrifugation for 10 min. Samples were subsequently analyzed by SDS/PAGE and transferred to PVDF membranes that were incubated with 5% non-fat dry milk in TBST and Anti-CIP (1:2,000, 21st Century Biochemical, Marlboro, MA, United States) or Anti-GAPDH (1:5,000, Proteintech, Rosemont, IL, United States) overnight at 4°C and then washed three times with TBST buffer before adding IgG secondary antibody. Specific protein bands were visualized through chemiluminescent detection.



Constructs, Cell Culture, and Luciferase Reporter Assays

HEK293T cells were cultured in DMEM supplemented with 10% FBS in a 5% CO2 atmosphere at 37°C. Wildtype, mutant or truncated CIP promoter sequences were cloned into multiple cloning sites of the pGL3-Basic vector (Promega, Madison, WI, United States) to generate CIP-Luc reporters used in this study. The indicated combinations of CIP-Luc reporter, pRL Renilla reporter (internal control) and GATA4 construct were transfected into HEK293T cells with PEI reagents. Forty Eight hours after transfection, cell extracts were prepared and luciferase activity was determined. For dual-luciferase assay, normalized firefly luciferase expression from triplicate samples in 12-well plates relative to renilla luciferase expression was calculated.



Mouse Heart RNA-Seq Data Analyses

Total RNAs from mouse heart were used to perform RNA-seq in BGI Genomics (Wuhan, China). RNA-seq reads were mapped to mouse genome mm10 by STAR and reads counts were calculated with FeatureCounts. Expression analysis was run in RStudio. DESeq2 was employed to perform statistical analysis of differential gene expression. An adjusted P value of 0.05 were used as cutoff to identify differentially regulated genes. Volcano plot were performed with the ggplot2 library. Hierarchical clustering heatmap was made with the pheatmap library. The raw data of RNA-seq in this study were deposited in Gene Expression Omnibus (GEO) database of the National Center for Biotechnology Information (NCBI) (Accession: GSE194149).



Human Heart RNA-Seq Data Collection and Analyses

Human diseased heart RNA-seq data, including GSE57344, GSE71613, GSE116250, GSE46224, GSE108157, GSE55296, GSE120836, and GSE130036, were downloaded from NCBI database. Gene-level quantification were calculated by featureCounts-v1.6.3. To perform strand-specific reads counting, the strand type (non-strand, stranded, reversely stranded) of each sample was inferred from sorted bam file using infer_expriment.py (3.0.0). Then we provided featureCounts with strand type information to calculate read counts of every gene in each sample and merged the quantification results together to make an expression matrix for differential gene expression analysis. Differential gene expression analysis was performed using DESeq2-1.24.0. The design matrix in DESeq2 model was written as “∼series + gender + phenotype” to adjust the differences between data series and gender. Only differential expressed genes with FDR < 0.05 and log2FoldChange >0.25 identified by DESeq2 were kept. Then, we applied the classic weighted correlation network analysis (WGCNA) algorithm for co-expression analysis. The R implementation of WGCNA (version: 1.68) was used in our study.



Statistics

Values are reported as means ± SEM unless indicated otherwise. Statistical significance was determined with ANOVA. For multiple group comparisons, a post hoc Tukey’s test was performed when ANOVA reached significance. Values of P < 0.05 were considered statistically significant.
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Ischemic heart disease is one of the biggest threats to human life in the world. Reperfusion therapy is an effective strategy to reduce infarct size and ischemic injury. However, reperfusion process may cause secondary myocardial injury which is defined as ischemia-reperfusion injury (IRI). Exploring potential therapeutic strategy to attenuate IRI is extremely important. Danlou tablet (Dan), a Chinese herbal compound consisting of ten herbs, has been identified to be protective for the heart. However, the mechanism of Dan-induced cardioprotection after acute reperfusion was unelucidated. In this study, to investigate the role and mechanism of Dan in myocardial IRI, we performed acute IRI modeling in mice and oxygen-glucose deprivation–reperfusion (OGD/R)-induced apoptosis in primary neonatal rat cardiomyocytes (NRCMs). We found that Dan had protective effect against acute IRI in mice, as evidenced by reduced infarct size, TUNEL-positive cardiomyocytes (CMs), and Bax/Bcl2 ratio and cleaved-caspase 3/caspase 3 ratio in vivo. Meanwhile, Dan inhibited OGD/R-induced apoptosis of NRCMs in vitro. Mechanistically, Dan could activate proliferator-activated receptor gamma (PPARγ) in both IRI hearts and OGD/R-stressed NRCMs, while inhibition of PPARγ attenuated the protective effect of Dan against IRI in vivo and OGD/R-induced CM apoptosis in vitro. These data reveal that Dan attenuates acute myocardial IRI and CM apoptosis through activating PPARγ. Our findings may extend the knowledge of Chinese medicine and provide potential strategy for the precise treatment of ischemic heart diseases.
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INTRODUCTION

Cardiovascular disease (CVD), especially ischemic heart disease, is one of the biggest killers to human life worldwide (1, 2). Percutaneous coronary intervention (PCI)–reperfusion therapy is an effective strategy to rescue ischemic injury and to reduce the risk of death (3, 4). Nevertheless, reperfusion can cause secondary myocardial injury in the patients undergoing PCI therapy (5). This sudden myocardial reperfusion after ischemia can induce a series of pathological processes, such as oxidative stress, Ca2+ overload, altered mitochondrial function, DNA strand breaks, and cell damages, which is termed as ischemia-reperfusion injury (IRI) (6–8). Prolonged myocardial IRI may further develop cardiac remodeling and even heart failure, which severely influences clinical prognosis (9).

Ischemia-reperfusion injury-induced cardiomyocyte (CM) apoptosis has been attracting an increasing attention in the past years, and exploring potential therapeutic medicine to rescue IRI is extremely important. To date, several potential molecules or targets are identified effective to attenuate IRI. For example, exendin-4, a glucagon-like protein-1 receptor agonist, was found to protect myocardium against IRI in rats (10). Noncoding RNAs, microRNA (miR)-486, was reported to be downregulated upon IRI, while increasing miR-486 can relieve IRI and myocardial apoptosis (11). Long noncoding RNA (lncRNA) CPhar was identified to be induced by exercise training, whose upregulation can protect against IRI (12). Recently, it was reported that inhibition of acid sensing ion channel 1a can recover cardiac function after IRI (13). Absolutely, increasing studies have been performed to explore an appropriate method to protect the heart against IRI. However, the potential role and biological mechanism of Chinese traditional medicine is poorly explored in IRI therapy.

Danlou tablet (Dan), a Chinese proprietary medicine, has been used for angina pectoris treatment (14). From 2012, scientists and doctors tried to investigate the protective roles of Dan in heart. It was found that Dan can improve cardiac function in swine with coronary disease (15). Later, Dan was identified effective to attenuate arrhythmia in rats (16), peri-procedural myocardial injury (17), and atherosclerosis (18), etc. In addition, Dan can attenuate hypoxia-induced dyslipidemia (19) and reduce inflammation induced by high fat in vivo (20). Increasing evidence has demonstrated that Dan plays protective roles in coronary heart diseases. Interestingly, it was reported that Dan may protect myocardium against IRI in vivo (21). However, the functional role and molecular mechanism of Dan in CMs upon IRI was largely not elucidated.

To investigate the mechanism of Dan attenuating acute IRI, we built in vivo and in vitro models using mice and primary neonatal rat CMs (NRCMs), respectively. For exploring the downstream target and pathway of Dan, pharmacological inhibition strategy was used in this study. To reveal the mechanism of Dan in IRI may extend the knowledge of Chinese medicine and provide new strategy for precise treatment of ischemic heart diseases.



MATERIALS AND METHODS


Animals and IRI Modeling

Male C57BL/6J mice (8 weeks old) were purchased from Charles River (Beijing, China) and were housed in a specific pathogen-free atmosphere. To investigate the effect of Danlou tablet in IRI, Dan was dissolved with saline (70 mg/ml, ultrasonic for 1 h) and was administrated to mice by gavage at a dose of 700 mg/kg/d for 2 consecutive weeks before acute IRI modeling. The control mice were administrated with equal volume of saline. Then, myocardial IRI was induced by ligating the left anterior descending artery for 30 min followed by reperfusion for 24 h according to the previous study (22). To study whether peroxisome proliferator-activated receptor gamma (PPARγ) mediated the function of Dan in IRI, mice were intraperitoneally injected with PPARγ inhibitor T0070907 (Selleck, S2871) at a dose of 1 mg/kg/d in the presence of Dan treatment. All animal experiments were approved by the Ethics Committee of Shanghai University and performed in accordance with the guidelines.



2,3,5-Triphenyl Tetrazolium Chloride (TTC) Staining

To evaluate the effect of Dan on the infarct size after acute IRI, TTC staining was performed after 24 h of reperfusion. Briefly, 1 ml of Evans blue (1% in phosphate-buffered saline) was injected into the left ventricle, and the heart was sliced to 1-mm-thick tissue sections and stained with TTC. The homogeneity of modeling was assessed by calculating the ratio of area at risk to left ventricle weight (AAR/LV), and the infarct size of heart was assessed by the ratio of infarct size/area at risk (INF/AAR).



Primary NRCM Isolation and Treatment

Left ventricles were freshly harvested from neonatal Sprague-Dawley rats (1–3 days old) and minced into 1-mm2 small pieces on ice. Primary NRCMs were digested using Collagenase II (Gibco, 17101015) and Pancreatin from porcine pancreas (Sigma, P3292) and isolated using Percoll (GE healthcare, 17-0891-01) centrifugation (23). NRCMs were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum and 10% horse serum for further experiments. To explore the effect of Dan on CM apoptosis, NRCMs were treated with 50 μg/ml of Dan for 48 h followed by oxygen-glucose deprivation–reperfusion (OGD/R) modeling. To inhibit the activity of PPARγ in NRCMs, two PPARγ inhibitors GW9662 (10 μm, Selleck, S2915) and T0070907 (1 μm, Selleck, S2871) were used to treat NRCMs for 24 h in vitro, respectively.



Oxygen-Glucose Deprivation–Reperfusion

To induce OGD/R model, NRCMs were cultured in serum-free and glucose-deprived DMEM medium under oxygen deprivation atmosphere at 37°C for 8 h. Then, the cells were cultured with NRCM culture medium under normal oxygen condition for 12 h. The OGD/R-driven cells were divided into negative control group (vehicle), Dan group (Dan), GW9662 (or T0070907) group, and Dan+GW9662 (or T0070907) group. The control group was not undergoing OGD/R.



TUNEL Staining

To reveal CM apoptosis in vivo and in vitro, TdT-mediated dUTP nick end labeling (TUNEL) staining complemented with α-actinin immunostaining was performed. Briefly, to assess CM apoptosis in mice, heart tissues were harvested after acute IRI for 24 h and embedded into optimal cutting temperature compound (OCT) for subsequent frozen section. The 10-μm-thick heart sections or primary cultured NRCMs were fixed by 4% paraformaldehyde and stained with TUNEL FITC Apoptosis Detection Kit according to the manufacturer's instructions (Vazyme, China). Immunostaining for α-actinin (Sigma, A7811) was performed to label CMs. Finally, sections were incubated with Hoechst for 20 min at room temperature before fluorescence imaging. The percentage of TUNEL-positive CMs was calculated to determine apoptosis in mice hearts upon IRI or in NRCMs upon OGD/R modeling.



Western Blot

NRCMs or heart tissues were homogenized in RIPA lysis buffer complemented with 1% PMSF for 30 min at 4°C and subsequently centrifuged at 12,000 g for 20 min. Then, protein supernatants were obtained and added with loading buffer to boil for 10 min. A total of 10 to 30 μg proteins were used to perform western blot as previously reported (24). Primary antibodies for Bax (Abclonal, A0207), Bcl-2 (Abclonal, A2845), caspase 3 (Cell Signaling, 9662), and PPARγ (Abclonal, A0270) were used, respectively. GAPDH or β-actin was used as an internal control.



Reverse Transcription Quantitative PCR

Total RNA was isolated from mouse heart tissues or NRCMs using TRIzol RNAiso Plus Kit (TaKaRa) and then reverse-transcribed to cDNA using RevertAid First Strand cDNA Synthesis Kit (Thermo K1622). The mRNA levels were analyzed by quantitative PCR (qPCR) using TaKaRa SYBR Premix Ex Taq™ (Tli RNaseH Plus, Japan) on Roche LightCycler480 PCR System. The primers used were as follows: mmu-PPARγ (5′-3′ forward and reverse) CGAGAAGGAGAAGCTGTTG and TCAGCGGGAAGGACTTTA; rno-PPARγ (5′-3′ forward and reverse) GGGAGTTCCTCAAAAGCC and TTCACGTTCAGCAAGCC; 18s (5′-3′forward and reverse) TCAAGAACGAAAGTCGGAGG and GGACATCTAAGGGCATCAC. The 18s was used as internal controls.



Statistical Analysis

All data in this study were analyzed using SPSS software version 20.0 or GraphPad Prism 8.0 software and were reported as mean ± standard deviation (SD). Student's t-test (two-sided) was used for two independent group comparisons. One-way ANOVA followed by Bonferroni or Dunnett's T3 test was used for comparisons among 3 groups. Two-way ANOVA followed by Tukey's correction was performed for more than 3 group comparisons. A p < 0.05 was considered statistically significant.




RESULTS


Dan Protects Against Acute Myocardial IRI in vivo

To investigate the potential role of Dan on the heart, mice were undergoing IRI modeling for 24 h followed by TTC staining to evaluate the infarct size. There is no significant difference in AAR/LV ratio between IRI and Dan/IRI group, which demonstrates that a stable IRI modeling was constructed in this study. Interestingly, administration of Dan significantly reduced INF/AAR ratio after acute IRI (Figure 1A), which indicates that Dan protected mice against IRI-induced myocardial injury. To evaluate whether Dan is associated with IRI-induced CM apoptosis, TUNEL staining and apoptotic proteins were assessed in heart tissues. TUNEL/α-actinin staining showed that Dan significantly reduced IRI-induced CM apoptosis (Figure 1B). Consistent with TUNEL data, western blot experiments showed that IRI increased pro-apoptotic markers Bax/Bcl2 ratio and cleaved-caspase 3/caspase 3 ratio, while Dan attenuated their increase induced by IRI (Figures 1C,D). These data provided in vivo evidence that Dan exerts a protective effect against acute myocardial IRI and CM apoptosis.


[image: Figure 1]
FIGURE 1. Dan protects mice against acute myocardial ischemia-reperfusion injury in vivo. (A) Adult male mice were administrated by gavage with 700 mg/kg/d of Dan or equal volume of saline for 2 consecutive weeks followed by acute IRI modeling. TTC staining was performed at 24 h after IRI. The ratio of AAR/LV was determined for the homogeneity of modeling, and the ratio of infarct area/area at risk (INF/AAR) was determined for the infarct size (n = 6 vs. 8). (B) Representative images and quantification results of TUNEL/α-actinin staining were shown for myocardial apoptosis of mice (n = 6). Scale bar = 100 μm. (C,D) Western blot analysis for apoptotic-associated proteins in heart tissues, including Bax and Bcl2 (C) and cleaved-caspase 3 and total caspase 3 (D) (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.




Dan Attenuates OGD/R-Induced CM Apoptosis

To further evaluate the effects of Dan on CM apoptosis in vitro, primary NRCMs were isolated and used to mimic IRI in vitro. During myocardial ischemia stress, hypoxia stress is usually accompanied with an alteration of glucose metabolism in the myocardium. Thus, we used the deprivation and reperfusion of both oxygen and glucose in cultured CMs in vitro in order to better mimic myocardial I/R injury in vivo in our study. TUNEL staining and pro-apoptotic protein markers were performed to assess the efficiency of OGD/R modeling. Notably, OGD/R caused significant increase in TUNEL-positive CMs (Figure 2A), and increased Bax/Bcl2 ratio and cleaved-caspase 3/caspase 3 ratio (Figure 2B). These data demonstrated that we successfully constructed OGD/R-induced CM apoptosis model in vitro. Then, we treated NRCMs with Dan for 48 h to investigate the functional role of Dan on OGD/R-induced CM apoptosis. Under basal condition, treatment with Dan did not influence CM apoptosis, while it attenuated ODG/R-induced increase in TUNEL-positive CMs (Figure 2C). Western blot showed that Dan treatment did not influence the Bax/Bcl2 ratio or caspase 3 cleavage at baseline, but reduced the Bax/Bcl2 ratio and cleaved-caspase 3/caspase 3 ratio in CMs upon OGD/R stress (Figure 2D). All these data indicate that treatment with Dan can effectively protect CMs against OGD/R-induced apoptosis.


[image: Figure 2]
FIGURE 2. Dan attenuates oxygen-glucose deprivation–reperfusion-induced CM apoptosis in vitro. (A) Primary NRCMs were submitted to oxygen-glucose deprivation–reperfusion (OGD/R) modeling to induce apoptosis. TUNEL/α-actinin staining was performed to assess CM apoptosis (n = 4). Scale bar = 100 μm. (B) Western blot analysis for apoptotic-associated proteins in OGD/R-induced apoptosis of NRCMs (n = 3). (C) TUNEL/α-actinin staining for OGD/R-induced apoptosis of NRCMs in the presence or absence of Dan treatment (n = 6). Scale bar = 100 μm. (D) Western blot analysis for apoptotic-associated proteins in OGD/R-induced apoptosis of NRCMs in the presence or absence of Dan treatment (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.




Dan Prevents CM Apoptosis Through Activating PPARγ

Multiple evidence showed that PPARγ was involved in IRI not only in myocardium (25) but also in liver (26). Reduced PPARγ expression or activity is associated with aggravated IRI. To assess whether PPARγ is involved in the cardioprotective roles of Dan after IRI, we first examined PPARγ expression level in heart tissues. We observed that IRI significantly downregulated PPARγ in the heart, while Dan reversed IRI-induced PPARγ reduction at both mRNA and protein level (Figures 3A,B). To further investigate whether PPARγ is involved in Dan-induced cardioprotection, we also assessed PPARγ expression in OGD/R-induced CM apoptosis model and performed functional rescue experiments in vitro. Our data showed that Dan treatment caused an increase in PPARγ mRNA and protein levels in NRCMs after OGD/R modeling (Figures 3C,D). To block the activity of PPARγ, we chose two PPARγ inhibitors (GW9662 and T0070907) to observe the change of CM apoptosis in OGD/R model. In OGD/R-induced CM apoptosis model, Dan treatment reduced TUNEL-positive CMs, while Dan co-treatment with GW9662 reversed this change in NRCMs (Figure 3E). In addition, the protective effect of Dan against OGD/R-induced CM apoptosis was also abolished by Dan co-treatment with T0070907 (Figure 3F). These data indicate that PPARγ activation is necessary to mediate the protective effect of Dan against OGD/R-induced CM apoptosis.


[image: Figure 3]
FIGURE 3. Dan prevents CM apoptosis through activating PPARγ in vitro. (A,B) RT-qPCR [(A), n= 6] and western blot [(B), n= 6] for PPARγ in mice heart tissues of myocardial ischemia-reperfusion injury (IRI) in the presence or absence of Dan treatment. (C,D) RT-qPCR [(C), n= 6] and western blot [(D), n= 3] for PPARγ in oxygen-glucose deprivation–reperfusion (OGD/R)-induced apoptosis of NRCMs in the presence or absence of Dan treatment. (E,F) TUNEL/α-actinin staining for OGD/R-induced apoptosis of NRCMs treated with PPARγ inhibitors, GW9662 (E) or T0070907 (F), in the presence or absence of Dan treatment (n = 6). Scale bar = 100 μm. *p < 0.05; **p < 0.01; ***p < 0.001.




Dan Prevents Acute Myocardial IRI Through Activating PPARγ in vivo

To further investigate whether PPARγ mediates the cardioprotective effects of Dan in vivo, we performed functional rescue experiments using PPARγ inhibitor T0070907 in Dan-treated IRI mice. Mice were randomly arranged into four groups, which include vehicle+IRI, Dan+IRI, T0070907+IRI, and Dan+T0070907+IRI. TTC staining was performed to evaluate the infarct size after acute IRI modeling for 24 h. As shown in Figure 4A, Dan effectively reduced the INF/AAR ratio compared to vehicle-treated IRI group. Interestingly, co-treatment with Dan and T0070907 attenuated the protective effect of Dan in reducing the infarct size in IRI mice (Figure 4A). Next, we also performed apoptotic analysis via TUNEL staining and western blot. Compared to Dan-treated IRI group, co-treatment with Dan and T0070907 caused increased TUNEL-positive CMs (Figure 4B), as well as increased Bax/Bcl2 ratio and cleaved-caspase 3/caspase 3 ratio (Figures 4C,D). Consistent with these results, Dan treatment was able to increase PPARγ protein level in heart tissues, while PPARγ inhibitor T0070907 attenuated Dan-induced PPARγ expression (Figure 4E). These data demonstrate that PPARγ activation is also necessary to mediate the protective effect of Dan against acute IRI and myocardial apoptosis in vivo.


[image: Figure 4]
FIGURE 4. Inhibition of PPARγ attenuates Dan-induced cardioprotection in acute myocardial ischemia-reperfusion injury in vivo. (A) Adult male mice were intraperitoneally injected with T0070907 (1 mg/kg/day) or vehicle controls and administrated by gavage with 700 mg/kg/d of Dan for 2 consecutive weeks followed by myocardial ischemia-reperfusion injury (IRI) modeling for 24 h. TTC staining was performed at 24 h after IRI. The ratio of AAR/LV was determined for the homogeneity of modeling, and the ratio of infarct area/area at risk (INF/AAR) was determined for the infarct size (n = 7). (B) Representative images and quantification results of TUNEL/α-actinin staining were shown for myocardial apoptosis of mice (n = 6–7). Scale bar = 100 μm. (C,D) Western blot analysis for apoptotic-associated proteins in heart tissues, including Bax and Bcl2 (C) and cleaved-caspase 3 and total caspase 3 (D) (n = 6). (E) Western blot for PPARγ in mice IRI heart tissues administrated with T0070907 or vehicle in the presence or absence of Dan treatment (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001.





DISCUSSION

In this study, we explored the potential role of Dan in acute cardiac IRI and myocardial apoptosis and further investigated the mechanism of Dan-induced cardioprotection. Our findings reveal that Dan protects against acute cardiac IRI and myocardial apoptosis, while PPARγ inhibition prior to IRI attenuates Dan-induced cardioprotection in vivo and in vitro, which demonstrates that Dan prevents acute myocardial IRI through activating PPARγ (Figure 5). We revealed the mechanisms of Dan-induced cardioprotective role in IRI, which may extend our knowledge of Dan in reducing IRI and provide a potential strategy for IRI treatment.


[image: Figure 5]
FIGURE 5. Danlou tablet protects against acute myocardial ischemia-reperfusion injury and reduces CM apoptosis through activating PPARγ.


Dan is a complex with ten kinds of ingredients, which includes Allium macrostemon Bunge, Radix Puerariae, Salvia miltiorrhiza Bunge, and Paeoniae Radix Rubra, etc. Increasing evidence has shown that Dan plays important roles in improving coronary heart diseases (27), such as atherosclerosis (18) and myocardial injury (17). However, the mechanisms of Dan-induced cardioprotection need to be illustrated. To date, some studies showed that Dan can attenuate oxidative redox state and inflammatory reaction to regulate cardiac homeostasis. For example, a recent study reported that Dan significantly improved chronic stable angina through reducing circulating inflammatory factors (interleukin-6/IL-6, interleukin-10/IL-10, and tumor necrosis factor-α/TNF-α, etc.) and regulating gut microbiota (28). Another study showed that Dan treatment inhibited inflammation in high-fat diet-induced atherosclerosis via suppressing nuclear factor kappa-B (NF-κB) signaling pathway (20). Furthermore, administration of Dan reduced infarct area through inducing endothelial and inducible nitric oxide synthase production in rat model (29). Of interest, the involvement of PPARγ in Dan-induced cardioprotection has not been investigated in the past years.

In this study, we first demonstrated that Dan had protective effect against acute cardiac IRI. We provided direct evidence that Dan could attenuate CM apoptosis both in vivo and in vitro. We further revealed that Dan treatment can activate PPARγ in the IRI hearts and OGD/R-stressed CMs. Using PPARγ inhibitors in vivo and in vitro, we demonstrated that PPARγ inhibition attenuated the protective effect of Dan in acute cardiac IRI and CM apoptosis, which indicates that PPARγ was involved in the cardioprotection of Dan upon IRI. These data suggest that Dan may be a potential activator of PPARγ, whose usage may deserve further investigations in other PPARγ-associated diseases.

Peroxisome proliferator-activated receptor gamma, an important transcription factor, is involved in multiple physiological and pathological processes such as cell differentiation, glucose–lipid metabolism, and endothelial function (30). Increasing evidence has revealed the effect of PPARγ in CVDs. For example, PPARγ was found to be involved in doxorubicin (Dox)-induced acute cardiac injury in mice, whose inactivity blocked miR-128-3p inhibition-triggered protection upon Dox injury (31). Inhibiting PPARγ by GW9662 can abolish piperine-induced cardioprotection in cardiac fibrosis model (32). Furthermore, PPARγ has been proved to be beneficial for the heart, whose activation or upregulation can attenuate diabetic cardiomyopathy (33), atherosclerosis (34), hypertension (35), and heart failure (33, 36). It is widely accepted that aerobic exercise is protective for the heart (37, 38). Of note, PPARγ is also involved in exercise-induced cardioprotection (39). Therefore, PPARγ is considered as a therapeutic target in CVDs such as atherosclerosis and heart failure, and its activators have been tried to be used as potential strategy for CVD treatment. For example, rosiglitazone (RGZ) has been widely used in type 2 diabetes therapy (30). However, whether and how PPARγ activation can be applicated to treat cardiovascular-related diseases need more clinical trials.

In conclusion, our findings reveal that Dan can protect myocardial tissue against acute IRI via activating PPARγ in vivo and in vitro and demonstrate that Dan is a potential activator of PPARγ in reducing myocardial apoptosis. This study may extend our knowledge of Chinese medicine and provide new strategy for the precise treatment of ischemic heart diseases.
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Background: Infection during hospitalization is a serious complication among patients who suffered from acute myocardial infarction (AMI) undergoing percutaneous coronary intervention (PCI); however, there are no suitable and accurate means to assess risk. This study aimed to develop and validate a simple scoring system to predict post-AMI infection in such patients.

Methods: All patients with ST-segment elevation myocardial infarction (STEMI) undergoing PCI consecutively enrolled from January 2010 to May 2016 were served as derivation cohort, and those from June 2016 to May 2018 as validation cohort, respectively. The primary endpoint was post-AMI infection during hospitalization, and all-cause death and major adverse cardiovascular events (MACE) were considered as secondary endpoints. The simplified risk model was established using logistic regression. The area under the receiver operating curve and calibration of predicted and observed infection risk were calculated.

Results: A 24-point risk score was developed, with infection risk ranging from 0.7 to 99.6% for patients with the lowest and highest score. Seven variables including age, Killip classification, insulin use, white blood cell count, serum albumin, diuretic use, and transfemoral approach were included. This model achieved the same high discrimination in the development and validation cohort (C-statistic:0.851) and revealed adequate calibration in both datasets. The incidences of post-AMI infection increased steadily across risk score groups in both development (1.3, 5.1, 26.3, and 69.1%; P < 0.001) and validation (1.8, 5.9, 27.2, and 79.2%; P < 0.001) cohort. Moreover, the risk score demonstrated good performance for infection, in-hospital all-cause death, and MACE among these patients, as well as in patients with the non-ST-elevation acute coronary syndrome.

Conclusion: This present risk score established a simple bedside tool to estimate the risk of developing infection and other in-hospital outcomes in patients with STEMI undergoing PCI. Clinicians can use this risk score to evaluate the infection risk and subsequently make evidence-based decisions.

Keywords: risk score, infection, ST-elevation myocardial infarction, percutaneous coronary intervention, observational study


INTRODUCTION

Infection during hospitalization is a severe complication among patients with acute myocardial infarction (AMI) (1, 2), which increases mortality risk, prolongs hospital stay, and drives up costs (3, 4). Considering these growing concerns, infection prevention is one of the highest priorities for healthcare payers and providers. Since a substantial proportion of infection is considered preventable, it is urgent to accurately and efficiently identify the risk of infection in patients with AMI and to develop an intervention for infection prevention.

Several mortality risk scores have been proposed for patients with ST-segment elevation myocardial infarction (STEMI) to date (5, 6), however, few of them have been validated for the post-AMI infection prediction. Although some other risk scores were developed to predict infection after cardiac surgery (7, 8), no study has established a simplified scoring model yet to estimate an individual patient’s risk of infection in patients with STEMI after cardiac catheterization. Therefore, we aimed to develop and validate a simple-to-use risk model to identify patients with STEMI at risk of post-AMI infection.



MATERIALS AND METHODS


Study Population

The patient population used to develop this risk score (development cohort) consisted of the eligible patients enrolled in Guangdong Provincial People’s Hospital between January 2010 and May 2016. All patients with STEMI underwent PCI via radial, femoral, or both approaches, while patients with both accesses were classified as those with femoral assess, and patients with implantation of intra-aortic balloon pump (IABP) were also included. According to the same criteria, the population used for the validation (validation cohort) included those enrolled between June 2016 and May 2018, with complete data compared to the development cohort. Additionally, the patients screened in accordance with the criteria in other research centers were included for external validation. To widen the extent of application, this risk model was also validated among patients with the non-ST-elevation acute coronary syndrome (NSTE-ACS) treated with PCI in our recent publication (9).

Other details of the patients, study design, treatment and procedure, and outcome definitions have been addressed in our previously published protocol (10). Clinical data including patient demographics, laboratory tests, procedural details, medical treatments, and clinical outcomes were collected from the medical records. Vital variables (such as clinical events) were double-checked, and inconsistent data were verified by a third researcher. All clinical adverse events were evaluated by an independent clinical events committee blinded to the research.



Study Endpoints

The primary endpoint was the occurrence of a P-AMI infection during hospitalization, which was defined as the infection requiring antibiotics (reflecting the clinical influence of infection compatible with the necessity for additional treatment) (11). Besides, the infection was determined using ICD-10-CM codes. The types of infections included pulmonary infection, urinary infection, or other infections including abdominal sepsis, primary bacteremia, and unidentified primary infection site based on the clinical records. Other details were reported in the published protocol (10). The secondary endpoints were in-hospital all-cause death, and major adverse cardiovascular events (MACE) including stroke, all-cause death, target vessel revascularization, and recurrent myocardial infarction.



Sample Size

As for sample size determination, the concept of events per variable (EPV) of 10 or greater was applied as previously reported (12). Considering that no more than 8 factors were included in the development model, at least 80 infections were required. Our development dataset comprised 296 infections, and the value of events per variable was 42.3 (296/7).



Statistical Analysis

Categorical variables were expressed as number (percentage) and continuous variables were expressed as mean ± SD, as appropriate. We chose a backward stepwise logistic regression model to develop the risk score. All listed candidate predictors (Supplementary Table 1) were included to develop the risk score, while variables with ≥ 10% missing values were excluded. And for those with incomplete data, we assumed that patients with the missing data ≤ 5% occurred at random depending on the clinical variables and used multiple imputations. Besides, a bootstrap method was applied to pick out the best subset of risk factors.

The predictive accuracy was evaluated using both discriminations evaluated by the C-statistic, and calibration assessed by the Hosmer-Lemeshow χ2 statistic and calibration plot. We performed the external and subgroup validation (older, sex, anemia, diabetes, and chronic kidney disease in the development and validation cohorts) to further measure the risk score’s stability. Additionally, we compared the discrimination of the present model with other risk scores previously reported using the area under the receiver operating characteristic (13–15). To assess the utility of the risk score, we conducted the decision curve analysis. A higher net benefit across the whole range of clinically applicable and acceptable probability thresholds indicated better clinical values (16). Other detailed information of the statistical analysis has been previously published (10).

All analyses were performed with SAS (version 9.4, SAS Institute, 210 Cary, NC, United States) and all figures were plotted with R (version 3.6.2, R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Characteristic of the Development Cohort

A total of 1,842 patients with STEMI who underwent PCI (mean age, 61.54 years; 17.5% female) were finally included in the development cohort (Figure 1). Among them, 217 patients (11.8%) experienced post-AMI infection during hospitalization. The in-hospital all-cause death was 17.5%, compared to 1.9% for patients without infections. Patients with post-AMI infection were more likely to be older, and have diabetes, chronic obstructive pulmonary disease (COPD), higher white blood cell (WBC) counts, and diuretics or insulin use. Moreover, these patients had lower levels of serum albumin, hemoglobin, estimated glomerular filtration rate, and left ventricular ejection fraction (Table 1).
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FIGURE 1. Flow diagram of the included population.



TABLE 1. Baseline characteristics of included patients in the development cohort and validation cohort.
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Variable Identification and Risk Score Development

Among all 72 variables recorded according to the clinical data, 56 candidates were enrolled for the risk model development, while 16 variables were excluded for ≥ 10% missing values (Supplementary Table 1). After multivariate logistic regression analysis, the following seven variables were ultimately included: age, Killip classification, WBC count, serum albumin, insulin use, diuretic use, and transfemoral approach (Table 2 and Supplementary Figures 1, 2). Subsequently, the risk score, named post-AMI infection score (PAMIIS), was developed attributing corresponding points to each variable (Figure 2), and achieved predicted probabilities for infection development ranging from 0.7 to 99.6%, with a score range between 0 and 24 points (Supplementary Table 2 and Supplementary Figure 3).


TABLE 2. Univariate and multivariable logistic regression analysis of risk factors that were selected to develop the risk model for predicting post-AMI infection in the development cohort.
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FIGURE 2. Receiver operating characteristic curve and calibration plot of the risk score for post-acute myocardial infarction (AMI) infection.




Risk Score Internal Validation

This risk score showed good discriminative power (C-statistic:0.851, 95% confidence interval [CI]:0.824–0.877), with good calibration ability in line with the Hosmer-Lemeshow test (χ2 = 10.07; P = 0.345) (Figure 2), while the internal validation with bootstrapping also yielded a similar result (C-statistic:0.851, bias-corrected 95% CI:0.831–0.871). More notably, the calibration plots of predicted vs. observed incidences of post-AMI infection across risk scores confirmed an excellent calibration (Figure 3).
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FIGURE 3. The observed and predicted incidences of post-AMI infection in the development and validation cohorts based on different risk scores.




Risk Score External Validation

For external validation, 1,270 patients with STEMI undergoing PCI were enrolled, and 142 patients (11.2%) experienced post-AMI infection, with a similar infection rate compared to the development cohort (11.2% vs. 11.8%; P = 0.607) (Table 1). Multiple differences in baseline characteristics were observed between the validation and development cohorts (Supplementary Table 3). The validation dataset exhibited semblable distribution of factors (excluding serum albumin, and WBC count) incorporated in the current risk model, and mean risk scores in comparison with the development dataset.

In the validation cohort, this model had similarly good discriminative power and calibration as the development cohort (C-statistic: 0.851, 95% CI:0.818–0.884; Hosmer-Lemeshow test χ2 = 5.974, P = 0.650), respectively (Figure 2). The observed incidences of post-AMI infection were highly consistent with the predicted ones (Figure 3).

Furthermore, after validation in the population from other two centers, in which 1,002 patients with STEMI undergoing PCI were included (Supplementary Figure 4) and 75 (7.5%) experienced post-AMI infection, this model remained a prominent predictor of infection (C-statistic:0.770, 95% CI:0.710–0.831; Hosmer-Lemeshow test χ2 = 15.412, P = 0.118) (Supplementary Figure 5).



Risk Score Validation in Other Patients

To extend the utility, we further validated the risk score among patients with NSTE-ACS after PCI. A total of 4,745 patients (mean age, 63.70 years, 24.4% female, mean risk score 3.03 ± 2.15) were included (Supplementary Figure 6), and 118 (2.49%) experienced infection. The incidence of all-cause death and MACE were 0.30 and 0.80%, respectively. The comparison of baseline data was summarized between patients with or without infection in Supplementary Table 4. This risk model demonstrated analogously favorable discriminative ability in patients with NSTE-ACS (C-statistic:0.800, 95% CI:0.754–0.845), but the predicted risk was higher than the observed one in these relatively low-risk patients (Supplementary Figures 7, 8). After times 0.684 to the predicted risk, the observed incidences of post-AMI infection were highly consistent with the predicted ones with Hosmer-Lemeshow test χ2 value of 5.596 (P = 0.588, Supplementary Figure 7).



Risk Score Predictive Values for Other In-Hospital Outcomes

Furthermore, this risk score exhibited good predictive values for in-hospital all-cause death and MACE in both cohorts. Similar results were observed among patients with NSTE-ACS (Supplementary Figure 9).



Subgroup Analysis and Comparison With Other Risk Scores

As for IABP, there were 196 patients with implantation of IABP in the development cohort. To evaluate the potential influence of IABP on the risk score, we performed the subgroup of IABP analysis. And the result showed that the present risk score showed a similar predictive effect on infection between patients with (AUC:0.816, 95% CI:0.779–0.854) and without (AUC:0.789, 95% CI:0.724–0.854) use of IABP (Supplementary Table 5). Besides, subgroup analyses including age, gender, anemia, diabetes, and chronic kidney disease proved consistent predictive values for P-AMI infection in both datasets (Supplementary Table 5), with the best calibration in the aforementioned subgroups (calibration slope nearly 1) (Supplementary Figure 10).

Additionally, compared to previously established risk scores [age, estimated glomerular filtration rate, and ejection fraction (AGEF); age, creatinine, and ejection fraction (ACEF); and Canada Acute Coronary Syndrome (CACS) risk score], the present risk score, PAMIIS, achieved better discriminative power (Supplementary Figure 11).



Clinical Use

The optimal cut-off identifying post-AMI infection was a score of 6.5 (sensitivity 81.5%; specificity 74.0%). As shown in Supplementary Figures 12, 13, increased risk of infection was obtained across risk score groups. Compared to those with a low-risk score, high-risk patients also presented elevated MACE and all-cause death in the development, validation, and NSTE-ACS cohorts (P < 0.001). Based on the types of infection, the incidences of pulmonary and urinary infection performed as the upward trend across groups in both datasets (Supplementary Figure 14). Decision curve analysis demonstrated that the present risk score displayed a better-standardized net benefit for infection than other risk scores, indicating better clinical usefulness (Supplementary Figure 15).




DISCUSSION

The present study is the first to develop a readily implementable, simple, and robust risk score including seven easily acquired parameters for post-AMI infection detection among patients with STEMI in clinical routine. Importantly, this risk score was validated in an independent validation cohort, as well as in various subgroups.

In the current study, the incidence of post-AMI infection was 11.8%, slightly higher than previously reported (10 and 3.9%) (4, 17). The elevated infection rate might be related to the prolonged median intensive care unit stay (4 days vs. 1 day) (18). However, the incidence was lower than a recent study including the octogenarian cohort undergoing primary PCI (28.9%) (19). In this regard, the different infection definitions and study populations might contribute to this discrepancy.

At present, several studies have reported predictive markers or established risk scores for infection in patients with cardiac surgery or critical illnesses. Fowler et al. identified and validated a risk model of 12 variables to detect cardiac surgery patients at high risk of major infections (8). Moreover, several predictive models have been validated to assess the infection risk in critically ill patients, such as the intensive care infection score (20). Yet, little research has been published on infection prediction models for patients with STEMI. Although our previous research has validated and compared the predictive significance of several clinical risk scores for post-AMI infection (13–15), these scores had relatively poor discriminatory powers and were not established specifically for infection. The present study is the first to develop and validate a risk model to predict infection in such patients and performed well across a broad range of patient subgroups.

Notably, diabetes mellitus (DM) generally causes an increase in susceptibility to infection among diabetics compared to those without DM (21). In the current study, we also documented that DM was an important risk factor of infection for patients with STEMI. However, DM with insulin therapy displayed better predictive value for post-AMI infection than DM per se. This observation is consistent with the previous results that patients with insulin therapy had a greater hazard of infection (22). Therefore, insulin use was incorporated into the final risk model instead of DM. In patients with type 2 DM, metformin is routinely used as the first-line oral drug; with disease progression, the vast majority of patients eventually have to use insulin to keep blood glucose levels within the desired range (23). Insulin therapy thus might represent the increased severity of DM to some extent, which would be more prone to develop infection (24). To better understand the potential mechanisms, further research should be performed to evaluate the relationship between insulin therapy and infection in detail.

Additionally, several risk factors (age and WBC count, etc.), significantly associated with infection by the multivariable analysis, were largely similar to risk factors previously identified. Serum albumin levels, an easily available biomarker, have been proven to be related to postoperative infections (25). Besides, findings from a systemic review demonstrated that the transradial PCI approach in STEMI patients significantly reduced major and access site bleeding, as well as the length of hospital stay, that was associated with the risk of infection (26). Importantly, hemorrhage is known to cause increased susceptibility to infection. Experimental studies also demonstrated that even a simple hemorrhage produced a significant depression of cellular immunity and the immunosuppression increased the susceptibility to sepsis (27). Essebag et al. also reported that clinically significant pocket hematomas were associated with a significantly increased infection risk in patients with cardiac implantable electronic device surgery (28). Thus, it is reasonable that the parameter transfemoral approach was finally included in the present risk score.

Importantly, it is widely recognized that the Killip classification and the diuretic use reflect the status of cardiac function. An increasing number of studies have demonstrated the complicated and vicious interactions between heart failure and infection (29, 30). The decline in cardiac function induces a rise in pulmonary pressure, subsequently leading to pulmonary edema and accumulation of pneumonia-related pathogens (Chlamydophila or streptococcus pneumonia), which in turn exhibit deleterious impacts on the respiratory infection (31). In addition, a recent study suggested that incident diuretic use markedly increased the emergency room visits or hospitalization rates related to pneumonia or COPD (32). However, due to the lack of relevant studies, the effects and underlying mechanisms of diuretics on infections remain unclear and need to be evaluated in further research.

The present risk score was based on simple, dichotomized factors, and thus can be rapidly and easily calculated in clinical practice. The identification of high-risk patients has important clinical implications, as several included factors are adaptable. Serum albumin levels and transfemoral PCI approaches can be modified, and more restrictive use of diuretic medications, as well as frequent blood glucose monitoring, are warranted to minimize the risk of infection. Additionally, this risk score might be helpful to select high-risk patients in future research to test interventions that reduce infections in such patients. Furthermore, although the present risk score was developed limitedly in patients with STEMI, the predictive value was also good in patients with NSTE-ACS. Thus, the utility of this risk score might be extended to all patients with ACS.

Several limitations should be mentioned. First, the score was exclusively developed in patients with STEMI and validated in patients with NSTE-ACS, but these findings should be used with caution when applied to other patients, such as critically ill patients. Second, infections are sometimes difficult to diagnose and might be overestimated occasionally. However, infections were defined as infections requiring antibiotic administration in this study to reduce misdiagnosis and overdiagnosis. Moreover, further study should be performed to evaluate the role of antibiotic type on outcomes. Third, the candidate variables for the risk-adjustment model were restricted to those available in our patient cohort, which would make the score less predictive accuracy than those with more included variables. Lastly, new biomarkers were not included in this risk score, while incorporating novel biomarkers would likely develop a more robust and productive scoring system. Noticeably, some inflammatory indicators, such as C-reactive protein and procalcitonin, were not included in this model since they were unconventional detection indexes, especially before the PCI procedure. Nonetheless, this risk-prediction instrument was established using commonly available clinical variables and would as such be more accessible clinically.

In summary, this study represents a simple-to-use risk score combining widely available clinical variables for infection estimation in patients with STEMI after PCI and can be applied in clinical routine. This scoring model might aid in risk stratification of infection and provoke future research into the best strategies to reduce or prevent infection development.
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Background: Cardiac autonomic nerve imbalance has been well documented to provide a critical foundation for the development of acute coronary syndrome (ACS) but is not included in the postdischarge GRACE score. We investigated whether capturing cardiac autonomic nervous system (ANS)-related modulations by 24-h deceleration capacity (DC) could improve the capability of existing prognostic models, including the postdischarge Global Registry of Acute Coronary Events (GRACE) score, to predict prognosis after ACS.

Method: Patients with ACS were assessed with 24-h Holter monitoring in our department from June 2017 through June 2019. The GRACE score was calculated for postdischarge 6-month mortality. The patients were followed longitudinally for the incidence of major adverse cardiac events (MACEs), set as a composite of non-fatal myocardial infarction and death. To evaluate the improvement in its discriminative and reclassification capabilities, the GRACE score with DC model was compared with a model using the GRACE score only, using area under the receiver-operator characteristic curve (AUC), Akaike's information criteria, the likelihood ratio test, category-free integrated discrimination index (IDI) and continuous net reclassification improvement (NRI).

Results: Overall, 323 patients were enrolled consecutively. After the follow-up period (mean, 43.78 months), 41 patients were found to have developed MACEs, which were more frequent among patients with DC <2.5 ms. DC adjusted for the GRACE score independently predicted the occurrence of MACEs with an adjusted hazard ratio (HR) of 0.885 and 95% CI of 0.831–0.943 (p < 0.001). Moreover, adding DC to the GRACE score only model increased the discriminatory ability for MACEs, as indicated by the likelihood ratio test (χ2 = 9.277, 1 df; p < 0.001). The model including the GRACE score combined with DC yielded a lower corrected Akaike's information criterion compared to that with the GRACE score alone. Incorporation of the DC into the existing model that uses the GRACE score enriched the net reclassification indices (NRIe>0 7.3%, NRIne>0 12.8%, NRI>0 0.200; p = 0.003). Entering the DC into the GRACE score model enhanced discrimination (IDI of 1.04%, p < 0.001).

Conclusion: DC serves as an independent and effective predictor of long-term adverse outcomes after ACS. Integration of DC and the postdischarge GRACE score significantly enhanced the discriminatory capability and precision in the prediction of poor long-term follow-up prognosis.

Keywords: acute coronary syndrome, GRACE score, deceleration capacity, autonomic nerve, long-term prognosis


INTRODUCTION

Acute coronary syndrome (ACS) occurs in people who are prone to exacerbations and adverse outcomes, and optimizing the risk stratification of these patients is of considerable clinical interest (1, 2). Therefore, even if the optimal treatment is known, identifying which ACS patients will benefit the most from early interventional treatment can be challenging. Currently, the Global Registry of Acute Coronary Events (GRACE) score is the most well-established risk stratification tool for the prediction of in-hospital and long-term mortality and the risk of myocardial infarction after ACS (3, 4). Although it has been well established that the overall prognosis after ACS is worse among those with cardiac autonomic nerve imbalance than among those without cardiac autonomic nerve imbalance (5–8), the GRACE score does not include data from wearable devices that test cardiac autonomic function.

Notably, the value of 24-h deceleration capacity (DC), a feasible and non-invasive indicator that captures autonomic activity-related modulations of heart rate, adds valuable and repeatable information for timely identification of ACS patients at higher risk and aid in risk stratification (5–8). Accordingly, previous studies have also demonstrated that DC may serve as a predictor of mortality and outperformed a standard measure of heart rate variability (HRV) (8). Moreover, adjustment of the admission GRACE score, calculated for the prediction of in-hospital mortality, by short-term DC improves the accuracy of prediction of the composite of mortality, including in-hospital, 30 and 180-day mortality, among patients with suspected ACS (9). However, whether the readily accessible clinical 24-h DC remains a significant prognostic factor to enhance the predictability of prognostic models, including the postdischarge GRACE score, for ACS patients after long-term follow-up remains unclear.

Therefore, we investigated the value in long-term prognosis of 24-h DC added to the postdischarge GRACE score among ACS patients and the underlying incremental prognostic value of entering DC into an existing model including the postdischarge GRACE score only.



METHODS


Patient Population

We retrospectively enrolled 323 consecutive patients with ACS at Renmin Hospital of Wuhan University from June 2017 through June 2019. The previously established guidelines addressed the process and criteria for acute coronary syndrome diagnosis (10). ACS included non-ST-elevation ACS (NSTE-ACS) and ST-elevation ACS (STE-ACS). Patients with NSTE-ACS included those presenting with unstable angina (UA) and non-ST-segment elevation myocardial infarction (non-STEMI), and patients with STE-ACS included those presenting with ST-elevation myocardial infarction (STEMI). The main exclusion criteria were as follows: atrial fibrillation, pacemaker implantation, use of any medications that affect heart rate, severe liver or renal insufficiency <30 ml/(min 1.73 m2), inflammatory or infectious disease, depressive disorder, hyperthyroidism and excessive alcohol consumption. The flowchart of participant enrollment is presented in Figure 1. Due to the purely retrospective observational, our study was exempt from requiring ethics approval and informed consent from eligible patients by the Renmin Hospital of Wuhan University Ethics Committee.


[image: Figure 1]
FIGURE 1. Flowchart of patient enrollment.




Laboratory Examinations

Venous blood specimens were collected when patients were initially referred to the emergency department or cardiology department. All participants were subjected to routine whole blood analysis, including routine blood, blood glucose, kidney function, and plasma lipid analyses.



Holter Monitoring and DC Analysis

All participants included in this study underwent 24-h Holter monitoring (DMS300-4A, DM Software, Inc., USA) recordings after coronary angiography. The 24-h mean heart rate, time-domain parameters [i.e., standard deviation of all normal sinus RR intervals (SDNN), standard deviation average of normal-to-normal (NN) intervals (SDANN), percentage of the number of times that the difference between adjacent normal RR intervals >50 ms in the total number of NN intervals (pNN50), root mean square successive difference (rMSSD)], frequency-domain parameters [i.e., high-frequency power (HF), low-frequency power (LF), and low-frequency/high-frequency ratio (LF/HF)] and DC were automatically specifically calculated via commercial software (H-Scribe Analysis System, Mortara Instrument, Inc., Milwaukee, WI, USA) as shown in a previous reference (11, 12). Frequency domain parameters yield a more accurate and detailed quantification of heart rate than time domain parameters (13, 14). Morevore, the predictive value of LF/HF may be superior to other parameters of HRV (15–17). DC analysis is divided into three steps. First, the RR scatter plot shows the scatter of the full range of beat-to-beat RR intervals, from which the starting time for analysis is selected. The analysis length and number of cardiac cycles were then chosen, with the analysis length generally defaulting to a full 24 h. Finally, the X (0), X (1), X (- 1), and X (- 2) values reflected in the heart rate deceleration curve were substituted into the formula DC = [x (0) + X (1) + X (- 1) + X (- 2)]/4 to compute the 24 h DC, and the resulting unit was ms.



GRACE Score

The GRACE score was calculated at discharge to predict 6-month mortality (https://www.outcomes-umassmed.org/grace). The parameters of the GRACE score include age, heart rate, systolic blood pressure on arrival, creatinine level, percutaneous transluminal coronary intervention (PCI) during in-hospital period, coronary artery bypass grafting (CABG) during in-hospital period, previous myocardial infarction (MI), ST-segment depression, increased levels of cardiac enzyme/marker and congestive heart failure.



Follow-Up

The average time to follow-up was 43.78 months. Patients were discharged, and follow-up was conducted through an outpatient follow-up or telephone follow-up. At the end of the follow-up, a total of 21 cases (6.1%) were lost, and 323 patients (93.9%) were followed to the end. The clinical endpoint of our study was a composite endpoint clinical events of major adverse cardiovascular events (MACEs), including death and non-fatal myocardial infarction. Two experienced physicians adjudicated the endpoint events according to medical record reviewing.



Statistical Analysis

Continuous variables are represented by a mean plus a standard deviation (SD) or as the median with interquartile range (IQR) determined by skewness, whereas categorical variables are summarized as frequencies and percentages. All participants were stratified into three groups based on their DC [low-risk group (DC > 4.5 ms), intermediate-risk group (DC > 2.5 ms, and DC ≤ 4.5 ms), and high-risk group (DC ≤ 2.5 ms)]. Differences between groups were analyzed with one-way analysis of variance (ANOVA), the Mann–Whitney U test or the Kruskal–Wallis test depending on the normality of the distribution. Categorical variables were analyzed with the chi square (χ2) test. Survival free from MACEs was analyzed by the Kaplan–Meier method. Final covariates were age, sex, past history and laboratory results according to the results of the pre-survey. We used univariate Cox regression analyses first performed to determine the potential predictors of MACEs, followed by multivariate Cox analyses of significant variables with a p-value < 0.05 to improve the accuracy of the conclusions. Differences were considered statistically significant at p < 0.05. Statistical analysis was performed with SPSS software (version 23; SPSS).

The predictability of MACEs using DC, GRACE score and GRACE score combine with DC by receiver operator characteristic (ROC) curve analysis. We compared whether adding DC to the GRACE score would enhance the discriminative and reclassification capabilities of the models. The fit of each nested model was compared via the χ2 likelihood ratio test to assess whether the logistic regression model that integrated DC and the postdischarge GRACE score supported a significantly better fit than the model including the GRACE score alone. Comparison of the nested and non-nested models, including the GRACE score or DC or LF/HF added to the GRACE score, was weighted by calculating the corrected Akaike's information criterion (AICc), delta-AICc (δ AICc), and Akaike weights (wi) to represent the probability that a given model was the best predictive model in the set (18).

Predicted probabilities (%) of MACEs were generated by logistic regression models using the GRACE score alone and the GRACE score combined with LF/HF or DC. The addition of DC and LF/HF to the existing models with the GRACE score was evaluated with the predicted probabilities of MACEs implementing multiple methods of improvement in discrimination: increase in the area under the receiver operating characteristic curve (AUC), category-free continuous net reclassification improvement (cNRI>0) and integrated discrimination improvement (IDI). Given the presence of missing specific predefined clinical risk thresholds for the models containing the GRACE score, categorical NRI was not employed. The net percentage of patients with the event of interest correctly assigned a higher predicted risk was defined as the event NRI (NRIe), and the net percentage of persons without the event of interest correctly assigned a lower predicted risk was defined as the non-event NRI (NRIne). Total NRI was defined as the sum of the net percentages of persons with and without the events of interest correctly assigned a different predicted risk. The IDI was equal to the enhancement in discrimination slope defined as the mean difference in predicted risks between those with and without events. The IDI was equal to the difference in the initial and updated models in the discrimination slope formed between the mean predicted probabilities (%) of patients with and without events.




RESULTS


Clinical Baseline Characteristics

The baseline features of all of the enrolled ACS patients classified into three groups according to the DC value are presented in Table 1. Our results indicated that patients with lower DC (≤2.5 ms) were likely to be older (p < 0.001) and have non-ST-elevation ACS (NSTE-ACS) (p = 0.004); higher creatinine levels (p = 0.047), glucose levels (p = 0.032) and average heart rate (p < 0.001); lower esti mated glomerularfiltrationrate (eGFR) (p = 0.016), SDNN (p < 0.001), rMSSD (p < 0.001), Pnn50 (p < 0.001), LF (p < 0.001), HF (p < 0.001), and LF/HF (p = 0.031); a higher GRACE score (p < 0.001) and GRACE risk (p = 0.001); history of MI (p = 0.021); and increased creatine kinase-MB (CK-MB) levels (p = 0.034) and incidence of MACEs (p < 0.001).


Table 1. Baseline characteristics of the study population categorized by deceleration capacity (DC).
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The Relationship Between DC and MACEs

The incidence of MACEs among the patients with ACS in this study was collected over an average follow-up of 43.78 months. Forty-one patients experienced MACEs, including 10 patients in the low-risk group (5.5%, n = 183), 17 patients in the intermediate-risk group (18.1%, n = 94), and 14 patients in the high-risk group (30.4%, n = 46). Kaplan–Meier analysis indicated that the incidence of MACEs was significantly different among patients with ACS based on DC values (χ2 = 26.089, p < 0.001, Figure 2). Besides patients in the high-risk group had a higher incidence of MACEs than those in the intermediate-risk and low-risk groups. In addition, those with intermediate risk were more susceptible to MACEs than those with low risk (p < 0.05).


[image: Figure 2]
FIGURE 2. Cumulative survival of MACEs in patients with ACS based on the DC value.




Predictors of MACEs

Univariate Cox analysis showed that history of MI, NSTE-ACS, neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), creatinine, lipoprotein a [Lp (a)], DC, and GRACE score (all p < 0.05) were potential predictors of MACEs in patients with ACS (Table 2). Multivariate Cox analysis consistently showed that DC (HR: 0.885, 95% CI: 0.831–0.943, p < 0.001) and the GRACE score (HR: 1.020, 95% CI: 1.007–1.034, p = 0.002) were risk factors for MACEs at the final follow-up (Table 2).


Table 2. Predictors of the occurrence of major adverse cardiovascular events (MACEs) in patients with acute coronary syndrome (ACS): results of univariate and multivariate cox-regression analyses.
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Moreover, subgroup analysis was based on STEMI and NSTE-ACS patients. Univariate Cox analysis showed that PLR, NLR, high-sensitivity C-reactive protein (hs-CRP), DC, and GRACE score (all p < 0.05) were predictors of MACEs for all of the evaluated STEMI patients, as shown in Table 3. Furthermore, for all of the evaluated STEMI patients, independent influencing factors for the incidence of MACEs included DC (HR: 0.901, 95% CI: 0.828–0.981, p = 0.016) and the GRACE score (HR: 1.024, 95% CI: 1.001–1.048, p = 0.043) according to multivariate Cox analysis (Table 3).


Table 3. Predictors of the occurrence of MACEs in patients with ST- segment Elevation Myocardial Infarction (STEMI): results of univariate and multivariate Cox-regression analyses.

[image: Table 3]

Subsequent univariate Cox analysis further indicated that previous MI, NLR, creatinine, DC, GRACE score, and systolic blood pressure (SBP) (all p < 0.05) were potential predictors of MACEs among patients with NSTE-ACS, as shown in Table 4. For all of the evaluated NSTE-ACS patients, multivariate Cox analysis indicated that NLR (HR: 1.041, 95% CI: 1.000–1.084, p = 0.048), creatinine (HR: 1.013, 95% CI: 1.003–1.024, p = 0.011), DC (HR: 0.894, 95% CI: 0.811–0.986, p = 0.025), GRACE score (HR: 1.019, 95% CI: 1.002–1.036, p = 0.024), and SBP (HR: 1.034, 95% CI: 1.015–1.053, p < 0.001) were independent predictors for MACEs (Table 4).


Table 4. Predictors of the occurrence of MACEs in patients with Non-ST segment elevation myocardial infarction/ unstable angina (NSTEMI/UA): results of univariate and multivariate Cox-regression analyses.
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To assess whether models that included the GRACE score combined with DC or LF/HF presented a significantly better fit than those limited to the GRACE score alone, we compared nested models using the likelihood-ratio test. Our results demonstrated that the addition of DC (χ2 = 9.227, df = 1, p < 0.001) significantly enriched the predictive power of the existing model including the GRACE score to predict the incidence of MACEs (Table 5). In addition, the inclusion of LF/HF (χ2 = 0.329, df = 1, p = 0.416) did not optimize the model fit.


Table 5. Akaike's information criteria and likelihood ratio test to determine the best fitting model for prediction MACEs.
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The model including the GRACE score and DC had the lowest AICc and the highest Akaike's weight compared to the other two models, GRACE score alone and GRACE score with LF/HF (Table 5).

DC, but not LF/HF, combined with the GRACE score could improve the net reclassification of the updated model in predicting MACEs at the last follow-up date (Table 6, Central illustration). Employing continuous NRI (NRI>0), DC enhanced reclassification by 7.3% for patients with MACEs and by 12.8% for patients without MACEs, demonstrating a significant overall improvement in net reclassification (NRI 0.200, p = 0.003). Entering DC into a logistic regression model including the GRACE score appeared to predict a lower risk of MACEs than the GRACE score alone in both the MACE and MACE-free survival groups. The addition of LF/HF did not improve reclassification (NRI 0.04, p = 0.573). The addition of DC, but not LF/HF to the established model including the GRACE score promoted integrated discrimination, as evident in Table 6, Figure 3. Moreover, our results generated an IDI of 1.04%, p < 0.001.


Table 6. Net reclassification improvement for model improvement with the addition of DC or LF/HF to GRACE.
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[image: Central illlustration]
Central illlustration. Combined efficacies of DC and postdischarge GRACE score for risk stratification in patients with ACS.



[image: Figure 3]
FIGURE 3. Comparison of discrimination and reclassification abilities of predictive models for MACEs (Model 1: Grace score; Model 2: DC; Model 3: Grace score + DC).


As presented in Figure 3, the c-statistic was 0.711 (95% CI 0.619–0.804, p < 0.001) for model 1 including the GRACE score only and 0.746 (95% CI 0.668–0.824, p < 0.001) for model 2 containing DC only. However, it was 0.765 (95% CI 0.686–0.844, p < 0.001) for the model including the GRACE score and DC (Table 7). For the prediction of MACEs, the positive c-statistic of the combined GRACE score was significantly improved in model 3 (AUC: 0.765; c-statistic: 0.783; 95% CI: 0.686–0.844; p < 0.001).


Table 7. ROC analysis comparing the predictive efficacies of related variables for the incidence of MACEs during follow up.
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DISCUSSION

Our studies now demonstrate that for ACS patients, wearable monitoring of cardiac ANS-related modulations by means of 24-h DC yields prognostic information beyond the known risk predictors. DC significantly optimizes risk stratification by the GRACE score concerning the prediction of MACEs during long-term follow-up. The prediction model including the postdischarge GRACE score and DC provided incremental prognostic information for long-term cohorts with established ACS. Furthermore, adding DC, rather than LF/HF, to the GRACE score could effectively improve the ability and accuracy of the GRACE score alone to predict MACEs after ACS.

Accumulating evidence supports the notion that the GRACE score provides valuable and independent prognostic information for ACS and enriches reliable risk stratification for identifying whether performing early PCI will benefit patients with ACS (3, 4, 19). In addition, previous study indicated that the GRACE score could predict short-term and long-term prognosis for ACS patients (20, 21). Although it is well established that the strong and effective prognostic value of the GRACE score has been confirmed by much evidence (3, 4, 19–21), early risk stratification remains urgently needed for further optimization, especially for low-risk patients with ACS. Therefore, previous studies have recently explored ways to improve the predictability of the prognostic GRACE score, including adding NT-pro-BNP (22), 2-h postload plasma glucose (23), plasma glucose blood inflammation-related indicators (24), plasma myeloperoxidase and trimethylamine N-oxide (25), serum acid uric acid (26) and nutritional risk index (27) to the GRACE score. The findings indicate that blood biochemical indexes and biomarkers provide incremental prognostic information for the predictive capacity of the GRACE score-based prognostic models. However, few studies have specifically focused on non-invasive markers and the GRACE score together to assess the joint prognostic effect.

Notably, the routine detection index of 24-h DC has also been considered to be a useful means for the screening and surveillance of high-risk post-MI patients (8). Moreover, our data are consistent with the finding that autonomic nervous system (ANS) imbalance carries a high risk for acute adverse events (28–30). The difference in risk between STEMI and NSTE-ACS may be explained by the different pathogenesis of the two diseases (31, 32). Therefore, our available data further demonstrated that DC remains an effective predictor in STEMI or NSTE-ACS.

In addition, other non-invasive indicators for the assessment of cardiac autonomic nerve function include HRV (7) and heart rate turbulence (33). However, heart rate turbulence and HRV indirectly reflect ANS modulation due to their poor stability, which limits their application in clinical practice (34–36). Nevertheless, DC is not susceptible to external interference and can reflect parasympathetic activity. Thus, in our study, DC, rather than LF/HF, could effectively increase the predictive capability of the postdischarge GRACE score-based prognostic models. A retrospective study that enrolled 1,821 patients with suspected ACS indicated a positive and independent correlation between short-term DC and short-term mortality among patients with suspected ACS (9). However, another study focused on the association between short-term DC combined with the admission GRACE score and short-term mortality, rather than the potential association between the 24-h DC combined with postdischarge GRACE score and long-term MACEs, which previously limited our understanding of the insights into the potential association between integration of the 24-h DC and postdischarge GRACE score and long-term poor outcomes. In addition, we used the 24-h Holter recordings to estimate the 24-h DC, which has been used as a daily clinical indicator in our practice. Additionally, patient's restrictively selected in the current study to minimize the impact of confounding factors on DC. Furthermore, we found that DC combined with the postdischarge GRACE score may reflect the interactions between ANS imbalance and adverse events, which may better predict poor long-term ensuing episodes of ACS. Given the recent increasing interest in individualized therapy for risk assessment, we believe that DC provides early valuable information for lifestyle modifications and monitoring of patients with ACS.

Physiologically, the ANS plays a crucial role in maintaining and promoting cardiac physiological function (37, 38). Pathologically, increasing research has confirmed that the context of acute myocardial ischemia could trigger an organismal stress response, induce cardiac sympathetic hyperactivity and suppress vagal activity, subsequently leading to coronary constriction, especially culprit vessel vasoconstriction, thus accelerating focal ischemia and hypoxia and causing the deterioration of myocardial ischemia (34, 39). In addition, previous clinical and basic research has shown that the vagus nerve of the ANS is involved in the regulation of the inflammatory response (40, 41), and the potential link among the ANS, inflammation and coronary artery physiology was confirmed by our previous studies (42, 43). Furthermore, our data confirmed that injured cardiac autonomic nerves in the setting of myocardial ischemia subsequently developed an elevated risk of MACEs after ACS. Therefore, we believe that the combination of DC and the GRACE score could enhance risk discrimination and provide important incremental prognostic information for long-term follow-up after ACS.



STUDY LIMITATIONS

First, due to the purely retrospective observational design with long-term follow-up, our results were almost inevitably affected by recall bias and lost follow-up (44, 45). Second, this study has a small sample size and likely suffered from a lack of power. Our findings should be validated with larger samples and prospective studies in the future. Third, our study did not include coronary physiology, which might improve the predictive power when combined with DC and postdischarge GRACE scores. Thus, many known confounding factors were eliminated, but there was no guarantee about other unknown confounding factors. Finally, because it was a purely observational study, whether individualized and comprehensive therapy based on DC-optimized risk models translates into better outcomes remains to be established. Finally, we included only patients wih sinusrhythm, and the influence of the non-sinus rhythm in patients with ACS remains to be seen.



CONCLUSIONS

Our study indicates that wearable devices that automatically evaluate the cardiac ANS by means of the 24-h DC value tend to be a useful risk-stratified indicator for MACEs among ACS patients, regardless of the type of ACS. Moreover, DC further optimized the GRACE score, which has long been regarded as the gold standard for quantitative risk assessment after ACS, providing increased discriminatory ability and accuracy for prognostic information. Where applicable, we highlight that attention should be given to implementing DC as part of comprehensive cardiovascular evaluation and clinical decision-making to enable us to design individualized prognostic therapies.
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Background and Purpose: The current definition of embolic strokes of undetermined source (ESUS) seems to be too broad, including strokes due to heterogeneous mechanisms, such as atrial cardiopathy and other occult cardiac conditions, aortic arch plaques, and non-stenosing atherosclerosis, that can be differently associated with clinical stroke severity at the time of presentation. The aim of our study was to assess the possible association between neurological deficit severity and presence of markers of atrial cardiopathy in ESUS.

Methods: We retrospectively reviewed the medical records of a cohort of 226 ESUS patients (105 M, 121 F), that were divided into two groups according to the severity of neurological deficit (99 mild strokes with NIHSS ≤ 5 and 127 severe strokes with NIHSS >5). The following indices of atrial cardiopathy were evaluated: P wave dispersion, P wave max, P wave min, P wave mean, P wave index, P wave axis, left atrial size.

Results: Patients with severe ESUS were significantly older (74 ± 12 vs. 67 ± 14 years, P < 0.001) and female sex was prevalent (67 vs. 36%, P > 0.001); they had higher values of P-wave-dispersion (51 ± 14 vs. 46 ± 13, P = 0.01), P-wave-max (131 ± 20 vs. 125 ± 15 ms, P = 0.01), P-wave-index (16 ± 5 vs. 15 ± 5 ms, P = 0.01), left atrial size (20 ± 6 vs. 18 ± 4 cm2, P = 0.01), left atrial volume index (31 ± 14 vs. 27 ± 11 ml/m2, P = 0.04), in comparison with mild ESUS. An abnormal P wave axis was detected more frequently in severe ESUS (21 vs. 9%, P = 0.01). Furthermore, multivariate logistic regression showed that age (OR = 1.21 for each 5-year increase, 95% CI 1.09–1.35), sex (OR = 3.24 for female sex, 95% CI 1.82–5.76) and PWD (OR = 1.32 for each 10-ms increase, 95% CI 1.07–1.64) were the best subset of associated variables for severe ESUS.

Conclusions: Our findings shed light on specific clinical characteristics of severe ESUS including the presence of atrial cardiopathy that could play a pathogenic role in this subgroup of patients. Searching for atrial fibrillation in these patients is especially important to perform the most appropriate therapy.

Keywords: ischemic stroke, ESUS, atrial cardiopathy, atrial fibrillation, cardioembolism, ECG, P-wave-dispersion


INTRODUCTION

Embolic strokes of undetermined source (ESUS) represent 17% of ischemic strokes (1). Even if embolism is presumably the underlying mechanism of these strokes, the current definition of ESUS seems to be too broad (2), including heterogeneous causes, such as occult cardiac conditions (atrial cardiopathy, patent foramen ovale), aortic arch plaques, or non-stenosing atherosclerosis of large cervical and intracranial arteries. These different possible mechanisms have suggested a reexamination of the ESUS concept (3), with the goal of improving specificity for detecting patients with a cardioembolic cause, in order to provide a more appropriate therapy for secondary stroke prevention.

Although clinical characteristics alone cannot reliably classify the underlying cause of ischemic stroke (4), higher National Institutes of Health Stroke Scale (NIHSS) score is usually associated with cardioembolic etiology (5). Furthermore, patients with severe ESUS (NIHSS score >5) have different clinical characteristics and outcome with higher mortality rate in comparison with patients with mild ESUS (6). These findings suggest a possible role of cardioembolic mechanisms (especially due to atrial cardiopathy) in determining severe ESUS.

In this view, we assessed the possible relationships between severity of neurological deficit at the time of presentation and prevalence of markers of atrial cardiopathy in ESUS patients.



MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding author upon reasonable request. We retrospectively reviewed the medical records of a cohort of 226 patients, admitted consecutively to our Stroke Unit (Siena University Hospital) for ESUS from January 1st 2017 to 30th December 2020. The eligibility criteria were based on the definition of ESUS, proposed by the Cryptogenic Stroke/ESUS International Working Group (7). Neurological status at admission was assessed by using the NIHSS score. All patients underwent neuroimaging examination (brain CT with angio-CT scan and/or brain magnetic resonance imaging), extracranial and transcranial arterial ultrasound, transthoracic echocardiography, 12-lead electrocardiogram, 24-h electrocardiogram. The study was approved by the Ethics Committee of the University Hospital of Siena, Italy.


Markers of Atrial Cardiopathy
 
P Wave Duration and P Wave Dispersion

Simultaneous 12-lead ECG (25 mm/s and 10 mV/cm) was recorded by means of commercially available imaging system (Cardioline ECT WS 2000, Remco Italia, Vignate-Milano, Italy) in all subjects in supine position (during spontaneous breathing) at the time of admission. Paper-printed ECGs were scanned and digitized in order to achieve greater precision in detecting and measuring P waves (8); onscreen measurement of P wave duration was made by a single observer (M.A.), that had no knowledge about the severity of ESUS, by means of Adobe Photoshop CC 2017 software. P wave duration was measured from the beginning of the P wave deflection from the isoelectric line to the end of the deflection returning to isoelectric line in all simultaneous 12 leads. Our measurement method has been reported in our previous study (9), that demonstrated acceptable intra observer and inter observer errors in the measurement of P-wave duration in 12-lead ECGs, according to other previous papers (8, 10). The following indices were derived from measurements of each ECG: the maximum P wave duration (P max), the minimum P wave duration (P min), the P wave dispersion (PWD), defined as the difference between P maximum and P minimum, P-wave-mean and P-wave-index (the average and standard deviation of P wave duration across all 12 leads). Normal PWD values were lower than 40 ms (11–13).



P-Wave Axis

P-wave axis was determined by measuring the positive or negative P-wave deflections on all six limb leads and then calculating the net direction of electric activity using the hexaxial reference system. Automated analysis of ECG data was conducted including selective averaging to obtain representative durations and amplitudes of ECG components to calculate the frontal P-wave axis. An abnormal PWA was defined as any value outside the range between 0 and 75° (14).



Left Atrial Size and Mitral/Aortic Valve Disease

Left atrial size was evaluated by transthoracic echocardiography, measuring left atrial area in four-chamber apical view and left atrial volume index using the biplane area-length method (15). Furthermore, the presence of some minor-risk potential cardioembolic sources, such as mitral and aortic valve calcifications, was also evaluated.



Non-stenotic Carotid Plaques

According to the methods previously described (16), we evaluated the possible presence of non-stenotic (<50% diameter stenosis) atherosclerotic carotid artery plaques in all patients.




Statistical Analysis

Statistical analysis was performed using the GraphPad Instat computer software (version 3.06 for Windows, GraphPad Software Inc., La Jolla, CA, USA). All results were presented as mean ± SD values. Normal distribution of quantitative variables was preliminary tested using the Kolmogorov–Smirnov test. Patients were dichotomized into two groups according to the severity of neurological deficit evaluated by NIHSS score: mild ischemic stroke was defined as presenting NIHSS score of 0–5 and severe ischemic stroke as presenting NIHSS score of 6–41. We also performed a sample size and power analysis to define the number of subjects to include in the ESUS cohort: a sample size of 226 was estimated considering a chi-squared test, with alpha of 0.05, power of 0.95 and a medium effect size of 0.25.

Mann-Whitney test was performed to compare age, electrocardiographic and echocardiographic markers of atrial cardiopathy in patients with mild stroke and severe stroke. The two-sided Fisher's exact test was performed to evaluate statistical correlation between categorical variables in both groups of patients. To determine the factors associated with severe ESUS a multivariate logistic regression was performed (with the stepwise procedure based on Akaike's criterion) and corresponding Odds Ratio (OR) and their confidence intervals (CI) were calculated. A P value below 0.05 was considered statistically significant.




RESULTS

We enrolled 226 patients with ESUS (105 males, 121 females). Patients were divided into two groups according to the severity of neurological deficit: 99 patients with mild stroke (NIHSS ≤5) and 127 with severe stroke (NIHSS >5).

In severe ESUS the average age was higher (74 ± 12 vs. 67 ± 14 years, P < 0.001) and female sex was prevalent (66 vs. 36%, P < 0.001).

Both groups were similar in terms of other cardiovascular risk factors (Table 1).


Table 1. Characteristics of ESUS patients with mild and severe neurological deficit.
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The presence of non-stenotic (<50% diameter stenosis) atherosclerotic carotid artery plaques was also similar in both groups.

Moreover, there were no differences between patients with severe and mild ESUS regarding minor-risk potential embolic sources, except for mitral valve calcifications (40% of patients in severe ESUS vs. 22% in mild ESUS; P = 0.004).


Markers of Atrial Cardiopathy

Patients with severe ESUS had higher values of PWD (51 ± 14 vs. 46 ± 13, P = 0.01), P max (131 ± 20 vs. 125 ± 15 ms, P = 0.01), and P wave index (16 ± 5 vs. 15 ± 5 ms, P = 0.01). The number of patients with increased PWD (>40 ms) was higher in severe ESUS than in mild ESUS (87/127 vs. 53/99; P = 0.02). Furthermore, an abnormal P wave axis was detected more frequently in severe stroke patients (21 vs. 9%, P: 0.01).

Left atrial size was significantly increased in severe ESUS in comparison with mild ESUS in terms of area (20 ± 6 vs. 18 ± 4 cm2, P = 0.01) and volume (31 ± 14 vs. 27 ± 11 ml/m2, P = 0.04); in particular, the percentage of patients with increased left atrial area (>20 cm2) was higher in severe ESUS than in mild ESUS (54/127 vs. 28/99; P = 0.03) and, similarly, the number of patients with moderate-severe LA dilation (≥ 30 cm2) was significantly higher in severe than in mild ESUS (10/127 vs. 1/99; P = 0.02) (Table 1).



Multivariate Analysis

Multivariate logistic regression model was constructed to determine the factors associated with severe ESUS. The following variables were initially evaluated: age, sex, PWD, P-max, P-mean, P index, PQ interval, abnormal P axis, left atrial area, left atrial volume index, atrial dilation (left atrial area >20 cm2), moderate-severe atrial dilation (left atrial area ≥30 cm2), MV disease. Akaike's information criterion showed that the best subset of associated variables for severe ESUS were the following: age (OR = 1.21 for each 5-year increase, 95% CI: 1.09–1.35), sex (OR = 3.24 for female sex, 95% CI: 1.82–5.76), PWD (OR = 1.32 for each 10 ms increase, 95% CI: 1.07–1.64) (Figure 1).
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FIGURE 1. Multivariate analysis of factors associated with severe ESUS. (A) Forest plot of significant factors associated with severe ESUS (according to Akaike's information criterion), (B) results of multivariate analysis. OR, odds ratio; CI, confidence interval.





DISCUSSION

The novel findings of our study are the following: there is a significant association between markers of atrial cardiopathy and severe ESUS, and this association, specifically for PWD, is independent of other clinical characteristics such as age and sex.

Indeed, in patients with severe ESUS we found the presence of both electrocardiographic and echocardiographic markers of atrial cardiopathy, including an increased P wave dispersion, P wave index, a higher rate of abnormal P wave axis, an increased left atrial size and a higher frequency of mitral valve calcifications in comparison with mild ESUS patients. These markers besides being atrial cardiopathy markers, also represent significant predictors of AF. Indeed, previous studies demonstrated that left atrial volume index is associated with new-onset AF and stroke recurrence in ESUS patients (17), many electrocardiographic markers of atrial cardiopathy can predict AF occurrence (18) and mitral valve calcification, even when asymptomatic, is associated with increased risk for AF (19) and stroke (20).

These findings suggest that atrial cardiopathy can represent the pathogenic mechanism underlying severe ESUS, while in mild ESUS other pathogenic mechanisms need to be explored.

Moreover, patients with severe ESUS are also characterized by additional and specific clinical characteristics, such as older age and higher prevalence of female sex, according to a previous study (6), that demonstrated that women have more severe ESUS compared with men.

The identification of possible cardioembolic mechanisms underlying severe ESUS could be particularly important to perform an appropriate therapy in this clinical subtype of ESUS where atrial cardiopathy could cause cardioembolism by itself or by promoting atrial fibrillation. The hypothesis that many ESUSs were determined by cardioembolic mechanisms based on silent and paroxysmal atrial fibrillation has been the rationale of RESPECT-ESUS and NAVIGATE trials (21, 22), that, however, didn't demonstrate the superiority of anticoagulants in ESUS. Nevertheless, a subanalysis of the NAVIGATE trial suggested a beneficial effect of anticoagulant therapy in ESUS associated with increased left atrial size (atrial diameter ≥46 mm) (23), confirming a possible pathogenic role of atrial cardiopathy in these patients.

Among various electrocardiographic and echocardiographic markers of atrial cardiopathy, our multivariate analysis showed that PWD represents the most significant atrial marker associated with severe ESUS.

Previous studies demonstrated that high PWD values correlate with both atrial cardiopathy and higher risk of AF, regardless of the increased atrial size (24–27). In this view, high PWD (even in presence of a normal left atrium size) represents an index of atrial electrical heterogeneity, reflecting the presence of atrial microarchitecture change and site-dependent conduction delay, also due to inflammatory mechanisms, that can favor AF occurrence (9, 28, 29).

Our results are particularly important because they suggest that severe ESUS patients are characterized by higher risk of atrial cardiopathy. However, even if atrial cardiopathy is a condition that encompasses alterations in macrostructure and microstructure that are associated with ischemic stroke also independent of atrial fibrillation occurrence (30), current evidence doesn't suggest the efficacy of anticoagulant therapy in ESUS only associated to atrial cardiopathy without identification of AF episodes (31). For this reason, an intensive ECG monitoring is particularly important to detect subclinical AF and to choose the most appropriate therapy in this subgroup of ESUS (32).

Furthermore, the ongoing ARCADIA trial (33), comparing apixaban and aspirin in ESUS associated with atrial cardiopathy, will provide further data about the possible beneficial effects of anticoagulants in this subgroup of ESUS, also regardless of AF occurrence.

Our study has some limitations. The recruitment was mono-centric and we have no data about the ECG monitoring in the long-term, even if previous studies confirmed PWD as a predictor of AF after ischemic stroke in short- and long-term (18, 24, 34).

Furthermore, although ESUS is usually characterized by mild symptoms, most of our patients were affected by severe ESUS, because our Stroke Unit is a Comprehensive Stroke Center, that usually admits and treats the most complex and severe strokes from the entire South-East Tuscany.

Further studies are necessary to better characterize clinical characteristics of ESUS patients, to identify different pathogenic mechanisms underlying various subtypes of ESUS.



CONCLUSIONS

Our findings shed light on specific clinical characteristics of severe ESUS including the presence of atrial cardiopathy that could play a pathogenic role in this subgroup of patients. Searching for atrial fibrillation in these patients is especially important in order to perform the most appropriate therapy.
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Left Ventricular Diastolic Dysfunction Is Not Associated With Pulmonary Edema in Septic Patients. A Prospective Observational Cohort Study
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Purpose: We aimed to investigate whether left ventricular diastolic dysfunction (LVDD) is associated with pulmonary edema in septic patients.

Methods: We conducted a prospective cohort study in adult septic patients between October 2018 and May 2019. We performed repeated echocardiography and lung ultrasound examinations within the first 7 days after diagnosis of sepsis. We defined LVDD according to the 2016 recommendations of the American Society of Echocardiography and—for sensitivity analysis—according to an algorithm which has been validated in septic patients. We quantified pulmonary edema using the lung ultrasound score (LUSS), counting B-lines in four intercostal spaces.

Results: We included 54 patients. LVDD was present in 51 (42%) of 122 echocardiography examinations. The mean (±SD) LUSS was 11 ± 6. There was no clinically meaningful association of LVDD with LUSS (B = 0.55 [95%CI: −1.38; 2.47]; p = 0.571). Pneumonia was significantly associated with higher LUSS (B = 4.42 [95%CI: 0.38; 8.5]; p = 0.033).

Conclusion: The lack of a clinically meaningful association of LVDD with LUSS suggests that LVDD is not a major contributor to pulmonary edema in septic patients.

Trial Registration: NCT03768752, ClinicalTrials.gov, November 30th, 2018 - retrospectively registered.

Keywords: diastolic dysfunction, lung edema, extravascular lung water, pneumonia, ultrasound, echocardiography, sepsis


INTRODUCTION

In septic patients, left ventricular diastolic dysfunction (LVDD) is common (1, 2) and associated with weaning from mechanical ventilation (3) and with mortality (1, 2, 4). Septic patients may develop new onset transient LVDD as a sign of sepsis-induced cardiomyopathy (5–7). In septic patients with pre-existing LVDD, LV diastolic function may further aggravate during sepsis.

Endothelial dysfunction with increased vascular permeability is a hallmark of sepsis and can result in pulmonary edema (8). Pulmonary edema is associated with multi-organ dysfunction and mortality (9). LVDD increases hydrostatic pressure and thus potentially aggravates pulmonary edema. In non-septic patients, there is an association between LVDD and hydrostatic pulmonary edema (10–15). Whether there is an association between LVDD and pulmonary edema in septic patients remains uncertain.

We, therefore, aimed to investigate whether septic patients with LVDD—compared to patients with normal LV diastolic function—have more severe pulmonary edema, quantified by the lung ultrasound score (LUSS). Specifically, we tested the hypothesis that LVDD is associated with LUSS in septic patients.



PATIENTS AND METHODS


Study Registration and Ethical Information

We conducted this prospective cohort study between October 2018 and May 2019 in the Department of Intensive Care Medicine (ICU) at the University Medical Center Hamburg-Eppendorf. Ethical approval for this study was provided by the ethics committee of the Hamburg Chamber of Physicians on June 26th, 2018 (reference number PV5769). Patients or their legal representatives provided written informed consent. The study was registered at ClinicalTrials.gov on November 30th, 2018 with the Identifier: NCT03768752. The manuscript adheres to the applicable STROBE guidelines.



Study Population

Sepsis was defined according to the Sepsis-3 definition (16). Patients were excluded when they were younger than 18 years, had mitral valve disease, persistent or permanent atrial fibrillation, any form of extrinsic cardiac restraint, any implanted mechanical cardiac device, or required extracorporeal membrane oxygenation.



Ultrasound Examination to Assess LVDD and LUSS

We performed both echocardiography and lung ultrasound daily during the first 7 days after diagnosis of sepsis. Examinations were discontinued earlier, if patients no longer fulfilled sepsis criteria or received palliative care. Ultrasound examinations were conducted by a single experienced investigator (UK). Only images with clearly identifiable anatomic structures and Doppler velocity curves without an angular error above 20° were accepted for interpretation. 2D-images were measured once, in Doppler-images three signals were measured and averaged. Ultrasound images and slopes were analyzed post hoc by two independent examiners (UK, LS) and numeric values were averaged. For details on the ultrasound examination see Supplement 1.

The echocardiographic examination of LV diastolic function was in line with the recommendations of the European Society of Intensive Care Medicine (17) and the respective PRICES checklist is available as Supplement 2. We performed echocardiography to assess ejection fraction, stroke volume, Doppler-derived cardiac index, mitral inflow velocity (E- and A-wave), deceleration time of the E-wave, mitral annular tissue velocity (lateral and septal e'- and a'-wave), left atrial maximum volume index, tricuspid regurgitation velocity. We determined and graded LVDD according to the 2016 recommendations of the American Society of Echocardiography (ASE) (18), In patients with preserved LV ejection fraction, LVDD is diagnosed if more than two of the following parameters meet the pathologic threshold: average lateral and septal E/e'-ratio >14, septal e' <7 cm/s or lateral e' <10 cm s−1, tricuspid regurgitation velocity >2.8 m s−1, and left atrial maximum volume index >34 ml m−2. Patients with reduced LV ejection fraction are assumed to have LVDD. In both groups, LVDD is graded in the categories 1, 2, and 3 according to the parameters E/A-ratio (≤ 0.8, >0.8– <2; ≥2), E > 50 cm s−1, E/e'-ratio >14, tricuspid regurgitation velocity >2.8 m s−1 and left atrial maximum volume index >34 ml m−2 (18). For sensitivity analysis, we defined LVDD based on a second algorithm which has been validated specifically for septic patients (19). This algorithm defines LVDD as a septal e' <0.08 m s−1, and grades LVDD according to the septal E/e'-ratio in the categories 1 (E/e' ≤ 8), 2 (8> E/e' <13), and 3 (E/e'≥13) (19).

We performed lung ultrasound and used the LUSS to quantify pulmonary edema on a scale of 0–32 by counting and adding B-lines in the intercostal spaces 3/4 and 6/7 on the left and right side during one full breathing cycle (20).



Statistical Analysis

Statistical calculations were performed with SPSS Version 24 (IBM SPSS Statistics for Windows Released 2016. Armonk, NY: IBM Corp.). All tests were performed on the 5% level. Sensitivity analyses were not adjusted for multiplicity.

Prior to patient enrolment, we calculated group sample sizes of 25 and 25 to detect a difference in LUSS of 5 points with an assumed standard deviation (SD) of 6 in each group at the 0.05 significance level (alpha) with 80% power using a two-sided Mann-Whitney Test. The calculation was performed with the “Inequality Test for Two Means (Simulation)” module of Pass 2008 with 10,000 simulations.

We assessed the association between LVDD and LUSS using a linear mixed model. LUSS was modeled as a metric variable and included as the dependent variable. LVDD was modeled as a binary variable (normal LV diastolic function vs. LVDD grade 1–3) and included as the independent variable of interest. We included clinically relevant potential confounders: age, sex, SOFA score, cardiac index, pneumonia, positive pressure ventilation and fluid balance. Clustering of repeated measurements was accounted for by using a random intercept for the individual patients. The model was gradually reduced following an augmented stepwise backwards approach with respect to changes in parameter estimates ≥10%. Distributional assumptions of the residuals in all linear models were checked with QQ plots. We conducted a sensitivity analysis with LVDD modeled as a categorical variable with four manifestations (normal LV diastolic function, LVDD grade 1, 2, and 3).

Reliability of echocardiography examinations between the two examiners (UK, LS) for the primary endpoint (LUSS), as well for the ultrasound parameters E and septal e' was assessed using intra-class correlation coefficients (ICC).




RESULTS

We analyzed 122 echocardiography examinations in 54 patients (Figure 1 and Tables 1, 2). Details on sepsis severity and therapy are provided in Supplements 2, 3.


[image: Figure 1]
FIGURE 1. Identification and inclusion of study participants for this prospective observational cohort study.



Table 1. Demographic and medical data.
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Table 2. Ultrasound examination.
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Applying the 2016 ASE recommendations, LVDD was present in 51 (42%) of 122 echocardiography examinations (Supplement 4). The mean (±SD) LUSS was 10.7 ± 6.4; 11.0 ± 6.5 when LVDD was present, and 10.7 ± 6.2 when it was not (Figure 2). There was no clinically meaningful association of LVDD with LUSS (B = 0.55 [95%CI: −1.38; 2.47]; p = 0.571) (Table 3). Pneumonia was significantly associated with higher LUSS (B = 4.42 [95%CI: 0.38; 8.5]; p = 0.033; Table 3).


[image: Figure 2]
FIGURE 2. Left ventricular diastolic dysfunction and pulmonary edema. Lung ultrasound score during examinations with normal left ventricular (LV) diastolic function (light gray box) and with LV diastolic dysfunction (dark gray box).



Table 3. Linear mixed models.
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Applying the sepsis-specific LVDD algorithm, LVDD was present in 48 (39%) of 122 echocardiography examinations [LVDD grade 1: 5 (4%); grade 2: 21 (17%) and grade 3: 22 (18%)]. Prevalence of LVDD according to the two different algorithms is displayed in Supplement 4. The sensitivity analysis confirmed the results of the primary analysis (Table 3).

Inter-rater reliability quantified by the average ICC was 0.873 for the LUSS, 0.983 for the E-wave and 0.956 for the septal e'-wave.



DISCUSSION

We aimed to investigate whether septic patients with LVDD—compared to patients with normal LV diastolic function—have more severe pulmonary edema, quantified by the lung ultrasound score. Contrary to our hypothesis, there was no clinically meaningful association of LVDD with LUSS. Pneumonia was significantly associated with a higher LUSS. These findings were confirmed in the sensitivity analysis using the sepsis-specific definition of LVDD.

Two other studies have investigated the association between LVDD and pulmonary edema in septic patients (21, 22). Both studies defined LVDD based on an elevated E/e'-ratio and used LUSS to quantify pulmonary edema (21, 22). Santos et al. performed one echocardiography and lung ultrasound per patient and—contrary to our results—found an association between LVDD and pulmonary edema (22). The results may differ because only about one-third of their septic patients had a pulmonary source of infection (22). The study by Bataille et al. was restricted to septic patients with acute respiratory distress syndrome due to pneumonia (21). Comparable to our approach, the authors repeatedly performed echocardiography and lung ultrasound (21). In line with our results, there was no association between LVDD and pulmonary edema (21). The association of pneumonia with pulmonary edema presumably masks a clinically meaningful association between LVDD and pulmonary edema (21). Future studies on the association of LVDD with pulmonary edema should thus differentiate between patients with and without pneumonia.

The diagnosis of LVDD in septic patients is challenging. There are no clear diagnostic criteria for LVDD in septic patients (23). Importantly, different echocardiography algorithms may identify different patients as having LVDD (24). The 2016 ASE recommendations (18) are more likely to detect patients with pre-existing LVDD rather than an acute deterioration of diastolic function during sepsis, since they include parameters such as an increased left atrial maximum volume index which expresses a slow-growing adaptation and remodeling of the left atrium due to increased filling pressures (6, 25). To account for the influence of different algorithms, we performed a sensitivity analysis and defined LVDD based on a sepsis-specific algorithm (19). The results confirmed the primary analyses, thus supporting the robustness of our findings.

Our study has limitations. There is no gold standard for the ultrasonographic quantification of pulmonary edema, which limits comparability between studies. LUSS protocols differ regarding the localization and number of examined intercostal spaces (20, 26–28). The LUSS protocol (20) used in this study has several advantages. It has been validated in septic patients (20, 29) and its LUSS values highly correlate with transpulmonary thermodilution-derived extravascular lung water (20), as well as with patient-centered outcomes such as the respiratory distress score or ICU length of stay (30).

According to the 2016 ASE recommendations the vast majority of patients with LVDD in our cohort were classified LVDD grade 1. The physiologic correlate of LVDD grade 1 are elevated filling pressures in the absence of elevated left atrial pressure (6), which may not contribute to pulmonary edema as much as LVDD grade 2 and 3. Future studies should consider comparing patients with normal diastolic function or LVDD grade 1 to patients with LVDD grade 2 or 3. Additionally, future studies should take into account parameters of right ventricular function. Unfortunately, it is not possible to consistently collect information on baseline diastolic function before the onset of sepsis. We thus cannot reliably distinguish between patients with pre-existing and new onset LVDD.

Our patient cohort was heterogeneous in regard to pre-existing conditions, infection sites, microbial spectrum and sepsis therapy. We aimed to control for this heterogeneity by adjusting the analysis for potential confounders. Most importantly, we included the SOFA score in the analysis to account for sepsis severity. Potential confounders which are part of the SOFA Score such as arterial blood pressure, vasopressor support, PaO2/FiO2 ratio, serum creatinine where not included as individual variables in addition to the SOFA score. Additionally, we adjusted for the cardiac index to account for systolic function and for the daily fluid balance to account for iatrogenic fluid supply or extraction in patients with and without kidney failure and renal replacement therapy. We adjusted for positive pressure ventilation to account for respiratory failure and for pneumonia to account for the pneumonia-associated risk of lung edema. As we only included 54 patients, we could not compare subgroups of patients with and without pneumonia. Future studies should differentiate between patients with and without pneumonia.

A major strength of our study is that ultrasound examinations were standardized and performed by a single examiner and two independent evaluators, showing excellent inter-rater reliability.



CONCLUSION

The lack of a clinically meaningful association of LVDD with LUSS suggests that LVDD is not a major contributor to pulmonary edema in septic patients.
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The Systolic Pulmonary Arterial Pressure Liaises Impaired Cardiac Autonomic Control to Pro-inflammatory Status in Systemic Sclerosis Patients
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The current study was undertaken to test the hypothesis that systemic sclerosis (SSc) patients with higher systolic pulmonary arterial pressures (PAPs) present a blunted cardiac autonomic modulation and a pro-inflammatory profile. Thirty-nine SSc patients were enrolled (mean age 57 ± 11 years). ECG and respiration were recorded in the supine (SUP) position and during the active standing (ORT). Heart rate variability (HRV) analysis was performed on samples of 300 beats. The symbolic analysis identified three patterns, 0V%, (sympathetic) and 2UV% and 2LV%, (vagal). The %ΔORT was calculated from the differences between HRV in ORT and SUP, normalized (%) by the HRV values at rest. The PAPs was obtained non-invasively through echocardiography. For the inter-group analysis, participants were allocated in groups with higher (+PAPs ≥ median) and lower PAPs (–PAPs < median) values. At rest, the cardiac sympathetic modulation (represented by 0V%) was positively correlated with PAPs, while parasympathetic modulation (represented by 2LV%) was negatively correlated with PAPs. The dynamic response to ORT (represented by Δ0V% and Δ2LV%), sympathetic and parasympathetic were negatively and positively correlated with PAPs, respectively. The +PAPs group presented a higher inflammatory status and a blunted cardiac autonomic response to ORT (↓Δ0V% and ↑Δ2LV%) compared to the –PAPs group. These findings suggest an interplay among cardiac autonomic control, inflammatory status, and cardiopulmonary mechanics that should be considered for the assessment, monitoring, and treatment of SSc patients.

Keywords: heart rate variability, scleroderma, symbolic analysis, inflammatory reflex, autoimmune diseases


INTRODUCTION

Systemic Sclerosis (SSc) is an autoimmune disease characterized by vascular damage, autoantibodies production, and fibrosis of the skin and internal organs. SSc patients are classified into diffuse cutaneous SSc (dcSSc) or limited cutaneous SSc (lcSSc) subsets based on the extent of their skin fibrosis (1–4). The heart and lungs are frequently affected in SSc with several manifestations including conduction abnormalities, myocarditis, coronary artery disease, valvular heart disease, pericardial manifestations, associated pulmonary arterial hypertension (APAH), myocardial and pulmonary fibrosis (1–6). Due to unspecific symptoms (typically dyspnea and fatigue), cardiopulmonary impairments are often diagnosed late leading to a poor prognosis. Clinically evident cardiac involvement is associated with up to 70% mortality at 5 years (1, 7, 8). In this turn, APAH is also a relevant cause of death in SSc, despite an optimized treatment (2, 5). The non-invasive monitoring of the integrity of the pulmonary circulation through regular Doppler echocardiography and/or the functional assessment through the exercise cardiopulmonary testing should be considered in early APAH screening (9, 10).

Autonomic dysfunction was identified as an early marker of SSc progression, helping to identify cardiac involvement (11, 12). Heart rate variability (HRV) has been reported as a powerful non-invasive tool to access heart sympathetic and vagal modulation in SSc disease (11, 13). HRV predicted severe myocardial damage that is linked to ventricular arrhythmias in patients with SSc (12). Recently, HRV linear and non-linear analysis revealed that cardiac autonomic impairment follows the fibro-vascular progression in SSc. Indeed, the dcSSc subset shows a more pronounced shifted sympatho-vagal balance (i.e., sympathetic predominance and vagal withdrawal) if compared to the lcSSc in which there is a less extent of fibrosis (3). Moreover, SSc at a pre-clinical stage (14) shows an autonomic profile comparable to healthy controls (13).

In idiopathic PAH, high PAPs values were negatively correlated with vagal-mediated HRV linear indexes in time and frequency domains, and cardiac vagal modulation was lower in idiopathic PAH compared to age-matched healthy controls (15). In the same way, the augmented sympathetic discharge to the periphery was positively correlated with PAPs, highlighting that the sympathetic nervous system plays a role in the pulmonary vascular disease pathophysiology (16).

Whether sympatho-vagal balance is modulated in patients with SSc is not well described and, to our knowledge, no studies investigated the association between PAPs and cardiac autonomic modulation (i.e., HRV) in SSc patients without features of APAH. Since cardiac autonomic control is impaired in both SSc (13) and idiopathic PAH (15), we could hypothesize an association between PAPs and HRV indexes in SSc. Moreover, inflammation might be a relevant bridge between autoimmune diseases and APAH, as a possible key mechanism underlying APAH development in SSc (17, 18).

Thus, the current study was undertaken to test the hypothesis that high pulmonary arterial pressure liaises impaired cardiac autonomic function with low-grade inflammation in SSc patients, even without clinically evident APAH.



MATERIALS AND METHODS


Sample

This observational study included 39 SSc patients without a diagnosis of APAH. SSc patients were classified into dcSSc or lcSSc subsets based on the extent of their skin fibrosis (3). Patients with a definite SSc but without skin fibrosis yet with puffy fingers were categorized in the lcSSc group. The protocol was approved by the local Ethics Committee (Comitato Etico Milano Area 2), and all participants signed informed written consent before participation in the study.



Clinical Features

Clinical and laboratory parameters were extracted from medical records for the determination of total lung capacity (TLC), forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), diffusing capacity for carbon monoxide (DLCO), left ventricular ejection fraction (LVEF) computed using the modified Simpson’s formula, tricuspid annular plane systolic excursion (TAPSE, normal value when > 16 mm), erythrocyte sedimentation rate (ESR, normal value from 1 to 20 mm/h), SSc-associated autoantibodies (ACA and aSCL70 positivity), C-reactive protein (CRP, normal value < 0.5 mg/dL), creatinine, glucose levels, and the presence of hypergammaglobulinemia.

According to the current recommendation, right atrial pressure (RAP) was estimated from the spontaneous changes of the inferior vena cava dimension during the expiratory-inspiratory phase, and set in different levels (5, 10, or 15 mmHg) according to the current guideline for the echocardiographic assessment of the right heart in adults (19). Doppler sampling of tricuspid regurgitation velocity was used to derive the right atrial-ventricular gradient through the simplified Bernoulli’s equation. Non-invasive PAPs estimate was obtained through echocardiography adding the RAP to the right atrial-ventricular gradient (19). The APAH was clinically ruled out according to the following exclusion criteria (9, 10): (1) DLCO < 60%; and (2) NYHA functional class ≥ 2.



Cardiac Autonomic Modulation Assessment

All the participants underwent the recording of ECG and respiration (thoracic belt record) by an ad hoc telemetric system device (BT16 Plus, Marazza Spa, Monza, ITA). The signals were recorded at rest (supine position for 5 min) and during active standing (orthostatic position for 5 min) with spontaneous breathing. The absence of a stable sinus rhythm on ECG and ongoing therapy with beta-blocker drugs were considered exclusion criteria for this study.

The HRV was evaluated through specific software (Heart Scope II, AMPS, ITA) on short samples of 300 beats at supine (SUP) and orthostatic (ORT) positions. To assess the autonomic dynamic response to ORT, we calculated the ΔORT% (HRV in SUP position–HRV in ORT position/HRV in SUP position).

Non-linear dynamics of HRV were evaluated by symbolic analysis. The R-R dynamics were classified into three patterns families: (a) patterns with no variation (0V; all three symbols were equal); (b) patterns with one variation (1V; two consequent symbols were equal and the remaining symbol was different); and (c) patterns with two liked (2LV) and unlike (2UV) variations (e.g., all symbols were different from the previous one). The percentage of the patterns with no variation (0V) and with two variations (2UV or 2LV) were calculated as a predominance of sympathetic and parasympathetic cardiac autonomic modulation, respectively (13). However, the pattern of 1V was not associated with any autonomic tests used to validate the method (20).



Statistical Analysis

The Shapiro–Wilk test was used to evaluate the normality of the samples. The Spearman’s correlation was used to test the association between PAPs and HRV indexes. Mann–Whitney U test was used for the inter-group analysis. The analysis of covariance (ANCOVA) was employed, using age as a co-variable to confirm the results from the inter-group analysis. For descriptive analysis, the median and the interquartile range (IQR 25–75%) were calculated for PAPs values. For the other variables, means and standard deviation were used. P-value < 0.05 was considered statistically significant. The software used was SPSS Statistics version 21.0 (IBM Corp., Armonk, NY, United States) and GraphPad Prism version 8.0 (GraphPad Software Inc., San Diego, CA, United States).




RESULTS

Our cohort was mainly composed of females and lcSSc subjects (77%) with a mean age of 57 ± 11 yrs. Overall clinical features are listed in Table 1. Mean disease duration was >than 3 years. All participants had a DLCO > 60% and belonged to the NYHA functional class I, thus excluding suspicion of APAH diagnosis. After patients’ allocation into two subgroups based on PAPs values above or below the median (median 30, IQR 27–34 mmHg; the +PAPs and –PAPs groups, respectively), significantly higher CRP levels were found in the +PAPs (1.01 ± 1.04 mg/dL) compared to the –PAPs group (0.40 ± 0.25 mg/dL; p = 0.02). No other clinical differences were found between +PAPs and –PAPs groups, except for higher age in the +PAPs. To note, these results were confirmed also after ANCOVA, which included age and SSc subset as co-variables.


TABLE 1. Participants’ characteristics and clinical features.
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At rest, PAPs positively correlated with cardiac sympathetic modulation (represented by 0V%) and negatively correlated with vagal modulation (represented by 2LV%) (see Figures 1A,C).
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FIGURE 1. Correlations between systolic pulmonary artery pressure and cardiac autonomic modulation in SSc patients. PAPs, systolic pulmonary artery pressure; Δ0V%, [(0V% in supine position-0V% in orthostatic position)/0V% in supine position]. 0V% and 2LV% are non-linear heart rate variability markers of sympathetic and vagal modulation. Plots (A,B) represent cardiac sympathetic modulation at rest and sympathetic dynamic response to ORT, respectively. Plots (C,D) represent cardiac vagal modulation at rest and vagal dynamic response to ORT, respectively. *p < 0.05 from Spearman’s correlation.


When the autonomic dynamic response to ORT was assessed, the Δ0V% was negatively and Δ2LV% positively correlated with PAPs values (see Figures 1B,D). Other clinical features were not associated with HRV. As shown in Figure 2 the +PAPs group presented a blunted autonomic response to orthostatic stress (lower Δ0V% and higher Δ2LV%) compared to the –PAPs group, while at rest HRV indexes did not show differences between –PAPs and +PAPs groups.
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FIGURE 2. Comparisons of dynamic cardiac response to active standing test between –PAPs and +PAPs groups between. PAPs, mean pulmonary artery pressure; PAPs-, PAPs group of PAPs < median; PAPs+, group of PAPs ≥ median; Δ0V%, [(0V% in supine position-0V% in orthostatic position)/0V% in supine position]. 0V% and 2LV% are non-linear heart rate variability markers of sympathetic and vagal modulation. *p < 0.05 from Mann–Whitney U test.




DISCUSSION

This study showed that in SSc patients without a diagnosis of APAH: (1) at rest, PAPs values are positively correlated with sympathetic- and negatively correlated with vagal-mediated indexes of symbolic HRV analysis; (2) higher PAPs values are correlated to a blunted cardiac autonomic responses at active standing test (i.e., reduced Δ0V% and increased Δ2LV% and 2LV; (3) the +PAPs group presented higher CRP values (attributable to a low-grade inflammation) and a blunted cardiac autonomic modulation compared to the –PAPs group. Overall, our findings suggest that a cardiac autonomic assessment through a non-invasive tool such as HRV and active standing test, may unmask a preclinical derangement of cardiopulmonary circulation.


Autonomic Nervous System and Cardiopulmonary Mechanics in Systemic Sclerosis and Associated Pulmonary Arterial Hypertension

From a previous study in idiopathic pulmonary arterial hypertension, vagal-mediated HRV was negatively associated with high values of invasively assessed PAPs (15). Indeed, a cardiac vagal withdrawal seems to be a consequence of an increased sympathetic drive, suggesting that cardiac vagal modulation is suppressed by sympathetic overactivity (13, 15). In line with these observations, our results showed that the sympathetic- and vagal-mediated indexes of HRV symbolic analysis were correlated with PAPs. Moreover, a previous study described a cardiac autonomic dysfunction in SSc patients with APAH (21). However, further studies with others HRV approaches and a more representative sample size are needed to confirm this finding.

As well known, the hemodynamic determinants of pulmonary pressure are represented by: (1) the cardiac output (CO) that determines the amount of blood flow; (2) the left ventricular end-diastolic pressure (LVEDP) that reflects the impact of the post-capillary component; and (3) the arterial pulmonary circulation, that reflects the pre-capillary component (22). In this complex hemodynamic scenario, the increased LVEDP, as well as the decreased CO, and impaired baroreflex control seem to be all factors of sympathetic overactivity in left heart disease (LHD) (23). Similarly, in severe PAH, a right ventricular (RV) failure, due to the pulmonary vascular remodeling, can reduce the systemic CO, provoking a compensatory sympathetic response (24). Moreover, an impaired baroreflex (16) and chemoreflex (25) sensitivities are associated with disease severity in PAH. Otherwise, it was suggested that the peripheral chemoreflex was not a direct mediator of cardiac baroreflex dysfunction in PAH (26). Thus, the sympathetic overactivity in LHD and PAH could be explained, in part, because of a compensatory response from an augmented neurohumoral activation to compensate harmed cardiac output mechanics (27).

From our data, an augmented sympathetic heart modulation was positively correlated with pulmonary arterial pressure values irrespective of the cause of PAPs increasing, suggesting that cardiac sympathetic activity could be a reactivity to the blunted response of the right heart and the pulmonary circulation (28, 29). The initially altered RV after-load induces a compensatory reaction of RV itself in order to reduce hemodynamic stress and preserve contractility (e.g., normal values of TAPSE). These compensatory adaptations were linked with enhanced sympathetic activity, which in PAH is actively involved in the pulmonary vascular disease progression (28, 29). Thus, the interplay between sympathetic overactivity and augmented PAPs might be an early marker of RV dysfunction in SSc patients, which deserves further studies.



The Interplay Among Cardiopulmonary Hemodynamic, Autonomic Control, and Inflammation

Our findings are consistent with the concept of the physiological “reserve” of the autonomic nervous system (30, 31), highlighting that the high variation (Δ) is related to better cardiovascular adjustments during autonomic stress tests and orthostatic tolerance (30). From our results, while the +PAPs group seems to present a lower autonomic reserve, the –PAPs group is closer to a normal physiological response to active standing (e.g., increased sympathetic response with a vagal withdrawal).

From the inter-group analysis, the +PAPs group shows higher CRP values compared to the –PAPs group (Table 1), with a biological meaning of low-grade inflammation (defined as CRP < 1.0 mg/dL) (32, 33). The low-grade chronic inflammation plays an essential role in the extracellular matrix deposition process leading to cardiopulmonary fibrosis, which represents a major cause of mortality in SSc (34–36). Moreover, in chronic cardiovascular diseases, low-grade inflammation is a marker of vascular disease leading to progression of atherosclerosis and driving ischemic events (32, 33, 37). It is conceivable that a slightly altered inflammatory status induces systemic and pulmonary vascular dysfunction and remodeling with consequent impaired cardiac autonomic modulation. These hypotheses are worthy to be further investigated in SSc.



Clinical Applications and Future Directions

Our data showed that inflammation is related to HRV and high PAPs. Besides the standard treatment of SSc, which aims to control the inflammatory status and disease progression, other type of treatment should be considered. For future directions pharmacological and non-pharmacological approaches that stimulate the vagus nerve activity could be employed to reduce inflammation via the anti-inflammatory cholinergic reflex (38, 39).



Limitations

Our study has some limitations. We estimated PAPs by echocardiogram but an invasive measurement of PAPs may assist a better recognition of physiological mechanisms. Moreover, the absence of other parameters of RV structure and function is limiting a comprehensive description of right heart remodeling/overload. The small number of dcSSc enrolled precluded further analyses across different SSc subsets. However, the prevalence of cardiovascular disorders (e.g., arterial hypertension, diastolic dysfunction, altered PAPs values) is not different between lcSSc and dcSSc sub-types (40). Thus, once APAH was excluded, we can suppose that the inter-group analysis is not affected by other bias of selection. Also, we did not evaluate additional markers of inflammation alternative to CRP (such as IL-6, TNF). Further studies with a larger sample size are needed to confirm our observations.




CONCLUSION

Augmented PAPs plays a role in cardiac autonomic control in a cohort of SSc without APAH. High PAPs values were associated with a cardiac sympathetic predominance and a pro-inflammatory status in SSc. These findings encourage the inclusion of HRV analysis (linear and non-linear methods) and active standing test in the screening of PAH in SSc. Further studies might be conducted to investigate the putative mechanisms underlying the interplay of cardiopulmonary, inflammatory, and autonomic impairments in SSc, such as inflammatory reflex, baroreflex, and chemoreflex control.
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The Potential Anti-remodeling Effect of Paroxetine After Myocardial Infarction May Be Blunted by Beta-Blockers
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Background: Left ventricular (LV) remodeling consists in maladaptive changes in cardiac geometry and function following an insult such as ST-segment elevation myocardial infarction (STEMI). Interventions able to prevent LV remodeling after a STEMI are expected to improve the outcome of this condition. Paroxetine has inhibitory effects on GRK2, also known as beta-adrenergic receptor kinase 1 (ADRBK1). This drug does not yield beneficial effects on LV remodeling in patients with STEMI and LV ejection fraction ≤ 45%.

Methods: We compared the molecular effects of paroxetine and drugs for neurohormonal antagonism (beta-blockers, angiotensin converting enzyme inhibitors/angiotensin receptor blockers, mineralocorticoid receptor antagonists), using a bioinformatic approach integrating transcriptomic data in a swine model of post-MI and available evidence from the literature and massive public databases.

Results: Among standard therapies for MI, beta-blockers are the only ones acting directly upon GKR2, but the mechanism of action overlaps with angiotensin-converting enzyme inhibitors/angiotensin receptor blockers with respect to the AT2R-mediated anti-hypertensive response. Moreover, beta-blockers could have anti-fibrotic and anti-inflammatory effects through the regulation of myocyte-specific enhancer factors, endothelins and chemokines.

Conclusion: The additive benefit of paroxetine on the background of the standard therapy for STEMI, which includes beta-blockers, is expected to be limited. Nonetheless, paroxetine becomes particularly interesting when a beta-blocker is contraindicated (for example, in hypotensive individuals) or poorly tolerated.

Keywords: cardiac remodeling, myocardial infarction, paroxetine, artificial intelligence (AI), beta-blockers (BB)


INTRODUCTION

In-hospital and 30-day mortality associated with ST-segment elevation myocardial infarction (STEMI) has steadily declined over the last decades given the implementation of percutaneous coronary intervention and medical therapy for neurohormonal antagonism (1). This has been accompanied by a striking raise of patients who survive the acute event, but have an increased risk of heart failure (HF) and sudden chronic death (1). The rate of HF hospitalization rate is 4.4% in the first year after STEMI, and around 1.0% per year thereafter (2). In turn, patients who are hospitalized for HF during the first year have a risk of dying or being re-hospitalized for HF increased by 2-and 6-fold, respectively (2).

Left ventricular (LV) remodeling consists in maladaptive changes in cardiac geometry and function developing as a result to the loss of viable myocardium and an increased wall stress. This process involves multiple mechanisms such as tissue resorption, extracellular matrix (ECM) degradation, deposition of granulation tissue and vessel formation, followed by scar maturation, fibrosis and hypertrophy in the remote myocardium. LV remodeling eventually leads to impaired ventricular function and HF (3). Interventions able to prevent LV remodeling after STEMI are expected to improve the outcome of this condition.

A recent study found that paroxetine has no beneficial effects on LV remodeling in patients with STEMI and LV ejection fraction ≤ 45%. Specifically, paroxetine treatment was not associated with a recovery in LV ejection fraction compared to placebo (4). The rationale behind this trial was that paroxetine relieves LV remodeling when administered as a stand-alone medication to mice with MI (5). This effect was explained by an inhibitory effect of paroxetine on GRK2, also known as beta-adrenergic receptor kinase 1 (ADRBK1). GRK2 levels and activity have been reported to be enhanced in patients or in preclinical models of several disorders, including cardiac hypertrophy and HF, and to contribute to disease progression by a variety of mechanisms related to its multifunctional roles (6).

In this study, we aimed to elucidate whether the beneficial effects of pirfenidone observed in pre-clinical models do not translate into a clinical benefit because of overlapping mechanisms of action with other therapeutic approaches. Thus, we analyzed the molecular effects of drugs for neurohormonal antagonism (beta-blockers, angiotensin converting enzyme inhibitors/angiotensin receptor blockers, and mineralocorticoid receptor antagonists), which are recommended for patients with MI and systolic dysfunction.



METHODS


Proteins Involved in Post-MI Remodeling or Modulated by Pirfenidone

Articles published over the last 10 years on the molecular pathophysiology of post-MI remodeling were searched in PubMed on October 7, 2020 with the following keywords: post(title) and [infarct*(title) or stroke (title)] and [myocardial (title) or cardiovascular (title) or cardiac (title)] AND [pathophysiology (Title/Abstract) OR pathogenesis (Title/Abstract) OR molecular (Title/Abstract)]. If the involvement of a protein candidate in post-MI remodeling was not well established, an additional PubMed search was performed, including all protein names according to UniProtKB.



Post-MI Gene Expression Data in Swine

The Gene Expression Omnibus (7) and Array Express (8) public repositories were searched for gene expression data on post-MI remodeling with the following query (on December 9, 2020). No gene expression datasets from human myocardial tissue biopsies could be found. Our group previously employed microarray gene expression profiling of porcine cDNA to compare myocardial gene expression at baseline, 1, 4, and 6 weeks after surgically induced MI and in sham-operated controls (9). The swine transcriptomics were translated to their human equivalents via Reciprocal Best Hits (RBH) with BLAST and Gene Name Correspondence and the InParanoid database (10). Microarray data was processed using the GEO2R tool (7), and processed using the neqc method (11) and Linear Models for Microarray Analysis (12). We only considered genes with an adjusted p-value of < 0.01 (Benjamini-Hochberg false discovery rate), and log(fold-change) > 0.25. For introduction into the protein network, gene information was mapped one-to-one with proteins. In the end, 4,737 proteins were included. This information was used as experimental reference to model the algorithms and contrast the in silico findings to ensure their adhere to experimental evidence.



Molecular Mechanisms of Action of Drugs

Artificial neural network (ANN) strategy can identify relationships among network regions (generalization) (13), allowing to infer the likelihood of a relationship between ≥ 2 sets of proteins. In this case, we tested each protein against the post-MI remodeling signature. Next, the model is validated using different data sets from the literature and databases. This system attempts to find the shortest distance between the 2 protein sets, generating a list of proteins ranked by their association with disease pathophysiology. ANN scores were calculated for angiotensin converting enzyme inhibitors (ACEi; target gene ACE, Uniprot P12821), angiotensin receptor blockers (ARB; target gene AGTR1, Uniprot P30556), beta-blockers (target gene ADRB1, Uniprot P08588), and mineralocorticoid receptor antagonists (MRA; target gene NR3C2, Uniprot P08235).

We then constructed a protein-protein interaction (PPI) network that contains all post-MI effectors to investigate the biological interactions of ACEi, ARB, beta-blockers, and MRA targets using the String platform (14). All scores rank from 0 to 1, with 1 being the highest possible confidence in judging the interaction as true. Here we used a minimum score of 0.9 to investigate how ACEi/ARB, beta-blockers, and MRA targets interact with our molecular characterization of post-MI remodeling, which includes 222 proteins. Unsupervised clustering was performed using a K-Means approach, with the number of clusters (K = 10) determined through the elbow method.




RESULTS


Beta-Blockers Selectively Target GRK2 Signaling Pathway

The constructed ANN network identified GRK2 signaling pathway as one of the main targeted mechanisms by gold-standard drugs during the pathology characterization. Through a PPI analysis, we found that beta-blockers strongly modulate GRK2 activity (blue dots in Figure 1), as well as venous smooth muscle contraction, which in turn is related to the renin-angiotensin-aldosterone (RAA) pathway, and includes several family-members of GRK2.


[image: image]

FIGURE 1. Protein-Protein interaction network. PPi network that contains the interactions between the main targets of ACEi, BB, MRA, and ARB treatments (ACE1, ADRB1, NR3C2, and AGTR1, respectively) and our curated molecular characterization of post-MI remodeling (which includes 222 proteins). BB main effect involve the Beta-adrenergic receptor kinase activity and vasopressin V2 receptor biological pathways (in blue), which include GPRK2 modulation. Number of nodes: 226; Number of connections: 1,062; Expected number of random connections: 275; PPi Enrichment p-value: < 1.0e-16; PPi, Protein-protein interaction; ACEi, angiotensin converting enzyme inhibitors; BB, beta-blockers; MRA, mineralocorticoid receptor antagonists; ARB, angiotensin receptor blockers.


Moreover, this targeted mechanism of action seems to be specific of beta-blockers, as only beta-blockers appear to act directly upon GRK2.



ACEi Reinforce Beta-Blockers Mechanism of Action Upon GRK2 by AT2R-Mediated Vasodilation

By inhibiting AGTR1, ACEi disrupt the ACE/Angiotensin II/AT1R molecular cascade and allows AT2R to exert vasodilation functions. GRK2 is described to desensitize beta-adrenergic receptors to G-protein coupled receptors (GPCRs), such as AT2R. Here we identified that this binding blocks G-protein coupling and leads to internalization of AT2R via the b-arrestin Arrb1. AT2R then cannot compete with AT1R, which results in vasoconstriction and thus increases arterial blood pressure.

By decreasing the levels of Angiotensin II/AT1R complex, ACEi balances AT2R expression, induce vasodilation through a nitric oxide/bradykinin-dependent pathway and exert a synergistic effect upon GRK2 direct inhibition by beta-blockers.

ARBs work very similarly to ACEi, but act by blocking AT1R directly (which also increases AT2R effect), inciting vasodilation, but do not compete directly with the same proteins as beta-blockers.

MRAs have not been found to act upon any common signaling pathway with GRK2 or beta-blockers.



Regulation of Myocyte-Specific Enhancers, Endothelins and Chemokines Drive Anti-fibrotic and Anti-inflammatory Properties

Our analysis also shows that beta-blockers could also have anti-fibrotic and anti-inflammatory effects in post-MI LV remodeling with myocyte-specific enhancer factors (MEF2A, MEF2C, MEF2D), endothelins (EDN and EDNRA) and a series of chemokines, such as CXCL1, CXCL2, and IL-8, as mediators.

Upon the MI insult, MEFs transmits a stress response in cell growth, survival and apoptosis via CAMKII and the MAPK pathways. At the same time, our analysis uncovers the important role of RELA (P65) as a mediator of this pro-inflammatory cascade by directly regulating endothelial cells and T-cells expression of EDN and EDNRA or CXCL1 and CXCL2, respectively.




DISCUSSION

In this manuscript, we wanted to investigate why paroxetine could have failed to improve LV remodeling in STEMI patients with LVEF < 45% in a recent trial (4), despite the very interesting pre-clinical findings studies (5), attributed to the inhibition of GRK2.

We hypothesized that this beneficial effect seen in mice could be lost when translated to the clinical setting because STEMI patients already receive other pharmacological treatments that could be masking this effect. For this reason, we wanted to investigate if these other treatments could already be acting upon GRK2 or similar processes.

Among standard therapies for MI, beta blockers are the only ones acting directly upon GKR2, but the mechanism of action overlaps with angiotensin-converting enzyme inhibitors/angiotensin receptor blockers with respect to the AT2R-mediated anti-hypertensive response.

AT2R is a G-protein-coupled receptor and the physiological function of GPCRs is regulated by G protein–coupled receptor kinases (GRKs). The blockade of beta-adrenergic receptors significantly increases the affinity of GPCR for b-arrestin in the cytoplasm, leading to the formation of a complex and thereby terminating signal transduction (15).

We were able to incorporate hundreds of thousands of protein interactions into our models, making them the most robust possible and the most trustworthy considering the current state of scientific knowledge. We report that the inhibitory effects of paroxetine and beta-blockers are overlapping, and the additive benefit of paroxetine on the background of the standard therapy for STEMI, which includes beta-blockers (1), is expected to be limited. This conclusion is in agreement with the proposed limited efficacy of paroxetine modulation in the post-MI setting. Then, therapy with paroxetine may become particularly interesting when a beta-blocker is contraindicated (for example, in hypotensive individuals) or when is poorly tolerated.

Future studies should investigate the possibility to replace beta-blockade with selective modulation of GRK2 to reverse LV remodeling after a STEMI.



LIMITATIONS

Our approach has some limitations. The AI-based models used in this study only incorporate information that has already been described and demonstrated experimentally. As knowledge on paroxetine and post-MI omics information is rapidly evolving, it is likely that the mechanism of action is more multifactorial than currently presented. Any future discovery of protein function or new information that changes what we know about the disease or the drugs under study cannot be captured and may change the results presented here. Finally, the pharmacological effect of these drugs upon STEMI could encompass, and be affected by, other molecular signaling cascades, as well as by a wide variety of physiological affected pathways. Although our models show that GRK2 signaling is the most robust pathway affected, it is likely that other pathways may be involved as well.
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Purpose: The study was designed to investigate the profile of plasma human growth cytokines in pediatric vasovagal syncope (VVS).

Materials and methods: In the discovery set of the study, plasma human growth cytokines were measured using a Quantiboby Human Growth Factor Array in 24 VVS children and 12 healthy controls. Scatter and principal component analysis (PCA) diagrams were used to describe the samples, an unsupervised hierarchical clustering analysis was used to categorize the samples. Subsequently, the cytokines obtained from the screening assays were verified with a suspension cytokine array in the validation set of the study including 53 VVS children and 24 controls. Finally, the factors associated with pediatric VVS and the predictive value for the diagnosis of VVS were determined.

Results: In the discovery study, the differential protein screening revealed that the plasma hepatocyte growth factor (HGF), transforming growth factor b1 (TGF-b1), insulin-like growth factor binding protein (IGFBP)-4, and IGFBP-1 in children suffering from VVS were higher than those of the controls (all adjust P- value < 0.05). However, the plasma IGFBP-6, epidermal growth factor (EGF), and IGFBP-3 in pediatric VVS were lower than those of the controls (all adjust P- value < 0.01). Meanwhile, the changes of 7 differential proteins were analyzed by volcano plot. Unsupervised hierarchical cluster analysis demonstrated that patients in the VVS group could be successfully distinguished from controls based on the plasma level of seven differential proteins. Further validation experiments showed that VVS patients had significantly higher plasma concentrations of HGF, IGFBP-1, and IGFBP-6, but lower plasma concentrations of EGF and IGFBP-3 than controls. The logistics regression model showed that increased plasma concentration of HGF and IGFBP-1 and decreased plasma concentration of EGF were correlated with the development of pediatric VVS. ROC curve analysis showed that the abovementioned 3 proteins were useful for assisting the diagnosis of VVS.

Conclusion: Plasma human growth cytokine profiling changed in pediatric VVS. Elevated plasma concentrations of HGF and IGFBP-1, and decreased EGF were associated factors in the development of pediatric VVS. The abovementioned three proteins are helpful for the diagnosis of pediatric VVS.
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vasovagal syncope, human growth cytokine, plasma sample, children, validation


Introduction

Syncope is common in children and is thought to be a transient loss of consciousness due to transient cerebral hypoperfusion with the loss of muscle tone and a failure to maintain posture. Vasovagal syncope (VVS) accounts for 60–70% of pediatric syncope (1–3). Syncopal recurrent episodes can severely affect physical and psychological health and even result in unpredictable injuries to children due to falls (4).

A previous study demonstrated that the flow-mediated vasodilation was enhanced in children with VVS at the supine position (5), suggesting that children and adolescents with VVS had excessive vasodilation (6, 7). Similarly, levels of hydrogen sulfide in plasma and erythrocytes were also remarkably increased in supine VVS children (8, 9). Furthermore, serum endothelin 1 (ET-1) was significantly increased in pediatric VVS at supine and initial tilt positions (10), whereas another study suggested that plasma ET-1 was not increased during tilt and before syncope (11). The imbalance between vasoconstriction and vasodilation may be associated with neurohumoral dysregulation, but the regulatory mechanisms for vascular dysfunction in children with VVS remain unclear. It is reported that vascular growth cytokines play an essential role in regulating vasomotor function directly or indirectly. For instance, epidermal growth factor (EGF) (12), platelet-derived growth factor (PDGF) (13), and fibroblast growth factor (FGF) (14) were associated with vasoconstriction. On the contrary, insulin-like growth factor binding protein (IGFBP)-1 (15) and hepatocyte growth factor (HGF) (16) were related to vasodilation.

However, the expression profile of growth cytokines in the plasma and the possible pathophysiologic and clinical significance in the development of pediatric VVS remain unclear. In recent years, cytokine antibody arrays enable us to precisely identify the expression of multiple cytokines simultaneously. At present, it has been extensively applied in the research field because of its advantages of high detection sensitivity and specificity, and the high throughput of arrays (17, 18). The suspension cytokine array can also be used to verify the selected biomarkers with very low protein concentrations by low-dose plasma samples. Therefore, in this study, the cytokine antibody arrays were used to determine the expression profile of cytokines, and the suspension cytokine arrays were used to validate the changes in growth cytokine expression to clarify whether plasma growth cytokines were involved in the development of pediatric VVS and its possible clinical implication.



Materials and methods


Study participants

As shown in Figure 1, the VVS group consisted of pediatric patients with VVS admitted to the Peking University First Hospital from April 2016 to January 2019 and the control group included healthy children identified as healthy based on their medical history, physical examination, and laboratory inspection from a middle school. In the discovery set of the study, there were 24 children in the VVS group and another 12 children in the control group. While, in the validation set of the study, 53 children were included in the VVS group and another 24 children served as controls.


[image: image]

FIGURE 1
Flow-chart of patient inclusion. In the discovery phase, a total of 36 subjects were included, including 24 cases in the VVS group and 12 cases in the control group. In the validation phase, a total of 77 cases were included, including 53 cases in the VVS group and 24 cases in the control group. BHUTT, baseline head-up tilt test; VVS, vasovagal syncope.


Inclusion criteria of the study patients: (1) children aged 5–18 years; (2) patients diagnosed with VVS; (3) with adequate plasma samples. The following patients were excluded: (1) with incomplete clinical data; (2) hemolysis of plasma specimens; (3) patients with neurological, metabolic, cardiovascular, or mental disease.

The diagnostic criteria of pediatric VVS are as follows (19, 20): (1) with predisposing factors such as persistent standing, or a sultry environment; (2) with syncope or presyncope clinically; (3) with a positive response appearance in baseline head-up tilt test (BHUTT): significant blood pressure (BP) drop [systolic BP (SBP) ≤ 80 mmHg or diastolic BP (DBP) ≤ 50 mmHg or mean BP drop by ≥ 25%]; and (or) heart rate (HR) decline (HR < 75 bpm for those at 4–6 years old, HR < 65 bpm for those at ∼8 years old or HR < 60 bpm for those over 8 years old; and (4) excluding other possible causes of syncope, such as cardiac syncope and cerebrovascular diseases. The children in the control group met the following conditions: (1) no syncope or presyncope occurred clinically; and (2) no positive findings on physical and laboratory examinations. The research was permitted by the Biomedical Research Ethics Committee of Peking University First Hospital (2018 [112]) and followed the Declaration of Helsinki. The informed consent was approved by the Committee of Peking University First Hospital and was acquired from the subjects’ guardians.



BHUTT

Subjects fasted for more than 4 h and were asked to avoid taking any drugs that affected autonomic nervous function before the test. Firstly, the patient lay on his back on a tilt bed (SHUT-100A, Standard, Jiangsu and ST-711, Juchi, Beijing, China) for at least 10 min. The multi-lead electrocardiogram (ECG) monitor (General Electric, New York, NY, USA) was used to continuously measure HR and ECG, and a Finapres Medical System-FMS (FinometerPRO, FMS Company, Netherlands) was applied to dynamically monitor BP in a warm and quiet condition. Subsequently, the tilt bed was tilted at 60°, and the ECG, HR, and BP were measured until the appearance of a positive response, or otherwise, the child finished the whole test duration of 45 min if no positive response was observed (21, 22).



Plasma specimen collection

Blood samples of the participants were collected before the patients with BHUTT. Totally 2 ml of venous blood was obtained from subjects in the VVS and control groups under fasting, quiet and supine states. The blood was anticoagulated with ethylene diamine tetraacetic acid and centrifuged at 4°C at 2,000 r/min for 20 min. Subsequently, the supernatant was acquired and added with aprotinin in a ratio of 1:100. The plasma was then immediately frozen at −80°C until further detection.



Cytokine antibody arrays

Plasma levels of human growth cytokines in 24 VVS patients and 12 healthy children were detected by cytokine antibody arrays. The Human Growth Factor Array 1 (QAH-GF-1, Quantiboby; RayBiotech; Norcross, GA, USA) was used to detect 40 selected cytokines simultaneously. The assay was carried out in strict accordance with the instructions and sandwich immunoassay principle. Eighty microliters (μl) of detection antibody cocktail were applied to each well to immobilize the antibody targeting the selected cytokine at a specific location on the surface of the array glass. Cytokines present in the plasma were recognized by the corresponding antibodies and conjugated with Cy3 equivalent dye-conjugated streptavidin to detect the binding cytokines. The signals can be visualized using fluorescent dye by InnoScan 300 Microarray Scanner (Innopsys, Carbonne, France), and were detected with a Cy3 (532 nm) wavelength (green channel). The catalog number of the Q-Analyzer Tool specific for this array is QAH-GF-1-SW.



Suspension cytokine arrays

The concentrations of cytokines identified in the cytokine antibody array were further validated in plasma samples from 53 VVS patients and 24 control children using the Human Premixed Multi-Analyte Kit (Luminex 200 system; Cat: LXSAHM-01 [L130457] and LXSAHM-07 [L130460]; Luminex Corporation, Austin, TX, USA) according to the manual. The selected cytokines included IGFBP-6, EGF, HGF, IGFBP-1, IGFBP-4, and IGFBP-3. An amount of 50 μl sample was added to each well and incubated with RD2-1 diluted magnetic beads for 2 h in the dark. After three washes using a Magnetic Plate Washer (Tecan), the samples were incubated with the diluted biotin-antibody cocktail for 1 h in a dark environment. After discarding the biotin-antibody cocktail, it was rewashed with a Magnetic Plate Washer (Tecan) three times. And the streptavidin-conjugated phycoerythrin was used to visualize the captured cytokines and the specific concentration of each cytokine was calculated automatically using a Luminex 200 array reader (Luminex Corporation, Austin, TX, USA).



Statistical analysis

As the analysis software, language R (version number 4.1.2) was used in the screening of the differentially expressed proteins. The analysis method is moderated t-statistics, and the data package is limma. Adjust P- value (Adj. P. Val, BH method corrected P- value) < 0.05 and fold change > 1.2 or < 0.83 [absolute logFC (expression difference multiple in 2 is the bottom) > 0.263] were used to select the differential proteins. After the screening of the differential proteins, it was visualized by volcano plot, with the drawing function being ggplot2, and the data packet ggfortify. The principal component analysis (PCA) plot adopts the prcomp function, the drawing function is autoplot, and the data packet is ggfortify. The cluster heatmap analysis method is the heatmap.2 function and the data packet is gplots.

In the analysis of the clinical characteristics of the study population and biomarkers verification, the software of SPSS 23.0 (IBM, Armonk, NY, USA) was carried out. Data normality was verified by the Kolmogorov-Smirnov test. The measurement variables with a normal distribution were displayed with mean ± standard deviation (SD). Otherwise, the data were displayed with median (P25, P75), respectively. When the two sets of measurement data met the normal distribution, the independent sample t- test was applied to compare the difference between the groups, or otherwise, the Mann-Whitney U test was adopted. The categorical variables were displayed with the number of cases. Categorical variables were compared with the χ2 test between groups. The multivariate analysis was achieved by a logistic regression model (conditional forward method). P- values of <0.05 were thought to be remarkably different.




Results


Participants information

In the discovery set of the study, there were 24 patients in the VVS group and 12 healthy children in the control group, and the mean age was 11.2 ± 2.5 and 10.5 ± 0.8 years, respectively. The validation study was conducted among 53 children in the VVS group and 24 children in the control group, and their median age was 10.0 (8.0, 13.0) years and 10.0 (10.0, 11.0) years, respectively. There was no statistical significance in gender, age, height, weight, supine HR, SBP, and DBP between the two groups in the discovery set of the study or the validation set of the study (Tables 1, 2).


TABLE 1    Clinical characteristics of the study population in the discovery study.
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TABLE 2    Clinical characteristics of the study population in the validation study.
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Discovery of plasma protein profile between two groups

In the discovery test, a cytokine antibody array was used for comparing the profile of human growth factors between the two groups. To show the distribution of test values after the normalized quantile and guarantee the accuracy and reliability of data, the scatter plot (Figure 2) and PCA plot (Figure 3) were employed to assess the distribution of the data, and this evaluation showed relatively good representativeness of the applied samples in the study. Seven differential proteins were identified between the VVS group and control group by volcano plot analysis (differentially altered proteins were identified as those with Adj. P. Val. < 0.05, and fold change > 1.2 or <0.83 (absolute logFC > 0.263) (Table 3 and Figure 4). Specifically, the VVS patients had higher plasma protein concentrations of IGFBP-4, transforming growth factor b1 (TGF-b1), HGF, and IGFBP-1, but lower levels of IGFBP-6, EGF, and IGFBP-3 than the controls. Unsupervised hierarchical cluster analysis demonstrated that children with VVS can be distinguished from healthy children based on the plasma concentration of seven differential proteins (Figure 5). The plasma concentration profile of the seven different proteins between the control group and the VVS group was shown in Figure 6. The compared results of the other 33 proteins between the two groups were detailed in (Supplementary Table 1).
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FIGURE 2
The centralized tendency of two sets of chip data was evaluated by scatter plot. Red presents up-regulation, blue presents down-regulation, and gray presents no difference. The X- and Y-axis show the average plasma protein concentrations of VVS group and of the control group, respectively. AveExp.VVS group, the average plasma protein concentration of the VVS group; AveExp.Control group, the average plasma protein concentration of the control group.
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FIGURE 3
The analysis of principal component analysis (PCA) between the two groups. PCA analysis showed that the data tended to clustered distribution and were distributed in two-dimensional space, suggesting that samples have good representativeness and biological repeatability, and are suitable for further analysis. The red color presents the control group, and the green color presents the VVS group. VVS, vasovagal syncope.



TABLE 3    Plasma protein profile between VVS and control groups in the discovery study.
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FIGURE 4
The volcano plot showed the expression of differential proteins. The differential levels of proteins (blue) and non-differential substances (red) were identified by Adj. P. values < 0.05, and fold change > 1.2 or <0.83 (absolute logFC > 0.263) in the volcano plot. The Adj. P. values were converted to -log10 (Adj. P. value) so that the higher the values on the y-axis, the more remarkably the difference in protein level changes with smaller Adj. P. values. The fold change is log-converted, so negative values and positive values indicated a decrease and an increase in protein levels, respectively. Blue (true) and red (false) represent significant and non-significant expression proteins, respectively.
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FIGURE 5
Heatmap showed the outcomes of hierarchical cluster analysis (HCA) independently performed on both samples’ and variables’ dimensions, for the seven differential expression proteins. Each row in the figure represents a subject, and each column represents a protein. The average protein expression level of the same patient was used as the benchmark. If the expression level of protein is higher than the average level, it is considered positive and marked as red; on the contrary, the expression level of protein is considered negative and marked as blue. The red and blue colors in the left column stand for the VVS group and control group, respectively. For plasma HGF, IGFBP-1, TGF-b1 and IGFBP-4, the proportion of red color in the VVS group was significantly higher than that in the control group, which means that the above four proteins in the VVS group were significantly higher than those in the control group. However, the proportion of blue color of plasma EGF, IGFBP-3, and IGFBP-6 proteins in the control group was remarkably higher than that in the VVS group, which means that the above three plasma protein concentrations were remarkably higher in the control group than those in the VVS group. IGFBP, insulin-like growth factor binding protein; HGF, hepatocyte growth factor; EGF, epidermal growth factor; TGF-b1, transforming growth factor b1.
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FIGURE 6
Plasma concentration profiles of seven differential proteins in the control group and the VVS group. The longitudinal axis represents the seven proteins, and the transversal axis represents the protein concentration. The EGF is expressed on a log2-scale by adding 1 to the original plasma concentration; and other biomarker plasma concentrations of the assessed proteins are expressed on a log2-scale. The green color and red color of the graph stand for the subjects in the control group and the VVS group, respectively. VVS, vasovagal syncope; IGFBP, insulin-like growth factor binding protein; HGF, hepatocyte growth factor; EGF, epidermal growth factor; TGF-b1, transforming growth factor b1.




Validation of plasma protein profile between two groups

To validate the data screened by cytokine antibody array, the human suspension cytokine array was used for measuring the levels of growth cytokines. As shown in Table 4, the data of plasma protein concentrations or fluorescence suggested that plasma levels of HGF, IGFBP-6, and IGFBP-1 were higher in the VVS patients than in the controls. However, the result of plasma EGF and IGFBP-3 were lower in the VVS patients than in the controls. The following cytokines, IGFBP-4, and TGF-b1 could not be detected because the concentrations were too low or below the detection range of the standard curve.


TABLE 4    Plasma proteins validation in VVS and control groups.
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Plasma growth cytokines were associated factors for the development of pediatric vasovagal syncope

Demographic characteristics and the cytokines with a P- value < 0.1 in univariate analysis were introduced into multivariate logistic analysis, including gender, age, BMI, HGF, EGF, IGFBP-6, IGFBP-1, and IGFBP-3. According to the results of multivariate logistics regression analysis, increased HGF and IGFBP-1 and decreased EGF were associated factors in the development of pediatric VVS (Table 5).


TABLE 5    Logistic multivariate regression analysis of variables.
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Diagnostic value of plasma insulin-like growth factor binding protein-1, epidermal growth factor, and hepatocyte growth factor

Based on the above results, the abilities of plasma IGFBP-1, EGF, and HGF to predict the diagnosis of pediatric VVS were further examined. As shown in Figure 7, the areas under the receiver operator characteristic curve of the logarithm of plasma IGFBP-1, EGF + 1, and HGF to base 2 were 0.674, 0.880, and 0.822, respectively. When the cut-off values of the logarithm of plasma IGFBP-1, EGF + 1, and HGF to base 2 were over 13.5 pg/ml, less than 3.4 pg/ml, or over 6.1 pg/ml, the sensitivities of predicting pediatric VVS were 52.8, 77.4, and 83.0%, respectively, and the specificities of predicting pediatric VVS were 83.3, 100, and 79.2%, respectively.
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FIGURE 7
Receiver operating characteristic (ROC) curves of plasma concentrations of log2 IGFBP-1 (A), log2 (EGF + 1) (B), and log2 HGF (C) to analyze the prediction of the diagnosis of VVS in children. The longitudinal axis represents sensitivity to predict the diagnosis of pediatric VVS. The transversal axis represents the false positive rate (1-specificity) of the prediction. The 45° red dotted line is the reference line, indicating that the sensitivity is equal to the false positive rate, with no predictive value at all. The black curve is farther from the reference line and closer to the upper left corner of the graph, indicating higher diagnostic efficiency. The areas under the ROC curve of log2 IGFBP-1 (A), log2 (EGF + 1) (B), and log2 HGF (C) were 0.674, 0.880, and 0.822, respectively (all P < 0.05). The EGF is expressed on a log2-scale by adding 1 to the original plasma concentration; and other biomarker plasma concentrations of the assessed proteins are expressed on a log2-scale. AUC, area under the curve; IGFBP-1, insulin-like growth factor binding protein-1; HGF, hepatocyte growth factor; EGF, epidermal growth factor.





Discussion

This study, for the first time, showed a characteristic plasma growth cytokine variation profile of a significantly increased plasma HGF, IGFBP-6, and IGFBP-1 and decreased plasma EGF and IGFBP-3. Plasma HGF, IGFBP-1, and EGF were associated factors for the development of pediatric VVS. The above findings would be extremely helpful in understanding the pathogenesis of VVS in children. In addition, plasma HGF, IGFBP-1, and EGF would be useful for assisting in the diagnosis of pediatric VVS.

Vasovagal syncope is a common entity of pediatric syncope and its recurrence can seriously affect patients’ physical and mental health. Therefore, it is crucial to elucidate the pathogenesis of pediatric VVS and further develop effective preventive strategies. However, till now, the pathogenesis of pediatric VVS has not been clear.

It is well known that excessive vasodilation is one of the pathogenesis of pediatric VVS (23), but the exact mechanism remains unclear. This study indicated that the plasma IGFBP-1 in pediatric patients with VVS was higher than that in controls, but how the IGFBP-1 was involved in pathogenesis in children with VVS remains unclear. Based on the previous studies, IGFBP-1 is a 30 kDa protein that can dilate blood vessels, reduce vascular resistance and increase cardiac blood flow (24, 25). It was reported that the production of basal NO was increased in transgenic IGFBP-1 overexpressed mice (26). IGFBP-1 can upregulate eNOS mRNA expression by stimulating the phosphorylation of endothelial nitric oxide synthase (eNOS) in the PI3K/AKT pathway. In the VVS cases, the high plasma concentration of IGFBP-1 would likely stimulate the upregulation of eNOS mRNA expression, which increased the release of NO from the vascular endothelium, resulting in excessive vasodilation (27, 28). However, whether and how IGFBP-1 is involved in the development of pediatric VVS merit further studies.

In addition to IGFBP-1, another cytokine, HGF, was also found to be significantly higher in the plasma of children with VVS than that of the controls. HGF is a multifunctional factor involved in the proliferation, differentiation, and regeneration of different cells via binding with its specific receptor c-met (29). In addition, HGF plays a part in the expression of eNOS in endothelial cells (30). This was also confirmed by western blot analysis in human saphenous vein endothelial cells (HGSVEC), suggesting that the upregulation of eNOS expression could be detected after 2 h by HGSVEC treated with HGF, reached its peak at 6–8 h, and remained at a high level 16 h later (31). In human coronary artery endothelial cells, the secretion of endothelin-1 was significantly reduced in a concentration-dependent manner in the presence of HGF (32). Similarly, HGF has been shown to induce rapid microvasodilation, which can be inhibited by NO blockers, suggesting that the short-term effect is the result of HGF-induced upregulation of eNOS expression (33). Therefore, we suspected that plasma HGF was likely involved in the pathogenesis of VVS and it might increase NO secretion by stimulating endothelial cells via eNOS phosphorylation, leading to excessive vasodilation and then facilitating the development of VVS. Whereas, further explorations are still needed to reveal the significance of disturbed growth cytokine HGF secretion in the pathogenesis of pediatric VVS.

Epidermal growth factor, a vasoconstrictor, was significantly decreased in the children with VVS in this study. EGF, a globular protein of approximately 6 kDa, composes of 53-amino acids (34) and promotes cell proliferation and differentiation to replace senescence and death cells with new cells (35). Also, it was found that EGF could induce the contraction of isolated rat pulmonary arteries in a dose-dependent manner; when low concentrations of EGF are insufficient to induce vasoconstriction, EGF can enhance the effect of angiotensin II and participate in the pathophysiological processes of pulmonary circulation (12). A study on chronic hypoxia (CH) disease showed that EGF receptors were necessary to enhance the depolarization-mediated vasoconstriction following CH, and EGF-induced pulmonary arteries contraction of CH by ROK-associated Ca2+ sensitization (36, 37). As a consequence, EGF is thought to play a part in vasoconstriction. In this study, the decreased plasma concentration of EGF in pediatric VVS suggested that the reduced vasoconstriction was likely to induce VVS under the circumstance of postural changes.

The data of multivariate logistic regression analysis showed that increased plasma concentrations of HGF and IGFBP-1 and decreased plasma concentrations of EGF were involved in the pathogenesis of pediatric VVS. In a word, the increased plasma HGF and IGFBP-1 with the vasodilating features might facilitate the syncopal episode, while increased plasma EGF might cause vasoconstriction in children and further reduce the possibility of VVS episodes to a certain degree.

However, there were still some limitations in this research, such as single-center and limited sample size. Moreover, we did not conduct studies on animal models to further investigate the possible mechanisms behind it. In the future, multicenter-based and large sample-sized studies should be performed to further elucidate the involvement of these cytokines in the pathogenesis of VVS. The exact role of cytokines discovered in the development of VVS needs to be illustrated via animal studies.
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Objectives: Ventricular tachycardia ablation (VTA) with hemodynamic compromise presents a challenge. Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) support allows the safe completion of the procedure. There are limited data regarding the safety of weaning off VA-ECMO at the end of the procedure. We report our experience with early VA-ECMO de-cannulation after VTA.

Materials and methods: All patients undergoing VA-ECMO-assisted VTA, between January 2013 and December 2020 at a large tertiary center were included. Clinical characteristics, history of arrhythmia, procedural details, and outcomes were collected. Patients weaned from VA-ECMO immediately at the end of the procedure were compared to those that were de-cannulated at a later time.

Results: A total of 46 patients (93.5% male, age 62 ± 10 years) were ablated with VA-ECMO support. Most had ischemic cardiomyopathy (65%) and (70%) presented with VT storm. The clinical VT was induced in the majority of patients (76%). A total of 99 VTs were induced of which 76 (77%) were targeted and successfully ablated. Non-inducibility was achieved in 74% of cases and most patients (83%) were de-cannulated at the end of the procedure on the procedure table. Survival at 1 year was higher among early de-cannulated patients (86 vs. 38% [log-rank p-value < 0.001]). At 1-year follow-up, 91.3% of surviving patients were free of appropriate ICD shocks.

Conclusion: De-cannulation from VA-ECMO may be done immediately at the conclusion of VTA in most cases. Failure to timely wean off VA-ECMO is a strong predictor of mortality.

KEYWORDS
vetricular tachycardia, extracorporeal membrane oxygenation, ablation, circulatory support, early de-cannulation


Introduction

Ventricular tachycardia ablation (VTA) has been well established as an important and effective therapy for drug refractory arrhythmia in the context of structurally abnormal hearts (1). Yet, the procedure is challenging since 70% of VTs are not tolerated by the patients limiting the ability to carry out extensive activation or entrainment mapping (2). Furthermore, even when adopting a substrate-based approach one must nevertheless strive to achieve complete non-inducibility at the end of the ablation. This may result in the repeated induction of VTs until the desired endpoint is met. The combined effect of anesthesia, positive pressure ventilation, fluid overload, and reduced cardiac output during VTs may lead to acute decompensations requiring rescue circulatory support accompanied by high mortality risk (3).

The preemptive use of circulatory support in selected high-risk patients has been demonstrated to be both safe and effective (4). It allowed prolonged mapping during VT thus increasing the likelihood of achieving complete and successful ablation as well as preventing hemodynamic collapse (4). While several circulatory support systems have been explored with similar rates of success (5, 6), veno-arterial extracorporeal membrane oxygenation (VA-VA-ECMO) may offer hemodynamic support without limiting access to the LV and without inducing electromagnetic interference (7). The safety of using VA-ECMO to support VT in high-risk patients has been reported (7) but, to the extent of our knowledge, the feasibility of immediate de-cannulation at the end of the ablation has not been specifically evaluated. Therefore, we sought to determine the safety and feasibility of immediate de-cannulation, preemptive deployment of VA-ECMO support, at the end of the ablation procedure, a preemptive deployment of VA-ECMO support.



Materials and methods


Study design

All cases of structurally abnormal heart that underwent VTA supported with a VA-ECMO at the Sheba Medical Center from January 2013 to December 2020 were reviewed and retrospectively analyzed. A structurally abnormal heart was defined as any cardiomyopathy, valvulopathy, or congenital heart disease impairing the ventricular function. Patient data, including demographics, and clinical and procedural features were obtained from our VTA registry. Only cases with a preemptive deployment of the system, done specifically to support the VTA procedure, were included. Preemptive VA-ECMO use was defined as the pre-planned deployment of the system in hemodynamically stable patients prior to the initiation of the VTA. Patients supported by VA-ECMO due to cardiogenic shock prior to the VTA or cases of unplanned and urgent introduction of VA-ECMO during VTA due to acute decompensation were excluded from the current analysis (Figure 1). The main study endpoints were a composite of VT, VF, or appropriate ICD shock as well as in-hospital all-cause mortality, defined as death occurring before discharge from the index hospitalization including transfer to other acute care facilities (8) and all-cause mortality. The study was approved by the local ethical board. Due to the retrospective nature of the analysis, no individual consent was required.
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FIGURE 1
Flowchart summary from consent and eligibility for the study 1-year follow-up.




Study population

Patients were referred for VTA in accordance with current guideline indications (1). Prior to the procedure, all patients underwent a clinical evaluation including the assessment of their functional status, an echocardiographic exam, and a review of arrhythmia history. The preemptive VA-ECMO support was planned when one or more of the following criteria were met: (1) severe aortic stenosis; (2) severe pulmonary hypertension; (3) severe (NYHA functional class III–IV) or decompensated heart failure; (4) documentation of hemodynamically unstable VT; and (5) previously failed VTA when the reason for failure was the instability of VT or patient during the procedure; and (6) Idiopathic dilated cardiomyopathy.

Patients were considered in VT storm if presented with three sustained ventricular arrhythmia requiring defibrillation. Decompensated heart failure was defined as acute worsening signs and symptoms of HF resulting in hospitalization. The diagnosis of severe AS required a mean trans-valvular gradient of ≥40 mmHg, a maximal velocity ≥ m/s, a calculated aortic valve area of ≤1 cm2, or a calcium score ≥ 2,000 in men and ≥1,500 in women (9). Pulmonary hypertension was defined as severe when systolic pulmonary artery pressure (sPAP) estimated by echocardiography was ≥60 mmHg or when right heart catheterization measured a mean pulmonary artery pressure (mPAP) ≥ 35 mmHg or mPAP ≥ 25 mmHg with low cardiac index (<2 L/min/m2) (10). Each patient’s eligibility criteria for ECMO-supported VTA are shown in a Supplementary Table.



Extracorporeal membrane oxygenation

The VA-ECMO circuit setup included a centrifugal pump and a coated polymethylpentene oxygenator (Revolution [Sorin, Italy], Centrimag [Levitronix, Waltham, MA], and Rotaflow [Maquet, Germany]). The left femoral artery and vein were percutaneously cannulated in all patients. An outlet (23/25F) and inlet (15/17F) cannula were advanced to the right atrium and external iliac artery, respectively. The pump was set to a minimal baseline flow of 1.7–2 L/min. During VT or programmed stimulation, the flow was increased up to 3.5–4 L/min as needed to maintain hemodynamic stability and adequate systemic organ perfusion. A target ACT of 300 s was mandatory throughout the procedure.



Ablation procedure

Electro-anatomical mapping was performed (CARTO 3 or XP, Biosense Webster, Diamond Bar, CA, USA) using a 3.5-mm tip open irrigated catheter (NaviStar ThermoCool, Biosense Webster, Diamond Bar Ca). Voltage maps were created during sinus rhythm. Peak-to-peak bipolar electrogram amplitude < 0.5 mV was defined as dense scar, voltage ≥ 0.5 and <1.5 mV as scar border zone (11). Epicardial mapping and ablation were carried out when deemed necessary.

All inducible sustained monomorphic ventricular tachycardia (SMVT) were targeted for ablation. Sites were targeted for ablation if pacing entrained the SMVT with concealed fusion and a post-pacing interval (PPI) within 30 ms of the VT cycle length (CL) or by activation mapping. In any case, scar substrate modification (“scar de-channeling”) was performed. Sites with low amplitude fractionated electrograms with stimulation to QRS, late potentials, or the best pace map sites were targeted. Pace mapping and entrainment mapping utilized unipolar stimuli with a strength of 10 mA and a pulse width of 2 ms. Radiofrequency (RF) energy was delivered at a power of 25–50 Watts targeting an impedance drop of at least 10 ohms. The endpoint of all procedures was non-inducibility of any VT with programmed stimulation (PS) at a basic drive train of 600 and 400 ms with up to three extrastimuli. A procedure was defined as successful if the patient was non-inducible for any VT following PS. Partial success was declared when only the clinical VT was no longer inducible and acute procedural failure was declared if the clinical VT was still inducible.

At the end of the ablation, the feasibility of immediate de-cannulation from ECMO in the electrophysiology lab was assessed based on the following criteria: (1) a mean atrial pressure ≥ 60 mmHg for at least 5 mins with minimal ECMO flow (<1 L/min) and minimal ionotropic support (<0.02 mcg/Kg/min of noradrenaline); (2) oxygen saturation > 92% on FiO2 ≤ 40%; (3) post-ablation lactate level < 30 mmg/dl; and (4) no severe acute complication, such as tamponade. Patients meeting all of these criteria were gradually weaned of circulatory support. Patients successfully weaned from ECMO before leaving the EP lab were defined as early de-cannulation (group A) and those that required additional prolonged support were considered late de-cannulation (group B).

Blood pressure was measured continuously and lactate levels were monitored carefully to identify any sign of decompensation and need for the reinstitution of circulatory support. If mean blood pressure > 60 was maintained on minimal ECMO flow (<1 L/min), we proceeded with de-cannulation. If the above-mentioned blood pressure could not be maintained in a patient, ECMO flow was increased and he was transferred to the intensive care unit (ICU) for another attempt. The decision to wean off ECMO in ICU was made at the discretion of the attending physician). Prior to VA-ECMO removal, protamine was administered with a target ACT of <180 s. After the removal of ECMO cannulas, manual pressure was applied to the groin. Immediate de-cannulation was defined as completing the entire weaning process before leaving the procedure room.



Follow-up

Following the ablation, all patients were admitted to a monitored bed until discharged. Procedural and post-procedural complications were noted. All patients were seen at the device clinic 1 and 3 months after the procedure as well as continued biannual device examinations. The occurrence of VT and appropriate device therapies were collected. Mortality data were extracted from the Israeli National Population Register and were available for all cases. The date on heart transplantation or the implantation of a left ventricular assist device was collected from the national heart transplant register and was also available for all cases. The Institutional Review Board of Sheba Medical Center approved this registry on the basis of strict maintenance of participants’ anonymity during database analyses. No individual consent was obtained.



Statistical analysis

Data are presented as mean ± standard deviation if normally distributed or as median (interquartile range) if non-normally distributed. Continuous variables were tested with the Kolmogorov–Smirnov test for normal distribution. Categorical variables were given as frequencies and percentages. A chi-squared test or Fisher’s exact test was used for the comparison of categorical variables between groups, and Student’s t-test or the Mann–Whitney U test was performed for the comparison of continuous variables between the groups. All-cause mortality and freedom from appropriate ICD therapy were calculated using Kaplan–Meier analysis with the procedure serving as the index event. All p-values were two-tailed and were considered statistically significant if their value was <0.05. Statistical analyses were performed using SPSS Statistics (IBM, Chicago, IL, USA).




Results

A total of 53 patients underwent VTA supported by VA-ECMO between January 2014 and December 2020 (Figure 1). Of these, two required VA-ECMO for hemodynamic support regardless of the ablation. Due to hemodynamic collapse during VTA, VA-ECMO was urgently introduced as a bailout strategy in five patients. These patients were excluded from the current analysis. In the remaining 46 consecutive cases (93.5% male, age 62 ± 10 years), VA-ECMO was placed preemptively, specifically to support the ablation procedure, forming the study population. Patients’ clinical characteristics at baseline are shown in Table 1. The majority of patients had ischemic cardiomyopathy were being chronically treated with class III antiarrhythmic drugs on a long-term basis and had VT storm. Half had an NYHA functional class III or IV.


TABLE 1    Patient baseline characteristics.
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Forty patients underwent early de-cannulation in the electrophysiology lab immediately following ablation. Thirty-eight of these remained free of circulatory support for the remainder of the hospital stay and formed group A – successful early de-cannulation. Group B comprised patients for whom early de-cannulation was deemed impossible (n = 6) and two patients who required reestablishment of VA-ECMO support due to progressive hemodynamic compromise within 24 h of the procedure. Group A tended to be younger and showed a trend toward lower left ventricular ejection fraction (LVEF) when compared to patients in group B (Table 1). We found no other statistically significant differences between the groups. Of note, five patients from group B were successfully de-cannulated within 24 h of the ablation. None of those required further circulatory support.

Details for the ablation procedures are shown in Table 2. The left ventricle was accessed via retrograde approach in the majority of cases (N = 38, 83%) followed by substrate mapping in sinus rhythm in 43 (93%). Epicardial access was performed in 12 (26%) cases. VTs were successfully induced in the vast majority of cases (89%) with a median of two (IQR 1–3) distinct circuits in each case. The induction of multiple VTs (≥3) was not common and observed in almost a third of cases. Entrainment and full activation mapping were performed in six (13%) and 31 (67%) cases, respectively, targeting a median of two (IQR 1–3) circuits. Complete non-inducibility was achieved in 34 (74%) cases, and clinical VT alone was eliminated in 39 (93%). When comparing groups A and B, we found a higher rate of activation mapping in latter (67 vs. 100%, p = 0.03), a greater proportion of inducing multiple VTs (24 vs. 64%, p = 0.04), and a higher rate of achieving non-inducibility in the former (82 vs. 38%, p = 0.02).


TABLE 2    Procedural data.
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Less inducible VTs and non-inducibility at the end of the procedure were the only predictors of successful early de-cannulation (1.45 [1.02–2.06], p = 0.037 and 0.13 [0.03–0.70], p = 0.018, respectively). Failure of immediate de-cannulation was predicted by the induction of multiple distinct VTs with a 45% increased risk of failure for each additional circuit (OR = 1.45 95% CI = 1.02–2.06; p = 0.037). Additionally, a high lactic acid level (≥20 mg/dl) close to the end of the procedure showed a trend toward higher risk of early weaning failure (Table 3).


TABLE 3    Predictors of failed early de-cannulations.
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Short-term outcomes

A total of nine (19.6%) had major adverse outcomes (Table 4). A single patient sustained a stroke and two developed vascular complications requiring surgical intervention (pseudo-aneurysm and thrombotic occlusion of a femoral artery). In addition, one patient developed intractable cardiogenic shock and died despite continued VA-ECMO support. Another was initially weaned from VA-ECMO but deteriorated within 24 h and was urgently reconnected to VA-ECMO. He underwent implantation of a left ventricular assist device (LVAD, HeartMate 3™, Abbott Laboratories, Chicago, IL, USA) within 6 days. He developed acute right ventricular failure soon thereafter and a right ventricular assist device was implanted (Levitronix) but he died within a few days. A sixth patient was weaned off the VA-ECMO but died from septic shock due to hospital-acquired pneumonia. A seventh patient was kept off VA-ECMO support until he was implanted with LVAD (HeartMate 3™) but died within 24 h of the procedure, 26 days after the ablation. Finally, two patients developed cardiogenic shock that was successfully managed and they recovered. Overall, in-hospital mortality was higher among patients that were not successfully weened of ECMO in the EP lab (5 vs. 50%, p = 0.005).


TABLE 4    Complications.
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Post-discharge outcomes

Over a median follow-up of 15.9 (6.9–31.3) months, a total of 15 (32.6%) patients died. All-cause mortality at 1 year was higher among patients that failed immediate de-cannulation 86 vs. 38% at 1 year (log-rank p < 0.001, Figure 2). At 1 year of follow-up, 91.3% of surviving patients were free of appropriate ICD shocks and VT.
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FIGURE 2
Kaplan–Meier survival analysis in early vs. late de-cannulation.





Discussion

This study adds to the accumulating experience of preemptive use of VA-ECMO to support VT ablation in high-risk patients and presents, for the first time, the clinical impact of routine early de-cannulation at the end of the procedure. Early de-cannulation was performed successfully in the majority (82.6%) of cases despite the relatively high-risk profile of our cohort. This was predicted by a lower number of inducible VTs and by achieving non-inducibility at the end of the ablation. Failure to wean off VA-ECMO support was associated with multiple distinct VTs circuits induced and by high lactic acid levels, measured close to the end of the procedure. Furthermore, failure to wean off VA-ECMO, prolonged VA-ECMO support, or urgent re-cannulation following an apparently successful weaning process was all associated with excess mortality. This highlights the critical importance of the early post-procedural course as a powerful predictor of poor outcomes and a possible trigger for urgent intervention.

Drug refractory VTs in the presence of structurally abnormal hearts pose a high stake therapeutic challenge. Often, VTA is the only strategy that may offer long-term freedom for arrhythmia. In recent years, it became clear that the safe and effective execution of these procedures requires careful risk stratification and preparation. Acute hemodynamic collapse during the ablation has been associated with extremely high mortality despite rescue attempts with circulatory support. Importantly, this was frequently observed during sinus rhythm or pace mapping. Therefore, hemodynamic collapse may not be avoided by limiting the procedure to a substrate base approach. As a result, the preemptive use of circulatory support systems during VTA emerges as an important approach for selected high-risk patients. The PAINESD score has gained acceptance as a useful risk stratification scheme (12) developed to predict hemodynamic collapse during VTA and the need for the preemptive use of circulatory support. As described above, we have used a different set of criteria for patient selection, but the PAINESD score of our patients is comparable to previous publications, allowing for comparisons with previous cohorts.

Veno-arterial extracorporeal membrane oxygenation is used, typically, in acute settings of typical providing support for a few days to a few weeks, depending on the clinical scenario and patient condition. It is used both as a bridge for recovery and a bridge for a different definitive treatment or until the patient dies. Increased experience and the growing number of specialist centers registered with ELSO have led to increased use of VA-VA-ECMO in more elective cases, such as in high-risk percutaneous coronary intervention, high-risk percutaneous structural heart procedures, and is being used as a “stand-by” for different high-risk procedures.

Published reports of VTA with hemodynamic support also describe the use of Impella ventricular support device and/or TandemHeart. Nevertheless, VA-ECMO has the potential for more complete hemodynamic support (up to 5 l/min) as well as respiratory support. Furthermore, the system does not affect the access to the LV as the Impella and may be used in the presence of the mechanical aortic valve.

Importantly, in previous reports, patients were kept on circulatory support for at least 24 h after the procedure (7). The utilization of VA-ECMO is associated with a risk of significant complications. While those have been shown to be well balanced by the benefit of intra-procedural support and the prevention of hemodynamic collapse, more prolonged use must be further justified. The use of VA-ECMO mandates continued anticoagulation resulting in an ongoing risk of major bleeding, particularly at the cannula insertion site. Similarly, the risk of nosocomial infection (13) and limb ischemia increases dramatically as a function of the duration of therapy. Lastly, maintaining VA-ECMO support takes a significant toll on hospital’s limited resources. Therefore, minimizing the exposure to VA-ECMO is a priority when possible. Our results show that immediate de-cannulation is feasible and safe in the majority of cases. Therefore, we propose that a careful weaning process at the end of VTA, particularly when successful, should be attempted in most cases. Our results are consistent with a recent study by Muser et al. reporting a similar rate of 96% immediate removal of circulatory support at the end of the procedure (4). Notably, in that cohort, the Impella 2.5 or Impella CP pLVAD devices (Abiomed, Inc., Danvers, MA, USA) were used, not the VA-ECMO (4).

Despite our previous statement, premature weaning may be detrimental. Two cases in which immediate cannulation was performed, followed by the reinstitution of VA-ECMO support soon thereafter, resulted in death within 30 days. This happened despite the implantation of an LVAD system in one of the patients. It is possible that uninterrupted VA-ECMO support as a bridge to LVAD would have resulted in a better outcome. In our cohort, the indication of multiple VTs, probably as a maker of advanced cardiomyopathy with the extensive electrical substrate, emerged as a sign of poor outcome and should merit caution. Additional risk factors that approached statistical significance were advanced age and very low LVEF (<20%).

It is probable that the cumulative time a patient spent in VT may have a substantial impact on his hemodynamic stability even with ECMO support. While the rate of activation mapping was higher in the late cannulation group, it did not result in a longer overall procedural duration and it was not a predictor of failed early de-cannulation. We were unable to report the total time spent in VT during the procedure or the longest VT episode and therefore could not draw specific conclusions on the importance of limiting the duration of activation mapping. Nevertheless, based on our early clinical experience, our current practice is to limit the duration of mapping for a single VT circuit to a maximum of 30 mins.

Lastly, while ECMO may allow comprehensive activation mapping and safer execution of post-ablation programmed stimulation protocols, circulatory support should not be regarded as a means to improve acute success (non-inducibility) in most VTAs. Rather, it should be regarded as a tool that enables the safe completion of VTAs in very high-risk patients. The rates of non-inducibility achieved in our cohort are comparable to several recent VTA studies but are by no means superior to them. Yet the patients comprising our cohort were substantially sicker, with lower LVEFs, more advanced HF, a higher proportion of VT storm, and previous failed ablations and we perfumed aggressive program stimulation protocols (up to 3 and even 4 extra-stimuli) as a routine. Therefore, the use of ECMO support may enable a high-risk patient to complete a comprehensive and rigorous VTA that would otherwise be impossible.


Limitations

We acknowledge several limitations. Mainly the retrospective nature of this analysis of a single-center experience. Furthermore, the study’s sample size precluded extensive statistical analysis. Yet, our cohort is very similar to previously published reports allowing generalization of our results to other high-risk patients with structurally abnormal hearts intended for ECMO-supported VTA. Moreover, the question of immediate early de-cannulation is unlikely to be tested in a randomized prospective fashion emphasizing the importance of reports like this one. Our pre-procedural evaluation protocol did not include advanced imaging aimed at identifying the arrhythmogenic substrate. The use of multimodality computed tomography and particularly cardiac magnetic resonance, when clinically feasible, may have reduced mapping and ablation time, thus contributing to the safety of the procedures (14, 15). Lastly, the study was not designed to assess the benefit of ECMO support for VT ablation in high-risk patients.




Conclusion

Immediate de-cannulation from VA-ECMO support at the end of VT ablation is feasible in the majority of cases. Close hemodynamic monitoring and a careful weaning process are warranted. The likelihood of success is high when complete non-inducibility was achieved and lower when multiple VT circuits were induced. Further study is needed to better define the predictors of successful immediate de-cannulation.
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Background: Cannabinoids may be useful to treat pain, epilepsy and spasticity, although they may bear an increased risk of cardiovascular events. This study aims to evaluate the cardiovascular safety of nabiximols, a cannabis-based drug, in patients with spasticity following stroke, thus presenting an increased cardiovascular risk.

Methods: This is an ancillary study stemming from the SativexStroke trial: a randomized double-blind, placebo-controlled, crossover study aimed at assessing the effect of nabiximols on post-stroke spasticity. Patients were treated with nabiximols oromucosal spray or placebo and assessed before and after two phases of 1-month duration each. Only the phase with the active treatment was considered for each patient who completed the study. The average values of blood pressure (diastolic, systolic, differential) and heart rate from the first 5 days of the phase (lowest nabiximols dosage) were compared to the average values recorded during the last 5 days at the end of the phase (highest nabiximols dosage). Baseline comparisons between gender, stroke type and affected side and correlation between age and blood pressure and heart rate were performed. The study was registered with the EudraCT number 2016-001034-10.

Results: Thirty-four patients completed the study and were included in the analysis. Thirty-one were taking antihypertensive drugs and, among these, 12 were taking beta-blockers. During the study, no arrhythmic events were recorded, blood pressure and heart rate did not show pathological fluctuations, and no cardiovascular or cerebrovascular events occurred. At baseline blood pressure and heart rate were comparable concerning gender, stroke type and affected side. A significant direct correlation emerged between differential blood pressure and age and an inverse correlation between diastolic blood pressure and age. No correlation emerged between systolic blood pressure or heart rate and age. Blood pressure and heart rate did not change during nabiximols treatment compared to the baseline condition.

Conclusion: This ancillary study adds evidence that, in patients who already underwent a cerebrovascular accident, nabiximols does not determine significant blood pressure and heart rate variation or cardiovascular complications. These data support the cardiovascular safety of nabiximols, encouraging more extensive studies involving cannabinoids characterized by slow absorption rates.
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stroke, THC, CBD, cannabinoid, cerebrovascular disorders, blood pressure, heart rate, Sativex


Introduction

The word “cannabis” refers to all products derived from the plant Cannabis sativa. Cannabinoids are a group of substances found in the cannabis plant. The main cannabinoids are delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD). THC is the substance that is primarily responsible for the effects of marijuana on a person’s mental state (1).

It has been demonstrated that cannabinoids, which were previously used only for recreational purposes, can also be utilized in clinical practice to treat various pathologies, especially pain and chemotherapy-induced nausea, epilepsy and spasticity (2, 3).

The effects of all these substances are mediated through the endocannabinoid system via the interaction with the CB receptors, particularly the CB1 receptors, which are located in the myocardium, aorta, vascular endothelium, in platelets, and in the central and peripheral nervous system. Conversely, CB2 receptors are found in immune cells (4). Since cannabinoids interact with CB1 receptors, they exert many cardiovascular effects, as has been shown by various studies conducted both on animal models (5, 6) and on humans (7).

The main cardiovascular effects of cannabinoids can be summarized as: enhanced sympathetic tone, increased catecholamine levels and increased heart rate at lower doses, and bradycardia/hypotension at higher doses, owing to parasympathetic stimulation occurring at these latter doses (8–10). Other cardiovascular effects which may be identified are platelet activation, endothelial dysfunction and oxidative stress (11, 12).

All these effects can be ascribed to THC; by contrast, CBD has been shown to reduce heart rate and blood pressure, improve vasodilation in models of endothelial dysfunction, and reduce inflammation and vascular hyper-permeability in diabetic models (13). Furthermore, in an interesting study, Mathew found that healthy volunteers who experienced orthostatic hypotension after smoking marijuana presented reduced cerebral blood velocity on transcranial Doppler (14). This reduction in cerebral blood flow can increase the risk of ischemic stroke and the likelihood of falls. This effect raises an important concern regarding the effects of marijuana in older subjects. A further effect of smoking marijuana is an increase in the amount of carboxyhemoglobin due to combustion, thereby causing an additional decrease in oxygen supply (15). Furthermore, many case reports have linked marijuana use to procoagulant effects, thus causing thrombus formation and leading to acute myocardial infarction in young adults (16–18). On the other hand, in many reported cases of cannabis-induced acute myocardial infarction, coronary angiography has documented coronary spasm in the absence of major atherosclerotic lesions (19).

In an interesting study, Mittleman et al. showed that marijuana smoking was associated with a 4.8-fold increased risk of myocardial infarction within 1 h of use, though this higher risk appeared to decrease rapidly thereafter (20). Finally, the pharmacokinetics of cannabinoids varies according to the route of administration, the most common route being inhalation via smoking or vaporization (21). As inhalation (via smoking or vaporization) is the fastest method of intoxication, the availability of THC is predictable (22). Indeed, plasma THC levels are detectable within a short time (seconds or minutes) after inhalation and reach a maximum after 15–20 min (22). Furthermore, edible forms of marijuana are now gaining popularity among users (23). Edible forms of marijuana often contain very high amounts of THC and, owing to the erratic absorption of oral marijuana, its effects are delayed (23). Oral consumption is slower to take effect, inducing peak levels at 2–3 h, and its effects are less predictable in most cases, leading to higher levels of complications. In a study on health volunteers, inhalation and IV injection elicited similar plasma THC concentrations and clinical effects, and both caused major acute cardiovascular effects, while oral ingestion induced less predictable and delayed peak plasma THC concentrations (23). THC metabolism includes Phase I reactions, mainly consisting of hydroxylation by the hepatic CYP P450, 2C9, 2C19 and 3A4 enzyme system, and Phase II reactions, which involve the oxidation of alcohols and conjugation with glucoronic acid. THC main metabolites are active 11-OH-THC and inactive THC, which are produced by oxidation (23). THC is excreted mostly as hydroxylated and carboxylated metabolites via feces or urine (24, 25). Both slow release from lipid-storage compartments and significant enterohepatic circulation contribute to the long half-life of THC (> 4 days) (25). CBD metabolism is similar to that of THC, but is subject to a significant first-pass effect; unlike THC, a large proportion of the dose is excreted unchanged in the feces (23). When THC and CBD are simultaneously administered, pharmacokinetic interference may arise; CBD partially inhibits the hydroxylation of THC to 11-OH-THC at CYP P450 and slightly slows the metabolism of 11-OH-THC to THC-COOH (23).

Among the currently used synthetic cannabinoids, a combination of THC and CBD has recently been introduced in order to improve pharmacokinetics and pharmacodynamics. Nabiximols, which is a combination of delta-9-tetrahydrocannabinol THC and cannabidiol CBD in a 1:1 ratio, has recently been introduced into the market. This drug is administered via the oromucosal route to treat spasticity, and various studies conducted in animal models have recently analyzed its pharmacokinetics and pharmacodynamics (26, 27). With regard to pharmacokinetics, THC and CBD might (23, 28, 29) reciprocally interact by interfering with their pharmacokinetics. This interaction depends largely on the ratio of the two drugs and their time of administration. Dose-ratio studies in animals have shown that the simultaneous administration of the two drugs produces a response pattern similar to that observed with a lower dose of THC, suggesting that CBD blocks the effects of THC (30). Studies conducted in humans have shown no significant differences from the effects observed in animal studies (31, 32). Recently, a double-blind randomized placebo-controlled crossover pilot study (SativexStroke Trial) was conducted in the Neurorehabilitation Unit of our Polyclinic to assess the efficacy and safety profile of nabiximols in post-stroke spasticity (33). This pilot study demonstrated the lack of efficacy of nabiximols to treat post-stroke spasticity (34). The aim of the current sub-study was to analyze the cardiovascular safety of nabiximols in a cohort of patients affected by post-stroke spasticity.



Materials and methods


Study design

This is an ancillary study stemming from the SativexStroke trial: a randomized double-blind, placebo controlled, crossover study aimed at assessing the effect of nabiximols on post-stroke spasticity. It has been performed at the outpatient service for the treatment of spasticity of the Neurorehabilitation Unit, IRCCS Ospedale Policlinico San Martino (Genova, Italy) in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. The trial has been registered on the EudraCT platform with number 2016-001034-10.

This study lasted 10 weeks and consisted into two phases: phase 1 and 2, both of them lasting 4 weeks. Phase 1 and 2 were separated by a 2-weeks wash-out interval. During each phase, patients had been taking nabiximols and then placebo or vice-versa in a crossover design following 1:1 randomization.

Each patient was examined 4 times during 10 weeks: before (T0) and after (T1) phase 1, as well as before (T2) and after (T3) phase 2.



Participants

Adult stroke survivors were recruited according to the following inclusion criteria: (1) male or female patients of at least 18 years of age; (2) spasticity secondary to stroke that occurred at least 3 months earlier; (3) CHA2DS2VASc score < 7 assessed by the cardiologist and reflecting acceptable cardiovascular risk; (4) spasticity rated between 1 and 3 on the Modified Ashworth Scale at the level of at least one of the following muscle groups: wrist flexors, elbow flexors, knee extensors, foot plantar flexors; (5) ability (physical ability or supportive person) to comply with the study requirements correctly and to follow the study procedure and restrictions.

Exclusion criteria were: (1) presence of concomitant parkinsonism; (2) significant peripheral nervous system pathology detectable on clinical basis; (3) current smokers; (4) contraindication to treatment with nabiximols; (5) alcohol or drug abuse, including current consumption of cannabis herb or other cannabinoid-based drugs within 30 days prior to study entry; (6) treatment with botulinum toxin injection in the last 4 months; (7) clinically significant impaired renal function or impaired hepatic function at baseline, (8) females of child bearing potential, pregnant or lactating and male patients whose partner is of child bearing potential who are not willing to use effective contraception.



Procedures

Patients who gave informed consent to participate underwent a preliminary screening visit to ensure that they fulfilled the study selection criteria, followed by a cardiological evaluation (including ECG and echocardiogram) to assess cardiovascular risk.

At the beginning of each phase (T0 and T2), patients were provided with a form to daily record heart rate, blood pressure (systolic/diastolic) and adverse events. Outcome measures were collected and instructions on how to take the oromucosal spray were provided, along with a schedule to gradual increase daily sprays to reach the highest tolerable dose up to a maximum of 12 sprays/day in a 14-days period and then maintain such daily dose until the end of each phase (T1 and T3) (Table 1).


TABLE 1    Nabiximols titration scheme.

[image: Table 1]

Patients were required to continue all concomitant medications throughout the study.



Outcomes

The main and secondary outcomes have been reported in the first report (34).

To the aim of this ancillary study, we considered the daily measurement of blood pressure and heart rate as reported by the patients in the provided form. For each patient who completed the study, we considered only the phase with the active treatment. The average values of blood pressure and heart rate from the first 5 days of the phase (while taking the smallest number of nabiximols sprays) were considered baseline T0 values. The average values recorded during the last 5 days at the end of the phase (while taking the highest number of sprays) were considered T1 values. Regarding heart rate, we consider the self-reported average number of beats per minute, regardless of the presence of an arrhythmia.



Statistical analysis

Cardiovascular parameters (systolic, diastolic and differential blood pressure; heart rate) are reported as mean ± standard deviation. Sprays number is reported as median (range).

Baseline comparisons where performed using Mann-Whitney U test. Baseline correlations between age and cardiovascular parameters and between the number of sprays taken at T1 and T0-T1 difference of blood pressure and heart rate were performed using Spearman rank test. Cardiovascular parameter comparisons between baseline condition and during nabiximols treatment were performed using Wilcoxon signed rank test. This is a pilot study and no preliminary data about cardiovascular parameter variation during nabiximols treatment were available, so power analysis was not performed. For all tests significance level was set at p < 0.05.




Results

Only the 34 subjects who completed nabiximols cycles where included in the study (Table 2).


TABLE 2    Baseline patient characteristics.
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Patients taking anti-hypertensive drugs were 31, among these those taking beta-blockers were 12.


Baseline analysis

Comparing the 24 male and 10 female patients, no difference emerged for baseline diastolic (U = 77, p = 0.1), systolic (U = 113, p = 0.8), differential (U = 86, p = 0.2) and heart rate (U = 74, p = 0.08).

Comparing the 21 patients who had an ischemic stroke and the 13 who had a hemorrhagic stroke, no difference emerged for baseline diastolic (U = 111, p = 0.4), systolic (U = 131, p = 0.8), differential (U = 120, p = 0.5) and heart rate (U = 119, p = 0.5).

Comparing the 21 patients with a right and the 13 with a left hemispheric stroke, no difference emerged for baseline diastolic (U = 129, p = 0.8), systolic (U = 102, p = 0.2), differential (U = 97, p = 0.2) and heart rate (U = 116, p = 0.5) (Table 3).


TABLE 3    Cardiovascular parameters at baseline.
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Diastolic blood pressure inversely correlated with age (Rho = −0.4, p = 0.014), while systolic pressure did not (Rho = 0.1, p = 0.4). A significant direct correlation emerged between age and differential blood pressure (Rho = 0.5, p = 0.008) (Figure 1). Age and heart rate did not correlate (Rho = −0.07, p = 0.7).


[image: image]

FIGURE 1
Graphical representation of the relationship between differential arterial pressure and age. With increasing age also differential arterial pressure increases.




Nabiximols effect

On average, at T1 patients were taking 9 nabiximols sprays (range 1–12), corresponding to 24.3mg of THC and 22.5mg of CBD.

No significant changes of diastolic (Z = −1.2, p = 0.2), systolic (Z = −1.2, p = 0.2) and differential (Z = −0.1, p = 0.9) blood pressure as well as heart rate (Z = −0.06, p = 1.0) before and during nabiximols treatment (Figure 2). The number of sprays taken at T1 did not correlate with T0-T1 variation of diastolic (Rho = −0.10, p = 0.4), systolic (Rho = −0.13, p = 0.3) and differential (Rho = −0.23, p = 0.2) blood pressure, nor variation of heart rate (Rho = 0.07, p = 0.8).
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FIGURE 2
Graphical representation of comparison between cardiovascular parameters: systolic arterial pressure, diastolic arterial pressure, differential arterial pressure and heart rate measured at T0 vs. T1.





Discussion

Excluding nicotine, cannabis is the drug of abuse most commonly used by adolescents worldwide (35). Recently, however, the widespread consumption of cannabinoids has not been limited to recreational use nor to young adults. Indeed, cannabinoids are also gaining popularity among the elderly as a method of treating chronic illnesses (36).

The present study is the first to evaluate the effects of a cannabinoid drug (nabiximols) in patients with post-stroke spasticity. This drug has been widely studied in patients with multiple sclerosis (2, 3) and also in patients with amyotrophic lateral sclerosis (37), but not in stroke survivors, who are much more numerous, given the high prevalence of stroke (38). These latter patients have a worse cardiovascular risk profile, and this drug offers various advantages: it can be administered by the oromucosal route, presents a balanced THC:CBD ratio, and is probably safe from the cardiovascular point of view, since, to our knowledge, nabiximols-related stroke events have not been reported in the literature so far (39). By contrast, stroke events have been described in the case of cannabinoid intake via the inhalatory route (9). In our study, all patients underwent a preliminary cardiological evaluation and their blood pressure and heart rate were monitored daily.

Only one patient complained of tachycardia during phase 2, when on active treatment, and decided to exit the study (although tachycardia had already been recorded in phase 1, while the patient was taking placebo). As regards the differential pressure, our population behaves like the general population since we have observed that the differential blood pressure increases with age.

No cardiovascular treatment-emergent adverse drug effects emerged during nabiximols treatment, namely no significant fluctuation of blood pressure and heart rate, nor ischemic or hemorrhagic events occurred. During nabiximols treatment (T1), self-assessed blood pressure and heart rate did not change compared to the baseline condition. No patients showed significant acceleration or decrease in heart rate or change in rhythm and none required an additional ECG or cardiological evaluation during the study.

The patients reached a very variable number of sprays at T1, depending on the individual highest tolerated dose. To further investigate a possible dose-related effect of nabiximols on blood pressure and heart rate we sought a correlation between the number of sprays at T1 and cardiovascular parameter variation between T0 and T1, however, the lack of correlation confirms that, nabiximols did not affect blood pressure and heart rate in our population over 4 weeks. This may be also ascribed to the fact that oromuscosal administration allows different pharmacokinetics with fewer fluctuations in blood pressure and heart rate. Unfortunately, however, the expected improvement in spasticity in stroke patients was not found, as previously published (34). This additional result of the SativexStroke trial was that nabiximols displayed a good safety profile and was well tolerated, particularly from the cardiovascular point of view.

The main limitation of the present study is the low number of participants since it was single-center. Another limitation of the study is the fact that, as regards the cardiovascular effects of nabiximols, we considered baseline (T0) values those obtained at the beginning of the active phase, while patients had already started nabiximols, although at a very low dosage. If nabiximols effect on cardiovascular parameters was not dose-dependent and effective even while taking a small number of sprays and consequently before nabiximols could reach plasma steady state, such effect cannot be appreciated by our protocol. Further studies are needed to clarify this aspect. Blood pressure and heart rate were self-assessed by patients. This might have introduced inaccuracies related to a systematic or occasional error in parameter sampling. We tried to mitigate possible measurement errors by analyzing the average values across 5 consecutive days, although this approach, along with the requirement to measure parameters only once per day, greatly reduced the temporal resolution of outcome assessments. It is therefore obvious that short-term (minutes and hours) fluctuations of blood pressure and heart rate could not have been appreciated in this study.



Conclusion

In conclusion, an interesting result of this pilot study is the good cardiovascular safety profile of nabiximols in patients with stroke. In these patients, the possible beneficial effect of cannabinoids, such as delaying atherosclerotic progression and inflammation, may deserve further investigation. Furthermore, because of the rapidly changing landscape of cannabis laws and marijuana use in western countries, there is a pressing need for refined policy, education of both clinicians and the public, and new research. Carefully designed, prospective, short- and long-term studies are needed to obtain conclusive data on the safety and efficacy of cannabinoid drugs.
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Objective: The present study aimed to explore the pathological mechanisms of chronic thromboembolic pulmonary hypertension (CTEPH) using a gene chip array and single-cell RNA-sequencing (scRNA-seq).

Materials and methods: The mRNA expression profile GSE130391 was downloaded from the Gene Expression Omnibus database. The peripheral blood samples of five CTEPH patients and five healthy controls were used to prepare the Affymetrix microRNA (miRNA) chip and the Agilent circular RNA (circRNA) chip. The pulmonary endarterectomized tissues from five CTEPH patients were analyzed by scRNA-seq. Cells were clustered and annotated, followed by the identification of highly expressed genes. The gene chip data were used to identify disease-related mRNAs and differentially expressed miRNAs and circRNAs. The protein–protein interaction (PPI) network and the circRNA–miRNA–mRNA network were constructed for each cell type.

Results: A total of 11 cell types were identified. Intersection analysis of highly expressed genes in each cell type and differentially expressed mRNAs were performed to obtain disease-related genes in each cell type. TP53, ICAM1, APP, ITGB2, MYC, and ZYX showed the highest degree of connectivity in the PPI network of different types of cells. In addition, the circRNA–miRNA–mRNA network for each cell type was constructed.

Conclusion: For the first time, the key mRNAs, miRNAs, and circRNAs, as well as their possible regulatory relationships, during the progression of CTEPH were analyzed using both gene chip and scRNA-seq data. These findings may contribute to a better understanding of the pathological mechanisms of CTEPH.

KEYWORDS
chronic thromboembolic pulmonary hypertension, single-cell RNA-sequencing, microarray, circRNA, miRNA, mRNA


Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a rare small-vessel arteriopathy characterized by persistent pulmonary arterial obstruction that is caused by organized fibrotic thrombi with secondary microvascular remodeling, which may lead to increased vascular resistance, pulmonary hypertension, and heart failure (1). Pulmonary endarterectomy is currently the standard therapy and the only curative treatment for CTEPH, which is associated with a 5-year survival rate of 83% for operable patients (2). However, not all patients with CTEPH are eligible for surgery. Moreover, CTEPH is often diagnosed at an advanced stage due to misdiagnosis or delayed symptoms, resulting in a poor prognosis; the 5-year survival rate of CTEPH patients is less than 40% (3). Therefore, it is of great clinical significance to further explore the pathophysiological mechanisms of CTEPH.

Various genes, cell types, and signal transduction systems are involved in the occurrence and development of CTEPH (4). Gene microarray and sequencing technology have been widely used to analyze intracellular transcription and signaling pathways (5). In addition, several dysregulated mRNAs, microRNAs (miRNAs), and circular RNAs (circRNAs) in CTEPH have been identified by bulk RNA sequencing (RNA-seq) and chip array analyses (6, 7). For example, Gu et al. (6) analyzed pulmonary artery endothelial cells from five CTEPH patients and five donors for lung transplantation (controls) using Affymetrix gene chip analysis and identified 1,614 differentially expressed (DE) genes in CTEPH. Meanwhile, Halliday et al. (8) characterized the molecular and functional features associated with CTEPH using multiple methods, including bulk RNA-seq. Furthermore, Wang et al. (9) performed miRNA microarray analysis and found that the miRNA let-7d plays a crucial role in CTEPH progression. Additionally, our previous analysis using an Agilent circRNA chip showed that hsa_circ_0046159 was significantly upregulated in CTEPH compared with that in normal blood samples (10). Importantly, single-cell RNA-seq (scRNA-seq) is an emerging technique that can reveal the expression profile of individual cells, making it possible to provide an atlas of the single-cell landscape of pulmonary endarterectomized tissues in CTEPH (11, 12). Taken together, bulk RNA-seq and chip array analyses are mainly used to detect the overall gene expression changes in CTEPH, while scRNA-seq can identify different cell clusters and provide the expression profiles of individual cells.

The present study aimed to obtain a more comprehensive understanding of the pathological mechanisms of CTEPH using gene chip array and scRNA-seq analyses. The mRNA expression profile GSE130391 was downloaded from the Gene Expression Omnibus (GEO) database, and the Affymetrix miRNA chip and the Agilent circRNA chip were prepared using the peripheral blood samples from CTEPH patients and healthy controls. In addition, the pulmonary endarterectomized tissues of CTEPH patients were analyzed by scRNA-seq. Then, the circRNA–miRNA–mRNA network was constructed for each cell type. Our data may provide some insights for the development of CTEPH treatment.



Materials and methods


Tissue collection and scRNA-seq

Pulmonary endarterectomized tissues were collected from five patients who were diagnosed with CTEPH (13) and underwent a pulmonary endarterectomy between October 2019 and June 2020 at the Beijing Chao-Yang Hospital, Capital Medical University. The baseline characteristics of these patients are shown in Table 1. The patients were treated with one of the following anticoagulants for at least 3 months: warfarin, rivaroxaban, and low-molecular-weight heparin. All treatments were carried out in accordance with the guidelines.


TABLE 1    Baseline characteristics of patients with CTEPH.
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Tissues samples were then stored in MACS Tissue Storage Solution (Miltenyi Biotec, Bergisch Gladbach, Germany). This study was approved by the Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University (Approval number: 2019-K-28) and conformed to the principles outlined in the Declaration of Helsinki. The requirement for written informed consent was waived because discarded pulmonary endarterectomized tissues were used in this study. The tissue samples were dissociated to a single-cell suspension and subjected to 10 × Genomics scRNA-seq using the Illumina NovaSeq platform (Illumina Inc., USA).



Cell clustering

The scRNA-seq data of five pulmonary endarterectomized tissue samples were integrated by Cell Ranger and then filtered by the R package Seurat (14) with the following filtering conditions: gene number > 200; at least one gene expressed in three cells, and mitochondrial gene expression ratio ≤ 20%. Then, all cells were clustered by the Seurat package, and a two-dimensional scatter diagram was displayed using the UMAP method. Marker genes corresponding to each cell cluster were identified using the FindMarkers function in the Seurat package based on differential analysis. The clusters were then annotated with the marker genes to identify the cell type.



Identification of highly expressed genes

Significantly highly expressed genes in each cell type were identified using the Seurat package (14). The default threshold parameters were set as follows: min.pct = 0.1; only.pos = TRUE; and logfc.threshold = 0.25. Each time, one cell type was assigned as the comparison group to the other cell types. Genes that met all of the following criteria were screened: (1) expressed in 10% of cells in at least one of the two groups; (2) highly expressed in the comparison group; (3) logFC was greater than 0.25.



Preparation and preprocessing of miRNA and circRNA expression data

Peripheral blood samples were collected from five CTEPH patients who were admitted to the Beijing Chao-Yang Hospital, Capital Medical University, and from five healthy subjects who underwent a routine physical examination at the same hospital between March 2016 and April 2016. This study was approved by the Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University (Approval number: 2015-7-24-8) and performed in accordance with the principles outlined in the Declaration of Helsinki. The requirement for written informed consent was waived because discarded blood samples were used in this study, while the research involved no risk to the subjects and the waiver did not adversely affect the rights and welfare of the subjects. The total RNA was extracted from the peripheral blood samples using an RNAprep Pure Blood Kit (Tiangen Biotech Co., Ltd., Beijing, China) and prepared for the Affymetrix miRNA chip and Agilent circRNA chip analyses (10).

The miRNA expression profile in the CEL format was preprocessed by Expression Console (version 1.4), including RMA normalization, distinguishing probe signals from background signals, and integrating probe signals into probe set signals. The circRNA expression profile was preprocessed using the Feature Extraction package, and the chip data were normalized by GeneSpring GX. Two probes (CBC1 and CBC2) with different lengths were used to detect one circRNA; therefore, the detection data of the two probes were mutually verified, and the accuracy of the results was improved.



Identification and preprocessing of the gene expression profile

The gene expression profiles of both patients and healthy controls were searched in the GEO database, with ‘chronic thromboembolic pulmonary hypertension’ as the keyword. The GSE130391 dataset (8), consisting of 14 CTEPH pulmonary artery samples and 4 control pulmonary artery samples, was finally included in this study. The GPL10558 Illumina HumanHT-12 V4.0 Expression Beadchip platform was used.

The Series Matrix File was downloaded from the GEO database, and the corresponding expression data of CTEPH and control samples were extracted. After processing of the log(2) signal intensity with the Affymetrix Microarray Suite (version MAS 5.0) (15), the probe ID was converted into the gene symbol. Probes that did not correspond to the gene symbol were removed. For different probes mapped to the same gene, the mean value of the probes was taken as the final gene expression value.



Identification of differentially expressed mRNAs, miRNAs, and circRNAs

Differentially expressed mRNAs, miRNAs, and circRNAs between the CTEPH and control groups were identified using the empirical Bayes t-test provided by the R package limma (version 3.40.6) (16). The thresholds were set at p < 0.05 and |log fold change (FC)| > 0.5. CircRNAs that were identified as DE circRNAs by both probes were used for further analysis.



Identification of disease-related genes

A Venn diagram of gene intersection was developed using significantly highly expressed genes in each cell type and DE mRNAs to obtain disease-related mRNAs in single cells.



Construction of the protein–protein interaction network

The STRING database (17) was used to predict the interactions between DE genes. The input gene sets were disease-related genes in each cell type, and the species was Homo sapiens. The PPI score was set to 0.4 (medium confidence). After obtaining the PPI pairs, Cytoscape software (version 3.4.0) (18) was used to construct the network. The CytoNCA plug-in (version 2.1.6) (19) was used to analyze the degree of connectivity of the node, and the parameter was set without weight. The proteins with a higher degree of connectivity were obtained and named hub proteins.



Prediction of drugs for disease-related mRNAs in single cells

Based on the disease-related mRNAs in each cell type, drug-gene interactions were predicted using the online drug-gene interaction database (20). The default parameters were set as follows: Source Databases, 22; Gene Categories, 43; and Interaction Types, 31. Meanwhile, approved antineoplastic or immunotherapeutic drugs were screened. We mainly focused on the relation pairs with reference support. The drug–gene network was then constructed by Cytoscape software.



Construction of the single-cell, disease-related circRNA–miRNA–mRNA network

Based on the disease-related mRNAs in each cell type, miRNAs were predicted using the online database mirwalk3.0 (21). The thresholds were set as follows: binding probability, 0.95; and binding site position, 3′-UTR. The miRNAs should appear in either the miRDB or the TargetScan database. After the miRNA–mRNA relation pairs were obtained, intersection analysis with DE miRNAs identified by a previous analysis was performed. Then, the DE miRNA–DE mRNA relation pairs were obtained.

Based on the disease-related miRNAs and circRNAs identified by a previous analysis, the miRNA–circRNA relation pairs were predicted using miranda software (22). A score of > 140 was used as the threshold. The relation pairs with an opposite expression direction of miRNAs and circRNAs were screened as the final circRNA–miRNA relation pairs.

The circRNA–miRNA–mRNA relation regulated by the same miRNA was screened using the miRNA–mRNA relation pairs and the circRNA–miRNA relation pairs. As circRNAs competitively bind to miRNAs to regulate mRNAs, the circRNA–miRNA–mRNA relation with a consistent expression direction of the circRNAs and mRNAs was screened. Finally, the network was constructed, and the degree of connectivity of each node in the network was analyzed.



Function analysis of the circRNA–miRNA–mRNA network in each cell type

In the circRNA–miRNA–mRNA network of each cell type, the mRNAs were analyzed by Gene Ontology (GO) (23) biological process (BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (24) pathway enrichment analyses using the R package clusterProfiler (version 3.8.1) (25). The BP or pathway with an adjusted p-value of less than 0.05 was considered statistically significant.




Results


Eleven cell types were identified

The expression matrix of 22,333 genes in 27,140 cells was obtained after scRNA-seq analysis. The cells were then clustered into 17 clusters, with 11 cell types: macrophages, undefined cells, endothelial cells, mast cells, cancer stem cells, CRISPLD2+ cells, fibroblasts, myofibroblasts, smooth muscle cells, T cells, and natural killer (NK) cells. The two-dimensional distribution scatter plot of the 11 cell types in all samples is shown in Figure 1.
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FIGURE 1
The UMAP plot of 11 cell subtypes in all samples. Different colors indicate different cell types.




Significantly highly expressed genes in each cell type

The genes highly expressed in the 11 cell types were identified using the FindMarkers function in the Seurat package. There were 813, 506, 997, 563, 972, 870, 491, 530, 333, 799, and 726 highly expressed genes in the macrophages, undefined cells, endothelial cells, mast cells, cancer stem cells, CRISPLD2+ cells, fibroblasts, myofibroblasts, smooth muscle cells, T cells, and NK cells, respectively.



Identification of differentially expressed mRNAs, miRNAs, and circRNAs

After preprocessing, the expression matrixes of 20,169 mRNAs, 2,578 miRNAs, and 87,935 circRNAs were obtained. Differential expression analysis identified 1,436 DE (670 upregulated and 766 downregulated) mRNAs, 294 DE (88 upregulated and 206 downregulated) miRNAs, and 233 DE (89 upregulated and 144 downregulated) circRNAs. The heatmaps of these DE RNAs are shown in Figure 2.
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FIGURE 2
The heatmaps of differentially expressed mRNAs, miRNAs, and circRNAs.




Identification of disease-related genes in single cells

The intersection analysis of the highly expressed genes in the 11 cell types and DE mRNAs showed that there were 95, 41, 69, 62, 94, 77, 32, 31, 23, 81, and 71 disease-related genes in the macrophages, undefined cells, endothelial cells, mast cells, cancer stem cells, CRISPLD2+ cells, fibroblasts, myofibroblasts, smooth muscle cells, T cells, and NK cells, respectively (Figure 3).
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FIGURE 3
The intersection Venn diagram of differentially expressed mRNAs and highly expressed genes in each cell type.




Construction of protein–protein interaction networks based on disease-related genes in single cells

A total of 11 networks were constructed based on the disease-related mRNAs in single cells (Figure 4). The numbers of nodes and relation pairs in each cell type are shown in Table 2. The top 10 genes with a high degree of connectivity are shown in Table 3. TP53 had the highest degree of connectivity in the PPI networks of the cancer stem cells, CRISPLD2+ cells, and undefined cells. Intercellular adhesion molecule-1 (ICAM1) had the highest degree in the PPI networks of the macrophages and mast cells. Amyloid beta precursor protein (APP) had the highest degree in the PPI networks of the fibroblasts and smooth muscle cells. Integrin subunit beta 2 (ITGB2) had the highest degree in the PPI networks of the T cells and NK cells. MYC proto-oncogene and bHLH transcription factor (MYC) had the highest degrees in the PPI network of the endothelial cells. Zyxin (ZYX) had the highest degree in the PPI network of the myofibroblasts.
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FIGURE 4
The PPI networks are associated with disease-related genes in each cell type. Red squares represent upregulated mRNAs; green circles represent downregulated mRNAs; gray lines represent protein interactions.



TABLE 2    The numbers of nodes and relation pairs (edges) in the PPI network of each cell type.
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TABLE 3    The top 10 gene nodes in the PPI network of each cell type.
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Prediction of drugs for disease-related genes in single cells

As shown in Figures 5, 6, prostaglandin-endoperoxide synthase 2 (PTGS2), TP53, APP, transforming growth factor beta 1 (TGFB1), and MYC were regulated by multiple drugs, suggesting that they may serve as potential drug targets.
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FIGURE 5
The drug–gene network in undefined cells, mast cells, macrophages, NK cells, and T cells. Red squares represent upregulated mRNAs; green circles represent downregulated mRNAs; purple lines represent the drug as an antagonist or inhibitor; green lines represent the drug as a promoter or adjuvant; gray lines represent an unknown effect.
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FIGURE 6
The drug–gene network in cancer stem cells, CRISPLD2+ cells, endothelial cells, fibroblasts, myofibroblasts, and smooth muscle cells. Red squares represent upregulated mRNAs; green circles represent downregulated mRNAs; purple lines represent the drug as an antagonist or inhibitor; green lines represent the drug as a promoter or adjuvant; gray lines represent an unknown effect.




Construction of the disease-related circRNA–miRNA–mRNA network in single cells

A total of 291, 318, 262, 145, 530, 563, 21, 52, 59, 313, and 276 circRNA–miRNA–mRNA relations were identified in the macrophages, undefined cells, endothelial cells, mast cells, cancer stem cells, CRISPLD2+ cells, fibroblasts, myofibroblasts, smooth muscle cells, T cells, and NK cells, respectively. The constructed networks are shown in Figures 7, 8. The numbers of circRNA–miRNA–mRNA network nodes and relation pairs in each cell type are shown in Table 4.
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FIGURE 7
The circRNA–miRNA–mRNA regulatory network in macrophages, mast cells, NK cells, T cells, and undefined cells. Red squares represent upregulated mRNAs; green circles represent downregulated mRNAs; yellow triangles represent upregulated miRNAs; purple arrows represent downregulated miRNAs; pink hexagons represent upregulated circRNAs; blue rhombuses represent downregulated circRNAs; dotted lines indicate competitive binding of circRNAs to miRNA; solid lines indicate regulation of mRNAs by miRNAs. The node size represents the degree of connectivity.
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FIGURE 8
The circRNA–miRNA–mRNA regulatory network in cancer stem cells, fibroblasts, CRISPLD2+ cells, myofibroblasts, endothelial cells, and smooth muscle cells. Red squares represent upregulated mRNAs; green circles represent downregulated mRNAs; yellow triangles represent upregulated miRNAs; purple arrows represent downregulated miRNAs; pink hexagons represent upregulated circRNAs; blue rhombuses represent downregulated circRNAs; dotted lines indicate competitive binding of circRNAs to miRNA; solid lines indicate regulation of mRNAs by miRNAs. The node size represents the degree of connectivity.



TABLE 4    The numbers of nodes and relation pairs (edges) in the circRNA–miRNA–mRNA network of each cell type.
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Function analysis of circRNA–miRNA–mRNA networks

The function of the circRNA–miRNA–mRNA network in each cell type was analyzed based on the mRNAs in the network. As shown in Figure 9, the endothelial cells, fibroblasts, macrophages, smooth muscle cells, and undefined cells were significantly enriched in 11, 21, 5, 20, and 53 GO BP pathways, respectively. Meanwhile, the CRISPLD2+ cells, endothelial cells, macrophages, myofibroblasts, and undefined cells were significantly enriched in 2, 3, 9, 2, and 12 KEGG pathways, respectively.
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FIGURE 9
GO BP and KEGG pathways are enriched by mRNAs in the circRNA–miRNA–mRNA regulatory network of each cell type. The bubble size indicates the number of enriched genes. The color shows the enrichment significance and red is the most significant.





Discussion

Chronic thromboembolic pulmonary hypertension is a major cause of severe pulmonary hypertension (1), but the underlying molecular mechanisms remain incompletely understood. In this study, we performed both gene chip array and scRNA-seq analyses to explore the pathogenic mechanisms of CTEPH. We identified highly expressed genes in 11 cell types, and then intersection analysis with DE mRNAs was performed to obtain disease-related genes in each cell type. TP53, ICAM1, APP, ITGB2, MYC, and ZYX had the highest degrees of connectivity in the PPI networks of different cell types, suggesting that they may play important roles in the progression of CTEPH. The circRNA–miRNA–mRNA regulatory network in each cell type was then constructed to further elucidate the molecular mechanisms underlying the progression of CTEPH.

Chronic thromboembolic pulmonary hypertension is characterized by pulmonary vascular remodeling resulting from increased pulmonary arterial pressures. Fibroblasts, smooth muscle cells, endothelial cells, and myofibroblasts all play important roles in vascular remodeling (26, 27). In addition, hypertrophy caused by the increased proliferation or reduced apoptosis of vascular smooth muscle cells as well as the excessive proliferation of endothelial cells eventually results in lumen obliteration (27). APP is a type I single-pass transmembrane glycoprotein with receptor-like structural characteristics; however, its cellular function remains unclear (28, 29). A previous study has shown that the serum levels of amyloid-beta, which is produced by proteolysis of APP, are significantly increased in patients with chronic obstructive pulmonary disease with poor pulmonary function (30). Here, we found that APP was a hub node in the PPI networks of fibroblasts, smooth muscle cells, endothelial cells, and myofibroblasts. As APP can be regulated by a variety of drugs, it may serve as a potential drug target for CTEPH. APP was also involved in the circ_0026692-miR-20b-5p-APP and circ_0021630-miR-20b-5p-APP regulatory axes in all four cell types. Moreover, recent evidence has revealed that chronic obstructive pulmonary disease increases the risk of complications and mortality in patients with CTEPH during the early postoperative period after a pulmonary endarterectomy (31). Taken together, the above data imply that fibroblasts, smooth muscle cells, endothelial cells, and myofibroblasts may be involved in the development of CTEPH via the circ_0026692/circ_0021630–miR-20b-5p–APP regulatory axis.

Accumulating evidence has suggested that the immune system plays a key role in the pathogenesis of CTEPH (32). Moreover, increased systemic inflammation is related to local inflammatory cell infiltration in major pulmonary arteries at the advanced stage of CTEPH (7). In this study, four types of immune cells were identified. ICAM1 had the highest degree of connectivity in macrophages and mast cells, while ITGB2 had the highest degree of connectivity in T cells and NK cells. Soluble ICAM1 is present in the normal circulation, and its level is elevated in patients with endothelial activation-related disorders. Furthermore, the upregulation of ICAM1 affects the adhesion of circulating immune cells to the pulmonary endothelium, thereby promoting immune cell migration and perivascular infiltration (33). Blair et al. (34) also have reported that ICAM1 is essential for inflammatory cell recruitment in pulmonary vascular lesions in pulmonary arterial hypertension. ITGB2 encodes an integrin beta chain involved in cell adhesion. A recent study has reported that inhibition of broad-spectrum integrin improves distal pulmonary artery remodeling, suggesting that integrin may contribute to the pathogenesis of pulmonary arterial hypertension (35). Collectively, we speculated that these immune cells might be associated with inflammatory cell recruitment in CTEPH by regulating the expression of ICAM1 and ITGB2. In addition, circ_0021630 had the highest degree of connectivity in the circRNA–miRNA–mRNA regulatory networks of the four types of immune cells, indicating the regulatory potential of circ_0021630 in CTEPH-related immune responses.

TP53 had the highest degree of connectivity in the PPI networks of cancer stem cells, CRISPLD2+ cells, and undefined cells. CRISPLD2 is an endogenous anti-inflammatory gene in lung fibroblasts, which can inhibit proinflammatory signaling in pulmonary epithelial cells (36). GO analysis showed that undefined cells were associated with the positive regulation of striated muscle cell apoptosis. Striated muscles, which are affected in pulmonary arterial hypertension, are associated with exercise intolerance in these patients (37). The TP53 encoding protein (p53) is a transcription factor involved in DNA repair, cell cycle arrest, and apoptosis (38). Dysregulation of p53 in pulmonary artery smooth muscle cells (PASMCs) plays an important role in vascular remodeling, a key process contributing to the progression of CTEPH (39, 40). Meanwhile, inhibition of TP53 suppresses mitochondrial respiration and induces glycolysis in PASMCs, which show a proliferative phenotype similar to that of cancer cells. Hence, CTEPH is considered a cancer-like disease in terms of PASMC remodeling (41). TP53 is also involved in a circRNA–miRNA–mRNA regulatory network (e.g., circ_0007400–miR-6812-5p–TP53) in cancer stem cells and CRISPLD2+ cells. These data suggest that circ_0007400 may act as a competing endogenous RNA in cancer stem cells and CRISPLD2+ cells to promote the progression of CTEPH by regulating TP53.

There are some limitations in this study that must be addressed. First, we only performed bioinformatics analysis without verification experiments. Second, the sample size was relatively small. The measurement of the key circRNA and miRNA expression in tissues and studies with a large sample size are needed to validate the current findings. Thirdly, tissue samples were collected from patients undergoing pulmonary endarterectomy because it is currently the only curative treatment for CTEPH. However, it should be noted that pulmonary endarterectomy samples were derived from large vessels, while CTEPH is also related to a small vessel arteriopathy.

In conclusion, fibroblasts, smooth muscle cells, endothelial cells, and myofibroblasts may be involved in the development of CTEPH via the circ_0026692/circ_0021630–miR-20b-5p–APP regulatory axis. Additionally, macrophages, mast cells, T cells, and NK cells may be associated with inflammatory cell recruitment in CTEPH by regulating the expression of ICAM1 and ITGB2. Moreover, circ_0007400 may contribute to the progression of CTEPH by acting as a competing endogenous RNA to regulate TP53 in cancer stem cells and CRISPLD2+ cells. Our study, for the first time, identified the key mRNAs, miRNAs, and circRNAs, as well as their possible regulatory relations, in CTEPH using both gene chip array and scRNA-seq analyses. These data may contribute to a better understanding of the pathological mechanisms of CTEPH.
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Objective: Heart failure with mildly reduced ejection fraction (HFmrEF) has been recently recognized as a unique phenotype of heart failure (HF) in current practical guideline. However, risk stratification models for mortality and HF re-hospitalization are still lacking. This study aimed to develop and validate a novel machine learning (ML)-derived model to predict the risk of mortality and re-hospitalization for HFmrEF patients.

Methods: We assessed the risks of mortality and HF re-hospitalization in HFmrEF (45–49%) patients enrolled in the TOPCAT trial. Eight ML-based models were constructed, including 72 candidate variables. The Harrell concordance index (C-index) and DeLong test were used to assess discrimination and the improvement in discrimination between models, respectively. Calibration of the HF risk prediction model was plotted to obtain bias-corrected estimates of predicted versus observed values.

Results: Least absolute shrinkage and selection operator (LASSO) Cox regression was the best-performing model for 1- and 6-year mortality, with a highest C-indices at 0.83 (95% CI: 0.68–0.94) over a maximum of 6 years of follow-up and 0.77 (95% CI: 0.64–0.89) for the 1-year follow-up. The random forest (RF) showed the best discrimination for HF re-hospitalization, scoring 0.80 (95% CI: 0.66–0.94) and 0.85 (95% CI: 0.71–0.99) at the 6- and 1-year follow-ups, respectively. For risk assessment analysis, Kansas City Cardiomyopathy Questionnaire (KCCQ) subscale scores were the most important predictor of readmission outcome in the HFmrEF patients.

Conclusion: ML-based models outperformed traditional models at predicting mortality and re-hospitalization in patients with HFmrEF. The results of the risk assessment showed that KCCQ score should be paid increasing attention to in the management of HFmrEF patients.

KEYWORDS
heart failure, machine learning (ML), heart failure with mildly reduced ejection fraction, random forest (RF), LASSO Cox regression analysis
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GRAPHICAL ABSTRACT
In this study, we first selected heart failure patients whose LVEF was 45–49%. We then developed eight machine learning-based prediction models for the outcomes of all-cause mortality and HF rehospitalization. We selected the best-performing prediction model for different outcomes and then further demonstrated the risk factors involved.




Introduction

Heart failure (HF), a major public health concern, has affected an estimated 20 million patients globally and has become one of the leading causes of hospitalization in adults >65 years, making it a substantial threat to human health.

The 2021 ESC guidelines for chronic HF categorize patients into three subgroups based on whether their left ventricular ejection fraction (LVEF) is reduced (HFrEF, EF ≤40%), mildly reduced (HFmrEF; EF 41–49%), or preserved (HFpEF; EF ≥50%). Among these subgroups, HFmrEF has recently attracted increasing attention (1). Data from the ESC Heart Failure Long-Term Registry showed that in the outcome of all-cause mortality, there was no significant difference in all-cause mortality between HFmrEF and HFrEF or HFpEF, while the mortality rate was markedly higher among HFrEF patients than among HFpEF patients (2). Regarding outcomes of 1-year death and hospitalization incidences, HFmrEF and HFpEF patients showed lower rates than HFrEF patients. Indeed, the clinical characteristics, risk prediction and therapeutic strategy of HFmrEF are still obscure. Accurately predicting outcomes such as mortality and rehospitalization in HF is critically important to patients, their clinicians and healthcare systems, but it has proven to be a difficult task because the outcomes are affected by many risk factors.

Machine learning (ML) is a scientific discipline that focuses on how computers learn from data to improve predictive performance and generalization of models by considering higher-dimensional and possibly non-linear effects of variables, incorporating more variables (3). It has been extensively utilized in the cardiovascular field of diagnosis, image analysis and risk assessment (4). Compared with conventional statistical models, it has the ability to automatically learn from large datasets with a labeled output or outcome to conduct predictive analytics, allowing the user to glean knowledge from past data and apply it to future predictions. Recent evidence indicates that ML-based HF risk models that include clinical, laboratory, and biomarker data have demonstrated superior performance over traditional HF risk models but have been verified only in HFrEF and HFpEF populations. Therefore, predictive models for HF with HFrEF or HFpEF are available, but risk assessments of death and hospitalization in patients with HFmrEF are still limited.



Materials and methods


Study population

The design, enrollment criteria, and participant characteristics of the TOPCAT trial have been described previously. Briefly, it is a multicenter, randomized, double-blind, placebo-controlled trial of aldosterone antagonist therapy (NCT00094302), which includes 3,445 adult patients with symptoms of HF and documented LVEF ≥45%, aged 50 years or older (5). In the present analysis, we selected 519 patients whose LVEF was 45–49%, the data collected included all baseline demographics, clinical data, laboratory results, electrocardiography and Kansas City Cardiomyopathy Questionnaire (KCCQ) scores. A detailed description is provided in the supplement and a list of markers is shown in Supplementary Table 1.



Outcomes of interest

The outcomes of interest in this study were all-cause mortality and HF hospitalization through 1 year and the entire follow-up (up to 6 years per subject). All-cause mortality was defined as death from any cause, and hospitalization for HF was defined as sudden presentation to an acute care facility with aggravated HF requiring overnight hospitalization.



Candidate variables

In the present analysis, 87 candidate variables were considered, including all baseline demographics, clinical data, laboratory results, electrocardiography, and KCCQ scores. Some categorical candidate variables were harmonized and merged to facilitate analysis. A total of 72 predictor variables were included after excluding 6 covariates for a >20% missing rate and 8 for merged values, and another EF value was used as a screening condition and was not considered a variable (Supplementary Table 1).



Model development and evaluation

The study population was randomly split into training (70%) and validation datasets (30%). Data imputation was performed on each dataset separately by using the missForest approach, which can cope with different types of variables, especially for multivariate data consisting of continuous and categorical variables (6). Different methods were used to model and optimize the training datasets to reduce the prediction error. These models were then checked on validation subsets to test the models’ performance and determine the best predictors. All of the steps were repeated 50 times. The analytical procedures followed in this study are shown in Figure 1.
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FIGURE 1
Analysis overview for identifying best performing risk prediction model.




Machine learning-based methods

Heart failure prediction models were developed by incorporating the 72 variables identified previously, yielding the following eight candidate ML-based and conventional Cox regression algorithms for assessing the risk of mortality and HF hospitalization through 1 and 6 years of follow-up:


Random forest (RF);

Forward stepwise Cox regression;

Least absolute shrinkage and selection operator (LASSO) Cox regression;

Logistic regression;

Ridge Cox regression;

Gradient boosted trees;

Elastic net Cox regression;

Support vector machine (SVM).



Analyses were performed using R version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria). Various R packages were used to conduct this analysis. The package missForest (6) was used for imputation, randomForest (7) was used for RF, glmnet (8) was used for LASSO, ridge and elastic-net Cox regression, and the package gbm (9) was used for gradient boosted trees. e1071 (10) software was used for the SVM.



Model evaluation

The discriminatory performance of each model against the validation dataset was calculated using the Harrell concordance index (C-index) (11) or the area under the receiver operating characteristic (ROC) curve (AUC). The DeLong test was used to assess discrimination between models (12). Calibration of the HF risk prediction model was plotted to obtain bias-corrected (overfitting-corrected) estimates of predicted versus observed values based on subsetting the predictions into intervals. The prediction distribution of the models was plotted based on the order of the predicted risk for each patient.



Sensitivity analyses

Sensitivity analysis was computed for all patients from the TOPCAT study whose LVEF was 45–49%. These different models were developed for this population to predict all-cause mortality and HF hospitalization and were followed throughout the study period (13). The importance of each variable was calculated, and the incremental improvement in each variable was assessed over 50 cycles of simulation. In addition, 1-year all-cause mortality and HF hospitalization predictions were evaluated to see how the model’s performance changed over a relatively short follow-up period.




Results


Study cohort and participant baseline characteristics

A total of 519 patients with LVEF values ranging from 45 to 49% were included (Table 1), of whom 63.5% were male and 91.3% were white, with a mean age of 66.1 years and a median body mass index (BMI) of 31.4 kg/m2. Over a 6-year follow-up, a total of 97 patients died, accounting for 18.6% of the total number of participants, and 59 patients (11.3%) were hospitalized for worsening HF. During the first year of follow-up, the incidence of all-cause mortality and HF hospitalization was 5.1% (31) and 4.6% (24), respectively. Among the imputation cohort, some candidate variables, for example, glucose, alkaline phosphatase (ALP), hematocrit, waist circumference, and physical limitation, had missing values. After processing them, they exhibited close agreement with the original data, which showed that the method we chose was reliable.


TABLE 1    Baseline characteristics of patients (N = 519).
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Machine learning for prediction of heart failure mortality outcome

The 72 predictor covariates incorporated into the risk prediction models included demographics, clinical history, vital signs, social history, laboratory, and electrocardiographic parameters (Supplementary Table 1).

The C-indices and C-statistic for ML-based HFmrEF risk prediction models are displayed in Table 2. The results of eight prediction models for all-cause mortality showed that LASSO Cox regression performed the best at both the 1- and 6-year follow-ups. Compared with the other seven models, LASSO Cox regression had the highest overall C-statistic, at 0.78 over 6 years and 0.75 for 1 year. The C-indices for LASSO regression were also the highest, at 0.83 [95% confidence interval (CI): 0.68–0.94] and 0.77 (95% CI: 0.64–0.89) at the 6- and 1-year follow-ups, respectively. This was in contrast to the ridge regression model; across both short and long follow-ups, the ridge Cox regression model had the lowest C-index [1 year: 0.52 (95% CI: 0.38–0.65); 6 years: 0.51 (95% CI: 0.38–0.63)]. Figure 2A shows the ability of the models to discriminate groups by mortality using ROC curves.


TABLE 2    Discrimination of the models for mortality.
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FIGURE 2
Results of the discrimination for all-cause mortality and HF-Hospitalization in ROC curves. (A) The performance of eight prediction models for all-cause mortality was assessed by ROC curves. (B) The performance of eight prediction models for re-hospitalize was assessed by ROC curves.




Machine learning for prediction of heart failure hospitalization outcome

Table 3 shows the results of the C-indices and C-statistic for eight prediction models of HF hospitalization. Of the eight models, RF showed the best discrimination, with the highest overall C-statistic of 0.80 over a maximum of 6 years of follow-up and 0.85 for 1 year. The C-indices for RF were also the highest, at 0.80 (95% CI: 0.66–0.94) and 0.85 (95% CI: 0.71–0.99) at the 6- and 1-year follow-ups, respectively. The DeLong test showed that the RF model was different from the step-forward and ridge regression models, especially the latter (p-value = 0.0017, <0.0001, respectively). The performance of the models in discriminating HF hospitalization was assessed by ROC curves (Figure 2B).


TABLE 3    Discrimination of the models for HF hospitalization.
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Characteristic variables of mortality

For the outcome of mortality, LASSO regression showed the best performance. To improve clinical usability, we further constructed a model made of the variables filtered by LASSO regression. The forest plot of the variables found by multivariate Cox regression is shown in Figures 3A,B. During the 6-year follow-up, 16 covariates were selected by LASSO, and only four variables (age, race, stroke, and DM) played significant roles in the prediction models (p-values = 0.01, 0.03, 0.01, and 0.00, respectively) (Figure 3A). Figure 3B shows the nine independent variables selected by LASSO over 1 year of follow-up. Among the nine variables, race, previous hospitalization for cardiac heart failure (CHF-HOSP), chronic obstructive pulmonary disease (COPD), smoking, and blood glucose showed a significant influence on the short-term mortality of HFmrEF patients.
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FIGURE 3
Forest plot by using the multi-variable COX regression and the risk score nomogram. (A) Forest plot of variables selected by LASSO COX regression in the end point event of all-cause mortality at 6-year follow-up. (B) Forest plot of variables selected by LASSO in the end point event of all-cause mortality at 1-year follow-up. (C) Nomogram for predicting 6-year all-cause mortality based on variables selected by LASSO COX regression. (D) Nomogram for predicting 1-year all-cause mortality based on variables selected by LASSO COX regression.


A risk score for 1- and 6-year mortality was created using a nomogram (Figures 3C,D). Scores for the 6-year follow-up, ranging from 0 to 300, were assigned points as follows: for age, the points went from 0 to 100, with higher scores for older age. For race, white had a score of 0, black 35 and other races 70 points. Patients with HFmrEF without diabetes, with diabetes, and with diabetes-related microvascular complications showed increasing risk scores of 0, 35, and 70 points, respectively. Figure 3D shows the risk scores at the 1-year follow-up. Among the nine variables, the race score ranged from 0 to 89, CHF-HOSP ranged from 0 to 31 points, COPD added a risk score of 34 points and its absence 0, and the glucose score was positively correlated with risk points at the 6-year follow-up. The calibration of the LASSO-based model is plotted in Supplementary Figure 1.



Characteristic variables of heart failure hospitalization

The RF model showed the best performance at predicting the outcome of HF hospitalization. RF addressed each feature in the order of mean decrease accuracy to rank the importance of its variables. To further clarify the important variables, we graphed the top 20 covariates identified by the variable importance (VIMP) metric (Figure 4). Values of mean decrease accuracy are shown in Supplementary Tables 2, 3.
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FIGURE 4
Alluvial plot of the 20 most important parameters for HF re-hospitalization risk prediction identified by the VIMP metric in the RF model in the derivation cohort. (A) Twenty most important parameters for predicting the risk of re-hospitalization for heart failure at 6-year follow-up identified by VIMP method. (B) Twenty most important parameters for predicting the risk of re-hospitalization for heart failure at 1-year follow-up identified by VIMP method.


Figure 4A shows that KCCQ scores, including symptom frequency, clinical summary, overall summary, social limitation, physical limitation, and total symptoms, all exhibited a major influence on long-term HF hospitalization. Asthma, race, and BMI also played important roles in the prediction model. Compared with the long-term follow-up characteristics, which were closely related to quality of life, variables that predicted short-term HF hospitalization were more correlated with previous clinical history and clinical laboratory results, such as hematocrit, estimated glomerular filtration rate (eGFR), creatinine (CR), coronary artery bypass graft (CABG) surgery, and percutaneous coronary intervention (PCI). The candidate variables are ranked by importance in Figure 4B. The calibration of the RF-based model is plotted in Supplementary Figure 2.



Distribution of outcomes

Figure 5 shows the predicted distribution of the best performance models, which were sorted by risk. These models were LASSO Cox regression for the outcome of all-cause death and RF for hospitalization with HF exacerbation. The prediction models with positive clustering of patients who died or were hospitalized with HF aggravation (Figure 5) indicated that the models accurately stratified patients at risk of death and hospitalization. Figures 5A,B show the distribution of all-cause mortality at the 1- and 6-year follow-ups, respectively. Figure 5C shows the distribution of HF hospitalizations at the 1-year follow-up, and Figure 5D shows the distribution at the 6-year follow-up.
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FIGURE 5
Prediction distributions of patients with HFmrEF in the outcomes of all-cause mortality and HF hospitalization. (A) The distribution of all-cause mortality at the 1-year follow-ups, which there is a positive correlation between the number of patient deaths and the risk of mortality. (B) The distribution of all-cause mortality at the 6-year follow-ups. (C) The distribution of re-hospitalization at the 1-year follow-ups, which there is a positive correlation between the number of patients’ hospitalization and the risk of hospitalization. (D) The distribution of re-hospitalization at the 6-year follow-ups.





Discussion

Heart failure with an LVEF of 40–49% was first established as a category in 2013. Later, in 2016, the ESC defined HF with an LVEF range of 40–49% as a new subtype of HF: heart failure with mildly reduced ejection fraction (HFmrEF), which was redefined to HF with a mildly reduced (41–49%) ejection fraction in the 2021 ESC guidelines (1, 14). Compared with HFpEF and HFrEF, HFmrEF is less well studied. The pharmacological treatment for HFmrEF has been updated in the 2021 ESC guidelines, which propose that diuretics, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor blockers (ARBs), and beta blockers may be considered for this category to reduce the risks of HF hospitalization and death. But the issue of whether these patients represent a distinct HF subtype that may benefit from therapies salutary for patients with HFrEF requires further study.

Accurately predicting prognosis plays an important role in choosing a therapeutic regimen and improving the outcome of HF. In this cohort of 519 individuals in the TOPCAT trial with LVEF ranging from 41 to 49%, we developed and validated eight alternative risk models for the prediction of HF hospitalization and all-cause mortality. Our model includes abundant suits of clinical risk factors that are measurable and accessible in history taking. The RF model performed the best, with good validation and excellent accuracy and calibration for rehospitalization, and a LASSO regression model was the best model for mortality prediction.

In both prediction models, patients’ physical conditions, as evaluated and quantified by the KCCQ scores, were the strongest predictors of both death toll and HF readmission over a 6-year follow-up. When combined with NT-proBNP, KCCQ could serve as an optional tool for quick and convenient risk fractionation (15–17). In our models, KCCQ accounted for a large amount of mortality and HF readmission prediction because it represents a status health quality of life and could be influenced by many factors, such as gender, race, non-cardiovascular and cardiovascular comorbidities. In recent years, with the rapid development of the internet, smartphones, and wearable health devices, KCCQ can be obtained instantaneously for physicians working in telehealth (18). Therefore, the KCCQ has the advantage of a quick overview of patients’ HF risk for physicians in remote areas or clinics. The KCCQ also record clinically meaningful changes over time, making it promising to support joint decision-making and more efficient medical interventions to quickly identify patients at higher risk stratification of mortality and readmission.

Based on our results, AF seems to confer both short- and long-term risk of all-cause death and cardiovascular rehospitalization. In research carried out by David M. Kaye, both HFmrEF and HFpEF patients with AF had remarkably increased pulmonary capillary wedge pressure, decreased cardiac index and reduced left ventricular work index. At similar levels of systemic circulation workload, AF patients fail to adapt their oxygen consumption to the increase in workload, which is accompanied by an irreversibly impaired cardiac index and ventricular working index (19). A cohort study in the ESC Heart Failure Long-Term Registry found that AF increased with increasing LVEF, accounting for poor cardiovascular outcomes only in HFpEF and HFmrEF patients and not in HFrEF patients (20). In our ML-based modeling results, AF is also one of the top predictors of all-cause mortality. However, the current guidelines suggest that patients with HFmrEF are less likely to suffer from AF and non-cardiac comorbidities. Therefore, the relationship between the occurrence of AF and the prognosis of HFmrEF warrants further study and exploration.

High BMI is proven a risk factor for HF, patients with a normal or low BMI have a higher mortality and readmission rate than those with a relatively high BMI. The phenomenon is termed the “obesity paradox” (21–25). This also existed according to an investigation of HFmrEF patients (26). In our ML-based models, patients with high BMI had lower scores than those with low BMI. To the best of our knowledge, a high percentage of body fat mass indicates good nutrition situations, and this is probably relevant to a lower risk of short-term relapse of cardiac events in HFmrEF patients. Moreover, it is also considered that the obesity paradox may be attributed to the intrinsic limitations of BMI as an index of obesity. Other body mass measures, such as body fat distribution, body fat rate and fat-free mass, are probably more accurate for examining the relationship of body composition with health outcomes. For instance, Chandramouli et al. recently reported that the obesity paradox is manifested only when BMI is used as a weight parameter. When the waist-to-height ratio (WHtR) is used, the opposite association emerges (26). Therefore, further studies are needed to develop metrics for better analysis of body composition, better estimation of various obesity phenotypes and better prediction of mortality and rehospitalization in HF.

Another risk factor, eGFR was significant in our predicting model for mortality and readmission in cohort of HFmrEF. Patients with chronic HF are vulnerable to renal impairment (RI), and conversely, impaired renal function is associated with a higher mortality risk in HF patients. Research examining the relationship between all subtypes of HF and the prognostic impact of chronic kidney disease shows that in HFpEF patients, although the incident rate of CKD is higher, CKD is less important with a weaker correlation with all-cause death, have a less risk score compared with conventional risk markers, and exerts insufficient differentiation for prediction of mortality (27). These findings are in line with our results. In the cohort of HFmrEF in the TOPCAT trial, eGFR was a more powerful predictor of mortality in patients with HFmrEF than in those with HFpEF. We speculate that morbidity of CKD may give rise to sympathetic and neurohormonal activation and cause further deterioration of HF. This was also believed to be associated with other underlying diseases that impair renal function such as hypertension and diabetes which are prevalent among HFmrEF patients. This link was further evidenced by the Meta-Analysis Global Group in Chronic Heart Failure (MAGGIC) meta-analysis, which showed a lower mortality rate and lower association between CKD and death in patients with HFpEF than in HFmrEF (28).

Consistent with the 6-year findings, LASSO regression and the RF method showed the best predictive performance for 1-year mortality and readmission, respectively. Interestingly, unlike the top 20 risk factors screened by the RF model in the 6-year rehospitalization prediction, hematocrit (HCT) was proposed as one of the most important risk factors. Although association between HCT and incident HF has not been well established, several follow-up studies have elucidated that higher levels of HCT were associated with an increased risk of developing HF and coronary events (29–32). Additionally, Gagnon et al. proposed that both low and high HCT levels were positively associated with the occurrence of cardiovascular events (33). All of the above-mentioned findings suggest that the usage of hemoglobin and HCT for the estimation of plasma volume may represent a useful tool in the field of HF. Recently, estimated plasma volume status (ePVS), a relatively simple and non-invasive plasma volume estimation based on hemoglobin and hematocrit, was prompted to be a better predictor of both post-discharge and bedside clinical assessments (34). Kobayashi et al. and Grodin proposed that ePVS was associated with systemic congestion and deterioration of HF, regardless of other influencing factors (32, 35). Consequently, it could be a useful congestion index in patients with HF, in line with our findings in HFmrEF patients. Hemodynamic congestion develops and progresses slowly but eventually gives rise to symptomatic congestion and consequently urgent hospitalization. Accordingly, HCT may represent a convenient clinical indicator in patients with HFmrEF. This also suggests that ePVS might be an additional phenotypic characteristic considered for clinical study and for tailoring personalized therapies for HF patients.

DM has been recognized as an independent risk factor for the development of HF. Previous study conducted by Bhambhani et al. have reported that diabetes mellitus could predict the incident of HFmrEF, and this finding could be further confirmed in our study (36). In this study, we found DM was one of the strongest predictors of both the primary and mortality endpoints in the HFmrEF patients. And DM patients with HF treated with sodium–glucose co-transporter 2 inhibitors (SGLT2i) have shown impressive protective effects (37). In addition, the importance of other predictors in the prediction of readmission and mortality of HFmrEF differed greatly, including BP, smoking, age and stroke for predicting death, and WBC, CR and Salt intake for predicting HF re-hospitalization. In this regard, ML improved the prediction accuracy, letting us find novel relationships that were not hypothesis driven and shed light on some ignored risk factors.

Our study also has certain limitations. First, the TOPCAT trial was conducted between 2006 and 2012. Missing values of biomarkers such as circulating natriuretic peptides and high-sensitivity troponin affected our analysis and were not available to assess dynamic risk prediction scores. And due to the time period of the TOPCAT study, patients with HFmEF were not treated with SGLT-2 antagonists, which could alter the risk profile of these patients and potentially affected the model outputs. Second, we enrolled 519 patients with LVEF ranged from 41 to 49%. Unfortunately, the TOPCAT trial excluded the population with an LVEF greater than 45%. Therefore, we did not include adult patients with symptoms of HF and documented LVEF <45%. Third, given that our research is a post hoc analysis of the TOPCAT trial, and the TOPCAT study population was predominantly white males, therefore, our predicting models may not perform as well to the general population. Therefore, further validation of the role of ML in phenomenological mapping and sex-specific classification criteria is needed in a wide range of HFmrEF clinical data.



Conclusion

Machine learning-based models outperformed traditional models at predicting mortality and re-hospitalization in patients with HFmrEF. The results of the risk assessment showed that KCCQ score should be paid increasing attention to in the management of HFmrEF patients.
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Almost 20% of COVID-19 patients have a history of atrial fibrillation (AF), but also a new-onset AF represents a frequent complication in COVID-19. Clinical evidence demonstrates that COVID-19, by promoting the evolution of a prothrombotic state, increases the susceptibility to arrhythmic events during the infective stages and presumably during post-recovery. AF itself is the most frequent form of arrhythmia and is associated with substantial morbidity and mortality. One of the molecular factors involved in COVID-19-related AF episodes is the angiotensin-converting enzyme (ACE) 2 availability. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) uses ACE2 to enter and infect multiple cells. Atrial ACE2 internalization after binding to SARS-CoV-2 results in a raise of angiotensin (Ang) II, and in a suppression of cardioprotective Ang(1–7) formation, and thereby promoting cardiac hypertrophy, fibrosis and oxidative stress. Furthermore, several pharmacological agents used in COVID-19 patients may have a higher risk of inducing electrophysiological changes and cardiac dysfunction. Azithromycin, lopinavir/ritonavir, ibrutinib, and remdesivir, used in the treatment of COVID-19, may predispose to an increased risk of cardiac arrhythmia. In this review, putative mechanisms involved in COVID-19-related AF episodes and the cardiovascular safety profile of drugs used for the treatment of COVID-19 are summarized.
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1. Introduction

An outburst of pneumonia caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was reported in December 2019, prompting Health Agencies to issue a public health emergency (1). Since then, the viral infection has reached epidemic proportions, affecting nearly 300 million people in 2 years (2). Most cases are asymptomatic or associated with mild symptoms, but a significant minority of patients develops severe symptoms that can result in multiple organ failure and death (3). Mortality rate is increased by age, pre-existing cardiovascular diseases and metabolic disorders conditions such as hypertension, heart failure, type 2 diabetes and obesity (4–6). The main extra-pulmonary site involved in COVID-19 is the cardiovascular system. Early cardiac injury, evidenced by elevated cardiac biomarkers, is associated to mortality, and has been reported in hospitalized COVID-19 patients (7).

Due to the initial lack of knowledge of COVID-19 pathophysiology and thus, effective treatments, compassionate and emergency use of drugs including numerous antibodies have been approved. During the pandemic phase, several drug classes have been used either as monotherapy or in combination to minimize disease severity (8–10; Figure 1).
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FIGURE 1
Pharmacological therapy of COVID-19. Antiviral (RNA polymerase and protease inhibitors, monoclonal antibodies), immunomodulatory (IL-1 and IL-6 antagonists, JAK inhibitors) or other drugs (antibiotics, tyrosine kinase inhibitors) are used either alone or in combination.


Cardiac manifestations related to COVID-19 infection include arrhythmias, acute myocardial infarction and myocarditis (11). While the etiology of cardiac manifestations is multifactorial, it is possible that also genetic background, such as clinically silent and previously unrecognized channelopathies, can make these patients susceptible to cardiac arrhythmias. Interestingly, atrial fibrillation (AF) and COVID-19 infection appear to share some pathophysiological features, both being driven by an immune response, with inflammatory markers, such as C-reactive protein and cytokine interleukin (IL)-6, correlating with disease severity and mortality (12–14). Therefore, it is understandable that a high incidence of AF with COVID-19 has been reported (15–17).

Although a common immunoinflammatory substrate between COVID-19 and AF has emerged, a few studies have evaluate whether the COVID-19 inflammatory mediators are uniquely responsible for AF or whether this arrhythmia is related to a non-specific product of severe viral respiratory illness.



2. The outline of AF pathophysiology

Atrial fibrillation (AF), the most common type of cardiac arrhythmia, is an evolving age-related disease where co-morbidities or lifestyle conditions, such as hypertension, diabetes mellitus, obesity, chronic kidney disease and inflammatory diseases, play a pivotal role (18, 19). In 30% of cases, however, the arrhythmia manifests in asymptomatic subjects not affected by any of the previous pathologies, significantly reducing the quality of life (20).

Atrial fibrillation (AF) pathogenesis is associated with atrial electrical and structural remodeling (21, 22). Short and long-term electrical remodeling present different substrates: the former is related to an altered intracellular Ca2+ level via ryanodine receptors (RyRs) and voltage-dependent L-type Ca2+ current inactivation, the latter is related to reduce levels of mRNA transcript encoding ion channels or to post-transcriptional mechanisms (23). From the structural viewpoint, pro-fibrotic atrial remodeling has been shown to increase the AF susceptibility, contributing to the transition from paroxysmal to persistent or permanent AF (24). Myocardial fibrosis and the activation of its molecular and cellular drivers have been observed in atrial tissue of AF patients, demonstrating also a positive correlation between the degree of atrial fibrosis and the persistence of AF (25). Of note, pharmacotherapy with anti-fibrotic potential (i.e., statins and renin-angiotensin-aldosterone system (RAAS) inhibitors) effectively limits the formation of this structural substrate of AF (26).

Further, inflammation and reactive oxygen species also contribute to unbalanced homeostasis of atrial myocardium, promoting not only the onset but also the AF duration. Inflammatory cell infiltration and increased serum levels of inflammatory mediators, such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, IL-8, and IL-10, have been found in AF patients, correlating with AF duration and severity (27). Accordingly, treatments pointing at decreasing inflammatory response and oxidative stress have shown promising results by alleviating atrial structural and electrical remodeling (28).

Undoubtedly, a deeper understanding of the underlying AF pathophysiology as well as the individual patient characteristics are still needed to expand the effective and safe therapeutic armamentarium, and optimize a personalized pharmacotherapy.


2.1. AF in COVID-19 patients

Atrial fibrillation (AF) is the most common form of arrhythmia in COVID-19 patients, and can be the first sign even prior to evident respiratory distress (29). Almost 20% of COVID-19 patients have a history of AF, but also a new-onset AF represents a frequent complication in COVID-19 with a risk ranging between 10 and 18% (30–32). In a multicenter retrospective cohort study, the incidence of AF during hospitalization is 10% and the incidence of new-onset AF in patients without a pre-existing history of atrial arrhythmias is 4% (33).

Clinical evidence from hospitalized patients has demonstrated that COVID-19, by promoting the evolution toward a prothrombotic state, increases the susceptibility to AF during the infective stages and presumably during post-recovery (34). Meta-analysis studies revealed that pre-existing AF in patients with COVID-19 is associated with increased in-hospital mortality, post-discharge mortality and mechanical ventilation use (35). New-onset AF in the context of COVID-19-related pneumonia is linked to adverse prognosis, suggesting a correlation with the degree of inflammatory and hypoxemic viral insult that increase the hypercoagulable state, endothelial dysfunction, and oxidative stress (36). In general, as for all critically ill patients in which AF independently increases the risk of stroke, length of hospitalization, and death (37), this arrhythmia complicates the clinical course also in COVID-19 patients.



2.2. AF and COVID-19: Mechanistic insights

In attempt to outline a pathophysiology of COVID-19-related AF, several putative mechanisms have been proposed. They include a reduced availability of angiotensin-converting enzyme (ACE) 2, binding of viral spike protein to CD147 or sialic acid, enhancement of inflammatory signaling culminating in cytokine storm, endothelial damage and increased adrenergic drive (38; Figure 2).
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FIGURE 2
Pathophysiology of COVID-19-related atrial fibrillation (AF) events. Putative mechanisms include a reduced availability of angiotensin-converting enzyme 2, binding of viral spike protein to CD147 or sialic acid, enhancement of inflammatory signaling culminating in cytokine storm, endothelial damage, and increased adrenergic drive.


Angiotensin-converting enzyme 2 (ACE2) converts angiotensin (Ang) I and Ang II into active peptides Ang(1–9) and Ang(1–7), respectively, which provide counter-regulatory effects for the classical RAAS axis (39, 40). After the cleavage of the viral spike protein, SARS-CoV-2 uses ACE2 to enter and infect host cells such as cardiomyocytes, pericytes, pneumocytes, endothelial cells, and macrophages (41–43). This interaction results in a reduction of ACE2 on the cell surface, suppressing a key pathway for the degradation of Ang II to form cardioprotective Ang(1–7). The consequent increase in Ang II/Ang(1–7) ratio shifts the balance to Ang II thereby promoting cardiac hypertrophy, vasoconstriction, tissue fibrosis, and oxidative stress (9). Moreover, atrial ACE2 catabolizes transforming growth factor-β1 (TGF-β1), the principal pro-fibrotic cytokine (44). This may underlie atrial arrhythmogenesis and potentially increase the susceptibility to AF in COVID-19 patients (45). ACE2 is also involved in the regulation of the cardiac action potential. Ang(1–7) modulates Ca2+ homeostasis and cellular electrophysiology in atrial tissue and pulmonary veins (46, 47). Experimental animal studies have demonstrated an increased expression of ACE2 receptor following treatment with ACE inhibitors and angiotensin receptor blockers (48). Studies on ACE2 expression conducted in experimental models and human transcriptome to identify the organs more susceptible to this infection have revealed a low level in the lung, mainly limited to a small fraction of type II alveolar epithelial cells (49). It has been hypothesized that the massive release of inflammatory cytokines is responsible of an increase in ACE2 expression, thus potentiating the infection (50–52).

CD147 is an adjunctive player that facilitates SARS-CoV-2 invasion into host cells, including cardiomyocytes, by interacting with viral spike protein (53, 54). Although the involvement of CD147 in SARS-CoV-2 infection is still debated, it may represent a possible therapeutic target to challenge COVID-19 (55, 56). Furthermore, CD147 upregulates cytokine expression, stimulates oxidative stress in cardiomyocytes and promotes negative ionotropic effects (57). In cardiomyocytes, CD147 is a strong inducer of IL-18 that activates matrix metalloproteinases (MMPs) and circulating IL-18 levels positively correlates with AF development (58). MMP-9 increases extracellular matrix components degradation but can also activate TGF-β1, favoring myocardial adverse remodeling. Higher plasma levels of MMP-9 found in AF patients suggest that MMP-9 can be a marker of atrial remodeling (59). Interestingly, also in COVID-19 patients increased circulating MMP-9 is found (60). Although the role of this protease in tissue damage and repair at the pulmonary level remains to be clarified, the emerging picture is that the levels of MMP-9 increases during the course of the disease and correlates with the number of circulating inflammatory cells (61, 62).

The spike proteins of several coronaviruses bind to sialic acid on the cell surface (63). N-acetylneuraminic acid, the predominant sialic acid in human glycoproteins and gangliosides. By activating RhoA signaling, N-acetylneuraminic acid may trigger cardiac fibrosis and atrial enlargement, contributing to AF pathophysiology (64, 65).

Another promising marker involved in extracellular matrix formation is galectin-3 that plays a role in the progression of atrial fibrosis. It is expressed in fibroblasts, activated macrophages, neutrophils and mast cells and participates in several processes involved in fibrogenesis. In AF, elevated levels of galectin-3 correlate with advanced disease and worse outcomes (66). Notably, galectin-3 levels are increased in serum of COVID-19 patients and correlates with COVID-19 severity (67, 68). Increased levels of aldosterone, another key player in adverse myocardial remodeling, are also found (67). A distinctive hallmark of SARS-CoV-2 infection is systemic immune cell over-activation, with an imbalance between T–helper–1 (Th1) and Th2 cells, elevated levels of IL-1β, IL-2, IL-6, IL-7, interferons, TNF-α, monocyte chemoattractant protein-1 and macrophage inflammatory protein-1A among others (69–72). At the cardiac level, pro-inflammatory cytokines, in particular IL-6, stimulates vascular smooth muscle proliferation, endothelial cell and platelets activation, and leads to apoptosis or necrosis of myocardial cells, which may mediate intra-atrial repolarization and conduction disturbances (73). Raised levels of IL-6 in COVID-19 deaths suggest that virus-driven hyper-inflammation is strictly correlated to and increased susceptibility to lethal arrhythmia (74). SARS-CoV-2, through its binding to ACE2, purinergic receptors and components of the complement-mediated pathway, also stimulates the formation of the Nod-like receptor pyrin domains-containing 3 (NLRP3) inflammasome (75, 76). The NLRP3 inflammasome, in turn, triggers an immune response that leads to a further release of pro-inflammatory cytokines, inflammatory cell death, and Ang II-mediated tissue remodeling (77). There is a causal link between activation of the NLRP3 inflammasome in atrial cardiomyocytes and AF development. The mechanisms underlying the pro-arrhythmic effects of NLRP3 inflammasome take account of abnormal diastolic RyR2-mediated sarcoplasmic reticulum Ca2+ release with generation of pro-arrhythmic delayed afterdepolarizations (DADs), continued activation of ultra-rapid delayed rectifier K+ current with action potential abbreviation, and atrial hypertrophy and fibrosis (27, 38, 78).

Another relevant pathophysiological component in patients with severe COVID-19 is endothelial dysfunction that may be related, in addition and in combination to cytokine network, to progression and worsening of AF episodes (79–81). The mechanisms are various and not completely understood. It has been hypothesized that a downregulation of ACE2 activates the kallikrein-bradykinin system, increasing vascular permeability to immune cells, which upon activated, produce reactive oxygen species, cytokine and vasoactive molecules release, which lead to endothelial cell dysfunction and loss (82, 83). Impairment of endothelium compartment by SARS-CoV-2, by amplifying the expression of pro-coagulative molecules (i.e., tissue factor) and reducing the level of endothelial antithrombotic molecules, may be responsible for an enhancement of the coagulation cascade (84).

Lastly, in COVID-19 as well as in other viral infection, the activation of sympathetic nervous system takes place (85, 86). The mechanisms linking the increase in the sympathetic tone to AF episodes can involve increase in Ca2+ influx and overload in cardiomyocytes. This elevates the frequency of spontaneous diastolic Ca2+ release via RyR with subsequent generation of DADs and action potentials, which increase the probability of AF events (87).

Overall, there are several common pathophysiological points between COVID-19 and AF, and a potential mechanistic link emerges as a valid working hypothesis. Additionally, pre-existing genetic background consisting of ion-channel and gap junctional protein abnormalities may form the molecular substrate that favors the abnormal conduction properties and electrical activity in the atrial myocardium.



2.3. AF management in COVID-19 patients

Deregulation of the coagulation system and the risk of thromboembolism are highly relevant for both AF and COVID-19. Pre-existing antithrombotic therapy may be associated with lower odds of COVID-19 death (88, 89). Although no specific therapy has been recommended, anticoagulant therapy is required. Systemic anticoagulants have been reported to reduce mortality in hospitalized patients with COVID-19 and symptoms of coagulation disorders (90). The use of non-vitamin K antagonist oral anticoagulants (NOACs) in hospitalized COVID-19 patients with AF is a therapeutic alternative (91).

However, clinical findings have demonstrated relevant interactions between COVID-19 drugs and anticoagulants. In particular, lopinavir/ritonavir, via cytochrome P450 CYP3A4, may increase the bleeding risk, and NOACs should be avoided (92). As heparins are not expected to interact, they may be considered a safe option. In addition to the antithrombotic effect, heparin anti-inflammatory actions are relevant in this setting (93).

There are few data on the efficacy of rhythm and rate control in patients with AF and COVID-19, and combination therapy with antiarrhythmics and anticoagulants is associated with substantial side effects (94). Cardioversion should be considered in patients with hemodynamic instability, and intravenous amiodarone is the antiarrhythmic drug of choice for rhythm control (95). Rate control may be achieved by intravenous diltiazem (96). In stable patients on antiviral treatment, the interruption of antiarrhythmic drugs is preferable while the initiation of rate control therapy with β-blockers or non-dihydropyridine calcium channel blockers allows the use of antiviral drugs without risk of prolongation of the QT interval (97). Generally, drug-drug interactions should be considered before starting therapy.

To date, it is not clear if AF events experienced by COVID-19 patients are transitory phenomena or they progress into permanent AF. Nonetheless, it remains critical to direct a strict focus to adverse effects of COVID-19 and plan specific screening for irregular heartbeats. To avoid complications, an accurate diagnosis of AF is crucial and remains a major challenge.

A randomized trial recruiting more than 1,000 patients with confirmed COVID-19 has demonstrated that therapeutic-dose anticoagulation does not affect the probability of survival to hospital discharge (98). Therefore, assessing the risk for anticoagulation measures by lowering therapeutic-dose anticoagulation in COVID-19 patients at high risk of AF is a strategy that is worth investigating, although it must be taken into account that AF, without adequate treatment, leads to serious complications.



2.4. Risk of drug-related cardiac arrhythmias during COVID-19 therapy

Pharmacological agents commonly used in COVID-19 patients may have a risk of inducing electrophysiological changes and severe and potentially fatal cardiac dysfunction, such as torsades de pointes, ventricular tachycardia and fibrillation (99). Furthermore, patients with underlying heart disease such as inherited arrhythmia syndromes (long QT or Brugada syndromes) are predisposed to an increased risk of cardiac arrhythmias (100). The sum of pharmacotherapy and hereditary factors represents a hazardous combination of pro-arrhythmogenic effects. The use of lopinavir/ritonavir combination has been associated with and increased QT prolongation through a multichannel blocking properties (101). Ibrutinib, the first human Bruton’s tyrosine kinase inhibitor (TKI), has been largely studied in hospitalized COVID-19 patients due to its potential to lessen lung inflammation and injury (102, 103). However, clinical data have revealed an increased risk of atrial and ventricular arrhythmias, sinoatrial arrest, and heart failure; therefore, patients on ibrutinib therapy must be carefully monitored (104). The postulated mechanism seems to be a disrupted Ca2+ handling in the myocardium, favoring DADs. Other TKIs exert in vitro inhibitory activity against SARS-CoV-2 (105), although patients treated with TKIs have experienced cardiac toxicity (106). This pro-arrhytmogenic effect may be related to a modulation of ionic channels (decreasing K+ current amplitude, and interfering with Na+ and Ca2+ currents).

Remdesivir is an antiviral drugs initially used in patients infected by Ebola virus, and authorized for treatment of COVID-19 disease in hospitalized patients (107). Few studies on remdesivir have pointed out its adverse effects on the cardiovascular system. COVID-19 patients with an oxygen saturation of less than 94% receiving intravenous remdesivir have experienced AF and adverse events are more prevalent in patients undergoing invasive ventilation. However, the interpretation is inconclusive due to small sample size, short follow-up and absence of a control group (108). In another study, elevated plasma concentration of remdesivir following intravenous administration significantly increased the risk of QT prolongation and torsades de pointes (109). The analysis of EudraVigilance database has revealed a two-fold increased risk of an adverse cardiac event associated with remdesivir in comparison with hydroxychloroquine and azithromycin. Cardiac arrhythmias are the most reported events (110). Additional evidence has shown that remdesivir, for its chemical structure of adenosine nucleotide analog and pharmacological profile, may act as a blocker of the atrioventricular node and be pro-arrhythmic especially in patients with structural heart disease (111). Thus, the use of other drugs and a pre-existing risk have to be considered to establish cardiovascular risk for patients with COVID-19 qualified for remdesivir treatment.




3. Conclusion

Although most of the symptoms in COVID-19 patients involve the respiratory system, a significant fraction of patients presents serious cardiovascular complications. Arrhythmias are one of the main cardiac manifestations of COVID-19 with AF being the most common form of arrhythmia in these patients. While the pathophysiology underlying AF onset in COVID-19 patients are incompletely understood, from the clinical and basic research emerges an array of common mechanisms in the onset of AF and COVID-19 development. A direct viral invasion of myocardial cells, systemic inflammation with the release of inflammatory cytokines and pro-fibrotic mediators, along with changes in ion channel physiology and local RAAS, have been noted.

Pharmacological agents commonly used in COVID-19 patients may carry a risk of inducing electrophysiological changes and the management of arrhythmias should be based on evidence-based guidelines, with consideration of severity of COVID-19, the nature of AF and the concomitant use of antimicrobial and anti-inflammatory drugs. Finally, “off label” or “new” drugs used in acute COVID-19, vaccines with favorable efficacy and safety profile, and residual risk related to the “long COVID syndrome,” need attention also in the context of arrhythmic manifestations.
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Introduction: Heart failure (HF) is an advanced stage of cardiac disease and is associated with a high rate of mortality. Previous studies have shown that sleep apnea (SA) is associated with a poor prognosis in HF patients. Beneficial effects of PAP therapy that is effective on reducing SA on cardiovascular events, were not yet established. However, a large-scale clinical trial reported that patients with central SA (CSA) which was not effectively suppressed by continuous positive airway pressure (CPAP) revealed poor prognosis. We hypothesize that unsuppressed SA by CPAP is associated with negative consequences in patients with HF and SA, including either obstructive SA (OSA) or CSA.



Methods: This was a retrospective observational study. Patients with stable HF, defined as left ventricular ejection fraction of ≤50%; New York Heart Association class ≥ II; and SA [apnea–hypopnea index (AHI) of ≥15/h on overnight polysomnography], treated with CPAP therapy for 1 month and performed sleep study with CPAP were enrolled. The patients were classified into two groups according to AHI on CPAP (suppressed group: residual AHI ≥ 15/h; and unsuppressed group: residual AHI < 15/h). The primary endpoint was a composite of all-cause death and hospitalization for HF.



Results: Overall, data of 111 patients including 27 patients with unsuppressed SA, were analyzed. The cumulative event-free survival rates were lower in the unsuppressed group during a period of 36.6 months. A multivariate Cox proportional hazard model showed that the unsuppressed group was associated with an increased risk for clinical outcomes (hazard ratio 2.30, 95% confidence interval 1.21–4.38, p = 0.011).



Conclusion: Our study suggested that in patients with HF and SA including either OSA or CSA, presence of unsuppressed SA even on CPAP was associated with worse prognosis as compared to those with suppressed SA by CPAP.
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Introduction

Heart failure (HF) is an advanced stage of cardiac disease and is associated with a high rate of mortality (1, 2). Detection of patients' backgrounds that contribute to an increased risk of mortality could aid in improving survival rates in HF patients. Several studies have reported that the presence of sleep apnea (SA) is associated with a poor prognosis in patients with HF (3). Continuous positive airway pressure (CPAP) therapy for SA, either obstructive or central SA (OSA and CSA, respectively) can improve cardiac function and probably clinical outcomes in those patients (4–7). However, a large-scale clinical trial reported patients with CSA which was not effectively suppressed by CPAP revealed poor prognosis (8). Only one study suggested such relationship between unsuppressed CSA and poor prognosis and there are no studies showing unsuppressed OSA by CPAP in patients with HF. We hypothesize that unsuppressed SA including either OSA or CSA by CPAP, is associated with negative consequences in patients with HF and SA. Therefore, we investigated that the prognosis of patients with unsuppressed SA by CPAP therapy in HD patients with SA including either OSA and CSA.



Materials and methods


Study population

Consecutive patients with HF and moderate to severe SA who were followed up at the cardiovascular center of Toranomon Hospital (Tokyo, Japan) between January 1, 2001, and March 1, 2005, were enrolled in the study.

The inclusion criteria were as follows: (1) HF with mildly reduced ejection fraction (HFmrEF) or those with reduced ejection fraction (HFrEF) on echocardiography within 1 month before the diagnostic sleep study and New York Heart Association (NYHA) class II or above; (2) stable clinical status, defined as no hospital admissions within 1 month before study enrollment and receiving optimal medical therapy for at least 1 month before study enrollment; (3) having undergone a diagnostic sleep study and received a diagnosis of moderate-to-severe SA, which was defined as an AHI ≥15; (4) receiving CPAP therapy and another sleep study with CPAP on 1 month after initiation. The exclusion criteria were as follows: (1) age below 20 or above 80 years, (2) presence of known untreated neoplasms, (3) history of stroke with neurologic deficits, and (4) history of severe chronic pulmonary diseases.

They were classified into two groups according to the AHI on CPAP (unsuppressed group, residual AHI ≥ 15/h; and suppressed group, residual AHI < 15/h). Informed consent was obtained from all the patients who participated in the study. The study was conducted in compliance with the Declaration of Helsinki and in accordance with the ethics policies of the institutions involved.



Sleep study and CPAP

As sleep studies, overnight polysomnography was performed according to standard protocol and criteria (9). Electrocardiograms, electroencephalograms, electrooculograms, and electromyograms were performed, and thoracoabdominal motion was monitored using respiratory inductance plethysmography. Air flow was measured using an oronasal thermal airflow sensor and nasal pressure cannula or through nasal mask when sleep studies were done with CPAP, and oxyhemoglobin saturation (SO2) was monitored using oximetry. Respiratory events (i.e., apneas or hypopneas) were scored according to the American Academy of Sleep Medicine (AASM) scoring manual 2020 updates (10). Apnea with and without ribcage and/or abdominal movement was defined as obstructive and central apnea, respectively. Hypopnea was classified as obstructive if any of the following conditions existed: (1) paradoxical chest and abdominal movement during hypopnea events, (2) snoring during hypopnea events, or (3) flow limitation. Otherwise, the hypopneas were classified as central. We defined patients with predominantly CSA as having an AHI of ≥15/h, of which >50% were central events (5). All patients were offered CPAP therapy after the diagnosis of moderate to severe SA. The CPAP was titrated to determine the appropriate pressure level for each patient. In patients whose apnea or hypopnea could not effectively suppressed, the best pressure level which can well control obstructive respiratory events was determined. Patients were instructed to use the device with that pressure level while sleeping at home. One month after initiation of CPAP, patients underwent another polysomnography with CPAP and data from the polysomnography was used as baseline data on CPAP in the present study. Patients who stopped using CPAP after polysomnography with CPAP was determined as CPAP dropout cases.



Other data

The following variables were obtained from the clinical chart at the time of polysomnography with CPAP: body mass index (BMI); blood pressure (BP); heart rate; LVEF on echocardiograms; plasma norepinephrine (PNE) and brain natriuretic peptide (BNP) levels; NYHA class; etiology of HF; the presence of atrial fibrillation (AF); and administered drugs. The frequency of death and hospitalization was also assessed. The end point was a composite of death and hospitalization. Follow-up ended on March, 2006, and the prognosis was assessed by analyzing the medical records of patients who died and of those who continued to be followed up at our hospital. Information about the circumstances and the date of death was obtained from the families of patients who died at home. The reasons for hospitalization or the causes of death were determined from the institutions to which the patients had been admitted.



Statistical analysis

The data of all variables were presented as mean ± standard deviation or median and interquartile range. The baseline characteristics were compared using Student's t-test or the Mann–Whitney U-test for continuous variables, while the χ2 test or Fisher's exact test was used for categorical variables. Event-free survival between the groups was compared using the Kaplan–Meier estimate with the log-rank test, and hazard ratios (HRs) were calculated using the Cox proportional hazards model. Median follow-up time was calculated from the Kaplan-Meier product-limit estimates of the survival function. Univariate analysis was based on the proportional hazards model to determine the associations between prognosis and the following variables obtained at the time of polysomnography with CPAP: age, sex, BMI, AF etiology of HF, NYHA class, systolic or diastolic BP, heart rate, LVEF, BNP and PNE levels, sleep study data on CPAP such as total sleep time (TST), percentage of slow wave sleep and rapid eye movement (REM) sleep per TST, arousal index, percentage of time spent SO2 < 90% (%TST SO2 < 90%), lowest SO2, percentages of central AHI over total AHI (% central/total AHI), unsuppressed SA, and CPAP dropout cases. Variables with a p value below 0.1 in univariate analysis were included in multivariate analysis. Statistical significance was set at p < 0.05. All statistical analyses were performed using a statistical software package (SPSS, version 11.0 for Windows; SPSS Inc., Chicago, IL).




Results

A total of 111 patients were enrolled in this study. Fifty patients had the primary outcomes (18 and 32 in the unsuppressed and the suppressed groups, respectively with the median follow-up period of 36.6 months. Characteristics of the patients are shown in Table 1. The unsuppressed group tended to be older and have lower diastolic BP, and have significantly higher PNE level than the suppressed group. A prevalence of atrial fibrillation was significantly higher in the unsuppressed group. However, there were no difference in other baseline characteristics between two groups. Polysomnographic data for diagnostic and on CPAP studies were shown in Table 2. On the diagnostic study, in unsuppressed group, total AHI was significantly greater with a higher %central/total AHI. Indeed, percentage of predominant CSA on diagnostic study was significantly high in unsuppressed group (77.8% in unsuppressed group vs. 29.8% in suppressed group, p < 0.001). In addition, percentage of slow wave sleep per TST was significantly lower in the unsuppressed group. In both groups, all parameters were significantly improved by CPAP except for the increased %central/total AHI and no changes in TST. Comparing on CPAP study data (i.e., baseline data for the survival analyses), AHI on CPAP was significantly higher with higher %central/toral AHI on CPAP and with more hypoxic burden. Following on CPAP study, 13 patients (15.5%) in the suppressed group and 7 patients (25.9%) in the unsuppressed group dropped out from their CPAP therapy (p = 0.345).


TABLE 1 Baseline characteristics of patients in the two groups.

[image: Table 1]


TABLE 2 Polysomnographic findings.

[image: Table 2]

Kaplan-Meier estimation of cumulative event-free survival for all-cause mortality and hospitalization for HF revealed a significantly worse clinical outcome in the unsuppressed group compared to the suppressed group (log-rank test p < 0.001) (Figure 1). A multivariate Cox proportional hazard model showed that unsuppressed SA in addition to AF and CPAP dropout were associated with an increased risk for clinical outcomes (Table 3).


[image: Figure 1]
FIGURE 1
Kaplan–Meier estimation of event-free survival. Kaplan–Meier estimation of cumulative event-free survival for all-cause mortality and hospitalization for HF showing a significantly worse clinical outcome in the unsuppressed group. AHI, apnea-hypopnea index; SA, sleep apnea; HF, heart failure.



TABLE 3 Results of univariate and multivariate analysis assessing prognostic factors for clinical outcomes.
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Discussion

In this study, we demonstrated that the unsuppressed SA, residual AHI ≥ 15 on CPAP, was associated with increased clinical outcomes in patients HF with SA including either OSA or CSA accompanied by the presence of AF and the dropout from the CPAP therapy.

Previous studies reported that SA is associated with negative health consequences in patients with HF (11–13). Recurrent episodes of apneas during sleep followed by arousals generate repetitive hypoxia-reoxygenation, increased intrathoracic negative pressure, and exaggerated sympathetic nervous activity (6), all of which contribute to an increased ventricular afterload. CPAP is effective to suppress apneas and hypopneas in HF patients with OSA and in a half of patients with CSA (6), improving cardiac function, and potentially leading to improvements in the prognosis in patients with HF. However, previous clinical trial examining the efficacy of CPAP therapy in patients with HF and CSA, revealed that CPAP therapy did not significantly reduce incident clinical outcomes including mortality, heart transplantation or hospitalization for cardiovascular events (6, 8, 12, 13). Interestingly, a post hoc analysis of that trial reported that the study population whose AHI was reduced below 15/h on CPAP had better prognoses with regard to heart transplantation-free survival rates compared to those whom AHI on CPAP therapy was 15 or greater (14). Similar to this result, our study demonstrated that residual AHI ≥ 15 on CPAP therapy was associated with worse clinical outcomes in patients HF with SA, compared to those with residual AHI < 15. However, our study provides novel findings that such unsuppressed SA can be one of the important prognostic factor even in patients with HF and SA. Our subgroup analyses for type of SA (obstructive- or central-dominant SA) showed that unsuppressed SA had worse prognoses than suppressed SA in the obstructive-dominant SA while no statistical difference was observed between the two groups in the central-dominant SA. Type of SA had statistically significant interaction between clinical events and residual SA (p for interaction = 0.018). The finding is consistent with previous studies showing evidence on the detrimental effect of central apneas in patients with HF regardless of LVEF (15, 16).

Backdrop of the worse clinical outcomes in the unsuppressed- compared to the suppressed group, is partly explained by patients' characteristics in terms of relatively higher age, lower diastolic BP, significantly higher PNE level, and prevalence of AF in the unsuppressed group than those in the suppressed group. Indeed, the multivariate Cox regression analyses demonstrated that unsuppressed SA and presence of AF were associated with worse clinical outcomes. Considering the severer SA with more CSA on the diagnostic sleep study, which are generally associated with pulmonary congestion (17), in the unsuppressed group, we speculated that unsuppressed SA is indicatives of unfavorable patients’ backgrounds such as more volume overloaded and pulmonary congestion in association with more impaired cardiac function, all of which are associated with poor prognoses in patients with HF.

Patients with unsuppressed SA have greater total AHI with more hypoxic burden compared with those with suppressed SA. Recently, hypoxic burden rather than frequency of respiratory events (i.e., AHI) is regarded as having more impact of clinical outcome in patients with HF and SA (18). In the present study however, neither %TST SO2 < 90% nor lowest SO2 were not associated with increased risk of clinical events even in the univariate analyses. Relationships between hypoxic burden in patients with unsuppressed SA should be elucidated in the further study.


Clinical implications and future perspectives

Our findings imply the needs of assessment for unsuppressed SA in patients with HF and SA treated with CPAP therapy. To stratify patients at risk of mortality and hospitalization, it should be enhanced to evaluate residual AHI especially in HF patients who have already been initiated into CPAP therapy. In such cases, because undergoing polysomnography may not be feasible, residual AHI which was provided by CPAP device will also be applicable because the AHI provided by CPAP or other positive airway pressure device is accurate and acceptable (19–21). We previously reported that in patients with unsuppressed SA, replacement of CPAP by bi-level positive airway pressure or adaptive-servo ventilation (ASV) led improvements of cardiac function with sufficient suppression of their SA (22, 23). However, there are no data suggesting the long-term prognostic impact of such sufficient suppression of SA in patients with HF and unsuppressed SA. ASV which is reported as providing short-term improvement of cardiac function in patients with HF and SA especially in cases with predominant CSA, failed to show long-term mortality benefit rather showed potentials to be harmful in patients with HF and predominant CSA in a large-scale clinical trial, the SERVE-HF trial (24). Another large-scale randomized controlled trial (25) examined the efficacy of ASV in patients with HF and SA including either OSA or CSA. In the trial, although ASV markedly reduced AHI, again ASV failed to show the benefit in the primary endpoint, which was the combination of cardiovascular hospitalizations, death from any cause, new-onset atrial fibrillation, and delivery of an appropriate discharge from an implantable cardioverter-defibrillator (26) in either overall, OSA subgroup or CSA subgroup. However, in CSA subgroup which did not include planned number of subjects because of the SERVE-HF trial leading to underpower to show the statistical significance, sufficient suppression of SA by ASV tended to have mortality benefit. In addition, although ASV is acceptable for HF patients with OSA with some CSA component, whether ASV provide beneficial effects on clinical outcomes in patients with almost pure OSA and no/limited CSA component remains controversial. Further studies are needed to examine how we treat residual AHI in those patients to improve their prognoses.



Limitations

This was retrospective analyses of the single-center observational study with a relatively small sample size. Moreover, since the present study was observational in nature, other unknown confounders might have affected the prognosis even after the multivariate analysis. Therefore, our data should be interpreted carefully, and further studies with larger sample size and intervention to improve unsuppressed SA are required to confirm our data. A recent study suggested that variability of the residual AHI may alter particularly in patients with HF (27). Thus, status regarding unsuppressed SA may also alter. Since our data were collected between 2001 and 2005, during which contemporary clinical practice of HF were not yet established, pharmacological therapy for HF were not fully optimized, which might have affected the observed outcomes in the study population.




Conclusions

Our study demonstrated that patients with HF and SA were associated with worse prognosis in patients with residual AHI ≥ 15 compared to those with residual AHI < 15.
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Unsuppressed (N=27)

Suppressed (N =84)

Diagnostic study On CPAP study

Diagnostic study On CPAP study
309.6 =944 3416956

TST (min) 3228+79.1 336.8+79.6
Total AHI no./h 42:176 51+36 51.6+142% 21375
6central/total AHI 216 (57.1) 319 (62.5) X 816 (287)" 86.0 (38.6)"
9TST SO, < 90% (%) 17.6 (46.4) 02 (12) 19.1 (45.7) 21 (7.7
Lowest SO,% 753138 96316 75.6 =130 849+45
Arousal index no/h 411196 43.6+200 176484

Sleep stage % of TST
Slow wave sleep (%) |
REM sleep (%) |
AHI, apnea-hypopnea index; CPAP, continuous positive airway pressure; REM, rapid eye movement; SO, oxyhemoglobin saturation;
Data were shown as mean + standard deviation or median (interquartile range).
“p<0.05 comparing with suppressed group.
*p <0.01 comparing with suppressed group.
'p for comparing between diagnostic and on CPAP studies.

158+10.1

0 (26)™ 120 (21.5)
<0001 | 96+58 [ 183470

60 (12.5) 155 (13.1)
99+64 [ 17.027.1

\
| 0005

ST, total sleep time.
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Suppressed | Unsuppressed | p
(n=84) (n=27)
609132 6642116

Male sex, 7 (%) 80 (95.2) 24 (88.8)

BMI, kg/m® 264+ 6.0 27.6+6.1

Ischemic etiology, (%) 24 (28.6) 8 (300)

AF, n (%) 28 (333) 17 (63.0)

NYHA class, n (%)

i 44 (52.4)

m+1V 40 (47.6)

Systolic BP, mmHg 1275+113

Diastolic BP, mmHg 78783

758102

418127

134.0 (287.8)

52802414

12 (444)
15 (55.6)
1235113
7432103
73893
429113
153.0 (283.5)
5695 171.1

Beta-blockers, n (%) 48 (57.1) 18 (66.7)
ACE inhibitors/ARBs, (%) 68 (81.0) 23 (85.2) 0619
Aldosterone-blockers, (%) 20 (23.8) 6(222) 0.865
68 (81.0) 20 (74.1)

Diuretics, 1 (%)

cardiac device, n (%)
Cardiac pacemaker, 1 (%) [ swen | 204 o
Implantable cardioverter 448) ‘ 0 ‘ 0617
defibrillator, n (%)

Continuous data were shown as mean +standard deviation or median
(interquartile range).

ACE, angiotensin-converting enzyme; AF, atrial fibrillation; ARB, angiotensin I
receptor blocker; BMI, body mass index; BNP, brain natriuretic peptide; BP,
blood pressure; HR, heart rate; LVEF, left ventricular ejection fraction; NYHA,
New York Heart Association: PNE, plasma norepinephrine.
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Pathogenesis of COVID-19-associated
arrhythmia

- cytokine storm

Increasing of inflammatory mediators
(IL-1B, IL-2, IL-6, IL-7, TNF-a)

- CD147/Spike Protein interaction
Reduction of ACE2
Increasing of oxidative stress

—3» ACE2 reduction

Increment of Ang Il, decrement of Ang(1-7)
Increment of pro-fibrotic factors (TGF-1, collagen)

-3 Endothelial damage
Increasing of vascular permeability
Activation of pro-coagulative molecules

—» Sympathetic Nervous System

activation
Elevation of Ca?* influx

* \f
* * tachyarrhythmia
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RNA polymerase inhibitors: Protease inhibitors:
remdisivir, fapinavir lopinavir, ritonavir, nelfinavir, saquinavir, atazanavir

Antibiotics:

/ azithromycin

IL-1 antagonists:

anakinra, canakinumab, rinolacet \

Bruton tyrosine kinase inhibitors:
ibrutinib

JAK inhibitors: /
baricitinib, ruxolutinib

COVID-19
CORONAVIRUS
Tyrosine kinase inhibitors: L
axitinib, cabozantinib, imatinib, pazopanib, IL-6 antagonists:

regorafenib, sunitinib, vandetanib sarilumab, siltuximab, tocilizumab

Monoclonal antibodies:
casirivimab + imdevimab
bamlanivimab + ezetivimab
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RF
Step-forward
Lasso
Logistic
Ridge

GBT
Elastic-net

SVM

GBT, gradient boosted trees; RF, random forest; SVM, support vector machine; AUC, area under the curve.

*Indicates p < 0.05.

HF-hospitalization-6 year

C-index

0.80 (0.66-0.94)
0.56 (0.43-0.70)
0.72 (0.59-0.86)
0.62 (0.48-0.76)
0.50 (0.34-0.66)
0.77 (0.63-0.91)
0.65 (0.51-0.78)
0.78 (0.64-0.93)

AUC

0.78
0.48
0.67
0.60
0.50
0.75
0.63
0.74

DeLong test

1
0.0017*
0.2429
0.0437*
<0.0001*
0.3605
0.0048*
0.3488

HF-hospitalization-1 year

C-index

0.85 (0.71-0.99)
0.67 (0.53-0.81)
049 (0.36-0.62)
043 (0.33-0.54)
0.63 (0.51-0.75)
0.81 (0.67-0.94)
0.61 (0.50-0.73)
0.70 (0.59-0.82)

AUC

0.84
0.67
0.47
0.58
0.39
0.81
0.60
0.40

DeLong test

0.0503
0.0016
0.1632
0.0037
0.6428
0.0130
0.3292
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RF
Step-forward
Lasso
Logistic
Ridge

GBT
Elastic-net

SVM

GBT, gradient boosted trees; RF, random forest; SVM, support vector machine; AUC, area under the curve.

*Indicates p < 0.05.

Death-6 year

C-index

0.56 (0.42-0.69)
0.68 (0.59-0.82)
0.83 (0.66-0.94)
0.55 (0.41-0.69)
0.52 (0.38-0.65)
0.61 (0.45-0.73)
0.54 (0.44-0.71)
0.58 (0.47-0.69)

AUC

0.58
0.62
0.78
0.54
0.53
0.62
0.55
0.58

DeLong test

0.0297*
0.0126*
1
0.0051*
0.0057*
0.0530
0.0160*
0.0036*

Death-1 year

C-index

0.67 (0.54-0.80)
0.50 (0.36-0.64)
0.77 (0.64-0.89)
0.53 (0.40-0.66)
0.51 (0.38-0.63)
0.76 (0.62-0.89)
0.54 (0.41-0.67)
0.64 (0.54-0.75)

AUC

0.68
0.49
0.75
0.46
0.52
0.77
0.54
0.62

DeLong test

0.6682
0.0011*
1
0.0095*
0.0900
0.9209
0.2378
0.4207
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VS;d (mm)
VS:s (mm)

LVID;d (mm)

LVID;s (mm)

LVPW;d (mm)

LVPWis (mm)

EF (%)

FS (%)

LV Mass (mg)

LV Mass (Corrected, mg)
LV Vold (ul)

LV Vol (ul)

Heart Rate (BPM)

Ctrl; Sham (N = 6)

0.732 £ 0.053
1.362 + 0.033
3.590 & 0.345
1.728 £ 0.233
0.768 + 0.056
1.413 £ 0.059
83.83 +2.96
52.01+3.16
91.01 +17.39
72.81 £ 13.91
54.73 +11.90
899+2.78
663 + 42

*Pettsnamvs.cu:Tac < 0.01; * Poyitacus cip—og:mac < 0.07.

METTL5-cKO; Sham (N = 5) Ctrl; TAC (N = 9)
0.752 + 0.022 1.145 + 0.085"
1416 £0.148 1.789 £ 0.145"
3626+ 0353 3.452 & 0.152
1.672 +£0.203 1.816 £ 0.199
0.769 + 0.051 1.143 +£0.120"
1.416 £0.117 1.733 £0.124*
8461+ 161 79.63 + 4.60
52,64 % 1.71 47.43 +£4.90
89.93 + 16.93 156.84 £ 24.75"
71.94 £ 13.65 126.47 + 19.80*
5242+ 12.24 49.35 525

8.22+245 10.14 £2.81
674 + 15 696 + 17

METTL5-cKO; TAC (N = 9)

1.004 + 0,079
1.345 +£0.191%
4.741 £ 0.706*
3.834 % 1.000""
1,002 + 0.078*
1.346 + 0218
40.40 + 17.76%"
20.30 4 9.83%
21253  46.00"
170.02  36.80"
107.42 + 36.59"*
69.25  41.25"
67145
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Characteristic Value

(number of patients)
Female:Male 1:4
Age (years, mean = SD) 45.00 + 13.34
BMI (kg/m?, mean + SD) 25.18 £ 1.18
mPAP (mmHg, mean & SD) 54.40 +£3.21
PAWP (mmHg, mean =+ SD) 9.60 +2.51
PVR (dyn.sec/cm®, mean % SD) 1098.60 & 103.70
WHO FC I-II:}WHO FC III-IV 1:4
CI [L/(min-m?), mean % SD] 1.78 +0.13
Family history of venous thromboembolism 0
Smoking 2
Bed rest over 24 h 0
Other CTEPH risk factors
Pulmonary embolism 3
Venous thromboembolism 2
Inflammatory bowel disease 0
Splenectomy 0

CTEPH, chronic thromboembolic pulmonary hypertension; BMI, body mass index;
mPAP, mean pulmonary arterial pressure; PAWP, pulmonary artery wedge pressure;
PVR, pulmonary vascular resistance; WHO FC, World Health Organization function
classification; CI, cardiac index; SD, standard deviation.
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Cell type

Macrophages
Undefined cells
Endothelial cells
Mast cells
Cancer stem cells
CRISPLD2" cells
Fibroblasts
Myofibroblasts
Smooth muscle cells
T cells

NK cells

Nodes

Edges
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Total

WS, vasovagal syncope;
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PPS ws
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PPS, psychogenic pseudosyncope.

Total

1038
138
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Test result variable (s) Cut-off value AUC (95% CI) p-value Sensitivity Specificity

DLOC >9min 0.824 (0.749, 0.900) <001 0.740 0.863
Daily frequency of attacks 215 times® 0.705 (0.611, 0.800) <001 0.440 0.962
BMI 220.5 kg/m? 0689 (0.601, 0.778) <001 0580 0.792
24-h average HR 298 bpm 0634 (0,549, 0.719) <001 0.300 0913

AUC, Area under curve; Cl, Confidence Interval; DLOC, duration of loss of consciousness; min, minute; BMI, body mass index; DBR, diastolic blood pressure; HR, heart rate; bpm, beat
per minute. @The cutoff value of daily frequency of attacks was defined as >twice because the actual number of syncope is an integer in clinical practice.
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Variable (s) Cut-off value

Upright posture Yes/No
DLOC 9min
Daily frequency of attacks Twice
BMI 20.5 kg/m?®

Cl, Confidence Interval; DLOC, duration of loss of consciousness; min, minute; BMI, body mass index.

p-value

<0.01
<0.01
<0.01
<0.01

Odds ratio (95% Cl)

24.390 (7.179, 82.861)
22,694 (6.257, 82.317)
49.476 (10.286, 238.407)
5.974 (1.898, 18.801)

Points

-~ ® s &
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number of edges: 1062 PPI enrichment p-value: < 1.0e-16
average node degree: 9.4
avg. local clustering coefficient: 0.569

Regulation of systemic arterial blood pressure (FDR 1.52e-05)
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Subjects from the Peking
University First Hospital from
April 2016 to January 2019

Diagnosed by clinical history and
BHUTT

24 VVS children
were included as VVS

group

Participants from middle school

Based on medical history, physical
examination, and laboratory inspection

12 healthy children were
included as control
group

53 VVS children were included
as VVS group

24 healthy children were included
as control group
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General anesthesia
Access
Trans septal
Retrograde
Combined access
Mapping technique
VT induction (Any)
VT induction (clinical)
Pace-mapping
Activation mapping
Entrainment
Substrate mapping
Ablation strategy
Endocardial
Epicardial
Endocardial + epicardial
Trans-coronary
Lactic acid
Number of VTs induced
Induction of > 3 VTs
Number of VTs targeted
Procedure duration, min
Acute outcomes
Elimination of clinical VT
Non-inducibility
Inducibility not tested

Failure

VT, ventricular tachycardia.

All (N = 46)

41 (89.1)

4(8.7)
38 (82.6)
4(8.7)

41 (89.1)
35(76.1)
37(80.4)
31(67.4)
6(13)
43(93.5)

33(71.7)
2(4.3)

10 (21.7)
122
147 £11.7
2(1-3)
9(23.7)
2(1-3)
280 (227-335)

39(92.8)
34 (74)
6(13)
122

Early de-cannulation

(N =38)

33 (87)

3(7.9)
32 (69.6)
3(7.9)

34 (89.5)
28 (73.7)
29 (76.3)
23 (60.5)
4(10.5)
35(92.1)

28 (60.9)
2(53)

7 (18.4)
1(26)
119+4
2(1-2)

5 (62.5)
2(1-2)
385 (236-405)

33 (86.8)

31 (81.6)
4(105)
1(26)

No early de-cannulation

(N=8)

8 (100)

1(12.5)
6(13)
1(12.5)

8 (100%)
7 (87.5)
8 (100)
8 (100)
2(25)
8 (100)

5(62.5)

0
3(37.5)

0
23424
3(1-7)

14 (30.4)
2(1-3)
255 (221-283)

6 (75)
3(37.5)
2(25)
0

p-value

0.569

0.658
0.324
0.03
0.277

0.182
0.079
0.044
0.416
0.147

0.587
0.02





OPS/images/fcvm-09-998079/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-998079/fcvm-09-998079-g001.jpg
ECMO assisted VT ablation (n=53)

Inclusion criteria
* Structurally abnormal heart

* Underwent VTA supported by ECMO

Excluded

\ 4

» | *ECMO introduced for hemodynamic support
before ablation (n=2)

*Rescue ECMO due to hemodynamic collapse
during VT ablation (n=5)

I 46 cases of elective use of

ECMO during VT ablation ]

L |

Early de-cannulation
(n=38)

Late de-cannulation
(n=8)
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All (N =46)

Male 43 (93.5)
Age 6210
Hypertension 23 (50)
Diabetes mellitus 14 (30.4)
Chronic kidney disease 9(19.6)
Atrial fibrillation 17 (37)
Ischemic cardiomyopathy 30 (65.2)
Non- Ischemic cardiomyopathy 12 (26.1)
Chronic obstructive lung diseases 4(8.7)
Past VT ablation 23 (50)
NYHA FCIII-IV 23 (50)
Decompensated HF 10 (21.7)
VT storm 32 (69.6)
Presenting arrhythmia

Monomorphic VT 44 (95.6)

Polymorphic VT 1(2.2)

Ventricular fibrillation 1(2.2)

Hemodynamically unstable VT/VF 24 (522)
Antiarrhythmic drugs

Amiodarone 32 (65.3)

Sotalol 10 (21.7)
Baseline vitals

Heart rate

Systolic BP

Diastolic BP
Chronic medical treatment

Beta blockers 46 (100)

ACE/ARB 39 (84.8)

MRA 38 (82.6)
LVEE% 19.5 £8.5
LVEF < 20%
SPAP
Severe PHTN 6(15.8)
>Moderate RV dysfunction,% 13 (28)
PAAINESD score 19.4£7.01

Early de-cannulation
(N = 38)

35(92.1)
6154106
19 (50)
12 (31.6)
7 (18.4)
12 (31.6)
25 (65.8)
10 (26.3)
4(10.5)
19 (50)
18 (47.4)
7 (18.4)
25 (65.8)

36 (94.7)
1(2.6)
1(2.6)

20 (52.6)

25 (65.8)
10

709 £ 18
117°£25
67 £15

38 (100)
32(84.2)
31(81.6)
203+9
26 (68.4)
3£17
4(12.1)
9 (24.3)
188+7.2

No early de-cannulation
(N=8)

$(100)
67.6+3
4(50)
2(25)
2(25)
5(62.5)
5(62.5)
2(25)
0
4(50)
5(62.5)
3(37.5)
7(87.5)

8(100)
0
0
4(50)

7(87.5)
0

7418
108 £+ 19
67 £ 10

8 (100)
7(87.5)
7 (82.6)
156+5
8 (100)
48+ 18
2 (40)
4(50)
22457

p-value

0.005

0.645
0.125

0.699
0.344
0.403

0.403
0.171

0.641
0.358
0.992

1

1
0.053

0.09

0.479
0.169
0.202
0.247

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blockers; BP, blood pressure; LVEF, left ventricle ejection fraction; NYHA, New York Heart Association; PHTN,

pulmonary hypertension; RV, right ventricle; SPAP, systolic pulmonary arterial pressure; VT, ventricular tachycardia; VE ventricular fibrillation.
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Groups VVS Control x2/Z/t  P-value
(n=53) (n=24)

Sex (M/F) (n) 21/32 14/10 2.333 0.127

Age (years old) 10.0 (8.0, 10.0 (10.0, —0.190 0.849
13.0) 11.0)

Height (cm) 152.0 (132.5, 146.0(1393,  —0.991 0322
161.0) 150.8)

Weight (kg) 40.6 £ 12.5 39.4+£92 0.438 0.663

Supine HR (bpm) 81.8 £14.2 82.5+ 84 —0.228 0.820

Supine SBP (mmHg) 1070 (100.5, 110.5(1060,  —0.886 0376
116.5) 115.0)

Supine DBP (mmHg) 66.4+£7.6 64.8£9.1 0.806 0.423

VVS, vasovagal syncope; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood
pressure.

Normally distributed data are displayed with mean =+ standard deviation and non-
normally distributed data are presented by median (Py5, P75); Categorical variables are
displayed with numbers.
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Biomarkers VVS group Control group Log FC P-value Adj. P. Val Log: (FC)

Log IGFBP-4 (pg/ml) 157+ 06 143+ 11 1.389 <0.001 <0.001 2619
Log, HGF (pg/ml) 7.6+05 68+05 0.741 <0.001 <0.001 1671
Log, IGFBP-6 (pg/ml) 144402 148401 —0.328 <0.001 <0.001 0.797
&Log, (EGF + 1) (pg/ml) 09 (0.5,1.3) 1.6 (1.3,2.1) —0.764 <0.001 0.001 0589
Log, IGFBP-3 (pg/ml) 154 (15.2,15.6) 162 (16.0,16.3) —0.757 <0.001 0.002 0592
Logs TGF-b1 (pg/ml) 137 (133, 14.4) 12.7 (11.2,13.9) 1.755 <0.001 0.004 3376
Log, IGFBP-1 (pg/ml) 84+10 75408 0.879 0.007 0.030 1.839

IGFBP, insulin-like growth factor binding protein; HGE hepatocyte growth factor; EGE epidermal growth factor; TGF-bl, transforming growth factor beta-1; Adj. P. Val, BH method
adjusted p-value; Normally distributed data are displayed with mean =+ standard deviation and non-normally distributed data are presented by median (P55, P75); Log, (FC), Log, (fold
change).

&To prevent the calculation site from being negative, the EGF is expressed on a log2-scale by adding 1 to the original plasma concentration.

And other biomarkers plasma concentrations of the assessed proteins are expressed on a log2-scale.

Differentially expressed proteins (DEPs) are defined as those with Adj. P. Val < 0.05, and fold change > 1.2 or <0.83 (absolute logFC > 0.263).
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Biomarkers VVS

group (n)
Log, HGF (pg/ml) 6.5+0.5
Log IGFBP-6 (pg/ml) 16.8 (16.6,
17.0)
&Log, (EGF + 1) (pg/ml)  2.5(1.7,3.2)
Log, IGFBP-1 (pg/ml) 13.6+1.1

#Log, IGFBP-3 (pg/ml) 11.6 £ 0.5

Control
group (n)

58+0.6

16.6 (16.3,
16.8)

4.4(3.9,5.0)
130407
118405

“The biomarkers expressed by fluorescence signal-BKG.

t/1Z

5.001
—2.364

—5.318
2.649
—2.013

P-value

<0.001
0.018

<0.001
0.010
0.048

&The EGF is expressed on a log2-scale by adding 1 to the original plasma concentration;

and other biomarker plasma concentrations of the assessed proteins are expressed on a

log2-scale.

Normally distributed data are displayed with mean =+ standard deviation and non-

normally distributed data are presented by median (Pys, P75).
HGE, hepatocyte growth factor; IGFBP, insulin-like growth factor binding protein; EGE

epidermal growth factor.
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Characteristics B SE Wald P-value OR (95% CI)

Log (EGF +1) —0.995 0.332 8994 0.003 0.370 (0.193-0.709)
Log, HGF 2.051 0.701 8.572 0.003 7.778 (1.970-30.708)
Log, IGFBP-1 1.227 0528 5.395 0.020 3.412 (1.211-9.611)
Constant —24.471 9.092 7.244 0.007 =

Characteristics enrolled in the logistic multivariate regression analysis: gender, age,
BMI, log, (EGF + 1), log, IGFBP-6, log, HGE log, IGFBP-1, and log, IGFBP-3.
HGE, hepatocyte growth factor; IGFBP, insulin-like growth factor binding protein; EGE
epidermal growth factor.
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Groups VVS
(n=24)
Sex (M/F) (n) 10/14
Age (years old) 112425
Height (cm) 153.1 +16.2
Weight (kg) 442 £13.1
Supine HR (bpm) 838+17.3

Supine SBP (mmHg)  110.0 £ 11.0
Supine DBP (mmHg) 67.0 £7.0

Control
(n=12)

7/5
105+ 0.8
149.3+3.2
435+ 5.6
82.1+8.1
112.0+ 7.0
63.0+9.0

X2/t

0.348
1.250
1.105
0.210
0.315
—0.449
1.706

P-value

0.555
0.221
0.279
0.835
0.755
0.657
0.097

VVS, vasovagal syncope; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood

pressure.

Normally distributed data are displayed with mean =+ standard deviation; Categorical

variables are presented by numbers.
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Model AuC

Model 1 0711
Model 2 0.746
Model 3 0.765

SE

0.047
0.040
0.040

P-value 95%Cl

<0.001 0.619-0.804
<0.001 0.668-0.824
<0.001 0.686-0.844

Model 1, Grace score; Model 2, DC; Model 3, Grace score + DC.

Cut-off

116.5
3.51

Sensitivity

48.8
53.7
65.9

Specificity

855
85.1
755

Youden index

0343
0383
0414

C-statistic

0.726
0.759
0.783
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Age (years)

Women/men
Cardiovascular risk factors
Hypertension, n (%)

Diabetes melitus, n (%)
Hypercholesterolemia, 1 (%)
Previous CAD, n (%)

Previous stroke, 1 (%)
Current smoking, n (%)

Minor-risk potential embolic sources, n (%)

Mitral valve calcifications

Aortic valve calcifications

Non-atrial fibrilation atrial dysrhythmias
Hypokinetic/akinetic left ventricle
Moderate-to-severely dilated left atrium
Atrial septal aneurysm

Patent foramen ovale

Aortic arch atherosclerotic plaques
Carotid artery non-stenotic plaques
Atrial cardiopathy markers

PWD (ms)

P wave max (ms)

P wave min (ms)

P wave mean (ms)

P wave index (ms)

PR interval (ms)

P wave axis (degree)

Left atrial area (cm?)

High PWD (>40ms), n (%)
Abnomal P wave axis, n (%)

LA dilation (>20 om?), n (%)

LA volume (mi)

LA volume index (ml/m?)

Data are expressed as mean % SD. CAD, coronary artery disease; PWD, P wave dispersion; LA, left atrium. Bold values are statistically significant (o < 0.05).

Mild ESUS
(NIHSS <5)
(=99

67 + 14
36:63

52 (52%)
25 (25%)
38 (38%)
7%
70%
24 (24%)

22 (22%)
33 (33%)
1(1%)
2(2%)
1(1%)
15 (15%)
16 (16%)
1(1%)
59 (59%)

46+ 13
125415
79+ 15
108 £ 13
15+5

166 435
4722
18+4

53 (53%)
9(9%)

28 (28%)
48+19
27+ 1

Severe ESUS
(NIHSS >5)
(n=127)

74+12
85142

82 (65%)
21 (17%)
47 37%)
12 (9%)
10 (8%)
25 (20%)

51(40%)
54 (42%)
107%)
5(3%)
10 (7%)
14(11%)
12/(9%)
3(2%)
76 (60%)

5114
131+20
81420
107 + 18
16£5
171 £33
50427
2046
87 (68%)
27 21%)
54 (429%)
5424
3114

P-Value

0.0001
0.0001

0.07
0.1
0.8
0.6

0.4

0.004
0.1

0.4
0.02
0.4
0.1
0.6

0.01
0.01
0.7
0.05
0.01
03
0.3
0.01
0.02
0.01
0.03
0.1
0.04
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Indicators

Female (%)

Age (years)
Hypertension (%)
Diabetes (%)
Gurrent smoker (%)
History of drinking (%)
Family history (%)
Past history of MI
Previous PCI (%)
Neutrophil (x 109/L)
Lymphocyte (x10°/L)
NLR

PLT (x100/L)

PLR

hs-CRP (mg/L)
eGFRml/ (min1.73 m?)
Creatinine (mol/L)
Uric acid (umol/L)
Glucose (mmol/L)
TG (mmol/L)

TC (mmol/L)

HDL-C (mmol/L)
LDL-C (mmol/L)

Lp (@ @)

Average heart rate (bpm)
SDNN (ms)

SDANN (ms)
MSSD (ms)

Pnns0

LF (ms?)

HF (ms?)

LF/HF

DC (ms)

GRACE score

SBP (mmHg)

DBP (mmHg)
Aspirin (%)
Clopidogrel (%)
Ticagrelor (%)
Statins (%)
p-blocker (%)

ACEI (%)

ARB (%)

CCB (%)

In-hospital PCI (%)
The number of stent

P-value

0.498
0.004
0.463
0.066
0.233
0.540
0.745
0.162
0.148
0.807
0.087
0.046
0.795
0.013
0.043
0.728
0.369
0.324
0.604
0.156
0.338
0.112
0.436
0.145
0.620
0.269
0.315
0.426
0.374
0.153
0.064
0.145
0.003
0.002
0.466
0.085
0.540
0.206
0.970
0.197
0.488
0.634
0.419
0.841
0.142
0.510

Univariate

HR

0.676
1.043
0.691
2523
1.824
0.676
0714
2242
2,073
0.981
0.433
1117
1.001
1.008
1.018
0.995
1.005
1.002
1.047
0.569
0.788
0.166
0.818
1.001
0.985
0.990
0.991
0.992
1.022
0.998
1.002
0.698
0.888
1.031
0.990
0.958
0.629
1.977
0.962
0377
0.699
1.357
1.594
1.123
2208
1.181

0218
0.993
0.257
0.939
0.679
0.193
0.094
0.723
0.772
0.838
0.166
1.002
0993
1.001
1.001
0.966
0.994
0.998
0.879
0.261
0.483
0.018
0.493
0.999
0.929
0.973
0.975
0972
0.974
0.994
0.999
0.429
0.820
1.011
0.965
0913
0.143
0.687
0.127
0.086
0.254
0.387
0514
0.362
0.766
0.720

95% Cl

2007
1.096
1.855
6.776
4.899
2.371
5.409
6.954
5.566
1.148
1.131
1.246
1.010
1.010
1.035
1.024
1.016
1.006
1.248
1.240
1.284
1518
1.357
1.003
1.045
1.008
1.008
1.012
1.073
1.001
1.003
1.133
0.961
1.052
1.016
1.006
2.768
5.690
7.284
1.659
1.924
4762
4.942
3.483
6.351
1.938

P-value

0.759

0574
0.622

0.016
0.043

Multivariate
HR 95% CI
0959 0.735 1261
1,003 0992 1.015
1,006 0982 1.082
0.901 0.828 0.981
1.024 1.001 1.048
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Indicators

Female (%)

Age (years)
Hypertension (%)
Diabetes (%)
Gurrent smoker (%)
History of drinking (%)
Family history (%)
Past history of MI
Previous PCI (%)
Neutrophil (x 109/L)
Lymphocyte (x10°/L)
NLR

PLT (x10%/L)

PLR

hs-CRP (mg/L)
eGFR

Creatinine (mol/L)
Uric acid (umol/L)
Glucose (mmol/L)
TG (mmol/L)

TC (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)

Lp (@ @)
Average heart rate
SDNN (ms)
SDANN (ms)
MSSD (ms)
Pnns0

LF (ms2)

HF (ms2)

LF/HF

DC (ms)

GRACE score
SBP (mmHg)

DBP (mmHg)
Aspirin (%)
Clopidogrel (%)
Ticagrelor (%)
Statins (%)
p-blocker (%)

ACEI (%)

ARB (%)

CCB (%)
In-hospital PCI (%)
The number of stent

P-value

0.652

0528
0.082

0.687
0.740
0.940
0.719
0.005
0.428
0311

0.698
0.024
0.648
0.381

0.630
0.251

<0.001
0.600
0717
0886
0.493
0.666
0.926
0.002
0579
0.424
0.904
0.628
0177
0.241

0.408
0.716
<0.001
<0.001
0.014
0.075
0.640
0.632
0.238
0.673
0.061

0.849
0.657
0.202
0.304
0.319

Univariate

HR

0.829
1.013
2386
0.828
1.159
0.956
0.692
3243
1.391
1.013
1.010
1.042
0998
1.002
0.994
0.989
1.021
1.001
0.971
1.029
1.156
1341
1.024
1.001
1011
0.995
0.999
1.004
0.958
0.999
0.999
0.926
0.866
1.031
1.024
1.027
0.812
0.819
0.300
0.733
2.552
1.100
1210
1.666
0.632
0.729

0.366
0.973
0.895
0.331
0.484
0.286
0.094
1.432
0615
0.988
0.960
1.005
0991
0.998
0.969
0.970
1.013
0.998
0.829
0.697
0.764
0.354
0.625
0.999
0.973
0.982
0.988
0.988
0.900
0.997
0.997
0.612
0.803
1.017
1.005
0.997
0.339
0.362
0.041
0.173
0.957
0413
0522
0.760
0.264
0.392

1.875
1.055
6.359
2.073
2775
3.190
5117
7.344
3.149
1.039
1.063
1.079
1.006
1.005
1.019
1.008
1.030
1.004
1.138
1519
1.751
5.084
1.677
1.003
1.051
1.008
1011
1.020
1.020
1.001
1.001
1.400
0.934
1.045
1.044
1.057
1.944
1.853
2215
3.108
6.800
2931
2.803
3.652
1514
1.357

P-value

0.159

0.048

0.011

0.025
0.024
<0.001

HR

1.937

1.041

1.013

0.894
1.019
1.034

Multivariate

0.772

1.000

1.003

0.811
1.002
1.015

4.858

1.084

1.024

0.986
1.036
1.053
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Akaike’s information criteria

Model AlCc
GRACE score 781.44
GRACE + LF/HF 776.35
GRACE + DC 74328

SAICc

5.82
429
1.15

Relative likelihood

0.15
021
0.83

0.14
0.20
0.79

Likelihood ratio test

wiwi Model x2 Df P-value
418 GRACE score
535 GRACE+LF/HF 0.329 1 0.416

21.73 GRACE+DC 9.227 1 <0.001
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GRAGE vs. GRACE + DC GRACE vs. GRACE + LF/HF

NRle NRIne Total P-value NRle NRIne Total

P-value
upP 22 123 145 20 132 152
DWN 19 159 178 21 150 171
Total 41 282 323 41 282 323
NRI>® 0.073 0.128 0.200 0.003 —0.024 0.064 0.040 0573
IDle IDIne Total P-value IDle IDIne Total P-value

Final 0.0089 0.0015 0.0104 <0.001 0.0003 0.0001 0.0004 0.422
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Meale, n (%)
Age (years)
Hypertension (%)
Duration of hypertension (years)
Diabetes (%)
Duration of diabetes (years)
Current smoker (%)
Duration of smoking (years)
Current smoking cigarettes (per day)
History of drinking (%)
Family history (%)
Previous PCI (%)
Clinical presentation
STEMI
NSTE-ACS
Neutrophil (x 109/L)
Lymphocyte (x10%/L)
NLR
PLT (x10%/L)
PLR
hs-CRP (mg/L)
eGFR ml/(min1.73 m?)
Greatinine (mol/L)
Uric acid (mmol/L)
Glucose (mmol/L)
TG (mmol/L)
TC (mmol/L)
HDL-C (mmolL)
LDL-C (mmol/L)
Lp @ @)
Average heart rate (bpm)
SDNN (ms)
SDANN (ms)
rMSSD (ms)
PnnS0
LF (ms?)
HF (ms?)
LF/HF
GRACE score
GRACE risk
High
Intermediate
Low
SBP (mmHg)
DBP (mmHg)
History of MI (%)
ST-segment (%)
CK-MB increase (%)
Troponin ise (%)
Cardiac arrest (%)
In-hospital PCI (%)
MACES (%)
Deaths (%)
Non-fatal re-infarction (%)

Low risk group
(DC > 4.5 ms)
(n=183)

114 (62.9)
61.43+10.18
113(61.7)
10.00 (5.00, 12.00)
47 25.7)
6.00(2.00, 15.00)
65(35.5)
10.00 (0.000, 20.00)
28,00 (20.00, 30.00)
42(23.0)
1703
56 (30.6)

115 (62.8)
68(37.2)
3.98(3.01, 4.86)
1.67 (182, 2.08)
2.29(1.78,3.20)
203.85 + 55.28
121.88 (83.24, 156.99)
090 (0.50, 3.85)
9113+ 17.05
69.00 (56.00, 81.00)
375.26 % 112,51
590+ 2.21
1.48 (1.06, 1.99)
416 1.10
1.08:+029
2.44 £1.00
152.00 (64.00, 298.00)
66.13  7.41
119,00 (101.00, 137.00)
74.00 (50.00, 106.00)
31,00 (25.00, 46.00)
6.00(3.00, 12.00)
286.00 (215.50, 459.10)
202,00 (127.70, 294.00)
1.50 (1.00, 2.37)
90.68 + 23.73

52(28.4)
90(49.2)
41(22.4)

133,65 & 18.52

7673+ 11.63

22(12.0)

19 (10.4)
73(39.9)
0.04(0.01,0.25)
1(05)

83 (48.1)
10(5.5)
0(0.0)
6(33)

Intermediate risk group
(DC > 2.5ms, and DC < 4.5ms)
(n=94)

57 (60.6)
67.47 £9.21
68(72.3)
10.00 (6.25, 18.75)
23(24.5)

5.00 (2.00,10.00)
30(31.9)
17.50 (4.50, 20.00)
30.00 (17.25, 40.00)
14 (14.9)
32
26(27.7)

43 (45.7)
51(54.3)
3.98 (3.16, 4.97)
1,62 (1.14,1.92)
2.46 (1.8, 3.63)
205,61 +62.73
133.24 (95.97, 183.56)
0.65 (0.50, 5.00)
84.59 +17.28
72.00 (57.75, 87.25)
376.20 + 114.29
6.46+2.38
1.40 (1.08, 1.84)
424105
1.06+033
2.44 £1.00
143.50 (67.00, 332.50)
7280915
9800 (79.00, 118.50)
77.00 (41.50, 100.00)
25.50 (19.00, 56.26)
2.47 (0.14,10.98)
128.50 (81.68, 198.48)
86.00 (46.75, 188.95)
1.29 (080, 2.38)
106.77 & 22.99

9(96)

55 (58.5)
30(31.9)
183.48 & 21.12
7631 +12.93
13(13.8)

18 (19.1)

50 (53.2)
003 (0.01,0.45)
2(@.1)

37 (39.4)

17 (18.1)
3(32)

1 (11.7)

High risk group
(DC < 25ms)
(n=46)

35 (76.1)
65.13 £ 11.45
27 (58.7)
10.00 (3.00, 15.00)
14(30.4)
10.00 (2.00, 17.00)
1787.0)
10.00 (6.00, 17.50)
30.00 (21.50, 40.00)
7(152)
3(65)
11(23.9

19 (41.3)
2768.7)
4.24(3.15,5.71)
1.49(1.21,2.02)
2.63(1.94, 4.45)
194.83  60.48
122.32 (92.34, 162.58)
1.97 (032, 5.68)
88.43 + 2158
75.00 (60.75, 91.00)
402.57 £ 154.30
6.87 +359
1.15 (0.80, 1.73)
406094
1.06 £0.27
223084
134.00 (62.25, 295.25)
7552 + 12,63
97.00 (74.75, 120.00)
76.00 (53.00, 98.00)
17.00 (13.00, 27.75)
1.00 (047, 1.99)
101.50 (63.50, 160.18)
71.10 (48.50, 225.00)
1.30 (067, 1.81)
107.93 + 82.06

5(10.8)
24(52.2)
17 87.0)
181.79 + 19.81
76.88 = 12.39
13 (28.3)
5(10.9)

26 (56.5)
0.05(0.02, 0.38)
0(0.0)
20(43.5)
14.(30.4)
6(13.0)
7(15.2)

Fizix2

3502
11.687
3.799
2596
0.594
0.727
0.479
0.692
1.292
3.196
3.521
0.885
11.272

1.756
4.969
4.398
0.628
3512
1.322
4205
6.1356
1.003
3473
6.009
0.440
0.085
0873
0.176
30.948
38.431
0.837
40.389
53.298
115.529
56.470
6.946
16.121
18.142

0.160
0.048
7773
4.435
6.752
2.028
gl
1.955
24.160
20.000
11.185

P-value

0.166
<0.001
0.150
0273
0.743
0.695
0.787
0.708
0.624
0.202
0172
0.642
0.004

0.416
0.083
0111
0.635
0173
0516
0.016
0.047
0.368
0.032
0051
0.644
0.937
0.419
0.916
<0.001
<0.001
0.658
<0.001
<0.001
<0.001
<0.001
0.031
<0.001
0.001

0.852
0.953
0.021
0.109
0.034
0.363
0.538
0.376
<0.001
<0.001
0.004

DC, deceleration cepacity; STEMI, ST segment Elevation Myocardial Inferction; NSTE-ACS, non-ST-elevation acute coronary syndromes; SBR, Systolic blood pressure; DBR, Diastolic
blood pressure; eGFR, glomerler fitration rate; NLR, neutrophi-to-lymphocyte ratio; PLT, pletelet count; PLR, pletelet-to-lymphocyte ratio; TG, triglycerides; TC, totel cholesterol;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Apo A1, Apolipoprotein Al; Apo B, Apolipoprotein B; Lp (a), ipoprotein a; Mi, myocardial
infarction; hs-CRR, high-sensitiity C-reactive protein; CK-MB, creatine kinase-MB; SDNN, standard deviation of ail normal sinus AR intervals; SDANN, standard deviation average of
normal-to-normel (NN intervals; pNNSO, percentage of the number of imes that the diference between acfiacent normal RRintervals >50ms in the total number of NN intervals; rMSSD,
root mean square successive difference; HF, high-frequency power; LF, low-frequency power; LE/HF, low-frequency/high-frequency ratio; MACESs, major adverse cardiac events.
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Indicators

P-value HR 95%Cl P-value HR 95%Cl
Female (%) 0547 0817 0.423 1577
Age (years) 0072 1.029 0997 1.061
Hypertension (%) 0362 1.367 0698 2679
Diabetes (%) 0357 1.362 0706 2630
Current smoker (%) 0523 1.227 0655 2208
History of drinking (%) 0.412 0696 0293 1655
Family history (%) 0558 0654 0.158 2707
History of MI (%) 0,001 2922 1513 5643 0.172 1.672 0.800 3.496
Previous PCI (%) 0118 1.649 0880 3088
NSTE-ACS (%) 0.080 2.005 1.070 3755 0.261 1.461 0.755 2830
Neutrophil (x 10/L) 0204 1.016 0991 1.042
Lymphocyte (x109L) 0698 1.011 0958 1.066
NLR 0,001 1.053 1.021 1.087 0.191 1.052 0975 1.135
PLT (x 10°/1) 0753 0999 0994 1.005
PLR 0.021 1.003 1.001 1.006 0559 0999 0994 1.008
hs-CRP (mg/L) 0509 1.004 0992 1016
€GFR ml/(min1.73 m?) 0.138 0983 0973 1.004
Creatinine (wmol/L) <0001 1.011 1.006 1015 0.160 1.005 0998 1.011
Uric acid (umol/L) 0302 1.001 0999 1.004
Glucose (mmol/L) 0955 1.003 0891 1.181
TG (mmoi) 0353 0845 0592 1.206
TC (mmol) 0710 0945 0.703 1.271
HDL-C (mmol/L) 0.443 0645 0211 1.977
LDL-C (mmol/L) 0.457 0880 0630 1.281
Lp @ (g) 0027 1.001 1.000 1.002 0,083 1.001 1.000 1.002
Average heart rate (bpm) 0760 1.005 0973 1038
SDNN (ms) 0.138 0992 0982 1.003
SDANN (ms) 0993 0999 0992 1.008
rMSSD (ms) 0566 0997 0985 1.008
Pnn50 0551 0983 0950 1.028
LF (ms?) 0057 0998 0996 1.001
HF (ms?) 0708 1.001 0999 1.002
LFHF 0.074 0.750 0.547 1.029
DC (ms) <0.001 0.876 0.832 0.923 <0.001 0.885 0.831 0.943
GRACE score <0001 1.083 1.022 1.044 0,002 1.020 1.007 1.034
SBP (mmHg) 0.159 1.011 0996 1.027
DBP (mmHg) 0566 1.007 0982 1033
Aspirn (%) 0225 0633 0302 1325
Clopidogrel (%) 0871 1.052 0570 1.941
Ticagrelor (%) 0.365 0.518 0.125 2.147
Statins (%) 0241 0539 0.192 1513
B-blocker (%) 0.169 1.563 0828 2950
ACEI (%) 0576 1.246 0576 2698
ARB (%) 0264 1.467 0749 2875
CCB (%) 0.137 1,611 0860 3017
In-hospital PCI (%) 0.904 0.963 0519 1.784
The number of stent 0574 0895 0608 1318

NSTE-ACS, non-ST-elevation acute coronary syndromes; SR Systolic blood pressure; DBR, Diastolic blood pressure; éGFR, glomerler fitration rate; NLR, neutrophil-to-lymphocyte
ratio; PLT, platelet count; PLR, platelet-to-lymphocyte ratio; TG, trigiycerides; TC, total cholesterol; HDL-C, high-density ipoprotein cholesterol; LDL-C, low-density poprotein cholesterol;
Apo A1, Apolipoprotein AT; Apo B, Apolipoprotein B; Lp (a), lpoprotein a; MI, myocardial infarction; hs-CRP, high-sensitiity C-reactive protein; CK-MB, creatine kinase-MB; SDNN,
standard deviation of all normal sinus R intervals; SDANN, standard deviation average of normal-to-normal (NN) intervals; PNNSO, percentage of the number of times that the difference
between acjacent normal AR intervals >50 ms in the total number of NN intervals; IMSSD, root mean square successive difference; HF, high-frequency power; L, low-frequency power;
LF/HE, low-frequency/high-frequency ratio; DC, deceleration capacity; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blockers; CCB, calcium ion channel

blockers; PCI, Percutaneous Transluminal Coronary Intervention.
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All

Personal characteristics

N 39

Sex (M/F) 9/30
Age (years) 57 + 11
SSc subsets 6/33
(dcSSc/IcSSc)

Disease duration 11+8
(years)

Controlled arterial 4
hypertension (n)

Antibodies

Anti-Scl-70+ (n) 11
ACA+ (n) 17
ANA+ (n) 11
Spirometry

TLC (L) 5.33 +£1.30
FVC (L) 3.20 + 1.00
FEV (L) 248 +£0.92
DLCO SB, 2416 +£ 35.35
ml/mmHg/min

DLCO SB, % 80+ 17%
DLCO SB/VA, 7.65+ 1586
ml/mmHg/min/L

DLCO SB/NVA, % 90 + 18%
Echocardiography

LVEF (%) 61+12
TAPSE (mm) 23+5
PAPs (mmHg) 31+8
Biochemical

CRP (mg/dL) 0.73 +1.01
ESR (mm/hour) 22 418
y-globulin (g/dL)  16.94 £+ 7.07
Creatinine 0.84 £ 0.21
(mg/dL)

Glucose (mg/dL) 87 +9

-PAPs

19
4/15
56+ 10
3/16

10£8

517 +£1.44
3.434+1.03
2.72 £1.186
16.52 £ 10.27

83+ 12%
4.44 +1.59

92 + 10%

59+ 16
24+5
25+ 4

0404 0.25
20 £ 12
16.70 £ 4.09
0.76 £0.08

89+ 10

+PAPs

20
6/14
64 £+ 11
3/17

18+9

10

5.43+1.24

3.03 £0.96

2.30 +£ 0.67
30.55 + 46.92

77 £ 20%
9.562 +19.34

90 £+ 22%

63+ 6
22+5
37+6

1.01 £ 1.04
24 +£12
17.31 £10.78
0.93 £0.30

84 +5

p-value

0.03*

0.17

072
0.30
0.08
0.58

0.46

0.60
0.39
<0.001*

0.02*
0.84
0.74
0.26

0.28

SSc, systemic sclerosis; IcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous
SSc; Anti-Scl-70+, anti-topoisomerase I; ACA+, anti-centromere antibodies
positive; TLC, total lung capacity; FVC, forced vital capacity; FEV'1, forced expira-
tory volume in 1 s; DLCO SB, diffusing capacity for carbon monoxide; DLCO
SB/VA, diffusing capacity corrected for alveolar volume; LVEF, left ventricular
ejection fraction;, TAPSE, tricuspid annular plane systolic excursion;, PAPs, mean
pulmonary artery pressure; CRR, C reactive protein; ESR, erythrocyte sedimenta-
tion rate; PAPs-, PAPs group of PAPs < median; PAPs+, group of PAPs > median;
*o < 0.05 from Mann-Whitney U test (-PAPs vs. +PAPs).
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54 patients

Sex - female 20 @7)
Age (years) 63 +£16
Body mass index 256 £55
Infection site®
Lungs 40 74)
Abdomen 18 ©3)
Blood stream 16 30)
Urinary tract 1 (20)
Bones and soft tissue 5 ©
Pleura 3 ©
Mediastinum 3 ©
Endocardium 3 ©
Medical history
Oncologic disease 20 @7)
Arterial hypertension 19 @5)
Liver cirthosis 1 (20)
Chronic liver failure 9 7)
Chronic kidney disease 9 a7)
Chronic obstructive pulmonary disease 9 17)
Diabetes melitus type I 9 a7
Coronary heart disease 7 (13)
Myocardial infarction 7 13)
Congestive heart failure 5 ©
Stroke 5 ©
Encephalopathy 5 ©
Peripheral arterial disease 4 4
Dementia 4 4l
Bronchial asthma 4 4
Diabetes melitus type | 1 @
1CU mortality 22 @1

Data are given in n (%) or mean = SD.

SOFA, Sequential orgen feilure assessment; COPD, Chronic obstructive pulmonary
disease; ICU, Intensive care unit.

aMultiple sites possible.
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122 examinations

(54 patients)
Echocardiography
LV ejection fraction (%) 49.96 % 1089
Ewave (ms™) 082:+£022
Awave (ms") 0824023
EA 1.06 +0.44
¢ lateral (ms™") 0124004
o' septal (ms~") 0094004
2 lateral (ms™") 0124004
2 septal (ms~") 0.10+£004
E/e’ lateral 7394278
E/e’ septal 1012 £37
E/e’ lateral and septal 8414292
Tricuspid regurgitation vmax (m s~') 208 +0.64
Left atrial maximum volume index (ml m~?) 30,62+ 11.94
Cardiac index? (| min~! m~2) 3.42+£1.36
Lung ultrasound
Lung ultrasound score ® 1073+ 638

Data are given in mean + SD.

LV, left ventricular; E, Early mitral flow pattem; A, Atrial mitral flow pattem; E/A, Mitral
valve E velocity divided by A-wave velocity; e, early mitral annular tissue velocity lateral or
septal, E/e’, Mitral vaive inflow velocity E divided by mitral annular issue velocity '; vimax,
maximum velocity.

4Doppler-derived. ®Enghard et al. (20).
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Endpoint: lung ultrasound score B

Main analysis
Def
Normal LV diastolic function vs. LVDD 0.648

Peumonia vs. no pneumonia 4.421
No PPV vs. PPV ~1.950
Age ~0.052
SOFA score ~0.401
Cardiac index -0.320
Sensitivity analysis

Def

Normal LV diastolic function vs. VDD~ 2.522
grade 3

LVDD grade 1 vs. LVDD grade 3 1.871
LVDD grade 2 vs. LVDD grade 8 ~0651
Pneumonia vs. no pneumonia 4076
Female vs. male sex 2154
No PPV vs. PPV ~1.490
SOFA score -0.184
Fluid balance 0,065

Cl low

ion of diastolic dysfunction: ASE Algorithm?®

-1.376

0.376
—4.699
—0.161
-0.823
-1.172

-0.256

-3.278
-3.664

0.321
-1.356
-4.133
-0.573
-0.223

Clup

2.471
8.467
0.799
0.056
0.021
0.632

ion of diastolic dysfunction: Sepsis-specific Algorithm®

5.300

6.020
2.363
7.831
5.664
1.164
0.205
0.353

0571
0.033
0.162
0.340
0.062
0.458

0.075

0.560
0.669
0.034
0.224
0.266
0.351
0.655

Linear mixed models: Al initial modlels comprised the variables lung ultrasound score, left
ventriculer diastolic dysfunction (LVDD), age, sex, sequential organ failure assessment
(SOFA) score, cardiac index, pneumonia, positive pressure ventiation (PPV) and

fuid balance.

8, regression coeffcient; Cl, confidence interval; /e’ septal, Mitral valve inflow velocity €
divided by mitral annular tissue velocity €', *Nagueh et al. (18); ®Lanspa et al. (19).





OPS/images/fcvm-09-899290/cross.jpg
3,

i





OPS/images/fcvm-09-900850/crossmark.jpg
©

2

i

|





OPS/images/fcvm-09-900850/fcvm-09-900850-g001.gif
308 et s
Screnes sy gty

s
sedsi e

A Unmessnateoi s soenne.
ey

Bt coent

foopes—

Notorroy et st fstnin

e ot 1y

Tenpasy st

e

o ol odeite vty o omiie
e e e clution
ot e s o

ot o escred s ey

ErSrem—






OPS/images/fcvm-09-900850/fcvm-09-900850-g002.gif
oty ditac
e fansion Svtoneton





OPS/images/fcvm-09-1042139/fcvm-09-1042139-g006.jpg
For HFmrEF patients

Idnify strong risk predictors for al-cause mortalty
Develop ML-based models for allcause mortay and HFhospialization, respecively
and HF-hospitalization , respectively

All-cause Mortality for 6 year follow-up

LASS0-Cox was best performing models for

G dexat( 83 0501088 0.32), All-cause Mortality for 1 year follow-up
for 6-year follow-up
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Ctrl; Sham (N = 6)

CIP-OE; Sham (N = 6)

Ctrl; TAC (N =9)

CIP-OE; TAC (N = 14)

2 weeks 8 weeks 2 weeks 8 weeks 2 weeks 8 weeks 2 weeks 8 weeks
IVS;d (mm) 0.770 £0.065 0.811 +0.075 0.784 +0.042 0.807 £ 0.057 1.014 +0.090*  1.305 + 0.031** 1.063+0.089  1.188 + 0.148*
IVS;s (mm) 1.421 £0.102 1.499 +£0.096 1.448+0.135 1.494 +£0.174 1.647 £0.136™ 1.742 £0.158" 1.679 £ 0.130 1.825 £ 0.140
LVID;d (mm) 3.387 £0.284 3.332 +£0.144 3.350+ 0.250 3.383+£0.182  3.361 +0.407 3.740 £ 0.441* 3198+ 0214  3.386 + 0.268*
LVID;s (mm) 1.632 £0.213 1.600 +£0.129 1.595+0.115 1.623 £0.074  1.696 + 0.296 2509 + 0.706™  1.550 +£0.197  1.766 + 0.306"*
LVPW;d (mm) 0.775+0.021 0.793 £0.088 0.793+0.032 0.788 +£0.033 1.036 + 0.092**  1.366 + 0.118* 1.021 £0.070  1.133 £ 0.072##
LVPW;s (mm) 1513+ 0.130 1.494 +£0.210 1.503 +0.071 1.609 +£0.182 1.739 +0.164* 1.803 £ 0.272*  1.734 £ 0.191 1.829 + 0.181
EF (%) 83944278 84074252 B8430+268 B83.91+291 81.99 + 3.69 62.21 +£16.10*  83.76 £ 3.49 80.08 + 6.47**
FS (%) 51.93+3.04 52.02+288 5231+312 51.91+3.46 49.79 £ 3.74 83.86 4+ 10.88* 51.644+3.92 4811 + 5.97%*
LV Mass (mg) 85.89 + 13.71 87.95+ 11.87 86.49+9.48 89.49 +11.42 128.89 +32.07** 22451 + 4551 121.01 +£13.79 155.39 & 20.19%*
LV Mass 68.71+10.97 70.36+950 69.19+7.59 71594913 103.11+25.66" 179.61 +36.41™ 96.81+11.03 124.31 + 16.15
(Corrected, mg)
LV Vol;d (nl) 4744 +£992 4529+ 472 46.12+831 47.03+5.87 47.09 4 13.32 60.78 &+ 18.05 4117 £ 6.64 47.41 + 8.87*
LV Vol;s (L) 7.75+2.79 7.24 +1.52 717 £1.30 7.46 +£0.85 8.77 +£ 3.86 25.30 + 20.09* 6.79 +2.30 9.75 + 4.48*
Heart Rate (BPM) 705 £ 17 687 + 21 711 +£48 781416 663 + 58 655 + 84 726 £ 32 698 + 63

*PCtrI:Sham (same timepoint) vs. Ctrl;TAC (same timepoint) < 0.05; “PCtrI:Sham (same timepoint) vs. Ctrl;TAC (same timepoint) < 0.01; #PCtrI;TAC (same timepoint) vs. CIP—OE; TAC (same timepoint)
ot P P P P
< 0.05; "*PctrI;TAG (same timepoint) vs. CIP—OE; TAC (same timepoint)y < 0.07.
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Il and IV
Current smoker
Ever-smoker
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ALP

QRS duration, ms
Cooking salt score
KCCQ scores

Physical limitation

Symptom stability score
Symptom frequency score
Symptom burden score

Total symptom score

Self-efficacy score

Quality of life score

Overall summary score

Clinical summary score

Original cohort

330 (63.5%)
66.1(9.23)
474 (91.3%)
69.7 (13.39)
127.9 (13.80)
77.5(9.72)
31.4(7.01)
426 (047)
102.74 (6.32)
141.40 (4.32)
1.11 (0.30)
40.85 (5.54)
7.05 (2.05)
104.84 (16.67)
69.67 (19.91)

335 (64.5%)
184 (35.4%)
81 (15.6%)
206 (39.7%)
13.58 (1.74)
112.74 (41.37)
105.24 (60.71)
102.13 (31.14)
475 (3.62)

56.38 (22.77)
51.78 (24.13)
57.95 (24.30)
59.59 (23.78)
58.77 (23.06)
65.99 (24.72)
49.78 (22.86)
54.68 (21.13)
57.60 (21.02)

Imputation cohort

330 (63.5%)
66.1(9.23)
474 (91.3%)
69.7 (13.39)
127.9 (13.80)
77.5(9.72)
31.4(7.01)
426 (047)
102.77 (6.19)*
141.40 (4.32)
1.10 (0.30)*
40.85 (5.52)*
7.05 (2.05)
104.88 (16.66)*
69.67 (19.91)

335 (64.5%)
184 (35.5%)
81 (15.6%)
206 (39.7%)
13.58 (1.74)
112.83 (4130)*
105.42 (59.83)*
102.13 (31.14)
475 (3.62)

56.39 (22.68)*
51.78 (24.13)
57.95 (24.30)
59.59 (23.78)
58.77 (23.06)
65.99 (24.72)
49.78 (22.86)
54.68 (21.13)
57.60 (21.02)

ALP, alkaline phosphatase; BMI, body mass index; DBP, diastolic blood pressure;
GFR, glomerular filtration rate; HCT, hematocrit; KCCQ, Kansas City Cardiomyopathy
Questionnaire; NYHA, new york heart association; SBP, systolic blood pressure; WBC,

white blood count.

*Indicates imputation cohort is different from the original cohort.
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Patients diagnosed with STEMI between

June 2016 and May 2018 (n=1642)
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- On hemodialysis at admission (n=5)
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\ 4

- Died within 24 hours after admission (n=20)
- Undergoing cardiac surgery (n=39)
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Included study patients (n=1558)
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- Patients without PCI (n=284)
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- Patients with infection before the diagnosis of
STEMI (n=99)

Development data set (n=1842)
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- Patients without PCI (n=222)
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» - Patients without the variables of the score (n=39)
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STEMI (n=27)
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Variables

Age, (years)
Age > 75 year, n (%)

Meale, n (%)

Systolic blood pressure, (mmHg)
Diastolic blood pressure, (mmHg)
Heart rate (bprm)

Killip class, n (%)

Medical history, n (%)
Hypertension

Diabetes

Current smoker

Prior myocardial infraction

Prior coronary artery bypass graft
corp

Altral fibrilation

Prior stroke

Laboratory characteristics
eGFR, (MUmin/1.73 m?)
Creatine kinase MB, (U/L) (QR)
Serum creatinine, (mg/dL)

Serum albumin, (g/L)

Random blood glucose, (mmol/L) (IQR)

White blood cell count, (10%/L)
Hemoglobin, (g/L)

Triglycerides, (mmol/L)

Total cholesterol, (mmol/L)

Total bilirubin, (mmol/L)
Low-density lipoprotein, (mmol/L)
High-density lipoprotein, (mmol/L)
LVEF, (%)

Development cohort

Infection (n = 217)

67.74+11.94
185 (62.2%)
177 (81.6%)
114.83 + 23.90
69.26 + 13.27
86.24 £21.23

82 (37.8%)
74 (34.1%)
29 (13.4%)
32 (14.7%)

124 (57.1%)
70 (32.3%)
80 (36.9%)
12 (5.5%)
1(0.5%)
10 (4.6%)
13 (6.0%)
28 (12.9%)

63.42:£31.73
25.4(12.3-64.3)
1.62 £ 1.40
3120+ 431
7.28(6.17-9.28)
1417 + 4.49
130.91 +21.08
1.46 £ 1.00
458+1.28
20.60 + 11.99
285+ 1.06
0.96+0.28
47.01 £ 12.87

Medication during hospitalization, n (%)

Glycoprotein lib/llla inhibitors
Statins

Acetylsalicyiic acid
Clopidogrel

Warfarin

ACEI

Caloium channel blockers
Angiotensin receptor blockers
p-blockers

Insuiin therapy

Metformin

Proton pump inhibitor

Diuretics

Procedural characteristics
Radial access, n (%)

Femoral access, n (%)
Multi-lesion, n (%)

Contrast volume, (mL) (IQR)
Number of stents, () (QR)
Total length of stent, (mm) (QR)
In-hospital stay, (d) (IQR)

152 (70.0%)
212 (97.7%)
214 (98.6%)
213 (98.2%)
3(1.4%)
154 (71.0%)
34 (15.7%)
44 (20.3%)
163 (75.1%)
64 (29.5%)
6 (2.8%)
163 (75.1%)
122 (56.2%)

135 (62.2%)
82 (37.8%)
172 (79.3%)

100 (100-150)

1(1-2)
30 (18-50)
6(5-8)

No infection (n = 1,625)

60.71+ 12.12
635 (39.1%)
1,342 (82.6%)
122.90 + 21.61
74.11 £ 13.06
78,85+ 14.84

1263 (77.7%)
283 (17.4%)
46 (2.8%)
33 (2.0%)

811 (49.9%)

396 (24.4%)

741 (45.6%)
76 (4.7%)
2(0.1%)
25(1.5%)
40 (2.5%)
83(5.1%)

88.76 £ 30.48
302 (14.1-84.4)
1.06 £ 0.69
33.86 +3.94
8.32 (6.98-11.25)
1155 +3.58
134.95 + 22.84
159+ 1.18
494+ 120
17.70£7.18
3147+ 1.04
097 £025
53.37 + 10.47

1,115 (68.6%)
1,606 (98.8%)
1,604 (98.7%)
1,607 (98.9%)
16 (1.0%)
1,339 (82.4%)
138 (8.5%)
226 (13.9%)
1,410 (86.8%)
188 (11.6%)
71 (4.4%)
1,075 (66.2%)
331 (20.4%)

1,426 (87.8%)
199 (12.2%)
1095 (67.4%)
100 (100-150)
1(1-2)

30 (21-46)
12(8-19)

P-value

<0.001
<0.001
0711
<0.001
<0.001
<0.001

<0.001

0.045
0.012
0.015
0.580
0.246
0.002
0.003
<0.001

<0.001
0.005
<0.001
<0.001
<0.001
<0.001
0.014
0.077
<0.001
<0.001
<0.001
0.344
<0.001

0.669
0.166
0912
0.349
0.586
<0.001
<0.001
0.013
<0.001
<0.001
0.267
0.008
<0.001

<0.001

<0.001
0.490
0.204
0.649
<0.001

Validation cohort

Infection (n = 142)

67.96+ 11.85
90 (63.4%)
110 (77.5%)

114.58 + 19.92

71.29 4 1550

86.75+ 17.49

58 (40.8%)
33 (28.2%)
31(21.8%)
20 (14.1%)

82 (57.7%)
47 (33.1%)
40 (28.2%)
64 (45.1%)
0(0.0%)
2(1.4%)
12 (8.5%)
19 (18.4%)

59.76 + 28.04
26.7 (10.5-124.63)
170177
33.13+3.90
7.15 (5.97-9.69)
1413+ 517
124.75 + 22.62
1.46 £0.72
473161
18.55 £+ 8.80
3.18+1.21
1.0040.27
4240 + 11.18

85 (59.9%)
125 (88.0%)
139 (97.9%)
127 (90.1%)
3(2.1%)
81 (57.0%)
14.(9.9%)
26 (18.3%)
95 (66.9%)
37 (26.1%)
5(3.6%)
108 (76.1%)
66 (46.5%)

90 (63.4%)
52 (36.6%)
115 (81.0%)

100 (82.5-150)

1(1-2)
36 (23.75-58.5)
5(4-7)

No infection (n = 1,128)

61.22 £ 11.91
453 (40.2%)
926 (82.1%)

123.84 + 20.68

74.93 + 13.06

77.53 + 13,66

840 (74.5%)
240 (21.3%)
32 (2.8%)
16 (1.4%)

559 (49.6%)
336 (29.8%)
439 (39.0%)
690 (61.29%)
1(0.1%)
18 (1.6%)
31 (2.7%)
63 (5.6%)

82.01 +26.81
39.35 (13.25-276.03)
1.14 £0.82
36.59 + 3.95
8.48 (7.02-11.39)
10.56 + 8.58
133.31 + 17.66
1.73+£1.03
4834126
1499 £7.11
3.24 £0.97
1.00 +0.30
52.58 + 11.21

516 (45.7%)
1,101 (97.6%)
1,112 (98.6%)
1,043 (92.5%)
18 (1.6%)
742 (65.8%)
108 (0.6%)
189 (16.8%)
925 (82.0%)
154 (13.7%)
76 (6.8%)
855 (75.8%)
212 (18.8%)

995 (88.29%)
133 (11.8%)
864 (76.6%)

100 (90-132.5)

1(1-2)
33 (22-54)
11 (8-14.25)

P-value

<0.001
<0.001
0.180
<0.001
0.008
<0.001

<0.001

0.066
0.418
0.012
<0.001
0.723
0.866
<0.001
<0.001

<0.001
0.004
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.449
<0.001
0.535
0.982
<0.001

0.001
<0.001
0.521
0.299
0.649
0.040
0914
0.642
<0.001
<0.001
0.147
0.946
<0.001

<0.001

0.241
0.125
0.856
0.333
<0.001

Values are mean + SD, n (%) or median (interquartile range). ACEI, angiotensin-converting enzyme inhibitors; COPD, chronic obstructive pulmonary disease; eGFR,
estimated glomerular filtration rate; IQR, interquartile range; LVEF, left ventricular ejection fraction.
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