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Editorial on the Research Topic
 Novel phenotyping and risk stratification strategies for heart failure




Since its designation as an emerging epidemic in 1997, heart failure (HF) has remained a major public health problem (1). With an estimated 64.3 million people living with HF worldwide, it is a common cause of hospitalizations and contributes significantly to healthcare costs, morbidity, and mortality (2). Although recent decades have seen massive leaps in the understanding and management of HF, much remains to be explored and the frontiers of HF research continue to be pushed, as is evident from the 15 excellent articles presented in this Research Topic.

Pathophysiological understanding is critically important in all medical conditions, and HF is no exception. Here, Meng et al. presented a prospective cohort of 84 consecutive patients with acute decompensation of HF who, compared to 83 patients without HF, had higher CD4+/CD8+ expression of T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3), a unique inhibitory co-receptor expressed on the surface of immune cells and mediates immune tolerance; Tim-3 expression was also independently associated with major adverse cardiac and cerebrovascular events. These highlighted the importance of inflammation in acute decompensation of HF. Meanwhile, Li N. et al. provided a comprehensive review of the role of RNA binding motif protein 20 (RBM20) and other splicing factors in titin isoform ratio modification, myocardial stiffness, and thus pathophysiology of HF with preserved ejection fraction (HFpEF). Aside from pathophysiological insights, the authors suggested that RBM20 may be a therapeutic target for mitigating myocardial stiffness in HFpEF, which, given the relative paucity of efficacious treatments for HFpEF (3), may be an exciting prospect warranting further exploration.

These recent advances in our pathophysiological understanding of HF also implied new opportunities to better characterize HF, with recent years having seen many novel risk factors and diagnostic tools being identified (4–7). Knowing that the diagnosis and workup of HFpEF is particularly challenging (8), Lau et al. provided a concise but informative summary of the role of cardiac magnetic resonance imaging in the assessment of HFpEF, which should be useful for both clinicians and researchers alike. However, the term “HFpEF” also points to the issue of phenotyping: even though left ventricular ejection fraction has been the most common way of classifying HF phenotypes, it may be a relatively insensitive marker of myocardial function, may not adequately reflect myocardial dysfunction, and has considerable temporal variability and operator dependency, amongst other limitations (9). Thus, alternative means of classifying and phenotyping HF have been extensively explored and remain an active area of research. Here, Sun et al. summarized studies that used clustering analysis for discovering new HF phenotypes. They found that patients from Africa, South America, and South and West Asia were under-represented, and that studies with a large number of clustering variables tended to have small sample sizes which may be statistically detrimental. There was also an under-exploration of functional outcomes as endpoints, and a lack of exploration of genomic and proteomic data, which may represent new opportunities for further studies.

Amongst those diagnosed with HF, prognostication remains to be of much clinical interest. In prospective multicentre cohort study of 4,305 Chinese patients with HF, Ge et al. found an inverse association between lean body mass and mortality, but none between fat mass and mortality. This relates to the contentious “obesity paradox”, a phenomenon where obese patients were observed to have lower mortality, contrary to common expectation (10). While some had raised the possibility of such “paradox” being a spurious association arising from collider bias (11), others have shown that collider bias only explains such “paradox” partially (12). In the case of HF, frailty/sarcopenia or cardiorespiratory fitness were possible confounders that could constitute collider bias. In this study by Ge et al., a higher lean body mass could be seen as a surrogate for the absence of sarcopenia, and collider bias was unlikely to have affected the findings. Overall, this study furthered our understanding of the interactions between body composition and HF outcomes.

Meanwhile, Zhao et al. showed, in a retrospective cohort study of 170 patients with myocarditis, that higher levels of N-terminal pro-hormone brain natriuretic peptide (NT-proBNP) were independently associated with higher risk of major adverse cardiovascular events (MACE), and that NT-proBNP was superior to left ventricular EF in predicting 30-day death or heart transplantation. In another biomarker study, Zong et al. studied 956 Chinese patients with HF and 485 without HF, and found that high levels of trimethyllysine (TML), a precursor to trimethylamine N-oxide (TMAO) which is a metabolic product of intestinal microorganisms, was independently associated with HF and positively correlated with levels of NT-proBNP. Furthermore, higher levels of TML was associated with the composite outcome of cardiovascular mortality and HF hospitalization amongst patients with HF. On a related note, Li X. et al. showed in a systematic review and meta-analysis of 10 observational studies with 13,425 patients that higher levels of TMAO were associated with MACE and mortality in HF; significant heterogeneity was observed for both outcomes, which was not unexpected given the observational nature of included studies and the varying definitions of elevated TMAO. Overall, these two latter studies gave insights into gut microbiota metabolites as novel prognosticators in HF, and had potential implications in gut-heart interactions that may contribute to the pathophysiology of HF. The mechanisms underlying the above observations remained to be elucidated, highlighting the importance of gut microbiota as a new frontier in HF research and a potential treatment target in HF.

While most treatments of HF are pharmacological, recent years have seen a number of devices emerging as promising therapeutic options. Here, Miyagi et al. reviewed novel device-based approaches to left atrial pressure relief, highlighting both the potential and limitations of this new frontier in personalized HFpEF management. This personalized approach to HF management was echoed by Guo et al., who explored associations between single-nucleotide polymorphisms of low-density lipoprotein receptor-related protein 6 (LRP6) and risks of sudden cardiac death and mortality, finding that the A allele of rs2302684 was associated with increased risks of these endpoints. Such finding has potential implications for personalized sudden cardiac death risk stratification and polygenic risk scores in HF. Combining genetic data with other markers, such as electrocardiographic and echocardiographic measurements (5, 13–15), may also improve predictive power.

Two studies also explored the effects of non-cardiovascular comorbidities and complications. In a retrospective, propensity score-matched cohort of 4,328 patients with HF without thyroid disease, Wang C. et al. found that a low FT3/FT4 ratio was associated with higher risks of all-cause and cardiovascular mortality. This adds to our understanding of the intricate interactions between thyroid and HF and suggests that clinicians may consider working up patients with HF and without overt thyroid diseases for subclinical thyroid dysfunction. On the other hand, Zhong et al. studied 100 patients with myocardial infarction in a case-control study, finding that low baseline hemoglobin was an independent risk factor for in-hospital post-myocardial infarction gastrointestinal bleeding, and that low hemoglobin and Kilip class IV were independent risk factors for in-hospital mortality in those who had such bleeding. These findings may aid clinicians in risk stratification of hospitalized patients with myocardial infarction.

Last but definitely not least, three studies delved into more specific populations with or at risk of HF for which evidence has been relatively scarce. In a retrospective cohort study of 306 Chinese patients with lung cancer, Ren et al. demonstrated that atrial cardiomyopathy was prevalent regardless of histological subtypes, and that atrial cardiomyopathy was associated with worse survival. With recent advancements in the understanding of cancer therapy-related cardiotoxicity (16–22), these are important findings that will facilitate risk stratification and management of patients with lung cancer. Grupper et al., on the other hand, studied 59 consecutive patients implanted with the HeartMate3 left ventricular assist device (LVAD) in a prospective cohort study, observing that a diastolic plateau, which is a sign observed during right heart catheterization and is typically associated with constrictive or restrictive pathologies, was associated with increased risks of adverse cardiovascular events. With right heart failure being the major cause of morbidity and mortality in patients receiving LVAD (23), these findings give insights into the haemodynamic effects of LVAD and may facilitate clinicians in the risk stratification of patients receiving LVAD. Meanwhile, Wang S. et al. described in great detail the presentation, phenotype, genetic mutations, investigation findings, and outcome of 29 Chinese patients with hereditary transthyretin amyloid cardiomyopathy. Hereditary transthyretin amyloid cardiomyopathy is likely underdiagnosed (24), and with the emergence of several novel, evidence-based treatments (25–27), this study was a timely contribution to our understanding of these patients.

To conclude, the 15 excellent articles in this Research Topic explored various aspects of HF research, with particular emphasis on phenotyping and risk stratification. We believe that these are valuable contribution to the literature that will better our understanding and management of HF in the years to come.
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Low-density lipoprotein receptor-related protein 6 (LRP6) plays a critical role in cardiovascular homeostasis. The deficiency of LRP6 is associated with a high risk of arrhythmias. However, the association between genetic variations of LRP6 and sudden cardiac death (SCD) remains unknown. This study aims to explore the association between common variants of LRP6 and the prognosis of chronic heart failure (CHF) patients. From July 2005 to December 2009, patients with CHF were enrolled from 10 hospitals in China. The single-nucleotide polymorphism (SNP) rs2302684 was selected for the evaluation of the effect of LRP6 polymorphisms on the survival in patients with CHF. A total of 1,437 patients with CHF were finally included for the analysis. During a median follow-up of 61 months (range 0.4–129 months), a total of 546 (38.0%) patients died, including 201 (36.8%) cases with SCD and 345 (63.2%) cases with non-SCD. Patients carrying A allele of rs2302684 had an increased risk of all-cause death (adjusted HR 1.452, 95% CI 1.189–1.706; P < 0.001) and SCD (adjusted HR 1.783, 95% CI 1.337–2.378; P < 0.001). Therefore, the SNP rs2302684 T>A in LRP6 indicated higher risks of all-cause death and SCD in patients with CHF. LRP6 could be added as a novel predictor of SCD and might be a potential therapeutic target in the prevention of SCD in the CHF population.

Keywords: LRP6, single-nucleotide polymorphism, chronic heart failure, prognosis, sudden cardiac death


INTRODUCTION

Chronic heart failure (CHF), which may be caused by ischemic cardiomyopathy (ICM) or non-ischemic cardiomyopathy (NICM), is one of the chief causes of morbidity and mortality worldwide (1, 2). It currently affects more than five million Americans and the prevalence is expected to increase by 25% within the next 15 years (3). This heart failure pandemic is also evident in Asia and China (4). The predominant modes of death in CHF patients are pump failure and sudden cardiac death (SCD) (5). Sudden cardiac death, caused by malignant ventricular tachycardia (VT) or ventricular fibrillation (VF), remains a primary cause of mortality in patients with CHF (6). Therefore, the prediction and prevention of SCD play critical roles in the management of the CHF population. So far, even several factors have been known as potential predictors of SCD, including biomarkers, hemodynamic status, and electrophysiological parameters, the sensitivity and specificity are not powerful (7).

Low-density lipoprotein (LDL) receptor-related protein 6 (LRP6) is a single-pass transmembrane protein, which contains four extracellular epidermal growth factor-like repeats and three LDL receptor repeats (8). It is recognized as a coreceptor for the Wnt signaling cascade and plays a critical role in regulating Wnt signaling (9, 10). Work to date has identified that dysregulated Wnt signaling conduces to a high incidence of arrhythmias associated with various forms of heart disease (11). Furthermore, accumulating evidence reveals the significant effect of LRP6 on cardiovascular health and homeostasis (12). Additionally, LRP6 was mainly allocated within the gap junction of cardiomyocytes (13). However, the potential relation between genetic variations of LRP6 and SCD has not yet been reported in previous studies. In the present study, we examined the association between common variants of LRP6 and the prognosis in patients with CHF.



MATERIALS AND METHODS


Study Population

From July 2005 to December 2009, patients with CHF were enrolled from 10 hospitals in China. Details for the cohort have been described previously (9, 14–16). Inclusion criteria include: (a) CHF caused by ICM or idiopathic dilated cardiomyopathy (DCM); (b) classification of the New York Heart Association (NYHA) was II–IV with optimizing drug therapy; and (c) left ventricular ejection fraction (LVEF) ≤ 50% in ICM or ≤ 45% in DCM (9, 14–16). Ischemic cardiomyopathy was diagnosed as ≥70% luminal stenosis of one or more major coronary arteries diagnosed by coronary angiography with a myocardial infarction history at least 3 months before the enrolment. DCM was diagnosed consistently with the guidelines of familial DCM (17). Excluded criteria include: (a) pacemaker dependency; (b) unable to perform the genotyping; and (c) pregnancy, terminal illnesses, or other uncontrollable system diseases (9, 14–16).

The study was approved by the Ethics Committee of Beijing Anzhen Hospital and Fuwai Hospital (Beijing, China), and complied with the principles of the Declaration of Helsinki. Written informed consent was obtained from all the enrolled patients who reported themselves as Chinese Han nationality.



Endpoint Evaluation

All the participants were followed up periodically until August 2017 during regular outpatient clinics or by transtelephonic visits. The endpoints included all-cause death, SCD (ICD appropriate discharge was regarded as SCD), and non-SCD (NSCD) (heart transplantation was regarded as non-SCD). Sudden cardiac death was defined as an unexpected death within 1 h of onset of acute symptoms attributable to cardiac causes or an unwitnessed death of someone last seen in a stable condition in 24 h without evidence of non-cardiac causes (7). If there were discrepancies between the first two reviewers, the event was adjudicated by a third investigator to provide the final classification.



Tag Single-Nucleotide Polymorphisms Selection

Tag single-nucleotide polymorphisms (SNPs) were selected by the pairwise tagging method from the HapMap CHB databank (HapMap Data Rel 24 PhaseII, Nov08, on NCBI B36 assembly, dbSNP b126) via the tag SNPs' online software (http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/#search). Common variants were defined as a minor allele frequency (MAF) > 0.05, with a linkage disequilibrium (LD) measure r2 threshold of 0.8. Forty-three tag SNPs that covered the entire LRP6 gene were selected. To reduce the false-positive caused by multiple tests, with 43 candidate SNPs, P < 0.001 was considered statistically significant for SNP selection. Polymerase chain reactions (PCRs) were performed firstly in 100 subjects with CHF. There were no significant associations between SNPs and clinical endpoints other than the SNP rs2302684 T>A. Thus, rs2302684 was finally selected to perform the PCRs in the whole study population for the analysis.



Genotyping in CHF Population

Genomic DNA was extracted from peripheral blood leukocytes of the participants and stored at −70°C after determination of absorbance at 260 nm followed by Picogreen analysis (Molecular Probes, Eugene, Oegon, USA) (18).

Primers were designed by Primer Premier 5.0 software as follows: forward TTGATGATGCTCCTGTAA and reverse TATTCTTGGCCTTGTTCT (328 bp). PCR amplification was performed with the Geneamp PCR system 9700 (Applied Biosystems). An initial 4 min cycle at 94°C was followed by 35 thermal cycles at 94°C for 30 s, 47°C for 30 s, and 72°C for 30 s, and ended with a 10 min extension at 72°C. Each reaction mixture (30 μl) contained 3 μl 10 × PCR buffer, 0.5 μl dNTP-mix (10 mmol/L), 0.5 μl of each primer (10 μmol/L), 0.5 μl Taq polymerase (5 U/μl; Takara Bio), 1 μl genomic DNA (50 ng/μl), and 24 μl double-distilled H2O.

PCR products were sequenced after purification by ABI 3130XL DNA Analyzer System (Applied Biosystems, USA). Repeat genotyping was carried out in 95 (5.0%) random duplicate samples to affirm the reproducibility was 100% (Figure 1).


[image: Figure 1]
FIGURE 1. Genotyping of the studied population showing the wild type (A) and the variants of rs2302684 T>A (B,C).




Statistical Analysis

Continuous variables were presented as the mean ± SD and compared by Student's test. Categorical variables were presented as numbers and percentages and compared by chi-square analysis. A P-value of <0.05 was considered statistically significant. Linkage disequilibrium of rs2302684 was analyzed by Haploview4.2, and Hardy-Weinberg equilibrium of alleles was analyzed by chi-square analysis with 1 degree of freedom. Survival analysis was performed in CHF patients. Cox proportional hazards models were performed under three different models (dominant, recessive, additive models) to evaluate the effects of genotype on survival. Kaplan-Meier curve was applied to describe survival freedom from events and multivariate cox proportional hazards models were used to adjust for confounding factors. The covariates were selected according to clinical significance and baseline data, including age, sex, NYHA levels, LVEF, ischemic etiology, and other variables with a P-value of <0.2 in the baseline. Statistical analyses were conducted using the IBM SPSS 26.0 software.




RESULTS


Clinical Characteristics of the Studied Population

A total of 1,437 patients (age 60.55 ± 11.98 years, 1,134 males) with CHF were finally enrolled for the analysis, including 957 patients with ICM and 480 patients with DCM. The mean LVDD of the participants was 63.27 ± 9.77 mm, and the mean LVEF was 36.04 ± 8.80%. Among them, 43.0% of patients had the NYHA function of level II, 32.6% of patients had the NYHA function of level III, and the other 24.4% patients had the NYHA function of level IV. The mean BMI of the participants was 24.84 ± 3.84 kg/m2. The clinical characteristics were summarized in Table 1.


Table 1. Baseline characteristics of the studied population.
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In the studied CHF population, 443 patients (age 61.41 ± 11.79 years, 340 males) carried A allele of SNP rs2302684. The patients carrying A allele of SNP rs2302684 comprised a larger percentage of patients with ICM than those carrying the wild type of TT (71.6 vs. 64.4%, P = 0.009). Furthermore, CHF patients with A allele of rs2302684 had a tendency to the higher classification of NYHA level than those without (NYHA II, 38.8 vs. 44.9%; NYHA III, 33.2 vs. 32.4%; NYHA IV, 28 vs. 22.7%; P = 0.047). However, no significant differences were demonstrated in age, sex distribution, BMI, LVDD, LVEF, complications, the prevalence of arrhythmias, and medication between the patients with rs2302684 wild type of TT and those with A allele (Table 1).



Long-Term Follow-Up of the CHF Population

During a median follow-up of 61 months (range 0.4–129 months) in 1,437 participants with CHF, a total of 546 (38.0%) patients died, including 348 patients with ICM and 198 patients with DCM. Among them, 201 (36.8%) cases had SCD, including 129 cases with ICM and 72 cases with DCM. The rest of 345 (63.2%) cases had NSCD.



Associations of SNP Rs2302684 T>A and the Clinical Endpoints

The correlation of mortality and A allele of rs2302684 were analyzed by survival cox regression analysis in the CHF cohort under the dominant, recessive, and additive models, respectively. The effect of the A allele on mortality was significant under different models (Table 2). Under the dominant model, the risks of all-cause death (HR 1.45, 95% CI 1.21–1.73; P < 0.001) and SCD (HR 1.85, 95% CI 1.39–2.45; P < 0.001) increased significantly in patients with A allele of rs2302684. After adjusted for age, sex, ischemic etiology, NYHA levels, LVEF, BMI, and the use of β-blocker, the associations remained significant in all-cause death (HR 1.43, 95% CI 1.20–1.72; P < 0.001) and SCD (HR 1.80, 95% CI 1.34–2.40; P < 0.001). The Kaplan-Meier curves made under the dominant models were shown in Figure 2. Thus, SNP rs2302684 T>A indicated a higher risk of all-cause death and SCD but not NSCD in the CHF patients.


Table 2. Associations of SNP rs2302684 T>A and clinical endpoints of the studied population.
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FIGURE 2. Kaplan-Meier curves in the chronic heart failure (CHF) cohort. Patients carrying A allele of rs2302684 were more vulnerable to all-cause death and sudden cardiac death (SCD) than those without it. The table denotes the number of patients at risk for every 20 months of the follow-up.


The effect of A allele of rs2302684 on the mortality endpoints was generally consistent across the selected subgroups, including different age (P for interaction = 0.268 for all-cause mortality and 0.189 for SCD), sex (P for interaction = 0.838 for all-cause mortality and 0.183 for SCD), and ischemic etiology (P for interaction = 0.473 for all-cause mortality and 0. 664 for SCD) (Figure 3).


[image: Figure 3]
FIGURE 3. The effect of A allele of rs2302684 on all-cause mortality and sudden cardiac death in different subgroups, including different ages, sex, and etiology.





DISCUSSION


Main Findings

In this prospective study of 1,437 patients with CHF in the Chinese Han nationality, the associations of SNP rs2302684 T>A in LRP6 and long-term clinical endpoints were explored. The A allele of rs2302684 was recognized as an independent risk factor and predictor of all-cause death and SCD in the CHF population. To the best of our knowledge, this is the first study to show the association between common variants in LRP6 gene with the different causes of mortality in patients with CHF.



LRP6 and Wnt Signal Regulation

The human LRP6 gene, which is located in chromosome 12 p11–p13, has 150 kb in length with 23 exons (8, 19). It encodes a member of the low-density lipoprotein receptor family, which is composed of cell surface proteins that participate in receptor-mediated endocytosis of specific ligands (8, 19). LRP6 gene is homologous to LRP5 and has large extracellular domains consisting of four β-propeller motifs followed by three LDL ligand-binding domains, which regulate the binding process between Wnt secretory protein and frizzled family of receptors (10, 20). LRP6 function as coreceptors for Wnt ligands and thus play a central role in Wnt/β-catenin signaling involved in a wide variety of biologic processes (12, 21).

Wnts are a family of secreted glycoproteins that participate in activating several signaling pathways (22). It could bind to a class of Frizzled receptors or LRP6 to downregulate the glycogen synthase kinase-3β (GSK-3β) activity and to initiate the canonical Wnt/β-catenin signaling cascade (22). Wnt/β-catenin signaling is a crucial regulator of tissue development and homeostasis, especially in cardiac differentiation and development (11, 20). The conserved Wnt cascade has been confirmed to control the proliferation, differentiation and polarity of cells (23–25). Abnormal signaling disturbs tissue growth and function, which could lead to a number of debilitating and terminal diseases (20). Thus, alterations in the LRP6 gene might affect Wnt/β-catenin signaling and lead to several human diseases including osteoporosis, Alzheimer's disease, coronary artery disease, and metabolic disease (20, 26–31).



LRP6 and Sudden Cardiac Death

Wnt signaling is critical in cardiac development and various cardiac pathologies, including cardiac hypertrophy and fibrosis, myocardial infarction, heart failure, and arrhythmias (30, 32, 33). It has been reported that abnormalities of Wnt signaling were an important cause of familial sudden death in patients with ARVC (34). Additionally, a recent genome-wide association study showed that WNT8A was associated with atrial fibrillation (35).

Mutations in LRP6 could dysregulate Wnt signaling and have been associated with numerous human diseases (12, 20). The rs2302684 is an intron variant. No association has been reported between this tag SNP of LRP6 and the prognosis of patients with CHF in the Chinese Han population. Our study revealed a close relationship between LRP6 common variants and SCD in the CHF group. According to previous researches, the potential reasons for this relationship might have two aspects. On one hand, LRP6 serves as a scaffold protein that regulates the cardiac gap junction assembly. LRP6 deficiency might impair the dynamics of connexin43 protein trafficking and stability, which disrupts gap junction formation and function. The proper functioning of gap junctions is essential in the generation and propagation of cardiac action potentials. Thus, the disrupting connexin43 expression or phosphorylation caused by LRP6 deficiency impaired the electrical communication in gap junctions and led to the initiation and maintenance of arrhythmias (33, 36, 37). It was reported that defective connexin43 gap junctions in LRP6-ablated mouse hearts induced VT and VF (13). On the other hand, many studies demonstrated that Wnt signaling was linked to cardiac fibrosis which could impede electrical wave propagation and potentially cause arrhythmias (38–40). Furthermore, a recent study reported that LRP6 played an important role in keeping the integrity of the intercalated disk, on which the coordinated excitation and contractile performance of the myocardium were dependent, and the interaction between LRP6 and connexin43 might be involved in this process (41). Therefore, LRP6 variants might cause malignant arrhythmias and SCD via disturbing Wnt signaling pathways, as well as disrupting the function of gap junction and the intercalated disk of the myocardium.



LRP6 and CHF With Different Etiologies

It was reported that LRP6 was dramatically decreased in heart tissues with DCM (42). Additionally, LRP6 is genetically linked to early coronary artery disease and hyperlipemia (20, 43, 44). It has been demonstrated that mutant LRP6 was associated with atherosclerosis. The underlying mechanism might be as follows: firstly, LRP6 is critical in LDL receptor-mediated LDL uptake, which is significant in atherosclerosis; secondly, LRP6 plays an important role in metabolic regulation, including lipid homeostasis and glucose metabolism, thus it is associated with atherosclerosis; lastly, mutant LRP6 could trigger atherosclerosis by activating platelet-derived growth factor (PDGF)-dependent vascular smooth muscle cell differentiation (31, 45). Considering the close relationship of LRP6, DCM, and atherosclerosis, we analyzed the association of LRP6 with the mortality endpoints in different etiologies of CHF. In our study, the effect of rs2302684 A allele in LRP6 on the mortality endpoint was consistent in patients with different CHF reasons, including ICM and DCM. Therefore, we found that LRP6 variants were associated with a higher risk of all-cause death and SCD in the CHF cohort attributed to both ICM and DCM.



Study Limitations

There are several limitations to the study. The lack of functional research in this work is one of the limitations. In this study, we only found the association between the SNP of LRP6 and SCD in CHF patients via gene tests, however, the exact mechanism of how the SNP affects the heart is still unknown. We only speculate the possible mechanism according to existing studies, and we still need further functional studies to explore the underlying mechanism in our future work. Additionally, ICD recordings were not collected in the present cohort, and only a limited number of patients had a history of ventricular arrhythmias (VAs). Therefore, we are not able to deepen our investigation about the association between VAs and the SNP of interest.




CONCLUSIONS

The study firstly demonstrated that LRP6 rs2302684 polymorphism is associated with increased risks of all-cause death and SCD in CHF patients in the Chinese Han population. Therefore, LRP6 could be regarded as an independent risk factor and a novel predictor of SCD, and it might provide a potential therapeutic target in SCD prevention.
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Objective: The present study aimed to explore the prognostic value of trimethylamine N-oxide (TMAO) in heart failure (HF).

Methods: PubMed, Excerpta Medica Database (EMBASE), Cochrane Library, Web of Science, Wanfang Database, SINOMED, China Science and Technology Journal Database (VIP), and China National Knowledge Infrastructure (CNKI) were searched up to June 1, 2021. Studies recording the major adverse cardiovascular events (MACEs) or all-cause mortality in HF patients and their circulating TMAO concentrations were included. Meta-analysis was performed using Stata 13.0.

Results: Ten articles (12 studies) involving 13,425 participants from 2014 to 2021 were considered. Compared to low-level TMAO, elevated TMAO was correlated with MACEs and all-cause mortality in HF (RR: 1.28, 95% CI: 1.17, 1.39, P < 0.0001, random-effects model and RR: 1.35, 95% CI: 1.28, 1.42, P < 0.0001, random-effects model, respectively). Consistent results were obtained in all examined subgroups as well as in the sensitivity analysis.

Conclusion: Elevated TMAO may be an adverse prognostic indicator in patients with HF.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=267208

Keywords: heart failure, trimethylamine N-oxide, major adverse cardiovascular events, all-cause mortality, meta-analysis


INTRODUCTION

Heart failure (HF) is an increasing public health problem worldwide (1). Evidence from epidemiological studies has shown that approximately 64.3 million people worldwide suffer from HF (2). Patients with HF usually experience the following malignant disease cycle: “hospitalization-improvement-discharge-rehospitalization” (3). Despite recent advances in the diagnosis and treatment of HF, patient mortality remains high (4, 5), suggesting that many risk factors for HF remain unexplored.

Intestinal microorganisms are involved in the occurrence and progression of many diseases (6). Recent studies have revealed the associations between human gut microbes and HF (7, 8). As one of the metabolic products in intestinal microorganisms, trimethylamine N-oxide (TMAO) has been demonstrated to promote the development of HF and is an important risk factor for patients with HF (9). Schuett et al. (10) followed more than 4,000 patients with HF for 9.7 years; and they reported that after excluding factors, such as body weight, smoking, hypertension, diabetes, and atrial fibrillation, high levels of TMAO are associated with all-cause mortality in patients with HF. TMAO aggravates HF by damaging vascular endothelial function, affecting mitochondrial metabolism, and promoting myocardial fibrosis (11, 12). Owing to the limited sample size, further evaluation is still needed.

Therefore, the present systematic review and meta-analysis aimed to explore the prognostic value of TMAO in HF. To our knowledge, this is the first study to include data from around the world describing the association between TMAO and HF.



METHODS


Study Registration

This meta-analysis was performed in accordance with the recommendations of the Preferred Reporting Items for Systematic Reviews (PRISMA) statement (13). The review protocol was registered at PROSPERO as CRD42021267208.



Search Strategy

We searched the following 4 English electronic databases and 3 Chinese literature databases for studies published from inception to June 1, 2021: PubMed, Excerpta Medica Database (EMBASE), Cochrane Library, Web of Science, Wanfang database, SINOMED, VIP database, and China National Knowledge Infrastructure (CNKI). In addition, there was no restriction for language. Taking PubMed as an example, the details of the search strategy are shown in Table 1. This work was completed by two independent reviewers (ZF and JC), and in cases where they disagreed, a third individual (LX) was consulted. Moreover, manual retrieval was performed on Baidu Academic, Google Academic, books, impurities, and conference materials to obtain all the materials related to this study as comprehensively as possible. We also screened the references of the included papers, full texts, and bibliographies of all potential articles, including relevant reviews and meta-analyses, to identify additional eligible studies.


Table 1. Search strategy in the PubMed database.
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Inclusion and Exclusion Criteria

To prevent bias, the inclusion criteria were prespecified as follows: (a) the subjects were patients with HF; (b) prospective cohort; (c) major adverse cardiac events (MACEs), including cardiovascular mortality, MI, cardiovascular hospitalization or revascularization, in addition to all-cause mortality were reported; and (d) hazard ratio (HR)/relative risk (RR) and 95% CI were reported.

Studies were excluded if any of the following criteria were observed: (a) duplications; (b) lack of data on TMAO levels and heart failure; or (c) case reports, animal trials, review articles, systematic reviews, meta-analyses, commentaries, editorials, or meeting abstracts.



Data Extraction

All data were independently extracted by two reviewers (DL and JL), and disagreements were resolved by discussion. If necessary, a third author (XC) was involved. Study information of the included studies was recorded, including the first author, publication year, participant characteristics, sample size, region, circulating TMAO concentration, duration of follow-up, adjusted risk factors, and outcome assessment.



Quality Assessment

Two authors (XC and LX) independently assessed the methodological quality of the included studies. The Newcastle-Ottawa quality assessment scale (NOS) was used to evaluate the risk of bias based on study group selection, group comparability, and ascertainment of exposure or outcome (14). The maximum score of this scale is 9 points, and studies with a score ≥7 are rated as high quality (15).



Data Synthesis and Statistical Analysis

The data were analyzed with Stata (version 13.0) (16). RRs and 95% CIs were used to estimate the combined effects. The overall effect was calculated by a Z-test, and P < 0.05 (2-tailed) was defined as statistically significant. Potential heterogeneity was evaluated by Cochran Q and I2 statistics (17). A fixed-effect model was employed when heterogeneity was low (P ≥ 0.05, I2 ≤ 50%) (18). However, when high heterogeneity occurred (P < 0.05, I2 > 50%), we further analyzed its potential sources from the following three aspects: clinical heterogeneity, methodological heterogeneity, and statistical heterogeneity. We evaluated clinical heterogeneity first. If there was evident clinical heterogeneity, subgroup analysis was performed. If clinical heterogeneity was evident and subgroup analysis could not be conducted, descriptive analysis was only used. After excluding clinical and methodological heterogeneity, statistical heterogeneity was considered, and a random-effect model was used (19). A funnel chart, Egger's, and Begg's test were constructed to evaluate publication bias (19). Publication bias will be adjusted by the method of trim and filling.

We performed sensitivity analyses to evaluate reliable results. The methods included changing the type of analysis methods (random-effects model or fixed-effects model), eliminating each of the included studies one by one, and then combining the effect quantities.



Ethics

Because patient privacy was not involved in the present study, ethical approval was not needed.




RESULTS


Literature Search and Screening

The search of 8 databases identified 396 articles for further evaluation (129 from CNKI, 23 from WANFANG, 13 from VIP, 36 from SINOMED, 55 from PubMed, 6 from the Cochrane Library, 114 from Embase, and 20 from the Web of Science), of which 190 were removed after review due to duplicate records. After reading the titles and abstracts, 178 were excluded for various reasons. Finally, only 10 studies (10, 20–28) met the inclusion criteria after screening full texts. Figure 1 shows the detailed process of the study selection process.


[image: Figure 1]
FIGURE 1. Flowchart of study selection.




Study Characteristics and Quality Assessment

Ten articles (12 studies) involving 13,425 participants from 2014 to 2021 were included in the present study. Most trials were performed in Europe (3 in the UK, 1 in Norway, 1 in Germany, and 1 in other); however, trials were also performed in the United States (2 trials) and Asia (2 in China). Only three studies (23, 24, 28) included patients with acute HF; all others included patients with chronic HF. Three studies were multicenter, and the others were single-center. The follow-up duration ranged from 1 to 9.7 years with a median follow-up of 3.4 years. The average age of the patients ranged from 57 to 78 years old. Most trials had more males than females. Baseline TMAO levels were reported in all included studies. All the studies reported data on MACEs or all-cause mortality. All observational studies were adjusted for multiple potential confounding factors, and more than half of the studies were rated as “good” quality. The characteristics of the included studies are listed in Table 2.


Table 2. Characteristics of the selected studies and quality assessment.
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Primary Outcome: The Association Between TMAO Level and MACEs in Patients With HF

Five cohort studies with a total of 8,716 participants reported an association of MACEs with TMAO levels (RR: 1.28; 95% CI: 1.17, 1.39; P < 0.0001; I2= 56.1%; P-heterogeneity = 0.058; random-effects model; Figure 2). This result indicated that a high circulating TMAO concentration was associated with a greater risk of MACEs in patients with HF. Due to the high heterogeneity, subgroup analysis was implemented. The subgroup analysis did not affect the results (Figure 3).


[image: Figure 2]
FIGURE 2. Forest plot for the association between trimethylamine N-oxide (TMAO) level and major adverse cardiovascular events (MACEs).



[image: Figure 3]
FIGURE 3. Subgroup analysis for the association between TMAO level and MACEs.




Secondary Outcome: The Association Between TMAO Level and All-Cause Mortality in Patients With HF

The pooled analysis comparing the all-cause mortality in HF patients with high and low circulating TMAO concentrations involved all included studies (RR: 1.35; 95% CI: 1.28, 1.42; P < 0.0001; I2 = 56.5%; P-heterogeneity = 0.008; random-effects model; Figure 4). The results showed that the risk of all-cause mortality was greater with higher circulating TMAO concentrations among patients with HF. Considering significant heterogeneity, we performed subgroup analysis based on study characteristics to explore the potential sources of heterogeneity (Table 3). Seven items, including study scale, location, HF type, sample size, age, follow up, and study quality, were included in the subgroup analysis to evaluate the impact on heterogeneity. In general, the results were not influenced by these factors, indicating that the meta-analysis result was stable.


[image: Figure 4]
FIGURE 4. Forest plot for the association between TMAO level and all-cause mortality.



Table 3. Subgroup analysis for the association between TMAO level and all-cause mortality according to study characteristics.
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Publication Bias Analysis

For the relationship between TMAO and MACEs in the present study, the funnel plot appeared asymmetric (Figure 5A), but further Egger's and Begg's tests demonstrated that there was no publication bias (P = 0.922 for Egger's test and P = 0.462 for Begg's test). In addition, the funnel plot and Egger's test all indicated potential publication bias for the relationship between TMAO and all-cause mortality (P = 0.017 for Egger's test; Figure 5B). Although publication bias existed, the results of trim-and-fill method suggested that the meta-analysis results were robust (RR: 0.251; 95% CI: 0.11, 0.392; P < 0.001 for MACEs; RR: 0.257; 95% CI: 0.153, 0.36; P < 0.001 for all-cause mortality; Figure 6).


[image: Figure 5]
FIGURE 5. Funnel plot for publication bias. (A) Funnel plot for publication bias of the association between TMAO level and MACEs; (B) Funnel plot for publication bias of the association between TMAO level and all-cause mortality.



[image: Figure 6]
FIGURE 6. Trim and fill method on MACEs (A) and all-cause mortality (B).




Sensitivity Analysis

Sensitivity analyses were performed to assess whether the results of this meta-analysis were stable. The results showed that no obvious effect was found after deleting the studies one by one, which suggested that the study results were credible (Figure 7).


[image: Figure 7]
FIGURE 7. The sensitivity analysis of the study. (A) The sensitivity analysis of the association between TMAO level and MACEs; (B) The sensitivity analysis of the association between TMAO level and all-cause mortality.





DISCUSSION

At present, there are few reported meta-analyses on the relationship between TMAO and the poor prognosis of HF; the included studies are mainly from Europe and the United States, and there is a lack of data on Asian HF populations (29). With this background, we performed the first systematic review and meta-analysis involving studies from around the world to explore whether high levels of TMAO are related to the poor prognosis of HF patients. These 10 articles were published from 2014 to 2021, which reflected recent results about the role of circulating TMAO levels in predicting the poor prognosis of patients with HF. This systematic review and meta-analysis provided relatively reliable evidence that elevated TMAO is related to MACEs and all-cause mortality in patients with HF.

Trimethylamine N-oxide (TMAO) is a small odorless molecule (molecular mass of 75.11 g/mol) (30). Dietary choline, betaine, and L-carnitine are metabolized by intestinal microorganisms to generate trimethylamine (TMA), which is further converted to TMAO by hepatic flavin monooxygenase (FMO) (31, 32). Although TMAO can maintain normal physiological activities of the human body, high concentrations of TMAO may cause various cardiovascular diseases (33). Animal studies have shown that both choline supplementation (a precursor to TMAO production) and direct dietary TMAO supplementation increase the level of TMAO, exacerbating myocardial fibrosis and worsening cardiac function (34). Chen et al. (35) proposed that inhibitors of TMA formation reduce circulating TMAO levels in obese mice induced by Western diets, thereby preventing subsequent cardiac dysfunction. TMAO induces HF via multiple pathological mechanisms, including inflammation, mitochondrial dysfunction, oxygen-free radical production, and myocardial fibrosis (Figure 8) (36–40). There are many factors that affect the level of TMAO in the body, including diet, intestinal microbiota, sex, age, kidney function, weight, and drugs (31, 32, 41, 42). In the original studies included in this article, 7 were corrected for age, 5 were corrected for renal function, and 4 were corrected for sex and weight. At the same time, we conducted subgroup analyses of age, scale, location, HF type (chronic or acute), sample size, follow-up, and study quality to explore the potential sources of heterogeneity. Sensitivity analysis was also implemented. Fortunately, subgroup analyses and sensitivity analyses did not change the overall results. We obtained the same result as Li et al. (29), but our original studies were distributed in Europe, the United States, and Asia, which made up for the deficiency of their study. However, it is worth mentioning that we still cannot rule out the influence of diet, gut microbiota, and drugs on TMAO. Red meat, eggs, and sea fish are common sources of TMAO in the diet (31, 41, 43), thereby reminding nutritionists to pay attention to the nutritional benefits of these foods while not ignoring the adverse metabolites (such as TMAO) associated with these foods when formulating nutritional prescriptions for patients with cardiovascular disease.


[image: Figure 8]
FIGURE 8. Mechanism of TMAO exacerbating heart failure (HF) progression.


The rapidly increasing population of patients with HF imposes a heavy social and economic burden. Our results encourage the exploration of interventions to reduce TMAO. At present, methods to reduce TMAO mainly remain in the stage of animal experiments, including 3,3-dimethyl-1-butanol, choline analogs (IMC and FMC), and betaine aldehyde (44–46). The method used to reduce TMAO in clinical is microbial-driven therapy, however, a meta-analysis showed the opposite conclusion (47).

Existing studies have revealed the key role of TMAO in HF. TMAO may participate in the occurrence and development of HF through a variety of mechanisms. However, related scientific research has just started, and only limited studies have revealed the connection between TMAO and HF. There are questions about the relationship between TMAO and HF. First, due to the lack of long-term monitoring of circulating TMAO concentration in patients before HF occurs, it is still difficult to determine whether a high level of TMAO is the triggering factor of HF. The above results provided preliminary evidence that TMAO predicts the poor prognosis of patients with HF. Our findings originated from clinical data, adding new direct evidence, which largely confirms the reliability of the association between high concentrations of TMAO and poor prognosis of HF. Second, TMAO reduction interventions remain in the laboratory stage, and there is no effective treatment in the clinic. Finally, the results of the dose-response relationship provided in the meta-analysis better present the relationship between different dose levels of exposure factors and outcomes, making the results more reliable. However, due to the lack of studies on the relationship between different concentrations of TMAO and the prognosis of HF, the dose-response relationship between TMAO and the poor prognosis of HF remain unknown.

In the future, a large-scale prospective cohort should be further developed to explore the causal relationship between TMAO and HF, starting before the occurrence of HF. At the same time, the relationship between different concentrations of TMAO and the poor prognosis of patients with HF should be discussed. Prospective multicenter randomized controlled trials should be performed to further advance the understanding of TMAO from the laboratory to the clinic to treat patients with HF.



STRENGTHS AND LIMITATIONS

The present study clarified that TMAO is related to the poor prognosis of patients with HF. Moreover, more than 60 percent of the original studies were of high quality. The present study includes research from around the world, thereby allowing the research results to be widely promoted and overcoming the deficiencies of existing research to a certain extent. The detailed description of baseline characteristics also allowed identification of the source of heterogeneity.

However, the present study had several limitations. First, although we established rigorous inclusion criteria, some results indicated publication bias. Second, there was a lack of studies on the relationship between different concentrations of TMAO and MACE or all-cause death in HF, preventing a dose-response meta-analysis. Finally, we were unable to explore all the variables that influence TMAO levels, such as diet, environment, and medications.



CONCLUSION

The present study demonstrated that TMAO may be a risk factor for poor prognosis in patients with HF, but the underlying mechanism requires further investigation. Developing therapies that directly target TMAO may constitute a novel approach for preventing and treating HF.
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Background: Prior studies have found an unexplained inverse or U-shaped relationship between body mass index (BMI) and mortality in heart failure (HF) patients. However, little is known about the independent effects of each body component, i.e., lean body mass (LBM) and fat mass (FM), on mortality.

Methods: We used data from the China Patient-centered Evaluative Assessment of Cardiac Events-Prospective Heart Failure Study. LBM and FM were calculated using equations developed from the National Health and Nutrition Examination Survey. LBM and FM index, calculated by dividing LBM or FM in kilograms by the square of height in meters, were used for analysis. We used restricted cubic spline and Cox model to examine the association of LBM and FM index with 1-year all-cause mortality.

Results: Among 4,305 patients, median (interquartile range) age was 67 (57–76) years, 37.7% were women. During the 1-year follow-up, 691 (16.1%) patients died. After adjustments, LBM index was inversely associated with mortality in a linear way (P-overall association < 0.01; P-non-linearity = 0.52), but no association between FM index and mortality was observed (P-overall association = 0.19). Compared with patients in the 1st quartile of the LBM index, those in the 2nd, 3rd, and 4th quartiles had lower risk of death, with hazard ratio of 0.80 (95% CI 0.66–0.97), 0.65 (95% CI 0.52–0.83), and 0.61 (95% CI 0.45–0.82), respectively. In contrast, this association was not observed between FM index quartiles and mortality.

Conclusion: Higher LBM, not FM, was associated with lower 1-year mortality among HF patients.

Keywords: lean body mass, fat mass, body mass index, heart failure, mortality


INTRODUCTION

Obesity, as indexed by high body mass index (BMI), is a major risk factor for incident heart failure (HF) (1), and up to 60–80% of patients with HF are overweight or obese (2–4). However, in established HF, an unexpected inverse or U-shaped relation between BMI and mortality was consistently observed (2, 4–9). This paradoxical observation has been referred to as the “obesity paradox.”

One of the possible reasons underlying this obesity paradox is the inaccuracy of BMI in estimating body fat, as BMI is an aggregate of lean body mass (LBM) and fat mass (FM), and LBM and FM may act differently on mortality (10–15). Therefore, understanding different contributions of body compositions may facilitate understanding obesity paradox and providing valuable information for obesity management to improve the prognosis of HF patients. Direct measurement of body composition is high-cost and requires sophisticated technologies, which limits its utilization in clinical practice. Therefore, to date, few studies, with relatively small sample size, have reported the effect of body composition among HF patients (16–19). There is a need to evaluate this association in a large population to assure adequate statistic power. A much more practical method of measuring body composition, which can be conducted in large-scale study, is the prediction equations derived from anthropometric measurement, and this method has been validated against dual-energy x-ray absorptiometry (14, 20). However, to our knowledge, the association between predicted LBM and FM by anthropometric equations with HF prognosis is scarcely explored. In addition, whether the age, sex, and comorbidities may modify the effect of body composition on mortality remain largely unknown, subgroup analysis is warranted to reveal more information.

Accordingly, using previously validated anthropometric equations to estimate LBM and FM, we evaluated the independent roles of LBM and FM in relation to all-cause mortality among patients hospitalized for HF in a large prospective cohort study.



METHODS


Study Design and Participants

The patients of this study were from a prospective cohort of acute HF, the China Patient-centered Evaluative Assessment of Cardiac Events-Prospective Heart Failure Study (China PEACE 5p-HF Study), which enrolled patients from 52 hospitals between 2016 and 2018 (21). We included patients aged 18 years or older who were hospitalized with a primary diagnosis of new-onset HF or decompensation of chronic HF; and excluded those who died during the index hospitalization (n = 32), or were lost to follow-up at 1 year after discharge (n = 7), or lacked information on height, waist circumference, or weight during hospitalization—these information was required to calculate predicted LBM and FM (n = 563), leaving 4,305 patients for analyses. All enrolled patients signed written informed consent. The China PEACE 5p-HF Study was approved by the Ethics Committees of Fuwai Hospital and all collaborating hospitals. The study was registered at www.clinicaltrials.gov (NCT02878811).



Anthropometric Measures

BMI was analyzed according to weight and height at discharge using the formula weight (kg)/(height in m)2. Patients were stratified into the following categories recommended by the Working Group on Obesity in China according to BMI value: underweight (< 18.5 kg/m2), normal weight (18.5–23.9 kg/m2), overweight (24–27.9 kg/m2), and obese (≥ 28 kg/m2) (22).

LBM and FM were calculated using anthropometric prediction equations developed from the National Health and Nutrition Examination Survey (NHANES) (23), and the equations are shown in Supplementary Table 1. The high predictive ability for body compositions of these equations has been validated by several studies (14, 20). We calculated the LBM index (kg/m2) and FM index (kg/m2) using LBM and FM, respectively, in kilograms divided by the square of height in meters.



Data Collection

Detailed information on demographics, clinical characteristics, comorbidities, and discharge medications were obtained through abstraction of medical charts and in-person interviews during the index hospitalization. Left ventricular ejection fraction (LVEF) was measured during the index hospitalization by trained physicians with a standard protocol. Blood samples of enrolled patients were taken within 48 h of admission to perform analysis in the central laboratory.



Outcomes

The outcome of the study was all-cause death within 1 year after discharge. Information regarding patient survival status during 12 months of follow-up was collected from follow-up interviews, medical documents, and the national death cause database. All deaths were centrally adjudicated by trained clinicians.



Statistical Analysis

Continuous variables were expressed as mean ± SD or medians with interquartile range (IQR) and compared by the Kruskal-Wallis test. Categorical variables were presented as frequencies with percentages and compared by the χ2-test.

The LBM index and FM index were categorized into sex-specific quartiles or were treated as continuous variables with the effect estimates for 1-SD increase. Cox proportional hazards models were used to estimate the hazard ratios (HRs) of the 1-year all-cause mortality associated with the LBM index and FM index. Separate Cox regression models were fitted with (1) model 1, no adjustment; (2) model 2, adjustment for age, sex, education level, systolic blood pressure at admission, heart rate at admission, NYHA class, LVEF, serum sodium, serum albumin, Hs-cTnT, NT-pro BNP, estimated glomerular filtration rate (eGFR), current smoking status, history of coronary heart disease, hypertension, chronic obstructive pulmonary disease, anemia, valvular heart disease, diabetes mellitus, atrial fibrillation and prescription of angiotensin-converting enzyme inhibitors (ACEIs)/ angiotensin receptor blockers (ARBs), β-blockers, and mineralocorticoid receptor antagonists (MRAs); (3) model 3, the LBM or FM index was added to model 2 for mutual adjustment. In order to test linearity assumption between body composition indices and mortality, restricted cubic splines (RCS) were used in multivariable-adjusted models.

We conducted interaction and stratified analyses to evaluate the potential effect modification. We also performed several sensitivity analyses. First, we used different categories for the LBM and FM index (thirds or fifths). Second, we tested the robustness of our findings by using another body composition prediction equation developed from Chinese population (24). Third, due to the possible influence of reverse causation, we performed sensitivity analyses by excluding patients who might be in severe medical condition, including patients who died during the first 3 months of follow-up, or who had a BMI < 18.5 kg/m2.

All statistical analysis was performed by SAS version 9.4 (SAS Institute, Cary, NC, USA) and R programming language version 3.6.0 (R foundation for Statistical Computing, Vienna, Austria). All comparisons were two-sided, and statistical significance was defined as P < 0.05.




RESULTS


Population Characteristics

A total of 4,305 patients were included in the analysis. The median age of the study population was 67 (57–75) years, 37.3% were women, and 60.1% were overweight or obese patients. The median LBM indexes were 17.0 (15.5–18.5) and 13.9 (12.8–14.9) kg/m2, and the median FM indexes were 6.6 (5.1–8.1) and 9.4 (7.6–11.3) kg/m2 for men and women, respectively. Table 1 shows the baseline characteristics of participants according to sex-adjusted LBM index quartiles. Patients with low LBM index were more likely to be older, have a lower level of education, and have a history of valvular heart disease, chronic obstructive pulmonary disease, and anemia; were less likely to have a history of metabolic syndrome, hypertension and diabetes mellitus; had lower levels of systolic blood pressure, LDL, TG, waist circumference, BMI, FM index, plasma sodium, and albumin; had higher level of HDL; had more severe HF (i.e., a higher proportion of NYHA functional classes III to IV and increased hs-cTnT and NT-proBNP levels); and were less likely to receive ACEIs/ARBs while more likely to receive MRAs.


Table 1. Baseline characteristics of patients hospitalized for HF among sex-adjusted lean body mass (LBM) index quartiles.
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Prognosis Analysis

During the 1-year follow-up, 691 patients (16.1%) died. In the multivariate model, higher BMI was found to be associated with a lower risk of death. With the normal BMI group (BMI 18.5- 24 kg/m2) as a reference, HRs for BMI of <18.5, 24–28, and ≥28 kg/m2 were 1.39 [95% confidence interval (CI) 1.10–1.76], 0.74 (95% CI 0.62–0.89), and 0.71 (95% CI 0.55–0.94), respectively (p < 0.01 for trend).

The cumulative incidence of death by each LBM and FM index quartile is described using the Kaplan-Meier method in Figure 1. A significantly higher 1-year mortality was observed among patients with LBM index in the 1st quartile (24.6%), compared with 17.5, 12.1, and 9.8% for those in the 2nd, 3rd, and 4th quartile, respectively. And the 1-year mortality rates among patients with FM index in the 1st, 2nd, 3rd, and 4th quartile were 23.2, 16.6, 13.2, and 10.8%, respectively (both log-rank p < 0.01).


[image: Figure 1]
FIGURE 1. Kaplan-Meier estimates of 1-year all-cause mortality according to quartiles of each body component. (A) Kaplan-Meier curve according to quartiles of LBM index for the all-cause mortality. (B) Kaplan-Meier curve according to quartiles of FM index for the all-cause mortality.


Table 2 shows the association between the LBM index quartiles and mortality. The higher quartile of LBM index was associated with lower mortality in all models. In the fully adjusted model (model 3), LBM index was still negatively correlated with death risk. Compared with participants in the 1st LBM index quartile, the risk of death was lower for those in the 2nd quartile (HR 0.80, 95% CI 0.66–0.97), the 3rd quartile (HR 0.65, 95% CI 0.52–0.83), and the 4th quartile (HR 0.61, 95% CI 0.45–0.82).


Table 2. Hazard ratios (HR) for 1-year mortality of HF patients by lean body mass (LBM) index quartiles.
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Table 3 shows the association between the FM index quartiles and mortality. Higher FM index quartile was associated with better survival without adjusting for LBM index (models 1 and 2), while the protective effect of FM was no longer significant after adjusting for LBM index (model 3).


Table 3. Hazard ratios (HR) for 1-year mortality of HF patients by fat mass (FM) index quartiles.
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When accounting for LBM index and FM index as continuous covariates in the fully adjusted Cox model (model 3), each 1 SD increase in the LBM index decreased the risk of mortality (HR 0.77, 95% CI 0.67–0.84), while each 1 SD increase in the FM index did not decrease the risk of death (HR 0.95, 95% CI 0.83–1.09) (Table 4).


Table 4. Hazard ratios (HR) for 1-year mortality of HF patients according to a 1-SD increase in LBM index and FM index.
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In the RCS analysis, LBM index was associated with mortality in a linear way, all-cause mortality decreased consistently with increasing LBM Index (P-overall association < 0.01; P-non-linearity = 0.52). However, no significant association between FM index and mortality was observed (P-overall association =0.19; P-non-linearity = 0.22) (Figure 2).


[image: Figure 2]
FIGURE 2. Relationship of the LBM index and the FM index with 1-year all-cause mortality using restricted cubic splines. (A). Relationship between LBM index and 1-year all-cause mortality [the reference point was 15.7 (median); P-overall association < 0.01; P-non-linearity = 0.52]. (B). Relationship between FM index and 1-year all-cause mortality [the reference point was 7.5 (median); P-overall association = 0.19; P-non-linearity = 0.22]. (A,B) represent the results of multivariate analyses adjusted for age, sex, education level, systolic blood pressure at admission, heart rate at admission, NYHA class, LVEF level, serum sodium, serum albumin, hs-cTnT, NT-proBNP, eGFR, current smoking status, the history of coronary heart disease, hypertension, chronic obstructive pulmonary disease, anemia, valvular heart disease, diabetes mellitus, atrial fibrillation, the prescription of ACEI/ARB, β-blocker, MRA, and mutually adjust for FM index or LBM index.


Figure 3 provides the results of the stratified analyses. The NYHA class modified the prognostic association of FM index and mortality (P-interaction = 0.05), higher FM index was strongly associated with poor prognosis among patients in NYHA II (HR 1.77, 95% CI 1.08–2.91), while associated with better survival among patients in NYHA III/IV (NYHA III: HR 0.87, 95% CI 0.68–1.00; NYHA IV: HR 0.82, 95% CI 0.63–0.99). No factor played an interactive role in the association between the LBM index and mortality.
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FIGURE 3. Hazard ratios for mortality according to a 1 -SD increase in LBM index or FM index. (A) Hazard ratios per 1 standard deviation–increase in LBM index for mortality. (B) Hazard ratios per 1 standard deviation–increase in FM index for mortality. Each stratification was adjusted for all factors in model 3, except for the stratification factor itself.


Our results remained robust in several sensitivity analyses. The results did not change with the use of different categories for the LBM index and FM index (thirds or fifths) or with the use of prediction equations developed from Chinese population (Supplementary Tables 2–4). Analyses excluding patients who died during the first 3 months of follow-up or whose BMI was <18.5 kg/m2 yielded consistent findings compared with the results of the primary multivariate analyses (Supplementary Table 5).




DISCUSSION

In this large prospective cohort of patients hospitalized for HF in China, we demonstrated that LBM index was inversely related to mortality, while FM index was not associated with the risk of death.

We expand on previous literatures in several respects. Firstly, this is the first large-scale, nationwide study to assess the association between body composition and mortality among HF patients. To date, only a limited number of studies have examined this relation, and the findings were inconsistent (16–19). Although these studies used a direct measurement of body composition, the lack of statistical power that resulted from the small sample size (198–418 patients) makes it impossible to draw firm conclusions. Our study used previously validated anthropometric equations to estimate LBM and FM (14, 20), hence we could estimate the relation in a large-scale clinical epidemiological setting, and the further full adjustment for important covariates allows us to reveal robust conclusions.

Secondly, our study quantified the independent prognostic value of body constituents. Compared with previous studies, the mutual adjustment for LBM and FM in our study permits accurate analysis of the interplay of these variables' effects on survival. We found a survival benefit associated with high LBM that was independent of any effect of FM, while FM seems to be protective only if no adjustment was made for LBM. Prior studies evaluated the effect of fat on clinical outcomes without adjusting for muscle mass, and showed an protective effect of fat (16, 17, 25). Because higher FM in general is correlated with higher muscle mass (26), one could hypothesize that the lower mortality among patients with a high level of FM is a result of having large muscle mass. Accordingly, muscle mass could be a confounder when evaluating the association of FM and mortality, and it should be adjusted to tease out the independent effect of FM.

Thirdly, we present an in-depth analysis of the effect of body composition by stratified analyses, which has not been well-explored in previous studies. As shown in our study, the inverse association between LBM index and mortality was consistent in all subgroups. Increased muscle mass provides important metabolic benefits. Firstly, skeletal muscle is the primary target tissue for insulin-mediated glucose uptake, it has important role as an energy production and consumption system that influences the whole energy metabolism. Secondly, skeletal muscle could produce and secrete hundreds of myokines, like IL-15, BDNF and LIF, and these myokines were related with favorable changes in cardiometabolic profile, improved insulin sensitivity, anti-inflammation and antioxidant capacity (27, 28). Besides, muscle mass could indicate cardiorespiratory fitness to some extent (29), which is well-reported to be related with survival (30, 31). Hence, the result that muscle mass was universally favorable in all subgroups was not unexpected.

In addition, for the first time, we found that higher FM index exerts detrimental effect on mortality among HF patients in NYHA II, while it is associated with better survival in NYHA III/IV patients. The pathophysiologic mechanism of a relation between excess fat mass and increased mortality is well-established. Etiologic pathways include insulin resistance, inflammation and hormonal perturbations (32). Besides, obesity is an important risk factor for an expanding set of diseases, including diabetes mellitus, cardiovascular disease, which were all related with poor clinical outcomes (33). However, a growing number of studies support a survival benefit of adipose tissue in critical illness (34). And our study also indicated that higher FM index correlate with better survival in NYHA III/IV patients. The HF patients in NYHA III/IV are highly likely to suffer from cachexia, which is a sign of poor prognosis. It is reported that the symptoms (dyspnea, gut oedema), the neurohormonal and inflammatory activation in critical illness induce marked depletion of fat mass through enhanced fat catabolism, facilitating the development of cachexia (35). In this regard, among NYHA III/IV patients, the patients with high fat mass were less likely to develop cachexia, and these patients might have better prognosis than patients with low fat mass (36). The pathophysiologic mechanisms linking adipose to survival benefit in critical illness were proposed to be related with energy reserves, anti-inflammatory mediators, endotoxin-binding lipoproteins, cardioprotective metabolic effects (34). Apart from the above, our study revealed that patients with a higher level of FM tend to exhibit a higher mortality in women, while exhibit a lower mortality in men (both marginally statistically significant). One study used waist-to-hip ratio to assess obesity, and the result was largely consistent with our finding (37). The mechanism behind this association and difference based on gender has be speculated to be related with different hormones level and fat distribution (38). More research is warranted to validate our findings, and the exact mechanism need to be further evaluated in future studies. Besides, the gender and disease severity might be taken into consideration when designing clinical trials targeting obesity management in HF.


Clinical Implications

Firstly, patients with the same BMI may have different body compositions and thus different risks of mortality. Therefore, measurement of body composition beyond total body mass should be incorporated in clinical assessments of HF patients to better identify patients at higher risk of death. Secondly, the predicted body composition indices estimated by anthropometric prediction equations, which are time-efficient and inexpensively measurable, can be integrated into routine clinical practice, especially in acute disease settings. Thirdly, in the era of precision medicine, the measurement of body composition could be used to formulate treatment recommendations. Patients with low muscle mass may benefit from more aggressive HF therapies, like β-blockers or ACEIs (39, 40), and additional treatment approaches to maintain or promote muscle mass through lifestyle modification (i.e., adequate protein supplementation, muscle-strengthening exercise) are important interventions to improve the clinical outcomes of HF patients (41–43). In addition, the recommendation of weight loss among obese HF patients should be considered more deliberately since the effect of fat mass might differ according to the disease severity.



Limitations

Several limitations should be acknowledged in the interpretation of this study. Firstly, this was an observational study, and although we adjusted for important clinical covariates affecting prognosis, unmeasured or residual confounding factors may remain. Information on other prognostic factors, such as fitness ability and weight change, which may influence outcomes, was not available in this study. Secondly, using equations to calculate LBM and FM was not the most accurate way of measurements. However, the predictive ability for body compositions of these equations has been validated by other studies (14, 20). Besides, LBM and FM were analyzed in terms of categorical variables, making the exact value less important. Thirdly, reverse causality may in part be responsible for our observed associations. However, we minimized the potential for reverse causation due to advanced disease status by excluding patients who died within 3 months after discharge or with BMI < 18.5 kg/m2, and the conclusions remained unchanged.



Future Directions

Firstly, further studies are needed to define the biologic mechanisms and relative importance of these mechanisms linking muscle mass to mortality, which would inform therapeutic approaches. Secondly, since the role of adipose tissue in HF prognosis is complex, more studies are warranted to evaluate the effect of different adipose tissue (visceral, subcutaneous, intermuscular, and intramuscular). Thirdly, few studies investigated the association between muscle-to-fat ratio and HF mortality, understanding how relative proportions of muscle mass and fat mass contribute to mortality will help identify which body composition phenotypes are optimal for survival in HF patients.




CONCLUSION

Among patients hospitalized for HF, increased LBM, but not FM, predicts a lower risk of mortality.
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Background: The aim of this study is to investigate the role of N-terminal pro-B-type natriuretic peptide (NT-proBNP) in assessing the poor outcomes of adult patients with acute myocarditis.

Methods: A total of 170 adult patients with available NT-proBNP information were included in the study. They were grouped according to quartiles of NT-proBNP concentrations at admission. Baseline and follow-up information was collected. Thirty-day major adverse cardiac events (MACE) were death and heart transplantation. Long-term MACE included all-cause death, heart transplantation, re-hospitalization due to heart failure, sustained ventricular arrhythmia, and myocarditis relapse.

Results: During a median follow-up of 3.8 years, patients in the highest NT-proBNP quartile suffered from the highest risk both of 30-day and long-term MACE (P < 0.001 by log-rank test). Multivariate analysis showed that apart from left ventricular ejection fraction (LVEF), an increased baseline NT-proBNP > 3,549 pg/mL (hazard ratio 3.535, 95% CI 1.316–9.499, P = 0.012) and NT-proBNP > 7,204 pg/mL (hazard ratio 22.261, 95% CI 1.976–250.723, P = 0.012) was independent predictor of long-term and 30-day MACE, respectively.

Conclusions: Higher baseline NT-proBNP level was an independent predictor of poor outcomes in adult patients with acute myocarditis. Therefore, NT-proBNP may serve as a useful biomarker for risk stratification in acute myocarditis patients.

Keywords: NT-proBNP, prognosis, biomarker, risk stratification, acute myocarditis


INTRODUCTION

Acute myocarditis, an inflammatory disease of myocardium, can have various clinical presentations. The prognosis of patients with myocarditis also varies according to distinct etiology. Most of the patients present with mild symptoms and recover completely, however, pathological data show myocarditis in 8.6% of cases of sudden death in young adults (1), while up to 30% of myocarditis proved by biopsy might develop to dilated cardiomyopathy, which is the most common disease requiring heart transplantation (2). Uncommonly, patients with hemodynamically unstable myocarditis, which is called fulminant myocarditis, face an extremely high risk of death due to sudden onset cardiogenic shock, ventricular arrhythmias, or multiorgan failure and have a dismal prognosis (3).

Therefore, it is crucial to identify high-risk patients as early as possible to provide an optimized treatment strategy in order to improve their outcomes. Although endomyocardial biopsy (EMB) remains to be gold standard for diagnosis and prognosis of myocarditis, it is not performed widely and routinely (4). Previous studies identified prolonged QRS or QTc interval, decreased LVEF, as well as specific location and pattern of late gadolinium enhancement (LGE) in cardiac magnetic resonance (CMR) as predictors for poor prognosis in patients with acute myocarditis (5–10). However, imaging tools such as echocardiography and CMR fail to reflect subtle changes that precede cardiac dysfunction and tissue fibrosis and could hardly be monitored continuously. Hence there is a need to find out a biomarker with prognostic value for adverse outcomes in acute myocarditis patients.

Natriuretic peptides are established biomarkers for the diagnosis and prognosis evaluation of various cardiovascular conditions including acute or chronic heart failure and coronary heart disease (11–13). A series of recent studies reported that N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels may be a useful predictor of mortality in patients with coronavirus disease 2019 (COVID-19) related myocarditis (14–16). In the present study, we hypothesized that NT-proBNP could independently predict poor prognosis of adult patients with acute myocarditis. We tested the hypothesis with complete data of NT-proBNP from a cohort of 170 adult patients with acute myocarditis.



METHODS


Ethics Statement

This study complied with the ethical guidelines of the Declaration of Helsinki and China's regulations and guidelines on good clinical practice and was approved by the ethics committees of Fuwai Hospital (no. 2021-1470).



Study Design and Participants

This single-center, retrospective, observational study was performed at Fuwai Hospital (National Center of Cardiovascular Diseases, Beijing, China). Two hundred and forty eight adult patients were clinically diagnosed with acute myocarditis from August 2006 to March 2020. Among these patients, 170 patients with complete clinical information and NT-proBNP data were selected. The electronic medical records of the patients were reviewed by trained attendings. Clinical data were collected and analyzed, including demographics, medical history, physical examination, laboratory tests, treatment measures, and outcomes. All patients had no history of ischemic or hemorrhagic stroke, renal or liver dysfunction, chronic obstructive pulmonary disease, or thyroid disease. The diagnosis of acute myocarditis was clinically based on Caforio et al. (2), we included patients with presenting symptoms or signs of two or more of the following five criteria: (1) Clinical symptoms (within 3 months): acute chest pain, dyspnea, syncope, heart failure, palpitation, or aborted cardiac death, unexplained cardiogenic shock; (2) electrocardiography (ECG) or Holter features; (3) Elevated myocardium injured markers: troponin I (TnI); (4) Echocardiography findings: functional and structural abnormalities; (5) CMR findings: consistent with myocardial inflammation, if presenting with two or more of the Lake-Louise criteria (17), namely edema, or hyperemia, and/or late gadolinium enhancement. If EMB or pathology of the hearts available after heart transplantation was consistent with the revised Dallas criteria (18), the diagnosis of myocarditis was definite. The exclusion criteria included: (1) evidence of coronary stenosis ≥ 50%; (2) other pre-existing cardiovascular disease including valvular heart disease, hypertensive heart disease, congenital heart disease or cardiomyopathy. Participants were divided into four groups according to quartiles of NT-proBNP levels: quartile 1 (<94.37 pg/mL, n = 42), quartile 2 group (94.37–425.47 pg/mL, n = 43), quartile 3 (425.47–4557.00 pg/mL, n = 43), and quartile 4 (>4557.00 pg/mL, n = 42). Figure 1 shows the flow chart of enrollment.
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FIGURE 1. The flow chart of the enrollment of 170 adult patients with acute myocarditis from the overall population with acute myocarditis.


During hospitalization, all patients were treated based on the recommended management for myocarditis (2). Stable patients with injured left ventricular function received recommended heart failure treatment. Patients with severe or cardiogenic shock were treated with inotropes and mechanic circulatory support (MCS). MCS included intra-aortic balloon pump (IABP), venous-arterial extracorporeal membrane oxygenation (va-ECMO), or combination of IABP and va-ECMO.



N-Terminal Pro-B-Type Natriuretic Peptide Tests

Blood samples were obtained from 1 to 3 days after admission. The blood samples were collected into tubes with EDTA-anticoagulant and centrifuged. Serum NT-proBNP was directly measured in the Laboratory of Fuwai Hospital using a commercial electrochemiluminescence assay (Roche Diagnostics GmbH, Mannheim, Germany). The reference range for plasma NT-proBNP in our laboratory was <125 pg/mL.



Follow-Up and Outcomes

Outcome data were obtained by telephone interview, reviewing electronic medical records, or out-patient visit. All events were checked and confirmed by an independent group of trained, clinical physicians. Thirty day major adverse cardiac events (MACE) were defined as death and heart transplantation within 30 days after admission. Long-term MACE included: (1) all-cause death; (2) heart transplantation; (3) heart failure requiring hospitalization; (4) recorded sustained ventricular arrhythmia (>30s); (5) myocarditis relapse.



Statistical Analysis

Continuous variables are presented as mean ± SD or as median (Q1-Q3). Differences in baseline participant characteristics were assessed by analysis of variance or Mann-Whitney U test for continuous variables and Pearson χ2 test or Fisher's exact test for categorical variables. The correlation between NT-proBNP and other parameters were assessed by Pearson and Spearman's correlation analysis. Univariate and multivariate Cox proportional hazards analysis was performed to determine the factors predicting MACE. The covariables included in the multivariate Cox analysis was selected according to the following reasons: the variables that were significant in univariate analysis, or the ones were reported to be associated with NT-proBNP levels and MACE (age, BMI, QRS duration > 120 ms, QTc interval > 440 ms, creatinine, LVEF <50%, etc.). Survival curves were generated by the Kaplan-Meier method and compared with the log-rank test. The ability of NT-proBNP for predicting MACE was evaluated by the receiver operating characteristic (ROC) curve analysis and quantified by the area under the ROC curve (AUC), in which a value of 1.0 indicates perfect ability and a value of 0.5 indicates no ability. All analyses were two tailed, and P-values <0.05 were considered statistically significant. Analyses were performed with IBM SPSS statistics software version 26.0. The Kaplan-Meier curves were made with GraphPad Prism software version 5.0 and the ROC curves were made with MedCalc software version 19.0.




RESULTS


Patients Population and Clinical Presentation

The main baseline characteristics of the study population are reported in Supplementary Table 1. One hundred and seventy patients with available NT-proBNP data were included in the analysis. One hundred fourteen patients were diagnosed based on EMB or CMR, while 56 patients without EMB or CMR were diagnosed mainly according to clinical presentations, ECGs, laboratory tests and echocardiography. The baseline characteristics of the patients with or without EMB or CMR are shown in Supplementary Table 2, and there was no significant difference in NT-proBNP levels between the two groups. The population was divided according to quartiles of NT-proBNP levels (Table 1). Patients in quartile 4 were the oldest and had the highest percentage of female. No significant differences were found in the prevalence of comorbidities among the four groups. Chest pain was less in patients with lower NT-proBNP levels, while dyspnea was more frequent in patients with higher NT-proBNP, and the prevalence of syncope was of no significant difference among the four groups. Patients with higher NT-proBNP had significantly higher heart rate and lower systolic blood pressure. Patients with highest NT-proBNP levels had the most prevalence of arrythmia, including sinus tachycardia, sustained ventricular arrythmias, and bundle-branch block, as well as the longest QRS and QTc intervals. However, the prevalence of complete atrioventricular block and supraventricular tachycardia was not significantly different among the four groups. Patients with higher NT-proBNP levels presented with higher C response protein level, higher troponin I level, and worse renal function. They also had a larger left atrium, lower left ventricular ejection fraction (LVEF), and almost 70% of the patients in the highest quartile group had LVEF <50%. Treatment differed across the four groups with the most invasive life support strategies for patients with the highest NT-proBNP levels. In terms of medication, aldosterone antagonists and corticosteroids were most used in patients in the highest quartile, and no significant difference was found in the use of β-blocker and ACE-I/ARB among the participants.


Table 1. Baseline characteristics of the study population grouped by the quartiles of NT-proBNP.
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Etiology of Acute Myocarditis

Twenty four patients (14.1%) accepted EMB. Histopathology and Immunopathology Findings Showed Lymphocyte Myocarditis in 13 Patients (54.2%), Giant Cell Myocarditis in 3 Patients (12.5%), Eosinophilic Myocarditis in 2 Patients (8.3%), and no Typical Myocarditis Characteristics in the Other 6 Patients (25.0%). No Patient Was Diagnosed With COVID-19 After Clinical Evaluation and Screening of Virus Nucleic Acid by Nasopharyngeal or Oropharyngeal Swabs.



Correlation Analysis of NT-ProBNP Levels With Echocardiographic Parameters and Other Parameters

The serum concentrations of NT-proBNP were mediumly and negatively correlated with LVEF (Rho = −0.616; P < 0.001). However, they were only slightly correlated with the left ventricular end-diastolic diameter (Rho = 0.164; P = 0.033) and left atrium diameter (Rho = 0.259; P = 0.001). Otherwise, NT-proBNP levels were mildly correlated with age (Rho = 0.361; P < 0.001), C reactive protein levels (Rho = 0.444; P < 0.001), and creatinine levels (Rho = 0.358; P < 0.001). They were slightly correlated with troponin I levels (Rho = 0.195; P = 0.011) and were not significantly related with BMI (Rho = 0.004; P = 0.960).



ROC Curve Analysis and Predictive Value for MACE

To assess the predictive value of NT-proBNP in patients with acute myocarditis, and to compare with LVEF, the established strong predictor, ROC curves for LVEF and NT-proBNP were compared. In predicting 30-day death or heart transplantation, the sensitivity and specificity of NT-proBNP were 86.67 and 89.68%, respectively (AUC = 0.924, optimal cut-off value: 7,204 pg/mL), while the sensitivity and specificity of LVEF were 86.67 and 75.48%, respectively (AUC = 0.843, optimal cut-off value: 45%) (Figure 2A). In predicting long-term MACE, the sensitivity and specificity of NT-proBNP were 62.07 and 80.14%, respectively (AUC = 0.733, optimal cut-off value: 3,549 pg/mL). The sensitivity and specificity of LVEF to predict long-term MACE was 62.07 and 87.23%, respectively (AUC = 0.737, optimal cut-off value: 38%) (Figure 2B). ROC curves showed that the predictive values of troponin I were lower than NT-proBNP for both of 30-day (AUC = 0.616, optimal cut-off value: 15.846 ng/mL) and long-term MACE (AUC = 0.509, optimal cut-off value: 0.315 ng/mL) (Supplementary Figure 2).
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FIGURE 2. Receiver operating characteristic (ROC) curve of the ability of NT-proBNP and LVEF to predict 30-day death or heart transplantation (A) and long-term MACE (B) in patients with acute myocarditis. In predicting 30-day death or heart transplantation, the area under the curve (AUC) for NT-proBNP was 0.929, with 86.67% sensitivity and 89.68% specificity, while the AUC for LVEF was 0.843, with 86.67% sensitivity and 75.48% specificity. In predicting long-term MACE, the AUC for NT-proBNP was 0.733, with 62.07% sensitivity and 80.14% specificity, while the AUC for LVEF was 0.737, with 62.07% sensitivity and 87.23% specificity. MACE, major adverse cardiac events; NT-proBNP, N-terminal pro-B-type natriuretic peptide; LVEF, left ventricular ventricle ejection fraction.




Prognostic Value of the NT-ProBNP Levels in Acute Myocarditis

After a follow-up of 3.8 ± 3.2 years, long-term MACE happened in 29 patients (17.1%) including 11 deaths (6.5%), 4 heart transplantations (2.4%), 8 heart failure hospitalizations (4.7%), 1 sustained ventricular arrhythmia (0.6%), and 5 recurrent myocarditis (2.9%). 30-day MACE occurred in 15 patients (8.8%) including 11 deaths (6.5%) and 4 heart transplantations (2.4%). There were 19 patients (11.2%) lost to follow-up, who had lower baseline NT-proBNP levels and higher LVEF at admission (Supplementary Table 3).

Among the four groups, patients in the highest quartile suffered from the highest risk in reaching both 30-day death or heart transplantation and long-term MACE (Figure 3; P < 0.001 by log-rank test). The MACE-free survival curve of the patients in the highest quartile was evidently different from those in other quartiles, especially in the first month and the first year. Additionally, Figure 4 shows a negative correlation between NT-proBNP levels and the survival time of the patients who had long-term MACE.
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FIGURE 3. 30-day (A) and long-term (B) MACE-free survival among different quartiles of NT-proBNP in patients with acute myocarditis. Patients in the highest quartile of NT-proBNP had the most MACE in 30 days as well as in the long-term. Thirty day MACE included deaths and heart transplantation within 30 days after admission. Long-term MACE included deaths, heart transplantations, re-hospitalization for heart failure, and sustained ventricular arrhythmias (>30s).
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FIGURE 4. Scatter figure showed a linear correlation between NT-proBNP levels and time of survival (days, Napierian Logarithm scale) in all patients who had long-term MACE (n = 29). MACE, major adverse cardiac events; NT-proBNP, N-terminal pro-B-type natriuretic peptide.


To determine if NT-proBNP was an independent predictor of short-term and long-term adverse outcome, univariate and multivariate Cox analyses were performed (Tables 2, 3). In univariate Cox analysis for long-term MACE, NT-proBNP > 3,549 pg/mL showed a significant predictive value (HR 1.006, 95% CI 1.004–1.008, P < 0.001). LVEF (HR 0.936, 95% CI 0.912–0.961, P < 0.001), creatinine (HR 1.008, 95% CI 1.005–1.011, P < 0.001), age (HR 1.039, 95% CI 1.013–1.066, P = 0.003), white blood cell level at admission (HR 1.118, 95% CI 1.030–1.213, P = 0.008), right ventricular diameter (HR 1.051, 95% CI 1.008–1.096, P = 0.020) and QRS interval (HR 1.011, 95% CI 1.001–1.022, P = 0.038) were also predictors of long-term MACE. In multivariate analysis, both of baseline LVEF (HR 0.948, 95% CI 0.919–0.978, P = 0.001) and NT-proBNP > 3,549 pg/mL (HR 3.535, 95% CI 1.316–9.499, P = 0.012) remained to be strong independent predictors of long-term MACE. For 30-day death or heart transplantation, baseline LVEF (HR 0.919, 95% CI 0.869–0.973, P = 0.004), NT-proBNP > 7,204 pg/mL (HR 22.261, 95% CI 1.976–250.723, P = 0.012), troponin I level (HR 1.052, 95%CI 1.015–1.090, P = 0.005), right ventricular diameter (HR 1.135, 95% CI 1.029–1.252, P = 0.011), and age (HR 1.078, 95% CI 1.010–1.151, P = 0.024) were independent predictors. Therefore, even after adjustment for other established predictors and confounding factors including LVEF, QRS interval, age, inflammation indicators, and renal function, increased NT-proBNP level was a strong independent predictor for both 30-day and long-term MACE in adult patients with acute myocarditis.


Table 2. Univariate and Multivariate Cox Analysis for Long-term MACE.
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Table 3. Univariate and multivariate cox analysis for 30-day death or heart transplantation.
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To verify the cut-off value of NT-proBNP abovementioned, Kaplan-Meier survival curves were made and showed that patients with baseline NT-proBNP > 3,549 pg/mL faced higher risk of long-term MACE (Supplementary Figure 1B; P < 0.001 by log-rank test), especially in the first year. Similarly, 60% of the patients with baseline NT-proBNP > 7,204 pg/mL died or received heart transplantation within 30 days after admission (Supplementary Figure 1A; P < 0.001 by log-rank test).




DISCUSSION

This study evaluated the predictive value of NT-proBNP in a cohort of adult patients with acute myocarditis. NT-proBNP was a strong predictor for adverse cardiac outcomes both in 30-day and long-term, independently of inflammatory indicators, electrocardiographic and echocardiographic measurements. Among the four quartile groups, patients in the highest quartile of NT-proBNP suffered from not only. In the present cohort, high NT-proBNP level was an independent predictor for adverse cardiac events and provided more information for evaluating the prognosis of adult patients with acute myocarditis. Although NT-proBNP is a well-known marker in predicting poor prognosis in a higher risk of in-hospital death and heart transplantation, but also the poorest long-term outcomes. In the present cohort, high NT-proBNP level was an independent factor associated with MACE and added useful information for assessing the outcomes of acute myocarditis. Although NT-proBNP is a well-known marker in predicting adverse prognosis in different cohorts of cardiac patients, this is the first study evaluating the predictive value of NT-proBNP levels for both of short-term and long-term outcomes of adult patients with acute myocarditis.

NT-proBNP, an inactive N-terminal fragment split from B-Type natriuretic peptide (BNP) prohormone, is released into the circulation by the myocardium due to increased ventricular stress or ischemia (13, 19). Hence it is widely considered a biomarker reflecting the impairment of left ventricular function as well as myocardial ischemia. Previous studies reported that NT-proBNP was a valuable marker of long-term prognostic stratification both in heart failure and coronary heart disease (11–13, 19–21). However, few study assessed its prognostic value in adult patients with acute myocarditis. Previous studies identified that electrocardiographic parameters including pathological Q wave, prolonged QRS duration, and QTc interval were independent predictors for poor outcomes for patients with myocarditis (5–7, 22). Moreover, cardiac dysfunction, LVEF <50%, and right ventricular dysfunction were robust predictors for poor long-term prognosis (23–27). The present study showed that increased NT-proBNP levels were negatively correlated with decreased LVEF, which was widely accepted to be a strong predictor of poor outcomes of acute myocarditis. Moreover, we demonstrated for the first time that baseline NT-proBNP could provide useful information for prognosis after adjusting established factors such as LVEF and QRS duration, suggesting NT-proBNP as a valuable addition to risk stratification for adult patients with acute myocarditis.

The results of our study are in line with the recently published article by Rodriguez-Gonzalez et al. (28) who reported that baseline NT-proBNP > 5,000 pg/mL could help to identify high-risk pediatric myocarditis patients with poor outcomes. BNP was also related to poor prognosis in two smaller studies of pediatric patients with myocarditis (29, 30). In 218 adult patients with acute severe myocarditis, Zhang et al. (31) recently reported that elevated BNP (>100 pg/mL) was an independent predictor for long-term mortality. However, the best cut-off value of NT-proBNP was still uncertain in predicting poor prognosis in the adult patient with acute myocarditis. In the present study, multivariate Cox analysis showed that NT-proBNP was an independent prognostic predictor for both short-term and long-term MACE for adult patients with acute myocarditis. Moreover, according to ROC analysis and evaluated by Cox analysis, NT-proBNP > 7,204 pg/mL and >3,549 pg/mL might be reasonable cutoff values to predict death or heart transplantation within 30 days and to imply long-term MACE, respectively. The cutoff values of NT-proBNP need to be confirmed by a prospective, multicenter study of larger number of patients in the future.

Apart from age, female sex, renal failure, increased NT-proBNP levels are also associated with inflammation (32–34). Previous studies showed that inflammatory cytokines such as interleukin-1β, interleukin-6 (IL-6), and tumor necrosis factor-α could induce natriuretic peptides transcription in cardiomyocytes (35–37). A recently published article by Fish-Trotter also reported that inflammatory conditions were associated with elevated natriuretic peptides release (38). Myocarditis might be caused by various etiology leading to myocardial inflammation and injury. Viral infection, as widely accepted as the most common infectious cause, can harm cardiomyocytes through both direct damage and autoimmune-mediated injury due to systemic inflammatory responses, in which cytokines and antibodies could damage cardiac systolic function and endothelium, leading to systolic dysfunction and ischemia (39). For example, myocarditis is one of the complications in a recent cohort of patients with coronavirus disease 2019 (COVID-19) (40). Guo et al. (14) revealed that NT-pro-BNP elevation was significantly positively linear correlated with myocardial injury in patients with COVID-19. Moreover, Han et al. (16) reported that NT-proBNP was related to the severity and mortality of patients with COVID-19. Thus, in the setting of acute myocarditis, increased NT-proBNP levels might suggest not only cardiac systolic dysfunction, but also acute inflammation and myocardial injury. In this study, we proved that increased NT-proBNP levels were correlated with higher inflammatory factor levels, however, univariate Cox analysis showed no significant association between CRP levels and either 30-day or long-term MACE. But we found that NT-proBNP levels were only slightly correlated with the myocardial injury marker. This might be because of the different extents of myocardial injuries in those patients caused by heterogeneous causes and at different stages of the disease.

Although most patients with acute myocarditis present with mild symptoms and have a good long-term prognosis, a small number of patients with hemodynamically unstable myocarditis, which is called fulminant myocarditis, may have sudden onsets and significant severity with increased in-hospital mortality and poor long-term prognosis (8). The fulminant presentation reflects a more robust immunological and inflammatory response resulting in severe myocyte necrosis and cardiogenic shock (3, 41). Although most of the patients with acute myocarditis have mildly to moderately elevated NT-proBNP levels as a result of inflammation and myocardial injuries, markedly elevated NT-proBNP, which is a marker of severe cardiac dysfunction and extensive myocardial injuries, may help to give useful information for early recognition and prognosis evaluation of patients with fulminant myocarditis. According to the cut-off value by ROC and multivariate Cox analysis, the predictive cut-off value of NT-proBNP for short-term adverse outcomes might be much higher than that of in the diagnosis of heart failure. Hence the measurement of natriuretic peptides may be considered according to the 2020 AHA scientific statement for the recognition and management of fulminant myocarditis (3). Moreover, it is important that the result of our study identifies that NT-proBNP may play a useful role in risk stratification of adult patients with acute myocarditis, independently of other currently used tools including echocardiography and electrocardiogram, and NT-proBNP more than 7,204 pg/mL might be a reasonable cut-off value in acute stage for risk stratification. Patients with a low and moderate elevated NT-proBNP level might need less frequent monitoring and less aggressive treatments. This might lead to possible cost reduction in public health care. Moreover, patients with a high NT-proBNP should be managed more actively and followed up more closely.

Despite the encouraging results, this study has some limitations. First, as a gold standard for diagnosis, endomyocardial biopsy was performed only in 14.1% of these patients and the diagnosis was mainly based on clinical manifestations. Although CMR was performed in 64.1% of the patients, which could compensate for the weakness to a large extent, the possibility of misdiagnosing still existed. Second, due to the follow-up time span of up to 13 years, some patients dropped out, which might lead to a bias to the evaluation of prognosis. There was no significant difference in clinical presentation, laboratory tests and echocardiography parameters between patients with and without follow-up except those lost to follow-up had better baseline cardiac function, which might be the main reason why they did not come back for reexamination. Third, a small number of patients were so critically ill that died before performing an NT-proBNP test, which might introduce selection bias. Last, due to the single-center data and the retrospective design, large-scale and prospective researches are needed to confirm the findings of this study in the future. Nonetheless, our study has several strengths include the complete information of NT-proBNP data, long-term follow-up, and the multivariate analysis adjusted factors that might affect NT-proBNP levels.



CONCLUSION

In conclusion, we identified baseline NT-proBNP level as an independent prognostic predictor for acute myocarditis. The NT-proBNP concentration at admission can serve as a valuable biomarker for risk evaluation in adult patients with acute myocarditis.
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Background: Diastolic plateau is an invasive hemodynamic marker of impaired right ventricular (RV) diastolic filling. The purpose of the current analysis was to evaluate the prognostic importance of this sign in left ventricular assist device (LVAD) patients.

Methods: The analysis included all LVAD patients who received continuous-flow LVAD (HeartMate 3) at the Sheba medical center and underwent right heart catheterization (RHC) during follow up post-LVAD surgery. Patients were dichotomized into 2 mutually exclusive groups based on a plateau duration cutoff of 55% of diastole. The primary end point of the current analysis was the composite of death, heart transplantation, or increase in diuretic dosage in a 12-month follow-up period post-RHC.

Results: Study cohort included 59 LVAD patients with a mean age of 57 (IQR 54–66) of whom 48 (81%) were males. RHC was performed at 303 ± 36 days after LVAD surgery. Patients with and without diastolic plateau had similar clinical, echocardiographic, and hemodynamic parameters. Kaplan–Meier survival analysis showed that the cumulative probability of event at 1 year was 65 ± 49% vs. 21 ± 42% for primary outcomes among patients with and without diastolic plateau (p Log rank < 0.05 for both). A multivariate model with adjustment for age, INTERMACS score and ischemic cardiomyopathy consistently showed that patients with diastolic plateau were 4 times more likely to meet the study composite end point (HR = 4.35, 95% CI 1.75–10.83, p = 0.002).

Conclusion: Diastolic plateau during RHC is a marker of adverse outcome among LVAD patients.

Keywords: hemodynamic, diastolic plateau, LVAD, right ventricular, outcome


INTRODUCTION

Right ventricular failure (RVF) following left ventricular assist device (LVAD) implantation remains a major complication which may significantly impair patient outcomes. It is associated with prolonged length of intensive care unit and hospital stay, as well as high long-term morbidity and mortality (1–4). Since many LVAD patients have clinical or subclinical right ventricular (RV) dysfunction, accurate RV function assessment is essential in diagnosing RVF, guiding therapies, and determining prognoses. As the RV is embryologically and morphologically distinct, non-invasive imaging tests traditionally used for the left ventricle (LV) may not be ideal in measuring RV function (5). In addition, there are no clear invasive hemodynamic criteria that can be used to define or diagnose RVF post-LVAD. The pathophysiology of RVF post-LVAD is multifactorial; however, one of the major factors affecting RV function is LVAD speed, leading to alterations of RV preload and afterload as well as positional distortions of the interventricular septum. These changes limit the flexibility and mobility of the RV myocardium and can create a restrictive-like physiology.

Dip and plateau (“square root sign”) is a classic hemodynamic parameter used to describe a typical RV pressure pattern in patients with constrictive or restrictive physiology (6, 7). An early rapid filling of the RV in early diastole due to high atrial pressure, followed by a limitation in filling from the stiff myocardium results in a prominent “y” descent on the atrial pressure curves. The pressure in late diastole elevates and plateaus in accordance with the impaired RV relaxation or pericardial compression, resulting in the “square root” sign on RV pressure curves.

While classic teaching associates the square root sign with constrictive pericarditis, cardiac tamponade, and restrictive cardiomyopathy, we hypothesized that this sign could be used to assist in identifying LVAD patients with failing RVs. Therefore, the purpose of the current study was to evaluate the role of the invasive hemodynamic dip and plateau pattern as a marker of adverse outcomes among LVAD patients.



MATERIALS AND METHODS

The study included 59 consecutive patients who had undergone LVAD—HeartMate3 implantations at the Sheba medical center in Ramat Gan, Israel and underwent invasive right heart catheterization (RHC) as part of their follow up at the LVAD clinic. All patient data was taken from the computerized medical records. For patients who had more than one RHC study, the first RHC post-LVAD implantation was used to calculate the dip and plateau of the RV waveform. All measurements were based on end-expiration phase. All RV waveforms were reviewed, and the measurement was based on the best waveform (the one with the minimum number of artifacts). Plateau was calculated by dividing the length of the plateau by the length of the entire RV diastole; for dip calculations, catheterization pressure readings were used (Figure 1). Since there is no acceptable cutoff for diastolic plateau, positive plateau was defined as the plateau ≥ 55% of diastole, and the study population was dichotomized into 2 groups according to the diastolic plateau pattern (positive vs. negative plateau). This cutoff was used as it is statistically significant in multiple models (Kaplan–Meier, univariate Cox regression and multivariate Cox regression).


[image: image]

FIGURE 1. (A) Positive diastolic plateau. (B) Normal right heart tracing with no diastolic plateau.


All reported echocardiographs were carried out based on the American Society of Echocardiography guidelines. Right atrial pressure was estimated by visualizing the inferior vena cava (IVC) and its response to respiration. Right atrial pressure was estimated as 5 mm Hg if the IVC was < 2.0 cm in diameter at the junction of the right atrium, 15 mm Hg if the IVC was dilated and collapsed with respiration, and 20 mm Hg if the IVC was dilated and did not collapse with respiration.

Outcome events used in this study included all-cause mortality, heart transplantation, and furosemide dosage increases throughout a 12-month period post index RHC (as a parameter associated with worsening RV failure signs). The primary composite outcome of the study included death, heart transplantation, or increase in diuretic dosage in a 12-month follow-up period post-RHC. Secondary composite outcome included only death and diuretic dose increase post-RHC. Mortality data was available for all patients from the national registry. Heart transplantation and furosemide dosage increases were available for all patients from the electronic medical record. The Institutional Review Board of the Sheba Medical Center approved this retrospective analysis based on strict maintenance of participants’ anonymity during database analyses. No individual consent was obtained.


Statistical Analysis

Patient characteristics were presented as means for continuous variables and a binary system was used for categorical variables. Student t-test was used for comparison of continuous variables between the study groups. Pearson’s R and Spearman correlations were used for the same purpose for categorical variables. The probability of meeting the composite endpoint according to the study groups was graphically displayed according to the method of Kaplan–Meier, with a comparison of cumulative survival across strata by the log-rank test. Univariate and multivariable Cox proportional hazards regression modeling were used to determine the Hazard Ratio (HR) for the composite study endpoint. In addition to diastolic plateau groups, the multivariable model included age, INTERMACS score and ischemic cardiomyopathy. Hazards Ratio is presented with a 95% confidence interval and statistical significance was accepted for a 2-sided P < 0.05. All statistical analyses were performed using IBM SPSS version 23.




RESULTS

Final study cohort included 59 LVAD patients with a mean age of 57 years (IQR 54-66), and 48 patients (81%) were male. Baseline patients’ characteristics at the time of RHC are shown in Table 1. A histogram depicting the distribution of diastolic plateau length measured at the time of RHC is shown in Figure 2. Overall, 26 (44%) patients exhibited a positive diastolic plateau and were more likely to have chronic kidney disease, defined as a GFR < 40 ml/min/1.73 m2, as well as lack of mineralocorticoid treatment compared to LVAD patients without diastolic plateau (p ≤ 0.05). Other baseline characteristics did not differ between the 2 groups (Table 1). None of the study cohort patients experienced in-hospital postoperative RVF after LVAD implantation according to the Interagency Registry for Mechanically Assisted Circulatory Support (INTERMACS) definition (8).


TABLE 1. Baseline patient characteristics.
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FIGURE 2. Diastolic plateau distribution.


Echocardiography characteristics are shown in Table 2. Echo exams were performed at 7 ± 16 days from RHC without significant difference between the groups (21 ± 15 days for patients with negative plateau and 12 ± 19 days for patients with a positive plateau, p = 0.40). There were no statistically significant differences between patients with and without diastolic plateau in most echocardiographic parameters including RV functional assessment and pulmonary systolic pressure estimations. The inter-ventricular septum was in neutral position in all patients and no pump parameters adjustment was required during echo exams. Patients with a positive diastolic plateau were more likely to have more significant aortic regurgitation compared to patients without diastolic plateau (p = 0.02).


TABLE 2. Echocardiography characteristics.

[image: Table 2]
RHC was performed at 303 ± 36 days after LVAD implantation surgery. There was no significant difference at the mean time from LVAD surgery to RHC between the groups (291 ± 33 days for patients with negative plateau vs. 318 ± 38 days for patients with positive plateau, p = 0.647). RHC data are shown in Table 3 with no statistically significant differences in all hemodynamic parameters between study groups. Hence, there was no need for LVAD parameters adjustment during RHC.


TABLE 3. Right heart catheterization data.
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Kaplan–Meier survival analysis demonstrated that the cumulative probability of meeting the primary composite endpoint at 12 months was 65 49% among LVAD patients with a positive diastolic plateau vs. 21 42% among those without a diastolic plateau (p log rank < 0.001) (Figure 3A). The cumulative probability of meeting the secondary composite endpoint at 12 months for patients with positive plateau was 42 50% compared to 18 39% for those with negative plateau (p log rank = 0.043) (Figure 3B).
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FIGURE 3. Kaplan–Meier Survival Models. (A) Kaplan–Meier Survival Model for primary composite outcomes. (B) Kaplan–Meier Survival Model for secondary composite outcomes.


The distribution of outcome events during follow up was as follow: 7/33 patients without diastolic plateau presented with positive end points: (4 diuretic dose increase, 2 heart transplant, 1 death); 17/26 patients with diastolic plateau presented with positive end points: (7 diuretic dose increase, 7 heart transplant, 3 death). Overall, 11 outcome events due to increase diuretic dose vs. 13 outcome events due to heart transplant or mortality.

Cox regression survival analysis with adjustment for age, INTERMACS score and ischemic cardiomyopathy showed an independent association of the diastolic plateau with primary study outcomes such that patients with positive diastolic plateau were 4 times more likely to reach the study end points (HR = 4.35, 95% CI 1.75–10.83, p = 0.002). The significant association was consistent for secondary composite outcomes as well, such that patient with positive diastolic plateau were 3 times more likely to suffer study endpoint (HR = 2.96, 95% CI 1.04–8.41, p = 0.041).

In contrast to the diastolic plateau, hemodynamic “dip” pattern was not significantly associated with event outcomes in the study population. On average, patients that did not suffer an event had dips of 7.5 mmHg according to their RHC while patients who did suffer an event had an average dip of 8.1 mmHg (p = 0.37).



DISCUSSION

The main finding of the current analysis is that diastolic plateau, a classic hemodynamic sign of impaired right heart filling, is associated with adverse outcomes among LVAD patients. Our data demonstrated a significant association between positive diastolic plateau, measured during an ambulatory RHC of LVAD patients, and increased risk for the combination of mortality, heart transplantation, and the need for diuretic therapy augmentation. Furthermore, adjusted survival analysis showed that LVAD patients with positive diastolic plateau were 4 times more likely to reach the study end points after adjustment for age, INTERMACS score and ischemic HF etiology.

Despite technological applications and evolving surgical experience with LVAD, the incidence of RHF is ranging from 10 to 40% after LVAD therapy, and approximately 6–10% of patients require right ventricular assist device support (1–4, 9, 10). Post-LVAD RHF remains a significant reason for morbidity and mortality and is associated with more than a 20% reduction in perioperative survival (1–4). The mechanisms underlying RVF post-LVAD are often multifactorial. Alterations in RV geometry with septal distortion due to high LVAD speed, exacerbations of pre-existing RV failure due to sudden increases in venous return and RV preload induced by the improvement in cardiac output, additional intra-operative RV injury, and increased RV sensitivity to afterload over time can all lead to RVF (11, 12). However, while RVF was initially felt to be an early post-operative complication, development of late RVF has been more frequently described (13). Late-onset RVF can manifest several months to years after device implantation and has significant adverse prognostic implications for patient outcomes (13). Hence, diagnosing RVF post-LVAD is paramount in patient management, which is established by adjusting LVAD speed, tailoring diuretic therapy, and determining a patient’s status for heart transplant candidacy.

Although Transthoracic echocardiography (TTE) is routinely utilized for assessment of RV size and function, post-LVAD evaluation of RV dimensions and function by TTE may be technically difficult. This is not only because of the intrinsic complex RV geometry, but also because post-operative changes and device-related artifacts limit visualization and accuracy of ultrasound-based measurements (5). RHC, however, remains an important tool in post-LVAD follow up, providing direct hemodynamic measurements that can be used to determine cardiac chambers filling pressures, cardiac output, and vascular resistance. Hemodynamic testing has been shown to be effective in guiding patient management and reducing adverse events, even in apparently stable and well-compensated LVAD patients (14, 15).

To date, the role of hemodynamic dip and plateau measurements have not been investigated in LVAD patients. Various studies have implicated changes in the RV during LVAD implantation process with prolonged mechanical circulatory support. These include damage to the RV during surgery, disadvantageous changes in ventricular interdependence mediated by reduced LV contractility, changes in septal architecture, and alterations in RV shape, which may create a restrictive-like RV physiology (11, 16). The primary hemodynamic consequence of restriction is the limitation of the total volume of blood that can be accommodated by the heart during diastole. Accentuated early rapid ventricular filling occurs due to increase preload and improved cardiac output with LVAD support, followed by a sudden rapid rise in pressure from the RV. These filling pressures are confined by the interventricular septum and by the geometric changes post-LVAD that limit myocardial stretching during diastole. These changes may account for the “square root” sign on ventricular pressures.

Imamura et al. reported an association between deep y-descent on RHC waveform at 6 months post-LVAD implantation and LVAD related complications (gastrointestinal bleeding, stroke, or pump thrombosis) (17). Our study, however, evaluated both components of the diastolic pressure curves (dip and plateau) and demonstrated a significant association between positive diastolic plateau and, more specifically, RVF related outcomes (mortality and diuretic therapy augmentation). Although our findings did not demonstrate a significant association between hemodynamic dip and event outcomes, all our study population had a y descent deeper than 3 mmHg (which was the value used for analysis in the study by Imamura et al.). In addition, the prominent y descent on the pressure curves represents early rapid filling of the ventricles in early diastole due to high atrial pressures of increased preload, while positive diastolic plateau pattern is often seen in ventricular restrictive physiology (6, 7). Our results showing similar right atrial pressure in both groups may explain the lack of association between hemodynamic dip and patients’ outcome and highlight the role of diastolic plateau as a more specific marker for RV diastolic dysfunction.

Importantly, there were no significant differences in most clinical, laboratory, echocardiographic, or hemodynamic parameters among patients with or without diastolic plateau in our study population, which may suggest this hemodynamic parameter is an earlier sign for RVF and clinical deterioration among LVAD patients. The decreased kidney function among LVAD patients with positive diastolic plateau may suggest a cardio-renal effect as another early sign of RVF post-LVAD (18). Furthermore, the present study suggests that even a hemodynamic snapshot can be used as a clinical marker to identify possible RV dysfunction. This can serve to guide LVAD patient management and can be an improvement to the standard TTE examination.


Study Limitations

This analysis has all the inherent limitations of a small-size, single-center, retrospective study. Due to the single-center nature of this study and the small number of patients included, generalization of the results should be applied with caution before confirmation is available from larger population analyses. Our cohort has a potential patient selection bias, as our study included LVAD patients who were able to perform RHC during follow up post LVAD surgery. All RHC studies did not include volume challenge or any other provocation test. Our study design included a relative short follow up of 12 months post RHC and although the data were collected prospectively, our study is limited by its retrospective design.



Conclusion and Clinical Implications

The current study is the first to report the association between invasively measured diastolic plateau and adverse outcomes among LVAD patients. Our findings identify diastolic plateau as a parameter associate with increased risk for future RV failure before diagnosed by echocardiographic or hemodynamic studies. Due to the challenges in evaluating RV function in LVAD patients, our findings encourage clinicians to carefully evaluate diastolic plateau during RHC in LVAD patients in the real-life scenario, and once identify, to consider closer surveillance with more frequent studies for early diagnosis of clinical RV failure, and to adjust medical therapy as needed. Larger studies are warranted to validate our findings.
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Aims: Abnormal thyroid hormone secretions can alter the manifestation and prognosis of cardiovascular disease. To assess the effect of the free triiodothyronine (FT3)/free thyroxine (FT4) ratio on the prognosis of patients with heart failure (HF), we performed a propensity-matched study on patients with well-balanced baseline characteristics.

Methods: Overall, 8,887 patients with HF were divided into two groups according to the FT3/FT4 ratio. Propensity scores were calculated from each patient. A cohort comprising 2,164 pairs with high or low ratios and with 34 well-balanced baseline characteristics was then assembled. The endpoints were Cardiovascular (CV) mortality and all-cause mortality. The correlation between FT3/FT4 ratio and prognosis was assessed using matched Cox regression analyses. The mean follow-up was 3.3 years.

Results: In the full pre-match cohort, 3,710 (41.7%) patients died, with 2,581 (29.0%) cases of CV mortality. In the matched-pair cohort, all-cause mortality occurred in 923 (1,238/10,000 person-years of follow-up) patients with a high ratio and 1,036 (1,484/10,000 person-years) patients with a low ratio, resulting in a matched HR of 0.841 (95% CI: 0.769–0.919; P < 0.001). For CV mortality, the result was 638 (856/10,000 person-years) and 714 (1,023/10,000 person-years) patients, respectively, resulting in a matched HR of 0.844 (95% CI: 0.759–0.940; P < 0.001). Subgroup analysis revealed that a low FT3/FT4 ratio had a greater predictive value for all-cause and CV mortality in elderly or male patients and in patients with coronary artery disease (CAD), hypertension, diabetes mellitus, HFmrEF, or HFpEF.

Conclusions: A low FT3/FT4 ratio is valuable for predicting CV mortality and all-cause mortality in patients with HF.

Keywords: heart failure, long-term, mortality, prognosis, FT3/FT4 ratio, propensity-matched


INTRODUCTION

Heart failure (HF) is a serious or advanced stage of any heart disease that has remained a major public health threat despite advances in medical therapy (1, 2). The prevalence of HF in developed countries ranges from 1.5 to 2.0% and increases significantly with age, with a reported prevalence of ≥10% in patients older than 70 years (3). Moreover, patients with HF have consistently been associated with a poor quality of life, reporting an in-hospital and 5-year mortality of up to 4.1% (4) and 50% (1, 2), respectively. Therefore, it is important to establish an individualized approach to improve the symptoms and prognosis of patients with HF. In particular, biomarkers can mirror the physical functions and affect patient outcomes, in addition to predicting the prognosis (5). Previous studies have even shown that biomarkers and relative mechanisms-guided management would be helpful in the prognostication, diagnosis, and treatment of patients with HF (6, 7).

Free triiodothyronine (FT3) and free thyroxine (FT4) are two major thyroid hormones that affect the physiological and pathological processes of the cardiovascular system (8–10). Studies show that low T3 syndrome has been associated with poor prognosis in patients with HF (11, 12). FT3/FT4 ratio has also been significantly correlated with adverse outcomes in patients with acute coronary syndrome (8, 9). Despite these findings, no recent literature on the effect of FT3/FT4 ratio on the prognosis of patients with HF has been found.

Traditional multivariable risk adjustment models based on regression are limited by model assumptions, which may not always be appropriate and can become a concern for residual bias and procedural transparency (13). However, propensity-matched cohort can be used to assemble two groups of patients with balanced baseline covariates (14, 15). Thus, in our present large-scale retrospective cohort study, we deduced that the FT3/FT4 ratio would be a significant biomarker for the prediction of long-term outcome in a propensity-matched cohort of patients with HF.



MATERIALS AND METHODS


Study Population

Retrospective clinical data were collected from patients with HF hospitalized in the Department of Cardiology, Shengjing Hospital of China Medical University, Shenyang, China between 2013 and 2018. HF was diagnosed based on symptoms and signs, elevated levels of natriuretic peptides and at least one additional criterion of relevant structural heart disease (left atrial enlargement or left ventricular hypertrophy) or diastolic dysfunction (16). In accordance with the cardiac function classification published by the New York Heart Association (NYHA), heart function was divided into four levels (II–IV). Furthermore, HF with reduced ejection fraction (HFrEF) was defined as having a left ventricular ejection fraction (LVEF) of <40%, HF with mid-range LVEF (HFmrEF) was defined as having an LVEF of ≥40% but <50%, and HF with preserved LVEF (HFpEF) was defined as having an LVEF ≥50%. Patients displaying evidence of acute myocardial infarction, severe hepatic or renal failure, severe anemia, severe infection, thyroid disease (hyperthyroidism or hypothyroidism), or malignancy were excluded. This study was approved by the Shengjing Hospital of China Medical University Ethics Committee and was carried out in accordance with the principles of the Declaration of Helsinki. The ethics approval number is 2019PS594K.



Patients

Our cohort retrospectively included 8,887 patients with HF hospitalized from January 2013 to December 2018. The investigators extracted their corresponding comprehensive clinical data from the electronic medical records. Obtained variables included patient demographics, past cardiac and non-cardiac history, physical examination results, laboratory test results, and echocardiography. All laboratory tests of the fasting peripheral venous blood samples were also taken on the day of admission or the morning after admission. LVEF was determined by echocardiography using the biplane Simpson method within 3 days of admission. In December 2020, efforts were made to determine the nature of death in each case, patients' survival status were also investigated using the population death information registration management system of the Disease Control and Prevention Center of Liaoning Province, wherein cardiac and non-cardiac death was determined in accordance with the International Classification of Diseases (ICD) code of death diagnosis. When information was not available in the system, data were obtained from the medical records, patients' physicians, or patients' relatives via telephone.



Statistical Analysis

To avoid potential confounders and selection biases, we utilized propensity score matching. For the unmatched and matched populations, differences in the baseline characteristics were tested with chi-square and t-tests for categorical and continuous variables, respectively. The optimal cutoff value for the FT3/FT4 ratio was determined with the receiver operating characteristic (ROC) curve. The propensity score (PS) for FT3/FT4 category was separately calculated by a logistic regression model to reduce the selection bias. The clinically relevant variables, which had significant difference between high FT3/FT4 ratio and low FT3/FT4 ratio groups at baseline were included as covariates (Table 1). High FT3/FT4 ratio and low FT3/FT4 ratio were then matched 1:1 using the nearest neighbor method with a caliper of <0.01 without any replacement. The ability of the matching to balance baseline characteristics in high vs. low ratios was assessed using absolute standard differences and a quartile, reporting a non-significant value of <10%. The absolute standardized differences before and after matching were shown as Love plots. Primary outcomes of this study included 8-year all-cause mortality and 8-year CV mortality. Cox proportional hazards models were also used in overall cohort adjustment and matched population to estimate the association between the FT3/FT4 ratio and outcomes. Results were presented with their hazard ratio (HR) and corresponding 95% confidence interval (CI), and survival estimates were visualized using the Kaplan–Meier method. Interaction analyses were further conducted with consideration to the age, gender, CAD, hypertension, diabetes mellitus, stroke, atrial fibrillation, previous myocardial infarction, and LVEF in the matching population. All statistical analyses were performed using the R software version 3.6.1, and a two-tailed P-value of <0.05 was considered to be statistically significant.


Table 1. Baseline characteristics of patients in the high and low FT3/FT4 ratio groups before and after propensity matching.
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RESULTS


Baseline Characteristics

A total of 8,887 patients met the inclusion criteria. Patients in the cohort had a mean age of 69 (± 13) years, and 53.8% were male. The median follow-up time was 3.3 years (2–8 years).The optimal cutoff value for FT3/FT4 is 0.233, which was determined with the receiver operating characteristic (ROC) curve, with a area under the ROC curve (AUC) of 0.668. According to this cutoff value, FT3/FT4 is divided into two groups: the high FT3/FT4 (0.233~0.563) and low FT3/FT4 ratio group (0.085~0.233). The propensity score for the FT3/FT4 category was separately calculated using a logistic regression model, and the clinically relevant variables listed in Table 1 were used as covariates. Prior to matching, patients in the high FT3/FT4 ratio group were found to be younger, more likely to be male, had a more severe NYHA heart function, and had lower NT-proBNP levels than those in the low FT3/FT4 ratio group (Table 1, Figure 1). Other significant imbalances in baseline characteristics before matching and the balances after matching are displayed in Table 1, Figure 1. After matching, absolute standardized differences for all measured covariates were <10% (usually 5%), indicating significant covariate balance between the two groups (Figure 1).


[image: Figure 1]
FIGURE 1. Love plots for absolute standardized differences for baseline covariates of patients between high and low FT3/FT4 ratio group, before and after propensity score matching.




FT3/FT4 Ratio and Mortality

Overall, in the full pre-match cohort of 8,887 patients, 3,710 (41.7%) patients died, with 2,581 (29.0%) cases of CV mortality, during a median follow-up of 3.2 years. All-cause mortality occurred in 1,655 (rate, 850/10,000 person-years of follow-up) patients with a high FT3/FT4 ratio and 2,055 (rate, 1,981/10,000 person-years) patients with a low ratio, resulting in an unadjusted HR of 0.442 (95% CI: 0.414–0.471; P < 0.001) and an adjusted HR of 0.810 (95% CI: 0.752–0.872; P < 0.001) (Table 2). Meanwhile, CV mortality occurred in 1,117 (rate, 573/10,000 person-years) patients with a high FT3/FT4 ratio and 1,464 (rate, 1,412/10,000 person-years) patients with a low ratio, resulting in an unadjusted HR of 0.422 (95% CI:0.391–0.457; P < 0.001) and an adjusted HR of 0.795 (95% CI: 0.727–0.870; P < 0.001) (Table 2).


Table 2. Hazard ratio for FT3/FT4 ratio and all-cause/CV mortality.
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In the matched-pair cohort of 2,164 patients, all-cause mortality occurred in 923 (rate, 1,238/10,000 person-years) patients with a high FT3/FT4 ratio and 1,036 (rate, 1,484/10,000 person-years) patients with a low ratio, resulting in a matched HR of 0.841 (95% CI: 0.769–0.919; P < 0.001) (Figure 2A, Table 2). For CV mortality, this was observed in 638 (rate, 856/10,000 person-years) patients with a high FT3/FT4 ratio and 714 (rate, 1,023/10,000 person-years) patients with a low ratio, resulting in a matched HR of 0.844 (95% CI: 0.759–0.940; P < 0.001) (Figure 2B, Table 2).


[image: Figure 2]
FIGURE 2. Association of high and low FT3/FT4 ratio with all-cause/CV mortality in subgroups of propensity score-matched patients, (A) all-cause mortality, (B) CV mortality.


Findings from our sensitivity analysis indicate that the covariate (FT3/FT4), which is a predictor of mortality in patients with HF, may potentially explain the association between HF and mortality.

Correlations between the FT3/FT4 ratio and all-cause/CV mortality among various subgroups are displayed in Figure 3. Generally, a low FT3/FT4 ratio had a greater predictive value for all-cause mortality and CV mortality in elderly or male patients and in patients with CAD, hypertension, diabetes mellitus, HFmrEF, or HFpEF.


[image: Figure 3]
FIGURE 3. Association of high and low FT3/FT4 ratio with all-cause/CV mortality in subgroups of propensity score-matched patients, (A) all-cause mortality, (B) CV mortality.





DISCUSSION

In our retrospective cohort of 8,887 patients, 3,710 (41.7%) patients died, with 2,581 (29.0%) cases of CV mortality, during a median follow-up of 3.2 years. In the matched-pair cohort of 2,164 pairs of patients with high and low FT3/FT4 ratios and with 34 balanced baseline characteristics, we found that all-cause and CV mortality in patients with HF could be predicted independently using a low FT3/FT4 ratio. Specifically, the hazard ratio of long-term all-cause mortality for patients with a high FT3/FT4 ratio was 0.841 times less than that in patients with a low FT3/FT4 ratio. This was similarly seen in CV mortality, with a value of 0.844.

Baseline analysis showed that a lower FT3/FT4 ratio was associated with worse heart function and clinical characteristics, including advanced age; higher rates of diabetes and stroke; increased troponin I and NT-probNP; and decreased hemoglobin, albumin, and sodium; all of which may be related to poor prognosis in HF. Numerous studies have also shown that reduced FT3 was associated with increased cardiovascular morbidity and mortality (including HF) (10, 12), and high FT4 level within normal thyroid function has been correlated with HF and sudden cardiac death (17, 18). In particular, Kannan et al. demonstrated that higher FT4 and lower total triiodothyronine were associated with an increased risk of the composite end point for left ventricular assist device implantation, heart transplantation, or all-cause mortality (19). Furthermore, previous studies have indicated that a decreased FT3/FT4 ratio is associated with an increased risk of long-term all-cause mortality, cardiovascular mortality, and major adverse cardiovascular events in patients with CAD (9, 20).

The cardiovascular system is an important target organ of thyroid hormones, as their main effect on this system increases the heart rate, enhances myocardial contractility, reduces circulation resistance, and relieves cardiac afterload (21, 22). Thyroid hormone abnormalities, such as thyroid function hyperfunction, hypothyroidism, and low T3 syndrome, can influence the clinical manifestations and outcomes of cardiovascular disease (11). Subclinical hyperthyroidism, subclinical hypothyroidism, and low T3 syndrome are associated with high risk of atrial fibrillation and increased mortality of patients with cardiac disease (23, 24). Even a minor alteration in thyroid hormone concentration will affect the pathological and physiological process of the cardiovascular system (25, 26). Among these thyroid hormones, FT3 and FT4 are usually more sensitive and clinically relevant than T3 and T4, given that former are the physiologically active forms of the latter (27).

Previous studies have demonstrated that the FT3/FT4 ratio could reflect deiodinase activity (28), so the decline of this ratio may reflect the reduced transformation from T4 to T3 in the peripheral blood (27, 29). Therefore, the possible mechanisms of the influence of FT3/FT4 ratio on HF prognosis can be as follows. First, insufficient FT3 transformation leads to more obvious oxidative stress damage of the endoplasmic reticulum and impaired utilization of ATP by cardiomyocytes, resulting in an impaired systolic function and development of HF (30). Second, there are specific T3 receptors in the myocardium, and the decrease of FT3 may lower myocardial contractility and increase susceptibility to arrhythmia, possibly resulting in death in patients with HF (12). Third, low levels of FT3 are related to the increase of right atrial pressure, pulmonary artery pressure, and pulmonary capillary wedge pressure, as well as the decrease of ejection fraction and cardiac index, which results in myocardial fibrosis, ventricular remodeling, and myocardial perfusion and metabolism abnormalities (30). Furthermore, the FT3/FT4 ratio may be an important predictor of metabolic disease (31) and acute myocardial infarction (20).

Given the effect of thyroid hormones on the prognosis of heart failure, some scholars believe that replacement therapy, regulation of deiodinase activity, and heart-specific thyroid receptor agonists are potential treatments for HF (32). However, the potential benefits of thyroid hormone supplementation for these patients should be weighed against the risks of overtreatment. Moreover, the tolerability and safety of the aforementioned treatment regimens need further studies to confirm their viability.

Despite the large sample of the present study, a few limitations were noted. First, although we eliminated the influence of confounding factors and selection bias using propensity-matched scoring, we consequently missed a large portion of real-world data. Second, FT3 and FT4 were measured at baseline without dynamic monitoring, which may have limited the accuracy of the results. Lastly, we failed to mention and analyze the drug use of the included patients. This is important since iodized contrast agents, including amiodarone and glucocorticoids, might have affected thyroid function.

In conclusion, this propensity-matched study revealed that a low FT3/FT4 ratio had a greater predictive value for all-cause mortality and CV mortality, especially in elderly and male patients and in patients with CAD, hypertension, diabetes mellitus, HFmrEF, or HFpEF.
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Increased myocardial stiffness is critically involved in heart diseases with impaired cardiac compliance, especially heart failure with preserved ejection fraction (HFpEF). Myocardial stiffness mainly derives from cardiomyocyte- and extracellular matrix (ECM)-derived passive stiffness. Titin, a major component of sarcomeres, participates in myocardial passive stiffness and stress-sensitive signaling. The ratio of two titin isoforms, N2BA to N2B, was validated to influence diastolic dysfunction via several pathways. RNA binding motif protein 20 (RBM20) is a well-studied splicing factor of titin, functional deficiency of RBM20 in mice profile improved cardiac compliance and function, which indicated that RBM20 functions as a potential therapeutic target for mitigating myocardial stiffness by modulating titin isoforms. This minor review summarized how RBM20 and other splicing factors modify the titin isoforms ratio, therefore providing a promising target for improving the myocardial compliance of HFpEF.
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INTRODUCTION

Heart failure (HF) with preserved ejection fraction (HFpEF) is prevalent in an aging society and effective therapy is still unavailable for this public health issue. Augmented cardiac stiffness is an unfavorable state characterized by diastolic dysfunction and impaired cardiac compliance that is mainly involved in HFpEF (1). Increased cardiovascular stiffness plays a substantial role in the development of multiple diseases, including hypertension and heart failure (2). Echocardiography (3) and cardiac magnetic resonance imaging (CMRI) (4) have been applied to evaluate the compliance of the heart in clinical work. However, little attention has been attracted to cardiomyocyte or myofibril passive stiffness although atomic force microscopy (AFM) has been applied in laboratory experiments (5). Cardiac stiffness is dependent on cardiomyocyte-dependent and independent factors. Cardiomyocyte-dependent factors mainly derive from the elasticity of titin protein, while cardiomyocyte-independent factors are composed of cardiac fibroblasts and extracellular matrix (ECM). Both increased titin-based and collagen-dependent stiffness contribute to myocardial stiffness and excavate HFpEF (6, 7).

The largest monomer protein among identified proteins (8), titin spans across the sarcomere of striated muscle, providing mechanical support as well as passive tension to the sarcomere during the systole (9, 10). Genotypic or phenotypic mutations of titin are involved in cardiac remodeling and cardiomyopathy (11–13). However, the underlying mechanisms remain largely unclear.

Both alternative splicing and posttranslational modifications (PTMs) of titin play a pivotal role in its function (9). Apart from PTMs of titin that has been well summarized in previous reviews (14, 15), titin’s pre-mRNA is mainly modulated by RNA binding motif 20 (RBM20) (16). RBM20 is one of the splicing factors that regulate titin isoforms switching (17, 18). Two dominant titin isoforms, N2BA and NAB, differ in extensibility due to the composition of the structural domains (15). The elasticity of N2BA is higher than N2B owing to more proportion of proline-glutamate-valine-lysine (PEVK) and Ig motifs, which are the extensible elements in I-band titin (15). Myocardial compliance is modulated by different ratios of N2BA and N2B. In other words, improving the ratio of N2BA and N2B contributes to improving myocardial compliance. Previous studies showed a promising role in regulating RBM20 expression or interfering with its structure to alleviate myocardial stiffness via interfering with the ratio of N2BA and N2B (19, 20).

In this review, we summarized and analyzed the role of RBM20 and its co-operators in alternative splicing to regulate titin isoforms ratio, revealing a potential therapeutic target of attenuating myocardial stiffness presented in HFpEF.



MYOCARDIAL STIFFNESS

Cardiac diastolic performance mainly depends on ventricular compliance, which presents a negative relationship with myocardial stiffness and accompanies by increased viscoelastic forces that resist diastolic filling (21). Increased cardiovascular stiffness impairs myocardial and vascular elasticity, and leads to insufficient organic perfusion and clinical symptoms (22). Echocardiography (3, 23) and CMRI have been used to evaluate cardiac stiffness (4). The E’, E/A ratio, left ventricle end-diastolic diameter (LVED; d), LV end-diastolic pressure (LVEDP) and pressure-volume loop evaluated by echocardiography were regarded as markers to reflect the cardiac compliance (24). LV pressure-volume (P-V) relationship, an indirect marker for ventricle compliance, was determined by LV volume and aortic pressure acquired in CMRI (4). Despite these tests, currently there is still no effective treatment for cardiac stiffness to improve cardiac compliance and flexibility. Basic research is in an urgent need to find out potential targets for improving cardiac stiffness.

The mechanism of cardiac stiffness has not been fully understood. Various pathological changes are involved in myocardial stiffness, including cardiac fibrosis (25), increased collagen in ECM (26), and most importantly, increased intrinsic cardiomyocyte stiffness which results from impairment of the cytoskeleton. Increased ECM, especially fibrillar collagen, contributes to the development of cardiac fibrosis (7, 27), which limits the systolic and diastolic function of the heart and ultimately leads to a decline in cardiac function (7). However, treatments for cardiac fibrosis have limited contribution to improving cardiac stiffness. More importantly, multiple studies over decades have revealed the substantial role of myocyte-derived compliance, which is closely related to titin (10, 28, 29). Apart from structural alterations, metabolic disorders were involved in myocardial stiffness. For instance, serum circulating proteins such as secreted frizzled-related protein 1 (sFRP1) promoted pathological changes in gene expression and cellular stiffness (30). Furthermore, coronary microvascular dysfunction, increased inflammation, oxidative stress and myocardial sodium glucose cotransporter-2 (SGLT-2)-mediated effects were significantly involved in myocardial stiffness induced by diabetic cardiomyopathy (31). Such pathological changes may lead to a decrease in energetic efficiency and suggest possible value to developing potential drugs targeting these listed mechanisms.



THE RELATIONSHIP BETWEEN TITIN AND CARDIAC STIFFNESS

The giant filament protein titin plays an essential role in facilitating the contraction of the myocardium. Titin is the largest protein in the human body encoded by 364 exons of the TTN gene (8, 32). Composed of four main structural domains, titin crosses sarcomeres to connect the Z-disk and the M-line and Serves as a physiological spring (Figure 1A) (29). The main extensible region of titin is composed of three domains: N2Bus, the spring-like PEVK domain and the immunoglobulin (Ig)-like domains. The PEVK and N2B regions hold a spring-like function (33), while a shortened Ig domain resulted in titin-based cardiac diastolic dysfunction (34), besides, Unfolding and refolding of the Ig domain exert different impacts on myocardial elasticity (35–37).
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FIGURE 1. (A) Titin isoforms serve essential functional roles as part of the sarcomere, myofibril, and cardiac tissue. (B) The binding site of RBM20 on pre-mRNA and the structural and functional domains of RBM20.


Studies demonstrated that Ig-like domains affect titin elasticity through redox modification (38) and S-glutathionylated (35) in the unfolded state. In detail, S-glutathionylation of cryptic cysteines enhances titin elasticity by blocking protein folding in human cardiomyocytes (35).

Titin provides structural support and elastic forces to heart tissue while being stretched. Length and viscoelasticity are predominant components of the passive tension during the heart systaltic process and the major contributors to the Frank-Starling mechanism (28, 29). The alternative splicing process produce different isoforms of titin, including adult N2BA, adult N2B and fetal cardiac titin (FCT) that are composed of different proportion of domains (Ig, PEVK, N2Bus and N2A), which differ in length and elasticity. The long, soft N2BA isoform (3,200–3,500 kDa) and the short, rigid N2B isoform (3,000 kDa) are expressed in adult human hearts (Figure 1A). Distensibility of different isoforms mainly depends on the length of spring N2B and PEVK regions (39). The longer PEVK and N2Bus expressed in N2BA isoform determined its softer property than N2A. The N2BA: N2B ratio has a pronounced impact on myocardial stiffness (40). Different titin isoforms ratio was shown to affect cardiac phenotypes and heart diseases (13, 41). The titin-isoform shift may be beneficial for myocardial diastolic function but could impair the contractile performance in systole (42). A larger proportion of N2BA is expressed in the dilated cardiomyopathy (DCM) patients’ hearts than the normal ones, accompanying by impaired cardiac systolic function (42). However, some studies demonstrated that upregulating compliant titin isoforms in a murine model with HFpEF-like symptoms improved diastolic function resulting in greater tolerance to exercise (13). Further studies need to make the mechanism clear and explore the potential therapeutics modulating the titin isoform ratio to alleviate myocardial stiffness.

PTMs are well-studied to modulate titin stiffness via phosphorylation and dephosphorylation (10, 15). Elasticity of titin was regulated by activating PKG or PKCα at the N2B element with its extensible unique sequence (N2Bus) or PEVK region (9, 43). Myocardial stiffness was, respectively, decreased and increased by phosphorylating the N2Bus and PEVK region of titin (44, 45). Phosphoserines within N2Bus, including P-S4010, P-S4099 and P-S4062, are independently activated by ERK1/2 (46), cAMP-dependent PKA (47), cGMP-dependent PKG and CaMKII (14, 47, 48). In contrast, phosphorylating the PEVK region of titin by PKC exacerbated myocardial stiffness (49). Accordingly, regulating the phosphorylation of N2Bus and PEVK domains may attenuate cardiac stiffness induced by chronic heart diseases (CHD).



SPLICING FACTORS PLAY AN ESSENTIAL ROLE IN MODULATING TITIN ISOFORMS


RBM20, a Silver Lining for Patients With Cardiac Diastolic Dysfunction

Mis-splicing of titin mitigated by RBM20 was markedly involved in heart diseases (50, 51). As a striated muscle-specific gene located on chromosome 10, the RBM20 gene contains 14 exons and encodes a protein of 1,227 amino acids mostly expressed in the myocardium (52, 53). RBM20 contains two zinc finger domains, an RNA recognition motif (RRM), a serine- and arginine-rich region (RS region), a leucine-rich region, and a glutamate-rich region (Figure 1B) (54). Two pivotal functional regions, RRM and RS region play a dominant role in the nuclear localization of RBM20. Meanwhile, the most frequent pathogenic RBM20 mutations occur in the RS region.[55] RBM20 binds with introns near splice sites and adjacent to U1 and U2 small nuclear ribonucleoprotein (snRNP) binding sites to regulate splicing (53). Haploinsufficiency of RBM20 led to altered alternative splicing of TTN and a dramatic shift to highly compliant titin isoforms and impaired Frank-Starling mechanism (55). Moreover, the serine and arginine residues in the RS region (RSRSP stretch) can be phosphorylated, which is necessary for the nuclear localization of RBM20. Loss of phosphorylation of these mutated residues promoted the translocation of RBM20 from the nucleus and negated the function of RBM20 (56). Given a better understanding of regions of RBM20 (57), it is intriguingly to elucidate how mutation of RBM20 affect cardiac function via regulating splicing of pre-mRNA of titin. RBM20 represses splicing to orchestrate cardiac pre-mRNA processing. In failing human hearts, reduced expression of RBM20 affects alternative splicing of several direct targets, indicating that differences in RBM20 expression may affect cardiac function (53).

RBM20 plays an essential role in titin isoform switching (16). Genotype mutations or functional site alterations in RBM20 lead to different outcomes (57, 58). For instance, genetic mutations (59) and mutations in RS domain (60) of RBM20 were observed to closely associated with familial DCM cases. In addition, a mutation in the glutamate-rich region of RBM20 causes DCM through missplicing of titin and impaired Frank–Starling mechanism (55). More descriptions of the relationship between RBM20 variation and corresponding exons and pathogenicity were summarized in previous reviews (61). Subendocardial fibrosis accompanied by electrical abnormalities has been observed in RBM20-null heterozygous or homozygous rats (58). RBM20 deficiency in rats leads to many phenotypic features that are observed in individuals with cardiomyopathy related to mutant RBM20, suggesting conserved RBM20 function. Researchers found that RBM20 was a global regulator of cardiac alternative splicing and document considerable overlap of post-transcriptionally regulated genes that depend on RBM20. They offer mechanistic insights and functional annotation of RBM20 substrates that contribute to cardiomyopathy and heart failure (58).

Among the cardiac genes regulated by RBM20, TTN is a major human disease-causing one (50, 58). DCM was closely related to mutations in RBM20 (59). A previous study demonstrated that RBM20-mutated (a missense mutation in the RSRSP stretch) mice caused the development of DCM (62). However, researchers experimentally promoted the compliance of titin by RBM20 inhibition with a mouse model termed cRbm20ΔRRM, referred to as one of the RRM of the RBM20 alleles was floxed and which expressed the MerCreMer transgene under control of the αMHC promoter (63). Inhibiting the RBM20-based titin splicing system contributed to upregulating compliant titin and improving diastolic function in an HFpEF model (63). In addition, increased ventricular stiffness and diastolic dysfunction in N2B-KO mice were reversed by a 50% reduction of functional RBM20 expression (64), which relied on mechanical properties of titin and broadened the therapeutics of cardiac stiffness mediated by RBM20 (64).

The latest study revealed that inhibition of RBM20 with antisense oligonucleotides (ASOs) in HFpEF mouse and engineered human heart tissue improved diastolic function (20), which indicated a marked translational value of RBM20 in attenuating myocardial wall stiffness. Myocardial stiffness was estimated by pressure-volume catheter and or AFM and also reflected by increased radial and circumferential strains (65). Myocardial compliance was reflected by the velocity of LV pressure varying with LV volume in the P-V curve, while AFM assesses the elastic and adhesive behavior of cardiomyocytes through topography detection to the exploiting advanced nanomechanical mapping (66). AFM increasingly provides a thorough insight into cardiac physiological and pathological conditions, as well as the effects of therapeutic approaches at the cardiomyocytes scale.

RBM20 is crucial for the formation of a subset of circRNAs that originate from the I-band of the titin gene (67). CircRNAs affect splicing (68) and regulate gene expression (69). Khan et al. identified 80 different circRNAs within the TTN gene and determined RBM20-sensitive exons served as a substrate for circRNA formation when they were spliced out of the linear titin transcript (67).



RBM20 Coordinates With RBM24 to Regulate Cardiac Hypertrophy

RNA Binding Motif 24 (RBM24), a member of the RNA binding protein (RBP) family, is also an important splicing factor involved in titin splicing. The RBM24 full and conditional knockout mice were embryonic lethal and exhibited DCM or heart failure, respectively (70). RBM24 deletion in mouse model resulted in misconnection of genes encoding structural proteins of sarcomere, such as Tpm2, TTN, Neb1, Fhod3, Enah, and Ablim1 (71). As a major regulator of muscle-specific alternative splicing, RBM24 is necessary for sarcomere assembly and cardiac contraction (72). Latest study showed that RBM24 modulates the temporal dynamics of core myofibrillogenesis genes and thereby orchestrates sarcomere organization via facilitating inclusion of exon 6 of ACTN2 (73). In addition, RBM24 promoted the inclusion of exons 11 and 13 of TTN, which located on the Z-disk and participate in the assembly, stabilization, and maintenance of myofibrils (70, 74). More research are called for indicating mechanisms involved in RBM24 regulating TTN and myocardial fibrils assembly in the future.

Intriguingly, RBM20 and RBM24 were shown to co-regulate the splicing of scaffold proteins expressed by the ENH genes in rat cardiomyocytes (75). In healthy conditions, RBM20 and RBM24 cooperate to promote the expression of short ENH isoforms (ENH3), which prevents hypertrophic growth. However, RBM20 or RBM24 alone had no significant effect on the alteration of scaffold protein subtypes. In addition, promoting RBM20 and RBM24 increased the expression of ENH subtypes lacking LIM domains (such as ENH3 and ENH4), thus prevented myocardial hypertrophy in mice (75). It is reasonable to speculate that the cooperatively regulating RBM20 and RBM24 may affect myocardial stiffness, because cardiac hypertrophy is closely related to wall stiffness and compliance, but the mechanisms remain unknown.

Therefore, future studies are needed to determine whether exist potential mechanism that RBM20 and RBM24 cooperate to regulate myocardial stiffness by muscle-specific alternative splicing.



The Mechanism of the Regulation of the Titin Isoforms Conversion by RBM20 and PTB4

RBM20 splicing upon the post-transcriptional precursor mRNA of the TTN gene effectively regulated cardiomyocyte stiffness (28). The specific mechanism may be related to the phosphorylation of the RS domain, the deletion of the glutamate-rich domain, and the change in plasma hormone levels. Determining the TTN pre-mRNA binding sites is the key to regulating the proportion of titin subtypes by RBM20.

As a splicing inhibitor near exons, RBM20 Predominantly binds to intron sequences containing UCUU motifs (Figure 1B) (52, 58). Recent studies have confirmed RBM20 uses a coupled folding binding mechanism by the C-terminal helix to specifically recognize the UCUU RNA motif (76).

The novel titin splicing factor PTB4 (alias PTBP1) is a member of the heterogeneous nuclear ribonucleoprotein (hnRNP) family that expressed in the heart, skeletal muscle, and brain (77). PTB4 binds to UC-rich regions in introns on both sides of regulatory exons (78). PTB4 and RBM20 jointly regulated the splicing of cardiac precursor mRNA (17). Interestingly, PTB4 acts as a novel regulator of titin splicing in exon exclusion through counteracting the RBM20 repressor activity (79). PTB4/RNA complexes are formed only with RNAs containing UCUU motifs. Dauksaite et al. showed that PTB4 and RBM20 bind to the transcriptional sequence with the same motif on the 5′SS downstream of the alternative exon (79). This provided a possible mechanism of regulating titin isoform expression through additive binding of PTB4 and RBM20 to the downstream intron (79). It is of great significance to figure out RBM20 and PTBP4 as the potential therapeutic targets for attenuating myocardial stiffness and diastolic dysfunction.

As one of the main inhibitors of splicing events, PTB4 inhibited specific exons in alternative splicing isomers (80). The expression of RBM20 and PTB4 increased and decreased during cardiac development, respectively. This contrary trend of PTB4 and RBM20 during heart development showed an inhibition effect of PTBP1 on the splicing effect of RBM20 on titin (17, 81).

In addition, both PTB4 and RBM20 are involved in regulating the alternative splicing of formin homologous 2 domains containing 3 (FHOD3) proteins, the sarcomere proteins regulating the dynamics of actin, thus participating in actin assembly and sarcomeric organization of cardiomyocyte (81). Further study of alternative splicing of FHOD3 by RBM20 and PTB4 may contribute to exploring mechanisms and therapeutic targets of cardiomyopathy.




TITIN ISOFORMS SWITCHING IS MODULATED BY HORMONE STIMULI VIA MODULATING RBM20 EXPRESSION

RBM20 was demonstrated to be involved in the process of multiple external stimuli regulating titin isoforms transition, thus modulating the myocardial wall stiffness. Here, we summarized signaling pathways that linking factors and RBM20 to regulate titin isoforms switching (Figure 2). For instance, titin isoform transition triggered by the thyroid hormone-triiodothyronine (T3) is linked to RBM20 via the PI3K/Akt/mTOR signaling pathway, phosphorylating RBM20 and/or increasing gene expression of RBM20 (18). No N2B isoform was expressed in RBM20–/– rat hearts under T3 treatment relative to control groups implanted with placebo, while propylthiouracil (PTU) treatment attenuated N2BA:N2B ratio in RBM20+/+ rats (18). Furthermore, researchers revealed that mechanism linking titin isoforms and T3 mainly due to the PTMs (specifically phosphorylation) of RBM20 (18).
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FIGURE 2. Hormone stimuli promote signaling pathways in modulating the expression of titin isoforms via RBM20.


Besides, insulin controls titin-based cardiac stiffness via activating PI3K/Akt/mTOR pathway and increasing titin phosphorylation (82). Researchers showed the mean proportion of the stiffer N2B-titin isoform significantly increased in insulin-treated primary neonatal rat cardiomyocytes (NRCMs) and diastolic function was improved in diabetic cardiomyopathy (82). Likewise, the central position of RBM20 in PI3K/Akt/mTOR pathway for insulin-induced titin alternative splicing was validated in another study (83). However, whether Akt directly act on the SR rich region or phosphorylate RBM20 to regulate splicing of titin remains unclear and worth further exploration.

AngII has been demonstrated to activate MAPK-ELK axis and to upregulate the expression of RBM20 (84). This study revealed that Ang II can trigger ELK1 through activation of MAPK signaling by enhancing RBM20 expression which regulates pre-mRNA splicing. After AngII binds to AngII receptor 1 (AT1R), intracellular molecules including JNK/ERK1/p38 are phosphorylated and the downstream transcription factor ELK1 translocated into the nucleus. ELK1 was activated and combined with titin pre-mRNA, which triggered the expression of RBM20 and regulated the titin isoforms ratio (84).

Furthermore, RBM20 methylation was decreased and the RBM20 mRNA level increased upon doxorubicin treatment (85). Accordingly, further studies need to reveal signaling pathways involved in RBM20 and unravel the potential therapeutic targets of augmented cardiac stiffness.

Better understanding the mechanisms involved in titin isoforms transition shows a silver lining for treating heart failure with myocardial wall stiffness.



CONCLUSION

HFpEF characterized by diastolic dysfunction remains a serious public health problem with high morbidity and mortality. Novel therapeutics or prevention strategies are urgent for solving this problem. Titin, the spring protein of sarcomere in myocardium, plays an essential role in controlling compliance and elasticity during contractile relaxation. Modification of titin isoforms ratio via splicing factor RBM20 represents a potential target to attenuate myocardial stiffness. As effective regulators of cardiac stiffness based on titin, RBM20 provides novel strategies to treat heart diseases with impaired cardiac compliance, especially HFpEF. RBM24 and PTB4 broadened the splicing scope of titin, which provided new therapeutics and is worthy of further exploration.

Both RBM20 heterozygous mouse model (86) and reducing RBM20 activity in N2B-KO mouse (64) inhibited titin-based stiffness and diastolic dysfunction and improved cardiac function. However, patients that carry a pathogenic RBM20 mutation have more ventricular arrhythmias comparing to patients with a TTN mutation (87). Haploinsufficiency of RBM20 disturbed alternative splicing of TTN and resulted in a dramatic shift to highly compliant titin isoforms and an impaired Frank-Starling Mechanism (55). Titin isoform analysis revealed a dramatic shift from the less compliant N2B toward the highly compliant N2BA isoforms in RBM20E913K/+ heart that carrying a mutation in a glutamate-rich region of RBM20. These effects may contribute to the early onset, and malignant course of DCM caused by RBM20 mutations (55). As those side effects exist, more research are urgently needed to translate the clinical therapy value of RBM20.

Besides, multiple small molecules modulate titin isoforms switching, via RBM20-dependent or independent way. C-type natriuretic peptide (CNP) modulated titin-based ventricular compliance (88) and Digoxin attenuated RBM20 protein level (89), respectively. Cardenolides affect RBM20-dependent titin isoforms expression via decreasing RBM20 protein levels and altering transcription of select splicing factors that interact with RBM20 (90). It is promising that taking small molecules to inhibit the splicing activity of RBM20 (90).

In summary, our mini review has illustrated a promising way to attenuate myocardial stiffness characterized in heart failure, which mainly depends on the role of splicing factor RBM20 on titin pre-mRNA to modulate titin isoforms ratio.
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Background: Hereditary transthyretin amyloid cardiomyopathy (ATTR-CM) is a genotypically heterogeneous disorder with a poor prognosis. There is limited literature describing the variants responsible for ATTRv in areas outside the United State, the United Kingdom and Europe. This study was performed to describe the clinical characteristics and genotypic profiles of this disease in South China.

Methods: This was a single-center retrospective study that evaluated 29 patients with a confirmed diagnosis of hereditary transthyretin amyloid cardiomyopathy enrolled from January 2016 to November 2021.

Results: 93.1% patients were male and the median age of symptom onset was 53 (46, 62.5) years old. The initial manifestations of ATTR-CM were cardiovascular symptoms (55.2%), neuropathy (41.4%) and vitreous opacity (3.4%). Phenotypes at diagnosis were mixed (82.8%), predominant cardiac (6.9%), neurological (6.9%) and ophthalmic (3.4%). Poor R-wave progression (41%), pseudo-infarct (31%) and low-voltage (31%) patterns were common findings on electrocardiogram. Unexplained increased wall thickness was observed in all 29 patients, with mean septal and posterior wall thicknesses of 14.25 ± 6.26 mm and 15.34 ± 2.84 mm, respectively. Diastolic dysfunction was also seen in all 29 patients, and 17 (58%) had a restrictive fill pattern at diagnosis. Nine different missense mutations of the TTR gene were found in 29 patients from 23 families, with c.349G>T (p.Ala117Ser) the most common mutation. The median survival time after diagnosis was 47.6 (95% CI 37.9-57.4) months, with 1, 3 and 5-year survival rates of 91.2%, 74% and 38% respectively. Patients with advanced heart failure (National Amyloidosis Staging stage II/III) had worse survival than stage I [Breslow (Generalized Wilcoxon), χ2 = 4.693, P = 0.03)].

Conclusions: ATTR amyloidosis genotypes and phenotypes are highly heterogeneous. Advanced heart failure predicts a poor prognosis. Understanding the different clinical profiles of ATTR cardiac amyloidosis with different genotype is important to its early recognition.

Keywords: hereditary, transthyretin amyloidosis, cardiomyopathy, prognosis, China


INTRODUCTION

Hereditary transthyretin amyloidosis (ATTRv) represents a group of severe diseases with a broad spectrum of genotypes and phenotypes caused by transthyretin (TTR) gene mutations. ATTR is the result of dissociation of the transthyretin tetramer into monomers that mis-fold, forming amyloid deposits in the extracellular space (1). The most common manifestations of ATTR are polyneuropathy and cardiomyopathy (2). As our understanding of the molecular mechanisms behind ATTR amyloidosis improves, disease-modifying treatments including stabilizing molecular (tafamidis) and genetic silencers (partisiran and inotersen) have been made available. As pharmacotherapy is more effective in the early stages of the disease, the early diagnosis of ATTR by understanding its genotype-phenotype correlations is important (3–5).

More than 120 mutations of the TTR gene have been described, and as of December 2021 there are 68 pathogenic/likely pathogenic variants of the TTR gene listed in the National Center for Biotechnology Information ClinVar database (6–8). Some genotype-phenotype variability has been reported. Although the THAOS registry collected ATTR phenotypes and genotypes from continental Western Europe and the United States, few studies have been performed in China. Two recent retrospective cohort studies revealed that the mutation of TTR in Chinese patients may be quite different from that seen in the United States and Europe (9, 10). Further, those two studies mainly discussed ATTRv patients from northern China and one study focused on ATTRv patients with neuropathy as main symptom. Here, we report the phenotype and genotype of 29 patients with ATTRv cardiomyopathy (ATTRv-CM) from 23 unrelated South Chinese families.



METHODS


Study Design and Population

This was a descriptive, observational, and retrospective study that included patients diagnosed with hereditary ATTRv-CM at our institution from January 2016 to November 2021. The study was undertaken in accordance with the Declaration of Helsinki and was approved by the ethics committee of Second Xiangya Hospital. Due to the retrospective nature of this study, informed consent was waived for patients who had died. Otherwise, all patients provided written informed consent.



Diagnosis of Hereditary ATTR Cardiac Amyloidosis

The diagnosis of hereditary ATTRv-CM was established by clinical presentation, family history, echocardiography, tissue biopsy and DNA sequencing for the presence of a mutation in the TTR gene. Cardiac magnetic resonance (CMR) and 99mtechnetium (99mTc)-pyrophosphate (PYP) scintigraphy were performed in select cases. All included patients had a positive tissue biopsy (endocardium or extracardiac, e.g., abdominal adipose tissue or vitreous body) for amyloidosis and a pathogenic/likely pathogenic TTR variant. Light chain amyloidosis was ruled out by confirming a normal free light chain ratio and the absence of detectable serum and/or urine monoclonal protein. Patients without a related gene mutation on TTR gene sequencing were excluded.

The date of symptom onset was reported by the patient as the date on which symptoms related to amyloidosis first were noted. The date of diagnosis was the date on which the diagnosis of amyloidosis was confirmed histologically.

Phenotype categories based on clinical presentation at the time of diagnosis were: 1) predominantly cardiac. 2) predominantly neurological. 3) mixed (cardiac and neurological); and 4) ophthalmic. Patients with a predominantly cardiac phenotype were those (1) with heart failure, dyspnea and/or abnormal electrocardiogram findings caused by rhythm disturbance and (2) who did not have more than mild neurological or gastrointestinal symptoms (excluding erectile dysfunction, constipation and carpal tunnel syndrome). Patients with a predominantly neurologic phenotype were those with (1) walking disability of any severity, other neurologic symptoms of any severity or gastrointestinal symptoms (early satiety, nausea, vomiting, unintentional weight loss, diarrhea, constipation or fecal incontinence) of any severity and (2) who did not have heart failure, dyspnea, or an abnormal ECG due to a rhythm disturbance. Patients with a (3) mixed phenotype were patients who had at least 1 cardiac and neurological symptom as described above. Patients with (4) an ophthalmic phenotype had vitreous opacity with none of the cardiac or neurological symptoms described above.

Cardiomyopathy was defined as an end-diastolic thickness of the left ventricular wall > 1.2 cm (in the absence of any other plausible causes of LV hypertrophy). Other clues suggestive of cardiac amyloidosis included granular sparkling appearance of the ventricular myocardium, increased thickness of the atrioventricular valves or the interatrial septum and reduced tissue doppler e' velocities. CMR and 99mTc-PYP were performed in select cases. Characteristic CMR findings of (1) the inability to suppress or “null” the myocardial signal or (2) the presence of diffuse subendocardial or transmural enhancement patterns on late gadolinium enhancement CMR were recorded. Grade 2 or 3 cardiac uptake on 99mTc-PYP scintigraphy was also recorded.

N-terminal pro-B type natriuretic peptide (NT-proBNP), estimated glomerular filtration rate (eGFR), cardiac troponin (cTnT), modified poly neuropathy disability (PND) score and the U.K. National Amyloidosis Staging (NAC) and New York Heart Association (NYHA) stages were recorded. NAC Stage I is defined as NT-proBNP ≤ 3000 ng/L and eGFR ≥ 45 mL/min, and NAC stage III was defined as NT-proBNP> 3000 ng/L and eGFR < 45 mL/min. The remainder of the patients were assigned to NAC stage II.



Neurological Work-Up

Neurological examination included an assessment of motor, cerebellar and reflex function as well as screening for sensory function. Muscle strength was documented according to the Medical Research Council (MRC) scale (5/5 normal strength, 0/5 no contractions). Motor and sensory nerve conduction studies were performed on patients with reported neurologic symptoms. The PND score was used to stage patients with ATTRv and polyneuropathy at baseline. PND I was defined as sensory disturbances in the extremities but preserved walking capacity; PND II was defined as difficulty walking but without the need for a walking stick; PND III was defined as sticks or crutches required for walking; and PND IV was defined as confined to a wheelchair or bed.



Genetic Testing of the TTR Gene

Genomic DNA was isolated from whole peripheral blood using standard techniques. Exon 1–4 of the TTR gene were amplified with polymerase chain reaction. Sequences of the TTR gene (NM_000371.3; NG_009490.1) were analyzed using the Applied BioSystems SeqScape software v4.0 (Carlsbad, USA) and the DNA Dynamo Sequence Analysis Software (North Wales, UK). The datasets presented in this study can be found in an online repository. The name of the repository and its accession numbers can be found in the supplementary material (Supplementary Table 1). Genetic testing and clinical penetrance assessments were performed on family members for probands if available.



Follow-Up

Patient follow-ups at 6 to 12-month intervals included an ECG, NT-proBNP and yearly echocardiogram. Mutation carriers were surveilled via regular (yearly) telephone contact.



Statistical Analyses

Continuous variables are reported as mean ± SD or median and interquartile range (IQR) (for non-normal distributions). Categorical variables are reported as percentages. Kaplan-Meier survival was calculated from the date of the original diagnosis to the date of death or the most recent contact. Gehan-Breslow-Wilcoxon method was used to compare survival curves. All tests were 2-tailed and a P-value <0.05 was considered statistically significant. Statistical analyses were performed using SPSS Statistics (version 26. IBM Corp., Chicago, IL, USA).




RESULTS


Clinical Characteristics of Patients With ATTR Cardiac Amyloidosis

The clinical characteristics at diagnosis of the 29 patients are summarized in Tables 1, 2. Twenty-seven (93.1%) patients were male. The median age at symptom onset was 53 (46, 62.5) years and the median age at diagnosis was 56 (47.75–66.25) years. The median time from symptom onset to diagnosis was 24 (12−24) months and the median course from diagnosis to the last visit was 15 (6.5–37.5) months.


Table 1. Clinical Manifestations of ATTRv-CM and the TTR variant Ala97Ser.
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Table 2. Complementary baseline tests for ATTRv–CM and the TTR variant Aal97Ser.
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Dyspnea on exertion and limited physical capacity were the initial complaints that prompted a comprehensive cardiological examination in 16 cases (55.2%). Another 12 (41.4%) patients presented with distal sensory disturbances and/or weakness predominantly of the lower limbs. One patient reported vitreous opacity as their initial manifestation and had asymptomatic cardiac hypertrophy at diagnosis.

Twenty-four (82.8%) patients presented with a mixed phenotype that included both cardiomyopathy and neuropathy, while 2 (6.9%) had a predominantly cardiac phenotype and 2 (6.9%) had a predominantly neurological phenotype. One patient (3.4%) presented with vitreous opacity with asymptomatic myocardial hypertrophy. Peripheral and autonomic nerve dysfunction were found in 25 (86.2%) and 14 (48.3%) subjects at diagnosis, respectively. Six patients (20.7%) had a history of uni- or bilateral carpal tunnel syndrome. Lumber spinal stenosis was reported in one patient. The PND score was used to describe the severity of the peripheral neuropathy (Table 1). At diagnosis, 72.4% (21) had severe heart failure (NYHA III/IV), 3.4% (1) had mild heart failure (NYHA II) and 24.1% (7) had asymptomatic myocardial hypertrophy (Table 1). Elevated NT-proBNP and cTnT were found in 29 (100%) and 28 (97%) patients, respectively. The median NT-proBNP and cTnT levels were 2789 (1206–5024) pg/ml and 61.5 (42.8–88.9) pg/ml at diagnosis. Only one patient had an eGFR <45 and the median eGFR was 81.7 (66.4–93.6) ml/min/1.73 m2 (Table 2). Of the 29 patients, 19 (65.6%) were NAC stage I, 9 (31%) stage II and 1 (3.4%) stage III.

Electrocardiogram abnormalities were evident in 15 (51.7%) patients at diagnosis. Two (6.9%) had atrial fibrillation, 5 (17.2%) presented with an atrial-ventricular block and 2 went on to require a permanent pacemaker. The classic low-voltage pattern of ATTR-CM was found in 9 (31%) patients, while a low-voltage pattern according to the Sokolow criteria was found in 8 (27.5%). A pseudo-infarct pattern was found in 9 (31%) patients and poor R wave progression was found in 12 (41%, Table 2).

Unexplained increased wall thickness (>12 mm) and diastolic dysfunction were observed in 29 (100%) patients. Two (6.9%) had systolic dysfunction with an ejection fraction <50%. Restrictive filling (e' <5 cm/s) was present in 17 (58%) patients at diagnosis. Pericardial effusions were present in 9 patients (31%). The mean septal and posterior wall thicknesses of the cohort were 16.39±3.04 mm and 15.34±2.84 mm, respectively, and the mean systolic left atrial diameter was 39.47±5.54 mm. The mean LVEF was 52.65±10.6%. CMR was performed on 16 (55.2%) patients to diagnose ATTR cardiac amyloidosis, all of which showed diffuse subendocardial or transmural LGE and abnormal gadolinium kinetics. 99mTC-PYP scintigraphy was performed on 9 patients (31%). Seven had grade 3 cardiac uptake and 2 patients had grade 2 uptake. Biopsies were performed on all patients, and originated from the abdominal fat (28), endomyocardium (1) or vitreous body (1) (Table 2). All samples were positive on Congo red staining and TTR immunochemistry. Four patients (9.5%) in this cohort were on tafamidis post-enrollment, and no patient received a liver transplant.



Genetic Spectrum of TTR Mutations

Genetic testing of the probands and their family members identified 9 different missense TTR mutations [Asp18Asn(p.Asp38Asn), Ser23Asn(p.Ser43Asn), Glu42Gly (p.Glu62Gly), Gly47Glu(p.Gly67Glu), Leu55Arg(p.Leu75Arg), Thr59Lys(p.Thr79Lys), Glu61Lys(p.Glu81Lys), His108Arg (p.His108Arg), Ala97Ser(p.Ala117Ser)] and 1 small deletion mutation (3'UTR c.624_632 del GACTTCTCC) in 29 patients from 23 families. Pedigree analysis found another 11 asymptomatic mutation carriers without electrocardiographic and echocardiographic abnormalities. The predominant genotypes identified in ATTR-CA were the Ala97Ser (p.Ala117Ser) mutation (11/29, 37.9%) followed by Thr59Lys (p.Thr79Lys) (5, 17.2%) (Figure 1). Of these variants, Asp18Asn, Ser23Asn, Glu42Gly, Gly47Glu, Thr59Lys, Glu61Lys, His88Arg and Ala97Ser were associated with the mixed phenotype while Leu55Arg was associated with the ophthalmic phenotype. The deletion mutation was found in a patient with a cardiac phenotype (Table 3).
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FIGURE 1. Distribution of TTR mutations in a cohort of ATTR-CA patients from South China.



Table 3. Genotype distribution in probands and family members.
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Ala97Ser was the most common mutation in this cohort. 72.7% (8/11 cases) of patients carrying the Ala97Ser presented with evidence of heart failure at confirmed diagnosis of ATTRv cardiac amyloidosis, with 63.7% (7/11) having NYHAIII/IV (Table 1). All patients with Ala97Ser mutations initially presented with neurological dysfunction, but cardiac symptoms followed 2–9 years later. The median age of onset of neurological symptom related to ATTR amyloidosis in patients carrying the Ala97Ser variant was 65 (62–67) years old and the median time from neurological symptom onset to diagnosis of ATTRv-CM was 48 (24–102) months.



Survival

During January 2016 to November 2021, 29 patients were diagnosed with hereditary ATTRv-CM and followed up at our institution. The date when symptoms related to ATTRv began, (which was 30 (12, 54) months before diagnosis of ATTR-CM), was recorded according to the patient's report. The mortality rate of the cohort over a median follow-up of 14 (5.75, 32.25) months was 7/29 (24%). The estimated median survival times after initial symptom onset related to ATTRv and at confirmed diagnosis of ATTRv-CM by Kaplan-Meier survival curve analysis were 131 (95%CI 88.6–173.7) and 47.6 (95%CI 37.9–57.4) months, respectively. According to Kaplan-Meier survival curve analysis, the estimated 3-, 5- and 10-year survival rates after symptom onset were 90%, 70% and 52.6%, respectively (Figure 2A). The overall 1-year survival rate after diagnosis was 91.2%, and the 3- and 5-year survival rates were 74% and 38%, respectively (Figure 2B).


[image: Figure 2]
FIGURE 2. (A) Kaplan-Meier survival curves of data obtained from ATTR-CA symptom onset. Overall survival at 12-, 36-, 60-, and 120- months after symptom onset were 100%, 90%, 70% and 52.6%, respectively. Numbers below the plot represent the number of subjects at risk at each time point. Cumulative events refer to all-cause death. The median survival time after symptom onset was 131 (95%CI 88.6–173.7) months. (B) Kaplan-Meier survival curves at confirmed diagnosis. Overall survival at 12-, 36-, and 60- months was 91.2%, 74%, and 38% respectively. Numbers below the plot represent the number of subjects at risk at each time point. Cumulative events refer to all-cause death. The estimated median survival time after confirmed diagnosis of ATTRv-CM was 47.6 (95%CI 37.9–57.4) months.


For patient carrying Ala97Ser variant, survival curve analysis revealed the estimated mean survival time after symptom onset and at diagnosis were 181(95%CI 120.2, 241.8) months and 38.5 (95%CI 30.9, 46.1) months. Patient with other variants had estimated mean survival time of 102 (95%CI 73.1, 132.1) months after symptom onset and 43.9 (95%CI 31.3, 56.4) months at diagnosis. Cumulative survival rate at 150 months after symptom onset was 66.7% in Ala97Ser and 0% in other variants. The difference in survival curve for Ala97Ser and other variants at symptom onset was not significant [Breslow (Generalized Wilcoxon), χ2 = 2.92, p = 0.087] (Figure 3A). No significant difference was found in survival curve between patient carrying Ala97Ser and other variants at confirmed diagnosis. [Breslow (Generalized Wilcoxon), χ2 = 0.859, p = 0.35] (Figure 3B).
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FIGURE 3. (A) Comparison of Kaplan-Meier survival curves of data obtained from ATTR-CA symptom onset between patients with Ala97Ser and other variants. There was no significant difference in survival in patients with Ala97Ser and other variants [Breslow (Generalized Wilcoxon), χ2 = 2.92, p = 0.087]. (B) Comparison of Kaplan-Meier survival curves at confirmed diagnosis between patients with Ala97Ser and other variants. Survival after diagnosis was not significantly different in patients with Ala97Ser and other variants [Breslow (Generalized Wilcoxon), χ2 = 0.859, p = 0.35]. (C) Kaplan-Meier survival curve for patients grouped by NAC stage at diagnosis. Patients with NAC stage II/III disease had worse survival than those with NAC stage I disease [Breslow (Generalized Wilcoxon), χ2 = 4.693, p = 0.03)]. The median survival time of patients in NAT stage I was 48 months (95%CI 39–63) and the cumulative survival at 60 months was 46.7%. The median survival time of patients in NAC stage II/III was 33 months (95%CI 13.7–55.3) and the cumulative survival at 60 months was 0%.


Patient at an early disease stage (NAC stage I) tended to have a lower mortality rate, with a median survival time of 48 months (95%CI 39–63 month) and a cumulative survival rate at 60 months of 46.7% [Breslow (Generalized Wilcoxon), χ2 = 4.693, p = 0.03]. In contrast, the median survival time of patients at a later disease stage (NAC II, III) was 33 months (95%CI 13.7–55.3), with a cumulative survival rate at 60 months of 0% (Figure 3C) All deaths were observed in patients with NYHA III-IV heart failure.




DISCUSSION

Male predominance (93%) was observed in this cohort, which was higher than previous reports on ATTRv-CM whose samples were approximately 70% (11–13). This may be due to the small sample size of this study. The underlying mechanism for male predominance is unclear. The small sample size of women did not permit summarization of the sex-related clinical characteristics of ATTRv-CM. However, a recent systematic literature review on sex-related differences in transthyretin amyloid cardiomyopathy revealed that women tended to have lower interventricular septal and posterior wall thicknesses, smaller left ventricular end diastolic diameters and a higher LV ejection fraction. It was postulated that the disparity in the incidence of ATTRv-CM between sexes may be due to either the cardioprotective effects of estrogen or sex-related differences in clinical presentation or disease characteristics (11).

A mixed phenotype was most common presentation in this cohort (82.8%), while a predominantly cardiac phenotype and neurological phenotype was seen in 6.9% of patients each. ATTRv phenotype is associated with TTR mutations. While some mutations are associated with a predominantly cardiac phenotype, others are primarily related to a neurological phenotype. Previously reported common cardiac mutations (Val122Ile, leu111Met, Thr60Alr, Ile68Leu) in ATTRv were not identified in our cohort (14). However, we found that non-cardiac mutations such as Asp18Asn, Ser23Asn, Glu42Gly, Gly47Glu, Thr59Lys, Glu61Lys, His88Arg and Ala97Ser were associated with a cardiac phenotype with or without neurologic symptoms. These differences in genotype-phenotype relationship may be the result of their diagnosis at different disease stages.

Ten different TTR gene mutations, including 9 missense variants and 1 small deletion mutation, were identified. All of the missense variants have been listed as pathogenic or likely pathogenic in the TTR mutation and ClinVar databases (Table 4) (15–23). The missense mutations were related to the mixed phenotype. Glu61Lys, which was previously found to cause ATTR neuropathy, had never been reported in ATTR-CM. The cardiac mutations Asp18Asn and His68Arg also caused neuropathy in our study. The small deletion TTR mutation (c.624_632delGACTTCTCC) was located outside the coding region in exon 3 of the TTR gene. As the patient's family history could not be collected due to the limited medical records of the deceased parents, it could not be excluded that this variant of unknown significance occurred by chance in a patient with wild-type ATTR.


Table 4. Bioinformatic results of the identified missense TTR mutations.
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In this study, 10 different mutations (n = 40) have been identified in probands and family members, with the most common being Ala97Ser (n = 16; 40%). In addition, Ala97Ser is the most common mutation in symptomatic patient (n = 11;37.9%). This was different in the United States, where Val1122Ile (p.Val142Ile) and Thr60Ala (p.T80A) were the most common mutations (14). In European countries, Val30Met was the most frequent mutation in subjects with ATTR in the THAOS registry, followed by Ile68Leu (12). This discrepancy may reflect the heterogeneity of ATTR genotypes between different countries. Ala97Ser has been previously found to be a common ATTR mutation in cohorts of Chinese patients with predominant neurologic phenotypes, including patients from north China and Taiwan. It has also been reported in Chinese Malaysians (10, 24–27). (Supplementary Table 2) Similar with previous studies, male predominance was observed in Ala97Ser. Consistant with other studies, our study found that all patients with Ala97Ser initially presented with a predominantly neurologic phenotype in the early stages of disease. However, the proportion of patients developing cardiomyopathy as the disease progressed was higher (72.7%) than previous reports. Most Ala97Ser patients exhibited a mixed phenotype at their time of diagnosis in our study, which suggests that diagnosis was delayed until a late disease stage. This may be attributed to the difficulty with diagnosing ATTR in patients with isolated peripheral neuropathy symptoms, especially when reg flag symptoms such as carpal tunnel syndrome and lumber stenosis were rarely presented in this cohort. In this situation, family history and genetic examination were important to the early diagnosis of an ATTR patient with a neurological phenotype. On the other hand, CMR and 99mTc-PYP scintigraphy may help to identify myocardial involvement in patients who does not report symptom of heart failure due to limited physical activity caused by neuropathy.

Survival is poor in patients with ATTR cardiac amyloidosis. Although survival varies by genotype, phenotype, and disease stage, most series have reported a median survival of 2.5–3.5 years for patients with heart failure (8). There was a poorer prognosis in the present work for subjects with more severe heart failure, with a 5 year survival rate of <20% for those with NYHA III-IV disease. Several studies have noted the prognostic role of NT-proBNP (28). The NAC staging system includes NT-proBNP and eGFR and has a good prognostic accuracy (29). Patients with advanced NAC stage (stage 2, 3) had a poor prognosis (median survival: 34.5 months, 3-year survival rate: 43%). More advanced NYHA classification at diagnosis also tended to predict a poor prognosis, although there was no statistical significance due to the limited sample size of our study. Phenotype, genotype, initial manifestation and severity of peripheral neuropathy as shown by PND score were not predictive in our study.

The natural average life expectancy is 9 to 13 years after the symptom onset and death usually results from cardiac involvement and cachexia (30). As disease modifying therapy, liver transplantation has been demonstrated to prolong survival. However, the statistics are mostly related to patients with ATTR V30M (31), which was not identified in our study cohort. Different from previous two cohort studies in China, no patient received liver transplantation in our cohort because the following reasons 1) For patients with advanced heart failure, liver transplantation does not provide a complete cure for the disease due to the newly formed amyloid around the preexisting amyloid seeds (32). Combining liver and heart transplantation may be a better strategy. 2) Liver transplantation is restricted by the availability of transplant organs as well as the advanced age and comorbidities of ATTR-CM patients. 3) The need for life-long immunosuppression therapy.

Tafamidis, a small molecule that inhibits the dissociation of transthyretin tetramers, was granted marketing authorization by China Food and Drug Administration for the treatment of inherited or wild type cardiac transthyretin amyloidosis in adult patients in 2020. However, only a few patients could afford this disease modifying therapy because the price of tafamidis was expensive (64,100[image: yes]/month in 2020, then reduced to 24,650[image: yes]/month in 2021). Up to November 2021, only 9.5% (4) patients received tafamidis in our cohort. Fortunately, more patients will have chance to receive this disease modifying therapy since National Health Insurance Administration has issued a national coverage decision to incorporate Tafamidis into medical insurance payouts in 2022.

There are several limitations to our study. First, this was a retrospective study that included a limited sample size. Second, all probands were admitted to our cardiology department first, which results in selection bias that may not permit the description of the actual phenotype-genotype relationship. Third, nuclear scintigraphy was only used in 9 (31%) patients. Expanding the sample size and long-term follow-up of the proband patients and their genotype positive phenotype negative pedigree is needed to understand the relationship between ATTRv genotype and disease course.



CONCLUSION

Hereditary ATTRv-CM has heterogeneous phenotypes and genotypes. Most patients had a mixed phenotype that included both cardiomyopathy and neuropathy. Ala97Ser, the most common mutation in South China, initially presented as peripheral and automatic neuropathy and progressed to heart failure at a later disease stage. The prognosis of ATTR was poor, and patients with NYHA III-IV and NAC stage 3 had the worst prognosis.
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Background: Reports of the clinical outcomes associated with the co-occurrence of atrial cardiomyopathy (ACM) and lung cancer (LC) are limited.

Objectives: This study aims to investigate the influence of ACM on the prognosis of LC patients and related clinical determinants.

Methods: Newly diagnosed LC patients from January 1st, 2015, to December 31st, 2020, were retrospectively enrolled at the First Affiliated Hospital of Xi’an Jiaotong University. The demographics and overall survival (OS) of the patients with or without ACM were compared. The survival rate was analyzed using the Kaplan–Meier method and multivariate Cox regression analysis. Binary logistic regression analysis was used to determine the risk factors for ACM.

Results: A total of 306 patients (65.04 ± 10.30 years of age, 72.88% male) were analyzed. The prevalence of ACM in the non-small cell lung cancer (241, 78.76%) and small cell lung cancer (65, 21.24%) population was not statistically different. Overall, 53 (17.32%) LC patients had coexisting ACM. ACM patients were older (69 vs. 64, p = 0.0013) and had higher D-dimer levels (1.0 vs. 0.6, p = 0.001), lower serum calcium levels (2.23 vs. 2.31, p = 0.001), lower left ventricular ejection fraction (LVEF) values (67% vs. 69%, p = 0.036) and had more frequent coronary comorbidity disease (16.98% vs. 8.82%, p = 0.031). The median OS for patients with or without ACM was 15 months and 25 months, respectively (p = 0.018). Coexisting ACM compared to non-ACM was associated with worse OS in patients with LC (HR = 1.543, 95% CI: 1.042–2.283, p = 0.030).

Conclusion: Coexisting ACM is associated with undesirable survival outcomes in patients with LC. These findings could help us to better understand the cardiac burden in these patients and provide additional risk stratification for them.

Keywords: lung cancer, atrial cardiomyopathy, atrial fibrillation, oncocardiology, ischemic stroke


INTRODUCTION

Lung cancer (LC) and cardiovascular disease (CVD) are two leading reasons of morbidity and mortality worldwide (1, 2). With the survival of LC patients greatly improved due to multiple revolutionary oncological treatments, such as immunotherapy and targeted-based therapy, several concomitant conditions that significantly impact survival, including CVD, and ischemic stroke (IS) (3, 4), have increased markedly (5, 6). LC and CVD share many risk factors that affect cancer-related survival (7, 8). A study showed that cancer patients are 2–6 times more likely to die of CVD or stroke than the general population (9).

Atrial cardiomyopathy (ACM), initially proposed more than a decade ago, is a pathophysiological concept describing covert atrial structural lesions and functions that involve architectural or physiological changes in the atria (10, 11). Previous research has considered ACM as one of the important etiologies of embolic stroke of undetermined source (ESUS), a subset of cryptogenic ischemic IS (12). The mechanisms of cryptogenic IS include occult structural cardiac lesion, hyper viscosity syndrome or undiagnosed cancer (13). Although it is widely acknowledged that there is a close association between IS and cancer (especially LC) (14), the mechanisms underlying the heightened risks of IS in cancer patients are still uncertain. Moreover, many ACM-related risk factors, such as advanced age, hypertension, diabetes, coronary heart disease, and chronic obstructive pulmonary disease (COPD) (15), are very common in LC patients (16, 17). In addition, cancer and anticancer therapy may cause pathological changes and directly affect atrial substrates (18). Therefore, it can be reasonably inferred that LC patients are also at high risk of ACM, which may confer a higher IS risk.

The influence of ACM on the prognosis of LC patients has never been studied. In this context, we hypothesized that coexisting ACM would be associated with an increased risk of IS and poor prognosis among general LC patients. We investigated the association of ACM with LC outcomes and further examined the related clinical parameters of ACM.



MATERIALS AND METHODS


Study Population

A total of 306 patients with newly diagnosed LC at the First Affiliated Hospital of Xi’an Jiaotong University between January 2015 and December 2020 were retrospectively enrolled in this study. The design of study is described in Figure 1. The protocol was carried out on the basis of the Declaration of Helsinki and approved by the Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong University (Approval No. XJTU1AF2021LSK-117). These patients were divided into two groups: LC patients with or without ACM. All clinical covariates were abstracted from electronic medical records.


[image: image]

FIGURE 1. Flowchart detailing patient enrollment.




Diagnostic and Eligibility Criteria

ACM was defined as having at least one of the following biomarkers according to published literature: (1) p-wave terminal force in V1 (PTFV1) > 5,000 μV* ms; (2) N-terminal pro–B-type natriuretic peptide (NT-proBNP) > 250 pg/mL; and (3) severe left atrial enlargement (LAE: female > 38 mm; male > 40 mm) (19–21).

The inclusion criteria were as follows: (1) newly histologically or cytologically confirmed LC patients and (2) complete medical data for defining ACM and assessing cancer, namely, electrocardiogram (ECG), echocardiography, and NT-proBNP data.

Patients with any of the following conditions were excluded from this cohort: (1) cardiac and valvular history (congenital heart disease, other cardiomyopathies), myocardial infarction within 4 weeks, severe heart failure (left ventricular ejection fraction (LVEF) < 30%), intra-atrial thrombus, or infective endocarditis; (2) pericardial disease (pericardial metastasis, pericardial effusion); (3) heart arrhythmia disorder (atrial flutter, atrial fibrillation); and 4. renal insufficiency (serum creatinine ≥ 186 μmol/L or eGFR < 60 mL/min or chronic kidney disease (CKD) grade 3 and above).



Statistical Analysis

Descriptive statistics are held up as the mean ± standard deviation (SD) for continuous normally distributed variables and as the median (25th percentile, 75th percentile) [M (QL, QU)] for non-normally distributed data. Categorical variables are presented as frequencies and percentages.

For continuous variables, the independent sample t-test is used to compare normally distributed data, and the Wilcoxon rank sum test was used to compare non-normal variables. Count data were statistically analyzed using the chi-square or Fisher exact test. Binary logistic regression was used to determine the risk factors for ACM. Overall survival (OS) was estimated by the Kaplan–Meier method, and significance was evaluated using the log-rank (Mantel–Cox) test. Mortality hazard ratios (HRs) were generated by multivariate Cox regression analysis using univariate Cox predictors. Statistical significance was defined as a p < 0.05.




RESULTS


Patient Demographics

Our study included 306 patients; their median age was 65 years (range 29–94), and 72.88% were male. In all, 53 (17.32%) patients met the ACM diagnostic criteria. In Table 1, we present the baseline clinical characteristics of the LC patients with or without ACM. The distributions of sex, smoking history, pathological subtype, clinical stage, extrapulmonary/brain metastasis, hypertension, prior stroke, diabetes, and COPD were similar between the groups (p> 0.05), while those of age and coronary disease were different across the groups (p< 0.05). The ACM group had a slightly higher age (69.42 vs. 63.87) and more frequent coronary comorbidity disease (16.98% vs. 8.82%). We then analyzed the gene mutations and PD-L1 characteristics of the non-small-cell lung cancer (NSCLC) subgroup. The distributions of EGFR mutations/ALK fusions and PD-L1 expression levels were not related to ACM in the NSCLC patients (Table 2).


TABLE 1. Demographic characteristics of patients with LC.
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TABLE 2. Gene mutations and PD-L1 characteristics in the NSCLC subgroup.
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Atrial Cardiomyopathy in Non-small-Cell Lung Cancer vs. Small-Cell Lung Cancer Patients

Overall, the prevalence of ACM in the LC patients was 17.32% (Table 3). The prevalence of ACM in the NSCLC (241, 78.76%) and small-cell lung cancer (SCLC) (65, 21.24%) populations was not significantly different. The prevalence of ACM in the NSCLC and SCLC populations was not significantly different. In all the LC patients, the frequency of ACM was mostly due to the presence of NT-proBNP (94.34%) and a PTFV1 value > 5,000 μV⋅ms (9.43%). The prevalence of severe LAE was 7.55% in the ACM patients (Table 3).


TABLE 3. Prevalence of ACM in NSCLC vs. SCLC patients.
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Atrial Cardiomyopathy and Overall Survival

Half of the LC patients (153 of 306) died. To avoid deviation caused by different distributions of treatment methods, all the treatments that patients received after diagnosis were recorded (Table 1). The therapeutic mode was similar for patients with ACM compared to those without ACM, which implies that ACM is a risk factor for survival regardless of the subsequent treatment.

To verify this, univariate analysis showed that sex, pathological subtype, clinical stage, smoking history, and ACM positivity had a significant association with survival (Table 4). Notably, Kaplan–Meier curves and log-rank tests showed that ACM was significantly associated with worse survival in LC patients (Figure 2). The median overall survival (mOS) for this LC patients was 23 months. The mOS for patients with or without ACM was 15 months and 25 months, respectively (p = 0.018) (Table 1).


TABLE 4. Univariate analyses of overall survival.
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FIGURE 2. Kaplan–Meier curve of overall survival (OS) based on atrial cardiomyopathy (ACM).


In the multi-variable analysis of the Cox regression models, ACM was significantly associated with worse OS [hazard ratio (HR) = 1.556; 95% CI, 1.069–2.264; p = 0.021]. In the multivariate Cox proportional hazard model adjusting for clinicopathologic variables, the HR of the patients with ACM was 1.543 (95% CI, 1.042–2.283; p = 0.030) compared with that for the patients without ACM (Table 5), suggesting that ACM was an independent risk factor for LC patient prognosis.


TABLE 5. Multivariate Cox proportional hazard analyses of overall survival.
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Risk Parameters Associated With Atrial Cardiomyopathy

Given that 18.5% of the LC patients had ACM and exhibited worse survival, we examined the risk factors in this group. The ECG, echocardiography, complete blood count (CBC) and blood biochemical examination tests performed closest to the date of diagnosis were used for the analysis. Our results showed that ACM patients had higher PTFV1 values (2,350 vs. 1,530, p < 0.000), higher NT-proBNP levels (460.1 vs. 68.54, p < 0.000), lower oxygen saturation values (95 vs. 96, p = 0.0299), higher pH (1.43 vs. 1.42, p = 0.0111), higher D-dimer levels (1.0 vs. 0.6, p = 0.0006) and prothrombin time (PT) (12.9 vs. 12.2, p = 0.0065), lower lymphocyte (1.17 vs. 1.28, p = 0.0469) and hemoglobin levels (123 vs. 133, p = 0.0049), higher CRP levels (mean CRP: 28.35 vs. 18.86, p = 0.00373), lower serum calcium levels (2.23 vs. 2.31, p = 0.001), and lower phosphate levels (0.96 vs. 1.03, p = 0.0046) (Table 6 and Supplementary Table 1).


TABLE 6. Comparison of baseline LC patients with/without ACM.
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In addition, admission transthoracic echocardiograms were reviewed for all the patients. Those with ACM had lower LVEF values (67% vs. 69%, p = 0.0357). Univariate logistic analysis showed that patients with lower LVEF values were likely to be complicated with ACM (OR = 0.938, p = 0.007, 95% CI, 0.895–0.938). Hematological examinations and echocardiography indexes were included in the multivariate logistic regression analysis. As shown in Table 7, we found that higher D-dimer levels (p = 0.016, OR = 1.246) and lower serum calcium levels (p = 0.019, OR = 0.001) were significant risk factors for ACM. In the multivariate analysis, transthoracic echocardiogram indexes failed to show any meaningful value (Supplementary Table 2).


TABLE 7. Multivariate logistic regression analysis of clinical parameters.
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DISCUSSION

In this observational, retrospective cohort study, 585 patients with LC were followed for a median of 20 months. In our study, the prevalence of LC patients with ACM was 17.32%, and these patients had a higher age (69 vs. 65) and more frequent coronary comorbidity disease (16.98% vs. 8.82%). However, the prevalence of ACM in LC patients was not significantly different in different pathological subtypes. In addition, we found that coexisting ACM was associated with worse OS (15 vs. 25) in patients with LC, who had higher D-dimer levels, lower serum calcium levels and lower LVEF values than the non-ACM patients. Together, these findings support that the comorbidity of ACM is associated with poorer survival in LC patients. However, we did not find that cancer-related IS was associated with ACM. These data highlight the need for further studies to better investigate the underlying mechanisms of stroke and cancer.


Atrial Cardiomyopathy Is Prevalent in Lung Cancer Patients

Any abnormalities of the atria of structural, architectural, contractile, or electrophysiological changes have been used to define a new entity known as ACM (22). In EHRAS (European Heart Rhythm Association; EHRA/Heart Rhythm Society; HRS/Asian Pacific Heart Rhythm Association; APHRS/Latin American Society of Electrophysiology and Cardiac Stimulation; SOLAECE) classification, ACM were defined into four types: principal cardiomyocyte changes; fibrotic changes; combined cardiomyocyte-pathology/fibrosis and non-collagen infiltration (23). However, most patients would not receive myocardial biopsy, making histological and pathopysiological classification hard to evaluate. At present, there is no absolute diagnostic criteria for ACM, but most of the studies are defined by the relevant markers of ACM. For example, it is reported that PTFV 1 abnormality is related to the increase of left atrial volume and the decrease of left atrial emptying fraction and reservoir function (24). Any pathological state that causes atrial dysfunction can lead to the increase of PTFV1, implying this ECG biomarkers may be the signs of ACM. Numerous randomized studies have adopted the combined biomarkers to define ACM (25). Other biomarkers includes LAE, paroxysmal supraventricular tachycardia, bayes syndrome, and serum biomarkers associated with atrial dysfunction, etc. In recent years, more emerging imaging techniques (such as cardiac computed tomography or magnetic resonance imaging and so on) have been used for accurate assessment of atrial structure and function, which may provide more supports of detecting ACM (26, 27). A study use late gadolinium enhancement MRI (LGE-MRI) to evaluate atrial fibrosis and it is associated with appendage thrombus (28).

A previous study reported that the prevalence of ACM (26.6%) is increased in patients with ESUS compared to patients with other established etiologies for IS (21). In this study, we found that 17.32% of the LC patients had ACM. The key clinical determinants of ACM are unclear, but it is reported to be related to many disease or conditions, such as aging, smoking, hypertension, diabetes, coronary heart disease, and heart failure (15, 29). These high-risk factors overlap in most LC patients (30). This is also shown in this study. In addition, ACM-related biomarkers play an important role in the development of malignancies (18), suggesting that some physiological changes are shared by LC and ACM. For example, various studies have confirmed that NT-proBNP, a biomarker of ACM, and other biomarkers of CVD have prognostic significance in cancer (31, 32). A study showed that coexisting CVD precancerous polyps lead to tumor progression and secretion of cardiac excreted factors, mechanically supporting the above hypothesis (33).

On the other hand, recognition of the interaction between cancer and atrial fibrillation (AF) has shed new light on the relationship with ACM. The basic pathology characteristic of AF and ACM is myocardial fibrosis. Fibrosis can be caused by inflammation and its mediators (34), such as systemic infection and autoimmune diseases, and may also occur in chronic inflammation (such as cancer) (35). Atrial fibrosis can precede AF or even exist without AF, which implies that ACM is the substrate for AF (18). This means that cancer or other coexisting subclinical inflammatory diseases (such as hypertension and coronary artery disease) and conditions (like aging and endocrine abnormalities) can produce inflammatory mediators, which change atrial electrophysiology and structural substrates (36). Many studies have reported that patients with malignancy have increased susceptibility to AF (37, 38), which also supports this theory.



Atrial Cardiomyopathy Predicts Worse Survival

We explored the relationship between ACM and LC and its influence on the survival of LC patients. The coexisting ACM was significantly associated with worse survival in patients with LC.

The biological mechanisms by which ACM may influence prognosis are unclear, but several lines of evidence suggest that this result is biologically reasonable. First, cancer is a systemic inflammatory condition originated from a combination of genetic, habitual and environmental factors (39). ACM has been associated with several clinical comorbidities and inflammatory conditions, such as systemic infections (15, 34). This means that the various comorbidities or conditions that may adversely affect the occurrence and outcomes of LC could also lead to ACM. Second, the factors that cause abnormalities in atrial tissue substrates can also be systemic manifestations of tumor progression. Cancer can promote the development of atrial fibrosis, leading to metabolic and electrolyte abnormalities, fluid imbalance, and infections. These inflammatory states then contribute to atrial remodeling (40), making ACM a prognostic marker. In other words, there is a bidirectional and progressive relationship between ACM and LC. The abnormality of many ACM-related markers has been shown to be associated with the prognosis of cancer patients. For example, NT-proBNP levels are related to the severity of malignancy without cardiac disease or cardiotoxicity in anticancer therapy (41, 42). In addition, atrial lesions have substantial related adverse outcomes including arrhythmogenic changes, atrial fibroblast proliferation, hyperinnervation, and thrombogenic changes (23, 43), all of which can lead to worse prognosis in lung cancer patients. For instance, arterial thrombosis is a marker of occult cancer (especially lung cancer) and an unfavorable prognostic factor (44, 45). Taken together, with the effect of cancer and other risk factors, pathological changes of atrial cells (like myocardial hypertrophy, fibrosis, and fatty infiltration and so on) results in mechanical dysfunction or abnormal electrical conduction, which eventually converts to atrial dilatation and the congestive heart failure. These factors all contributes to the worse survival of LC. Our study showed that patients with lower LVEF values were likely to be complicated with ACM, which buttressed that view.



Atrial Cardiomyopathy Is Not Related to Ischemic Stroke Among Lung Cancer Patients

A new perspective of the relationship between AF and stroke has emerged in the past decade.

Although AF has been proved to be related to IS, the causal relationship between them is still indirect. A study found that there was no consistent time correlation between AF and IS (46).

A study reported that variants of chromosome associated with increased risk of cardioembolic IS, even in those not detected to have AF (47). A study reported nearly 65% of patients with cryptogenic stroke have ACM (20). These evidences verify that ACM may be the basis of IS.

Taken together, ACM is an important marker of increased risk of thromboembolism, particularly IS. Atrial abnormality forms the substrate for thrombus formation and AF may be a sign of potential risk of ACM. ACM itself, even without AF, is a risk factor for stroke (48). The mechanism of elevated risk of thrombus formation is likely related to the interaction between a generalized and local pro-thrombotic and inflammatory state (22). Moreover, atrial fibrosis, enlargement, and dysfunction may further lead to atrial congestion, pre-thrombotic state and subsequent IS (49).

Clinical trials have shown that treatment with ACM may reduce the risk of IS (50). Cryptogenic stroke (40–51%) is more common in cancer patients than in the general population (51). Compared with cancer-free controls, survivors of LC show a higher risk of stroke (52). Previous studies have reported that 45–65% of cryptogenic stroke patients have comorbidities of ACM (19, 20). Therefore, there are good reasons to hypothesize that ACM has a strong association with cancer-related stroke.

Unfortunately, we have not demonstrated this relevance in this set of data. The univariate analysis showed that there was no significant correlation between stroke and survival (Table 4). There are several possible reasons. The main reason is that the number of stroke events was too small in this cohort to verify the conclusion. Some patients received treatments at other centers, leading to some lost-to-follow-up and thus unknown ending events. Moreover, in order to evaluate the comorbidity of ACM, many patients with incomplete information occurring ending events were excluded from analysis. However, given that ACM is associated with a second era in understanding the relationship of disorders of the atria to stroke risk and anticoagulant therapy is still open to debate, we look forward to more research in this field in the future to reveal the etiology of stroke in cancer patients.



Study Limitations

Our study has limitations due to its single-center design, small sample size, and incomplete matching or exclusion of many patients from the analysis. Second, data were extract retrospectively, and much clinical information related to tumor assessment was not complete and lacked elaboration. Third, this study failed to analyze the impact of completing treatment for some patients who received treatments at other centers. More studies are needed in the future, such as prospective studies to determine reliable biomarkers to predict cancer-related stroke and clinical trials to determine the treatment and prevention of ACM.




CONCLUSION

Our study provides the first evidence that the comorbidity of ACM predicts worse prognosis in patients with LC. In addition, we found that higher D-dimer levels, lower serum calcium levels, and lower LVEF values were significant risk factors for ACM. NT-proBNP and PTFV1 are not routine clinical assessments for cancer patients. Our results imply that patients with those abnormal indexes may have coexisting ACM and a worse prognosis. Given that patients with ACM have a higher risk of poor survival, more frequent follow-up and detection in these patients should be considered.
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Heart failure (HF) is a major cause of morbidity and mortality worldwide. Current classifications of HF categorize patients with a left ventricular ejection fraction of 50% or greater as HF with preserved ejection fraction or HFpEF. Echocardiography is the first line imaging modality in assessing diastolic function given its practicality, low cost and the utilization of Doppler imaging. However, the last decade has seen cardiac magnetic resonance (CMR) emerge as a valuable test for the sometimes challenging diagnosis of HFpEF. The unique ability of CMR for myocardial tissue characterization coupled with high resolution imaging provides additional information to echocardiography that may help in phenotyping HFpEF and provide prognostication for patients with HF. The precision and accuracy of CMR underlies its use in clinical trials for the assessment of novel and repurposed drugs in HFpEF. Importantly, CMR has powerful diagnostic utility in differentiating acquired and inherited heart muscle diseases presenting as HFpEF such as Fabry disease and amyloidosis with specific treatment options to reverse or halt disease progression. This state of the art review will outline established CMR techniques such as transmitral velocities and strain imaging of the left ventricle and left atrium in assessing diastolic function and their clinical application to HFpEF. Furthermore, it will include a discussion on novel methods and future developments such as stress CMR and MR spectroscopy to assess myocardial energetics, which show promise in unraveling the mechanisms behind HFpEF that may provide targets for much needed therapeutic interventions.
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Introduction

Heart failure (HF) is a clinical syndrome caused by abnormalities in cardiac structure and function resulting in increased intracardiac pressures and/or reduced cardiac output (1). Patients with HF frequently present with dyspnea, fatigue and fluid retention, organ dysfunction due to hypoperfusion and have a higher risk of sudden cardiac death due to ventricular arrhythmia or pump failure. Although the range of pathologies resulting in impaired cardiac function is broad, current clinical guidance on the classification and management of HF places great emphasis upon left ventricular ejection fraction (LVEF). Thus, patients with HF and LVEF of 50% or greater are commonly categorized as having HF with preserved ejection fraction (HFpEF). The prevalence of HF is estimated at 64.3 million globally (2) with more than half of these people having HFpEF (3). In this review, we discuss the utility of cardiovascular magnetic resonance imaging (CMR) for the assessment of HFpEF.

In patients presenting with HFpEF, the pathological hallmarks are abnormal left ventricular (LV) filling and increased LV end diastolic pressures (LVEDP), collectively termed diastolic dysfunction. HFpEF has diverse causes associated with a multitude of co-morbidities. Established risk factors implicated in the development of HFpEF include hypertension, type 2 diabetes (T2D), chronic kidney disease and obesity. HFpEF also appears to be more prevalent in females and presents at an older age than heart failure with reduced ejection fraction (HFrEF). Importantly, atrial fibrillation (AF) has a complex association with HFpEF (4) and AF commonly coexists with HFpEF with a reported prevalence of up to 65% in older patients (5). The underlying pathological changes are thought to be related to chronic inflammation, neurohormonal activation, changes in intracellular signaling pathways, endothelial and microvascular dysfunction and myocardial fibrosis (6).

To date, a number of diagnostic algorithms have been proposed since accurate identification of HFpEF can be problematic (7). Importantly, a wide range of HFpEF clinical phenocopies also exist, each with underlying pathophysiologically distinct etiologies including hypertrophic cardiomyopathy (HCM), ATTR cardiac amyloidosis, Fabry disease iron overload cardiomyopathy and cardiac sarcoidosis. Moreover, unique disease-targeted therapies in these conditions might reverse, halt or slow disease progression.



Diagnosing HFpEF with CMR

Cardiac imaging plays a pivotal role in the diagnosis of HFpEF. Echocardiography is the initial modality of choice to assess LV diastolic function particularly because of its availability, cost-effectiveness and technical capabilities through Doppler imaging. However, CMR is increasingly being utilized for the further evaluation of patients with HFpEF (Figure 1). CMR is currently second line to echocardiography in the imaging assessment of diastolic function as it remains a limited resource, is less economical and is challenging in patients with claustrophobia. Practical limitations in HFpEF patients include difficulties in breath holding in older patients and in obese patients. Image quality may be impacted in patients with AF and in those with cardiac devices and post valvular intervention. In addition, there remains a larger clinical and research evidence base for echocardiographic assessment of HFpEF. Despite these drawbacks, the strengths of CMR include its higher spatial resolution and ability to quantify structural changes in the heart with greater precision and reproducibility compared to other imaging modalities, and its unique tissue characterization capability (8). The diagnostic utility of CMR is highlighted by a study comparing CMR and echocardiography. Kanagala et al. (9) found that CMR diagnosed new, significant clinical cardiac pathologies such as myocardial infarction, HCM and constrictive pericarditis in 27% of 154 patients with HFpEF and these patients were at higher risk of death and HF hospitalization at 6 months. Recent data further suggests integration of different CMR measures of diastolic function into a novel diagnostic algorithm (10) in a similar vein to echocardiography but further validation and consensus agreement is required before putting such algorithms into routine clinical practice.


[image: Figure 1]
FIGURE 1
 Approaches to the assessment of HFpEF by CMR. CMR, cardiovascular magnetic resonance; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; LV, left ventricular; LVH, left ventricular hypertrophy; RV, right ventricular.




LV functional assessment

CMR is the current gold standard imaging technique to assess LV volumes and therefore LVEF, and LV mass, as it avoids the geometric assumptions made by echocardiography and provides superior reproducibility (11, 12). Advances in CMR machine learning further serve to increase repeatability for measuring LV volumes and mass (13). To provide the highest spatial and temporal resolution, ECG-gated bright-blood balanced steady state free precession (SSFP) sequences of contiguous short-axis slices from the LV base to apex are acquired (14, 15). In patients with HF, cardiac remodeling and left ventricular hypertrophy (LVH) are associated with impairment of myocardial contractility and diastolic dysfunction even with preserved LV ejection fraction (16). LVH is an established risk factor for adverse cardiovascular events (17–19) and is associated with incident HF events (20).

Phase contrast CMR is routinely used to determine flow for valvular assessment using through-plane velocity encoding. These sequences can also be utilized to measure transmitral inflow, generating E (passive diastolic inflow) and A (active diastolic inflow) waves and pulmonary vein inflow, which correlate well with echocardiographic Doppler indices (21–23). However, CMR-derived values tend to be lower and may underestimate velocities compared to echocardiography, which may relate to the lower temporal resolution with CMR (30–40 ms) vs. echocardiography (<5 ms) (24, 25). Additional pitfalls of CMR include time consuming data acquisition and analysis in addition to positive or negative phase offset errors with through-plane flow imaging due to local non-compensated eddy currents (26). The recently developed CMR golden-angle method permits acquisition of 150 to 250 frames per cardiac cycle to match that of echocardiography (27). This novel method involves k-space lines acquired continuously determined by the golden-angle of each sector, together with alternating velocity-encoding signs (27). Advances in CMR sequences have led to the development of 3D and 4D flow sequences which may prove to be useful for a more advanced assessment of diastolic filling than measurement of mitral inflow and pulmonary vein inflow by phase contrast CMR alone. For example, a 3D velocity-encoded MRI with retrospective mitral valve annular plane tracking sequence had better agreement with Doppler echocardiography for LV diastolic filling patterns compared to a 2D one-directional velocity-encoded sequence (28). Furthermore, in 53 healthy volunteers, a comparison of 4D flow CMR kinetic energy to mitral inflow E/A ratio showed a stronger independent association with age than standard 2D metrics (29).

Tissue Doppler imaging (TDI) for the quantification of myocardial velocities is a fundamental, clinically validated method for the assessment of diastolic function by echocardiography (30, 31). Similarly, phase contrast CMR can be used to determine myocardial e′ velocities (peak modal velocity in early diastole by pulsed TDI waveform at the mitral valve annulus). CMR-derived mean e′ and E/e′ have consistently shown excellent correlation with echocardiographic values in patients with diastolic dysfunction (23, 32). In a small observational study of patients with hypertensive heart disease (n = 18), CMR E/e′ strongly correlated with invasively measured mean pulmonary capillary wedge pressure (PCWP) (r = 0.8, p < 0.0001) and had a 100% positive predictive value for E/e′ < 8 and PCWP ≤ 15 mmHg, and similarly so for E/e′ > 15 and PCWP >15 mmHg (32). Measurement of CMR LV fractional area change during the first 30% of diastole (termed diastolic-index) in the short axis view correlated well with e′ on echocardiography (33).



LV strain

Although the use of LVEF is clinically the dominant imaging method for defining severity, subtype and progression of HF, it has limitations (34). Other imaging parameters, particularly LV strain may detect changes in myocardial architecture and function before changes in LVEF occur (35). Strain is a measure of myocardial mechanics that describes the deformation of LV myocardial fibers which are orientated in the longitudinal, circumferential and radial directions. Changes in longitudinal function occur early on in HF (36). Accordingly, global longitudinal strain (GLS) has been identified as an important marker of early myocardial dysfunction (37). Indeed, GLS has proven to have powerful prognostic value superior to LVEF (38). In a systematic review involving 5,721 patients with cardiovascular disease (CVD), there was stronger independent association with mortality with each SD change in the absolute value of baseline GLS (HR 0.50, 95% CI 0.36–0.69; p < 0.002) compared to LVEF (HR 0.81, 95% CI 0.72–0.92; p = 0.572) (38). Different methods to measure strain by CMR have evolved from myocardial tagging and phase contrast velocity-encoding to feature tracking, the latter now being the more commonly employed sequence.

Strain measurement by myocardial tagging using Spatial Modulation of Magnetization (SPAMM) involves tagging orthogonally intersecting sets of lines marking rectangular grids in a 2D image (39). In 1,500 participants from the MESA (Multi-Ethnic Study of Atherosclerosis) cohort, diastolic function from circumferential strain curves independently predicted incident HF and atrial fibrillation over an 8-year follow-up period (40). However, the requirement to acquire dedicated images and time-consuming post-processing has meant that myocardial tagging has not gained routine clinical use for the assessment of LV diastolic function. Strain-encoded (SENC) imaging uses tags parallel to the image plane rather than as a series of orthogonal lines (41). In systole, the tagged planes compress together leading to a shift in the peak spectrum location in k space (42). The rate of shift is then used to determine strain. Compared to conventional tagging, SENC can be acquired in half the time (43) and provides higher temporal resolution of strain measurements through the entire cardiac cycle (41). Fast-SENC techniques can shorten the image acquisition duration down to a single heartbeat (44).

An alternative method to assess myocardial deformation is by phase contrast velocity-encoding which offers better spatial resolution but lower temporal resolution than myocardial tagging (45). This allows measures of instantaneous velocity over a short time period. Displacement encoding with stimulated echoes (DENSE) is a free-breathing, phase-velocity based method which permits measurement of displacement during most but not all of the cardiac cycle (46). Unfortunately, this limits the assessment of diastolic tissue displacement and acquired images have low signal to noise ratio.

Feature tracking (FT) CMR analysis (FT-CMR) tracks points or features in the myocardium across successive imaging frames over the whole cardiac cycle, generating strain values and curves (Figure 2). FT-CMR is increasingly favored for the assessment of strain due its close correlation with echocardiographic speckle tracking (47) and myocardial tagging (48, 49). Moreover, the ability to utilize routine SSFP-based cine images simplifies clinical workflows. In a small study of 18 HFpEF patients compared to 18 age and sex-matched controls, GLS independently predicted abnormal relaxation index, Tau, by invasively measured pressure-volume loops (50). GLS measured by FT-CMR proved to be a powerful independent predictor of all-cause mortality in a multi-center study of 1,012 patients with HFrEF and a median follow-up of 4.4 years (51). In a study of 131 patients with HFpEF, GLS ≥ −8% by FT-CMR independently predicted HF hospitalization and cardiovascular death at 2.5 years follow up (52). Novel applications of FT-CMR include the assessment of LV torsion, rotation and diastolic recoil (53). Interestingly, different rotational mechanics are found in patients with amyloidosis and HCM, conditions which often masquerade as HFpEF (54).
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FIGURE 2
 Feature tracking CMR strain analysis. (A) Feature tracking CMR in the 4-chamber view generating (B) longitudinal strain curves, (C) displayed as a polar map for each AHA segment. AHA, American Heart Association.




Left atrial size

Changes in left atrial size (LA) are a hallmark of elevated LV filling pressures in patients with HFpEF (55). Maximal LA volume measured at end-systole in sinus rhythm and indexed to body surface area (BSA) has strong predictive value for adverse cardiovascular events (56). CMR provides a more accurate measurement of LA size compared to echocardiography, owing to inherently superior spatial resolution. LA size can be measured by contouring the LA in the short axis stack or, more commonly, by the area-length method or Simpson's biplane in the 4-chamber and 2-chamber views. Although Simpson's biplane is the reference standard to assess LA size by echocardiography, there is limited consensus on the preferred method by CMR (57, 58). Nevertheless, in a multicenter study of nearly 11,000 subjects with a median follow up of 4 years, increased BSA-indexed LA size measured by CMR was independently associated with all-cause mortality (59).



Left atrial function

LA function can be subdivided into its reservoir (LA filling during LV systole), conduit (passive LV filling in early to mid-diastole) and pumping (LA contraction to augment LV filling in late diastole) phases. LA conduit-filling capacity is calculated by maximum LA volume minus pre-atrial contraction volume whilst LA active filling capacity is calculated by pre-atrial contraction volume minus the minimum LA volume (60). LA stroke volume is defined as maximum minus minimum LA volume. Furthermore, LA ejection fraction (LAEF) can be derived from these measured volumes with both biplane and short axis methods showing good agreement in sinus rhythm (61). Left atrial ejection fraction is closely associated with LVEDP on cardiac catheterization (62).

Increased LA volumes, reduced LAEF, reduced LA reservoir and booster pump strains are all associated with diastolic dysfunction as well as its severity (63). In the multi-ethnic population-based Dallas Heart Study of 1,802 patients, lower LAEF was independently associated with increased mortality [hazard ratio per 1 SD (8.0%): 1.56 (1.32–1.87)] with superior and incremental predictive value over maximum LA volume index (64). These findings were further supported by the MESA study of 536 patients with T2D, in whom incident cardiovascular disease was strongly and independently associated with lower passive, active and total LAEF (65). Kanagala et al. demonstrated that LAEF is reduced in HFpEF (n = 140) compared to controls (n = 48) and that a lower LAEF was associated with an increased risk of all-cause mortality or first HF hospitalization (log-rank, all p = 0.028; sinus p = 0.036) (61, 66). Furthermore, the strong association with adverse outcomes was similar for LAEF derived by either the biplane or short axis methods during CMR (61).



Left atrial strain

Application of CMR-FT to the LA generates strain data that have been evaluated as measures of LA function (67). Chirinos et al. (68) compared patients with HFpEF (n = 101), HFrEF (n = 120) and without HF (n = 640) demonstrating that conduit and reservoir LA strain measured using CMR-FT independently predicted risk of incident HF admission or mortality. In the MESA cohort, incident HF was predicted by lower longitudinal atrial strain (25 ± 11% vs. 38 ± 16%; p < 0.001) and lower LA emptying fraction (40 ± 11 vs. 48 ± 9%; p < 0.001) at baseline (69). In a small study of 22 HFpEF patients compared to heathy controls, LA conduit strain was significantly reduced in HFpEF and was associated with impaired oxygen uptake (VO2 max) during cardiopulmonary exercise testing and invasive measurements of impaired early LV filling (70).



Right ventricle

CMR is also the gold standard non-invasive method to assess right ventricular (RV) size and function. In a prospective, observational study the prevalence of RV dysfunction (RVEF < 47%) as determined by CMR was present in 19% of individuals with HFpEF (n = 135) (71). Furthermore, RV dysfunction was independently associated with death and HF hospitalization (adjusted HR 3.946, 95% CI 1.878–8.290, p = 0.0001). (71). HFpEF is a recognized cause of elevated pulmonary artery pressures (PAP) and pulmonary hypertension. Resultant changes in the right heart readily assessed by CMR include increased right atrial size, RV hypertrophy and septal bowing. Assessment of diastolic dysfunction must take into account an estimation of PAP which is typically elevated in patients with HFpEF. Echocardiography can estimate systolic PAP by measurement of the peak tricuspid regurgitant (TR) velocity using the formula PAP = 4*(TRVmax)2. While measurement of the tricuspid regurgitant jet peak velocity is readily assessed by echocardiography, this is less readily performed by CMR. However, systolic PAP can be indirectly estimated by identifying the peak TR velocity using phase contrast CMR flow analysis at the level of the tricuspid valve (72).



Myocardial tissue characterization

In HFpEF, alterations in the extracellular matrix with increased collagen deposition are thought to be a result of inflammation and increased oxidative stress (73). This process leads to myocardial fibrosis, which may contribute to the impaired relaxation that is observed in HFpEF. CMR has the unique capability to detect both focal replacement myocardial fibrosis using late gadolinium enhancement (LGE) and diffuse interstitial fibrosis through parametric mapping sequences (native T1 and extra cellular volume (ECV) quantification).

The presence of replacement fibrosis by LGE in patients at risk of HFpEF including in AF (74) and diabetes (75) has been shown to increase the risk of mortality. Furthermore, identifying LGE can provide additional risk stratification for patients at risk for hospitalization for HF regardless of etiology or LV systolic dysfunction (76). In an observational cohort study of 1,096 patients with AF, LA fibrosis by LGE was associated with an overall incidence of developing HF at 3.1% per year (77). Moreover, 80% of patients developed HFpEF (n = 63) rather than HFrEF (n = 20) after a median 2.7 years follow-up and that the incidence of HF increased with increasing LA fibrosis.

T1 measures the time taken for longitudinal relaxation of excited protons to return to equilibrium following application of a radiofrequency pulse. Colored maps can be generated so that pixel values represent the T1 in each voxel. T1 values in the myocardium and blood pool acquired pre- and post-contrast, and by accounting for hematocrit, can be used to calculate ECV. ECV quantifies the relative expansion of the extracellular matrix acting as a validated surrogate imaging biomarker for myocardial fibrosis (78, 79).

Both native T1 mapping and ECV are helpful in detecting inherited and acquired cardiomyopathies, particularly Fabry disease and cardiac amyloidosis (Figure 3). Diffuse myocardial fibrosis by native T1 mapping and ECV appears to be associated with diastolic dysfunction and LV stiffness in HFpEF (n = 62) but not in HFrEF (n = 40) or healthy controls (n = 22) (80). ECV has been demonstrated to correlate with invasive measures of load-independent passive LV stiffness (81, 82). In a study comparing patients with HFpEF, hypertension and healthy controls, ECV was significantly increased in HFpEF (35.9 ± 5.0%) compared to both hypertensive patients (31.9 ± 5.2%) and healthy controls (27.0 ± 4.3%) (83). Moreover, ECV was superior to GLS in differentiating between HFpEF and hypertension.
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FIGURE 3
 Myocardial tissue characterization by native T1 and ECV differentiating disease processes in HFpEF. (A) Normal native T1 and (B) normal ECV maps. Hypertensive heart disease with LVH showing diffuse myocardial fibrosis on (C) native T1 map and (D) increased ECV. Fabry disease showing (E) globally reduced native T1 values and (F) replacement fibrosis in the basal inferolateral wall on ECV map; Cardiac amyloidosis showing globally elevated (G) native T1 and (H) ECV values. Color scales are represented for native T1 in milliseconds and ECV in percentage. ECV, extracellular volume; HFpEF, heart failure with preserved ejection fraction; LVH, left ventricular hypertrophy.


ECV may have a unique role to play in identifying HFpEF phenotypes at higher risk of cardiovascular events and death (84). In a cohort of 410 patients at risk for or diagnosed with HFpEF, ECV correlated with BNP levels and outcomes of heart failure hospitalization or death (85). This may indicate that the degree of myocardial fibrosis occurs in a continuum of severity and may precede overt clinical features of HFpEF. These findings are corroborated by other studies demonstrating that a lower post-contrast T1 time (median <388 ms) is a strong predictor of adverse events (86). Furthermore, both focal and diffuse myocardial fibrosis was noted to be more prevalent in HFpEF (n = 140), compared to age and sex matched control subjects. ECV indexed to body surface area correlated with LV mass:volume ratio, RV end-diastolic volume index and maximum LA volume index and independently predicted adverse outcomes (87). Interestingly, a recent study demonstrated that anterior RV insertion point fibrosis measured by increased native T1 times significantly correlated with markers of increased LV end-diastolic pressures and filling (88).



Stress perfusion and exercise stress CMR

Patients with HFpEF may only develop dyspnea on exertion and have limited indices of diastolic dysfunction at rest. The gold standard for diagnosing the effects of HFpEF during exertion is invasive right heart catheterization during exercise (89), although it is more often assessed indirectly by exercise stress echocardiography (90). Recent studies have shown a role for stress perfusion or CMR combined with exercise to increase the diagnostic yield for HFpEF (91–93). In particular, there appears to be significant coronary microvascular dysfunction in HFpEF patients as revealed by myocardial perfusion reserve following stress perfusion imaging (94). Stress perfusion CMR identifies patients at higher risk of major cardiovascular events in HFpEF without known coronary artery disease (95, 96).

In a feasibility study, exercise stress combined with real-time CMR was able to detect HFpEF, confirmed by right heart catheterization, with high accuracy (93). The authors also demonstrated that LA longitudinal shortening was the most accurate parameter to detect HFpEF. In future, exercise stress CMR may play a prominent role alongside exercise echocardiography in the workup of HFpEF patients, without the need for invasive tests.



Myocardial energetics

The high energy requirement of the heart and minimal capacity to store energy suggests that an imbalance of energy supply and demand may predispose to the development of myocardial dysfunction. MR spectroscopy has the capability to assess myocardial energetics by measuring phosphocreatine to adenosine-triphosphate (PCr/ATP) ratio, and cardiac steatosis by measuring myocardial triglyceride content (MTG). In a small study of 12 patients with T2D and diastolic dysfunction, there were reductions in PCr/ATP ratio when compared to controls (97). Burrage et al. (98) investigated patients with a spectrum of diastolic dysfunction including T2D (n = 9), HFpEF (n = 14) and cardiac amyloidosis (n = 9) and controls (n = 11). Across the spectrum of HFpEF, there was a decrease in PCr/ATP ratio in parallel to increases in E/e′, NT-proBNP and lower LV diastolic filling rates with low workload exercise. Moreover, patients with HFpEF and cardiac amyloidosis had transient pulmonary congestion with exercise as revealed by pulmonary proton density mapping. In HFpEF, significantly greater MTG and therefore myocardial steatosis correlates with reductions in CMR measured diastolic strain and VO2max (99).

Recent clinical trials have identified beneficial effects of therapeutics on cardiac metabolism. Evidence has been growing for the sodium–glucose cotransporter 2 (SGLT2) inhibitor, empagliflozin, for the treatment of HFpEF (100). The mechanism of these benefits have not been fully elucidated but an improvement in cardiac metabolism has been shown following in a significant increase in PCr/ATP in a small study of 18 patients with T2D compared to 10 healthy volunteers (101). The authors also found an increase in mean LVEF of 7% and a 3% increase in GLS.

Epicardial adipose tissue (EAT) surrounding myocardium and within the pericardium is metabolically active providing energy to myocardium through the breakdown of triglycerides and also generates pro-inflammatory mediators (102). Furthermore, EAT may affect mechanical properties of ventricular function. In obese HFpEF (n = 99) compared to non-obese HFpEF (n = 97) and healthy controls (n = 71), there was significantly higher total epicardial heart volume [945 ml (831–1,105 ml) vs. 797 ml (643–979 ml) and 632 ml (517–768 ml); p < 0.0001] and EAT thickness (10 ± 2 vs. 7 ± 2 and 6 ± 2 mm; p < 0.0001) measured by CMR (103). Furthermore, the larger epicardial heart volume in obese HFpEF was associated with increased pericardial restraint and ventricular interdependence.



Novel methods in assessing HFpEF by CMR

Recent advances in CMR have generated novel sequences and measures to assess HFpEF. Diastolic dysfunction results from altered LV compliance leading to changes in LV filling patterns. LV time-volume and peak filling rate curves generated using CMR acquired LV volumetric datasets associate with the severity of echocardiographic-derived diastolic dysfunction (104). Patients with HFpEF have a lower peak filling rate adjusted for end diastolic volume (105), prolonged peak filling rates (106) and greater diastolic volume recovery (proportion of diastole required for recovery of 80% of stroke volume) by CMR (107).

A fundamental aspect of HFpEF assessment is to determine PAP. Vortices of blood, measured by 3D or 4D phase-contrast CMR, appear in the main pulmonary artery in pulmonary hypertension (108, 109). Measurement of the duration of blood vortices allows estimation of pulmonary artery pressures (110). A vortex duration ≥15% corresponds to an invasive mean PAP ≥25 mmHg. Using 4D flow analysis there is good correlation to Doppler echocardiographic estimates with potentially higher diagnostic yields in the detection of raised pulmonary artery pressures (111).

Central transit times have long been to known to be increased in HF (112). Using first pass perfusion, Cao and colleagues (113) demonstrated that global central transit times from the right atrium to aorta were significantly prolonged in HFpEF, which correlated with increased PCWP. Measurement of central transit time may therefore act as an additional marker of HFpEF for patients undergoing CMR though data on its use remains limited.

Experimental CMR sequences in the pipeline may further serve to characterize the myocardium and alterations in diastolic function potentially adding to the diagnostic role of CMR in the assessment of HFpEF. Examples include diffusion tensor imaging (114), MR elastography (115), artificial intelligence and radiomics (116), which are beyond the scope of this review article.



Conclusion

Assessment by CMR enables refinement of a clinical HFpEF diagnosis into underlying cardiac conditions such as HCM and cardiac amyloidosis. Furthermore, the strengths of CMR over other imaging modalities include the capability for sub-categorization into pathophysiological sub-types such as increased myocardial fibrosis, left atrial dysfunction or microvascular dysfunction. The comprehensive evaluation of HFpEF by CMR may enable risk profiling of patients with HFpEF and perhaps allow focused, targeted therapies in the future. Advances in CMR sequences and postprocessing are generating novel indices of diastolic dysfunction which not only aid diagnosis but may hold prognostic risk prediction. The role of CMR in assessment of diastolic dysfunction continues to evolve at a rapid rate but large-scale studies are still required to permit technical reproducibility as well as clinical validation across different populations and subcategories of HFpEF. Moreover, future research could focus on the challenge of identifying which established and novel indices should be routinely incorporated into clinical workflows. It remains to be determined how such advances compare to a predominant echocardiographic based approach to clinical diagnosis and management of HFpEF, especially whether the use of CMR can lead to improved prognostication and outcomes.
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Background: Heart failure is currently divided into three main forms, HFrEF, HFpEF, and HFmrEF, but its etiology is diverse and highly heterogeneous. Many studies reported a variety of novel subgroups in heart failure patients, with unsupervised machine learning methods. The aim of this scoping review is to provide insights into how these techniques can diagnose and manage HF faster and better, thus providing direction for future research and facilitating its routine use in clinical practice.

Methods: The review was performed following PRISMA-SCR guideline. We searched the PubMed database for eligible publications. Studies were included if they defined new subgroups in HF patients using clustering analysis methods, and excluded if they are (1) Reviews, commentary, or editorials, (2) Studies not about defining new sub-types, or (3) Studies not using unsupervised algorithms. All study screening and data extraction were conducted independently by two investigators and narrative integration of data extracted from included studies was performed.

Results: Of the 498 studies identified, 47 were included in the analysis. Most studies (61.7%) were published in 2020 and later. The largest number of studies (46.8%) coming from the United States, and most of the studies were authored and included in the same country. The most commonly used machine learning method was hierarchical cluster analysis (46.8%), the most commonly used cluster variable type was comorbidity (61.7%), and the least used cluster variable type was genomics (12.8%). Most of the studies used data sets of less than 500 patients (48.9%), and the sample size had negative correlation with the number of clustering variables. The majority of studies (85.1%) assessed the association between cluster grouping and at least one outcomes, with death and hospitalization being the most commonly used outcome measures.

Conclusion: This scoping review provides an overview of recent studies proposing novel HF subgroups based on clustering analysis. Differences were found in study design, study population, clustering methods and variables, and outcomes of interests, and we provided insights into how these studies were conducted and identify the knowledge gaps to guide future research.

KEYWORDS
heart failure, subtype, machine learning, clustering analysis, scoping review


Introduction

Heart failure (HF) is the serious manifestation and terminal stage of many cardiovascular diseases, with a high level of mortality and readmission rate (1). The global prevalence of HF is about 26 million, and with the aggravation of population aging and the increase of survival rate of acute coronary syndrome (ACS), the prevalence of HF is increasing continuously (2). However, the existing treatment measures are only symptomatic support treatments to improve symptoms, but cannot completely reverse the course of disease. One of the reasons for this phenomenon is that the current HF subpopulation cannot fully integrate the heterogeneity of HF clinical manifestations and progression, which further aggravates the serious consequences caused by inadequate or even inaccurate phenotypic classification.

In previous guidelines for heart failure, heart failure was classified according to the cut-off point of LVEF—heart failure with reduced ejection fraction (HFrEF): HF with LVEF ≤ 40%; Heart failure with preserved ejection fraction (HFpEF): HF with LVEF ≥ 50%; Heart failure with intermediate ejection fraction (HFmrEF): HF with LVEF > 40% and L VEF < 50% (3). The new guideline proposed a new and revised classification of HF according to LVEF: HF with improved ejection fraction (HFimpEF): symptomatic HF with a baseline LVEF ≤ 40%, a ≥ 10 points increase from baseline LVEF, and a second measurement of LVEF > 40%. When classifying heart failure based on LVEF, previous guidelines have used HFrEF and HFpEF, but for the types of heart failure with EF values between 40 and 49%, there are different terms used, and there is no uniform standard. In the new classification, patients with normalized EF may have decreased EF after drug treatment was discontinued, meaning that although EF improved, cardiac structure and function did not (4). Although large number of studies have analyzed and summarized the structural and functional characteristics of cardiac cells, intercellular excitation conduction pathway, and cellular inflammation degree of patients in each subtype under this classic classification, there is still a situation of lack of effective treatment and limited personalized medical care, which urgently requires more accurate and detailed grouping strategies (5, 6). The complexity of the development of heart failure is difficult to explain with the emphasis on symptoms and signs in the previous diagnostic classification. We believe that the new subtype will give new directions in the interpretation of heterogeneity and treatment selection. The introduction of subgroups of patients with homogeneous characteristics is helpful to treat patients according to their clinical and pathophysiological characteristics, reduces the complexity of the cross influence of data characteristics of different dimensions during the treatment of patients, and plays a role in improving the treatment and prognosis (7).

Machine learning (ML) has achieved good accuracy in early diagnosis, clinical classification and risk factor prediction of patients with HF (8, 9). However, because of the black box feature of the algorithm, we cannot learn from the classification process of the algorithm. Unsupervised machine learning, specifically clustering analysis, is used to find the similar or different features between patients groups, and identify subgroups with homogeneous features. Clustering studies have certain advantages in characterizing, classifying or treating patients differently. Clustering algorithms commonly are performed in a static way with baseline data and/or outcome data. They are useful to answer descriptive questions (10, 11). In the early attempts, unsupervised clustering analysis algorithms were used on clinical laboratory indexes and demographic data characteristics of patients with heart failure to make homogeneous inductive groups (12, 13). In recent studies, researchers also used echocardiography, genomics and comorbidity characteristics to explore more grouping strategies (14). Without knowing the outcomes information (i.e., unsupervised learning), clustering analysis can comprehensively reflect the association between new subgroups and heart failure outcomes and other prognostic indicators.

There are wide variations in studies defining new heart failure subgroups, in study design, statistical methods, and reporting of outcomes, which makes comparing and summarizing results from different studies very difficult. Therefore, it is necessary to conduct a scope review to summarize the current practice in studies on the new subgroups of heart failure, clarify the limitations and provide direction and planning for the future research. At present, some researchers have discussed the application of machine learning in heart failure subtypes. Banerjee et al. included 15 studies published up to 2015, and compared the symptoms of cardiovascular diseases such as ACS, myocardial infarction (MI) and heart failure (HF) (15); In addition, Banerjee and others evaluated the subtype definition and risk prediction of ML in HF, ACS and AF (Atrial Fibrillation), and systematically reviewed them (15). However, in their research, the definitions of heart failure and subgroups are only a part of the research, and the clustering variables concerned are not comprehensive, and the included research is up to December, 2019 at the latest. Therefore, it is necessary to define the scope with a specific focus on the subtype classification in heart failure, and fully incorporating the latest research reports. This scoping review will integrate the current evidence on subtype classification of heart failure reported in the existing literature to provide a reference for clinicians and community health care workers to manage HF better, and identify the knowledge gaps to point out the direction for future research.



Methods

This scoping review followed the Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) guideline (16), and a competed PRISMA-ScR checklist was provided in Supplementary material. A study protocol was designed by a senior author and agreed by all authors, and this protocol was not registered or published.


Literature search

We performed a search in PubMed to identify primary studies on discovery of new HF sub-types by using clustering analysis. The search strategy contained 3 modules: the HF module, the algorithm module, and the sub-type module, and a filter of publication time till 31st December 2021 (see Supplementary material Search Strategy).



Eligibility criteria

Studies were included if they defined new subgroups in HF patients using clustering analysis methods. Exclusion criteria were: (1) Reviews, commentary, or editorials, (2) Studies not about defining new sub-types, (3) Studies not using unsupervised algorithms.



Study selection

Titles and abstracts were independently scanned by one of the two authors and checked by the other, to identify potentially eligible articles, which were then assessed with full texts for final inclusion. Disagreements were resolved through discussion by the two reviewers, and a third author made the final decision when an agreement was not reached.



Data extraction

Data was collected on basic study characteristics including title, name of the first author, year of publication, country, and information and the analysis and results including study population, sample size, clustering method(s), types of clustering variables, and outcome(s). The data extraction form and data extracted in this study can be found in the Supplementary material. All included articles were reviewed and extracted by one of the two authors and double checked by the other. Disagreements were resolved through discussion, if necessary the final judgment was from a third reviewer.



Data synthesis

Data synthesis was performed with descriptive statistics and data visualization. Categorical variables were presented as counts and proportions, and continuous variables were presented with median and IQR. All the statistical analyses were performed with R version 3.6.1 and RStudio version 1.2.5001, and packages ggplot2, networkD3 (sankey diagram), ggparliament (parliament diagram), UpSetR (upset plot) and scatterpie (bubble chart).




Results


Search finding

A total of 498 studies were identified by the search strategy, all of them were screened for titles and abstracts, of which 446 were excluded at this stage. Fifty-two studies entered the stage of full-text reading to assess their qualification, and five of them were excluded, for reasons shown in Figure 1. In the end, 47 studies were included in the review.
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FIGURE 1
PRISMA flow diagram for study inclusion.





Characteristics of the included studies

Table 1 shows the basic characteristics of the included studies in this review. Among the 47 included studies, 23(48.9%) studies focused on patients with generalized HF (7, 13, 17–31), while the rest 24 studies focused on patients with specific categories of HF, among which 19 studies (40.4%) focused on patients with HFpEF (32–50), and the other 5 studies (14, 51–54) (10.6%) focused on HFrEF. Of these studies, only one (2.1%) was published before 2010 (55) and four (8.5%) were published between 2010 and 2014 (19, 20, 54, 56). Most of the research was published after 2015, and the research after 2020 accounted for 61.7% (32, 34, 35, 37, 38, 40, 42–44), as shown in Figure 2.


TABLE 1    Descriptive statistics of study characteristics.
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FIGURE 2
Number of publication per year by HF sub-types.


In all the included studies, the corresponding authors were from 13 different countries, including the United States (22, 46.8%) (18–22, 24, 26–28, 33, 36, 37, 40, 41, 44, 48, 53, 54, 56–59), the Netherlands (5, 10.6%) (23, 45, 47, 55, 60), France (5, 10.6%) (13, 17, 32, 43, 51), Spain (3, 6.4%) (25, 34, 38), China (3, 6.4%) (7, 35, 49) and Japan (2, 4.3%) (31). Australia (52), Germany (30), Italy (14), Poland (39), Switzerland (46), Canada (50) and the United Kingdom (29) each had only one study (1, 2.1%). The research data were from a single country in 40 studies (85.1%), and the rest 7 studies (14.9%) were performed with multinational data (13, 17, 24, 28, 37, 43, 60). The relationship between data sources and corresponding authors is shown in Figure 3. We further classify them according to their continents, and find that the highest number of authors and participants are from America and Europe, followed by Asia and Oceania, as shown in Table 1.
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FIGURE 3
Relationship between data sources and corresponding authors.


We analyzed the types of data source, the results showed that in all included in the article, there are 24 articles (51.1%) using EHR data, 9 articles (19.1%) using RCT research data, 8 articles (17.0%) using disease registration data, 3 article (6.4%) using the observational data, 1 article (2.1%) using the claims data. In addition, one study used EHR data and Claims data simultaneously, and another study used EHR data, RCT data and registries data simultaneously.

In addition, of the 47 included studies, only 6 (12.8%) were externally validated, while the remaining 41 studies (87.2%) were not.



Types of clustering methods in the included studies

The clustering methods were categorized into six main types, and the usage of each type of methods in the included studies are shown in Figure 4 and Table 1. The most commonly used ML method was hierarchical clustering method (32–33, 35, 38–41, 43, 44), accounting for 46.8% (22/47) of all studies, followed by latent class analysis (11, 23.4%) (7, 17, 24, 26, 29, 30, 32, 36, 37, 47, 55) and K-Means/Medoids (9, 19.1%) (13, 28, 31, 34, 42, 50, 52, 53, 60), and two studies used mixture model-based approach (4.3%) (46, 58). The least commonly used methods were spectral (49), self-organizing map (23) and composite of hierarchical and K-Means/Medoids (27).
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FIGURE 4
Types of machine learning methods used in identifying HF subgroups.




Types of clustering variables used in the included studies

We divide all the variables used by the institute for unsupervised cluster analysis into seven categories: demographic data (such as gender, age, education level, etc.), clinical data (such as heart rate, respiratory rate, etc.), laboratory data, image features (such as LEVF, etc.), genetic data, clinical symptoms and complications, and comorbidities. We have sorted out the frequency with which these variable types are used and whether they are jointly used in cluster analysis, as shown in Table 1 and Figure 5. As far as the frequency of variable types is concerned, comorbidities are the most frequently used in these studies 29(61.7%), and the clinical data, imaging data, demographic data and laboratory data are almost the same, which are 25(53.2%), 24(51.1%), 24(51.1%) and 21(44.7%) respectively. Among them, gene data, symptoms and complications data, image data, laboratory data and complications data are used alone in the process of sub-grouping in some studies. Most studies combine multiple data types to make a new subgroup classification of heart failure.
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FIGURE 5
Types of clustering variables used in identifying HF subgroups.




Sample size, number of clustering variables, and number of clusters

The sample sizes in the derivation of subgroups ranged from 63 to 318,384. In all 47 studies, the median sample size was 480, of which 23 studies (48.9%) included data sets of more than 500 people, and only 2 studies (4.3%) had a sample size of less than 100 people. The number of clustering variables involved in the research also varies widely, the research with the least variables was using only 7 clinical, laboratory or imaging indicators, and the research with the most variables was using 13,000 genes for clustering analysis to determine their molecular subgroups. The number of clusters obtained in most studies ranged from 2 to 7 (97.9%), with a median of 3, of which 16 studies (34.0%) finally got 3 clusters, and only one study got 11 clusters. Figure 6 shows the relationship between the number of variables (X-axis, in log scale) and the number of clusters (Y-axis) identified in each study, and the sample size (in log scale) is presented as the radius of the bubble. The Spearman correlation was −0.14 between sample size and number of clustering variables, 0.15 between sample size and number of clusters, and 0.13 between number of clustering variables and number of clusters.
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FIGURE 6
Features of the clusters identified in the included studies.




Prognostic implications of the clusters proposed in the included studies

Many different outcomes were used to evaluate the prognostic implication of the identified new subgroups, thus they were classified into four categories: death, hospitalization, other events, and cross-sectional study (i.e., no prognostication was assessed). The most commonly used endpoints were death (36, 76.6%) and hospital (27, 57.4%) respectively, while in 7 studies (14.9%) no analysis was performed for prognostic implications. The outcomes evaluated in each study are shown in Figure 6.




Discussion

In this scoping review, we summarized the current research on identifying subgroups in HF patients with unsupervised machine learning methods. This type of studies increased quickly over past years, and there were 19 new publications in 2021. Differences were found in study design, study population, clustering methods and variables, and outcomes of interests, and we aimed to provide insights into how these studies were conducted and identify the knowledge gaps to guide future research.

Most of the studies were conducted by researchers from developed countries, or in geographic, from Europe and North America, which is not a surprising finding given their leading position in the field of biomedical and clinical researches. However, subgroups identified from these populations may have poor generalizability in other part of the world. Africa, South America, South and West Asia were under represented, since the data availability is limited in those areas. We also noticed that most researchers worked on data from their own country, and only a few studies were from multinational collaboration. Future research should consider combining datasets containing patients from different countries and regions, to investigate the potential application of the new subgroups worldwide.

With regarding to the clustering methods, in this scoping review, the most commonly used unsupervised machine learning algorithm is hierarchical clustering, followed by K-Means or K-Medoids. Hierarchical clustering has the advantage of not requesting predefined number of clusters, which is useful in exploring novel subgroups. Researchers have had long history in using K-Means or K-Medoids clustering in analyzing data, and these methods were considered as multivariate analysis before the term of machine learning getting its popularity (61, 62).

The novel HF subgroups can be defined with different types of variable, however, the application of subgroups also depends on how difficult these clustering variables can be collected. Obtaining demographic variables and underlying comorbidities is straightforward by asking the patient’s medical history at admission, which made them as the most frequently used variables in clustering analysis, and laboratory data and imaging data can also be obtained in routine examination after admission. However, genomics or proteomics data may need extra special examination methods, which are less common compared with other data types, so that genomics or proteomics are rarely used in the included studies, but this also heralds the great potential of genomics in revealing the prognosis of heart failure patients.

The implementation of machine learning methods relay on data in a large degree. In the included studies, 23 studies used datasets of less than 500 patients and only 15 studies used data sets of more than 1,000 patients. At the same time, the number of clustering variables is relatively big, sometime even higher than the sample size, which may lead to overfitting issues. A negative correlation was observed between the number of clustering variables and the sample size, which is not as expected. When more clustering variables are included in the analyses, researchers need to make sure the sample size is sufficient to get reliable results.

Some included studies did not evaluate the prognostic implication of the proposed subgroups, and we marked these studies as cross-sectional studies. Unsupervised cluster analysis does have obvious advantages in finding out the heterogeneity among patients, and the new subgroup is also more accurate in describing the symptoms and complications of patients, but not connecting with the prognosis means that it is limited in clinical application, so we hope that more researches will make a clear plan for the clinical endpoint of patients. In addition, we found that few studies have set the quality of life or daily behavior ability as the research endpoint, which may be due to the fact that similar endpoints need more detailed evaluation scales or multi-dimensional evaluation indicators, which are quite different in the nature of easy access compared with the outcome endpoints such as death or readmission.

Unlike traditional prediction models, which pay more attention to the prediction accuracy and absolute probability of having a specific event, clustering analysis focused on classifying complex and heterogeneous diseases and identifying people with similar clinical characteristics. Thus, subgroups identified with clustering analysis may have better explanation and clinical meaning than prediction models. With these novel subgroups, patients can be more accurately risk stratified by more simple and easily available clinical indicators, and then targeted treatment schemes can be formulated.

With the development of coronary intervention technology, more patients with coronary heart disease survive and develop into heart failure. Coupled with the aggravation of population aging, the number of patients with heart failure is increasing year by year (63, 64), there is a higher proportion of elderly patients among them, and the existence mode of comorbidity is more complicated, which is followed by the increase of medical expenses, mortality and hospitalization rate (65). More and more researchers are aware of the importance of comorbidity management. The study on comorbidity of patients with heart failure found that the number of participants suffering from diabetes, chronic kidney disease and atrial fibrillation was higher (66), and other common comorbidities included hypertension and chronic obstructive pulmonary diseases. Some studies showed that some comorbidities would change the disease phenotype of patients with heart failure, and even become the main cause of heart failure (67), whereas some studies reported that the comorbidity of patients with heart failure was more serious, which might be caused by heart failure. Diabetes, hypertension, etc., are also associated with worse clinical outcomes in other diseases. Therefore, it is of great significance to carry out more personalized management for patients with heart failure under different comorbidity modes. These common comorbidities are important variables in our included studies, and the emergence of new subgroups and new treatment standards have also brought about the improvement of clinical prognosis in these studies. In addition to the elderly patients with heart failure, recent studies have found that the prevalence of cardiovascular comorbidities in middle-aged patients with heart failure is also very high, compared with the elderly patients with heart failure (>85 years old) (68). In the included studies, the new grouping of patients based on comorbidity or combined with other types of data also provided reference for clinical treatment.

There are also some limitations of the current scoping review. First, when searching for eligible publications, we only performed the literature search in PubMed database. Some other databases such as scienceDirect, Embase, IEEE, Scopus, etc., were not searched specifically, since most of the relevant publications are covered by PubMed, and looking for more databases will only increase the duplicates and add unnecessary workload. Given this is a scope review rather than a systematic review, we strictly enforce this search strategy, and we are confident the results presented in this scoping review are not biased. Second, we only included publications in English, and excluded those in other languages, which may reduce the diversity of this scope review. Third, we did not evaluate the evaluation criteria and external validation of the novel subgroups, since they are seldom done in the included studies. We believe validation or replication of the proposed subgroups are essential before these subgroups will be used in clinical practice, and future studies should pay more attention to these analyses. At last, this scoping review is only a comprehensive description of the existing researches on subgroup identification in HF patients, thus no formal assessment on methodological quality (or risk of bias) or meta-analysis was performed in this review. These analyses are usually within a systematic review, and are beyond the scope of this scoping review. In future research, we plan to perform a systematic review on studies with similar subgroup definition and a meta-analysis on their prognostic performance.
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The importance of the left atrium (LA) has been emphasized in recent years as the features of heart failure (HF), especially with regard to variability in patient and pathology phenotypes, continue to be uncovered. Of note, among the population with HF with preserved ejection fraction (HFpEF), pressure or size of the LA have become a target for advanced monitoring and a therapeutic approach. In the case of diastolic dysfunction or pulmonary hypertension, which are often observed in patients with HFpEF, a conventional approach with clinical symptoms and physical signs of decompensation turned out to have a poor correlation with LA pressure. Therefore, to optimize HF treatment for these populations, several devices that are applied directly to the LA have been developed. First, two LA pressure (LAP) sensors (Heart POD and V-LAP Device) were developed and may enable patient self-management remotely with LAP-guided and physician-directed style. Second, there are device-based approaches that aim to decompress the LA directly. These include: (1) interatrial shunt devices; (2) left ventricular assist devices with LA cannulation; and (3) the left atrial assist device. While these novel device-based therapies are not yet commercially available, there is expected to be a rise in the proposition and adoption of a wider range of choices for monitoring or treating LA using device-based options, based on LA dimensional reduction and optimization of the clinically significant pressure relief. Further development and evaluation are necessary to establish a more favorable management strategy for HF.
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Introduction

In the treatment of chronic heart failure (HF), left atrial (LA) function has been identified as one of the most important parameters affecting the quality of life and potential deterioration or improvement of left atrial unloading. In ~90% of hospitalizations for exacerbation of HF, there is pulmonary congestion related to an increase in LA pressure (LAP) (1–3). In daily medical care, however, current management strategies for ambulatory HF patients generally rely on clinical symptoms and physical signs of decompensation, even though these indicators have a poor correlation with LAP (4).

For patients with HF with preserved ejection fraction (HFpEF) or pulmonary hypertension, diastolic dysfunction or right HF are the main pathophysiological elements responsible for the clinical representation and overall course of the disease. These types of HF tend to be resistant to simple volume reduction or vasodilators, since these approaches do not directly reduce the LAP in case left ventricular (LV) systolic function is preserved. Even though patients with HFpEF account for nearly half of the entire HF population (5), there is still an unmet need for effective therapeutic options.

To achieve more dedicated HF control for this population, it is essential to understand the specific clinical requirements in order to have effective options for monitoring LAP, and accurately adjusted, effective LA decompression. In this mini-review, we describe several novel devices that are currently in the development pipeline to treat HF that specifically address the LA function and parameters. The features, advantages and limitations of these device platforms are discussed.



Left atrial pressure sensors

Changes in volume status or ventricular function, followed by decompensation and severe symptoms in HF patients, often require hospitalization and invasive monitoring of the patient's clinical status to achieve optimal medication and volume control. To limit the number of hospitalizations, strong efforts have been made for several decades to develop an accurate and remote monitoring system for early detection of exacerbation of chronic HF conditions (6). The unprecedented era of the COVID-19 pandemic has emphasized the necessity of reliable remote monitoring of HF patients more than ever.

Currently, continuous and remote monitoring of pulmonary artery pressure (PAP) have been confirmed to be associated with a reduced number of hospitalizations and mortality rates in the HF with reduced ejection fraction (HFrEF) population (7, 8). Also, PAP-guided therapies (PAP sensors) are the only commercially available option for CHF management so far. However, PAP does not always reflect left-sided ventricular filling pressures (9, 10) as seen in advanced HF patients with increased pulmonary vascular resistance or patients with pulmonary hypertension or acute HF.

Under these circumstances, LAP direct monitoring systems (intra-cardiac pressure readings) were developed to provide more sensitive and important information, including the evaluation of diastolic function and atrial arrhythmias.


Heart POD device

The Heart POD (Abbott, Abbott Park, IL) was developed as the first attempt to place in a human a permanently implantable direct LAP monitoring device (11). This is a pacemaker-shaped device with a coil antenna implanted in the subcutaneous pocket and a sensor lead placed across the atrial septum (Figure 1A). A patient advisor module is used to communicate with the implanted sensor lead. In a prospective, multicenter, non-randomized, open-label feasibility clinical trial [the Hemodynamically Guided Home Self-Therapy in Severe Heart Failure Patients (HOMEOSTASIS) trial], the Heart POD was implanted in eight patients with established HF (11). At 12 weeks of follow-up, the device measurements were as accurate as within ±5 mm Hg of simultaneous pulmonary capillary wedge pressure readings, and no complications were reported.


[image: Figure 1]
FIGURE 1
 Illustrations of each device. (A) Heart POD, quoted from (6); (B) Sensory implant of V-LAP System (black arrow is the pressure-sensing assembly connected to electronic circuitry), quoted from (6); (C) Sensor of V-LAP (yellow arrow), quoted from (15); (D) Corvia Atrial Shunt Device, quoted from (19); (E) PulseVAD, quoted from (30), and; (F) Left Atrial Assist Device, quoted from (32).


As a follow-up to the HOMEOSTASIS trial, a prospective and observational study of a physician-directed patient self-management system targeting LAP was conducted, enrolling 40 patients with HFrEF and HFpEF and a history of acute decompensation (12). During pressure-guided therapy, mean daily LAP fell in the first 3 months from 17.6 to 14.8 mm Hg (p = 0.003), and the frequency of LAP elevation higher than 25 mm Hg was reduced by 67% (p< 0.001). In addition, improvements in New York Heart Association (NYHA) functional Class, LV ejection fraction, and pharmacological profiles were observed.

Following this, the Left Atrial Pressure Monitoring to Optimize Heart Failure Therapy (LAPTOP-HF) study was initiated (13). The LAPTOP-HF was a prospective, multicenter, randomized, controlled clinical trial, which was designed to enroll up to 730 patients with NYHA functional class II and either of a history of hospitalization for HF in past 12 months or an elevated B-type natriuretic peptide level, regardless of the LV ejection fraction. The enrollment was terminated early, however, because of a large number of procedure-related complications by trans-septal punctures. The analysis of 486 patients that were enrolled prior to the termination showed that the HF therapy, with LAP-guided, physician-directed, and patient self-management, was associated with a 41% reduction in HF hospitalizations at 12 months (p = 0.005) (14). These efforts were followed by the development of the V-LAP, a more advanced LAP sensor.



V-LAP remote monitoring system

The V-LAP System (Vectorious Medical Technologies, Tel Aviv, Israel), is a wireless remote monitoring system that measures LAP directly (2, 15). The system includes a sensory implant (Figure 1B) placed at the interatrial septum and an external unit (reader, Figure 1C). The implant is leadless, has no battery, and receives all its power from the reader. All procedures can be done percutaneously. A hermetically sealed tube encases the sensing elements and electronics, and bidirectional communications with a reader is enabled.

After ex vivo and in vivo animal experiences (16), the V-LAP Left Atrium Monitoring system for Patients With Chronic sysTOlic & Diastolic Congestive heart Failure (VECTOR-HF) study (ClinicalTrials.gov: NCT3775161) was recently initiated. This is a prospective, multicenter, single-arm, and open-label, first-in-human clinical study that aims to assess the safety, performance, and usability of the device in patients with NYHA class III HF. So far, 24 patients have received the device implants, which are transmitting accurate pressure measurements of LAP with no device-related complications or sensor failure events (2).

In general, the most serious concern with these LAP sensors is a higher rate of procedure-related complication. The V-LAP system seems to have less risk of thrombosis than the Heart POD because of its shape, but information about long-term biocompatibility and effectiveness are still needed.




Depressurization of the left atrium

Decompression of the LA is the most ideal therapeutic approach to relief the symptoms and vicious circle of exacerbated HF. Especially in cases of HF with diastolic dysfunction, as represented by patients with HFpEF, pharmacological treatments have not been as feasible as they have been for HFrEF. Use of LV assist devices (LVADs) is also controversial because of limited experience and concerns over the risk of ventricular suction events. Although sodium glucose cotransporter 2 (SGLT2) inhibitors were recently suggested to be beneficial for HFpEF (17, 18), their efficacy is still unclear after fluid overload is appropriately managed. SGLT2 inhibitors brought a lower risk of hospitalization for HF, but there was no improvement in death rates. Therefore, new device-based therapies that address LA decompression have been getting more attention in the area of HFpEF treatment (19, 20).

There are three options for decompressing the LA with a device: (1) fenestrate the interatrial wall; (2) use LVADs with LA cannulation; and (3) pump blood directly from the LA to the LV. High LAP and large LA size are two of the most important features of HFpEF pathology, and reducing LA size and pressure have been set as important therapeutic targets (21, 22). Here, we summarize recent findings for each type of device.


Interatrial shunt devices

Interatrial shunt devices are the most widely applied option for the HFpEF population. There are three different devices, used as artificial interatrial shunts (23): the Corvia Atrial Shunt Device (IASD System II, Corvia Medical Inc., Tewksbury, MA), the V-Wave device (V-Wave Ltd., Caesarea, Israel), and the Atrial Flow Regulator (AFR, Occlutech, Helsingborg, Sweden). They employ the same concept of creating a shunt between the LA and the right atrium (RA) and reducing LAP by generating left-to-right flow artificially. Their materials and shapes vary, but typically, a 5-to-10 mm shunt is made and fixed at the interatrial wall by a self-expanding prosthesis, and all procedures can be done percutaneously.

Among them, the Corvia Atrial Shunt Device (Figure 1D) has already undergone several randomized clinical trials. A randomized, multicentre (international), blinded, sham-controlled trial (REDUCE LAP-HF II) (24), enrolled 1,072 participants; 314 were assigned to the device-implanted group. The placement of an atrial shunt did not reduce the total HF event rates at 12 or 24 months after implantation. The authors stated that the strategy of excluding pulmonary vascular disease might have not been adequate. Thus, with better patient selection, atrial shunt devices still have a chance to be beneficial. Nevertheless, as an HF treatment, the efficacy of this device is limited to symptom relief, and it can never be used as a causal treatment nor to stop progression of the disease.



Left atrial cannulation of left ventricular assist devices

As noted, LVADs are not considered to be as beneficial for patients with HF with diastolic dysfunction as for those with systolic dysfunction, because the LV wall in diastolic dysfunction is often too thick and the LV cavity too narrow for the LVAD inflow cannulas. The concept of applying LVADs with LA cannulation emerged, and some case reports depicted the potential efficacy of LVAD implantation in hearts with diastolic dysfunction, such as hypertrophic cardiomyopathy (25–27).

There are some novel devices that employ a similar concept of drawing blood from the LA and returning it to the aorta or subclavian artery. For example, the CircuLite Synergy Micro-Pump Device (Medtronic, Minneapolis, MN) (28) is a micropump-based form of mechanical circulatory support device, with a pump the size of an AA battery (29). The implantation can be done with a right mini-thoracotomy without using cardiopulmonary bypass, and the outflow graft is anastomosed to the subclavian artery. Although the development of the Synergy Micro-Pump Device and related project had been abandoned several years ago, this concept was successfully migrated to the new pumps, such as the VADovations cardiac assist system (VADovations, Oklahoma City, OK) or the PulseVAD (Northern Development, Strandhaugen, Oslo).

These two devices are at the beginning of the development process, and very limited information is available. Briefly, VADovations is a small pump the size of a AAA battery and is placed between the LA and the ascending aorta without inflow/outflow cannulas. The experimental results have not yet been documented. The PulseVAD is a pulsatile heart assist device and pumps blood from the LA to the descending aorta with minimally invasive surgery without cardiopulmonary bypass (Figure 1E). Gude and Fiane recently published the results of in vivo studies with the PulseVAD using ovine, and reported survival for 11 days after implantation without any complication (30).

Draining blood directly from the LA seems to be the most reasonable method of decreasing LAP, but these devices make an alternative bloodstream by shortcutting the LV. Even if they are intended as partial circulatory support, stagnation in the LV and a risk of LV thrombosis are inevitable. Also, pulsatility should be decreased as the pump support becomes larger.



Left atrial assist device

Sharing the concept of draining blood from the LA, the Left Atrial Assist Device (LAAD) has a unique feature of being implanted at the mitral position and pumping blood directly to the LV (Figure 1F) (31). The target of this pump is mainly HFpEF or diastolic dysfunction with normal EF, since the systolic function of the heart needs to be maintained for the native LV to pump blood by itself. For use in hearts with preserved EF, the LAAD can decrease LAP and support the LV filling, maintaining physiological blood pathway and pulsatility.

Our progress with the LAAD was reported with in vitro and in vivo studies with calves (32, 33). The intraoperative image of the LAAD implanted at the mitral position is seen as Figure 2. The effect of reducing LAP has been successfully demonstrated with introduced diastolic HF models. The work on reduction of the device profile, which would allow shrinking of the device dimensions and favor the implantability and technology footprint inside the heart, is ongoing. Driveline exteriorization strategies are pending evaluation, and would provide more information on the most appropriate anatomical considerations and surgical options for its pass through cardiac structures. The evaluation with long-term safety and efficacy is needed, as well as the development of animal models that can simulate diastolic HF with more fidelity.


[image: Figure 2]
FIGURE 2
 Intraoperative photo of the Left Atrial Assist Device (LAAD) implanted at the mitral position. LA, left atrium; LV, left ventricle; PA, pulmonary artery; RV, right ventricle.





Discussion

The importance of LA function has been gradually and steadily emphasized as the concept of diastolic dysfunction has become more popular in the HF field. Decreased LA compliance and mechanics are believed to be associated with an increased risk for new onset atrial fibrillation in HFpEF (34), and reducing the LA size and pressure has become the key treatment strategy. However, considering LA as a therapeutic target requires tremendous effort, since obtaining the precise value of LAP requires invasive catheterization in the hospital.

Whether performed percutaneously or surgically, there is an inevitable risk of systemic thrombosis when any prosthetic is introduced into the LA, and so anticoagulation and/or antiplatelet therapies are usually prescribed (6, 35). Therefore, for these LA devices, patient selection is very important. Patients with diastolic dysfunction as represented by HFpEF or right HF, including HF with pulmonary hypertension, would be good candidates, since LA function plays larger roles.

The devices introduced here are all in development, and none has obtained approval from the U.S. Food and Drug Administration (FDA). Their effects on early detection or prevention of LA arrhythmia have not been demonstrated, and it's also unclear if they have any therapeutic effect on presenting arrhythmia. However, under the social, medical, and economic crises brought on by the COVID-19 pandemic, a case was reported in which constant tele-monitoring of LAP and subsequent adjustment of medication prevented possible decompensation of HF and hospitalization in a patient who was in self-isolation (15). With more evidence and the need for remote care, continuous remote monitoring by invasive sensors is expected to play a larger role in HF care.

As for the LA decompression devices, the Corvia Atrial Shunt Device received FDA breakthrough device designation in 2019, but it failed to show a long-term efficacy in a randomized trial. The pump-based devices should have promise for decompressing LA, but their development is still at the animal experiment stage, and needs more time before a first-in-human trial. Also, pump devices-implantation tends to be more invasive.



Conclusion

With the new device-based options, there is a wider range of choices for monitoring or treating LAP. Further development and evaluation are required to establish a more favorable management strategy for HF.
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Background and aims: T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3) is mainly expressed by immune cells and plays an immunomodulatory role in cardiovascular disease. However, the prognostic value of Tim-3 in acute decompensated heart failure (ADHF) is unclear. This study aimed to investigate the expression profile of Tim-3 on CD4+ and CD8+ T cells in patients with ADHF and its impact on their prognosis.

Methods: In this prospective study, 84 patients who were hospitalized with ADHF and 83 patients without heart failure were enrolled. Main clinical data were collected during patient visits. The Tim-3 expression on CD4+ and CD8+ T cells in peripheral blood samples was assayed by flow cytometry. Long-term prognosis of the patients with ADHF was evaluated by major adverse cardiac and cerebrovascular events (MACCE) over a 12-month follow-up period.

Results: We found that the Tim-3 expression on CD4+ T cells [2.08% (1.15–2.67%) vs. 0.88% (0.56–1.39%), p < 0.001] and CD8+ T cells [3.81% (2.24–6.03%) vs. 1.36% (0.76–3.00%), p < 0.001] in ADHF group were significantly increased vs. the non-ADHF group. Logistic analysis revealed that high levels of Tim-3 expressed on CD4+ and CD8+ T cells were independent risk factors of ADHF (OR: 2.76; 95% CI: 1.34–5.65, p = 0.006; OR: 2.58; 95% CI: 1.26–5.31, p = 0.010, respectively). ROC curve analysis showed that the high level of Tim-3 on CD4+ or CD8+ T cells as a biomarker has predictive performance for ADHF (AUC: 0.75; 95% CI: 0.68–0.83; AUC: 0.78, 95% CI: 0.71–0.85, respectively). During a median follow-up of 12 months, the Cox regression analysis revealed that higher Tim-3 on CD4+ and CD8+ T cells were strongly associated with increased risks of MACCE within 12 months after ADHF (HR: 2.613; 95% CI: 1.11–6.13, p = 0.027; HR: 2.762, 95% CI: 1.15–6.63, p = 0.023; respectively).

Conclusion: Our research indicated that the expression level of Tim-3 on CD4+ and CD8+ T cells, elevated in patients with ADHF, was an independent predictor of MACCE within 12 months after ADHF. It suggests a potential immunoregulatory role of Tim-3 signaling system in the mechanism of ADHF.
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Introduction

Acute decompensated heart failure (ADHF) has become a significant medical, social, and economic problem due to its high rehospitalization rate and mortality (1–3). It is well known that the occurrence and development of heart failure are mainly related to ventricular remodeling, including hypertrophy of cardiomyocytes, myocardial fibroblast proliferation, and myocardial fibrosis. These changes are inseparable from the inflammatory response, and it has been reported that the activation and infiltration of immune cells in the myocardium are directly involved in the pathogenesis of heart failure (4, 5). It is worth noting that with heart failure, a large number of T lymphocytes accumulate in myocardial tissue, and their ability to express inflammatory factors is significantly enhanced (6), which leads to a sustained inflammatory response and the progression of myocardial remodeling (7). Nevertheless, the immune regulatory mechanism of T lymphocytes involved in myocardial inflammation in ADHF is still unclear.

T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3, encoded by hepatitis A virus-cellular receptor 2 [HAVCR2]) is a unique inhibitory co-receptor expressed restrictedly on the surface of immune cells and mediates immune tolerance by regulating the activity of immune cells like T cells (8). In recent years, numerous studies have examined the negative regulatory role of Tim-3-mediated immune responses in a variety of diseases (9–13). However, some scholars found that Tim-3 can convert to inflammatory and tissue injury phenotypes under acute stimulation (14–16). Currently, new advances have been made in the field of Tim-3-mediated regulation of immune inflammation in heart failure; Yu et al. (17) discovered that the proportion of Tim-3 on CD4+ and CD8+ T cells was significantly increased in patients with chronic heart failure, suggesting that Tim-3 may induce T cell dysfunction in patients with chronic heart failure, participate in the process of myocardial remodeling, and accelerate heart failure progression. Despite that, to our knowledge, the relationship between Tim-3 expression and ADHF remains unclear.

Consequently, we speculated that Tim-3 may be involved in the process of myocardial remodeling in ADHF by upregulating the activity and proliferation of CD4+ and CD8+ T cells, and affects the prognosis of ADHF patients. To test this hypothesis, we analyzed the characteristics of Tim-3 expression on peripheral CD4+ and CD8+ T cells in patients with ADHF and assessed its predictive value for major adverse cardiovascular and cerebrovascular events (MACCE) within 12 months after ADHF.



Materials and methods


Study population and design

From December 2020 to February 2021, 84 consecutive patients with ADHF admitted to the Department of Cardiology, Affiliated Sixth People’s Hospital, Shanghai Jiao Tong University School of Medicine were enrolled as the ADHF group. Inclusion criteria were as follows: patients with ADHF diagnosed according to the 2016 European Society of Cardiology guidelines for the diagnosis and treatment of acute heart failure and defined as rapid or chronic onset of decompensated HF or decompensation of chronic HF, with signs and symptoms of HF resulting in unplanned hospitalization (18). 83 patients with other diseases were also recruited as the non-HF group. The exclusion criteria were as follows: inflammatory diseases, autoimmune diseases, active infections or malignant tumors, and clinical data being incomplete.

Peripheral blood was collected from the patients on the day of admission. Peripheral blood mononuclear cells were isolated. The expression of Tim-3 on CD4+ and CD8+ T cells were detected by flow cytometry. Other biochemical indicators including brain natriuretic peptide (BNP), N-terminal pro-brain natriuretic peptide (NT-proBNP), serum creatinine (Scr), cardiac-specific enzymes like creatine kinase-MB (CK-MB), cardiac troponin I (cTnI) and inflammatory indicators were also evaluated. All patients eligible for coronary heart disease underwent coronary angiography. Coronary angiography was performed by standard techniques, and significant coronary artery disease was visually diagnosed if there was ≥50% diameter stenosis in the major epicardial coronary arteries. Left main disease was counted as two-vessel disease, and the presence of more than two significant coronary artery lesions was considered multi-vessel disease.

Echocardiographic assessment was performed within 24 hours of admission. We measured echocardiographic parameters according to the current guidelines of the American Society of Echocardiography (19). Left atrial diameter and left ventricular end diastolic diameter (LVEDD) were routinely evaluated by two-dimensional ultrasound, and left ventricular ejection fraction (LVEF) was measured by modified Simpson method.

Each patient’s baseline clinical data, biochemical and angiographic variables, and ultrasonic cardiogram results were recorded. All patients with acute heart failure were followed up by a cardiovascular physician.

This study was approved by the Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital. All patients included in the study volunteered to participate in this clinical study and signed an informed consent form.



Peripheral blood mononuclear cells isolation

Peripheral blood was collected in tubes containing sodium heparin (BD Biosciences, NJ, USA) by venipuncture. Human peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood samples via density gradient centrifugation using Lymphoprep Solution (Axis-Shield, Dundee, Scotland). PBMCs were washed with 2% fetal bovine serum in cold phosphate-buffered saline and frozen in cryopreservation medium (20% fetal bovine serum and 10% dimethyl sulfoxide in Dulbecco’s Modified Eagle Medium) until further use.



Flow cytometry

PBMCs (2 × 106/tube) were stained for 15 min on ice using Zombie NIR Fixable Viability Kit (Biolegend, CA, USA) to gate out dead cells. The cells were washed once, incubated for 30 min on ice with a cocktail composed of the following antibodies: anti-CD3 FITC antibody (UCHT1, Biolegend), anti-CD4 PerCP/Cyanine 5.5 antibody (OKT4, Biolegend), anti-CD8a APC antibody (RPA-T8, Biolegend) and anti-CD366 PE antibody (F38-2E2, Biolegend). To prepare Full Minus One (FMO) control, we added all other antibodies and Zombie NIR Fixable Viability dye except anti-CD366 PE antibody into each sample and stained in the same condition. Labeled cells were washed once with staining buffer and analyzed by BD Cantoplus Analyzer (BD Biosciences, NJ, USA) and FlowJo software (BD Biosciences, NJ, USA). Lymphocytes were selected based on FSC-A vs. side scatter area. We analyzed forward scatter area vs. forward scatter height to remove doublets. The analysis strategy for evaluating the proportion of Tim-3 on CD4+ and CD8+ T cells is presented in Figure 1. The precise gating bound of Tim-3 in each sample was determined according to corresponding Full Minus One control (Supplementary Figure 1).
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FIGURE 1
FACS gating strategy for lymphocytes. Representative flow cytometric dot plots to determine CD4+ and CD8+ lymphocytes in human PBMCs. PBMC were gated as lymphocytes on forward and side scatter density plots. Then, singlets were gated on FSC-A and FSC-H plots, and live cells were gated for subsequent analysis. CD4+ and CD8+ T cells were identified from the positive population for CD3. CD4+ Tim-3+ and CD8+Tim-3+ subpopulation were gated on CD4+ and CD8+ T cells, respectively.




Follow-up

Clinical follow-up data were obtained from the patient’s inpatient medical records, regular outpatient visits, and telephone interviews. 84 patients with ADHF were followed up for 12 months. The primary clinical endpoint was MACCE during follow-up (12 months from ADHF). MACCE were defined as rehospitalization for heart failure, unplanned coronary lesion revascularization, acute coronary syndrome at follow-up, ischemic cerebrovascular accident, and cardiac death within 12 months. All potential endpoint events were adjudicated by an assessment committee whose members were blind to patient characteristics.



Statistical analysis

Continuous variables are presented as mean ± standard deviation (SD) for normally distributed variables, otherwise, median (25th–75th percentile) for non-normally distributed variables. Categorical parameters, such as enumeration data, are expressed as percentages (%). Comparisons of continuous variables were performed by two-sample Student’s t-test or Mann-Whitey-U test (for significantly skewed variables). The chi-square test was used to assess differences in categorical data. Logistic multivariate regression analysis was performed for indicators with p < 0.05 in univariate analysis to calculate odds ratio (OR) and 95% confidence interval (95%Cl). Spearman correlation analysis was used to calculate correlation coefficient. The area under the receiver operating characteristic curve (AUC) was used to analyze the prediction of Tim-3 for the risk of ADHF; the effect of Tim-3 expression on CD4+ and CD8+ T cells on the incidence of MACCE within 12 months after ADHF was evaluated with Cox regression analysis, and expressed as hazard ratio (HR) and respective 95% confidence interval (CI) for each standard deviation (1-SD) increase in continuous variables, and adjusted for potential confounders in a multivariate model. In this analysis, high Tim-3 expression on CD4+ and CD8+ T cells was defined as the mean Tim-3 expression within the 2 highest quartiles (Q3-Q4), whereas low Tim-3 expression on CD4+ and CD8+ T cells was defined as the first to second quartile (Q1–Q2), and stratified by high (Q3–Q4) and low (Q1–Q2) expression of Tim-3 on CD4+ and CD8+ T cells. Kaplan-Meier survival curves were used to estimate the survival status of patients with high and low Tim-3 expression on CD4+ and CD8+ T cells within 12 months after ADHF and compared using the log-rank test. Statistical significance was defined as p < 0.05. All analyses were performed using IBM SPSS software (version 22.0 for Windows; SPSS, Inc., Chicago, IL, USA). The ROC curve and Kaplan-Meier survival curves were plotted using GraghPadPrism7.0.




Results


Baseline characteristics

Eighty-four patients with ADHF and 83 patients without HF were enrolled in this study. The baseline clinical data, biochemical and angiographic variables, and echocardiographic parameter results are shown in Table 1.


TABLE 1    Clinical characteristics of patients.
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We dichotomized patients into two groups, the ADHF and non-HF group. Compared with those in the non-HF group, the patients in the ADHF group were older [69 years (55–82 years) vs. 61 years (54–69 years), p = 0.001] and had no gender difference (71.4 vs. 62.7%, p = 0.228). The initial-presented levels of BNP and NT-proBNP, as well-known markers of ADHF, were significantly different between the two groups (p < 0.001). The angiographic results suggested that the ADHF group had considerably more multi-vessel disease and anterior descending branch (LAD) coronary lesions than the non-HF group had. In echocardiographic parameters, the baseline LVEF of the ADHF group was lower than those of the non-HF group [47% (36.5–55.5%) vs. 64% (62.0–67.0%), p < 0.001], and the levels of LVEDD were significantly higher in the HF group than in the non-HF group (53.2 ± 7.9 mm vs. 46.2 ± 3.9 mm, p < 0.001). Intriguingly, the values of Scr [95.5 μmol/L (73.0–126.0 μmol/L) vs. 71.0 μmol/L (62.8 μmol/L −85.3 μmol/L), p < 0.001] tended to be higher in patients with ADHF. Notably, we found that the frequencies of both CD4+ (p = 0.015) and CD8+ (p < 0.001) T cells were significantly increased in the ADHF group compared with the non-HF group (Table 1).



Tim-3 levels in the acute decompensated heart failure and non-HF groups

We analyzed the expression of Tim-3 on CD4+ and CD8+ T cells in both ADHF and non-HF group by flow cytometry (Figures 2A,C). As shown in Figure 2B, we observed that the expression of Tim-3 on CD4+T cells was increased in the ADHF group [2.08% (1.15–2.67%) vs. 0.88% (0.56–1.39%), p < 0.001] than those in the non-HF group. Similarly, the expression of Tim-3 on CD8+ T cells showed a tendency to be higher than those in the non-HF group [3.81% (2.24–6.03%) vs. 1.36% (0.76–3.00%), p < 0.001; Figure 2D].
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FIGURE 2
The expression of Tim-3 on CD4+ T cells and CD8+ T cells in non-HF and ADHF groups. Peripheral blood mononuclear cells (PBMCs) were isolated from ADHF group (n = 84) and the non-HF group (n = 83). (A) Flow cytometry analysis of Tim-3 expression on CD4+ T cells. (B) The statistical graph of Tim-3 expression on CD4+ T cells is shown for ADHF group [n = 84, 2.08% (1.15–2.67%)] and non-HF group [n = 83, 0.88% (0.56–1.39%)]. (C) Flow cytometry analysis of Tim-3 expression on CD8+ T cells. (D) The statistical graph of Tim-3 expression on CD8+ T cells is shown for ADHF group [n = 84, 3.81% (2.24–6.03%)] and non-HF group [n = 83, 1.36% (0.76–3.00%)].




Correlation between Tim-3 expression and different heart failure indexes

As illustrated in Table 2, the expression of Tim-3 on CD4+ T cells was positively correlated with NT-proBNP (ρ = 0.426, p < 0.001) and BNP (ρ = 0.428, p < 0.001), whereas it was negatively correlated with LVEF (ρ = -0.370, p < 0.001). Similarly, the expression of Tim-3 on CD8+ T cells was positively correlated with NT-proBNP (ρ = 0.423, p < 0.001); BNP (ρ = 0.362, p < 0.001) and LVEDD (ρ = 0.250, p = 0.003), and negatively correlated with LVEF (ρ = -0.377, p < 0.001).


TABLE 2    Correlation between Tim-3 expression and different heart failure indexes.
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Logistic regression analysis of specific markers as risk factors for the assessment of acute decompensated heart failure

As Table 3 indicates, univariate analysis showed that the high Tim-3 expression on CD4+ and CD8+T cells were associated with ADHF events (OR 3.72; 95% CI: 1.96–7.06, p < 0.001; OR 3.35; 95% CI: 1.78–6.32, p < 0.001, respectively). Interestingly, advanced age (OR 1.03; 95% CI: 1.01–1.06, p = 0.002), coronary artery disease (OR 2.56: 95% CI: 1.33–4.93, p = 0.005), LAD lesions (OR 2.18; 95% CI: 1.11–4.28, p = 0.023), and multi-vessel coronary lesions (OR 3.54; 95% CI: 1.48–8.46, p = 0.005) were also associated with ADHF events.


TABLE 3    Logistic regression analysis of the correlation between specific markers, risk factors and ADHF events.
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By using multivariate logistic regression analysis, after adjustment for potential confounders, we found that high level of Tim-3 expressed on CD4+ and CD8+T cells remained independent predictors of ADHF (OR 2.76; 95% CI: 1.34–5.65, p = 0.006; OR 2.58; 95% CI: 1.26–5.31, p = 0.010, respectively).



Predictive performances of Tim-3 expressed on CD4+ and CD8+ T cells for acute decompensated heart failure

We further investigated the predictive performance and optimal cutoff value of Tim-3 expression for ADHF events by ROC curve analysis. As reflected in Figure 3 and Table 4, the ROC curve analysis showed that AUC for Tim-3 expressed on CD4+ T cells was 0.75 (95% CI: 0.68–0.83), with a sensitivity of 71.3% and a specificity of 71.3% at the optimal cutoff value of 1.400%. The positive likelihood ratio (PLR) and negative likelihood ratio (NLR) values were 2.48 and 0.40, respectively. The AUC for Tim-3 expression on CD8+ T cells was 0.78 (95% CI: 0.71–0.85) with a sensitivity of 72.5% and a specificity of 72.3% at the cutoff value of 1.965%. The PLR and NLR values were 2.62 and 0.38, respectively.
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FIGURE 3
Predictive performances of Tim-3 expression on CD4+ and CD8+ T cells. (A) ROC curves for Tim-3 expression on CD4+ T cells. (B) ROC curves for Tim-3 expression on CD8+ T cells.



TABLE 4    Predictive values of each biomarker.
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Survival analysis


Kaplan-Meier survival curves

After a median follow-up of 12 months in patients with ADHF, a total of 37 (44%) patients had MACCE (5 cardiac deaths, 22 readmissions due to HF, and 10 readmissions due to acute coronary syndrome). Patients with ADHF were divided into high (Q3–Q4) and low (Q1–Q2) expression of Tim-3 on CD4+ and CD8+T cells groups according to the quartiles. The Kaplan-Meier curve depicted the follow-up without MACCE (MACCE-free) survival by comparing high and low expression of Tim-3 on CD4+ and CD8+ T cells in ADHF patients, followed by comparison of survival curves using log-rank test. As presented in Figure 4, Kaplan-Meier survival curves showed that ADHF patients with higher Tim-3 expression on CD4+ T cells (p = 0.007; Figure 4A) and CD8+ T cells (p = 0.010; Figure 4B) had shorter survival times without MACCE.
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FIGURE 4
Kaplan-Meier curve for the 12-month MACCE-free survival in patients with ADHF. (A) Time-to-event curves for the highest quartile (Q3–Q4) of Tim-3 expression on CD4+ T cells vs. the lowest quartiles (Q1–Q2) measured in ADHF patients according to the primary endpoints. The log rank test was used to compare the survival curves. (B) Time-to-event curves for the highest quartile (Q3–Q4) of Tim-3 expression on CD8+ T cells vs. the lowest quartiles (Q1–Q2) measured in ADHF patients according to the primary endpoints. The log rank test was used to compare the survival curves.




Univariate and multivariate cox proportional hazard regression analyses for the risk of major adverse cardiac and cerebrovascular events within 12 months after acute decompensated heart failure

According to Table 5, the incidence of MACCE within 12 months was higher in patients with LVEF < 50% (HR: 3.936; 95% CI:1.71–9.07; p = 0.001) and LVEDD > 50 mm (HR: 2.531; 95% CI: 1.18–5.43; p = 0.017). Analysis of individuals presenting with DCM showed an association with MACCE (HR: 2.968; 95% CI: 1.48–5.97; p = 0.002). Noteworthy, high expression of Tim-3 on CD4+ T cells demonstrated a strong association with MACCE in the entire study cohort with a crude HR per 1-SD of 2.685 (95% CI: 1.17–6.14, p = 0.019). In addition, high expression of Tim-3 on CD8+ T cells correlated strongly with MACCE with an HR per 1-SD of 2.730 (95% CI: 1.19–6.24, p = 0.017). After adjustment for confounders, high Tim-3 expression on CD4+ and CD8+ T cells were independent predictors of MACCE at 12 months after ADHF (HR: 2.613, 95% CI: 1.11–6.13, p = 0.027; HR: 2.762, 95% CI: 1.15–6.63, p = 0.023; respectively).


TABLE 5    Univariate and multivariate cox proportional hazard regression analyses for the risk of MACCE within 12 months among patients with ADHF.
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Discussion

In the present study, we demonstrated that Tim-3 was up-regulated on both CD4+ and CD8+ T cells in patients with ADHF, and its expression correlated positively with NT-proBNP levels and BNP levels. High expression of Tim-3 on CD4+ and CD8+ T cells were independent predictors of ADHF events. COX analysis suggested that the up-regulation of Tim-3 expression on CD4+ and CD8+ T cells was significantly associated with MACCE events within 12 months after ADHF.

Over recent years, scholars have found that the immune inflammatory response plays an important role in ventricular remodeling. Epelman et al. (20) proposed that inflammatory cytokines were up-regulated in cardiac tissue of heart failure model cells. Immune regulatory receptors on the surface of inflammatory cells also regulate left ventricular hypertrophy (21). The current experimental results in animal models show that CD4+ T cells accumulated in the left ventricular tissue of mice with congestive heart failure (22) and participate in collagen production through proliferation and activation (5). Under cardiac pressure overload, dendritic cells induced CD4+ T cell proliferation by accumulating immunoregulatory signaling proteins (23), and on the other hand, the involvement of chemokines promotes the activation of CD4+ T cells and cardiac infiltration, promote myocardial fibrosis and left ventricular dysfunction (24). Notably, recent studies have revealed the relationship between specific subpopulation of CD8+ T cells and myocardial remodeling. In the early stage of heart failure, the frequency of CD8+ T cells in the myocardium is significantly increased (25). The dynamic interaction between myocardial infiltrating CD8+ T cells and macrophages promotes myocardial hypertrophy and plays an important role in the occurrence of adaptive myocardial remodeling (26). In our study, the frequency of CD4+ and CD8+ T cells in ADHF group was significantly increased. Our data suggest that CD4+ and CD8+ T cells under myocardial overload in ADHF patients may be influenced by immune regulation to proliferate and activate participating in myocardial fibrosis and heart failure progression.

Tim-3 is an immunomodulatory and tolerogenic regulator that is expressed in innate and adaptive immune cells. Accumulating evidence suggests that abnormal expression of Tim-3 on peripheral CD4+ and CD8+ T cells is closely associated with autoimmune diseases, viral infections, and cancers. It has been previously reported that Tim-3 often acts as a negative regulator to mediate T cell exhaustion (27). The results of studies published so far mostly support the conclusion that Tim-3 inhibits T cell responses, especially when chronic stimuli are involved (28–30). In contrast, several reports provided evidence that Tim-3 could promote both T-lymphocyte proliferation and proinflammatory cytokine production under acute stimulation (14–16). These results suggest that the immunomodulatory function of Tim-3 may be reversed in the presence of its different ligands. In our data, ADHF patients exhibit an increased expression of Tim-3 on CD4+ and CD8+ T cells. It depicts that the up-regulation of Tim-3 expression on CD4+ and CD8+ T cells in ADHF patients may increase the number of specific subpopulations of CD4+ and CD8+ T cells. Notably, we show that the high expression of Tim-3 on CD4+ and CD8+T cells is an independent predictor of ADHF. Further ROC analysis revealed the expression of Tim-3 on CD4+ and CD8+T cells provides a good diagnosis of ADHF (Figure 3). Our study indicated that Tim-3 seems to be a structural positive regulator of T cell function during ADHF episodes. It can be speculated that in these patients, Tim-3 positively regulates T lymphocyte function by binding to HLA-B–associated transcript 3 (31) in response to acute myocardial injury stimulus (15). It expands the infiltration and accumulation of CD4+ and CD8+ T cells in the myocardium and promotes the release of myocarditis factors (such as IL-2, IL-6, etc.). Also, it induces the production of cytotoxic T cells and releases perforin and granzyme, thereby aggravating myocardial inflammatory injury and pathological hypertrophy (32). However, studies are still needed to confirm the potential biological role of Tim-3 in the development of ADHF.

Based on the relationship between T cells and acute heart failure (33), recent studies have continuously confirmed that the inflammatory response mediated by specific subpopulations of CD4+ and CD8+ T cells significantly affects the progression and prognosis of heart failure (34). Animal studies have shown that the proportion of CD4+ T cells and the production of activating factors are significantly increased in patients with acute heart failure, which is associated with the clinical outcome of acute heart failure (35). Clinically, it was also found that the high expression of CD4+ T cells in patients with heart failure is a strong predictor of all-cause and cardiovascular mortality in patients with heart failure and a potential marker for the progression of heart failure (36). Moreover, a significant increase in the proportion of CD8+ T cells was associated with deteriorating cardiac function and long-term MACCE (37, 38). Therefore, it is particularly important to explore the immunomodulatory mechanisms of T cells by specific immunomodulatory factors in ADHF patients. Notably, Tim-3 influenced the development of most diseases through immunomodulatory functions (9, 34, 39, 40). Our data show that ADHF patients with high expression of Tim-3 on CD4+ and CD8+ T cells had a higher incidence of MACCE by Kaplan-Meier analysis (Figure 4). In particular, the predictive performance of high expression of Tim-3 on CD4+ and CD8+ T cells remained in multivariate Cox proportional hazards regression analysis after adjusting for potential confounders (Table 5). Our study indicates that high co-expression of Tim-3 on CD4+ and CD8+ T cells is an independent predictor of the occurrence of MACCE in patients with ADHF, and its upregulation is associated with poor survival in ADHF patients. It has the potential utility to help identify patients at high risk of MACCE early.



Study limitations

Our study has the following limitations. First, the number of samples included in this study is relatively small, and the expression of Tim-3 may reflect multiple diseases. To eliminate this selection bias, we excluded patients with inflammatory diseases, autoimmune diseases, active infections, or malignancies during case collection; however, potential selection bias could not be fully excluded in this study. Further large-scale prospective studies are needed to determine whether these deficiencies affect the results. Second, in this study, we only recorded Tim-3 expression of CD4+ and CD8+ T cells on the day of admission for ADHF, and no information was reported about the changes in Tim-3 expression on CD4+ and CD8+ T cells after ADHF improved with treatment and its impact on the prognosis of ADHF. Third, no antibody intervention for Tim-3 was performed in this study, and further studies are still needed to confirm the effect of immunomodulation therapy targeting Tim-3 on ADHF.



Conclusion

The results of this study show that Tim-3 is highly expressed on both CD4+ and CD8+ T cells in ADHF, and it might be an independent predictor of MACCE incidence within 12 months after ADHF. Consequently, these findings suggest a potential immunoregulatory role of a Tim-3 signaling system in the pathogenesis of ADHF and might be used as a novel biomarker to assess the prognosis of ADHF. Targeted regulation of Tim-3 expression would be a new strategy for the treatment of ADHF, and this needs to be confirmed by further studies.
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Background: Gastrointestinal bleeding (GIB) is one of the most serious complications of acute myocardial infarction (AMI) and is correlated with poor outcomes.

Objective: To evaluate the prevalence, risk factors and in-hospital mortality of GIB in patients with AMI.

Methods: This observational case-control study retrospectively enrolled consecutive patients with AMI from the Department of Cardiovascular Medicine and Cardiovascular Surgery of the First Affiliated Hospital of Xi'an Jiaotong University from January 2015 to December 2020. GIB after AMI was identified by International Classification of Diseases (ICD) codes from inpatient medical settings and validated by medical record review. AMI patients without GIB were accordingly classified as the control group. Propensity score matching (PSM) was used to match with the GIB group and the control group. All anonymized clinical data were provided by the Biobank of the First Affiliated Hospital of Xi'an Jiaotong University.

Results: A total of 5,868 AMI patients were enrolled, 0.87% (51/5,868) of whom developed GIB after AMI. On the univariate analysis, history of diabetes, chronic kidney disease, Killip IV, a lower hemoglobin concentration, a higher serum level of creatinine, blood urea nitrogen and D-dimer were closely associated with the risk of GIB (P < 0.05). On the multivariable analysis, a lower hemoglobin concentration (OR: 0.93, 95% CI: 0.89–0.96, P < 0.001) was independently associated with the risk of GIB. Patients with GIB had a much higher in-hospital mortality rate than those without GIB (14.3 vs. 2.1%, P = 0.047). In-hospital mortality among patients with GIB after AMI appeared to be associated with a decreased hemoglobin concentration (OR: 0.93, 95% CI: 0.86–0.99, P = 0.045) and Killip IV (OR: 51.59, 95% CI: 2.65–1,005.30, P = 0.009).

Conclusion: The history of diabetes, poor renal function and heart failure were associated with the high risk of GIB in patients experiencing AMI. The in-hospital mortality in patients with AMI complicating GIB was higher than that in patients without GIB and was associated with a decreased hemoglobin concentration and high Killip classification.

KEYWORDS
  acute myocardial infarction, heart failure, gastrointestinal bleeding, risk stratification, propensity score matching


Introduction

Acute myocardial infarction (AMI) is a serious increasing global health problem due to its high mortality and morbidity rates (1). The emphasis of treatment for AMI is prompt myocardial reperfusion, including the application of thrombolytic therapy or primary percutaneous coronary intervention (PCI) (2). Antithrombotic (anticoagulant or antiplatelet) effects are important mechanisms of PCI, which can reduce even prevent perioperative and long-term ischemic cardiovascular events, including stent thrombosis and recurrent myocardial infarction (3, 4). Substantial progress has been made in myocardial infarction treatment, such as early reperfusion therapy, which has extensively decreased the mortality rate in patients with AMI (5).

However, bleeding is one of the most serious complications of AMI which directly associated with an increased mortality (6). Gastrointestinal bleeding (GIB) is a joint adverse drug reaction that occurs in patients receiving dual antiplatelet medication, with an incidence of 5% to more than 10% (7). Bleeding events after PCI are related to increasement of short- and long-term morbidity and mortality (8, 9). GIB can affect the prognosis of AMI patients and increase the risk of major adverse cardiac events (MACEs) in the early stage (during hospitalization and within 30 days after discharge) and late stage (10–12). GIB is associated with markedly increased mortality and morbidity and can be life-threatening in patients with acute coronary syndromes (ACSs) (13). However, there is no systematic report on the risk factors and prognosis of GIB in AMI patients in China. Here, we conducted a real-world study to evaluate the risk factors and in-hospital outcomes of GIB in AMI patients in a Chinese population.



Methods


Study design

This was an observational, case-control study. Anonymized clinical data were collected from the Biobank of the First Affiliated Hospital of Xi'an Jiaotong University. The Ethics Committee of the First Affiliated Hospital of Xi'an Jiaotong University approved this study (no. XJTU1AF2021LSK116), and informed consent was obtained. All methods were carried out in accordance with relevant guidelines and regulations and the principles of the Declaration of Helsinki.



Participants

A total of 5,868 consecutive patients hospitalized for the first time for AMI were enrolled between January 2015 and December 2020 at the First Affiliated Hospital of Xi'an Jiaotong University (Shaanxi, China). AMI was defined based on the universal definition criteria established by the American College of Cardiology (14). GIB was defined as clinical events of bleeding (coffee ground emesis, hematemesis, melena, or hematochezia) diagnosed by a physician or the presence of blood in the upper or lower gastrointestinal tract on endoscopic evaluation (15).

The inclusion criterion was a diagnosis of AMI, including non-ST-segment elevation myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction (STEMI). The exclusion criteria were prior history of bleeding within 1 month and baseline data missing.



Data collection

Collected data included demographic characteristics, medical history, clinical information, laboratory results, and oral medications within 24 h after admission. Venous blood was analyzed in the Core Laboratory of the First Affiliated Hospital of Xi'an Jiaotong University for examinations of blood biochemistry, hemoglobin, blood urea nitrogen (BUN), serum creatinine, and D-dimer. Coronary angiography data were also collected and the angiographic burden of AMI patients was quantified by the modified Gensini Score (16).



Propensity score matching

A propensity score-matching (PSM) analysis adjusted to sex, age, myocardial infarction type (including STEMI and NSTEMI), and hospital stay was performed in order to reduce bias. The subjects were matched in a 1:1 ratio and the caliper value was 0.002. Through the application of PSM, the participants of the GIB group and the control group were paired for the factors mentioned above. This statistical approach reduced the possibility of introducing confounding factors by providing a balanced distribution of selected characteristics of the two groups.



Statistical analysis

Statistical analysis was performed using SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). Mean values with standard deviations (SDs) and counts with percentages were used to describe clinical characteristics and factors related to GIB. Differences were evaluated with a paired T-test or Wilcoxon test for continuous variables and a chi-square test or Fisher's exact test for categorical variables. Univariate and multivariate logistic regressions were used to determine possible factors influencing the prevalence and in-hospital outcomes of GIB. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. All P-values were two-sided, and P < 0.05 was considered statistically significant.




Results

A total of 5,868 AMI patients were enrolled, and the occurrence of in-hospital GIB was clinically confirmed in 51 patients (51/5868, 0.87%). Before PSM, 80.5% were males. Among the GIB patients, 22/51 (43.1%) had STEMI, and 29/51 (56.9%) had NSTEMI. After PSM, 50 patients who developed in-hospital GIB were finally assigned to the GIB group and 50 patients pair matched with sex, age, myocardial infarction type and hospitalization time were assigned to the control group (Figure 1).


[image: Figure 1]
FIGURE 1
 Flowchart of the selection process of the current study. AMI, acute myocardial infarction; GIB, gastrointestinal bleeding.



Population comparison before and after PSM

The original demographics and characteristics of all enrolled patients are shown in Table 1. Before PSM, the average age in the GIB group was significantly higher than that in the control group (67.67 ± 10.35 vs. 61.49 ± 12.15, P < 0.001), and the mean hospitalization time in the GIB group was significantly longer than that in the control group (10.53 ± 12.07 vs. 5.69 ± 5.15, P < 0.001). Moreover, there were more STEMI patients in the GIB group (43.1 vs. 28.5%, P < 0.05). Then, after PSM, all matched factors were well-balanced and comparable between the two groups, and there were no significant differences in sex, age, myocardial infarction type and mean hospitalization time (Table 1).


TABLE 1 Clinical characteristics of in-hospital GIB in AMI patients before and after PSM.
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Baseline characteristics

Table 2 showed the differences in demographic and clinical characteristics of AMI patients with and without in-hospital GIB after PSM. Compared with patients without in-hospital GIB, patients who developed in-hospital GIB were more likely to have a much lower hemoglobin count (99.38 ± 24.06 vs. 129.64 ± 15.82, P < 0.001), and a higher serum level of D-dimer (3.31 ± 6.78 vs. 1.47 ± 2.65, P = 0.001), BUN (8.36 ± 6.05 vs. 5.58 ± 3.91, P = 0.028) and creatinine (116.69 ± 130.51 vs. 80.60 ± 56.34, P = 0.038). Moreover, history of diabetes, Killip level IV and chronic kidney disease (CKD) were also more common in the GIB group (P < 0.05).


TABLE 2 Differences in demographic and clinical characteristics of AMI patients with and without in-hospital GIB.
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Risk factors of AMI patients with in-hospital GIB

According to the analysis of differences in demographic and clinical characteristics between the GIB group and the control group, factors used to predict in-hospital GIB were identified as hemoglobin concentration, serum level of creatinine, BUN, D-dimer, and history of diabetes and Killip IV. All these factors were then assessed by multivariable regression analysis, and lower hemoglobin concentration was found to be an independent risk factor for in-hospital GIB following AMI (OR: 0.92, 95% CI: 0.89–0.96, P < 0.001; Table 3). The receiver operating characteristic (ROC) curve was plotted with hemoglobin concentration. The area under the curve was 0.86 (95% CI: 0.78–0.94, P = 0.039) with a sensitivity of 0.84 and a specificity of 0.80, indicating that hemoglobin had a high discriminative ability for in-hospital GIB after AMI (Figure 2).


TABLE 3 Logistic regression analysis of AMI patients with in-hospital GIB.
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FIGURE 2
 The ROC curve of AMI patients with in-hospital GIB. The area under the curve was 0.860 (95% CI: 0.78–0.94, P = 0.039). The sensitivity was 0.84 and the specificity was 0.80.




Factors affecting in-hospital outcomes in AMI patients with in-hospital GIB

The in-hospital outcome of interest was all-cause death related or not related to in-hospital bleeding. Univariate and multivariate analyses were performed to evaluate the risk factors of outcomes, and the results are shown in Table 4. On the univariate analysis, a lower hemoglobin concentration (OR: 0.95, 95% CI: 0.90–1.00, P = 0.049), a higher BUN concentration (OR: 1.16, 95% CI: 1.01–1.33, P = 0.030) and Killip IV (OR: 13.67, 95% CI: 1.88–99.35, P = 0.010) were associated with the in-hospital death of AMI patients with GIB. After adjusted for confounding factors on the multivariable analysis, a lower hemoglobin concentration (OR: 0.93, 95% CI: 0.86–0.99, P = 0.045) and Killip IV (OR: 51.59, 95% CI: 2.65–1,005.30, P = 0.009) were found to independently associate with the in-hospital death of AMI patients with GIB.


TABLE 4 Factors affecting in-hospital outcomes in AMI patients with in-hospital GIB.
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Discussion

In this single center, retrospective analysis study, patients with AMI complicated with GIB were enrolled and analyzed. The independent risk factors for GIB in AMI patients during hospitalization included history of diabetes, heart failure (Killip IV) and poor renal function. Moreover, AMI patients with GIB had an increased risk of death compared to AMI patients without GIB, which was associated with a lower hemoglobin concentration and heart failure (Killip IV).

The incidence and mortality rates of GIB after AMI have progressively declined over the past decades (17). The patients enrolled in this study were from one of the most prestigious medical centers in Western China. In this study, among the AMI patients, the GIB prevalence was 0.87%, which was lower than that in previous investigations ranging from 1.1 to 3.0% (18). In the ACUITY (Acute Catheterization and Urgent Intervention Triage Strategy) trial, GIB served as the second major common source of non-coronary artery bypass graft (CABG)-related bleeding in the entire study population, which ranked only after access site bleeding (8). A temporal trend study for GIB indicated that despite aggressive treatment for ACS, the incidence of GIB associated with PCI decreased over a decade, which may explain the results in our research (19). In addition, Chinese physicians tend to prevent GIB by applying proton-pump inhibitors, which could also explain the reduced incidence of GIB.

Risk factors of gastrointestinal hemorrhage after AMI, such as older age, history of diabetes, high Killip classification and chronic renal insufficiency, have been documented (20–22). Our results demonstrated that the occurrence of GIB in patients with AMI was closely associated with history of diabetes, high Killip classification and chronic renal insufficiency. Moscucci et al. (23) conducted a large observational study in patients with AMI enrolled in the GRACE (Global Acute Coronary Events Registry) and observed that older age, female sex, history of bleeding, and renal insufficiency were independent predictors of major bleeding Sarajlic et al. (24) also found that blood glucose, smoking status, and previous GIB were predictors of major bleeding among 149,447 patients with AMI enrolled in the SWEDEHEART (Swedish Web-system for Enhancement and Development of Evidence-based care in Heart disease Evaluated According to Recommended Therapies) registry. Although most of these factors are immutable, their recognition allows for better risk stratification and more active management to reduce associated morbidity and mortality.

The mechanisms of in-hospital bleeding in patients with AMI are multifactorial. It has been assumed that the presence of local vascular changes is a common cause of the increased incidence of bleeding complications in elderly and diabetic patients (25). In addition, insufficient tissue perfusion adversely affects the coagulation system and platelet function, which may lead to gastritis or ulcers that increase the risk of upper gastrointestinal bleeding (23). Moreover, the “over-administration” effect, which results in high blood concentration, is the main mechanism of the increased risk of bleeding due to renal insufficiency (26). To reduce the risk of bleeding, all antithrombotic and antiplatelet drug agents should be administered in combination with renal function (27).

The outcomes of patients presenting with AMI have improved over time due to improvements in systems of care (e.g., symptom recognition, door-to-balloon time, etc.), advances in primary PCI techniques and their widespread adoption (28). However, in previous studies, gastrointestinal hemorrhage in AMI patients during hospitalization have been shown to be associated with increased short-and long-term mortality (17, 29). Our results supported this opinion. Patients with in-hospital GIB had a much higher in-hospital mortality rate than those without (2.1 vs. 14.3%). GIB complicating AMI leads to increased mortality, but there're still many unknowns about what and how factors affect the in-hospital outcomes of GIB. We sought to examine clinical and procedural factors associated with GIB. Compared with the survivors, patients who died in the hospital had a lower level of hemoglobin, a higher level of BUN, and a higher Killip classification.

Eikelboom et al. (30) found that the severity of GIB was associated with increased mortality. The mechanisms linking GIB with mortality are probably multifactorial. Massive GIB can lead to hemodynamic compromise, which results in death. While mild to moderate GIB can cause systemic inflammation with a prothrombic state, which in turn may lead to recurrent ischemic events. In addition to these direct effects, some indirect effects also affect the prognosis of AMI patients. For example, blood transfusion may increase oxidative stress and lead to a paradoxical decrease in oxygen delivery, all of which could contribute to worse outcomes (31). Moreover, even mild bleeding that does not require transfusion may lead to discontinuation of antithrombotic therapy, which indirectly affects prognosis.

Due to the widespread application of PCI and its clinical benefits over thrombolytic therapy, the majority of AMI patients admitted to our hospital have undergone PCI, excluding those who had economic difficulties. In this study, the use of anticoagulants and PCI treatment rates were significantly lower in patients with AMI combined GIB than those in the control group. This was due to the higher PCI risk and contraindications of anticoagulant therapy in AMI patients with GIB, which led to a statistical bias in this study.

There are some limitations that need to be noted. First, this was a single-center, retrospective study, and the cohort of patients was not large enough. A relatively small number of female AMI patients were enrolled in the present study. Second, the sample size in this study was relatively small because of the low incidence of GIB. Follow-up research based on a larger cohort is warranted to further explore the prognosis of and preventive factors associated with GIB.



Conclusion

In summary, in this single center, retrospective analysis, we identified that diabetes, heart failure (Killip IV) and poor renal function were associated with the risk of GIB. Moreover, AMI patients with GIB had a higher risk of all-cause death during hospitalization and a decreased hemoglobin concentration and heart failure were found to contribute to this increased mortality. The present study provides new evidence, allowing a better understanding of GIB and providing guidance for its clinical management.
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Background and aims: Intestinal flora metabolites are associated with cardiovascular (CV) diseases including heart failure (HF). The carnitine precursor trimethyllysine (TML), which participates in the generation of the atherogenic-related metabolite trimethylamine N-oxide (TMAO), was found to be related to poor prognosis in patients with CV diseases. The aim of the present study was to examine the relationship between TML and stable chronic HF.

Methods and results: In total, 956 subjects including 471 stable chronic HF and 485 non-HF patients were enrolled in the present cohort study and subjects with stable HF were followed up for 2.0 ± 1.1 years. Serum levels of TML and TMAO were measured by liquid chromatography mass spectrometry in tandem. TML levels were significantly elevated in patients with HF compared with non-HF patients and were positively correlated with N-terminal pro-brain natriuretic peptide (NTproBNP) levels (r = 0.448, P < 0.001). TML was associated with the presence of HF after adjusting for age, sex, complications, traditional clinical factors, and TMAO (tertile 3 (T3), adjusted odds ratio (OR) 1.93, 95% confidence interval (CI) 1.19–3.13, and P = 0.007). In patients with HF, increased TML levels were associated with a composite endpoint of CV death and HF hospitalization during follow-up (T3, adjusted hazard ratio (HR) 1.93, 95% CI 1.27–2.93, and P = 0.002). Increased TML levels indicated a higher risk of CV death, re-hospitalization, and all-cause mortality.

Conclusion: Serum TML levels were associated with the presence and severity of HF in all subjects. High levels of TML can indicate complications and poor prognosis in HF patients.
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Introduction

Heart failure (HF) is a complex clinical syndrome that results from any structural or functional impairment of ventricular filling or ejection of blood (1). Intestinal flora can serve as an endocrine organ that contributes to the pathogenesis of HF through its metabolites (2–4). In particular, trimethylamine N-oxide (TMAO), which is an intestine-derived metabolite of the choline/carnitine metabolic pathway, has been proven to be a metabolite potentially linking intestinal flora to cardiovascular (CV) disease (5, 6). Recent studies have also found that increased TMAO levels can predict poor prognosis in patients with both acute (6) and chronic HF (7, 8).

However, nowadays the exploration between intestinal flora metabolites and HF mainly concentrated on TMAO. Within the TMAO-related intestinal flora pathway, other metabolites also showed significant association with CV risk and CV diseases, including trimethyllysine (TML) (9, 10).

The amino acid TML, which is introduced by various animal- and plant-derived dietary sources, can work as a precursor for intestinal flora-dependent generation of TMAO (11) as well as a regulator of carnitine biosynthesis (12). Since increased TML levels were determined to be related to higher CV risk in subjects who were taken cardiac risk evaluation (11), several studies have probed into the association between TML and CV diseases. TML was found to be related to an increased risk of mortality in patients with evidence of carotid artery atherosclerosis in one small study (9). It is associated with the progression of atherosclerosis (13) and is involved a variety of different pathways potentially leading to atherogenesis (14). TML could also independently predict the risk of acute myocardial infarction among patients with suspected angina pectoris (15), and predict adverse CV prognosis among patients presenting with acute coronary syndrome (10). Recent research found a relationship between TML and the risk of mortality in subjects with acute HF (16); however, at present, whether serum TML levels are associated with disease severity in stable chronic HF has not been well discovered.

Therefore, the present study was to examine the relationship between systemic TML levels and the presence as well as prognosis of patients with stable chronic HF.



Materials and methods


Study population

The present study was a prospective cohort study designed to investigate the intestinal microbiota metabolite levels in patients with HF. A total of 956 including 471 stable chronic HF and 485 non-HF patients hospitalized in the Department of Cardiovascular Medicine, Ruijin Hospital, were included consecutively. Patients with severe concomitant diseases, such as infections, connective tissue diseases, autoimmune diseases, malignancies, and gastrointestinal disorders were excluded. Patients with acute myocardial infarction and cerebrovascular events during the last 6 months were also excluded. However, no information was available from patients with the probability of excessive intake of antioxidants, vitamins, micronutrients, or fish oils. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Ruijin Hospital, Ethics Committee reference number: 2016-019. All patients were explained about the study and provided informed consent before enrollment.



Follow-up and outcomes

The present study included the primary outcome and three secondary outcomes. A composite endpoint including CV death and first re-hospitalization because of HF was defined as the primary outcome. The secondary outcomes consisted of CV death, hospitalization due to HF, and all-cause mortality. Follow-up survey was conducted by hospital visits or through telephone. All endpoints were confirmed by independent cardiologists intensively. Recurrent HF was diagnosed on account of signs and symptoms, abnormal laboratory parameters, as well as imageological examination.



Detection of trimethyllysine and trimethylamine N-oxide

Fasting serum blood samples were collected and frozen at –80°C until analysis to avoid oxidation or modification. None of the participants performed any exercise prior to blood collection. Levels of TML and TMAO in serum were detected by liquid chromatography-mass spectrometry (LC-MS). Isotopically labeled TML-d9 (sc-475693, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and TMAO-d9 (sc-475042, Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as internal standards. 150 μl of TML-d9 (20 μg/ml, dissolved in ultrapure water) and 500 μl of TMAO-d9 (1 ug/ml, dissolved in ultrapure water) were added to 200 ml of pure methanol, then vortexed and mixed to obtain the internal standard dilution working solution (ISWS). 50 μl of serum sample was placed in a 96-well plate, and 400 μl of ISWS was added to each sample, vortexed and mixed for 15 min, followed by centrifugation at 3,000 g for 15 min at 4°C. 150 μl supernatant was then transferred to the 96-well plate and tested on the machine.

Samples were separated on a 1.7 μm (2.1 × 50 mm) column (ACQUITY UPLC BEH Amide, Waters, Milford, MA, USA) through the high-performance liquid chromatography (UltiMate 3000, Dionex, Sunnyvale, CA, USA) using an elution gradient of two mobile phases (A) 10 mM ammonium acetate 0.1% formic acid and (B) 10 mM ammonium acetate 95% acetonitrile 0.1% formic acid. Quantification was performed with a triple quadrupole mass spectrometry (TSQ Vantage, Thermo Scientific, Waltham, MA, USA) with positive electrospray ionization in the multiple reaction monitoring mode where the precursor ion (parent ion) of the target substance was first screened by the quadrupole and the fragment ions of the precursor ion were filtered through QQQ to select a desired characteristic fragment ion for quantification. The retention times of TML and TMAO were 2.54 and 1.5 min, respectively. The MRM-transitions monitored were for TML m/z 189 > 84, for TML-d9 m/z 198 > 84, for TMAO m/z 76 > 58, and for TMAO-d9 m/z 85 > 66. The peak area of each analyte was corrected by the peak area of the internal standards compound, and the concentrations of TML and TMAO in the serum sample were calculated semi-quantitatively by the ratio of the peak area of each analyte to the internal standards compound, and further quantified according to the standard concentration.

The same volume of serum was drawn from each sample, pooled and mixed, which is the quality control (QC) sample. During the testing process, every 12 samples were followed by a QC sample. The samples and the machine can be considered stable if the relative standard deviation (RSD) of QC samples were below 15%. And the RSD of TMAO and TML in the QC sample was 6.51 and 3.71%, respectively.



Echocardiographic measurements

Echocardiography was conducted by experienced cardiac sonographers and analyzed by independent cardiologists. M-mode echocardiography was used to assess left atrial diameter (LAD), left ventricular end diastolic diameter (LVEDD), and left ventricular end systolic diameter (LVESD). And the biplanar Simpson’s method was performed to determine the cardiac function as measured by left ventricular ejection fraction (LVEF).



Statistical analyses

Continuous variables were shown as mean ± standard deviation (SD), and expressed per SD for regression. Log transformation was performed before analysis if it was not normally distributed. The comparison between two groups was conducted by unpaired t-test, while trends over tertiles were tested by one-way ANOVA analysis. Categorical variables are presented as counts (%) and significant differences between groups were determined using the chi-square test or Fisher’s exact test.

Simple correlation analyses were performed to investigate the relationship between TML and different clinical features. Logistic regression models were used to determine the association between TML and the presence of HF. Odds ratios (ORs) with 95% CIs for HF were obtained for both univariable and multivariable analyses. The adjusted model 1 consisted of both age and sex. The full adjustment model 2 contained age, sex, body mass index (BMI), hypertension, diabetes mellitus (DM), hemoglobin, albumin, creatinine, glycosylated hemoglobin, low-density lipoprotein cholesterol, high-sensitivity C-reactive protein (hsCRP), and TMAO.

For follow-up data, the relationship between TML (as shown by tertiles) and the primary endpoint and secondary endpoints were visualized using Kaplan–Meier plots and assessed by log-rank tests. Cox regression models in univariate, model 1 (age and sex) adjusted, and model 2 adjusted analyses were performed to calculate hazard ratios (HRs) and 95% CIs. In regression analyses, results were presented according to per 1 SD increment of log-transformed TML concentrations and the 3rd versus 1st tertile. Patients who were lost during follow-up were analyzed according to the censored data. Statistical analyses were performed using SPSS version 22.0 software, and the two-sided P-value < 0.05 was defined as statistically significant.




Results


Baseline characteristics

A total of 956 subjects participated in the present study including 471 stable chronic HF and 485 non-HF patients. In all subjects, the average age was 61.4 ± 10.9 years, 62.8% were men, 55.4% had hypertension, 25.1% had DM, 15.4% had dyslipidemia, and 16.0% had renal dysfunction.

Baseline demographic, clinical, and laboratory characteristics of all participants was shown in Table 1 (grouped by TML tertile) and Supplementary Table 1 (grouped by HF or non-HF). Patients in the higher TML level group were more possible to have complicating diseases such as hypertension, DM, and renal dysfunction. There was a positive association between incremental TML levels and the increase in HbA1c, creatinine, uric acid, hsCRP, and N-terminal pro-brain natriuretic peptide (NTproBNP). Patients with higher TML levels had lower albumin levels as well as estimated glomerular filtration rates (eGFR). TML serum concentrations were also significantly correlated with TMAO levels (r = 0.395, P < 0.001).


TABLE 1    Baseline characteristics of all subjects.
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Trimethyllysine levels were associated with the presence and severity of heart failure

Initial examination of the distribution of TML levels showed remarkably higher TML levels (0.9 ± 0.5 vs. 0.6 ± 0.3 μM, P < 0.001) among subjects with HF (Figure 1A). TML concentrations were significantly correlated to NTproBNP levels (r = 0.448, P < 0.001, Figure 1B), LAD (r = 0.322, P < 0.001), LVEDD (r = 0.361, P < 0.001), and LVESD (r = 0.323, P < 0.001), and negatively associated with LVEF (r = –0.324, P < 0.001).
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FIGURE 1
Trimethyllysine (TML) levels are associated with the presence and severity of heart failure (HF) in all subjects and different subgroups. (A) TML levels are increased in patients with HF compared with the non-HF group in all subjects at baseline. (B) Simple correlation analysis between serum levels of TML and N-terminal pro-brain natriuretic peptide (NTproBNP). Box–Whisker plots of TML levels among patients with and without HF in different subgroups, including ages <65 and ≥65 (C); male and female (D); normal, overweight, and obesity (E); with and without hypertension (F); with and without DM (G); as well as with and without dyslipidemia (H). Forest plots illustrate the odds of the presence of HF according to TML levels in these subgroups (C–G). Symbols represent odds ratios (ORs) and the 95% confidence intervals are shown by line length.


Patients belonging to the highest tertile of TML concentrations had a significantly higher risk of HF compared with participants in the lowest tertile (Table 2). After adjusting for age, sex, BMI, hypertension, DM, hemoglobin, albumin, creatinine, LDL, HbA1c, hsCRP, and TMAO, increased TML levels remained associated with significantly increased odds for HF (tertile 3 (T3) vs. tertile 1, OR: 1.93, 95% CI: 1.19–3.13, P = 0.007). As a continuous variable, TML levels could also predict the presence of HF at baseline after full adjustment (per 1 SD, OR: 1.28, 95% CI: 1.02–1.61, P = 0.037) (Table 2). The receiver operating characteristic (ROC) curve of TML in predicting HF was 0.71 (0.67–0.74, P < 0.01), and the predictive cut-off value of TML was 0.7 μM.


TABLE 2    Trimethyllysine (TML) was associated with the presence of heart failure (HF) in all subjects.
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Trimethyllysine levels could predict the presence of heart failure in different subgroups

We also analyzed age- and sex-specific associations of circulating TML concentrations with the presence of HF. In both patients aged <65 and ≥65 years, those with HF had higher levels of TML, and TML could predict HF in both groups (Figure 1C). Increased TML levels were correlated with elevated odds of HF more remarkably in women than in men (Figure 1D). TML was more significantly correlated with HF in subjects with normal weight than in those who were overweight or obese (Figure 1E). Moreover, subgroup analyses demonstrated that increased TML levels could predict the presence of HF among patients with or without a history of hypertension, DM, and renal dysfunction, respectively, more remarkably in those without DM and in those with renal dysfunction (Figures 1F–H).



Trimethyllysine levels were associated with the complications and poor prognosis in patients with heart failure

Among all subjects, 471 were diagnosed with stable systolic HF. TML levels were higher among those with hypertension, DM, renal dysfunction, and stroke in the HF patients. TML was also associated with the presence of these complications after adjustment (Figure 2).
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FIGURE 2
Trimethyllysine (TML) levels are associated with several complications in patients with heart failure (HF). (A) In HF patients, serum levels of TML are elevated in those with hypertension than those without it. The forest plot at right illustrates the odds of the presence of hypertension according to TML levels in patients with HF, both unadjusted and adjusted for age, sex, and body mass index (BMI). Similar results were found regarding diabetes mellitus (DM) (B), renal dysfunction (C), and stroke (D).


During a mean follow-up of 2.0 ± 1.1 years, outcomes consisted of all-cause mortality in 66 patients (14.0%) including CV death in 57 patients (12.1%), re-admission because of HF in 111 patients (23.6%), and the composite primary endpoint in 154 patients (32.7%). Therefore, we first investigated the association between TML levels and primary as well as secondary outcomes in patients with HF.

Patients who experienced the primary endpoint were more likely to have higher serum TML levels at presentation (1.0 ± 0.7 vs. 0.8 ± 0.4 μM, P = 0.004). Kaplan–Meier analyses and survival curves illustrated enhanced rates of the primary endpoint with elevating TML levels (log-rank P < 0.001, Figure 3A). Similarly, patients in the higher TML level group had a higher risk of experiencing CV death, HF re-admission, and all-cause mortality during follow-up (Figures 3B–D).
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FIGURE 3
Increased trimethyllysine (TML) levels are associated with poor prognosis in patients with heart failure (HF). Kaplan–Meier curves and log-rank analyses illustrating the risks of the primary endpoint (A), cardiovascular (CV) death (B), hospitalization due to HF (C), and all-cause mortality (D), stratified by the tertiles of TML levels in patients with HF. (E) Forest plots indicating the risks of the primary endpoint in different subgroups according to TML levels in patients with HF. Symbols represent hazard ratios (HRs) and line length indicates the 95% confidence intervals.


Following multivariable cox regression analyses adjusting for conventional risk factors including age, sex, BMI, hypertension, DM, hemoglobin, albumin, creatinine, LDL, HbA1c, and TMAO, elevated (tertile 3 vs. tertile 1) serum TML remained independently correlated to increased risk of the primary endpoint (HR: 1.93, 95% CI: 1.27–2.93, P = 0.002) (Table 3). Furthermore, patients in the highest tertile of TML levels demonstrated a significantly elevated risk of CV death (HR: 3.96, 95% CI: 1.80–8.72, P = 0.001), HF hospitalization (HR: 1.75, 95% CI: 1.09–2.80, P = 0.019), and all-cause mortality (HR: 3.34, 95% CI: 1.68–6.64, P = 0.001), compared with those in the lowest tertile after full adjustment (Table 3). TML concentrations could also predict the primary endpoint in HF patients belonging to different subgroups (Figure 3E).


TABLE 3    Trimethyllysine (TML) was associated with poor prognosis in patients with heart failure (HF).
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Discussion

The present study probed into the potential impact of TML on the presence and prognosis of HF. The major findings are as follows: First, patients with HF had significantly increased serum levels of TML compared with those without HF. Second, higher serum TML concentrations are independently associated with HF. Higher TML levels could also significantly predict the complications and poor prognosis in patients with HF, including CV death and HF re-admission. The proposed interaction between TML and HF was summarized in Figure 4. These results indicate that detection of serum TML may provide further value for making out patients at risk for HF and long-term poor prognosis.
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FIGURE 4
Summary diagram outlining the proposed relationship between trimethyllysine (TML) and heart failure (HF). In non-HF conditions, TML synthesis and blood entry are minimal under the protection of the balanced intestinal flora and a healthy intestinal barrier. When HF occurs, the heart’s ability to pump blood decreases, the gut becomes congested and edematous, and the prevalent harmful bacteria, as well as the impaired intestinal barrier together, make TML easier to enter the bloodstream. Elevated circulating levels of TML are independently associated with the severity and poor prognosis of HF.


A healthy intestinal barrier prevents intestinal bacteria and harmful substances from entering the bloodstream. As a result of HF, the intestine becomes congested and edematous, the intestinal barrier is damaged, and intestinal flora and metabolites enter the bloodstream, aggravating inflammation and cardiac dysfunction (4). Many intestinal flora metabolites are associated with HF, particularly TMAO (7, 17). A study analyzing some TMAO-carnitine/choline pathway metabolic products found a relationship between TML and poor prognosis in patients with acute HF (16). Another small study investigating carnitine metabolism and HF also detected increased levels of L-carnitine and its precursor TML in patients with HF (18). TML levels were positively related to NTproBNP and CRP levels and negatively associated with cardiac index and eGFR (18), which was in accordance with the results of the present study. Nonetheless, it is the first study to indicate the predictive value of TML in patients with stable HF with a relatively large population.

In spite of the discovered association between TML and incident HF risks as well as poor prognosis, the underlying mechanisms interpreting the strong relationship have not been fully elucidated. On the one hand, a recent study found that trimethyl-5-aminovaleric acid, a derivative of TML, inhibits fatty acid metabolism in cardiac myocytes and exacerbates myocardial hypertrophy, and HF (19), which could be a possible way in which TML plays a role in HF. On the other hand, TML is also an intermediate, rate-limiting factor for carnitine biosynthesis (20), and carnitine may play a role in HF pathophysiology. Carnitine is an important transporter to carry fatty acid into mitochondria (21, 22). However, there is a shift in energy metabolism in the pathological heart during HF, indicated by the reduced utilization of fatty acids and the increased utilization of glucose and ketone bodies (23). As a probably compensatory mechanism to rescue fatty acid metabolism, thus improving cardiac function, circulating carnitine levels are found to increase during HF (16, 18). Thus, our observations suggest that measuring TML levels, as an intermediate in carnitine biosynthesis, may discover patients with severe cardiac metabolic dysfunction, thereby causing HF, and poor prognosis. The current study also found that TML was correlated with hsCRP, which indicates that TML may also play a part in the inflammatory process during HF.

Another mechanism is the potential function of TML to form TMA and TMAO, the prothrombotic and atherogenic metabolite (11). Gut microbiota-derived metabolite TMAO plasma levels have been found to be positively correlated to increased CV risk and mortality (24). It can modulate cholesterol and sterol metabolism in multiple compartments and enhance atherosclerosis (25). Previous studies have also found a relationship between TML and atherosclerosis (9, 13). In patients with acute coronary syndrome, TML is a predictor of future major adverse CV events (10, 11). However, elevated TAMO was not associated with cardiac systolic dysfunction, although high TMAO was observed in HF patients and portended long-term mortality risk (7), while our study found a relationship between TML and systolic dysfunction. The present study also investigated the relationship between TML and TMAO levels. In line with recent studies (10, 11, 15), a strong association between serum levels of TML and TMAO was observed at baseline. However, different from other TMAO-producing dietary sources, such as carnitine, choline, or betaine, whose prognostic value was abolished following the inclusion of TMAO into regression models (26, 27), TML could predict the presence of HF in all subjects as well as the poor prognosis in HF patients independent of TMAO. Thus, alternative mechanisms to TMAO may also explain the observed relationship between TML and HF, which needs to be explored in future studies.

On the other hand, the major sources of TML in the human body involve both exogenous and endogenous mechanisms. Exogenous assumptions from both animal-and plant-based foods, such as meat, seafood, and vegetables, are an important dietary source of TML, where TML is widely present in the protein-bound form (11, 28, 29). Endogenous production of TML is a portion of the post-translational modification of proteins in mammals. It took part in the process of the modification in histone during chromatin remodeling as well as gene expression regulation (30–32). The identification of the contributions of microbial versus eukaryotic cells in TML production will have an important impact in exploring the function of TML in CV diseases including HF.

In the present study, we indicated a significant relationship between TML and the complications of HF, including hypertension, DM, renal dysfunction, and stroke. At baseline, elevated TML levels were discovered among participants with a medical history of hypertension, DM, or renal dysfunction, which is in accordance with the findings of other cohorts (15). Another study also demonstrated that in patients with coronary artery disease, serum TML levels can predict the risk of type 2 DM independently of traditional risk factors (33), partly due to dysfunctional acid metabolism. Although the specific mechanisms underlying each complication need to be explored in future studies, these complications, which are related to increased TML levels, could further influence the overall state of patients with HF and lead to a high mortality rate and poor prognosis.

Among all these processes, which one is the major underlying mechanism accounting for the association between serum TML levels and HF has not been identified, and it is debated whether increased TML concentration is the cause or result of HF, which needs further exploration. Nevertheless, TML may help identify patients with a high risk of HF and poor prognosis, and promotion in preventive risk-reducing efforts in HF.


Study limitations

First, this was a single-center study, and data about dietary intake which could affect metabolite levels were not available. The present study also did not specifically differentiate the etiologies of HF and compared TML levels in each group. Furthermore, our study measured circulating TML levels at a single time point, and the changes in TML levels as time goes on need to be examined in future studies. Some unidentified confounding effects might not have been evaluated, and the study was not designed to detect other carnitine/choline metabolites besides TMAO. The mechanisms underlying the relationship between TML and HF will be explored in further studies. Nonetheless, our study provides novel insights which provide clinical links between intestinal flora-associated metabolite TML and the pathophysiology of HF with application prospects and research value.




Conclusion

In conclusion, serum levels of TML provide independent clinical value for the presence and severity of chronic HF. It could also provide clinical value for poor prognosis and mortality among patients with chronic HF.
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Demographic characteristics

Age (years) 60.1£95 613+117 6274114 0014
Male 135 (42.5) 226 (708) 239(74.9) <0.001
Current smoking 65 (20.4) 115 (36.1) 134 (42.0) <0.001
Current drinking 57 (17.9) 77 (24.1) 77 (24.1) 0092
Body mass index (kg/m?) 244433 252437 249438 0015
Systolic blood pressure (mmHg) 13234187 130.3 4202 1311 £20.6 0435
Diastolic blood pressure (mmHg) 766 114 76,04 13.4 7624132 0.802
Heart rate (beats/min) 787+ 112 79.94 134 798152 0438
Family history 37(11.6) 50 (15.7) 51(16.0) 0219
Medical history

Hypertension 150 (47.2) 177 (55.5) 203 (63.6) <0.001
Diabetes mellitus 58 (18.2) 88(27.6) 94(29.5) 0002
Dyslipidemia 47 (14.8) 50 (15.7) 50 (15.7) 0937
Renal dysfunction 8(25) 44(138) 101 (31.7) <0.001
Stroke 24(75) 16 (5.0) 44(13.8) <0.001
Lab. examination

WBC (*10°9/L) 61£19 65£20 67420 0001

Hemoglobin (g/L) 1357 £138 1383+ 157 1357 4203 0069
Platelet (*10°9/L) 1915 £52.9 182.7 £ 50.6 1815+ 54.9 0034
HbAIc (%) 6010 6211 63£11 0005
ALT (IU/L) 305+ 86.1 3304556 3154407 0883
Albumin (/L) 396436 386437 380447 <0.001
Creatinine (jumol/L) 69.64 142 8224273 118341205 <0.001
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€GER (ml/min/1.73 m?) 882165 813+ 188 6894245 <0.001
Triglyceride (mmol/L) 1509 16+ 10 16%13 0341

Total cholesterol (mmol/L) 44£18 41£11 4115 0.021

LDL-C (mmol/L) 25409 2510 24409 0207
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Medications
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Spironolactone 42(132) 94/(29.5) 132 (41.4) <0.001
Statins. 224(70.4) 248(77.7) 239 (74.9) 0.104

Hypoglycemic drugs 47 (14.8) 69 (21.6) 69 (21.6) 0.041

ACEI, angiotensin-converting enzyme inhibitor; ALT, alanine transaminase; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor enkephalin inhibitor; eGFR, estimated
gomerular filtration rates; HbAlc, glycosylated hemoglobis high-density lipoprotein cholesterol; hsCRP, high sensitivity C reactive protein; LAD, left atrial diameter; LDL-
€, low-density lipoprotein cholesterol; LVEDD, left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricular end systolic diameter; NTproBNP,
N-terminal pro-brain natriuretic peptide; TMAO, trimethylamino oxide; TML, trimethyllysine; WBC, white blood cells.
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References Location HFtype Scale Follow-up, Participants Age,years ~ TMAOlevel ~ Outcome  Adjusted  Study
years (male, %) (umol/L) risk factors  quality

Tangetal (200 USA Chronic ~ Single center 5 720(59) 6610 50(30,85)  Alcause Yes 8
mortality

Tangetal.(21)  USA Chronic  Single center 5 112(75) 57+ 14 58(3.6,12.1)  All-cause Yes 8
mortality

Troseid etal. (22) Norway ~ Chronic  Single center 52 155(83) 5711 NA All-cause Yes 7
mortality

Suzuki and UK Acute  Single center 1 o72(61)  78(69-84)  56(3.4,105)  Al-cause Yes 6
Heaney (22) mortality

Schuettetal. (10) Germany Chronic  Single center 97 2,490 (NA) 63+ 10 4.73(3.4,6.82)/4.73 All-cause Yes 6
(822,685  mortality

Liu (24) China  Acute  Single center 1 64(67) 70+ 14 656+ 11.83  Alcause Yes 6
mortality

Suzukietal. (25)  European Chronic  Multicenter 1 2234(74) 70(61-78)  59(36,108)  Al-cause Yes 8
mortality;
MACE

Suzukietal. (25) European Chronic  Multicenter 2 2234(74) 70(61-78)  59(36,108)  Al-cause Yes 8
mortality;
MACE

Suzukietal. (25)  European Chronic  Multicenter 3 2234(74) 70(61-78)  59(36,108)  Al-cause Yes 8
mortality;
MACE

Salzano et al. (26) UK Chronic ~ Single center 5 196(49)  73(67-78)  7.0(42,125)  Alcause Yes 6
mortality

Zhouetal.(27)  China Chronic  Multicenter 1.8 1,208(689) 73(64-80)  4.5(2.83,792)  All-cause Yes 7
mortality,
MACE

Israretal (28) UK Acute  Single center 1 806(61)  78(69-84)  102(58,187)  Al-cause Yes 6
mortality;
MACE

USA, the United States; UK, United Kingdom.
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Variables

Age

Male
Hypertension
Diabetes

CHD

Target vessel

LAD

Multi-vessel disease
Atrial fibrillation
DCM

LVEDD > 50 mm
LVEF < 50%

BNP > 500 pg/mL

NT-proBNP > 1,200 pg/mL
CD4" Tim-3" high level
CD8" Tim-3" high level

DCM, Dilated cardiomyopathy; CHD, Coronary heart disease; LAD, Le

HR

0.986
0.908
0.920
1.010
0.953

1.051
1.327
1.038
2.968
2.531
3.936
1.638
3.410
2.685
2.730

Univariate analysis

95% CI

0.97-1.00
0.44-1.89
0.48-1.77
0.49-2.10
0.49-1.84

0.54-2.05
0.65-2.70
0.49-2.21
48-5.97
.18-5.43
.71-9.07
.79-3.41
0.56-20.76
.17-6.14
.19-6.24

0.171
0.796
0.803
0.979
0.886

0.885
0.435
0.923
0.002
0.017
0.001
0.187
0.183
0.019
0.017

HR

1.443
1213
3.873

2.613
2.762

Multivariate analysis

95% CI

0.64-3.24
0.47-3.11
1.44-10.42

1.11-6.13
1.15-6.63

0.374
0.688
0.007

0.027
0.023

ft anterior descending branch; LVEDD, End diastolic diameter of left ventricle; LVEF, Left ventricular ejection

fraction; CD4" Tim-3T high level, The highest quartile (Q3-Q4) of Tim-3 expression on CD4"T cells; CD8*Tim-3* high level, The highest quartile (Q3-Q4) of Tim-3 expression on

CDSTT cells.





OPS/images/fcvm-09-817396/fcvm-09-817396-g001.gif
o ) (] ([, ) (o] ((Creiws ] ([ ] ((Fomast ) (Mot
w | My et =l | ol e
L ——
e —
i amss (1)
et e 16)
ot e S5
S ———
e ettt 15
arisdrecra ),
Plirosdeg | theseo )
i Gt i 1)
*Ramaptteatosy
s e )

S ——






OPS/images/fcvm-09-933597/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-09-817396/fcvm-09-817396-g002.gif
Study 1D,

Sk 20195
S 20195
Sunki2019c
Zow2020
e 2001

Overll, IV (= 56.1%p = 0.05%)

Risk Ratio

wosscy

12w
1190095189
12100149
231042589
1350014
12807.139)

weight

1508
o
2049
341
ass
10000






OPS/images/fcvm-09-933597/fcvm-09-933597-g001.gif
et gt uthsons

[———

Bt g5
Procnsoel o

e —
e
i,
[romturt e






OPS/images/fcvm-09-817396/fcvm-09-817396-g003.gif
Losationand Stdy D

European
Sumki 20190

Suki 20195

Sumki 2019¢

trar 2021

Subgroup, IV (1 0.0%, p = 0456)

China
Zhou 2020
Subgroup. IV (1 = 0.0% p=.)

Heterogencity besween groups: p = 0011

Oveall 1v
Test for overaleffect

56.1%.p= 0058)
579.p-0.000

Risk Ratio

oscn

1120090,140)
119055, 145)
1210100,146)
1350.09.12)
125(115,136)

23102,359)
231 145.367)

128017,139)

Weight

1556
1079
221
wa
10000

10000
10000

B






OPS/images/fcvm-09-933532/fcvm-09-933532-t001.jpg
Parameters

Age (years)

Male, n (%)
Hypertension, n (%)
Diabetes, n (%)

Atrial fibrillation, n (%)
DCM, 1 (%)

CHD, n (%)

AMI, n (%)

Target vessel

LAD, n (%)

LCX, n (%)

RCA, n (%)
Single-vessel disease, 1 (%)
Multi-vessel disease, n (%)
LA (mm)

LVEDD (mm)

LVEF (%)

BNP (pg/mL)
NT-proBNP (pg/mL)
D-Dimer (mg/L)

Lac (mmol/L)

Scr (pmol/L)

cTnl (ng/L)

CRP (mg/L)

ESR (mm/h)

PCT (ng/mL)

CD4T T cells (%)
CD8* T cells (%)

Overall (n =167)

66 (54-73)
112 (67.10%)
78 (46.70%)
36 (21.60%)
23 (13.80%)

16 (9.60%)
60 (35.90%)
32 (19.20%)

52 (31.10%)
24 (14.40%)
24 (14.40%)
32 (19.20%)
31 (18.60%)
39.2046.65

49.96+7.30
59 (46.0-64.0)
125.5 (29.0-1254.8)
184 (59.4-5090)
0.41 (0.22-1.04)
1.80 (1.35-2.85)
81.5 (66.8-110.5)
0.02 (0.004-0.335)
5.03 (0.5-12.85)
.0 (2.0-19.0)
(
(

0.66 (0.04-0.16)
61.6 (52.1-78.7)
19.6 (6.4-33.6)

ADHEF group (n=84)

69 (55-82)
0 (71.40%)
5 (53.60%)
2 (26.20%)
9 (22.60%)
6 (19.00%)
9 (46.40%)
2 (38.10%)

39.30%
20.20%

33 )
17 )
16.70%)
)
)

(
(
4(
17 (20.20%

23 (27.40%
42.21+£6.93

53.231+7.95
47 (36.5-55.5)

1,160 (472.5-1931.5)
5,090 (2660.0-14200.0)

0.86 (0.41-1.91)
1.80 (1.40-2.90)
95.5 (73.0-126.0)
0.34 (0.04-7.98)
10.91 (4.59-31.49)
17.0 (6.0-33.0)
0.07 (0.04-0.61)
63.7 (53.8-84.3)
26.9 (15.3-37.8)

Non-HF group (n =83)

61 (54-69)

2 (62.70%)

3 (39.80%)

14 (16.90%)

4 (4.80%)
0(0)

21 (25.30%)
0(0)

8.40%)
12.00%)
18.10%)

8(9.60%)
35.75+4.22

19 (22.90%)
7 (
0(
5¢(

46.19£3.95
64 (62.0-67.0)
29 (17.0-44.0)
59.4 (39.2-85.8)
0.24 (0.15-0.41)
1.50 (0.60-2.40)
71.0 (62.8-85.3)
0.005 (0.003-0.006)

0.5 (0.49-5.55)
4.0 (2.0-11.0)
0.06 (0.03-0.09)
59.3 (43.5-70.8)
11.5 (4.0-31.4)

P-value

0.00
0.228
0.074
0.143
0.00

0.004

0.022
0.030
0.395
0.722
0.003
<0.00
<0.00
<0.00
<0.00
<0.00
<0.00
0.437
<0.00
<0.00
<0.00
<0.00
0.305
0.015
<0.00

DCM, Dilated cardiomyopathy; CHD, Coronary heart disease; AMI, Acute myocardial infarction; LAD, Left anterior descending branch; LCX, Left circumflex branch; RCA, Right
coronary artery; LA, Left atrium; LVEDD, End diastolic diameter of left ventricle; LVEF, Left ventricular ejection fraction; BNP, Brain natriuretic peptide; NT-proBNP, N-terminal pro-brain
natriuretic peptide; Lac, Lactic acid; Scr, Serum creatinine; cTnl, cardiac Troponin I; CRP, C-reactive protein; ESR, Erythrocyte sedimentation rate; PCT, Procalcitonin.
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Variable Tim-37 on
CD4™% T cells(%)

NT-proBNP p 0.426
(pg/mL)
p <0.001
BNP (pg/mL) P 0.428
p <0.001
LVEDD (mm) p 0.157
p 0.061
LVEF (%) p —0.370
p <0.001

Tim-37 on
CDS8™* T cells(%)

0.423

<0.001
0.362
<0.001
0.250
0.003
—0.377
<0.001

Spearman’s coefficient of rank correlation was used in calculation. BNP, Brain natriuretic
peptide; NT-proBNP, N-terminal pro-brain natriuretic peptide; LVEDD, End diastolic

diameter of left ventricle; LVEE, Left ventricular ejection fraction; p, correlation

coeflicient; p, calculated probability.
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Variables Univariate analysis Multivariate analysis

OR(95% CI) P-value OR(95% CI) P-value

Male 1.49 (0.78-2.85) 0.229 - -
Age 1.03 (1.01-1.06) 0.002 1.04 (1.01-1.06) 0.002
Hypertension 1.75 (0.95-3.23) 0.075 - -
Diabetes 1.75 (0.82-3.71) 0.146 - -
CHD 2.56 (1.33-4.93) 0.005 2.56 (0.62-10.64) 0.197
Target vessel

LAD 2.18 (1.11-4.28) 0.023 0.85(0.19-3.88) 0.833
LCX 2.76 (1.08-7.05) 0.135 - -
RCA 1.46 (0.61-3.50) 0.397 - -
Single-vessel disease 1.15 (0.53-2.49) 0.722 - -
Multi-vessel disease 3.54 (1.48-8.46) 0.005 1.47 (0.45-4.82) 0.528
CD4" Tim-3" high level 3.72 (1.96-7.06) <0.001 2.76 (1.34-5.65) 0.006
CD8" Tim-3" high level 3.35 (1.78-6.32) <0.001 2.58 (1.26-5.31) 0.010

CHD, Coronary heart disease; LAD, Left anterior descending branch; LCX, Left circumflex branch; RCA, Right coronary artery; CD4F Tim-3% high level, The highest quartile (Q3-Q4)
of Tim-3 expression on CD47 T cells; CD8F Tim-31 high level, The highest quartile (Q3-Q4) of Tim-3 expression on CD8T T cells.
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Makers AUC (95% CI) Cut-off Sensitivity Specificity PPV NPV PLR NLR

Tim-3* on CD4™ cells 0.75 (0.68, 0.83) 1.400 71.3% 71.3% 73.7% 69.2% 248 0.40
Tim-3" on CD8™ cells 0.78 (0.71, 0.85) 1.965 72.50% 72.3% 69.4% 76.8% 2.62 0.38

PPV, Positive predictive value; NPV, Negative predictive value; PLR, Positive likelihood radio; NLR, Negative likelihood ratio.
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Characteristic

Age (> 60 vs. < 60)

Sex (male vs. female)

Pathological subtype (SCLC vs. NSCLC)
Clinical stage (late vs. early)

Smoking history (previous or current vs. never)
ACM (with vs. without)

Stroke (yes vs. no)

Extra-pulmonary metastasis (with vs. without)
Brain metastasis (with vs. without)

Chi-square

1.94
10.98
4.4
7.92
3.85
4.8
0.77
2.15
1.91

Log-rank P

0.164
0.001
0.036
0.019
0.050
0.018
0.381
0.341
0.168

ACM, atrial cardiomyopathy.
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Sex (male vs. female)

Pathological subtype (SCLC vs. NSCLC)
Clinical stage (late vs. early)

Smoking history (previous or current vs. never)
ACM (with vs. without)

Haz. ratio

2.684
1.588
2.336
0.755
1.543

P

0.004
0.015
0.003
0.340
0.030

[95% CI]

1.369-5.264
1.092-2.308
1.337-4.081
0.424-1.345
1.042-2.283

ACM, atrial cardiomyopathy.
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Models Dominant (TA + AA compared with TT) Recessive (AA compared with TT + TA) Additive models

™ AA+TA HR (95% CI) TT+TA AA HR (95% CI) HR (95% CI)
Al cause death 361 185 521 25
Unadjusted 1.45(1.21-1.73) 1.83 (1.22-2.73) 1.40 (1.21-1.63)
Adjusted” 1.43(1.20-1.72) 1.87 (1.25-2.79) 1.39(1.20-1.62)
scp 121 80 189 12
Unadjusted 1.85(1.39-2.45) 2.36(1.3-4.23) 1.71 (1.36-2.14)
Adjusted” 1.80 (1.34-2.40) 2.34(1.33-4.29) 1.68 (1.33-2.12)
NSCD 240 105 332 13
Unadjusted 1.25 (0.99-1.57) 1.51(0.87-2.64) 1.23 (1.01-1.50)
Adjusted” 1.24 (0.98-1.57) 1.54 (0.88-2.69) 1.23(1.01-1.50)

CHE, chronic heart failure; HR: NSCD, non-sudden cardliac death; SCD, sudden cardiac death.
“Adjusted for: age, sex, BMI, NYHA class, ejection fraction, ischemic etiology, non-sustained ventricular arrhythmias, use of beta-blocker.
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Characteristic All patients LC with ACM LC without AC P
(N = 306) (N =53) (N = 253)

Age at diagnosis, year 65.04 +£10.30 69.06 + 8.50 64.20 + 10.46 0.001

Sex, female 83 (27.12) 13 (24.53) 70 (27.67) 0.640

Smoking, previous or current 207 (67.65) 37 (69.81) 170 (67.19) 0.711

Pathological subtype

NSCLC 241 (78.76) 41 (77.36) 200 (79.05) 0.784

Adenocarcinoma 125 (40.85) 20 (37.74) 105 (41.50)

Squamous cell 110 (35.95) 21 (39.62) 89 (35.18)

Others 4 (1.31) 4(1.58)

Mixed 2 (0.65) 2(0.79)

SCLC 65 (21.24) 12 (22.64) 53 (20.95)

Clinical stage? 0.165

Unknown 32 (10.46) 30 (11.86) 2 (3.77)

Early 47 (15.36) 40 (15.81) 7(18.21)

Late 227 (74.18) 183 (72.33) 44 (83.02)

Extra pumonary metastasis 0.383

0 188 (61.44) 37 (69.81) 151 (569.68)

1 76 (24.84) 10(18.87) 66 (26.09)

>2 42 (13.73) 6(11.32) 36 (14.23)

Brain metastasis 27 (8.82) 4 (7.55) 23 (9.09) 0.482

Comorbidity disease history

Hypertension 64 (20.92) 13 (24.53) 51 (20.16) 0.477

Coronary disease 27 (8.82) 9 (16.98) 18 (7.11) 0.031

Prior ischemic stroke 5(1.63) 2(3.77) 3(1.19) 0.208

Diabetes 32 (10.46) 5(9.43) 27 (10.67) 0.789

COPD 29 (9.48) 7(13.21) 22 (8.70) 0.306

Treatment

Chemotherapy 168 (54.90) 29 (54.72) 139 (54.94) 0.976

Radiation therapy 39 (12.75) 5(9.43) 34 (13.44) 0.427

Surgery 33 (10.78) 9(16.98) 24 (9.49) 0.110

Antiangiogenic treatment 26 (8.50) 5(9.43) 21 (8.30) 0.787

Target therapy 47 (15.36) 8(15.09) 39 (15.42) 0.953

Immunotherapy 57 (18.63) 6(11.32) 51 (20.16) 0.133

Outcomes

Ischemic stroke 12 (3.92) 1(1.89) 11 (4.35) 0.699

Death 153 (50.00) 36 (67.92) 117 (46.25) 0.004

mOS; mo 24 15 25 0.018>

Data are presented as the mean + SD or No. (%).

ACM, atrial cardiomyopathy; NSCLC, non-small-cell lung cancer; SCLC, small-cell lung cancer; COPD, chronic obstructive pulmonary disease; mOs, median overall

survival.

aClinical stage: early stage, NSCLC stage I, Il (TNM), SCLC limited stage; late stage, NSCLC stage lll, IV (TNM), SCLC extensive stage; unknown: missing or not evaluated.

b/ og-rank test.
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All patients LC with ACM LC without ACM P
(N = 241) (N =62) (N =195)
Gene mutations, + 49 (20.33) 5(11.63) 44 (22.22) 0.118
EGFR, + 39 (18.84) 5(11.64) 34 (17.17)
ALK, + 3(1.45) - 3(1.562)
Others, + 7 (3.38) - 7 (3.54)
PD-L1, + 25 (10.37) 3(6.98) 22 (11.11) 0.584

Data are presented as No. (%).

EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase.
Gene mutations were recorded using fluorescent in situ hybridization (FISH) and
immunohistochemistry in tissue microarray sections; PD-L1 IHC assays: SP263.
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Clinical characteristics

Sex, n = Male (%)
Age (years)

Etiology, n = ICM (%)
LVDD (mm)

LVEF (%)

NYHA, 1 (%)

BMI (kg/m?)
Hypertension, n (%)
Hyperiipidemia, n (%)
Diabetes, n (%)
QRS durations (ms)
AF/AFL, n (%)
PVC/NSVT, n (%)
VTIVF, n (%)
Medications, n (%)
B-blocker
ACEl
Diuretic
Aldosterone antagonists
1CD, n (%)

ALL
(n=1,37)

1,134 (78.9)
60.55 % 11.98
957 (66.6)
6327 £9.77
36.04 +8.80

0
618 (43.0%)
469 (32.6%)
350 (24.4%)
2484384

723 (50.3)
353 (24.6)
361 (25.1)

110.45 + 52.48

214(14.9)
114 (7.9)
43(3.0)

1077 (74.9)
992 (69.0)
1085 (73.4)
1066 (74.2)
37 (2.6)

CHF

™
(n =994

794 (79.9)
60.16 £ 12,05
640 (64.4)
63.15 % 9.57
3626 +8.54

0
446 (44.9)
322 (32.4)
226 (22.7)
24.72 £3.80
493 (49.6)
249 (25.1)
245 (24.6)
110.74 + 53.36
151 (15.2)
72(72)
27 27)

783 (73.7)
686 (69.0)
720 (72.4)
738 (74.2)
242.4)

TA+AA
(n=443)

340 (76.7)
61.41 £ 11.79
317 (71.6)
63.55 + 10.21
36.56 + 9.36

0
172 (38.8)
147 (33.2)

124 (28)
2510+ 3.91
230 (51.9)
104 (23.5)
116 (26.2)

109.80 & 50.51
63(14.2)

42 95)
16 (3.6)

342 (77.2)
309 (69.8)
333 (75.2)
328 (74.0)
13 2.9)

P-values

0.203
0.068
0.009
0.479
0.157
0.047

0.085
0.45
0.566
0579
0.7556
0.692
0179
0.452

0.184
0.828
0.309
0.987
0.693

AF, atriel fibrilation; AFL, atrial flutter; BMI, body mass index; CHF, chronic heart failure; DCM, dilated cardiomyopathy; ICM, ischemic cardiomyopathy; LVDD, left ventricular end-
diastolic diameter; LVEF; left ventricular ejection fraction; NSVT, non-sustainable ventricular tachycardlia; NYHA, New York Heart Association; PVC, premature ventricular contraction; VT,

ventricular tachycardia; VI, ventricular fibrillation.

M = SD for normally distributed data and n (%) for categoric variables.
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All patients (N =53) NSCLC (N =241) SCLC(N=65) P

NT- 50 (94.34) 40 (93.02) 12 (18.46) 0.712
proBNP > 250

pg/mL

PTFV1 > 5,000 5(9.43) 3 (6.98) 2(16.67) 0.288
Severe large 4 (7.55) 4(9.30) 0 0.582
artery

enlargement

ACM 53 (17.32) 43 (17.84) 12 (18.46) 0.854

Data are presented as No. (%).

ACM, atrial cardiomyopathy; NSCLC, non-small-cell lung cancer; SCLC, small-cell
lung cancer; NT-proBNR, N-terminal pronc-type natriuretic peptide; PTFV1, p-wave
terminal force in V1.
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TTR mutation overall Symptomatic  Associated
N=40,n (%) patients phenotype
N=29,n(%) inthe cohort

A97S 16 (40) 11379 NH
DigN 4(10) 3(10.9) NH
E42G 1(2.5) 1(3.4) N, H
E61K 1(25) 1(3.4) NH
GA47E 1(25) 1(3.4) N, H
HB8R 1(2.5) 1(3.4) N, H
L55R 1(25) 1(3.4) EH
S23N 4(10) 1(3.4) N, H
T50K 8(20) 5(17.2) N.H
Exon8 3UTR 1(25) 1(3.4) H

©.624_632delGACTTCTCC

N, neurological: H, Heart; E, eye.
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Sequence
variant
(MRNA)

c.112G>A
c.128G>A
c.185A>G

¢.200G>A
€.224T>G
€.236C>A

c.241G>A

¢.323A>G
€.349G>T

Mutation (protein variant
incl.20-aa signal peptide)

p.Asp3BAsn (Asp18Asn)
p.Ser43Asn (Ser23Asn)
p.Glu62Gly (Glu42Gly)

p.GLYS7Glu (Gly47Glu)
p.Leu75Arg (LeuS5Arg)
p.Thr7olys (Thi5oLys)

p.GluBiLys (Glub1Lys)

p.His108Arg (His88ArG)
p.Alat 17Ser (Ala97Ser)

Location

Exon 2
Exon 2
Exon 2

Exon 2

Exon 3

Exon 3

Exon 3

Exon 3
Exon 4

ClinVar

Likely pathogenic
Likely pathogenic
pathogenic

pathogenic
pathogenic
Likely pathogenic

Pathogenic

Pathogenic
Pathogenic

Reported
phenotype

E,H, PN
SN, H, PN

H K, PN
LM, PN, E

SN, H, PN
PN

H

PN, H,E,
SN

H, heart; PN, peripheral neuropathy; SN, Somatic neuropathy; E, eye; K, kidney; LM, lumber stenosis.

Reported ethnic
group

American
Portuguese, American

Japanese, Russian,
American

German, ltalian
Chinese, German

Italian, American (Asian)

Japanese

Swedish

Chinese, Taiwanese

References

Connors et al. (15) Amyloid 10, 160
Connors et al. (16) Amyloid 6, 114
Ueno et al. (17) Biochem Biophys Res
Commun 169, 1117

Pelo et al. (18) Amyloid 9, 35

Long et al. (19) Ophthalmic Genet
33(1):28-38 Connors (2003) Amyloid
10, 160

Saraiva et al. (20) Hum Mutat 5, 191

Shiomi et al. (21) Biochem Biophys.
Res Commun 194, 1090

Holmgren et al. (22) Amyloid 12, 184
Tachibana et al. (22) Amyloid 6, 282
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Newly diagnosed lung cancer (LC) patients from 2015 to 2020 at
the first affiliated hospital of Xi’an Jiaotong University (N=4910)
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Incomplete medical data (N=4314)
congenital heart disease (N=12)
Chronic kidney disease (N=22)

Atrial fibrillation and other disorders (N=66)
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Lost to follow-up (N=46)
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Parameter

D-D, mg/L
PT s
ALC,109/L
HGB, g/L
CRP, mg/L
CK, U/L
ALB, g/L
Ca, mmol/L
P, mmol/L

OR

1.245
1.477
1.068
0.967
0.99
0.999
1.02
0.001
0.099

P

0.016
0.149
0.916
0.056
0.444
0.953
0.774
0.019
0.174

95% conf. interval

1.041-1.49
0.869-2.509
0.312-3.661
0.934-1.001
0.966-1.015
0.988-1.011

0.89-1.168
0.000-0.316
0.004-2.776

Sa0a, oxygen saturation;, D-D, D-dimer; PT, prothrombin time; ALC, absolute
lymphocyte count; HGB, hemoglobin; CRR, C-reactive protein; CK, creatine kinase;

ALB, albumin.
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Parameter LC with ACM (n = 53)

PTVF1, wVms 2,350 (1,800-3,460)
NT-proBNP, pg/mL  460.1 (301.9-650.9)
Sa02,% 95 (93-96)

pH 7.43 (7.42-7.5)
D-D, mg/L 1(0.5-2.5)

PT, s 12.9 (12-13.5)
ALC109/L 1.17 (0.95-1.42)
HGB, g/L 123 (109-140)
CRP, mg/L 10 (10-41.7)
CK, U/L 54 (36-75.5)
ALB, g/L 35.2 (31.3-39)
Ca, mmol/L 2.23 (2.14-2.35)
P, mmol/L 0.96 (0.83-1.06)
LVEF,% 67 (63-71)
LVEDD, mm 49 (46-52)
LVESD, mm 30 (28-34)

LC without ACM (N = 253)

1,530 (1,050-2,080)
68.54 (30.82-127 1)
96 (95-97)
7.42 (7.4-7.44)
0.6 (0.3-1.1)
12.2 (11.1-13.2)
1.28 (1.03-1.66)
133 (122-144)
10 (10-14)

63 (47-87)
39.65 (36.9-42.05)
2.31 (2.22-2.39)
1.03 (0.91-1.15)
69 (65-73)

47 (45-49)

28 (26-31)

P

0.000
0.000
0.030
0.011
0.001
0.007
0.047
0.005
0.037
0.048
0.000
0.001
0.005
0.036
0.005
0.002

Sa0,, oxygen saturation;, D-D, D-dimer; PT, prothrombin time;, ALC, absolute
lymphocyte count; HGB, hemoglobin; CRR, C-reactive protein; CK, creatine kinase;
ALB, albumin; LVEF, left ventricular systolic function; LVEDD, left ventricular end
diastolic dimension,; LVESD, left ventricular end systolic dimension.
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High FT3/FT4
N 5245

Age (years) 67.38 + 1327
Male sex, n (%) 2,979 (56.8%)
NYHA Fc

NYHA dlass Il n (%) 1,583 (30.2%)
NYHA class Ill, n (%) 2,300 (43.9%)
NYHA dlass IV, n (%) 1,362 (26.0%)
CAD, n (%) 3,498 (66.7%)
Hypertension, n (%) 3,317 (63.2%)
Diabetes melitus, 1 (%) 1,664 (31.7%)
Stroke, 1 (%) 914 (17.4%)
Atrial fibrillation, n (%) 1,818 (34.7%)
Previous M, n (%) 967 (18.4%)
Current smoker, n (%) 1529 (29.2%)
Alcohol-related, n (%) 1,014 (19.3%)
SBP (mmHg) 187.12 £ 23.64
DBP (mmHg) 81.97 + 14.50
Heart rate (bpm) 84.98 4 22.21
NT-proBNP (ng/L) 2008.00 (785.30-4300.75)
Troponin | (ug/L) 002 (0.01-0.06)
Hemoglobin (g/L) 13198+ 20.72
BUN (mmol/L) 757 402
Creatinine (umol/L) 78.60 (65.00-98.00)
Uric acid (umol/L) 43310 (336.00-468.00)
Prealbumin (g/L) 0214006
Platelets (10°9L) 19219 % 62.94
Alburmin (/1) 38.43 £ 4.09
TC (mmolrL) 423+ 1.09
Triglycerides (mmol/L) 1.45 +1.04
HDL (mmol/L) 1.01£030
LDL-C (mmolrL) 266+ 094
HoA1c% 6.45 = 1.30
Potassium (mmoV/L) 4.06 4 0.49
Sodium (mmol/L) 139,60 £ 3.20
Chloride ion (mmol/L) 105.73 + 3.87
LVEDV (m) 157.69 % 62.40
LVESV (m) 82.71+50.55
LVEF (%) 50.37 + 12.12

Unmatched

Low FT3/FT4

3,642
7105+ 1333
1,801 (49.5%)

405 (11.1%)
1,477 (40.6%)
1,760 (48.3%)
2,413 (66.3%)
2,180 (59.9%)
1,301 (35.7%)

741 (203%)
1,092 (30.0%)
704 (19.3%)
936 (25.7%)
529 (14.5%)

133.37 + 25.46
78.95 + 14.81
80.76 + 25.01

5317.00 (2874.32-10724.50)
005 (0.02-0.23)

122.04 + 24.37
10.30 + 6.25

91.60 (72.00-121.28)
44136 (359.98-557.50)

0.17 £0.06
193.70 £ 77.99
35.56 + 4.35
391 £1.14
1.16 £0.86
0.93 £0.32
2.47 +£0.96
6.50 £ 1.47
411061
137.89 £ 4.42
103.68 £+ 6.10
159.66 + 61.03
89.18 & 49.56
46.70 + 12.13

P-value

<0.001
<0.001
<0.001

0.668
0.001
<0.001
0.001
<0.001
0.289
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.346
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.138
<0.001
<0.001

Propensity-Matched

High FT3/FT4

2,164
70.40 £ 12.73
1,107 (51.2%)

339 (15.7%)
953 (44.0%)
872 (40.3%)
1,474 (68.1%)
1,373 (63.4%)
770 (35.6%)
419 (19.4%)
678 (31.3%)
435 (20.1%)
584 (27.0%)
334 (15.4%)
186.74 + 22.85
80.44 % 13.59
88.05 + 21.38
3414.00 (1559.00-6917.00)
003 (0.01-0.11)
125.96 +21.74
867497
83.00 (67.20-102.90)
441.36 (356.00-501.40)
019 0,05
191.95 +70.20
36.87 £3.88
406+ 0.70
126+0.74
096+ 0.29
256+ 0.91
658+ 1.30
400054
138.92 % 3.64
104.78 % 4.30
158.56 & 64.27
86.52 % 50.06
4799+ 12,05

Low FT3/FT4

2,164
7022 % 18.41
1,110 (51.3%)

350 (16.2%)
984 (45.5%)
830 (38.4%)
1,457 (67.3%)
1,356 (62.7%)
757 (35.0%)
424 (19.6%)
690 (31.9%)
416 (19.2%)
576 (26.6%)
3565 (16.4%)
135.62 + 23.38
80.26 + 13.95
87.64 + 2305
3560.50 (1697.00-7296.00)
0,04 (0.01-0.14)
12608+ 22.04
879:£471
84.60 (70.00-110.20)
441.36 (346.00-506.43)
0.19+0.06
180.92 + 66.72
36.85 +3.92
4.06 % 0.80
1.24 +£0.95
097 +0.31
255+ 0.96
655 1.37
408056
138.80 = 3.64
104.83 & 4.25
157.38 + 60.91
85.40 =+ 48.89
4829+ 11.86

P-value

0637
0.927
0.426

0.680
0.592
0.679
0.848
0.695
0.467
0.784
0.383
0.869
0.682
0.548
0.113
0.057
0.898
0.413
0.064
0.398
0.484
0.328
0.842
0.948
0544
0.267
0.828
0.441
0.472
0.833
0.763
0.524
0.455
0.403

NYHA, New York Heart Association (NYHA); CAD, Coronary artery disease; Previous Mi, Previous myocardial infarction; SBR. Systolic blood pressure; DBR, Diastolic biood pressure;
NT-proBNR, N-terminal pro-B-type natriuretic peptide; BUN: Blood urea nitrogen; TC, Total cholesterol; HDL, High density poprotein; LDL-C, Low density ipoprotein cholesterol; LVEDY,
Left ventricular end-diastolic volume; LVESV, Left ventricular end-systolic volume; LVEF, Left ventricular ejection fraction.
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Before matching
All-cause mortality
Unadjusted
Adjusted

CV mortality
Unadjusted
Adjusted

After matching
Allcause mortality
CV mortality

CV, cardiovascular disease.

Rate per 10,000 person-years
(events/total follow-up years)

High FT3/FT4

5,245

850 (1,655/19,481)

573 (1,117/19,481)

n=2,164
1,238 (923/7,459)
856 (638/7,450)

Low FT3/FT4

n=23642

1,981 (2,065/10,371)

1,412 (1,464/10,371)

n=2,164
1,484 (1,036/6,980)
1,028 (714/6,980)

Absolute rate difference
(per 10,000 person-years)

-1,131

—246
—167

Hazard ratio
(95% CI)

0.442 (0.414-0.471)
0.810(0.752-0.872)

0.422 (0.391-0.457)
0.795 (0.727-0.870)

0,841 (0.769-0919)
0.844 (0.759-0.940)

P-value

<0.001
<0.001

<0.001
<0.001

<0.001
0.002
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All Diastolic  Diastolic P value
(N=59) plateau(+) plateau

(N =26) )
(N =33)

Baseline Pre-LVAD

Estimated RVSP (mmHg) 52.2 53.2 51.8 0.59
RV Size 0.44 0.40 0.47 0.61
RV dysfunction 1.19 1.11 1.24 0.63
TR degree 1.25 1.21 1.27 0.79
Post LVAD

LVESD (mm) 43 43 44 0.82
LVEDD (mm) 53 53 54 0.78
Left atrium size (cm) 4.7 4.7 4.6 0.64
IVS (mm) 10.3 9.6 10.8 0.07
LV mass (gr) 205 191 217 0.27
LV mass index (gr/m?) 104 98 110 0.25
MR > mild 9 (19%) 4 (12%) 0.48
Al > mild 16 1 (42%) 5(15%) 0.02
RV dysfunction 35 15 (68%) 20 (61%) 0.85
RV dilatation > mild 30 13 (60%) 17 (62%) 0.86
TR > mild 24 0 (38%) 4 (42%) 0.7
Estimated RA pressure (mmHg) 12 11 12 0.45
Estimated RVSP (mmHg) 31 30 33 0.19
Pump Speed (RPM) 5602 5635 5576 0.40

RVSRP, right ventricular systolic pressure; RV, right ventricle; TR, tricuspid regurgi-
tation;, LVESD, left ventricular end systolic diameter; LVEDD, left ventricular end
diastolic diameter; IVS, inter-ventricular septum; LV, left ventricle; MR, mitral regurgi-
tation; Al, aortic insufficiency; RA, right atrium.

RV Size: 0 = normal, 1 = dilated; RV Function: O = normal, 1 = mildly reduced,
2 = moderately reduced, 3 = severely reduced; TV Function: O = trivial; 1 = mild;
2 = moderate; 3 = severe.
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All Diastolic Diastolic P value
(N = 59) Plateau (+) Plateau

(N =26) )
(N =33)

RA mean (mmHg) 14 14 13 08
RVEDP (mmHg) 74 7 7.7 0.66
PA mean (mmHg) 23 23 24 0.55
PA systolic (mmHg) 35 35 35 0.98
PA diastolic (mmHg) 17 16 18 0.1
PCWP (mmHg) 14 13 15 0.18
TPG 10 10 9 0.13
Diastolic TPG 3.3 3.3 8.2 0.93
PVR (WU) 2.3 22 2.4 0.68
Cardiac output, I/min 4.2 4.2 4.3 0.74
Cardiac index, L/min/m?® 2.2 2.2 24 0.7
Pump Speed (RPM) 5602 5635 5576 0.40
Heart rate (BPM) 78 79 76 0.32

RA, right atrium; RVEDR right ventricular end diastolic pressure;, PA, pulmonary
artery; PCWR, pulmonary capillary wedge pressure; TPG, trans-pulmonary
gradient; PVR, pulmonary vascular resistance.
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All Diastolic Diastolic P value
(N = 59) Plateau (+) Plateau
(N = 26) (=)
(N =33)

Age, y 57 59 56 0.25
Gender (M) 48 21 (81%) 27 (82%) 0.92
INTERMACS (1) 2 1(4%) 1 (3%) 0.75
INTERMACS (2) 14 7 (27%) (21 %) 0.75
INTERMACS (3) 18 7 (27%) 1 (33%) 0.75
INTERMACS (4) 25 11 (42%) 14 (42%) 0.75
Ischemic cause 31 5 (568%) 6 (48%) 0.49
Diabetes 30 5 (58%) 5 (45%) 0.36
Hypertension 18 9 (35%) (27%) 0.55
Body mass index 27 27+ 4 28+ 4 0.26
AICD 49 21 (81%) 28 (85%) 0.69
Atrial fibrillation 26 2 (46%) 4 (42%) 0.78
History of VT 26 10 (38%) 16 (48%) 0.45
GFR, ml/min-1.73 m? 74 76 73 0.61
GFR < 40 3 3(12%) 0 (0%) 0.05
Hgb, g/dl 12.6 12.3 12.8 0.39
Serum sodium, mEg/L 138.9 138.8 138.9 0.88
Total bilirubin, mg/d! 0.76 0.83 0.71 0.37
AST, U/L 27 25 28 0.54
ALT, U/L 24 20 26 0.1

Beta blockers 55 26 (100%) 29 (88%) 0.07
ACEI/ARBs 26 13 (50%) 13 (39%) 0.42
MRA 44 16 (62%) 28 (85%) 0.04
Furosemide 34 5 (58%) 19 (568%) 0.99

AICD, Automatic Implantable Cardioverter Defibrillator; /T, ventricular tachycardia;
GFR, glomerular filtration rate; Hgb, hemoglobin; AST, aspartate aminotransferase;
ALT, Alanine transaminase; ACEIl, Angiotensin converting enzyme inhibitor; ARB,

angiotensin receptor blocker; MRA, Mineralocorticoid receptor antagonist.
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Al Ala97Ser Non Ala97Ser p-value

(n=29) (n=11) (n=18)

General characteristics
Meale, n (%) 27(93.1) 10(91) 17 (89.5) 0.702
Age of symptom onset, y 53 (46-62.5) 65 (62-66) 50 (45-68.5) <0001
Age at diagnosis, y 56(47.8-66.3) 68 (64-72.5) 505 (46.8-59.3) <0001
Time from symptom onset to diagnosis, m 24 (12-48) 48 (24-102) 24 (13-45) 0.084
Course from diagnosis to last visit, m 15 (6.5-37.5) 13 (8-30) 19 (5.75-45.75) 065
Initial presentation
Neuropathy as initial presentation, n (%) 12 (41.4) 11 (100) 15(83.3) 0.27
Cardiovascular symptom as inital presentation, n (%) 16(65.2) 0(0) 16 (88.9) <0001
Vitreous opacity, n (%) 134 0(0) 1(5.6) 1.0
Clinical presentation at diagnosis
HF, n (%) 23(79.3) 8(72.7) 15(88.2) 035
NYHA stage, n (%)

| 7(@4.9) 3(7) 4(36.4) 065

I 1(3.4) 1(9.1) 00 0.38

1 14.48.3) 5(45.5) 9(52.9) 1.0

v 7 (24.1) 2(18.2) 5(29.4) 0.68
Typical echocardiography at diagnosis, n (%) 29(100) 11(100) 19 (100) 1.0
Abnormal ECG, n (%) 15(51.7) 5(45.5) 10 (55.6) 071
NAC staging score, n (%)

Stage | 21(67.7) 8(72.7) 12 (70.6) 10

Stage I 6(19.4) 3(27.3) 3(17.6) 0.65

Stage il 4(12.9 0(0) 2(11.8 051
Somatic neuropathy, n (%)

(Diarthea, Constipation, Orthostatic hypotension, Upper 14 (48.3) 6(54.5) 8(47.1) 0.70

gastrointestinal tract symptoms, eg. early satiety, dyspepsia,

dysphagia, vomiting)

Peripheral neuropathy, 1 (%) 25(86.2) 11(100) 14 (82.4) 026

History of Carpal tunnel syndrome, n (%) 6(20.7) 2(18.2) 4(235) 073

Lumber Spinal stenosis, 1 (%) 13.4) 10.1) 00 038
PND score at diagnosis

0 4(12.9) 00 4(22.2) 027

| 8(25.8) 101 7(389) 0.11

I 9(29) 3(7.9) 6(35.9) 0.001

n 7(22.6) 6(54.5) 169 0.006

% 30.7) 10.1) 2(11.8) 0.14
Phenotype
Predominantly cardiac, n (%) 2(69 0(0) 2(11.1) 051
Predominantly neurological, n (%) 2(6.9) 19 1(5.6) 1.0
Mixed, n (%) 24(82.8) 10(91) 14(77.8) 062
Ocular, n (%) 1(3.4) 0(0) 1(5.6) 1.0
Patients receiving tafamidis, n (%) 4095) 3(25%) 1(5.6) 014

Values are mean + SD, n (%), or median (25th to 75th percentile). HF, heart failure; NYHA, New York Heart Association; NAC, National Amyloidosis Staging; PND, polyneuropathy disability.
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Al Aal97Ser Non-Ala97Ser p-value

(n=29) (n=11) (=18

Biomarkers
NT-proBNP, pg/mi 2789 (1206-5024) 2081 (973-3706.3) 2722 (1425-5245) 0.30
cTnT, pg/mi 615 (42.8-88.9) 45.5 (42.1-73.7) 85.3 (27.7-125.5) 0.41
eGFR, mimin/1.73 m? 81.7 (66.4-93.6) 90 (83.7-95.4) 79.3 (64.5-94.6) 0.16
Electrocardiogram
Attial fibrilation/flutter, n (%) 20 0(0) 2(25) 051
AV block, n (%) 5(17) 0(0) 5(7.8) 0.13
RBBB/LBBB, n (%) 3(10) 1(9.1) 2(25) 1.0
Pacermaker, n (%) 2(7) 0(0) 2(25) 051
LV hypertrophy (Sokolow), n (%) 0(0) 0(0) 00 10
Low voltage

Classic criteria®, n (%) 931 5(45.5) 4(22) 0.24

Sokolow?, n (%) 8(58) 3(27.9) 5(7.8) 1.0
Pseudo-infarct pattern, n (%) 9(31) 3(27.9) 6(33.3) 1.0
Poor Precordial R wave progression, n (%) 12 (41) 5(45.5) 7(889) 1.0
Echocardiography
LVH, n (%) 29 (100) 11 (100) 18 (100) 1.0
LVEF<50%, 1 (%) 268 1(0.1) 1(5.6) 10
LV diastolic dysfunction, 1 (%) 29 (100) 11(100) 18 (100) 1.0
Restrictive filling (' <5 cm/s) 17 (58) 6(54.5) 11 (61.1) 1.0
Pericardial effusion, n (%) 931 3(27.9) 6(33.3)
LVIDd, mm 47.74 £5.37 4316 +3.18 43.33:£4.50 099
VS thickness, mm 16.30+3.04 15.88+4.26 17.00+2.60 059
PWT, mm 1534 £2.84 14.50 £2.26 17.0042.61 0.08
Left atrial size, mm 30.47 +5.54 3883 6,51 43.50:£4.46 0.68
LVEF, % 52.65 % 10.65 55.17 + 1387 49.83+5.12 0.70
PA systolic pressure, mm Hg 33.36(26.16- 32,00 (26.16-34.59) 28,00 037

35.18) (24.36-30.00)

¢’ average, omvs 464111 5334125 4074062 005
Cardiac magnetic resonance at diagnosis n=17 n=5 n=12
Inabilty to suppress or “null” the myocardial signal, 1 (%) 17 (100) 5(100) 12 (100) 10
Diffuse subendocardial/transmural enhancement pattern, n (%) 17 (100) 5(100) 12 (100) 1.0
Cardiac uptake grading in ®™Tc-PYP scintigraphy at diagnosis n=9 n=5 n=4
Grade 0 0(0) 0(0) 00
Grade 1 0(0) 0(0) 0(0)
Grade 2 2(22.2) 1(20) 1 (25) 10
Grade 3 7(77.8) 4(80) 3(75) 1.0

Values are mean = SD, n (%), or median (25th to 75th percentile). NT-proBNR, N-terminal pro-8 type natriuretic peptide; cTn, cardiac troponin; éGFR, estimated glomerular fitration
rate; AV, atrioventricular; RBBB, right bundle branch block; LBBB: left bunde branch block; LV, left ventricular; LVH, left ventricular hypertrophy; LVEF, left ventricular ejection fraction;
LVIDd, left ventricular internal diameter at end-dliastole; IVS, interventricular septum; PWT, posterior wall thickness; PA, pulmonary artery.

@ 20.5mV in all limb leads or < 1.0mV in all precordial leads.

b.sum of S in V1 and R in VS/VE < 25mm.
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Characteristics

Age
Hb

WBC
Platelet
BUN
Creatinine

D-dimer

Diabetes

Abbreviations as in

Univariate model

OR (95% CI)

1.04 (0.96-1.14)
0.95 (0.90-1.00)
1,14 (0.89-1.47)
0.99 (0.98-1.00)
1.16 (1.01-1.33)
1.00 (0.99-1.01)
1.00 (0.86-1.16)
429 (0.70-26.24)
13.67 (1.88-99.35)
1.20 (0.22-6.61)

P-value

0352
0.049
0311
0.170
0.030
0741
0973
0115
0010
0834

Multivariate model

OR (95% CI)

093 (0.86-0.99)

108 (091-1.29)

51.59 (2.65-1,005.301)

P-value

0.045

0372

0.009
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Characteristics

Hb
Creatinine
BUN
D-dimer
Diabetes
Killip IV

OR, odd ratio;

OR

092

1.00

099

1.08

4.10
1257

95% CI

0.89-0.96
0.99-1.01
083-1.17
096-1.22
092-18.15
0.62-255.99

confidence interval. Other abbreviations as in

P-value

<0.001
0453
0877
0212
0.063
0.100
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Patients In total GIB group Control group P-value

(N =100) (N =50) (N =50)
Smoker (1, %) 51(56.7) 22(537) 29(59.2) 0.598
Drinker (1, %) 9(92) 5(102) 482 1.000
SBP (mmkg) 12609 2727 127.24 4 27.86 125.00 £ 2695 0432
DBP (mmHg) 77.61%15.55 7520 % 15.18 7988 1571 0.301
Blood biochemistry
Hb (g/L) 11451 :£2533 99.38 £ 2406 129.64 £ 1582 <0.001
WBC (x10°/L) 808345 8164325 800+3.67 0721
Platelet (x10°/L) 212,554 10699 21436 % 12328 21074 2 89.01 0.567
BUN (mmol/L) 694523 8.36 £6.05 558 £3.91 0.028
Creatinine (wmol/L) 98.28 % 10092 116,69 4 13051 80.60 + 5634 0038
D-dimer (mg/L) 2314503 3314678 147 £2.65 0.001
Medications
Aspirin (1, %) 79(88.8) 34(829) 45 (93.8) 0177
P2Y12 inhibitors (1, %) 83(933) 36 (87.8) 47 (97.9) 0.091
Anticoagulant (r, %) 36(40.4) 11(268) 25 (52.1) 0.016
PPI (1, %) 83(93.3) 38(927) 45(93.8) 1.000
PCI (1, %) 66(73.3) 23(56.1) 43(87.8) 0.001
Killip classification (1, %)
1 62(66.7) 25 (58.1) 37 (74.0) 0115
1 17(18.3) 8(186) 9(180) 1.000
1 5(5.4) 3(7.0) 2(4.0) 1.000
v 7(5) 6(14.0) 120 0.031
Comorbidities
Hypertension (, %) 48 (92.0) 23(548) 25 (50.0) 0.649
Diabetes (1, %) 25(25.0) 18 (36.0) 7(14.0) 0.002
Stroke (1, %) 13(14.1) 7(16.7) 6(12.0) 0.522
CKD (n,%) 9(9.0) 8(16.0) 120 0010
Tumor (1, %) 9(9.0) 5(10.0) 4(3.0) 0727
Gensini score 6250+ 36.53 69.31:£4225 58.48 432,54 0747
In-hospital death (1, %) 7(78) 6(143) 1@ 0.047

AMI, acute myocardial infarction; GIB, gastrointestinal bleeding; SBP, systolic blood pressure; DBP, diastolic blood pressure; Hb, hemoglobin; WBC, white blood cell; BN, blood urea
itrogen; PPI, proton pump inhibitors “KD, chronic kidney di

C1, percutaneous coronal
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Characteristics Before PSM (N = 5,868) After PSM (N = 100)
GIBgroup Controlgroup SMD  P-value GIBgroup Controlgroup SMD  P-value

(N=51) (N =5,817) (N =50) (N =50)
Male (1, %) 44(86.3) 4677 (80.4) 0.158 0381 43(86.0) 41(820) 0.109 0785
Age (years) 676741035 6149 1215 0547 <0001 67461035 6336+ 1265 0355 0.079
Myocardial infarction type (1, %) 0310 0031 0206 0412
STEMI 2 (43.1) 1,655 (28.5) 22(44.0) 17(34.0)
NSTEMI 29(56.9) 4162(71.5) 28(56.0) 33(66.0)
Mean hospitalization time (days) ~ 10.53 % 12.07 569£5.15 052 <0001 9841113 6.86+9.07 0294 0.145

M,

elevation myocardial infarctions

SMD, standardized mean difference; S

1 infarct

: PSM, propensity score matching:

MI, acute myocar
segment elevation myocardial infarction.
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Model 2t Model 3%

Model 1*
HR (95%Cl) P-value HR (95%Cl) P-value HR (95%Cl) P-value
LBM index 0.72 (0.67-0.79) <001 0.75 (0.67-0.84) <001 0.7 (0.67-0.84) <001
FM index 0.74 (0.67-081) <001 0.82(0.73-0.92) <001 0.95 (0.83-1.09) 050

“Model 1: Unadjusted.
*Model 2: Adjusted for age, sex, education level, systolic blood pressure at admission, heart rate at admission, NYHA class, LVEF level, serum sodium, serum albumin, Hs-cTnT,

NT-proBNP, estimated glomerular firation rate, current smoking status, the history of coronary heart disease, hypertension, chronic obstructive pulmonary disease, anemia, valvuler
heart disease, diabetes melitus, atrial fibrilation, the prescriotion of ACEVARB, B-blocker, and MRA.
*Model 3: Adjusted using characteristics for Model 2 by adding FM index or LBM index.
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N

Age, yr (QR)
Female, n (%)

High school education or above, n (%)

Clinical features
LVEF, % (QR)
NYHA, n (%)

NYHA Il

NYHA I

NYHA IV

Unknown
HR, bpm/min (IQR)
SBP, mmHg (QR)
Albumin, g/L (IQR)
Na, mmol/L (IQR)
NT-proBNP, pg/mL (IQR)
hs-cTnT, ng/L (IQR)
eGFR, m/min/1.73 m? (IQR)
LDL, mmol/L (SD)
TG, mmol/L (D)
HDL, mmol/L (SD)
Waist circumference, cm (IQR)
BMI, kg/m? (IQR)
FM index, kg/m? (IQR)
Smoking history, n (%)
s, n (%)
Metabolic syndrome
Hypertension
Cardiomyopathy
Atrial fibrillation
Valvular heart disease
COPD
Diabetes melitus

Comorbi

Anemia

Coronary heart disease

Prior revascularization
Medications at discharge, n (%)
ACEVARB

p-blocker

MRA

Total

(n = 4,305)

67 (57-75)
1,607 (37.3)
1,221 (28.4)

44.0(33.0-57.0)

632 (14.7)
1,941 (45.1)
1,722 (40.0)

10(0.2)

85.0 (72.0-100.0)
1300 (116.0-148.0)
389 (35.9-419)
140.0 (137.1-142.0)

The 1st quartile

(n=1,075)

70 (62-78)
40137.9)
234 (21.8)

43.0(32.0-56.0)

120 (11.2)
489 (45.5)
466 (43.3)
00
85.0 (74.0-100.0)
127.0(110.0-143.0)
38.3(35.2-41.2)
139.3 (136.5-142.0)

LBM index

The 2nd quartile

(n=1,078)

68 (60-76)
408 (37.4)
307 (285)

44.0 (33.0-67.0)

158 (14.7)
486 (45.1)

431 (40.0)
3003
84.0(72.0-99.0)
1300 (115.0-145.0)
39.0(35.7-41.8)
140.0 (187.0-142.0)

The 3rd quartile

(n=1,076)

66 (56-74)
401(37.3)
312 (29.0)

43.0(33.0-56.0)

191 (17.8)
465 (43.2)
417 (38.8)

3(0.3)
84.0(72.0-98.0)

130.0 (118.0-149.0)

39.1(36.3-42.3)

140.0 (137.4-142.3)

The 4th quartile  P-value

(n=1,076)
63(51-72) <001
402 (37.4) 1
368 (34.2) <001

440(340-680)  0.19

<0.01

163 (15.1)

501 (46.6)

408 (37.9)

4(0.4)
86.0(740-1000) 005
184.0 (120.0-150.0)  <0.01
39.3(365-425)  <0.01
140.9(138.0-143.0) <0.01

1,423.0 (681.7-3,132.0)2,126.5 (866.2-4,360.5) 1,667.0 (716.7-3,823.0) 1,237.0 (500.0-2,640.0) 970.1 (401.5-2,048.0) <0.01

207 (12.4-38.2)
68.2(53.3-838)
24209
1.3+1.0
11403
89 (80-98)
24.0 (21.4-26.7)
7.5(58-95)
1,102 (25.6)

1,203 (30.0)
2,512 (68.4)
1,533 (35.6)
1,566 (36.4)
695 (16.1)
842 (19.6)
1,360 (31.6)
960 (22.3)
2,476 (67.5)
707 (16.4)

2,200 (53.2)
2,602 (60.4)
2,766 (64.3)

24.6 (14.7-46.8)
66.9 (50.8-83.1)
2309
1.1£0.8
1.240.4
84 (76-91)
19,6 (18.4-21.0)
58 (4.5-6.9)
265 (24.7)

101 (9.4)
520 (48.4)
370 (34.4)
401 (37.3)
213 (19.8)
272 (25.9)
268 (24.9)
321 (29.9)
619 (57.6)
159 (14.8)

540 (50.2)
630 (58.6)
730 (67.9)

20.9(12.7-39.2)
665(52.0-81.2)
28409
1.24£0.7
1.1£0.4
87 (80-94)
22.6(216-23.9)
7.3(6.5-85)
282 (26.2)

173 (16.0)
607 (56.3)
370 (34.3)
407 (37.8)
197 (18.9)
226(21.0)
319 (29.6)
275(25.5)
640 (59.4)
188 (17.4)

537 (49.8)
640 (59.4)
677 (62.8)

19.7 (11.7-36.2)
69.6 (56.5-84.4)
2408
1411
11203
90 (83-97)
25.1(24.2-26.1)
82 (65-10.0)
286 (26.6)

387 (36.0)
641 (50.6)
408 (37.9)
399 (37.1)
161 (15.0)
175 (16.3)
382 (35.5)
201 (18.7)
631 (58.6)
190 (17.7)

600 (55.8)
678 (63.0)
674 (62.6)

18.7 (11.1-34.0) <0.01
689(54.3-86.1)  <0.01
2.4+09 <001
1.5+1.1 <0.01
1.0+03 <001
96(88-105)  <0.01
200(27.3-312)  <0.01
102(7.9-125)  <0.01
269 (25.0) 07
632 (58.7) <001
744 (69.1) <0.01
385 (35.8) 027
359 (33.4) 0.13
124 (11.5) <001
169 (15.7) <0.01
391 (36.3) <001
163 (15.1) <0.01
586 (54.5) 0.1
170 (15.8) 022
613 (57.0) <001
654 (60.8) 017
685 (63.7) 0.03

LVEF, left ventricle ejection fraction; NYHA, New York Heart Association; HR, heart rate; SBF. systolic blood pressure; hs-cTnT, high sensitivity cardiac troponin T; NT-pro BNP, N-terminal
brain natriuretic peptide precursor; €GFR, estimated glomerular filtration rate; BMI, body mass index; FM index, fat mass index; COPD, chronic obstructive pulmonary disease; ACEI,

angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; MRA, mineralocorticoid receptor antagonist.
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LBM index quartile

@ D=

4
p-value for trend

“Model 1: Unadjusted.

Model 1*

HR (95%Cl)

Ref.

0.70 (0.58-0.84)

0.48 (0.39-0.59)

038 (0.30-0.47)
<0.01

P-value

<0.01
<0.01
<0.01

Model 2t
HR (95%Cl)

Ref.
0.79 (0.65-0.95)
0.63(0.51-0.79)
057 (0.45-0.73)
<001

P-value

0.01
<0.01
<0.01

Model 3%
HR (95%Cl) P-value
Ref.
0.80 (0.66-0.97) 0.03
0.65(0.52-0.83) <001
0.61(0.45-082) <001
<001

*Mode! 2: Adjusted for age, sex, education level, systolic blood pressure at admission, heart rate at admission, NYHA class, LVEF, serum sodium, serum albumin, Hs-cTnT, NT-proBNR,
€GFR, current smoking status, the history of coronary heart disease, hypertension, chronic obstructive pulmonry disease, anemia, velvular heart disease, diabstes melitus, atrel

fibrillation, the prescription of ACEV/ARB, p-blocker, and MRA.

#Model 3: Adjusted using characteristics for Model 2 by adding FM index.
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FM index quartile

W N

4
p-value for trend

“Model 1: Unadjusted.

Model 1*

HR (95%Cl)

Ref.
0.70 (0.58-0.85)
056 (0.45-0.69)
047 (0.38-059)
<001

P-value

<0.01
<0.01
<0.01

Model 2t

HR (95%Cl)

Ref.
0.81(0.67-0.99)
0.74 (0.60-0.91)
0.69(0.54-087)

<001

P-value

0.04
<0.01
<0.01

Model 3¢
HR (95%Cl) P-value
Ref.
0.88(0.72-1.08) 0.23
086 (0.69-1.08) 020
092 (0.70-1.21) 055
0.44

*Mode! 2: Adjusted for age, sex, education level, systolic blood pressure at admission, heart rate at admission, NYHA class, LVEF; serum sodlum, serum albumin, Hs-cTnT, NT-proBNP,
€GFR, current smoking status, the history of coronary heart disease, hypertension, chronic obstructive pulmonary disease, anemi, valvuler heart disease, diabetes melltus, atrial

fibrillation, the prescription of ACEI/ARB, B-blocker, and MRA.

#Model 3: Adjusted using characteristics for Model 2 by adding LBM index.
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Subgroups

Al

Scale
Single-center
Multi-center

Location
USA
European
Asia

HF type
Chronic
Acute

Participants
<900
>900

Age
<70
=70

Follow up
<5
25

Study quality
Good
Fair

Studies, n

Effects model

Random

Fixed
Random

Random
Fixed
Random

Random
Fixed

Random
Fixed

Random
Fixed

Fixed
Random

Random
Random

Over effect

RR (95% CI)

135 (1.28, 1.42)

132 (1.25, 1.40)
1.49(1.29,1.71)

1.21(1.19, 1.34)
1.40 (1.31, 1.49)
1.53 (1.2, 1.90)

1.34(1.28, 1.48)
1.31(1.21,1.42)

1.26(1.16, 1.36)
1.43(1.32, 1.54)

133(1.22,1.44)
136 (1.27, 1.46)

135 (1.26, 1.45)
1.33 (1.2, 1.46)

1.32 (1.24, 1.40)
1.43(1.29, 1.67)

P value

<0.0001

<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

Heterogeneity

P %

56.5

64.8
5.8

52
47
69.8
67
55.9
444
743
36.8

79.4

51.0
67.6

P value

0.008

0.008
0.364

0.149
0.067
0.069

0.002
0.834

0.045
0.112

0.004
0.148

0.449
0.001

0.046
0.026
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Univariate regression
Age,y

Gender, female

BMI, kg/m?

WBG at admission, x10%/L.
CRP, mg/L

Greatinine, wmol/L
Troponin I, ng/mL

QRS interval, ms

QTe interval, ms
NT-proBNP > 3,549 pg/mL.
RV, mm

LVEF at admission (%)
Multivariate regression
Age,y

Gender

BMI, kg/m?

WBG at admission, x10%/L.
Creatinine,umol/L.

QRS interval, ms

RV, mm

LVEF at admission, %
NT-proBNP > 3,549 pg/mL.

HR

1.039
1.096
0.937
1.118
1.002
1.008
1.014
1011
1.008
1.006
1.051
0.936

1.024
0.754
0.926
1.032
1.003
0.998
1.041
0.948
3.6356

95%Cl

1.013-1.066
0.508-2.361
0.853-1.030
1.030-1.213
0.996-1.008
1.006-1.011
0.995-1.034
1.001-1.022
1.000-1.013
1.004-1.008
1.008-1.096
0.912-0.961

0.995-1.053
0.301-1.893
0.837-1.026
0.926-1.151
0.998-1.007
0.985-1.011
0.984-1.101
0.919-0.978
1.316-9.499

P-Value

0.003
0.817
0.180
0.008
0.593
<0.001
0.147
0.038
0.058
<0.001
0.020
<0.001

0.113
0548
0.138
0.576
0.238
0.809
0.163
0.001
0.012

Multivariate Gox mode! selected by a stepwise method with factors that were significant
in the univariate analysis. BMI, body mass index; WBC, white blood cel; CRR, C reactive
protein; NT-proBNR. N-terminal pro-B-type natriuretic. peptide; RY, right ventricular
diameter; LVEF, left ventricular ventricle ejection fraction.
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HR 95%Cl P-Value

Univariate regression

Age,y 1.052 1.014-1.091 0.006
Gender, female 1.084 0.363-3.236 0.884
BMI, kg/m? 0920 0.811-1.065 0.201

WBC at admission, x 10%/L. 1218 1.091-1.359 <0.001
CRP, mg/L 1004 0.996-1.012 0.366
Creatinine, pmol/L 1.008 1.004-1.012 <0.001
Troponin I, ng/mL. 1027 1.007-1.047 0.007
QRS interval, ms 1.020 1.006-1.034 0.006
QTeinterval, ms 1.008 0.998-1.017 0.104
RV, mm 1079 1.028-1.133 0.002
LVEF at admission, % 0910 0.875-0.947 <0.001
NT-proBNP > 7,204 pg/mL. 33.491 7.480-149.945 <0.001
Multivariate regression

Age,y 1078 1.010-1.151 0.024
Gender 0618 0.144-2.661 0518
BMI, kg/m? 0.895 0.748-1.070 0.224
WBC at admission, x10%/L. 1.168 0.961-1.419 0.118
Creatinineumol/L 1,000 0.993-1.008 0911

Troponin I, ng/mL 1062 1.015-1.090 0.005
QRS interval, ms 0982 0.959-1.006 0.149
RV, mm 1135 1.029-1.252 0.011

LVEF at admission, % 0919 0.869-0.973 0.004
NT-proBNP > 7,204 pg/mL. 22.261 1.976-250.723 0012

Multivariate Cox model selected by a stepwise method with factors that were significant
in the univariate analysis. BMI, body mass index; WBC, white biood cell: CRP, C reactive
protein; NT-proBNP. N-terminal pro-B-type natriuretic peptide; RY, right ventricular
diameter; LVEF, left ventricular ventricle ejection fraction.
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Demographics
Age (years, Q1-Q3)

Male, n (%)

BMI (kg/m?)

‘Comorbidities and NYHA class
Hypertension, n (%)

Diabetes melltus, n (%)
Dyslipidemia, n (%)

NYHA lllor IV (%)

Clinical presentation, n (%)
Chest pain

Dyspnea

Syncope

Vital signs at admission
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Heart rate (beats/minute)
Electrocardiogram at admission
Normal, n (%)

QRS interval (ms)

Qe interval (ms)

QRS interval >120ms, n (%)
Qe interval >440ms, n (%)
Arrhythmia, n (%)

Sinus tachycardia
Supraventricular tachycardia
Sustained VT/VF

complete AVB

Bundle-branch block
Laboratory tests at admission
WBC (x10%/L, Q1-Q3)

CRP (mg/L, Q1-Q8)

Creatinine (umol/L, Q1-Q3)
Troponin | (ng/ml, Q1-Q3)
NT-proBNP (pg/mL, Q1-Q8)

Peak NT-proBNP (pg/mL,
Q1-a3)

Echocardiography at admission
LA (mm)

LVEDD (mm)

VS (mm)

RV (mm)

LVEF (%)

LVEF < 50%, n (%)

Coronary angiography or CT
angiography performed, n (%)
No evidence of CAD, n (%)
MR performed, n (%)
Medications

B-Blockers, n (%)

ACE-l or ARB, n (%)
Aldosterone antagonists, n (%)
Corticosteroids, n (%)

ife support treatment
MCS, n (%)

Ventilator, n (%)

Temporary pacing, 1 (%)

Qi

(< 9437 pg/mL,
n=42)

27 (22-36)
30(71.4)
230+36

14
0O
5(11.9
0O

19(45.2)
8(19.0
5(11.9)

M7+£13
68+ 10
74£13

26(61.9)
9422
428+ 46
2(4.8)
10 (25.0)

14
1(2.4)
12.4)
4(95)
248

65(5.6-8.0)
4.4(21-11.6)
75.6 (64.3-86.7)
065 (0.1-3.7)
54.4(34.6-67.1)
57.8 (41.6-83.8)

32:£4
475
9%2
212
64x4
00
34/(81.0)

34(100)
25(595)

30 (71.4)
20 (47.6)
1@24)
5(7.8)

00
0(0)
4(95)

Q2

(94.37-425.47 pg/mL,
n=43)

26 (22-33)
34.(79.1)
24439

3(7.0)
2(47)
1@3)

13 (30.2)

19 (44.2)
11(25.6)
6(14.0)

15+ 16
69+ 13
80+ 16

10 (233)
108+ 32
436+ 48
9(209)
16 (42.1)

6(14.0)
123)
247)
7(16.9)

10 (233)

7.4(65-11.1)
18.1 (4.9-66.9)
79.0 (66.0-86.1)
26(1.05.7)
249.0 (160.0-326.7)
270.3 (162.0-352.1)

3Bx6
509
1042
26
57410
6(14.0)
31 (72.1)

31(100)
23(53.5)

30(69.8)
19 (44.2)
9(20.9)
1(17.2)

2(47)
0(0)
6(14.0

Q3

(425.47-4557.00 pg/mL,
n=43)

34 (28-46)
27 628)
253+ 46

5(11.6)
0(0)
3(7.0)
24(55.8)

15 (34.9)
23(53.5)
6(14.0)

107 £17
68+9
89424

10 (23.3)
96+26
440 £ 42
6(14.0)
2151.2)

15(34.9)
3(7.0
3.0
6(14.0)
7(163)

9.0(6.7-11.8)
18.0 (7.0-61.5)
82,0 (65.0-102.0)
2.7 (0.46-6.46)
1417.0 (702.2-2432.6)
1692.0 (823.0-3395.0)

35£6
4946
9£2
2143
48+ 14
25 (58.1)
32 (74.4)

32 (100)
35(81.4)

34 (79.1)
22(51.2)
16(37.2)
20(31.3)

7(163)
403
5(11.6)

Q4

(> 4557.00 pg/mL,
n=42)

36(30-63)
21(500)
282+ 4.1

4005)
3(7.1)
6(14.3)

36(85.7)

8(19.0
28(66.7)
7(167)

102 £17
66+ 12
o7 24

1(2.4)
115+34
463 & 45
13(31.0)
31(75.6)

22(52.4)
6(14.9)
8(190)
7(167)
13(31.0)

10.6 (7.0-14.5)

28.7 (15.6-115.9)

101.3 (78.8-120.6)
26(0.3-12.2)

9079.8 (6907.8-24143.3)
16902.2(9257.4-36398.0)

35£6
5148
1042
2345
4213
29(69.0)
29(69.0)

29(100)
26(61.9)

33(78.6)
18 (42.9)
21(50.0)
28(43.8)

15(35.7)
11(26.2)
5(11.9)

P-Value

<0.001
0.032
0.029

0.415
0.132
0213
<0.001

0.044
<0.001
0.941

<0.001
0.670
<0.001

<0.001
0.003
0.003
0.014
<0.001

<0.001
0.084
0.026
0.772
0.017

<0.001
<0.001
<0.001
0.014
<0.001
<0.001

0.001
0.036
0.046
0.094
<0.001
<0.001
0642

0.043

0.669
0.870
<0.001
<0.001

<0.001
<0.001
0.940

BMI, Body mass index; VT, ventriculer tachycardia; VF, ventriculer fibilation; AVB, atrioventricular block; WBC, white blood cell; CRR, C-reactive protein; NT-proBNP, N-terminal pro-B-
type natriuretic peptide; LA, left atrium; LVEDD, left ventricular end-diastolic ciameter; IS, intraventricular septum; RV, right ventricular ciameter; LVEF, left ventricular ejection fraction;
CAD, coronary atherosclerosis disease; ACE-], angiotensin-converting enzyme-inhibitor; ARB, angiotensin receptor blocker; MCS, mechanic circulatory support.
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