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Insulin Resistance with Associated Hyperinsulinemia as a Cause
of the Development and Worsening of Heart Failure

Umberto Attanasio !, Valentina Mercurio ! and Serafino Fazio

2,%

Department of Translational Medical Sciences, Federico II University, 80131 Naples, Italy;
umberto.attanasio@yahoo.it (U.A.); valemercurio@yahoo.com (V.M.)

Department of Internal Medicine, School of Medicine, Federico II University, 80131 Naples, Italy
*  Correspondence: fazio0502@gmail.com

Despite the considerable progress that has been made with regard to the prevention
and treatment of cardiovascular diseases, heart failure (HF) remains a particularly impor-
tant cause of recurring hospitalizations, with relevant social and healthcare costs, and it is a
significant cause of mortality; as such, there is a need for continuous efforts to improve our
understanding of its complex pathophysiology and refine relevant therapeutic strategies [1].
The incidence of HF, particularly HF with preserved ejection fraction (HFpEF), continues
to rise, partly due to the increased prevalence of insulin resistance (IR) and the subsequent
development of type 2 diabetes [2]. This Special Issue helps to shed light on various aspects
of HE, with a notable focus on IR’s role in its pathogenesis and the potential benefits of
targeting IR to improve HF management.

Researchers are placing increasing emphasis on the intricate interplay between meta-
bolic dysregulation and cardiac function. IR, which is characterized by impaired glucose
uptake and utilization by cells, is often accompanied by hyperinsulinemia, a compensatory
response aimed at maintaining glucose homeostasis [3,4]. While hyperinsulinemia ini-
tially helps regulate blood sugar levels, chronic elevation of insulin exerts detrimental
effects on the cardiovascular system, ultimately contributing to HF progression [2]. Several
mechanisms appear to link IR/hyperinsulinemia to HF. These include endothelial dysfunc-
tion, since IR is thought to interfere in the balance of vasodilating and vasoconstricting
factors, leading to impaired endothelial function and increased vascular resistance [3];
left ventricular hypertrophy and remodeling, given that hyperinsulinemia promotes the
proliferation of vascular smooth muscle cells and myocardiocytes, resulting in increased
left ventricular mass and concentric remodeling (both hallmarks of HFpEF) [4]; myocar-
dial lipid accumulation, occurring as a result of IR-related excess lipid deposition in the
myocardium, which interferes with cell signaling and disrupts cardiac structure, leading
to lipotoxicity and impaired heart function; and altered myocardial substrate metabolism,
since IR shifts myocardial substrate utilization from glucose to free fatty acids, leading to
metabolic inflexibility and reduced cardiac function. Furthermore, the association between
serum free fatty acid levels and clinical parameters in acute HF patients highlights the
complex metabolic dysregulation associated with acute HF, which is often characterized
by increased reliance on fatty acid oxidation as an energy source due to impaired glucose
utilization [5].

Despite these advances in knowledge, there are still significant gaps in our under-
standing of IR’s precise role in the various HF subtypes and the optimal strategies for
mitigating its adverse effects. This Special Issue addresses some of these gaps by exploring
the impact of IR on different aspects of HF pathophysiology and investigating potential
therapeutic targets.

The articles published in this Special Issue also offer new potential alternatives for
clinical interventions, such as the possible use of point-of-care urine chloride measurement
using strip tests as a tool to monitor fluid status and decongestive therapy in patients

Biomedicines 2024, 12, 2890. https:/ /doi.org/10.3390/biomedicines12122890
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with HE. Furthermore, the potential therapeutic benefits of targeting IR in HF are explored.
The review article discusses the negative impact of IR/hyperinsulinemia on chronic HF
and proposes implementing early screening and treatment of IR to improve patient out-
comes. The evidence suggests that substances such as metformin and berberine, which
are known to reduce IR, may have clinical benefits for HF patients, while others, such as
SGLT2 inhibitors and GLP-1 RA, have already proven their value in clinical settings [2].
These findings underscore the importance of considering IR as a modifiable risk factor
and therapeutic target in HF management. While the articles in this Special Issue provide
valuable contributions to the field, further research is needed to advance our understanding
and management of IR in HE. Indeed, future studies should aim to elucidate the specific
mechanisms by which IR contributes to the development and progression of various HF
subtypes. This will enable the development of tailored therapeutic strategies based on the
underlying pathophysiology. Studies should also focus on developing accurate and acces-
sible methods for early IR screening in at-risk individuals and HF patients. Additionally,
research is needed to determine the most effective therapeutic agents and optimal dosages
for targeting IR in HF, considering potential drug interactions and patient-specific factors.
Furthermore, assessing the effectiveness of different dietary approaches, exercise regimens,
and combinations of lifestyle interventions in reducing IR and enhancing cardiac function
may also provide some valuable information related to preventive medicine. Finally, efforts
should focus on identifying and validating new therapeutic targets that specifically address
the detrimental effects of IR on the cardiovascular system, with the aim of modulating
insulin signaling pathways and improving metabolic flexibility in HF patients.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Acute myocardial infarction (AMI) is one of the leading causes of cardiovascular death
worldwide. AMI with cardiomyopathy is accompanied by a poor long-term prognosis. However,
limited studies have focused on the mechanism of cardiomyopathy associated with AMI. Pericytes are
important to the microvascular function in the heart, yet little attention has been paid to their function
in myocardial infarction until now. In this study, we integrated single-cell data from individuals
with cardiomyopathy and myocardial infarction (MI) GWAS data to reveal the potential function of
pericytes in cardiomyopathy-associated MI. We found that pericytes were concentrated in the left
atrium and left ventricle tissues. DLC1/GUCY1A2/EGFLAM were the top three uniquely expressed
genes in pericytes (p < 0.05). The marker genes of pericytes were enriched in renin secretion, vascular
smooth muscle contraction, gap junction, purine metabolism, and diabetic cardiomyopathy pathways
(p < 0.05). Among these pathways, the renin secretion and purine metabolism pathways were also
found in the process of ML In cardiomyopathy patients, the biosynthesis of collagen, modulating
enzymes, and collagen formation were uniquely negatively regulated in pericytes compared to other
cell types (p < 0.05). COL4A2/COL4A1/SMAD3 were the hub genes in pericyte function involved in
cardiomyopathy and AMI. In conclusion, this study provides new evidence about the importance of
pericytes in the pathogenesis of cardiomyopathy-associated MI. DLC1/GUCY1A2/EGFLAM were
highly expressed in pericytes. The hub genes COL4A2/COL4A1/SMAD3 may be potential research
targets for cardiomyopathy-associated ML

Keywords: cardiomyopathy; myocardial infarction; pericytes; SMAD3

1. Introduction

Cardiovascular disease (CVD) is one of the leading causes of death worldwide, ac-
counting for over 4 million deaths in Europe each year [1]. Acute myocardial infarction
(AMI) is a life-threatening type of CVD that can cause malignant arrhythmia and sudden
cardiac death [2]. When an artery becomes acutely blocked, blood flow is disrupted and
the heart is unable to supply blood normally. Severe myocardial ischemia and hypoxia
result in the damage and death of myocardial cells [3]. After the acute phase, adverse
ventricular remodeling reduces cardiac function, resulting in heart failure and increased
mortality [4]. In developed countries, AMI is one of the leading causes of death [5]. Despite
rapid advances in therapeutic technology and out-of-hospital management [6], morbidity
and mortality rates remain around 5% [7]. AMI with cardiomyopathy is a specific type of
AML. It is reported that patients with AMI and cardiomyopathy experience poorer long-
term outcomes [8]. Few studies focus on the pathogenesis of AMI with cardiomyopathy.
Most pathogenesis studies focus on the whole heart or major cell types in the heart, such

Biomedicines 2023, 11, 2896. https:/ /doi.org/10.3390/biomedicines11112896 https:/ /www.mdpi.com/journal /biomedicines
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as cardiomyocytes and macrophages [9-11]. The role of other cells in the pathogenesis of
AMI with cardiomyopathy has not been well studied.

Microvascular pericytes and the recently discovered adventitial pericyte-like progen-
itors are closely associated with small and large vessels, respectively [12]. The role of
pericytes in cardiovascular diseases has been increasingly recognized. Firstly, pericytes are
a safe cell type. Furthermore, vascular pericytes are more abundant than other types of cells
in the heart [13]. Pericyte dysfunction, on the other hand, may be involved in the pathogen-
esis of CVD [14], such as the processes involved in the regulation of cardiac homeostasis,
angiogenesis, blood flow regulation, coagulation process regulation, and so on. Pericytes
have received increasing attention for their applications in cardiovascular diseases, due
to their pleiotropic and powerful angiogenic capacities [15]. The multipotent pericytes in
capillaries are EphA7-positive, with angiogenic abilities [16]. During the progress of AMI,
cardiac pericytes can migrate to the infarction zone and engage in the remodeling of the
injured heart [17]. Cardiac pericytes upregulate the fibrosis-associated genes and matrix
synthetic profiles, which promote the maturation of infarct vasculature in AMI [18]. Thus,
understanding the crucial roles of pericytes in AMI may be helpful in identifying potential
therapy targets for AMI.

In this study, we integrated single-cell RNA-seq data and MI GWAS data to reveal the
mechanisms by which differential cell types influence myocardial infarction (MI) processing.
Briefly, through the functional analysis and overlapping genes, integrating GWAS and
single RNA-seq data, the function of pericyte may differ between cardiomyopathy and
healthy individuals associated with MI (the workflow is shown in Figure 1).

The Landscape for integration of scRNA-seq and GWAS

R
scRNA-seq of GWAS data scRNA-seq of
healthy heart for MI myocardiopath

Cell type Ml-associated Cell type
identification genes identification

A 4

Y —— "

Differential Differential
genes in the genes in the
pericyte pericyte

Overlap Overlap
genes genes
Functional

N 1

Figure 1. Introduction of the datasets and framework of analysis in this study.

2. Materials and Methods
2.1. Dataset Download

In this study, gene counts of single cells in the absence of overt cardiac disease were
downloaded from the Broad Institute’s Single Cell Portal (SCP498, accessed on August
2020) [19]. GWAS data for MI (myocardial infarction) were obtained from the GWAS
Catalog GCST011365 [20]; another dataset of single cells from cardiomyopathy patients was
accessed through the Broad Institute’s Single Cell Portal (https:/ /singlecell.broadinstitute.
org/single_cell) under project ID SCP1303 (accessed on February 2021) [21]. There were
16 hearts from normal patients, 15 hearts from hypertrophic cardiomyopathy (HCM)
patients, and 11 hearts from dilated cardiomyopathy (DCM) patients included in the
following analysis.
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2.2. Single-Cell RNA-Seq Analysis

The common processes of filtering, differential gene screening, dimensionality reduc-
tion, and clustering were carried out using the single-cell RNA-Seq analysis R package,
Seurat (v.2.3.0) [22], according to a previous study. We screened cells in both single-cell
experiments for those with fewer than 200 genes per 1000 UMIs to weed out low-quality
cells, and eliminated cells with more than 5800 UMIs to weed out doublets that were more
likely to exist. We used the Bioconductor developed by Lun et al. and implemented it
in the R packages Scran (v.1.6.2) [23] and Scater (v.1.0.3) [24]. Principal component anal-
ysis was used to dimensionally reduce the expression matrix. The FindCluster function
in Seurat used a graph-based clustering approach to identify clusters. In order to find
rare populations, we used modularity-based clustering, a sensitive technique that occa-
sionally over-partitions larger clusters. We used the model-based analysis of Single-cell
Transcriptomics test for all single-cell differential expression tests.

2.3. Fine-Mapping

The causal variants were identified in the GWAS data. p <5 x 1078 was used as
a filter to obtain loci with genome-wide significance. We used statistical fine-mapping
across thousands of trait-associated loci, using a single evidence score to resolve association
signals and connect each variant to its proximal and distal target genes. The Odds Ratio
was used to evaluate the effect size of the MI GWAS data.

2.4. Pathway Enrichment Analysis

gProfiler (http://www.biit.cs.ut.ee/gprofiler/, accessed on 2007) was used for the
pathway enrichment analysis. The Benjamini-Hochberg FDR was used to determine
the significance threshold and 0.05 was used as a threshold in gProfiler. Gene Ontology
(http:/ /www.geneontology.org/, accessed on 2000), molecular pathways of Reactome (http:
/ /www.reactome.org/, accessed on 2005), and KEGG (https://www.genome.jp/kegg/,
accessed on 1995) were applied to perform bioinformatics analysis.

2.5. Statistics

The differentially expressed genes were analyzed using the R package “limma” and
defined as p < 0.05 and |log (FC) | > 1. All results are shown as mean SEM. For comparisons
between the two groups, a two-tailed, unpaired Student’s t-test was used. In the present
study, no randomization was used. p < 0.05 was used to define significant differences.
Prism (version 9, San Diego, CA, USA) and R (version 4.1.2, New Zealand) software were
used for the statistical analysis.

3. Results
3.1. Identifying Unique Genes and Function Pathways of Pericytes in Healthy Donors

To understand the proportion of different cell types in the heart, we used the scRNA-
seq dataset of healthy donors to identify cell types (SCP498) [19]. A total of 17 distinct
cell clusters were identified after unsupervised Louvain clustering at a resolution of 1.0.
As present in Figure 2A,B, we showed cell cluster distributions using individual-specific
uniform manifold approximation and projection representations. Then, we further analyzed
the differential genes between these cells for each cell type, as shown in Figure 2C. We
found that DLC1/GUCY1A2/EGFLAM were the top three uniquely expressed genes in the
pericytes (Figure 2D). Also, we found that pericytes were concentrated in the left atrium
and left ventricle tissues across several individuals (Figure 2E). Interestingly, we found
that pericytes were involved in renin secretion, vascular smooth muscle contraction, gap
junction, purine metabolism, and diabetic cardiomyopathy, according to the functional
analysis (p < 0.05, Figure 2F).
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for pericytes’ marker genes. The greener the spot is, the more significant the statistical difference is
(p < 0.05). LV, left ventricle; LA, left atrium; RA, right atrium; RV, right ventricle.

3.2. The Landscape of MI-Associated Genes

Although the mortality of MI is decreasing due to developments in medicine, MI still
imposes a substantial disease burden on patients. How to improve the prevention and
treatment of AMI remains a problem to be solved. The GWAS data of MI patients can
help us understand the pathogenesis of MI. Through the GWAS data [20], we applied a
fine-mapping technique to identify causal loci and then defined the nearest genes with
each causal locus as MI-associated genes. Overall, we found 90 independent loci and
87 Ml-associated genes (p < 0.05, Figure 3A,B). Then, we identified the pathways involved
in these genes (Figure 3C). Among them, we found that the renin secretion and purine
metabolism pathway were also found in the pathways of pericytes from healthy donors,
which indicates the potential involvement of pericyte in the MI process. Furthermore,
we found that Ml-associated genes had a strong preference in the PPI (protein—protein
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interaction) network, according to the STRING database (Figure 3D). However, we did
not find any overlap genes between the differential genes in healthy pericytes and MI-
associated genes. This result reminds us that the dysfunction of pericytes may be involved

in the MI process.
A
Found 90 loci with genome-wide significance (p-value <5 x 10%)
I " 1 | VI I A O N |
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Figure 3. The Ml-associated genes identified by the GWAS. (A) The distribution of the significant loci.
(p<5x 10~8) (B) The genes associated with the loci; the larger the value on the Y-axis is, the more
significant the statistical difference is. (p < 0.05). (C) The KEGG enrichment for the Ml-associated
genes. (D) The PPI network for the MI-associated genes.

3.3. Identifying Function Pathways of Pericytes in Cardiomyopathy Patients

Next, we tried to figure out the relationship between cardiomyopathy-associated MI
and pericyte function. Thus, we used the single-cell RNA-seq of cardiomyopathy patients,
a group associated with a potential cause of the poor long-term prognosis of MI [8,25], to
identify the functional transformations in pericytes. Both HCM and DCM are the most
common clinically observed cardiomyopathies. The physiopathology mechanisms of these
two kinds of cardiomyopathies are not identical. Therefore, we analyzed the single-cell
datasets from both HCM and DCM patients to reveal the function of pericytes in each
(5CP1303) [21]. Firstly, we found 20 cell types across these datasets (Figure 4A). Then,
comparing the percentages of different cell types among different disease groups, we
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found that Cardiomyocyte I, Fibroblast I, Endothelial I, Macrophage, and Pericyte I were
the top five cell types in each disease group (Figure 4B). Cardiomyocyte I, Fibroblast I,
Endothelial I, Macrophage, and Pericyte I were also the top six cell types in the number
of significant genes (Figures 4C and 5A,B). According to the significant genes in each of
these cell types, we conducted pathway enrichment analyses and compared them to those
of normal patients. We found that signaling by interleukins, neutrophil degranulation,
fatty acid metabolism, degradation of the extracellular matrix, and Y-Toxin signaling in
the immune system were majorly negatively regulated in all cell types, and interestingly,
biosynthesis of collagen, modulating enzymes, and collagen formation were uniquely
negatively regulated in the pericytes (p < 0.05, Figure 5C). These results indicate that
biosynthesis of collagen, modulating enzymes, and collagen formation may be the key
pathways of pericytes in the pathophysiology of cardiac hypertrophy:.
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Figure 4. The landscape of single-cell RN Aseq of cardiomyopathy patients. (A) The cluster of the cell
subsets in the hearts from DCM, HCM, and non-heart failure patients. (B) Distribution of different
cell types in the heart tissues of DCM, HCM, and non-heart failure patients. (C) The number of
significant genes in different cell types of DCM, HCM, and non-heart failure patients. Significant
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Figure 5. The function of the significant genes of cardiomyopathy patients in different cell types.
(A) The volcano plot of the differential genes in different cell types between DCM and non-heart
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comparisons. The bigger the block, the more significant the statistical difference. (p < 0.05).

3.4. Hub Genes of Pericytes Involved in the MI Process

To further explore pericytes” function during the cardiomyopathy-associated MI pro-
cess, we combined the MI GWAS dataset and single-cell RNA seq data from cardiomyopa-
thy for analysis. We used differential genes to obtain cardiomyopathy-associated genes that
overlapped with Ml-associated genes (Figure 6A) in the top five cell types. We found that
this overlap in genes was observed in Cardiomyocyte, Fibroblast, Pericyte, Macrophage,
Lymphocyte, and Endocardial, varying from 1 to 13. Among them, the number of over-
lapping genes between the pericytes of cardiomyopathy and MI-associated genes was
eight (Figure 6A). According to the functional analysis, enzyme-linked receptor protein
signaling pathways, tube morphogenesis, pathways in cancer, epithelial to mesenchymal
transition in colorectal cancer, and AGE—RAGE signaling pathways in diabetic complica-
tions were identified by these eight genes (p < 0.05, Figure 6B). PPI analysis found that the
COL4A2/COL4A1/SMAD3 genes were the hub genes of the pericytes involved in the MI
process (Figure 6C). We found that the COL4A2/COL4A1/SMAD3 were all expressed at
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lower levels in HCM and DCM patients but higher in pericytes (Figure 6D). These results
may indicate that the regulation of the COL4A2/COL4A1/SMAD3 pathway in pericytes
may be a potential target that will affect the process of cardiomyopathy-associated MI.
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Figure 6. The integration of MI-associated genes and cardiomyopathy-associated genes. (A) The
landscape of differential genes in different cell types overlapped with the MI-associated genes. (B) The
gene enrichment for overlapping genes between pericytes and MI-associated genes. The larger the
value on the X-axis, the more significant the statistical difference. (p < 0.05) (C) The hub genes for
overlapping genes between pericytes and Ml-associated genes. The red box showed the hub genes
involved in the MI process. (D) The expression profile of hub genes across different disease statuses.
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4. Discussion

Since their establishment in 2009, single-cell technologies have grown in popularity
as their scale and cost have decreased significantly [26]. Single-cell techniques can be
employed to answer a variety of questions, from determining the relationship between
cell types and CVD to determining how gene expressions and regulations change in
disease [27-30]. Several studies have used single-cell techniques to investigate AMI patho-
genesis [29,31]. Jun Qian et al. discovered 27 cell clusters in 82,550 AMI patients’ peripheral
blood cells, including monocytes and T/B/NK cells [29]. Jun Qian et al. reported that
CCL5, TLR7, and CX3CR1 were significantly higher in patients with plaque rupture [29].
In addition, Song et al. defined a total of seven cell clusters marked by marker genes into
five cell types and identified five hub genes involved in AMI progression (ATM, CARM1,
CASPS8, CASP3, and PPARG) using the scRNA-seq method [32]. In this study, we integrated
single-cell RNA-seq data with MI GWAS data to reveal the mechanisms through which
differentiated cell types influence cardiomyopathy-associated MI processing. We used
scRNA-seq datasets from healthy donors to identify different cell types and their propor-
tions in healthy hearts. In our research, a total of 17 distinct cell clusters were observed at a
resolution of 1.0 after unsupervised Louvain clustering.

Microvascular pericytes are the cells that surround endothelial cells in capillaries and
microvessels in most organs. The function of cardiac microvessels is important in keeping
heart function and improving post-MI recovery. Cardiac-derived pericytes may be more
prone to involvement in the function of cardiac microvessels. The gene heterogeneity
among pericytes is very complicated, and in recent years, studies about pericyte function
have been increasing. Single-cell analysis has revealed that pericytes make up a large
proportion of the heart [13], implying that they play a vital role in the heart. It has been
reported that cardiac pericytes can promote vascular homeostasis and attenuate adverse
cardiac remodeling after AMI [17,18]. Additionally, the critical role of pericytes in the
regulation of blood flow is widely recognized [33]. Augustin et al. found that the lack
of pericyte-expressed Tie2 might lead to pro-migratory phenotype [34]. Moreover, it has
been reported that the Ca?* concentration of pericytes regulates TMEM16A and reduces
post-ischemia blood flow [35]. However, studies on the relationship between pericytes and
heart function are still limited until now.

A recent study from Teichmann et al. showed that pericytes account for a large
proportion of the heart [13]. In this study, we found that pericytes from several indi-
viduals were mainly present in the left atrium and left ventricle tissues. In addition,
DLC1/GUCY1A2/EGFLAM were found to be the top three uniquely expressed genes in
pericytes. Zhang et al. utilized bioinformatics analysis to screen for biomarkers related
to MI and revealed that DLCI is the most important node in MI [36]. So far, there is still
a lack of study on the role of DLC1 in pericytes. EGFLAM is found in a variety of organs
and tissues, including the brain, endocrine tissue, and muscle tissue [37]. EGFLAM has
been linked to defects in photoreceptor synapse function in congenital muscular dystro-
phies, such as muscle-eye-brain disorders caused by dystrophic glycosylation [38]. It has
also been reported that EGFLAM can be a risk factor for dissecting aortic aneurysms [38].
An exome-wide association study identified EGFLAM, SPATC1L, and RNASE13 as novel
susceptibility loci for aortic aneurysms in the Japanese population [38]. In our research,
we also found that pericytes in normal hearts are involved in renin secretion, vascular
smooth muscle contraction, gap junctions, purine metabolism, and diabetic cardiomyopa-
thy, according to functional analyses. It has been reported that ACE2 is highly expressed
in heart pericytes, inducing microvascular dysfunction [39]. This study suggests that the
renin—angiotensin system and related genes are important to pericyte function. We found
that renin secretion and purine metabolism are also present in the MI pathway through the
GWAS, suggesting that pericytes have the potential to participate in the MI process.

Cardiomyopathy complicated by Ml is relevant to a poor prognosis. Both cardiomy-
opathy and MI can evolve into heart failure. To study the pathogenesis of cardiomyopathy-
associated MI in depth, we compared the percentages of different cell types in the different
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disease groups (HCM and DCM) in the database [21]. Cardiomyocyte I, Fibroblast I, En-
dothelial I, Macrophage, and Pericyte I were the top five cell types in each disease group.
Signaling by interleukins, neutrophil degranulation, fatty acid metabolism, degradation
of the extracellular Matrix, and Y-toxin signaling in the immune system were uniquely
negatively regulated in all cell types. The extracellular matrix consists of collagen, elastin,
fibronectin, and other proteoglycans, which are vital for damage repair and signal transduc-
tion. It was reported that collagen plays a special role in maintaining the integrity of blood
vessels and in the processes of thrombosis and scarring [40]. Collagen fibers, in addition
to providing tensile strength and stiffness to the heart muscle, also serve as structural
scaffolding for muscle cells. According to several studies, coronary occlusion not only kills
muscle cells but also destroys collagen [40]. Thus, collagen damage impairs muscle cell
support, reduces myocardial strength and stiffness, and allows infarcted tissue to expand.
The extracellular matrix metalloproteinases degrade collagen, which is normally dormant
in the myocardium but is activated by ischemia [41]. The number of damaged collagen
fibers in the rat heart increased over time after coronary occlusion, within the first four
days after infarction, as measured by light microscopy [42]. All these results indicate that
collagen may be meaningful to cardiomyopathy-complicated MI. Next, we used differential
genes from cardiomyopathy patients to obtain genes that overlapped with Ml-associated
genes in the top five cell types. Eight genes were identified and several pathways were
discovered through functional analysis. It seems that the EMT could improve the prognosis
of MI patients. According to recent research, EMT is involved in the process of cardiac
regeneration and repair [43,44]. Hence, changes in EMT-related genes might explain the
poor prognosis of cardiomyopathy-associated MI.

Our further PPI analysis found that the COL4A2/COL4A1/SMAD3 genes are the
central genes of pericytes involved in the MI process. We found that the expression of
COL4A2/COL4A1/SMAD3 was lower in both HCM and DCM, but higher in pericytes,
which may suggest that pericytes can prevent the progression of MI by upregulating
COL4A2/COL4A1/SMAD3. COL4A1 and COL4A2 encode the first and second chains of
type IV collagen [45,46]. Type IV collagen is a critical component of basement membrane
integrity and functionality [47]. Mutations in the COL4A1/COL4A?2 locus influence vas-
cular cell survival, atherosclerotic plaque stability, and MI risk [48]. Apoptosis is induced
by the silencing of COL4A1 or COL4A2 in vascular smooth muscle cells or endothelial
cells. Similarly, shift mutations in COL4A2 increase the rate of apoptosis in fibroblasts of
mutation-carrying individuals [48]. So far, no study has proposed the effect of COL4A1
or COL4A2 on cardiomyopathy-associated MI. Smad2 and Smad3 signaling pathways
located in cardiomyocytes and stromal cells are activated in infarcted myocardium [49].
Smad3 signal transduction enhances myofibroblast transdifferentiation and stimulates
matrix preservation procedures [50]. In reperfusion infarct models, there is a total absence
of Smad3 attenuating post-infarct remolding. The negative effects of Smad3 deletion in-
clude uncontrolled fibroblast proliferation and a misaligned myofibroblast array in the
marginal region [51]. Smad3 signaling controls fibroblast activity and triggers integrin-
mediated NOX2 expression. The infarcted heart is shielded from the effects of post-infarct
dysfunction by the absence of cardiomyocyte-specific Smad3 [51,52]. Smad3 loss is re-
lated to reduced NOX2 levels, nitrosation stress, and MMP2 expression, which promotes
the survival and growth of B cells, as well as the weakening of cardiomyocyte apopto-
sis in remodeled myocardium [51]. Additionally, Smad3-expressing macrophages guard
the infarcted heart, promote phagocytosis, and control inflammation [53]. Additionally,
Smad3 is crucial in the process of cardiomyopathy initiation and development. The expres-
sion of Smad2 and Smad3 aggravates myocardial fibrosis, and the abnormal regulation
of the Smad pathway leads to more cardiac deaths [54]. Disturbing EphrinB2, which
inhibits the TGF-f3 /Smad3 pathway in fibroblasts, can reduce fibrotic remodeling and
improve heart function in cardiomyopathy models [55]. All these studies suggest that
the COL4A2/COL4A1/SMAD3 pathway may have a potential function in regulating the
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progress of cardiomyopathy-associated MI. However, how the COL4A2/COL4A1/SMAD3
pathway regulates the process of cardiomyopathy-associated MI requires further study.

5. Conclusions

Overall, in this study, we integrated single-cell data from normal and CVD individual,
along with MI GWAS data to reveal the function of pericytes in the cardiomyopathy-
associated MI process. Using single-cell data from healthy donors, we found that pericytes
were concentrated in the left atrium and left ventricle tissues across several individuals.
Interestingly, we found that pericytes were involved in renin secretion, vascular smooth
muscle contraction, gap junction, purine metabolism, and diabetic cardiomyopathy, ac-
cording to the functional analysis. Next, Ml-associated genes were identified through
the GWAS data. Moreover, we found that the pericytes were the top five cell types in
each disease group. Finally, we identified COL4A2/COL4A1/SMAD3 as the hub gene in
pericyte function involved in the cardiomyopathy-associated MI process. We believe this
study provides new evidence proving that pericytes play a key role in the pathogenesis
of cardiomyopathy-associated MI and could serve as potential therapy targets for the
treatment of patients with cardiomyopathy-associated MI.

6. Limitations

However, the limitations of this study should not be overlooked. Firstly, this research
was a secondary analysis of published single-cell sequencing databases and a GWAS
database, which may cause certain deviations in the results. Secondly, the single-cell
sequencing data of cardiomyopathy were not matched with the GWAS data of MI. It would
be better to analyze data from patients with cardiomyopathy-associated MI directly, rather
than combining two different datasets. Finally, the bioinformatics analysis only provided
potential pathways involved in cardiomyopathy-associated MI. These results still need
further verification through additional experiments.
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DCM dilated cardiomyopathy

EMT epithelial-mesenchymal transition
LV left ventricle

LA left atrium

RA right atrium

RV right ventricle
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Abstract: This opinion article highlights the potential alterations caused by insulin resistance and
hyperinsulinemia on the cardiovascular system and their negative impact on heart failure (HF), and
describes the potential benefits of an early screening with consequent prompt treatment. HF is the
final event of several different cardiovascular diseases. Its incidence has been increasing over the
last decades because of increased survival from ischemic heart disease thanks to improvements in its
treatment (including myocardial revascularization interventions) and the increase in life span. In
particular, incidence of HF with preserved ejection fraction (HFpEF) is significantly increasing, and
patients with HFpEF often are also affected by diabetes mellitus and insulin resistance (IR), with
a prevalence > 45%. Concentric left ventricular (LV) remodeling and diastolic dysfunction are the
main structural abnormalities that characterize HFpEF. It is well documented in the literature that
IR with chronic hyperinsulinemia, besides causing type 2 diabetes mellitus, can cause numerous
cardiovascular alterations, including endothelial dysfunction and increased wall thicknesses of the
left ventricle with concentric remodeling and diastolic dysfunction. Therefore, it is conceivable that
IR might play a major role in the pathophysiology and the progressive worsening of HF. To date,
several substances have been shown to reduce IR/hyperinsulinemia and have beneficial clinical
effects in patients with HF, including SGLT?2 inhibitors, metformin, and berberine. For this reason,
an early screening of IR could be advisable in subjects at risk and in patients with heart failure, to
promptly intervene with appropriate therapy. Future studies aimed at comparing the efficacy of the
substances used both alone and in association are needed.

Keywords: diabetes; heart failure; insulin resistance; hyperinsulinemia; SGLT2 inhibitors; metformin;
berberine

1. Introduction

Chronic heart failure (HF) represents the final clinical evolution common to several
cardiovascular diseases characterized by different specific etiology and pathophysiology.
HF is the leading cause of hospitalizations in individuals aged >65 years. The crude
age-adjusted incidence ranges from 1 to 5 cases per thousand person-years, and there
is an exponential increase in incidence with advancing age. Its prevalence ranges from
3 to 20 individuals per 1000 people over 65 years of age.

Chronic HF is still burdened by high mortality: only 35% of patients are alive 5 years
after the first diagnosis of HF. The mortality of subjects with HF is 67 times higher than
the general population in the same age group [1]. Insulin resistance (IR)/hyperinsulinemia
(Hyperins) is a pathogenic factor of type 2 diabetes, associated with metabolic syndrome,
hypertension, low HDL cholesterol, and hypertriglyceridemia, but may also be present in
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a significant proportion of healthy subjects of normal weight. It affects about 40% of the
population in Western countries and is associated with incident symptomatic cardiovascular
disease [2].

Chronic HF has been classified into three different phenotypes based on the values of
the measured left ventricular ejection fraction (LVEF):

I.  Heart failure with reduced ejection fraction (HFrEF) is defined by an LVEF < 40%.

II.  Heart failure with mildly reduced EF (HFmrEF) is defined by an EF between 41% and 49%.

III. Heart failure with preserved EF (HFpEF) is defined by an LVEF > 50% in the presence
of symptoms and signs of HF associated with structural and/or functional cardiac
abnormalities and/or increased natriuretic peptides [1].

HFpEF accounts for about 45% of all HF cases and has been on the rise in the recent
years [3]. In fact, due to the increased scientific interest in HF and improved characterization
and modern diagnostic tools, the incidence of HFrEF tends to decrease in percentage, while
HEFpEEF tends to increase [4].

Increased left ventricular mass (LVM) is a stronger predictor of HF than coronary artery
calcium score [5]. Increased LVM, as measured by echocardiogram, was also found to be an
independent risk factor of a depressed EF [6]. The majority of patients with HFpEF show a
concentric pattern of LV remodeling, characterized mainly by: A. Normal or near normal
LV end-diastolic volume; B. Increased parietal thickness and/or LVM; C. Increased ratio of
LVM to cavity volume; D. Increased relative wall thickness (RWT) defined as 2x posterior
wall thickness (PWT)/LV end-diastolic diameter (LVDD), or as septal WI+PWT/LVDD [3].
The most common cause of HFpEF is diastolic LV dysfunction, secondary to increased
stiffness of a hypertrophied LV causing elevation of LV filling pressures.

Data from clinical studies show that diabetes mellitus (DM) has a prevalence of about
45% in individuals with HFpEF, but IR certainly has a higher prevalence [7]. Generalized
IR is strictly associated with HF, and this increases the risk of hospitalization, cardiovas-
cular deaths, and all-cause deaths. The changes in insulin signaling, due to IR, within
cardiomyocytes and vascular smooth muscle cells alter cardiac function, thereby worsening
HF [8].

In this opinion article, we describe the potential alterations caused by IR/Hyperins on
the cardiovascular system, highlighting its negative impact in HF, and discuss the possibility
of early screening and treatment of IR to improve prognosis in HF patients. In this regard,
we reviewed the scientific literature, selecting articles on PubMed, Scopus, and Science
Direct using the following key terms: heart failure, cardiovascular system, insulin resistance,
hyperinsulinemia, diabetes mellitus, treatment of insulin resistance, SGLT2 Inhibitors,
metformin, berberine, GLP-1 receptor agonists. We collected and analyzed laboratory
and clinical research studies describing the effects of IR/Hyperins on the cardiovascular
system, and more specifically in HE. Furthermore, we analyzed the manuscripts describing
the potential beneficial effects of reducing IR/Hyperins through treatment with some
known substances.

2. Insulin Resistance/Hyperinsulinemia and Chronic Heart Failure

IR is a pathological condition characterized by a decrease in sensitivity and response
to the metabolic actions of insulin. In fact, at a given concentration of this hormone, the bio-
logical effects are clearly less than expected. Increased insulin levels (hyperinsulinemia) are
necessary in order to maintain normal glucose tolerance and, therefore, hyperinsulinemia
is a defining event of IR [9,10].

IR turns out to be a key mechanism in the development of type 2 diabetes, systemic
hypertension, HF, and other various cardiovascular diseases. IR is the earliest abnormality
in the natural history of type 2 diabetes, due to defects of insulin receptor function, and the
chronic insulin over-secretion results in progressive pancreatic beta cell dysfunction [9,10].
Some studies have shown that hyperinsulinemia, resulting from IR, anticipates the devel-
opment of overt type 2 diabetes by as much as 10 to 15 years. In the majority of cases, IR
is asymptomatic or paucisymptomatic, and affected subjects, when identified, are mostly
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referred for lifestyle modifications with frequent non-adherence to such indications [9,10].
While it can be easily suspected in the context of metabolic syndrome and polycystic ovary
syndrome, the diagnosis of IR/Hyperins becomes difficult in the case of normal-weight or
thin subjects. The diagnosis, however, should be done as early as possible to initiate prompt
therapeutic interventions.

The diagnostic gold standard for IR is the hyperinsulinemic euglycemic clamp, but
this test is poorly applicable for screening purposes, because of its difficulty, time of
performance and cost. For clinical screening, several easier-to-obtain substitute indices
have been evaluated, such as the Homeostasis Model Assessment of IR index (HOMA-IR)
and the Triglyceride—Glucose Index (TyG). HOMA-IR is calculated by multiplying the
fasting blood glucose value in mmol/L X the fasting insulinemia value in mU/L and
dividing the result by 22.5 [(glycemia x insulinemia)/22.5]. The TyG index is obtained by
calculating the natural logarithm of the product between the fasting triglyceride (Tg) value
in mg/dl and the fasting blood sugar (FBG) value in mg/dl, then dividing the result by
2 [logn (serum Tg x FBG)/2]. Both indices showed good correlation with clamp data. A
HOMA-IR index between 0.23 and 2.5 can be considered normal in the adult population,
while the cut-off value for the TyG index is 4.5 [11,12].

Chronic long-lasting hyperinsulinemia, typical of IR, produces damage in target or-
gans, and one of the recognized targets of insulin is certainly the cardiovascular system [13].
Indeed, insulin exerts various pathophysiological actions on the heart and vessels, since
insulin receptors are highly expressed in the myocardiocytes and vascular smooth muscle
cells. Insulin signaling regulates heart growth, survival, substrate uptake and utilization,
and mitochondrial metabolism. Consequently, impaired insulin signaling may contribute
to the development of pathological ventricular remodeling and progression of HF [14].

Insulin is also a growth factor, and both insulin and insulin like growth factor-1 (IGF-1)
are able to bind to and activate each other’s receptors, even if with lower affinity. Both
the insulin receptor (InsR) and the IGF-1 receptor (IGF-1 R) elicit a common downstream
signaling resulting in the activation, by phosphorylation of a tyrosine kinase, of two impor-
tant pathways: that of phosphoinositide-3 kinase (PI3K/Akt), and that of Shc-Ras-mitogen
activated protein kinase (MAPK) [15]. The PI3K/Akt pathway is an intracellular signal
transduction pathway that promotes important actions in response to extracellular sig-
nals, but predominantly mediates the metabolic actions of insulin, regulating glucose
metabolism in muscle and in adipose and hepatic tissues; it also regulates nitric oxide
(NO) formation by vascular endothelial and smooth muscle cells. The MAPKSs are among
the most ancient signal transduction pathways which coordinately regulate gene expres-
sion, mitosis, survival, apoptosis, differentiation, etc. and primarily mediate mitogenic
and proliferative actions of insulin; furthermore, they stimulate endothelial cells to form
increased amounts of the vasoconstrictor endothelin-1(ET-1) and increase the expression of
adhesion molecules on the vascular endothelium [16,17]. Under normal conditions, these
two pathways are in balance and help to maintain vascular homeostasis: the first pathway,
stimulating NO production, causes vasodilatation and reduction in vascular resistance
with increased blood flow to tissues, while the second one, stimulating ET-1 formation,
causes vasoconstriction and activates the sympathetic system, leading to a hypertensive
pattern and accelerating the development of cardiac hypertrophy and atherosclerosis.

The main mechanisms by which IR/Hyperins lead to left ventricular failure are
summarized in Figure 1.

19



Biomedicines 2023, 11, 2928

Insulin resistance
Hyperinsulinemia

2NN

INO TET-1 TMAPK 1 Sympathetic tone
Endothelial TVascular wall LV concentric
dysfunction thickness remodeling

N4 l

Atherosclerosis

Ischemia/hypoxia —> LV diastolic
dysfunction

Figure 1. Molecular mechanisms involved in the cardiac consequences of insulin resistance and
hyperinsulinemia. ET-1: Endothelin-1; LV: Left ventricle; MAPK: Mitogen-activated protein kinase;
NO: Nitric oxide.

Under conditions of IR, the PI3K-dependent pathway is specifically altered while the
MAPK-dependent pathway is altered little or not at all. This is why the hyperinsulinemia
that is typically associated with IR, in an attempt to maintain glucose levels in the normal
range, ends up increasing the activity of the MAPK pathway, with prevalence of deleterious
effects at the cardiovascular level due to mitogenic and proliferative actions, and to over
exposure to ET-1, which, in the presence of reduced NO production, results in serious
endothelial dysfunction [18]. Chronic hyperinsulinemia can result in arterial hypertension
not only for the elevated levels of ET-1 and the increased sympathetic tone, but also
for a documented anti natriuretic effect of insulin [19]. In addition, chronically increased
insulin levels may produce mitogenic and proliferative effects on the cardiovascular system,
as they result in proliferation of vascular smooth muscle cells and increased LVM with
concentric remodeling [20]. As mentioned above, the cardiovascular changes produced by
hyperinsulinemia may act misrecognized for years in the presence of IR until overt type 2
diabetes appears. For this reason, most individuals who develop overt type 2 diabetes after
years of IR, already show evident cardiovascular abnormalities at first diagnosis, such that,
according to guidelines, they are subject to a higher degree of severity in cardiovascular
prevention and treatment lines [21].

Alzadjali et al. (2009) [22] demonstrated how IR is highly prevalent among non-
diabetic HF patients (67%). In such patients, the fasting IR index increased progressively
with worsening New York Heart Association classes. In addition, patients with HF and
IR demonstrated significantly reduced exercise capacity and peak O, achieved, compared
with patients with HF alone. Unfortunately, no distinction was made between patients
with HFrEF and patients with HFpEF in this study [22]. There is a large scientific literature
highlighting that IR/Hyperins is associated with pathological remodeling of the LV. It is
well known that LVH is a constant feature of diabetic cardiomyopathy [23]. In fact, LVH is
very prevalent in patients with type 2 diabetes and is a strong predictor of cardiovascular
adverse events, in particular of HFpEF. LVH can result in impediment to normal LV
filling and can lead to diastolic HF [24]. In these cases, intervention with drugs such as
angiotensin-converting enzyme inhibitors, sartans, etc., which result in LVH reduction, also
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improves the prognosis of this condition [25]. However, the causes of LVH in subjects with
diabetes are not fully elucidated. Some researchers have hypothesized and demonstrated
that increased fat deposition in the LV myocardium may also contribute to the increased
ventricular mass, and that excess lipid in the myocardiocytes may alter cell signaling and
cardiac structure by accumulation of toxic lipid species (lipotoxicity), resulting in abnormal
heart function [26-28]. Other researchers have shown that IR/Hyperins and waist-to-hip
ratio are associated with LV concentric remodeling regardless of BMI levels, suggesting that
treating IR could give a greater boost to the regression of LV concentric remodeling and
improve the prognosis regarding the development of HF [29]. Diabetes is associated with an
increased risk of morbidity and mortality in patients with HFrEF, HFmrEF, and, especially,
in patients with HFpEE. DM in patients with HFpEF is associated with a 2-fold increase in
the risk of cardiovascular death and HF-related hospitalizations, and with an increased risk
of all-cause mortality [30,31]. In the digoxin study, DM was found to be associated with a
68% increased risk of HF hospitalization and death [32]. This was later confirmed in the
I-Preserve study [33]. In the RELAX study, it was shown that subjects with HFpEF and DM
had similar levels of NT-ProBNP compared with nondiabetics, but markedly higher levels
of the vasoconstrictor endothelin-1 (ET-1), of markers of inflammation such as uric acid
and C-reactive protein, and of profibrotic markers such as valectin-3 and carboxy-terminal
telopeptide of collagen type 1 [34]. It is well known that the alterations of these parameters
are also characteristic of IR/Hyperin states [35]. Echocardiographically, patients with
HF and DM had a significantly abnormal LV diastolic function as shown by higher E/e’
ratio, with increased LVM and reduced exercise tolerance compared with subjects with HF
without DM [36].

Recently, it has been reported that, due to the advancement in HF treatment, a relevant
number of patients with HFrEF and HFmrEF have experienced an improvement of LVEF,
such that it is almost back to normal value. This condition has been termed HF with
recovered EF (HFrecEF). We have seen how IR is highly present in the subjects with HF and
is closely related to prognosis. Patients with HF and IR had significantly greater difficulty
in improving their LVEF, and so the authors conclude that IR is independently associated
with a failure to improve LVEF in subjects with HFrEF [37]. It is well known that patients
with type 2 DM have longstanding IR /Hyperins before they reach the stage of overt DM,
and this contributes to much of the pathologic cardiovascular changes already present in
the diabetic subjects at first diagnosis.

3. Treatment of Insulin Resistance/Hyperinsulinemia: Possible Beneficial Effects in
Patients with Chronic HF

The metabolic and organic imbalances described are very complex and there are many
different therapeutic approaches that may be considered for the treatment of IR/Hyperins.

3.1. Role of Diet

The gold standard for the treatment of IR /Hyperins is certainly constituted by fol-
lowing a balanced diet, low in carbohydrates, low in calories in obese and overweight
subjects, and physical activity, when possible, moderate and constant [38]. Among the
various diets, very low-calorie ketogenic diets (VLCKDs), which have been used with good
results in obese or overweight subjects with prediabetes or diabetes, deserve special men-
tion. VLCKDs are calorie-restricted diets (<800 Kcal/day but >600 Kcal/day) with a low
carbohydrate content (between 20 and 60 g/day). According to international guidelines,
VLCKDs can be used continuously for 12 weeks, always under medical supervision [39].

When the intake of carbohydrates is drastically reduced, the consequent modification
of the relationship between the concentration of insulin and that of glucagon promotes the
mobilization of lipids from tissue deposits and the oxidation for energy purposes.

In practice, the drastic reduction in the intake of carbohydrates determines an increase
in fat catabolism, with an imbalance between the production of pyruvate, oxaloacetate
and acetyl-Coenzyme A (acetyl-CoA). Excess acetyl-CoA is transformed in the liver cells
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into the three ketone bodies: acetoacetate, hydroxybutyrate, and acetone. Myocardium,
skeletal muscle, and brain capture and can use the first two. At the pancreatic level, these
contribute to metabolic improvement in patients with IR.

Normally, the heart’s large demand for energy is met mainly by the mitochondrial
oxidation of fatty acids and glucose. In HEF, there is a reduction in mitochondrial oxidative
metabolism and glucose oxidation, which makes the heart starved of energy. Ketone bodies
can be rapidly oxidized by the heart muscle and can provide a replacement and additional
energy source to the failing heart. This mechanism may become an adaptive response of
the heart to reduce the severity of HF [40].

However, as is well known from clinical practice, maintaining a correct lifestyle is
consistently performed only by a low percentage of patients, while the majority, after
a variable duration, return to a detrimental lifestyle. To improve adherence to these
indications, patients must be well informed, and reminded often, of the risks they incur
by not adhering to these indications. Furthermore, we are also convinced that, to reduce
hospital admissions of patients for HF exacerbation, they must be followed consistently at
home via telemedicine or through a periodic monthly visit by a nurse specialized in caring
for patients with HF [41].

3.2. Sodium-Glucose Cotransporter-2 Inhibitors

Sodium-glucose cotransporter-2 (SGLT2) inhibitors are a class of oral drugs approved
by the US FDA for use with diet and exercise to lower blood sugar in adult patients with
type2 diabetes and recently included in the guidelines for treatment of HF [1]. They include
canaglifozin, dapaglifozin, and empaglifozin. It has been shown that treatment with SGLT2
inhibitors reduces the risk of hospitalization, death from cardiovascular events, and all-
cause mortality in patients with HF [42]. In a recent study, 6263 patients > 40 years of age
with an EF > 40%, assigned to receive dapaglifozin (10 mg once a day) or placebo in addition
to standard therapy, showed a significant reduction in the combined risk of worsening
HF and death from cardiovascular events. This result was similar in both patients with
EF > 60% and those with EF < 60% [43]. This beneficial effect of SGLT2 inhibitors in
patients with HFpEF has also been confirmed by a recent meta-analysis study performed
on 12,251 patients drawn from the DELIVER and EMPEROR-Preserved studies. Indeed, it
shows that treatment with SGLT2 inhibitors results in a consistent reduction in both deaths
from cardiovascular events and first hospitalization for HF [44]. The exact mechanisms
by which these drugs beneficially act in HF remain elusive. However, the suggested
mechanisms are: blood volume regulation, cardiorenal mechanisms, metabolic effects,
improved cardiac remodeling, direct effects on contractility and sodium ion homeostasis,
reduction of inflammation and oxidative stress, etc. [45]. Administration of an SGLT2
inhibitor to subjects with IR/Hyperins reduces the amount of glucose disposal required
to maintain blood glucose in the normal range as result of increased urinary glucose
excretion. Therefore, the amount of insulin required for a given amount of glucose disposal
will be reduced. As a consequence, average circulating insulin levels will be lower than
before treatment [46]. SGLT2 inhibitors reduce IR and circulating insulin levels, thereby
reducing their adverse cardiovascular effects. Cardiac remodeling is a constant component
of IR/Hyperins and an important determinant of the development and progression of
HF. Counteracting pathological cardiac remodeling is likely to be a central mechanism in
determining the cardioprotective benefits of SGLT2 inhibitors.

Treatment with SGLT2 inhibitors has been shown to favorably affect cardiac remodel-
ing through myocardial, mitochondrial, interstitial, vascular, autonomic nervous system,
etc. applications [47]. Results of a meta-analysis study of randomized and controlled trials,
comparing the effects of SGLT2 inhibitor treatment versus placebo on changes in LVM,
assessed by cardiac magnetic resonance imaging, showed that such therapy significantly
reduced LVM [48]. In particular, the reduction in LVM and concentric remodeling produce
an improvement of diastolic function and an increase in EE. Very recently, some researchers
have reported that a treatment of six months with dapaglifozin in 27 patients with type 2
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DM significantly reduced the epicardial adipose tissue thickness (evaluated by echocardio-
graphy), HbAc, body weight, BMI, and blood glucose, while the LV global longitudinal
strain (evaluated as an index of LV systolic function by m-mode echocardiography) was
increased. These data further support the beneficial effects of SGLT2 inhibitors on the heart,
although all of these effects have to be confirmed in the long term [49]. In addition, 12 large-
scale trials involving more than 70,000 patients with HF showed that long-term SGLT2
inhibition produced a relevant 20 to 25% decrease in the combined risk of cardiovascular
deaths or hospitalizations for HF, providing insights unto the durability and sustainability
of their effects [50]. Due to their beneficial effects on the outcomes of patients with HF,
SGLT2 inhibitors have entered the guidelines for the treatment of HE. However, further
studies are needed to monitor any long-term adverse effects.

3.3. Metformin

Metformin, an oral antidiabetic belonging to the biguanide class and used for many
years in the treatment of type 2 diabetes mellitus, has been amply demonstrated to re-
duce IR/Hyperins and has shown beneficial effects in patients with HFpEF. In fact, the
results of a review and meta-regression analysis study have shown that treatment with
metformin reduces mortality in patients with HF, although larger positive effects (p < 0.003)
were demonstrated in the subgroup of patients with HFpEF [51]. Indeed, metformin has
been shown to have numerous favorable effects in HF patients, such as, for example, the
improvement of myocardial energy status consequent to modulation of glucose and lipid
metabolism, the reduction in oxidative stress and inflammation, and the reduction in
cardiac pathologic remodeling [52]. Oxidative stress and inflammation are mechanisms
and significant drivers in the development and progression of cardiovascular diseases. Ex-
perimental and clinical studies have demonstrated that oxidative stress and inflammation
associated with conditions of IR, such as obesity, hypertension, and diabetes produce LV
hypertrophy, fibrosis, diastolic dysfunction, HF, and ischemia/reperfusion damage [53].
Therefore, it seems obvious that determining a reduction in these parameters can produce
a series of beneficial effects at the cardiovascular level. A recent meta-analysis has shown
that metformin treatment results in favorable effects on LVM and LVEEF, both in patients
with and those without pre-existing cardiovascular disease [54]. Few years ago, another
interesting study, double-blind and placebo-controlled, showed that, in non-diabetic but
insulin resistant patients with HE, metformin treatment for 4 months produced a significant
(p <0.001) improvement in IR indices, accompanied by a significant (p < 0.036) reduction in
the minute ventilation/carbon dioxide production (VE/VCO,) slope [55]. The VE/VCO,
slope has a strong predictive value in patients with HF, and the risk of mortality is thought
to increase significantly when the value is >32.8 [56].

3.4. Berberine

Many natural substances have shown beneficial effects on IR/Hyperins. Some studies
demonstrated the beneficial effects of berberine, quercetin, and silymarin on IR/Hyperins
and the cardiovascular system. From the analysis of experimental in vitro and in vivo
studies, it clearly appears that these three substances reduce IR and consequent circulating
elevated insulin levels. Therefore, these substances could protect the evolution toward
overt type 2 diabetes and the development of cardiovascular abnormalities [35]. Both
quercetin and silymarin have extensive literature that support their efficacy in counteracting
IR/Hyperins and LVH development, and in preventing cardiovascular alterations [57-65].
However, these experimental studies have not been followed by clinical studies to confirm
their beneficial effects in humans. Berberine, in contrast, has many clinical studies support-
ing its efficacy in counteracting IR/Hyperins and, consequently, in protecting against the
development of IR-related cardiovascular damage.

Berberine is a vegetable alkaloid in use for over 2000 years in Chinese and Ayurvedic
medicines, which has been shown to have numerous beneficial effects on human health.
It is contained in numerous plants, including Hydrastis canadensis and Coptis chinensis. A
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study designed to assess the efficacy of berberine to produce improvements in patients with
HF, was carried out on patients with HF divided into two groups: a group of 79 patients
treated with berberine and a group of 76 patients treated with a placebo in addition to
standard therapy, according to guidelines, for HE. Evaluation of the parameters considered
was done basally, after 8 weeks and after an average of 24 months of follow-up. Berberine
treatment produced a significant increase in EF and exercise capacity and a reduction in the
frequency and complexity of ventricular premature beats. In addition, during the 2-year
follow-up, 7 patients died in the berberine group and 13 patients in the placebo group
(p <0.02) [66].

A further study evaluated the relationship between the clinical effects of berberine at a
dose of 1.2 g per day in patients with severe congestive HF and the hematic concentrations
of berberine assessed by HPLC. It was shown that berberine decreased the number and
complexity of premature ventricular beats and increased EF more in patients whose plasma
concentration of berberine was >0.11 mg/L than in those with lower concentrations [67].
In a randomized, double-blind, placebo-controlled trial of 18 weeks, 59 patients with
metabolic syndrome were treated with a nutraceutical combination containing 500 mg of
berberine or with placebo once daily. The results showed a significant decrease (p < 0.05)
in HOMA-IR and fasting insulin levels in the berberine-treated group [68]. Also, these
patients showed a significant decrease in LVM, RWT, and diastolic dysfunction, evaluated
by Doppler-echocardiography, after treatment in comparison with the placebo group [68].
These results were confirmed by a further multicenter, randomized, double-blind, placebo-
controlled trial performed in 145 patients with metabolic syndrome and LVH. The patients
were divided into two groups; the first group of 74 patients was given a nutraceutical
combination containing berberine at 500 mg daily, and the second group (71 patients)
were given a placebo. The duration of the trial was six months. The results showed that
the treated group had a significant reduction in LVM (p < 0.001) as compared with the
placebo group. The authors concluded that the treatment could represent an effective
strategy to reduce the cardiovascular risk [69]. Unfortunately, despite the beneficial effects
demonstrated at the cardiovascular level by these substances both in experimental studies
and in some clinical studies, they have so far not been taken into consideration for a trial
demonstrating clear clinical efficacy in patients with HF.

3.5. Glucagon-like Peptide-1 Receptor Agonists

Glucagon-like peptide-1 is a hormone produced by the intestine that stimulates insulin
secretion and inhibits glucagon secretion by the pancreas. Among other things, it slows
down gastric emptying, increasing the sense of satiety, and reduces appetite by acting
directly on the hunger regulation centers in the central nervous system, thus helping to
lose weight [70].

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs) are substances utilized in
the treatment of type 2 diabetes and obesity. The ones currently in use are: semaglutide,
albiglutide, delaglutide, exenatide, liraglutide and lixisenatide. Despite the positive reports
on the beneficial effects of treatment with GLP-1 RAs in the treatment of diabetes and
obesity, the data in the scientific literature on the use of GLP-1 RAs in subjects with HF are
contrasting. In fact, a recent meta-analysis study of 54,092 participants of 7 randomized
controlled trials on the use of GLP-1 RAs in subjects with type 2 diabetes, of whom 16%
also had a history of HF, showed that these drugs may help prevent new onset of HF in the
diabetic population, while, on the other hand, in subjects with pre-existing HF, they did not
reduce the risk of HF exacerbation or mortality [71]. A further recent meta-analysis study,
performed to verify whether the use of GLP-1 RAs in patients with HF with or without
type 2 diabetes could improve morbidity and mortality compared to placebo treatment,
also demonstrated that the GLP-1 RAs did not lead to an improvement in major adverse
cardiovascular events, including cardiovascular mortality, or a reduction in hospitalizations
for HE. Furthermore, they did not determine an improvement in EF and in the six-minute
walking test [72].
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3.6. Interactions of Some Drugs, Used in HF, with IR/Hyperins

Some older drugs, still quite often used by patients with HF, while improving the
overall prognosis of these patients, can induce or worsen a state of IR/Hyperins. The drugs
most commonly used are beta-blockers, thiazide diuretics, and statins. The beta-blockers
that have a greater negative action on IR/Hyperins are predominantly those of the first
generation, not beta 1 selective and without vasodilating action, such as propranolol [73,74].
As far as thiazide diuretics are concerned, the negative action on IR/Hyperins has been
abundantly confirmed, particularly at high doses, which are most commonly used in HF
states [75-77]. Statins are drugs widely used in cardiovascular prevention for the treatment
of hypercholesterolemia. Their efficacy on cardiovascular morbidity and mortality has
been sufficiently demonstrated, and this justifies their use. However, they can determine
or worsen a state of IR/Hyperins, which, as we have seen, can have a negative effect on
the cardiovascular system and partially reduce the positive action of statins [78]. Probably,
their cardiovascular prevention action would be even more positive if they did not have
this negative action towards IR. What has been said should lead us to contrast the potential
negative action of these drugs against IR/Hyperins, where possible, with lifestyle changes
and with the use of substances that have demonstrated efficacy against IR/Hyperins. This
could determine a favorable synergistic action that could add efficacy to their positive
action on cardiovascular morbidity and mortality.

4. Conclusions

Despite the considerable progress in the prevention and treatment of heart diseases,
HF is still a very important cause of recurring hospitalizations, with relevant social and
health care costs, and it is burdened with a significant mortality. It is also noteworthy,
not only for treatment purposes, to highlight the increase in the incidence of heart failure.
Among the causes that could have contributed to this increase could be the increase in
the incidence of IR and consequent hyperinsulinemia, and diabetes. It is known that IR
is closely related to metabolic syndrome, which is in a phase of progressive diffusion
and increase in developed and developing countries. Elevated circulating insulin levels
from IR could contribute to the development and progressive worsening of HF. In fact, a
considerable prevalence of IR has been demonstrated in HE. Hyperinsulinemia, as amply
demonstrated in the scientific literature, can, over the years, cause progressive alterations at
the cardiovascular level. For this reason, early screening of IR/Hyperins in at-risk subjects
and in patients with HF could certainly be useful, given that we now have numerous
substances that have been shown to be able to counteract it and, probably, reduce and
slow down the progression toward type 2 diabetes and cardiovascular damage. What the
best drug and the correct dosage might be, or whether it is better to use a combination of
drugs, is not currently known. For these reasons, dose-response trials and head-to-head
comparisons are necessary to help optimize the treatment.
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Abstract: Very little is known about the association between individual serum free fatty acids (FFAs)
and clinical and laboratory parameters (indicators of heart failure severity) in acute heart failure
(AHEF) patients. Here, the baseline serum levels of FFAs, 16:0 (palmitic acid), 16:1 (palmitoleic acid),
18:0 (stearic acid), 18:1 (oleic acid), 18:2 (linoleic acid), 18:3 (alpha-linolenic acid or gamma-linolenic
acid), 20:4 (arachidonic acid), 20:5 (eicosapentaenoic acid), and 22:6 (docosahexaenoic acid), were
determined in 304 AHF patients (94.7% belonged to New York Heart Association functional class IV)
using gas chromatography. Spearman correlation coefficients were used to examine the associations
between the individual and total (the sum of all FFAs) FFAs and clinical and laboratory parameters.
After applying a Bonferroni correction to correct for multiple testing, the total FFAs, as well as the
individual FFAs (except FFAs 18:0, 20:5, and 22:6), were found to be significantly positively correlated
with serum albumin. Only a few additional associations were found: FFA 16:0 was significantly
negatively correlated with systolic pulmonary artery pressure, FFA 18:3 was significantly negatively
correlated with C-reactive protein and body mass index, and FFA 20:4 was significantly negatively
correlated with blood urea nitrogen. Based on our results, we conclude that in patients with severe
AHF, individual and total serum FFAs are slightly associated with established laboratory and clinical
parameters, which are indicators of heart failure severity.

Keywords: acute heart failure; free fatty acids; gas chromatography

1. Introduction

Heart failure (HF) is the final stage of various cardiovascular diseases and therefore a
frequent cause of disability and death worldwide [1]. The failing heart exhibits an altered
structure and consequently an impaired function, resulting in the diminished perfusion of
metabolizing tissues [2—4]. Acute heart failure (AHF) is characterized by either the rapid
onset or worsening of the signs and symptoms of HF [3].

Decreased peripheral perfusion in HF triggers compensatory mechanisms, which then
further deteriorate the underlying pathophysiology, leading to disease progression and
increased severity [5]. More specifically, the under-perfusion of kidneys stimulates the
renin—angiotensin system (RAS) and, in turn, aldosterone and norepinephrine secretion.
This leads to increased renal sodium and water retention, as well as increased systemic
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blood pressure, which further weakens the function of the failing heart [6]. Left ventric-
ular dysfunction and heart wall distension trigger an elevation in natriuretic peptides,
which only partially counteract the effects of activated RAS, aldosterone, and increased
sympathetic tone. Peripheral venous congestion (a consequence of right-sided HF) and
hypoperfusion worsen renal and liver function and also diminish the motility of the gut,
resulting in an altered composition of the gut microbiota and leading to gut inflammation
and diminished nutrient absorption, as well as a systemic inflammatory response [7-10].
The latter is primarily caused by the compromised barrier function of the edematous and
inflamed intestine and consequently the increased translocation of bacterial toxins into the
circulation, as well as the congestion-induced activation of venous endothelial cells [11,12].

Increased serum levels of catecholamines, natriuretic peptides, and inflammatory cy-
tokines are strong inducers of adipose tissue lipolysis, the hallmark of catabolic dominance
and a major source of serum free fatty acids (FFAs) [13,14]. Serum FFAs are also generated
by the serum-lipase-mediated hydrolysis of lipids in circulating lipoproteins, a process reg-
ulated by nutritional state, hormones, and inflammatory cytokines [15]. High serum levels
of FFAs are potent inducers of insulin resistance, a frequent pathophysiological component
of HF, as well as oxidative stress, inflammatory response, and endothelial dysfunction,
with the latter being an inherent feature of vascular pathophysiology in HF [16-18]. In HE,
an increased uptake of FFAs by cardiomyocytes, secondary to elevated FFA serum levels,
leads to the accumulation of FFA-derived cardiotoxic intermediates that, together with
diminished glucose and increased FFA utilization for cardiac ATP production, deteriorate
the function of the failing heart [19-21]. Pharmacological interventions capable of reducing
FFAs and increasing glucose utilization for energy production improve cardiac function
and prognosis in patients with chronic HF (CHF) [18,22-24].

Total serum FFA levels are higher in patients with CHF compared with healthy controls,
and high levels of total FFAs have been found to be associated with increased mortality in
AHEF patients [25-27]. Several studies have examined the association between various indi-
vidual serum FFAs and mortality in AHF patients [28-31], but none of them have reported
on the association of studied FFAs with patients’ clinical and laboratory characteristics.
Therefore, in the present study, we determined the serum levels of FFAs 16:0 (palmitic acid),
16:1 (palmitoleic acid), 18:0 (stearic acid), 18:1 (oleic acid), 18:2 (linoleic acid), 18:3 (alpha-
linolenic acid or gamma-linolenic acid), 20:4 (arachidonic acid), 20:5 (eicosapentaenoic acid),
and 22:6 (docosahexaenoic acid) and examined their association with clinical and laboratory
parameters, established indicators of HF severity, in AHF patients.

2. Materials and Methods
2.1. Study Design and Patients

The AHF study was a prospective observational study conducted at the Sisters of
Charity University Hospital Centre, Zagreb, Croatia, from March 2018 to January 2021, en-
rolling consecutive adult Caucasian patients who presented to the Emergency Department
with signs and symptoms of AHF consequently requiring hospitalization. The coexistence
of any case of acute infection, chronic obstructive pulmonary disease exacerbation, severe
renal failure (creatinine serum levels of >400 umol/L), active malignant disease, systemic
autoimmune disease, pregnancy, or a patient’s unwillingness to participate led to their
exclusion from the study (study flow chart—Scheme S1). Details from the data collection on
the patients’ history as well as physical and echocardiography examinations were described
in our previous reports [32,33]. In addition to routinely performed laboratory tests, for
study purposes, a sample of 36 mL of venous blood was obtained from each study patient
at the time they presented to the Emergency Department. All enrolled patients received
guideline-directed treatment for AHF, as proposed by the European Society of Cardiol-
ogy [4]. Study patients were followed up for one year after index AHF hospitalization, and
the primary endpoint was all-cause mortality.

Prior to enrolment and any study procedure, written informed consent for participa-
tion was obtained from each enrolled patient in compliance with the Good Clinical Practice
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guidelines, and the investigation conformed with the principles outlined in the Declaration
of Helsinki [34]. The study was approved by the local Ethics Committee of the Sisters
of Charity University Hospital Centre, Zagreb, Croatia (EP 2258/18-10), and the Medical
University of Graz, Austria (EK 33-258 ex 20/21).

2.2. Laboratory Analyses and Procedures

Routine laboratory parameters, assessed at the time of the patients” presentation to
the Emergency Department, regardless of their fasting status as per hospital protocols
for AHF management, included creatinine, estimated glomerular filtration rate (eGFR),
blood urea nitrogen, sodium, potassium, chloride, serum glucose, total protein, albumin,
total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglycerides, C-reactive protein (CRP), bilirubin, alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), creatine
kinase (CK), high-sensitivity troponin I (hsTnl), N-terminal pro-brain natriuretic peptide
(NT-proBNP), blood cell counts, and hemoglobin, fibrinogen, prothrombin time, and inter-
national normalized ratio (INR), as well as arterial blood gases. Laboratory procedures and
equipment used for assessment of the abovementioned parameters have been described
in detail in our previous reports [32]. All additional laboratory procedures and analyses
for study purposes were performed using the stored samples of the patients’ sera at the
Gottfried Schatz Research Center, Medical University of Graz, Graz, Austria.

2.3. Quantification of FFAs

All solvents and reagents were from Sigma-Aldrich (St. Louis, MO, USA). To quantify
FFAs, 190 uL of serum was subjected to a Folch extraction (4 mL of chloroform/methanol at
2:1 ratio and 2 mL of water) on a rotating wheel (45 min at ambient temperature). Samples
were then centrifuged (500x g, 10 min, 4 °C), the lower phase was removed, and the
aqueous phase was reextracted. The organic phases were combined, dried under a stream
of N, transferred to autosampler vials, and stored under argon at —80 °C. To isolate serum
FFAs, the total lipid fraction was subjected to thin-layer chromatography (TLC, unmodified
Silica Gel 60 (Merck, Darmstadt, Germany) developed in hexane/diethylether /acetic acid;
70:30:1. The silica region comigrating with oleic acid (spotted on one lane as the FFA
standard, stained with iodine vapor) was scraped off, transferred to conical screw-capped
derivatization vials, spiked with pentadecanoic acid (C15; 10 pg of internal standard for
GC quantitation), and directly methylated (toluene, 1.2 mL; boron trifluoride /methanol
complex, 20%; 1 mL; 60 min at 110 °C, sand bath) in the presence of the TLC adsorbent.
The reaction was stopped with water (2 mL); fatty acid methyl esters (FAMEs) were
extracted with hexane (200 uL), transferred to autosampler vials, dried under Ny, and
redissolved in toluene (25 pL). The FAMEs (1 puL) were analyzed on a Thermo Trace GC
Ultra gas chromatograph (Thermo Fisher Scientific, Vienna, Austria) with flame ionization
detection (FID). Samples were separated on a 25 m x 0.32 mm FFAP-CB column (Agilent,
Vienna, Austria) using the following GC conditions: injector 230 °C, detector 250 °C, with
ramping starting at 150 °C, 2.5 °C/min, 215 °C, 10 min, 10 °C/min, and 230 °C, 12.5 min.
Fatty acid concentrations were quantified via peak area comparison with the internal
standard (C15) and converted to umol/L. FAMESs prepared from a control serum were run
after every 23rd patient sample (the daily throughput) as a laboratory control sample.

2.4. Statistics

Metric parameters are summarized as the mean and standard deviation (SD) or
median and interquartile range, whereas absolute and relative frequencies were used to
describe categorical parameters. Differences between groups defined by various clinical
characteristics were tested with the Mann-Whitney U test. The Spearman correlation
coefficient was used to assess correlations between FFAs and various clinical and laboratory
parameters. Results are presented in a heatmap. A p-value <0.005 (0.05/10) was considered
significant after a Bonferroni correction for multiple testing due to the 10 investigated FFA
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parameters. Our data allow for the detection of significant group differences between alive
and deceased patients within 12 months (n = 190 vs. n = 114) for effect sizes of at least
0.39 or for correlation coefficients within the whole cohort (n = 304) of at least 0.19, with a
power of 90%. R version 4.1.0 was used for these analyses.

3. Results
3.1. Patients’ Clinical Characteristics, Chronic Medication, and Standard Laboratory Parameters

A total of 315 patients hospitalized due to AHF were enrolled in the study. The baseline
characteristics, comorbidities, chronic medication, and routine laboratory parameters of
the whole cohort have been described in our previous reports [32,33].

Since not all serum samples were available for FFA quantification, the following
analyses and presented results are based on the data collected from 304 participants.

The patients” mean (£standard deviation) age was 74.3 = 10.5 years, and 131 (43.1%)
were female. As 281 (92.4%) patients suffered from previously known cardiomyopathy
(secondary ischemic, valvular, toxic etiology, primary dilated cardiomyopathies), their
present episode of AHF was classified as worsening of chronic disease, while only 23
(7.6%) patients presented with new-onset AHE. The dominant cause of the new-onset AHF
was acute myocardial infarction (17/23, 73.9%; 11 with anteroseptal localization and 6
with inferoposterior/posterolateral localization). Only three (1.0%) of the enrolled patients
suffered from isolated right ventricle failure (after disqualification of participation for
dyspneic patients with chronic pulmonary diseases), while the rest (301, 99.0%) had signs
and symptoms of left-sided or global (combination of left- and right-sided) HF. Of the latter,
55 patients (18.3%) presented with pulmonary edema (out of which 60% were hypertensive
forms), while the remaining 246 (81.7%) patients with left-sided or global HF had less severe
signs of lung congestion. Four patients (1.3%) suffered from cardiogenic shock at the time of
presentation to the Emergency Department. According to NYHA classification, the majority
of the enrolled patients (288, 94.7%) had dyspnea and tachypnea at rest (NYHA IV), while
the others (16, 5.3%) were asymptomatic at rest but could not tolerate minimal physical
effort (NYHA III) at the time of presentation. The patients’ comorbidities, vital signs, and
other clinical signs of HE, as well as significant echocardiographic measures and routine
laboratory test results obtained at the time of presentation to the Emergency Department,
are shown in Table 1. Chronic medication is listed in Table S1. One hundred and fourteen
(37.5%) patients died within one year after index AHF hospitalization.

Table 1. Baseline characteristics and laboratory data of AHF patients.

Data For All Patients with FFA

(n =304)
Demographics
Age (years) 74.3 (10.5)
Sex, female 131 (43.1%)
Comorbidities
Hypertension 283 (93.1%)
T2DM 128 (42.1%)
CAD 152 (50.0%)
CcMP 281 (92.4%)
AF 167 (54.9%)
CKD 139 (45.7%)
MetS 208 (68.4%)
Physical measures at admission
MAP (mmHg) 100.0 (90.0, 118.8)
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Table 1. Cont.

Data For All Patients with FFA
(n =304)

Heart rate (beats/min)

100.0 (80.0, 115.5)

Respiratory rate (breaths/min)

28.0 (24.0, 32.5)

BMI (kg/m?) 28.0 (25.0, 31.7)
Signs and symptoms
Symptom duration (days) 5.0 (4.0,5.0)
Rales or crackles 300 (98.7%)
JVD 165 (54.3%)
Enlarged liver 171 (56.2%)
Ascites 47 (15.5%)

Peripheral edema

198 (65.1%)

NYHA class
3 16 (5.3%)
4 288 (94.7%)
AHF type
New-onset AHF 23 (7.6%)
AHF following CHF 281 (92.4%)
Echocardiography
LVEDd/BSA (mm/m?) 28.6 (25.5, 31.8)
LVEF (%) 40.0 (30.0, 50.0)
SPAP (mmHg) 50.0 (45.0, 60.0)
AHEF class
HFrEF, EF < 40% 138 (47.1%)
HFmrEF, EF 41-49% 80 (27.3%)
HFpEF, EF > 50% 75 (25.6%)
Laboratory test results at admission
TC (mmol/L) 3.5(2.9,4.5)
HDL-C (mmol/L) 1.1(0.9,1.3)
LDL-C (mmol/L) 19(14,27)
Triglycerides (mmol/L) 1.0 (0.8, 1.3)
Albumin (g/L) 37.9 (34.9,41.3)
Total proteins (g/L) 67.0 (61.0, 71.0)
Bilirubin (pmol/L) 17.3 (11.2,28.5)
AST (U/L) 27.0 (20.0, 44.2)
ALT (U/L) 25.0 (15.0, 41.2)

Glucose (mmol/L)

7.8 (6.1,11.1)

Sodium (mmol/L) 140.0 (137.0, 142.0)
Potassium (mmol/L) 45(4.1,4.8)

Chloride (mmol/L) 103.0 (99.0, 106.0)
BUN (mmol/L) 9.6 (7.0, 14.1)

Creatinine (pumol/L)

117.0 (89.8, 152.0)

eGFR (mL/min/1.73m?)

46.3 (32.4, 64.3)

CK (U/L) 93.5 (58.0, 162.2)
LDH (U/L) 264.0 (218.8,329.2)
hsTnl (ng/L) 46.0 (20.0, 141.0)
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Table 1. Cont.

Data For All Patients with FFA

(n = 304)
NT-proBNP (pg/mL) 6578.5 (3544.5, 15076.2)
CRP (mg/L) 11.8 (5.5, 32.6)
IL-6 (pg/mL) 25.1(12.9,59.8)
Fibrinogen (g/L) 4.0(3.4,4.7)
Erythrocytes (x 1012 /L) 4.6 (4.1,5.0)
Hemoglobin (g/L) 133.5 (119.0, 148.0)
pH 74(73,7.4)
pO; (kPa) 8.8 (7.3,10.4)
pCO; (kPa) 5.2 (4.5, 6.4)
HCO; (mmol/L) 24.0 (21.3,27.5)

Data are presented as n (%), mean and standard deviation, or as median and interquartile range (q1, q3). AF,
atrial fibrillation; AHF, acute heart failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI,
body mass index; BUN, blood urea nitrogen; CAD, coronary artery disease; CHF, chronic heart failure; CK,
creatine kinase; CKD, chronic kidney disease; CMP, cardiomyopathy; CRP, C-reactive protein; EF, ejection fraction;
eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; HFrEF, heart failure
with reduced ejection fraction; HFmrEF, heart failure with mildly reduced ejection fraction; HFpEF, heart failure
with preserved ejection fraction; hsTnl, high-sensitivity troponin I; HDL-C, high-density lipoprotein cholesterol;
JVD, jugular vein distension; LDH, lactate dehydrogenase; LDL-C, low-density lipoprotein cholesterol; LVEDd,
left ventricle end-diastolic diameter; LVEEF, left ventricular ejection fraction; MAP, mean arterial pressure; MetS,
metabolic syndrome; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association
Functional Classification; pO,, partial oxygen pressure; pCO,, partial carbon dioxide pressure; SPAP, systolic
pulmonary artery pressure; TC, total cholesterol; T2DM, diabetes mellitus type 2.

3.2. Levels of FFAs in Serum of AHF Patients

We determined the concentrations of nine individual FFAs and the sum of these in
the serum of 304 AHF patients. The most abundant FFAs were 18:1, 16:0, 18:2, and 18:0.
Markedly lower concentrations were found for FFA 16:1, followed by 20:4 and 18:3, whereas
the lowest concentrations were found for FFAs 22:6 and 20:5 (Table 2).

Table 2. FFA levels in AHF patients (N = 304).

FFA Serum Levels (umol/L)
16:0 260.5 (195.9, 310.6)
16:1 25.9 (15.9, 39.8)
18:0 122.8 (97.9, 153.9)
18:1 304.6 (221.8,404.9)
18:2 150.5 (100.8, 203.6)
18:3 5.1(3.5,7.7)
20:4 7.2(5.3,10.6)
205 0.3(0.2,0.7)
22:6 1.2(0.8,1.7)
Sum 896.8 (667.3,1126.2)

Data are presented as median and interquartile range (q1, q3). FFA, free fatty acid.

3.3. Associations of Serum FFAs with Clinical and Laboratory Parameters in AHF Patients

As shown in Figure 1, after a Bonferroni correction for multiple testing, the individual
FFAs 16:0, 16:1, 18:1, 18:2, 18:3, and 20:4, as well as the total FFAs, were significantly posi-
tively correlated with serum albumin levels, albeit not very strongly. Additionally, FFA 16:0
was significantly negatively correlated with systolic pulmonary artery pressure (SPAP), and
FFA 20:4 was significantly negatively correlated with blood urea nitrogen (BUN), whereas
FFA 18:3 was significantly negatively correlated with C-reactive protein (CRP) and body
mass index (BMI). We found no significant correlations of any individual FFA or total
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FFAs with N-terminal pro-brain natriuretic peptide (NT-proBNP), left ventricular ejection
fraction (LVEF), mean arterial pressure (MAP), hemoglobin, liver transaminases, creatine
kinase (CK), glucose, creatinine, and estimated glomerular filtration rate (eGFR), as well as
interleukin-6 (IL-6) and serum lipid parameters (Figure 1).

FFA (umol/L)
1&3'0 16:1 180 155-1 185’2 1%3 204 205 226 SL!lm
Albumin (g/L)= | 0.27 (<0.001) 0.17 (0.004) 0.14 (0.017) 0.25 (<0.001) 0.24 (<0.001) 0.22 (<0.001) 0.18 (0.002) 0.06 (0.332) 0.13 (0.029) 0.26 (<0.001)
Protein (g/L) - 0.16 (0.007) 0.15(0.011) 0.04 (0.451) 0.16 (0.006) 0.13 (0.023) 0.09 (0.120) 0.07 (0.249) -0.08 (0.163) 0.09 (0.142) 0.15 (0.008)
AST (UIL) - 0.10 (0.092) 0.05 (0.340) 0.16 (0.005) 0.06 (0.319) 0.02 (0.671) -0.05 (0.381) -0.07 (0.223) -0.02 (0.716) 001 (0.827) 0.08 (0.191)
ALT (UIL) 4 0.10 (0.072) 0.01(0.925) 0.16 (0.006) 0.05 (0.401) 0.08 (0.183) 0.04 (0.512) 0.05 (0.388) 0.05(0.341) 0.08 (0.187) 0.08 (0.153) \
Glucose (mmol/L) = 007 (0.210) -0.14 (0.014) 0.03 (0.594) 0.01(0.795) 0.08 (0.185) 0.05 (0.380) 0.06 (0.274) -0.04 (0.539) 0.1 (0.049) 0.04 (0.523)
BUN (mmol/L)+ |  -0.09(0.113) -0.08 (0.156) -0.01(0.804) -0.08 (0.182) -0.04 (0.534) -0.01 (0.854) -0.17 (0.003) -0.10 (0.076) -0.11 (0.052) -0.07 (0.199)
Creatinine (umol/(L)< |  -0.14 (0.018) -0.13 (0.026) -0.12 (0.034) -0.12 (0.042) -0.07 (0.195) 0.00 (0.944) -0.15 (0.010) -0.05 (0.429) -0.09 (0.100) -0.12 (0.031)
@GFR (mi/min/1.73m?) 4 0.11(0.055) 0.09(0.116) 0.1 (0.052) 0.09 (0.129) 0.01(0.885) -0.04 (0.472) 0.12 (0.041) 0.04 (0.523) 0.05 (0.367) 0.09(0.130) |
CK (UIL)+ 0.05 (0.411) 0.00 (1.000) 0.03 (0.557) -0.02 (0.783) -0.03 (0.664) -0.02 (0.719) -0.02 (0.787) 0.02 (0.754) -0.04 (0.489) 0.01(0.878)
hsTnl (U/L) 4 0.04 (0.461) -0.07 (0.247) 0.07 (0.235) -0.01(0.923) -0.01(0.813) -0.01 (0.900) -0.07 (0.258) -0.03 (0.666) -0.02 (0.699) 0.01(0.807)
NT-proBNP (ng/mL)< |  0.00(0.933) 0.03 (0.556) 0.04 (0.521) 0.01(0.854) 0.00 (0.956) 0.00 (0.974) -0.13 (0.021) -0.10 (0.089) -0.05 (0.425) 0.01(0.881)
CRP (mglL) 4 ’ -0.07 (0.196) -0.04 (0.485) -0.05 (0.356) -0.03 (0.557) -0.11 (0.065) -0.21 (<0.001) -0.10 (0.075) -0.14 (0.013) -0.03 (0.562) -0.07 (0.235) |
IL-6 (pg/mL)+ | 0.00(0.947) 0.03 (0.609) 0.01(0.893) 0.02 (0.728) -0.04 (0.444) -0.12 (0.045) -0.12 (0.039) -0.09 (0.102) 0.01(0.850) 0.00 (0.995)
Hemoglobin (g/L) - ‘ 0.14 (0.014) 0.1 (0.064) 0.08 (0.140) 0.1 (0.053) 0.08 (0.149) 007 (0.202) 0.13(0.027) 0.09 (0.110) 0.10 (0.082) 0.12 (0.035) ‘
MAP (mm Hg)+ |  -0.01(0.915) -0.07 (0.202) -0.01(0.848) -0.01(0.862) 0.01(0.797) 0.00 (0.944) 0.07 (0.225) 0.05 (0.392) 001 (0.893) -0.01(0.808) ‘
SPAP (mm Hg) 4 ‘ -0.18 (0.005) 0.02(0.697) -0.16 (0.011) -0.07 (0.263) -0.15 (0.021) -0.17 (0.005) -0.15(0.018) -0.13 (0.033) -0.14 (0.030) -0.14 (0.028) I
LVEF (%)= |  0.02(0.797) -0.01(0.810) -0.05 (0.383) 0.02 (0.694) 0.04 (0.452) -0.05 (0.442) 0.06 (0.339) -0.04 (0.476) 0.08 (0.184) 0.02 (0.761)
BMI (kg/m?)- | -0.10(0.070) -0.06 (0.267) -0.15 (0.011) -0.01(0.859) -0.11 (0.049) -0.18 (0.002) -0.06 (0.284) -0.09 (0.123) 0.03 (0.583) -0.09 (0.131) ‘
TC (mmoliL) < 0.08 (0.192) -0.03 (0.619) 0.02 (0.724) 0.03 (0.637) 0.06 (0.327) 0.09 (0.130) 0.09 (0.107) 0.08 (0.150) -0.02 (0.771) 0.05 (0.434)
HDL-C (mmol/L) |  0.00 (0.949) 0.02 (0.706) -0.11 (0.047) 0.01(0.817) 0.01(0.905) 0.08 (0.165) 0.04 (0.504) 0.06 (0.271) -0.07 (0.235) 0.00 (0.936)
LDL-C (mmol/L) - ‘ 0.06 (0.304) -0.04 (0.469) 0.04 (0.517) 0.02(0.777) 0.04 (0.438) 0.05 (0.369) 0.08 (0.158) 0.05(0.371) -0.02 (0.747) 0.03 (0.568)
Triglycerides (mmol/L) - 0.10 (0.097) -0.05 (0.369) 0.1 (0.067) 0.01(0.824) 0.09 (0.105) 0.15(0.008) 0.05(0.374) 0.14 (0.014) 0.06 (0.278) 006 (0.266) |

Figure 1. Heatmap of correlation analyses between FFA and the laboratory and clinical parameters of
patients with AHF. Values presented are the Spearman correlation coefficients. p-values < 0.005 after
a Bonferroni correction for multiple testing are considered significant, and significant correlations are
depicted in bold. Albumin, protein, and LVEF were measured in 293 patients, SPAP was measured in
253 patients, BUN in 303, and hsTnl in 301 patients; otherwise, the analyses are based on 304 samples.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BUN, blood
urea nitrogen; CK, creatin kinase; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate;
HDL-C, high-density lipoprotein cholesterol; hsTnl, high-sensitivity troponin I; IL-6, interleukin-6;
LDL-C, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction; MAP, mean
arterial pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; SPAP, systolic pulmonary
pressure; TC, total cholesterol.

3.4. Differences in FFAs in Various Groups of AHF Patients

We also examined whether the serum levels of individual and total FFAs differed in
groups of AHF patients defined by various clinical characteristics and survival statuses.
The results are shown in Tables S2 and S3. After Bonferroni correction, the serum levels
of FFA 16:1 but not of the other individual or total FFAs were significantly lower in AHF
patients with type 2 diabetes mellitus (T2D) and in AHF patients with coronary artery
disease (CAD) compared with AHF patients without these comorbidities. In contrast, the
serum levels of individual and total FFAs were similar in AHF patients with metabolic
syndrome (MetS), atrial fibrillation (AF), and sign(s) of venous volume overload compared
with AHF patients without these comorbidities or sign(s), as well as in AHF patients with
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new-onset AHF compared with those with AHF that developed on top of CHF. The serum
levels of the individual and total FFAs were also similar in AHF patients who were alive
and those who died during index AHF hospitalization or within 3 or 12 months after
hospitalization due to AHFE.

4. Discussion

Increased serum levels of natriuretic peptides, catecholamines, and inflammatory
cytokines are major promoters of insulin resistance, catabolic dominance, and lipolysis
in HFE. High-circulating FFAs facilitate cardiac uptake and utilization of FFAs as energy
substrates, as well as the conversion of FFAs into lipotoxic compounds [13,20,32]. Deranged
cardiac energy metabolism and lipotoxicity compromise the contractile function of the
failing heart [13,20,32]. In line with this, elevated total serum FFAs were associated with
poor outcomes in AHF patients [26,27], and pharmacological inhibition of cardiac FFA
utilization for energy production improved the cardiac function and reduced mortality in
AHF patients [22,23].

In contrast to the total serum FFA levels, several studies reported a negative associ-
ation of serum levels of various individual FFAs with mortality in AHF patients [28-31].
Low serum levels of FFAs may reflect low adipose tissue lipolysis, increased FFA consump-
tion, or decreased supply due to malnutrition, which is highly prevalent in patients with
AHEF [33]. Reduced appetite and impaired intestinal absorption, due to gut inflammation,
hypoperfusion, and congestion, together with low-grade persistent systemic inflammation,
cause malnutrition, wasting, and frailty, the typical features of advanced HF, which are
positively associated with unfavorable prognosis in HF patients [33,34].

In the present study, we determined the serum levels of nine individual FFAs and
examined the associations of these individual and total FFAs with clinical and laboratory
parameters in our AHF patients. In line with the well-established physiological role of
albumin as a vehicle for the transport of hydrophobic FFAs, the serum levels of the majority
of FFAs were significantly positively correlated with albumin. Since decreased serum
albumin reflects a poor nutritional state, impaired intestinal absorption, and reduced
biosynthetic capacity of the liver [35], the observed positive associations of FFAs with
albumin may suggest a relationship between FFAs, nutritional state, and intestinal and
liver function in AHF patients.

Additionally, we found a significant negative association of FFA 16:0 with SPAP and
of FFA 20:4 with BUN. These negative associations most likely reflect the regulation of
these FFAs, as well as that of SPAP and BUN, in the opposite direction by the underlying
AHF pathophysiology. While the HF pathophysiology decreases FFAs levels via the pro-
motion of malnutrition and wasting, the concomitantly worsened renal function (due to
hypoperfusion and congestion) increases BUN [8,36], whereas the worsened left ventricular
function and consequently increased left ventricular filling pressure increase SPAP [6,37].
Interestingly, these results suggest that FFAs 16:0 and 20:4 do not contribute to the postu-
lated impairment of the heart contractility by toxic derivatives of FFAs in the environment
with increased serum levels of FFAs [20]. Several other individual FFAs and the total FFAs
were weakly negatively associated with SPAP; however, after a Bonferroni correction, these
associations did not remain statistically significant. The significant negative association
of FFA 18:3 with CRP that was observed in the present study is in accordance with an
inverse association of dietary intake of FFA 18:3 with CRP, as described in a previous
study [38]. Although numerous studies reported on the cardiovascular protective effects
and anti-inflammatory activities of FFAs 20:5 and 22:6, these FFAs were not significantly
associated with CRP or IL-6 in the present study [39,40]. In line with the reported negative
association between various plasma FFAs with BMI (reviewed in [41]), in the present
study, FFA 18:3 was significantly negatively associated with BMI. Metabolic constellations
in adipose tissue and low-grade persistent inflammation have been shown to be potent
modulators of desaturases and elongases, the enzymes which catalyze the conversion of
FFA 18:3 into FFAs 20:5 and 22:6 [41]. Additionally, a higher BMI may be accompanied
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by a higher demand for FFAs as energy substrates or for their incorporation into lipids
in various tissues, thus resulting in lower serum levels and negative associations of these
FFAs with BMI. Several other individual FFAs also showed a weak negative association
with BMI, although this did not reach statistical significance.

In the present study, in which 94.7% of patients belonged to New York Heart Asso-
ciation functional class IV (NYHA 1V), total serum FFAs were neither associated (with
exception of albumin) with clinical and laboratory parameters nor with mortality of these
patients. This is in sharp contrast to the results obtained in other AHF cohorts in which
the majority of patients belonged to NYHA class III and where total serum FFAs were
significantly associated with several clinical and laboratory parameters, as well as mortal-
ity [26,27]. This implies that the pathophysiology in severe AHF, as encountered in NYHA
class IV patients, disrupts the associations of serum FFAs with clinical and laboratory
indicators of the HF severity, as well as abolishing the prognostic capacity of FFAs.

Previous studies have reported associations of circulating FFAs with various comor-
bidities associated with HF, such as T2D, CAD, hypertension, or AF [42—45]. In line with
the reported beneficial effect of FFA 16:1 on insulin secretion and systemic insulin sensi-
tivity [46], we observed higher FFA 16:1 serum levels in our AHF patients without T2D
compared with those with this comorbidity. Higher FFA 16:1 levels in our AHF patients
without CAD, compared with those with CAD, suggest a cardioprotective effect of this
FFA. However, although FFA 16:1 has been shown to contribute to an anti-atherogenic
serum lipoprotein profile, the impact of FFA 16:1 on the cardiovascular system is still not
well understood [47].

It is well established that adipose tissue lipolysis mediated by the sequential action of
adipose triglyceride lipase (ATGL), hormone-sensitive lipase, and monoglyceride lipase
is essential for the supply of tissues with FFAs from the adipose triacylglycerol (TAG)
pool to enable the maintenance of systemic energy metabolism during fasting or physical
activity, the conditions accompanied by low circulating glucose levels and a high energy de-
mand [48]. However, excessive activation of adipose tissue lipolysis secondary to increased
adrenergic activation or increased serum levels of natriuretic peptides and inflammatory cy-
tokines, as encountered in HF, leads to pathologically increased serum levels and increased
tissue uptake of FFAs (reviewed in [49]). Excessive uptake and accumulation of TAG and
lipotoxic intermediates in the liver and skeletal muscle activate specific protein kinase
C isoforms, leading to impaired insulin signaling and T2D [50-52]. Insulin resistance in
adipose tissue, which in HF is triggered by persistent low-grade inflammation, attenuates
the antilipolytic action of insulin and thus also contributes to an increase in serum FFAs and
systemic insulin resistance [53]. The impact of adipose-tissue-released FFAs on metabolic
health was also demonstrated in obese mice in which adipose-tissue-specific genetic inacti-
vation of ATGL, a master regulator of adipose tissue lipolysis, reduced plasma FFAs and
hepatic lipid content, eventually resulting in an improved insulin sensitivity [54,55]. In
the present study, however, the serum levels of total FFAs were not correlated with serum
glucose levels and were similar in AHF patients with T2D compared with those without
this comorbidity. This is most likely due to the severe HF pathophysiology, which disrupts
the associations between FFAs and glucose metabolism in our AHF patients.

There are several limitations to the present study: Due to the design, we could not
examine causality for the relationship of FFAs with clinical and laboratory parameters.
Since the nutritional state of our patients was unknown, we could not examine the impact of
fasting /feeding on FFA levels and their associations with clinical and laboratory parameters.
Considering the fact that almost 95% of our AHF patients belonged to NYHA class IV, our
results do not reflect associations of FFAs with clinical and laboratory parameters in less
severe AHF patients.

5. Conclusions

We conclude that individual and total serum FFAs are only slightly associated with
established clinical and laboratory indicators of HF severity in patients with severe AHF
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(NYHA class IV). Therefore, measurements of individual or total FFAs would not improve
the estimation of the disease severity or risk in NYHA class IV AHF patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines11123197/s1. Scheme S1: study flow chart; Table S1:
chronic medication of AHF patients prior to index AHF hospitalization; Table S2: serum levels of
FFAs in various groups of AHF patients; Table S3: differences in FFA levels between AHF patients
who were alive and those who died during index AHF hospitalization or within 3 or 12 months after
index AHF hospitalization.
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Abstract: Atrioventricular coupling has recently emerged as an outcome predictor. Our aim was to
assess, through three-dimensional (3D) echocardiography, the role of the left atrioventricular coupling
index (LACI), right atrioventricular coupling index (RACI) and a novel combined atrioventricular
coupling index (CACI) in a cohort of patients with dilated cardiomyopathy (DCM). One hundred
twenty-one consecutive patients with DCM underwent comprehensive 3D echocardiographic ac-
quisitions. LACI was defined as the ratio between left atrial and left ventricular 3D end-diastolic
volumes. RACI was defined as the ratio between right atrial and right ventricular 3D end-diastolic
volumes. CACI was defined as the sum of LACI and RACI. Patients were prospectively followed for
death, heart transplant, nonfatal cardiac arrest and hospitalization for heart failure. Fifty-five patients
reached the endpoint. All three coupling indices were significantly more impaired in patients with
events, with CACI showing the highest area under the curve (AUC = 0.66, p = 0.003). All three in-
dices were independent outcome predictors when tested in multivariable Cox regression (HR = 2.62,
p =0.01 for LACL HR =2.58, p = 0.004 for RACI; HR = 2.37, p = 0.01 for CACI), but only CACI showed
an incremental prognostic power over traditional risk factors such as age, left ventricular strain, right
ventricular strain and mitral regurgitation severity (likelihood ratio X2 test = 28.2, p =0.03). CACI
assessed through 3D echocardiography, reflecting both left and right atrioventricular coupling, is an
independent predictor of adverse events in DCM, yielding an incremental prognostic power over
traditional risk factors.

Keywords: dilated cardiomyopathy; atrioventricular coupling; three-dimensional echocardiography;
combined atrioventricular coupling index

1. Introduction

Dilated cardiomyopathy (DCM) is a heterogeneous disease that still causes substantial
morbidity and mortality worldwide [1]. Since it was mainly considered a disease of the left
ventricle (LV), most of the research focused on the evaluation of LV function, with the LV
ejection fraction (LVEF) having a well-established prognostic role in DCM [2,3]. However,
ventricular and atrial dysfunction are closely intertwined. Left atrial (LA) volume and
strain are not only markers of LV diastolic dysfunction but also independent outcome
predictors in heart failure (HF) [4,5]. Moreover, recent data have shown that both right
ventricular (RV) and right atrial (RA) dysfunction have an independent prognostic role in
left-sided HF [6-8].

The physiological interplay between the atrium and the ventricle suggests that the
assessment of atrioventricular coupling could better reveal myocardial dysfunction and
improve the outcome prediction [9]. A novel cardiac magnetic resonance (CMR)-derived
left atrioventricular coupling index (LACI), defined as the ratio between LA end-diastolic
volume (EDV) and LV EDV, proved to be an independent predictor of adverse events in
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patients without cardiovascular disease [9] and in patients with myocardial infarction [10].
Although three-dimensional (3D) LV and LA volumes showed a good correlation with
CMR measurements [11], LACI has not been assessed so far using 3D echocardiography,
and its utility in DCM is unknown. There is no data regarding the 3D right atrioventricular
coupling index (RACI), defined as the ratio between RA EDV and RV EDV [12]. Therefore,
the aim of our study was to assess, through 3D echocardiography, the prognostic role of
LACI, RACI and a novel combined atrioventricular coupling index (CACI) in patients
with DCM.

2. Materials and Methods
2.1. Study Population

The study population consisted of consecutive adult patients with DCM referred to
our echocardiography laboratory between January 2019 and December 2021. Inclusion
criteria were as follows: a dilated LV, according to cutoffs proposed in the current chamber
quantification guidelines [13], with LVEF < 40%, in the absence of significant coronary
artery disease or severe valvular heart disease [14]. All patients provided written informed
consent prior to enrollment. Exclusion criteria included poor acoustic window, inability to
hold breath, persistent atrial fibrillation, cor pulmonale and life expectancy < 1 year. The
study protocol was approved by the ethics committee of our hospital.

2.2. Echocardiography

Comprehensive two-dimensional (2D) and 3D echocardiographic acquisitions were
performed using a Vivid E95 (GE Vingmed, Horten, Norway) ultrasound machine equipped
with a 2.5 MHz 2D matrix array transducer and a 4V probe. Images were obtained with the
patient in the left-lateral decubitus position, according to current recommendations [15],
and they were subsequently analyzed offline using dedicated software (EchoPAC BT 13).

LVEF and 2D LV volumes were measured using Simpson’s biplane disk summation
rule from apical views [13,15]. LA and RA 2D volumes were obtained from the apical
four-chamber view using the area-length method, providing the maximal volume (LA Vax
and RA Vpax) at ventricular end-systole, the minimal volume (LA Vi, and RA Vi) at
ventricular end-diastole, and the preA volume (LA Vpes and RA Vprea) at the peak of
the P wave on ECG [13]. The mitral E/E’ ratio was measured using the average tissue
Doppler diastolic velocity of the mitral annulus at septal and lateral annular sites. Mitral
regurgitation (MR) severity was graded as mild, moderate or severe based on qualitative
and semiquantitative criteria proposed in current guidelines [16]. We used the apical
RV-focused view [15,17] to measure the tricuspid annular plane systolic excursion (TAPSE)
and pulsed tissue Doppler systolic velocity of the tricuspid annulus (S wave). RA pressure
was estimated using the inferior vena cava diameter and collapsibility from the subcostal
view. Pulmonary artery systolic pressure (PASP) was estimated as the sum of RA pressure
and the tricuspid regurgitation systolic gradient [17].

For strain analysis, we used 2D strain software (EchoPAC—Q Analysis package) using
high frame rate acquisitions (50-70 frames per second). For the assessment of LV global
longitudinal strain (GLS-LV), apical four-, two- and three-chamber views were acquired,
and the software automatically traced the endocardial border, which was manually read-
justed when needed. The average peak systolic strain of all LV segments was reported as
GLS-LV [18]. RV strain was calculated as the average of the peak systolic strain of the RV
free wall segments (RVFW-LS).

For 3D analysis, three experienced sonographers obtained six-beat full-volume 3D
data sets with electrocardiographic gating during breath holding. For the left chambers,
images were obtained from the apical four-chamber view, whereas for the right chambers,
images were obtained from the apical RV-focused view. Datasets were analyzed offline
using commercially available software: 4D Auto LVQ (EchoPAC v204, GE Vingmed, Horten,
Norway) for LV analysis, 4D Auto RVQ (EchoPAC v204, GE Vingmed, Horten, Norway)
for RV analysis and 4D Auto LAQ (EchoPAC v204, GE Vingmed, Horten, Norway) for
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LA and RA analysis. The software thus provided the biventricular EDV, ESV, EF, and the
biatrial Vmax, Vmin and Vprea at the same time in the cardiac cycle as the corresponding
2D volumes.

Based on the 3D atrial and ventricular volumes (Figure 1), we measured three atri-
oventricular coupling indices as follows: LACI, defined as the ratio between LA V ,;, and
LV EDV; RACI, defined as the ratio between RA Vi, and RV EDV; and CACI, defined as
the sum between LACI and RACI. All the coupling indices were expressed as percentages,
and a higher coupling index indicates a greater degree of atrioventricular decoupling.

=)V 95 ml
ESV 58 ml
EF 40 %
HR  55BPM
Y 38 ml
CO 2.1l|/min
Spl 0.29

Volume

Figure 1. Cont.
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Worksheet

Volume

Figure 1. 3D assessment using dedicated software for analysis of LV volumes and EF (upper panel),
RV volumes and EF (middle panel) and atrial volumes (lower panel), upon which measurements of
LACI, RACI and CACI are based. Abbreviations are in the text.

3D acquisitions required an additional scanning time of 6 + 3 min, while post-
processing and offline analysis of biatrial and biventricular volumes required an additional
10 & 4 min for each subject.

2.3. Follow-Up

Patients were followed up prospectively for the occurrence of any major adverse
clinical event (MACE). The endpoint of this study was a composite of all-cause death,
heart transplant, nonfatal cardiac arrest or readmission for heart failure exacerbation. For
patients without MACE, we used the date of the last contact in survival analysis. Follow-up
was conducted for a median of 19 &= 11 months.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS version 20.0 statistical software package
and GraphPad Prism version 10.0.0 software. The Kolmogorov—Smirnov test was used to
check for normal distribution. Continuous data were presented as mean =+ standard devia-
tion or as median and interquartile range, depending on the distribution. Categorical data
were displayed as numbers and percentages. Comparison between continuous variables
was conducted with Student’s ¢-test or Mann—-Whitney U test, as dictated by distribution,
while categorical variables were compared with Fisher exact test or x? test, as appropriate.

Time-dependent receiver operating characteristic (ROC) curves and the respective
area under the curve (AUC) were used to compare the ability of different parameters to
predict the adverse outcome. Optimal cutoff values were chosen using the Youden index.
Kaplan—-Meier survival curves were compared using log-rank statistics.

Atrioventricular coupling indices were tested in univariable and multivariable Cox
proportional hazards regression. The multivariable model was constructed using variables
with clinical relevance and/or statistical significance in univariable regression. To examine
the incremental prognostic value of LACI, RACI and CACI over well-established predictors
in DCM, we constructed nested models and compared them with the likelihood ratio x>
test. A two-tailed p-value < 0.05 was considered statistically significant.
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We assessed the intra- and interobserver reproducibility of 3D measurements using in-
traclass coefficients (ICC) on a two-way mixed-effects model. Interobserver reproducibility
was evaluated by having 10 datasets analyzed by two different researchers. Intraobserver
reproducibility was tested using repeated measurements of 10 datasets two weeks apart,
performed by the same researcher.

3. Results

After the exclusion of patients with persistent atrial fibrillation (15 patients), cor
pulmonale (10 patients), severe clinical status with inability to hold breath (18 patients),
poor acoustic window (7 patients) and life expectancy < 1 year (2 patients), 121 patients
with DCM in sinus rhythm formed the final study population. The baseline clinical
characteristics are summarized in Table 1. Most patients were male (74%), and most were
in NYHA class II (59%), with a mean age of 59 + 14 years. Seventy-eight patients (65%)
had been diagnosed with DCM less than one year prior to enrollment. The etiology of
DCM in the study group was heterogenous; there were 19 patients (16%) with familial
cardiomyopathy, 21 patients (17%) with alcohol-induced cardiomyopathy, 13 patients (11%)
with post-myocarditis DCM, 10 patients (8%) with tachycardiomyopathy, 7 patients (6%)
with dyssynchrnopathy, 4 patients (3%) with chemotherapy-induced cardiomyopathy;,
2 patients (2%) with LV noncompaction and 45 patients (37%) with idiopathic DCM.

Table 1. Baseline clinical characteristics.

Variables All Patients (n = 121) MACE (n =55) No MACE (n = 66) p
Age (years) 59 + 14 59 + 15 59 + 14 0.92
Male, n (%) 89 (74%) 40 (73%) 49 (74%) 0.85
Comorbidities, n (%)
Diabetes 29 (24%) 15 (27%) 14 (21%) 0.44
Hypertension 81 (6%) 33 (60%) 48 (73%) 0.14
Smoking 44 (36%) 20 (36%) 24 (36%) 1.00
Systolic BP (mm Hg) 125 £ 19 122 £19 128 £ 18 0.047
Diastolic BP (mm Hg) 80 (65-80) 70 (60-80) 80 (70-85) 0.001
Heart rate (bpm) 81 +16 82+ 16 79 £ 15 0.35
NYHA class, n (%)
1II 71 (59%) 22 (40%) 49 (74%)
111 43 (35%) 27 (49%) 16 (24%) <0.001
v 7 (6%) 6 (11%) 1 (2%)
Medication, n (%)
ACE-I/ARBs/ARN-I 115 (95%) 52 (95%) 63 (95%) 0.82
B3 blockers 117 (97%) 51 (93%) 66 (100%) 0.04
MRA 108 (89%) 51 (93%) 57 (86%) 0.26
SGLT2-I 17 (14%) 7 (13%) 10 (15%) 0.70
Loop diuretics 79 (65%) 44 (80%) 35 (53%) 0.002
NT pro-BNP (pg/mL) 480 (163-1525) 690 (211-1815) 253 (105-505) 0.008

Units of measurement are in parentheses. Abbreviations are in the text. Bolded p values are statistically significant.

Fifty-five patients (46%) experienced at least one MACE during follow-up; there
were 26 deaths (22%), one heart transplant (1%), 5 nonfatal cardiac arrests (4%) and
23 readmissions for heart failure exacerbation (19%). Patients with events had a higher
prevalence of NYHA class III and IV at enrollment (p < 0.001), a higher prevalence of di-
uretic use (p = 0.002) and higher brain natriuretic peptides (BNP) levels (p = 0.008). Except
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for diuretics, there were no differences regarding classes of HF drugs between patients
with and without events (Table 1).

Table 2 presents 2D echocardiographic characteristics. There were no differences in
LV systolic function between patients with and without events. However, patients with
MACE had more severe LV diastolic dysfunction (p < 0.001 for mitral E/E’ ratio) and more
impaired RV systolic function (p < 0.001 for TAPSE, S wave and RVFW-LS). All 2D LA and
RA volumes were significantly larger in patients with events.

Table 2. 2D echocardiographic characteristics.

Variables All Patients (n = 121) ?:1:?55) No MACE (n = 66) p
2D LVEDV index (mL/m?) 125 + 45 132 £ 49 118 + 40 0.10
2D LVESV index (mL/m?) 95 + 40 102 + 44 89 £ 36 0.07
2D LVEF (%) 25+7 2447 267 0.08
Mitral E/E’ ratio 16 £7 18 £ 8 13+£5 <0.001
MR severity, n (%)

Mild 87 (72%) 34 (62%) 53 (80%)

Moderate 26 (21%) 17 (31%) 9 (14%) 0.06

Severe 8 (7%) 4 (7%) 4 (6%)
GLS-LV (%) —6.8+28 —6.3£3.1 —72+25 0.09
2D LA Viax index (mL/m?) 52 +£25 61 +£25 45 422 <0.001
2D LA Vpin index (mL/m?) 35420 42 +20 30 £ 18 <0.001
2D LA Vppea index (mL/m?) 43 +£21 50 + 21 37 +£20 <0.001
RV basal diameter (mm) 39£8 41 £8 38£7 0.08
TAPSE (mm) 17 (15-20) 16 (12-18) 19 (17-23) <0.001
S wave (cm/s) 11+3 9+2 1242 <0.001
2D RA Viax index (mL/m?) 29 (20-40) 34 (21-46) 25 (18-37) 0.02
2D RA Vppin index (mL/m?) 17 (11-27) 21 (12-31) 15 (10-23) 0.02
2D RA Vprea index (mL/ m?) 23 (16-34) 28 (17-38) 19 (15-31) 0.009
PASP (mm Hg) 41 +17 45 1+ 18 38 £ 16 0.04
RVFW-LS (%) —139 £38.1 —11.0 £ 84 —-164+71 <0.001

Units of measurement are in parentheses. Abbreviations are in the text. Bolded p values are statistically significant.

Table 3 presents 3D echocardiographic characteristics. There were excellent correla-
tions between 2D and 3D LV volumes (r = 0.98, p < 0.001 for EDV; r = 0.99, p < 0.001 for ESV)
and EF (r = 0.89, p < 0.001). All 2D LA volumes were positively correlated with the corre-
sponding 3D volumes (r = 0.93, p < 0.001 for Viin and Vmax; r = 0.94, p < 0.001 for Virea).
There were also excellent correlations between all 2D RA volumes and their corresponding
3D volumes (r = 0.96, p < 0.001 for Vimayx; r = 0.97, p < 0.001 for Vprea and Viin). All 3D LA
and RA volumes were significantly larger in patients with MACE. While there were no
differences in 3D LVEF between patients with and without events (p = 0.22), RVEF was
significantly more impaired in patients with adverse outcomes (35 =+ 8% versus 47 & 7%,
p < 0.001). All atrioventricular coupling indices were significantly larger in patients with
MACE (p = 0.009 for LACL p = 0.005 for RACI; p = 0.003 for CACI), reflecting a greater
degree of decoupling.
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Table 3. 3D echocardiographic characteristics.

Variables All Patients (n = 121) MACE (n =55) N((L hf[:G(; E p
3D LVEDV index (mL/m?) 133 £+ 48 142 + 52 124 + 43 0.046
3D LVESV index (mL/m?) 100 + 43 109 + 46 93 £ 38 0.047
3D LVEF (%) 26 +7 25+7 26 +7 0.22
3D LA Viax index (mL/m?) 54 (39-66) 60 (51-72) 47 (31-59) <0.001
3D LA Vyin index (mL/m?) 38 £ 20 44 +20 33£19 0.002
3D LA Vpyea index (mL/ m?) 44 (33-56) 50 (41-61) 36 (24-51) <0.001
3D RVEDV index (mL/m?) 83 £32 85+ 35 81 £29 0.44
3D RVESV index (mL/m?) 48 £+ 20 55 4+ 23 43+ 16 0.001
3D RVEF (%) 42+9 35+8 47 £7 <0.001
3D RA Viax index (mL/m?) 35+20 41 £ 24 30+ 14 0.007
3D RA Vpin index (mL/m?2) 18 (12-29) 24 (15-34) 16 (11-25) 0.003
3D RA Vpea index (mL/ m?) 25 (17-36) 31 (20-42) 21 (14-32) 0.004
LACI (%) 26 (17-40) 29 (22-41) 22 (16-36) 0.009
RACI (%) 23 (16-40) 28 (19-45) 19 (15-30) 0.005
CACI (%) 51 (36-80) 59 (44-97) 42 (34-61) 0.003

Units of measurement are in parentheses. Abbreviations are in the text. Bolded p values are statistically significant.

Good intra- and interobserver reproducibility were found for LACI (ICC = 0.94
[95% C1, 0.78-0.98] and ICC = 0.95 [95% CI, 0.81-0.99], respectively), RACI (ICC = 0.93
[95% CI, 0.75-0.98] and ICC = 0.85 [95% CI, 0.51-0.96], respectively) and CACI (ICC = 0.95
[95% CI, 0.83-0.99] and ICC = 0.91 [95% CI, 0.66-0.98], respectively).

In unadjusted Cox regression (Table 4), most of the 2D and 3D LA and RA volumes
were significant predictors of MACE. All three atrioventricular coupling indices were
significant predictors in univariable analysis (p = 0.005 for LACI; p = 0.03 for RACIL; p = 0.006
for CACI). ROC analysis was used to compare the prognostic power of atrioventricular
coupling indices (Table 5) and to find optimal cutoffs for event prediction based on the
Youden index. CACI showed the best AUC (AUC = 0.66, p = 0.003), closely followed by
RACI (AUC = 0.65, p = 0.005) and LACI (AUC = 0.64, p = 0.009). A CACT higher than 44%
had a 78% sensitivity and a 52% specificity for MACE prediction. Kaplan-Meier curves
showed a higher risk of events in patients with higher LACI, RACI and CACI (log-rank
p = 0.001 for all) (Figure 2).

Table 4. Unadjusted Cox regression for MACE.

Variables HR (95% CI) p
2D LVEDV 1.00 (1.00-1.01) 0.09
2D LVESV 1.00 (1.00-1.01) 0.04
2D LVEF 0.95 (0.92-0.99) 0.01
GLS-LV 1.15 (1.04-1.27) 0.009
RVFW-LS 1.08 (1.05-1.12) <0.001
2D LA Viax 1.01 (1.00-1.01) 0.001
2D LA Vppin 1.01 (1.00-1.02) 0.001
2D LA Vprea 1.01 (1.00-1.01) 0.001
2D RA Vmax 1.01 (1.00-1.01) 0.004
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Table 4. Cont.

Variables HR (95% CI) 4
2D RA Vppin 1.01 (1.00-1.02) 0.003
2D RA Vprea 1.01 (1.00-1.01) 0.002

3D LVEDV 1.00 (1.00-1.01) 0.04
3D LVESV 1.00 (1.00-1.01) 0.03
3D LVEF 0.97 (0.93-1.00) 0.08
3D RVEDV 1.00 (1.00-1.01) 0.30
3D RVESV 1.01 (1.01-1.02) <0.001
3D RVEF 0.87 (0.84-0.90) <0.001
3D LA Vmax 1.01 (1.00-1.01) <0.001
3D LA Viin 1.01 (1.00-1.02) 0.001
3D LA Vprea 1.01 (1.00-1.02) <0.001
3D RA Viax 1.01 (1.00-1.01) 0.003
3D RA Vpin 1.01 (1.00-1.02) 0.002
3D RA Vprea 1.01 (1.00-1.02) 0.001
LACI 1.02 (1.01-1.04) 0.005
LACI > 20% 3.21 (1.57-6.59) 0.001
RACI 1.01 (1.00-1.02) 0.03
RACI > 21% 2.63 (1.47-4.68) 0.001
CACI 1.01 (1.00-1.02) 0.005
CACI > 44% 2.91 (1.53-5.55) 0.001

HR—hazard ratio; CI—confidence interval. The rest of the abbreviations are in the text. Bolded p values are
statistically significant.

Table 5. ROC analysis for MACE prediction.

Variables AUC (95% CI) p Cut-Off Sensitivity Specificity
LACI 0.64 (0.54-0.74) 0.009 20% 84% 44%
RACI 0.65 (0.55-0.75) 0.005 21% 71% 58%
CACI 0.66 (0.56-0.76) 0.003 44% 78% 52%

AUC—area under the curve; CI—confidence interval. The rest of the abbreviations are in the text.

All 3D atrial volumes and atrioventricular coupling indices were analyzed in multi-
variable Cox regression (Table 6). They were not tested together in the same model to avoid
collinearity issues. The constructed model included well-established clinical and echocar-
diographic predictors in DCM (age, GLS-LV, MR severity and RVFW-LS) and, alternatively,
one atrial volume or one atrioventricular coupling index at a time. We included GLS-LV
and not LVEF in the model to avoid collinearity issues. None of the 3D LA volumes were
independent predictors of MACE, while 3D RA Vi, and RA Vprea remained independent
outcome predictors. LACL, RACI and CACI were all independently associated with adverse
events when tested as a categorical variable, but only CACI kept its prognostic power when
tested as a continuous variable (Table 6).

The likelihood ratio x? test demonstrated an incremental value of CACI (x? = 28.2,
p = 0.03) to predict adverse outcomes on top of the multivariable model, including age,
GLS-LV, MR severity and RVFW-LS (Figure 3). LACI and RACI yielded no incremental
value (p = 0.07 and p = 0.08, respectively).
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Figure 2. Kaplan-Meier survival curves stratified using left atrioventricular coupling index (A), right
atrioventricular coupling index (B) and combined atrioventricular coupling index (C).

Table 6. Adjusted * Cox regression for MACE.

Variables HR (95% CI) p

3D LA Vpax 1.01 (1.00-1.01) 0.06

3D LA Viin 1.01 (1.00-1.01) 0.14

3D LA Vprea 1.01 (1.00-1.01) 0.08

3D RA Vax 1.01 (1.00-1.01) 0.06

3D RA Vpin 1.01 (1.00-1.02) 0.046

3D RA Vprea 1.01 (1.00-1.02) 0.03
CACI > 44% (yes/no) 2.37 (1.20-4.70) 0.01
CACI (per unit increase) 1.01 (1.00-1.02) 0.03
LACI > 20% (yes/no) 2.62 (1.22-5.60) 0.01
LACI (per unit increase) 1.02 (1.00-1.04) 0.07
RACI > 21% (yes/no) 2.58 (1.36—4.90) 0.004
RACI (per unit increase) 1.01 (1.00-1.03) 0.09

* Adjusted for age, GLS-LV, MR severity and RVFW-LS. HR—hazard ratio; CI—confidence interval. The rest of
the abbreviations are in the text. Bolded p values are statistically significant.

50



Biomedicines 2024, 12, 302

>

Likelihood ratio

w
[=]

~
£

=
-]

=
N

p-ﬂ 03 B [
p<0 001 35

Likelihood ratio
= [ [
E-3 = oo

~

p=0.07
p=0.08
p.o 32 : l
j H 0 i

p=0.03 II

Age + GLS-LV +MR severity +RVFW-LS +CAd Multivariable  +RACI +LACI

model

Figure 3. Bar charts showing the incremental prognostic value of atrioventricular coupling indices
over traditional prognostic factors presented as a likelihood ratio x? test. (A) The addition of RVFW-
LS and subsequently of CACI over nested models, including age, GLS-LV and MR severity, led to
significant incremental prognostic power. (B) The addition of CACI, but neither LACI nor RACI,
yielded an incremental prognostic value over the multivariable model, including age, GLS-LV, MR
severity and RVFW-LS.

4. Discussion

In this study, we found that 3D left and right atrioventricular coupling indices, as well
as a novel 3D combined atrioventricular coupling index, were independent predictors of
MACE in a cohort of patients with DCM. CACI showed the best association with adverse
outcomes, having an incremental predictive value over traditional risk factors.

The atrioventricular coupling index describes the hemodynamic relationship between
the atrium and the ventricle in diastole [9]. The morphology and physiology of the LA
reflect LV filling pressure and diastolic function [19,20]. While LA ESV is usually com-
municated in echo reports, since it is a well-known outcome predictor and marker of the
chronicity of LV dysfunction [21,22], recent studies suggest that LA EDV is a better correlate
of ventricular filling pressure and a better prognostic marker [4,23,24]. Moreover, a high
LA EDV indicates an impaired atrial booster pump function. The change in atrial volume
relative to that of the ventricle reflects the ventricular compliance, which in turn influences
the atrial reservoir function, and LACI detects an earlier stage of atrial remodeling than
atrial volumes alone [25]. Since it is based on the simultaneous measurement of LA and
LV volume, LACl is supposed to integrate more accurately the atrial and ventricular per-
formance [10], and it was proven to detect patients with heart failure and preserved LVEF
with high diagnostic accuracy [26].

Based on these pathophysiological considerations, Pezel et al. investigated the role of
CMR-derived LACI in a large cohort of patients free from cardiovascular disease at enroll-
ment and found that this parameter was a strong predictor of incident heart failure [25] and
major cardiovascular events [9]. CMR-derived LACI was also recently investigated in pa-
tients with cardiovascular disease, and it proved to be an independent predictor of adverse
outcomes in patients with abnormal vasodilator stress CMR [27] and in patients following
acute myocardial infarction, particularly in high-risk patients with LVEF <35% [10]. LACI
was also assessed with cardiac CT, and it proved to be an independent predictor of cardiac
death in a healthy population [28]. Meucci et al. recently found that LACI measured by 2D
echocardiography was a strong predictor of atrial fibrillation in patients with hypertrophic
cardiomyopathy [29]. However, 2D LA volumetric assessment is less accurate than 3D
assessment because the atrium does not dilate uniformly; 3D echocardiography provides
more precise measurements, free from geometric assumptions or atrial foreshortening [30].
Despite these advantages of 3D over 2D echocardiography, our study is the first assessment
of atrioventricular coupling using 3D echocardiography. So far, the only other evalua-
tion of RACI was undertaken using CMR in a cohort of pediatric patients with repaired
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tetralogy of Fallot, and it showed that CMR-derived RACI was a predictor of malignant
arrhythmias [12].

Our study is the first evaluation of atrioventricular coupling in patients with DCM.
The optimal LACI cutoff for event prediction was 20%, lower than the cutoffs found in the
abovementioned studies (most of which were, however, based on CMR), which ranged from
25% to 40% [9,10,29]. The most likely explanation is the fact that DCM is a disease involving
primarily the LV, leading to important ventricular dilation, often disproportionately when
compared to the dilation of the LA. Therefore, LACI in DCM will fall within a lower range
than in other cardiac diseases. More studies are needed to establish reference ranges for
LACI and RACI across the spectrum of cardiac pathologies. So far, our study is the first
evaluation of both LACI and RACI in the same cohort.

The LA dilation and functional impairment in DCM are adaptative changes in response
to LV dysfunction, but they may be partly explained using intrinsic atrial cardiomyopathy.
The same is true for the RV, which undergoes morpho-functional changes secondary to
afterload increase but which can also be affected by the same myopathic process as the
LV. These changes in the RV will, in turn, lead to an impairment of RA function. In
our study, LVEDV and RVEDV did not differ significantly between patients with and
without MACE; however, LA and RA end-diastolic volumes (2D and 3D) were significantly
larger in patients with events, suggesting different atrial adaptation patterns in response
to impaired ventricular function. However, atrial volumes did not remain independent
predictors in multivariable regression, while atrioventricular coupling indices did. The
novel CACI, which was first described and investigated in the current study, showed the
highest incremental predictive value when added over traditional risk factors. Furthermore,
it was the only coupling index that retained its prognostic power when tested both as a
categorical and as a continuous variable. This index considers changes in all four heart
chambers; this can partly explain its prognostic value in our study since DCM is a disease
that alters the morphology and function of all heart chambers. However, this is the first
evaluation of CACI, and its predictive accuracy must be validated in larger external cohorts.

4.1. Clinical Implications

Since atrioventricular coupling proved to have better predictive value than atrial
and ventricular volumes taken separately, early detection of atrioventricular mismatch
should improve risk stratification in DCM. For this purpose, the novel CACI is probably
the best choice because it includes both left and right atrioventricular decoupling. Since it
is a unitless parameter, it should be easily reproducible among different 3D vendors, but
further studies are needed. While 3D echocardiography is not yet routinely performed for
all DCM patients, it did become more available and utilized during the last decade, and an
advantage of CACl is that its measurement is based on volumes that are routinely reported
in a 3D study.

4.2. Study Limitations

While having the advantage of its prospective design, our study should be interpreted
in the context of several limitations. It is a single-center experience with a small sample size
and a relatively short follow-up period. Selection bias cannot be fully excluded since we
did not include patients with atrial fibrillation to avoid stitch artifacts in 3D acquisitions.
Moreover, there are no reference values in the general population for LACI, RACI and
CACI, and the cutoffs derived from our ROC analysis are most likely not applicable to
other cardiac diseases. Last but not least, the prognostic power of CACI was rather modest,
and its potential impact on clinical decision-making remains to be determined.

5. Conclusions

Greater CACI measured with 3D echocardiography, indicative of left and right atri-
oventricular mismatch, was an independent predictor of major cardiovascular events in
patients with DCM, showing an incremental prognostic power over traditional risk factors.
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Abstract: Background/Objectives: The direct bridge to urgent heart transplant (HT) with venoarterial
extracorporeal membrane oxygenation (VA-ECMO) support has been associated with high morbidity
and mortality. The objective of this study is to analyze the morbidity and mortality of patients
transplanted with VA-ECMO and compare the presumed differences between various eras over
a 17-year timeline. Methods: This is a prospective, observational study on consecutive patients
stabilized with VA-ECMO and transplanted with VA-ECMO from July 2007 to December 2023 at a
reference center (98 patients). Objective variables were mortality and morbidity from renal failure,
venous thromboembolic disease (VID), primary graft dysfunction (PGD), the need for tracheostomy,
severe myopathy, reoperation, post-transplant ECMO, vascular complications, and sepsis/infection.
Results: The percentage of patients who reached transplantation without the need for mechanical
ventilation has increased over the periods studied. No significant differences were found between
the study periods in 30-day mortality (p = 0.822), hospital discharge (p = 0.972), one-year mortality
(p = 0.706), or five-year mortality (p = 0.797). Survival rates in these periods were 84%, 75%, 64%,
and 61%, respectively. Comorbidities were very frequent, with an average of 3.33 comorbidities
per patient. The most frequent were vascular complications (58%), the need for post-transplant
ECMO (57%), and myopathy (55%). The development of myopathy and the need for post-transplant
ECMO were higher in recent periods (p = 0.004 and p = 0.0001, respectively). Conclusions: VA-ECMO
support as a bridge to HT allows hospital discharge for 3 out of 4 transplanted patients. This survival
rate has not changed over the years. The comorbidities associated with this device are frequent
and significant.

Keywords: urgent heart transplantation; venoarterial extracorporeal membrane oxygenation;
morbidity; mortality; eras
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1. Introduction

Cardiogenic shock (CS) has been, for decades, one of the greatest challenges in critical
cardiology. This condition presents a very high risk of significant morbidity and mortality
despite the most current therapeutic advances [1,2]. In this context, circulatory assistance
with extracorporeal membrane oxygenation in venoarterial configuration [VA-ECMO] has
undoubtedly been a crucial intervention to provide circulatory and oxygenation support
in refractory CS, especially in INTERMACS 1-2 cases [1,3,4]. In cases of non-recovery
of myocardial function, an urgent heart transplant (HT) is often performed in patients
supported with ECMO [5]. However, the morbidity associated with ECMO assistance is not
negligible and is exacerbated by the complex profile of the patients who require its use [6-8].
In high-volume centers for VA-ECMO implantation, complications can be minimized, and
it is possible that over time and with the team’s experience, the survival and complications
of patients undergoing HT with ECMO have changed. The objective of this study is to
analyze the early global morbidity, mortality and eras of patients undergoing HT assisted
by VA-ECMO in a long-term time series (17 years). The secondary objective is to analyze
mid- to long-term mortality by time periods in the same patients.

2. Materials and Methods

This is a prospective, observational, non-interventional study in which all patients
included on the heart transplant waiting list from July 2007 to December 2023 at a reference
center (n = 503) were consecutively recruited. Patients who ultimately underwent HT
without ECMO (1 = 348), those undergoing combined HT (n = 18), re-transplants (n = 10),
and pediatric transplants (<16 years, n = 17) were excluded. Patients who, after ECMO
implantation, left the waiting list and were not transplanted, either due to death or other
reasons (n = 12), were also excluded. Finally, 98 consecutive patients transplanted with
VA-ECMO were included in the analysis. Figure 1 shows the patient flow. All transplants
performed were recorded with variables considered in the Spanish Cardiac Transplant
Registry [9]. Additionally, variables related to mechanical assistance were analyzed: type,
days of assistance, related complications, etc. Urgency 0 or Code 0 implies priority over all
other candidates nationwide to receive the first suitable available heart donor in the system
and applies to patients in CS requiring short-term circulatory/ventricular assistance. The
analysis was divided into time periods: the first from 2007 (the first VA-ECMO implanted
as a bridge to transplant) to 2010. This period was chosen because the literature shows that
the learning curve period in ECMO-implanting teams is about 3 years [10,11]. The other
periods were from 2011 to 2016 and from 2017 to 2023.

Surgical cannulation was performed in the Intensive Care Unit as per the center’s
protocol, avoiding the need to transfer the unstable patient in CS to the operating room. In
most patients, femoral access is used, with an arterial cannula introduced into the common
femoral artery and a multi-perforated venous cannula into the femoral vein. For limb
perfusion, a pediatric arterial cannula is used and connected to the ECMO arterial line.
Some patients with a reduced femoral artery caliber require the placement of a Dacron
graft, through which an arterial cannula is introduced, enabling simultaneous systemic
and limb perfusion. In the past, the limb perfusion cannula was connected to the arterial
cannula via a three-way stopcock, but now a 3/8-3/8-1/4 connection is used from the
ECMO arterial line to arterial and limb perfusion cannulas to avoid the resistance that
occurred with the three-way stopcock and to reduce thrombotic complications and limb
ischemia. The cannulas are inserted into the femoral vessels after creating a purse-string
suture with polypropylene, which is then secured with tourniquets tied to the arterial
cannulas to prevent movement. In contrast, the venous cannula is not fixed to allow for
repositioning if needed (Figure 2). Transthoracic echocardiography is used to confirm
the correct positioning of the venous cannula entering the right atrium. Additionally, the
cannulas are inserted through cutaneous counter incisions to allow for wound closure
and prevent infection until ECMO weaning is possible. The procedure is performed with
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systemic heparinization using sodium heparin at a dose of 1 mg/kg. After 2448 h, if no
bleeding complications arise, the continuous infusion of sodium heparin is initiated.

July 2007 — December 2023
503 patients
|
Combined transplants:
— -HLT: 17
-HKT: 1

L ReHT:10

— PediatricHT < 16 years : 17

——— HT without ECMO: 348

—— ECMOs listed non-transplanted: 12

v
HT with ECMO
n:98
I|
| | |
2007-2010 2011-2016 2017-2023
n:26 n:35 n:37

Figure 1. Study flowchart. Abbreviations: HLT: heart-lung transplantation; HKT: heart-kidney
transplantation; and HT: heart transplantation.

Limb perfusion

) ) cannula
Limb perfusion

cannula

Arterial cannula

Venouscannula

Venouscannula
Three-way stopcock

Arterial cannula

Connection 3/8-3/8-1/4

Figure 2. Venoarterial ECMO cannulation.
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Early mortality was defined as that occurring within the first 30 days after HT. Hospital
mortality was defined as death from any cause before discharge from HT admission.
Mortality from any cause was also considered at one year and five years post-transplant.
Primary graft dysfunction (PGD) was defined, according to the consensus published
by ISHLT in 2014, as primary graft dysfunction excluding causes such as hyperacute
rejection, pulmonary hypertension, or surgical complications, diagnosed within 24 h post-
surgery [12]. Severe PGD, defined as requiring post-transplant mechanical assistance, was
analyzed, which, in all cases, was performed using VA-ECMO. In the study center, in
urgent HT with ECMO, it is maintained by the protocol for at least 24 h post-HT; however,
PGD was only considered if the previous definition was met, including the verification of
ventricular dysfunction with the inability to withdraw ECMO support in the first 2448 h
post-transplant. The definitions of the complications are detailed below. Infections were
considered infectious processes with or without an identified microorganism that presented
with symptoms, signs, or biomarkers of infection and required the initiation or expansion
of antibiotic treatment for control. All cases of pulmonary embolism (PE) were confirmed
by angio-CT £ pulmonary tree angiography, while all cases of deep vein thrombosis (DVT)
were confirmed by vascular Doppler ultrasound. Post-transplant renal failure (RF) was
defined as that requiring renal replacement therapy (RRT), including ultrafiltration and/or
dialysis, at any time during transplant admission. Vascular complications included all
complications related to the vascular access of the mechanical assistance(s) used by the
patient. The study protocol was approved by the Ethics Committee of Hospital Universitari
i Politecnic La Fe (Code ECMO-HF), Valencia.

Statistical Analysis

Qualitative variables are expressed as numbers and percentages, and quantitative
variables as median and interquartile ranges (non-normal distribution, p < 0.05 in the
Kolmogorov-Smirnov test). A comparison between quantitative variables was performed
using Kruskal-Wallis ANOVA. For comparative analysis between qualitative variables,
Pearson’s Chi-square test was applied. Survival curves were calculated using the Kaplan-—
Meier method. A p-value of <0.05 was considered significant. Statistical analysis was
performed using SPSS Statistics Version 27® software and Stata Statistics/Data Analysis
16.1, serial number 501606323439. Graphs were created using SPSS and PowerPoint. The
database was designed with Excel and completed at patient discharge. PowerPoint and
Excel are part of the Microsoft Office Professional Plus 2019 statistical package.

3. Results
3.1. Baseline Characteristics

The profile of the patients did not show significant variations over time (Table 1). The
patients” age was similar across the three periods, around 55 years, and most were male,
with ischemic heart disease being the predominant underlying etiology. However, from
2017 to 2023, the percentage of patients with ischemic heart disease was similar to those
with dilated cardiomyopathy, familial, and other etiologies. The percentage of patients
transplanted with mechanical ventilation (MV) was 64% and was lower in the most recent
period (36% from 2017 to 2023). The duration of ECMO support was longer in the more
recent periods, with a shorter duration (134 h) from 2007 to 2010. There were no differences
in the main donor characteristics or surgical procedures, except for the use of the bicaval
technique, which became increasingly common, reaching 89% in the last period.

3.2. Analysis of Overall Mortality and by Periods

Early mortality (day 30) did not significantly change over the years and was 19% from
2007 to 2010 and 14% from 2017 to 2023 (p = 0.822). No significant differences were found
in mortality until hospital discharge (overall series: 25%), at one year (overall series: 36%),
and five years (overall series: 39%). These results are shown in Table 2. Figure 3 shows
survival over the study period for the three analyzed periods.
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Table 1. Clinical characteristics of patients (overall and by eras).

2007-2010 2011-2016 2017-2023 Overall
(n: 26) (n: 35) (n: 37) P (n: 98)
Recipient
Age (years) # 58 (11) 54 (21) 51 (14) 0.242 55 (15)
Male (n, %) 16 (62) 26 (74) 28 (76) 0.425 70 (71)
Underlying etiology (n, %)
ischemic 13 (50) 18 (51) 13 (35) 0.474 44 (45)
Idiopathic + familial DCM 7 (27) 11 (31) 13 (35) ’ 31 (32)
Other 6 (23) 6 (18) 11 (30) 23 (23)
Creatinine (mg/dL) # 0.9 (0.8) 0.7 (0.7) 0.7 (0.3) 0.124 0.8 (0.6)
AST (U/L) # 70 (53) 55 (36) 39 (39) 0.178 54 (45)
ALT (U/L) # 59 (94) 38 (44) 47 (83) 0.365 51 (69)
Bilirrubin (mg/dL) # 1.4 (1.5) 2.2(1.9) 1.3 (1.5) 0.004 1.6 (1.6)
Pre-transplant infection (n, %) 8 (31) 13 (37) 7 (19) 0.254 28 (29)
I-D Diabetes (n, %) 0(0) 309 2 (5) 0.445 5(5)
MV (n, %) 26 (100) 25 (71) 12 (32) 0.001 63 (64)
Previous sternotomy (n, %) 2(7) 5(14) 6 (16) 0.724 13 (13)
ECMO duration (hours) # 134 (128) 204 (219) 192 (120) 0.004 192 (147)
Donor
Donor age (years) 43 (24) 46 (16) 46 (15) 0.173 45 (17)
Donor cause of death (n, %)
TBI 5(19) 10 (29) 9 (24) 0.345 25 (24)
Stroke 20 (77) 23 (66) 22 (59) ’ 65 (66)
Other 1(4) 2 (5) 6 (17) 9(10)
Surgical Procedure
CPB time (min) # 135 (53) 139 (42) 115 (39) 0.107 128 (43)
Ischemia time (min) # 200 (50) 192 (97) 189 (79) 0.444 192 (83)
Bicaval technique (n, %) 14 (54) 24 (69) 33 (89) 0.002 71 (72)

# Median and interquartile range. Statistical test: Kruskal-Wallis ANOVA and Pearson’s Chi-square test. Abbrevi-
ations: ALT: alanine aminotransferase; AST: aspartate aminotransferase; CPB: cardiopulmonary bypass; DCM:
dilated cardiomyopathy; ECMO: extracorporeal membrane oxygenation; I-D: insulin-dependent; MV: mechanical

ventilation; TBIL: traumatic brain injury.

Table 2. Mortality analysis.

Variables 2007-2010 2011-2016 2017-2023 Overall

(n: 26) (n: 35) (n: 37) (n: 98)

Mortality at 30 days (n, %) 5(19) 6 (17) 5(14) 0.822 16 (16)

In-hospital mortality (n, %) 6 (23) 9 (26) 9 (24) 0.972 24 (25)
Mortality at one year (n, %) 9 (35) 13 (38) 12 (36) 0.706 34 (36)
Mortality at five years (n, %) 10 (39) 15 (43) 13 (35) 0.797 38 (39)

In each period, the mortality values are cumulative. Statistical test: Pearson’s Chi-square test.
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Figure 3. Survival at thirty days, one year, and five years.

3.3. Analysis of Morbidity

The overall prevalence of complications in patients with pre-transplant ECMO was
generally very high, with an average frequency of 3.3 complications per patient. The
percentage of patients without any of the analyzed complications was less than 10%
(Figure 4). No differences were observed in the development of PE, DVT, PGD, vascular
complications, or infections/sepsis (Table 3). However, in the periods from 2011 to 2016
and 2017 to 2023, there was a trend toward a lower prevalence of renal failure and a
higher proportion of patients requiring tracheostomy and reoperation for bleeding and/or
tamponade. In the periods from 2011 to 2016 and 2017 to 2023, there was a higher frequency
of severe myopathy and the need for post-transplant mechanical support, both of which
were statistically significant (p = 0.004 and p = 0.0001, respectively). The duration (hours) of
pre-transplant ECMO correlated with the need for tracheostomy, with a trend toward other
complications, such as the need for post-transplant ECMO, PGD, vascular complications,
reoperation for bleeding, and sepsis (Figure 5).

Table 3. Morbidity analysis.

Variables 2007-2010 2011-2016 2017-2023 p Overall
(n: 26) (n: 35) (n: 37) (n: 98)
Renal failure (n, %) 15 (58) 12 (34) 15 (41) 0.177 42 (43)

DVP + EP (n, %) 2 (8) 0(0) 4(11) 0.058 6 (6)
PGD (n, %) 5(19) 5(14) 9 (24) 0.560 19 (19)
Tracheostomy (n, %) 4 (15) 11 (31) 13 (35) 0.208 28 (29)
Severe myopathy/polyneuropathy (n, %) 8 (31) 19 (54) 27 (73) 0.004 54 (55)
Reintervention for bleeding/tamponade (n, %) 6 (23) 17 (49) 18 (49) 0.077 41 (42)
Post-transplant ECMO (n, %) 5(19) 25 (71) 26 (70) 0.001 56 (57)
Vascular complications * (n, %) 16 (62) 21 (60) 20 (54) 0.808 57 (58)
Sepsis/infection (n, %) 6 (23) 12 (34) 10 (27) 0.610 28 (29)

* Includes hemorrhages and compartment syndrome. Statistical test: Pearson’s Chi-square test. Abbreviations:
DVT: deep vein thrombosis; ECMO: extracorporeal membrane oxygenation; PE: pulmonary embolism; PGD:
primary graft dysfunction.
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Figure 4. Overall prevalence of complications in patients pre-transplant (complications per patient).
The histogram shows the percentage of patients presenting each number of complications.
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Figure 5. Association between complications and duration of pre-transplant ECMO support. Sta-
tistically significant associations are shown in green, trends in yellow, and associations without
statistical significance in blue (Pearson correlation). Abbreviations: DVT: deep vein thrombosis;
ECMO: extracorporeal membrane oxygenation; EP: pulmonary embolism; PC: Pearson correlation;

PGD: primary graft dysfunction.

4. Discussion

CS represents the most extreme form of cardiac failure, where inadequate cardiac
output compromises the perfusion of tissues and organs. Short-term mortality for patients
with heart failure (HF) remains above 30% [13-15]. In this situation, in addition to inotropic
drugs, ventricular and/or circulatory assist devices are required while determining the
most appropriate therapeutic approach. In fact, in these patients, especially those at
INTERMACS 1 [16], the direct implantation of long-term left ventricular assist devices
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is associated with a high mortality rate, around 60-70% in the first year. For this reason,
in these profiles, it is recommended to implant short-term mechanical support until the
patient is more stabilized, either as a bridge to heart transplantation or as a bridge to long-
term ventricular assist devices [17,18]. For the most urgent cases that require rapid action,
ECMO has marked a turning point by reducing mortality in these patients, particularly
when circulatory support is needed while awaiting the appearance of a donor as a bridge
to HT [19]. However, this device, in its venoarterial variant, is not without complications
and morbidity. This study aimed to assess, over a prolonged series of 17 years, the survival
of patients with VA-ECMO who undergo transplantation across various eras and the
comorbidities associated with the use of this device. It has been observed that, over the
years, the clinical characteristics of patients have not varied, with a hospital mortality rate
of 25% and an average of 3.3 relevant comorbidities per patient.

The average clinical profile of patients in this series is a male around 55 years old. Other
studies offer a slightly higher age range [20-22]. The majority of them reach transplantation
without mechanical ventilation in the most recent period (32%). This fact reduces the
risk of mortality [23,24]. In the Spanish ASIS-TC study, the average waiting time with
short-term assistance until urgent CT was 7.6 days [21], which is a time similar to that of
our series, which stood at 8 days, although it should be noted that 10% were excluded
from the waiting list and were not transplanted. There were no differences regarding the
main characteristics of the donor or the surgical procedure, except for the use of the bicaval
technique. The bicaval technique in heart transplantation offers several advantages over
the classical (biatrial) technique, such as the better anatomical alignment of the recipient’s
atria compared with those of the donor, the preservation of the anatomy of both atria, the
reduced incidence of tricuspid regurgitation due to the preservation of the integrity of
the annular anatomy, and improved sinus node function [25,26]. However, the choice of
technique may depend on the surgeon’s experience and the specific characteristics of the
patient and donor.

In the analyzed series, early mortality did not significantly vary over the years, being
19% from 2007 to 2010 and 14% in the most recent period. This early mortality is lower
than that observed in analyses conducted on urgent HT with ECMO. In the ASIS-TC
study, in-hospital mortality was 33.3% in this patient group [21]. In a study by Rousse N
et al., with fewer patients, in-hospital mortality in this group was 38.5% [27]. It is very
likely that early mortality in transplantation with ECMO is significantly influenced by the
selection of the candidate patient and the experience of the center. Medium- and long-
term mortality (1 and 5 years) is also similar across periods. A 2020 study analyzed heart
transplants in adults performed in the United States between 2005 and 2017 using the UNOS
database; a survival analysis was conducted to compare patients bridged to transplantation
with different modalities. Of the 24,905 adult transplants performed, unadjusted 1-year
post-transplant survival was 68 £+ 3% in ECMO, which is similar to the overall rate in
this series (64%) [28]. Lui et al. conducted a recent study using the UNOS database of
all adult patients requiring VA-ECMO support before HT between 2001 and 2018; with
118 ECMO-supported transplants, a significant decrease in 1-year survival was found [29].
Overall, mortality in our series was lower than that reported in other studies. In this regard,
it should be noted that a recent study found higher mortality rates in centers that did
not perform long-term transplantation/assistance (65.5% compared to 55.8% in centers
that performed long-term transplantation/assistance) [30]. It should be noted that it is
known that urgent heart transplants have a worse initial prognosis, while in the long term,
patients who survive tend to have a better prognosis, as they are usually younger and more
carefully selected patients. In the latest report from the Spanish Heart Transplant Registry,
urgent HT increases the mortality of the procedure with a hazard ratio of 1.3 [31].

The overall prevalence of complications in patients with pre-transplant ECMO was
generally high, with an average frequency of 3.3 complications per patient. There were no
observed differences between eras in the development of PE, DVT, acute limb ischemia,
femoral arteriovenous fistula, femoral stenosis, vascular complications, or infections/sepsis.

62



Biomedicines 2024, 12, 2109

A recent study evaluated the frequency of vascular complications (arterial and venous)
following ECMO removal using Doppler ultrasound on all patients, with a median support
duration of 8 days; DVT was found in 41% and arterial complications in 14% (including
9 cases of acute limb ischemia, 1 femoral arteriovenous fistula, and 5 cases of late femoral
stenosis) [32]. This series collectively analyzed DVT and vascular complications, finding a
prevalence of 54% in the last era analyzed. Regarding post-transplant infections in patients
undergoing urgent HT, it is estimated that infectious complications could affect slightly
more than half of the ECMO-treated patients and those using short-term mechanical assist
devices [33,34]. In this series, the prevalence of post-transplant infections in urgent ECMO
cases was 29%, which is similar to that reported in a recent multicenter study, which found
that nearly 35% of patients undergoing urgent CT with short-term assistance had a total of
102 infections, 26% of which involved ECMO [35]. Infections are estimated to complicate be-
tween 30% and 55% of ECMO treatments and impact survival [34,36]. Ventilator-associated
pneumonia is the most frequent nosocomial infection in patients receiving veno-venous
ECMO [36]. The lack of a standardized definition for ECMO-related infections, differentia-
tion between colonization and infection, and unreliable clinical markers of infection during
ECMO make understanding the relationship between infection and outcomes a challenging
and not fully clarified task [37]. Regarding the need for post-transplant ECMO, it was
higher after 2011 (over 70%), but it is important to note that, in our center, post-transplant
ECMO is protocol-mandated for at least 24 h in patients transplanted urgently with ECMO
support. This approach is based on the fact that urgent HT with ECMO is associated with
higher rates of PGD [38]. Therefore, maintaining ECMO could help preserve hemodynam-
ics and stability in patients during the first few hours post-transplant. As described in the
Methodology section, sustained mechanical support was not considered PGD but rather
confirmed ventricular dysfunction with an inability to remove ECMO support within the
first 24 h post-transplant. PGD occurred in 19% of the entire series, rising to 24% in the
latest era. This prevalence is lower than that reported in studies conducted with ECMO in
our setting, where prevalence exceeded 30% [21]. PGD is a severe complication and the
leading cause of death within the first 30 days after transplantation [31]. It is known that
PGD is much more frequent in urgent HT compared to elective cases, and within urgent
HT, it is more common in patients arriving for HT with mechanical assistance [39,40]. The
likely explanation for the relationship between ECMO assistance and PGD is linked to the
systemic effects of ECMO. ECMO support is associated with immunological alterations
(increased circulating immature neutrophils, lymphocyte dysfunction, etc.) and leads to
elevated levels of pro-inflammatory cytokines, such as interleukins and tumor necrosis
factor-alpha [41]. There is a trend observed in the periods from 2011 to 2016 and 2017
to 2023 towards a lower prevalence of renal failure and a higher proportion of patients
requiring tracheostomy and reoperation due to bleeding and/or tamponade. The exact
reasons for the reduction in renal failure over the years are complex and heterogeneous,
involving pre-existing renal disease, acute injury during surgery, and calcineurin inhibitor
toxicity. Routine ECMO maintenance in the early hours may have favored renal perfusion
and minimized the deleterious effects of surgery and the onset of immunosuppression. The
increased need for tracheostomy in recent eras may be influenced by myopathy, the waiting
times until an organ is obtained, and pre-transplant mechanical ventilation, as mentioned
earlier. Regarding reoperations for bleeding, it should be noted that the exposure of blood
to non-biological components of the circuit activates the coagulation system and degrades
hemostatic factors [42]. This, coupled with systemic anticoagulation requirements, poten-
tial thrombocytopenia, hypofibrinogenemia, and the shear-mediated loss of key platelet
surface molecules like selectin and high molecular weight von Willebrand multimers [43],
contributes to these complications. Lastly, concerning complications, there is a higher
frequency of severe myopathy observed in the periods from 2011 to 2016 and 2017 to 2023,
likely due to increased ECMO duration over the years until organ procurement and the
impact of mechanical ventilation. Mechanical ventilation, besides being associated with
post-transplant morbidity and mortality, reflects a pre-transplant state of myopathy that
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limits spontaneous ventilation. There is extensive information in the literature regarding
complications associated with long-term assist devices from clinical trials and multicenter
registries. However, fewer studies have systematically addressed the incidence and clin-
ical impact of complications associated with short-term mechanical circulatory support
devices. The high incidence of complications is probably the main drawback of short-term
assist devices, and there is evidence that these complications have a significant impact on
post-transplant mortality.

Following the analysis of survival and complications, it can be stated that urgent
HT with ECMO is a tool that has undoubtedly changed the prognosis of severe HF and
urgent HT bridging, offering hopeful survival outcomes for these critically ill patients,
albeit with considerable morbidity. The establishment of multidisciplinary teams (ECMO
Teams) has allowed for the standardization of processes and appropriate patient selection
in this complex scenario [44]. This study has several limitations. Firstly, the number of
patients included in the analysis is not high, and they are all from a single center. Secondly,
patients with ECMO listed for transplantation who were excluded before the procedure
due to multiorgan failure were not considered. Had these patients been transplanted,
their mortality and morbidity might have been increased due to their exclusion at the
point where transplantation was deemed unfeasible because of multiorgan failure, leading
to their subsequent demise. However, the single-center nature of this study ensured a
homogeneous and consistent protocol for all patients, likely explaining the absence of
differences when comparing different eras. Additionally, it is a series with a sufficient
number of cases from a center with extensive experience in cardiac transplantation and
ECMO implantation. The prospective nature of this study also lends reliability to the results.

5. Conclusions

VA-ECMO support as a bridge to HT allows discharge from the hospital for three out
of every four transplanted patients. This survival rate has remained unchanged over the
years. On the other hand, it should be noted that the comorbidities associated with this
device are frequent and significant.
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Abstract: Background/Objectives: The pathophysiological background of the processes activated by
physical activity in patients with heart failure (HF) is not fully understood. Proteomic studies can
help to preliminarily identify new protein markers for unknown or poorly defined physiological
processes. We aimed to analyse the changes in the plasma proteomic profile of HF patients after
a cardiopulmonary exercise test (CPET) to define pathways involved in the response to exercise.
Methods: The study prospectively enrolled 20 male patients with advanced HF (aged 53.3 & 8.3 years).
Blood samples were taken from the patients before and immediately after the CPET to obtain plasma
proteomic profiles. Two-sample f-tests (paired or non-paired) were performed with and without false
discovery rate (FDR) correction for multiple testing. Enrichment analysis was performed to associate
biological processes and pathways with the study results. Results: A total of 968 plasma proteins
were identified, of which 722 underwent further statistical analysis. Of these, 236 proteins showed
differential expression when comparing all plasma samples collected before and after CPT (p < 0.05),
and for 86 of these the difference remained statistically significant after FDR correction. Proteins
whose expression changed after exercise are mostly involved in immune response and inflammatory
processes, coagulation, cell adhesion, regulation of cellular response to stimulus and regulation of
programmed cell death. There were no differences in resting proteomics according to HF etiology
(ischemic vs. non-ischemic). Conclusions: Changes in the proteomic profile revealed a complexity of
exercise-induced processes in patients with HF, suggesting that few major physiological pathways
are involved. Further studies focusing on specific pathways are needed.

Keywords: heart failure; exercise intolerance; proteomic profile; exerkines

1. Introduction

Heart failure (HF) affects 1-2% of adults in developed countries [1]. Despite the con-
tinuous development of medical therapies, HF remains a condition with a poor prognosis,
associated with significant impairment of quality of life.

HEF is not a single pathological diagnosis. Nonetheless, regardless of its etiology, all
HF cases are characterized by elevated intracardiac pressures and/or inadequate cardiac
output at rest and/or during exercise [1]. Furthermore, as a clinical syndrome, chronic
HF is accompanied by typical signs and symptoms, of which exercise intolerance with
muscle fatigue and dyspnea is always a hallmark. Although hemodynamic alternations
with impaired cardiac reserve followed by reduced peripheral and respiratory skeletal
muscle perfusion are an underlying mechanism of impaired exercise capacity in HF, many
other factors contribute. Poor pump function activates numerous neurohumoral effects that
modify the physiological processes in the peripheral systems. Phillips et al. [2] described
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contributors to exercise limitation in HF, stressing the role of impaired metabolic vasodila-
tion of exercising muscles. The following have been mentioned as potential mechanisms
leading to enhanced vasoconstrictor tone and, consequently, to decreased tissue perfu-
sion: increased sympathetic nervous system activation, activation of the renin—angiotensin
system, impaired endothelial-dependent vasodilation, reduced blood vessel density, and
increased arterial stiffness [2]. The skeletal muscles per se are also involved in the patho-
physiology of HF. Several anatomical and biochemical features have been defined in the
course of HF-related skeletal myopathy [3], of which mitochondrial dysfunction is respon-
sible for the majority of the reduced energy supply [3]. Another key player in exercise
intolerance in patients with HF are disturbances in respiratory system functioning due
to perfusion and ventilation abnormalities [2]. Pulmonary edema (including subclinical
fluid retention), increased pulmonary pressure and vascular resistance, decreased elastic
recoil of the lungs, inspiratory muscle weakness, and ventilation-perfusion mismatch—all
jeopardize gas exchange and oxygen utilization by the mitochondria [2,3].

The above mentioned processes show how complex the interrelationships are be-
tween the various organs and systems involved in response to physical activity. Many
of them are still not yet fully understood. Numerous cells and tissues secrete signaling
moiety in response to acute exercise. Exercise-induced peptides, metabolites, DNA, mRNA,
microRNA and other RNA species that exhibit autocrine, paracrine and/or endocrine
activity are collectively referred to as exerkines [4]. The last few years have brought new
insights into exerkine research with important contributions from “omics” technology [5-8]
revealing a broad spectrum of plasma proteome changes after acute exercise compared to
rest. However, to the best of our knowledge, no published studies have addressed plasma
proteome kinetics in patients with HF as a result of physical exertion.

Therefore, the aim of the current study was to investigate whether there are large-scale
plasma proteomic changes in patients with advanced HF after acute extensive exercise and
to to define the pathways involved in response to exercise.

2. Material and Methods
2.1. Study Population and Design
2.1.1. Patients

This is a prospective study conducted at a tertiary cardiology center.

The study group consisted of 20 male patients with advanced chronic HF admitted to
our center for an evaluation of heart transplant candidacy.

We randomly selected 10 men with ischemic and 10 men with non-ischemic etiologies
of HF from a population of 51 patients examined in our earlier study [9], the inclusion
criteria of which were: patients aged 18-70 years with advanced heart failure with reduced
left ventricular ejection fraction (LVEF; less than 40%) who have clinical indication to
undergo a cardiopulmonary exercise test (CPET) and right heart catheterization. Therefore,
the exclusion criteria were as previously described [9]: administration of catecholamines,
contraindications to performance of CPET, pneumonia or bronchitis within last two weeks,
or severe ventilation disorders with forced expiratory volume in one second (FEV1) < 50%.

2.1.2. Cardiopulmonary Exercise Test [9] (As Described Previously)

Symptom-limited submaximal CPET was performed in all patients as a part of di-
agnostic process and was used to estimate exercise capacity. Peak oxygen consumption
was measured with a CPET on a bicycle ergometer (product of Lode Medical Technology,
Groningen, The Netherlands). System calibration was performed prior to each test. The
exercise test consisted of three minutes of unloaded pedaling followed by a graded increase
in workload of 10 watts per minute. All tests were stopped at the request of the patients
on the basis of their symptoms (severe dyspnea or fatigue). Peak VO2 was defined as the
highest 30-s mean value during the period immediately before the end of exercise. Age- and
sex-adjusted peak VO2 was automatically calculated by the system software (MetaLyzer
3B-R2, Cortex, Leipzig, Germany) After exercise was completed, patients spent at least
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2 min in a cool-down period on the bicycle without workload. The expiratory exchange
ratio [RER, defined as carbon dioxide output (VCO2) divided by oxygen consumption
(VO2)] and VE/VCO2 slope (the relation between minute ventilation and carbon dioxide
production) were calculated for diagnostic purposes.

2.1.3. Blood Sampling and Storage

Venous blood samples were collected at rest and after completion of the CPET (after a
resting period of 10 to 15 min). Plasma was frozen immediately after centrifugation and
stored at —80 °C until analysis.

2.2. Laboratory Methods
2.2.1. Protein Digestion

Internal standard (IS) samples were prepared by mixing equal volumes of plasma
from each patient. Samples and IS were immunodepleted of the top 14 plasma proteins
using High-Select Top 14 Abundant Protein Depletion Resin (Thermo Fisher Scientific;
Waltham, MA, USA) according to the manufacturer’s protocol. Protein concentrations
were measured using the Pierce™ Quantitative Colorimetric Peptide Assay (Thermo Fisher
Scientific, Waltham, MA, USA).

25 g of protein from each sample and IS was dried in a SpeedVac and reconstituted
in a digestion buffer containing 5% trifluoroethanol, 5 mM tris(2-carboxyethyl)phosphine
(TCEP) and 100 mM triethylammonium bicarbonate (TEAB). After 1 h incubation at 60 °C,
the cysteines were blocked with 10 mM methyl methanethiosulfonate (MMTS). Proteins
were digested overnight at 37 °C with 2 ug trypsin (Promega GmbH, Mannheim, Germany).
Peptides were labeled with TMTpro 16plex tags (Thermo Fisher Scientific, Waltham, MA,
USA) in 40 pL of acetonitrile for 1 h on vortex. Three labeling kits were used for the
experiment, with 126 tags used to label the IS sample on each TMTpro set. The reaction
was quenched by the addition of 8 uL of 5% hydroxylamine. After checking the labeling
efficiency, the peptides were combined within each TMTpro set and desalted using 30 mg
Oasis HLB columns (Waters Corporation; Milford, MA, USA). Briefly, the cartridges were
preconditioned with 1 mL methanol and washed with 1 mL 1.5% acetonitrile (ACN) and
0.1% formic acid (FA). After sample loading and rinsing with 1 mL 1.5% ACN and 0.1%
FA, peptides were eluted from the columns with 400 uL 90% ACN and 0.1% FA. Aliquots
were dried in a SpeedVac and resuspended in 500 pL of 10 mM ammonium hydroxide with
2% ACN.

2.2.2. Reversed-Phase Peptide Fractionation at High pH

TMT-labeled peptides were fractionated using high-pH reversed-phase chromatog-
raphy on an XBridge Peptide BEH C18 column (4.6 x 250 mm, 130 A5 um, Waters).
Separation was performed at a flow rate of 0.8 mL/min for 100 min on a Waters Acquity
UPLC H-class system. The mobile phases consisted of water (A), acetonitrile (B) and
100 mM ammonium hydroxide solution (C). The percentage of phase C was maintained at
10% throughout the gradient. Fractions were collected every 1 min starting from the fourth
minute of the run. The following gradient was used: 5 to 8% solvent B for 3 min, 8 to 15%
for 17 min, 15 to 25% for 25 min, 25 to 33% for 15 min, 33 to 50% for 16 min, 50 to 90% for
8 min, 4 min isocratic hold at 90% and final column equilibration at 3% phase B for 2 min.
The peptide elution profile was monitored at 214 nm. A total of 96 fractions were dried
in Speedvac and reconstituted in Evosep solvent A (0.1% FA in water) by vortexing and
sonication for 30 min each. Samples were concatenated by mixing every 48 fractions.

2.2.3. Mass Spectrometry

Fractions were analyzed using an LC-MS system consisting of an Evosep One (Evosep
Biosystems, Odense, Denmark) directly coupled to an Orbitrap Exploris 480 mass spectrom-
eter (Thermo Fisher Scientific, Bremen, Germany). Concatenated peptide fractions were
applied to disposable Evotips C18 trap columns (Evosep Biosystems, Odense, Denmark) as
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previously described [10]. Chromatography was performed at a flow rate of 500 nL/min
using the 44 min (30 samples per day) preformed gradient on the EV1106 analytical column
(Dr. Maisch C18 AQ, 1.9 um beads, 150 um ID, 15 cm long, Evosep Biosystems, Odense,
Denmark). Data were acquired in positive mode using a data dependent method with the
following parameters: MS1 resolution was set to 60,000 with a normalized AGC target
of 300%, auto maximum inject time, and a scan range of 300 to 1700 m/z. For MS2 the
resolution was set to 30,000 with a standard normalized AGC target, auto maximum inject
time and the top 25 precursors within a 1.2 m/z isolation window were considered for
MS/MS analysis. Dynamic exclusion was set to 20 s with a mass tolerance of +10 ppm, a
precursor intensity threshold of 5 x 10% and a Precursor Fit threshold of 70%. Precursors
were fragmented in HCD mode with normalized collision energy of 30%. TurboTMT
resolution mode was set to “TMTpro Reagents”. Spray voltage was set to 2.1 kV, funnel RF
level to 40, and heated capillary temperature to 275 °C.

3. Analytical Methods
3.1. Data Analysis

Offline recalibration, as well as peptide and protein identification, were performed in
the MaxQuant/Andromeda software suite (version 2.0.1.0) [11] using the Homo sapiens
Swissprot database (version 202208, canonical) and the MaxQuant contaminant database
(version 2.0.1.0). The search included tryptic-generated peptides, with Metylthio (C) set as
a fixed modification and Oxidation (M) as a variable modification. Reporter MS2 TMTpro
16-plex quantification was specified in order to obtain values for quantitative analysis. The
reverse database was used for target/decoy statistical results validation, and peptide and
protein FDR was set to 0.01. The isobaric match between runs function was enabled.

Protein groups along with quantitative data were further analyzed in Perseus (version
1.6.15) [12]. Hits from the reverse database, proteins identified only by site, and contam-
inants were removed. Data were normalized using the loading factor (LF) method. LF
coefficients for each TMTpro channel were obtained by dividing the sum of the signal for
all samples by the sum of the signal for proteins within a given channel. Intensity values
for each protein within a sample were multiplied by the LF factor for that channel. Data
were logarithmized, and proteins that were not identified in at least 60% of the samples
were removed. The remaining missing data were imputed within the normal distribution
of intensity, shifted toward the lowest values. A procedure was then performed to remove
the batch effect of the TMT set on the signal intensity for individual samples (remove
batch effect, Limma R algorithm). The validity of the procedure was checked using data
distributions, Person correlation factors and PCA analysis.

3.2. Protein Identification

A total of 968 plasma proteins were identified, of which 772 were suitable for statistical
analysis. The complete list of the 772 proteins that were subjected to analysis can be found
in the Supplementary File S1.

3.3. Statistical Analysis

Two-sample ¢-tests were used to compare differences between continuous variables
(paired or non-paired, as appropriate). The tests were performed with and without false
discovery rate (FDR) correction for multiple testing.

3.4. Gene Enrichment Analysis

Gene-encoding proteins identified as significantly altered (with FDR correction) in
response to CPET were selected for enrichment analysis to link them to underlying
molecular pathways and functional categories defined by gene ontology (GO). Enrich-
ment analysis was performed with the 0.80 version of ShinyGO®—a web application
http:/ /bioinformatics.sdstate.edu/go/) (accessed on 1 June 2024) [13].
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4. Results

The mean age of the patients was 53.3 £ 8.3 years (range 36 to 64 years). All pa-
tients presented with heart failure with reduced ejection fraction (HFrEF) and advanced
symptoms (New York Heart Association (NYHA) functional class II-I1I).

Pharmacological treatment was prescribed according to the European Society of
Cardiology guidelines in force at the time of enrollment.

Table 1 provides further details on patient characteristics.

A comparison of pre- and post-exercise plasma samples yielded 236 differential pro-
teins (p < 0.05), of which 86 proteins met the criterion after correction for multiple testing.

Table 1. Clinical characteristics of the study population. ACEI = angiotensin-converting enzyme
inhibitor, ARB = angiotensin receptor blocker, ARNI = angiotensin receptor-neprylisin inhibitor,
COPD = chronic obstructive pulmonary disease, CRT-D = cardiac resynchronization therapy de-
fibrillator, eGFR = estimated glomerular filtration rate, HF = heart failure, ICD = implantable car-
dioverter defibrillator, LVEDD = left ventricular end-diastolic dimension, LVEF = left ventriclar
ejection fraction, NYHA = New York Heart Association, MRA = mineralocorticoid receptor antag-
onist, NT-pro-BNP = N-terminal prohormone of brain natriuretic peptide, pVO2 = peak oxygen
uptake, RER = respiratory exchange ratio, TAPSE = tricuspid annular plane systolic excursion,
VE/VCO; = minute ventilation/carbon dioxide production * mitral or tricuspidal regurgitation at
least moderate.

Study Population
(n =20)
Clinical characteristics
Age, years 53.3+8.3
Gender, % male 20 (100)
Ischemic etiology of HF 10 (50)
Atrial fibrillation 11 (55)
Hypertension 7 (35)
Diabetes mellitus 9 (45)
COPD 2 (10)
ICD/CRT-D 12 (60)/6 (30)
II NYHA class, patients (%) 1(5)
II/II NYHA class, patients (%) 4 (20)
III NYHA class, patients (%) 15 (75)
Echocardiographic parameters
LVEF [%] 22.2 £ 6.2 (range:12.5-35%)
LVEDD [mm] 735+ 9.6
TAPSE [mm] 184 +24
Mitral regurgitation *, patients (%) 15 (75)
Tricuspid regurgitation *, patients (%) 10 (50)
Laboratory test results
NT-pro-BNP [pg/mL], 3187 (2011-4887)
median (interquartile range)
eGFR, mL/min/1.73 m? 60.1 + 14.1
bilirubin [mmol/L] 224 +11.7
Medication
Beta-blockers [n, %] 20 (100.0)
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Table 1. Cont.

Study Population
(n =20)
ACEI/ARB/ARNI [n, %] 20 (100.0)
Spironolactone/eplerenone [n, %] 20 (100)
Loop diuretics [n, %] 20 (100)

More than one diuretic administered (except from MRA) [n, %] 10 (50)

Cardiopulmonary exercise test results

pVO2 [mL/kg/min] 105 £3.3
pVO2 adjusted for sex and age adjusted pVO2 [%] 34.5+10.9
RER at peak exhaustion 1.1+0.1
VE/VCO; slope 452 +11.3

Comparison of post- CPET to pre-CPET samples in patients with ischemic etiology of
HF yielded 215 differential proteins (p < 0.05) of which 22 were found after FDR correction
(q < 0.05). For the remaining comparisons (listed below), no proteins were found that met
the criterion for statistical significance after adjustment for multiple testing.

When comparing post-CPET vs. pre-CPET samples in patients with non-ischemic
etiology of HEF, 66 differential proteins were detected. Pre-CPET samples from patients
with ischemic vs. non-ischemic etiology differed in 45 proteins, and post-CPET samples
differed in 14 proteins between these groups (p < 0.05).

For a detailed list of the identified proteins, including the differential proteins, see the
Supplementary File S1.

Enrichment Analysis

Detailed data are shown in the Supplementary File S1 and presented as graphs,
divided into three types of analyses regarding molecular function, biological process,
cellular component (Figures 1-3; (http:/ /bioinformatics.sdstate.edu/go/) accessed on 1
June 2024 [13]) and interactive enrichment network graph (Figure 4, (http:/ /bioinformatics.
sdstate.edu/go/:/ /bioinformatics.sdstate.edu/go/) accessed on 1 June 2024 [13]).
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Figure 1. Enrichment analysis: molecular function.
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5. Discussion

Acute exercise results in an extensive effort of multiple organs and regulations systems,
involving not only the skeletal muscle and cardiopulmonary system, but also the neural
and endocrine systems. Previous studies [5-7] have showed a broad spectrum of changes
in plasma proteome provoked by a single bout of exercise. In designing our study, we had
to address some important methodological issues that could significantly affect the results.
The first was to determine the optimal time to collect a blood sample after exercise. As
shown by Mi et al. [6], the change in the proteome induced by exercise decreases with time,
and one hour after peak exercise only 7% of the proteins still present a changed expression.
At the same time, new sets of proteins with altered expression are discovered, but they
are not as numerous. Because we wanted to define the response to acute exercise in HF
patients, we decided to take blood samples during the resting period, no later than 15 min
after completion of the CPT. In this way, we minimized the risk of unanticipated injury
associated with needle punctures (this can happen when taking blood while exercising or
while standing) and were able to detect the majority of proteomic changes. The second
issue is natural fluctuations in the proteome. Contrepois et al. [5] compared changes
observed after symptom-limited cardiopulmonary exercise with changes observed in
individuals without intervention in 1-h and 24-h windows. They concluded that less
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than 2% of the analytes that changed with exercise also varied within an hour without
exercise, but usually with a different magnitude or trajectory. In addition, they found
that exercise-induced changes were significantly more pronounced (at least 2-fold greater)
than individual spontaneous inter-day variation within 24 h. These findings support our
assumption that the natural intra-personal variability of the proteome may be marginalized
in the context of exercise-induced changes. Moreover, we included patients who were
clinically stable with no symptoms of worsening HF to reduce the risk that the observed
results were a consequence of disease exacerbation. Finally, our concern was the size of the
study population. Proteomic studies have been performed on even smaller samples (e.g.,
12 individuals [7], six men [8]) and such a group size is acceptable. We tried to select a more
homogeneous population rather than a large one, especially since it has been shown that
the inter-individual variability in response to an acute bout of exercise was more evident
for proteins than, for example, for metabolites or transcripts [5].

In our study, 86 proteins were found to be differentially expressed after CPET (after
correction for multiple testing). This number is lower than that observed in most studies in
subjects without heart failure [5-7], although Kurgan et al. [8] identified only 20 proteins
whose expression changed after acute exercise. There is no simple explanation for such
a large difference between studies. In the case of our population, a smaller number of
differential proteins may be related to the intensity of the exercise performed by the
patients. Guseh et al. [7] found that although most proteins that changed their expression
after moderate intensity exercise remained over- or under-expressed after high intensity
exercise, the number of differential proteins increased significantly (from 184 to 598) with
increasing exercise intensity. The individuals enrolled in the previous studies were of
normal physical capacity. In contrast, we focused on patients with significant exercise
intolerance due to heart failure—all study participants were classified as at least New York
Heart Association II class and were only able to achieve approximately 35% of the predicted
peak oxygen consumption.

Enrichment analysis of our results showed the strongest correlation of the differential
proteins with regulation of coagulation/homeostasis, wound healing, protein activation
cascade, body fluid levels and cell adhesion. Particularly noteworthy is the discussion of
proteins involved in the regulation of coagulation processes. Changes in the expression
of procoagulant and fibrinolytic proteins were observed in studies of subjects without
heart failure [5,6], but in patients with heart failure (our study population) they dominated
the results of the enrichment analysis. Acute exercise increased fibrinolysis in healthy
individuals in a manner dependent on the intensity and duration of the exercise [14].
Furthermore, the fibrinolytic response to exercise seemed to be similar in patients with
cardiovascular disease [14]. However, patients with cardiovascular disease showed an
increased coagulation potential both at rest and after exercise compared to healthy subjects,
involving elevated thrombin—antithrombin complexes and von Willebrand factor [14]. In
our study, we observed a significant upregulation of proteins with procoagulant properties,
such as von Willebrand factor (similar to the results presented previously [5,6]), fibrinogen,
and coagulation factor XII; but surprisingly, at the same time, other procoagulants such
as thrombospondin-1 (which has been shown to increase in individuals without heart
failure [6]) or coagulation factor XI were downregulated. In addition, we also demonstrated
an elevated expression of platelet glycoprotein V. This may indicate that acute, intense
exercise increases prothrombotic activity in patients with heart failure, but the extent and
consequences of this effect should be further defined. Moreover, Mi et al. [6] found that
there was no impact on coagulation during peak exercise as opposed to 1 h after exercise.
This suggests that changes in coagulation pathways occur during the recovery period,
which is consistent with our results.

An interesting finding showed an interactive enrichment network. It revealed that
the PI3K-Akt pathway is involved in the response to intense exercise in HF patients. One
of the proteins associated with the PI3K-Akt pathway is interleukin-6. It plays a dual
role in inflammatory processes—depending on how it binds to its receptor, it can have
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proinflammatory or anti-inflammatory effects [15]. The soluble receptor (sIL-6R), upon
binding interleukin-6, is capable of inducing intracellular signaling via gp130, referred to as
IL-6 trans-signaling, and does not require the presence of II-6R on the cell membrane [15].
Trans-signaling is responsible for proinflammatory response. In addition, Zegeye et al. [15]
showed that II-6R trans-signaling activates the JAK/STAT3 pathway, along with activation
of the PI3K/AKT and MEK/ERK pathways. In turn, Ouwerkerk et al. [16] recently pub-
lished the results of an analysis of the BIOSTAT-CHF (Systems BIOlogy Study to TAilored
Treatment in Chronic Heart Failure) study data using a specifically designed machine
learning approach, where they described that 4 major pathways were associated with
all-cause mortality in HF patients: (1) the PI3K/Akt pathway; (2) the MAPK pathway;
(3) the Ras pathway; and (4) epidermal growth factor receptor tyrosine kinase inhibitor
resistance. All of the above indicate that the decrease in interleukin-6 receptor subunit alfa
after exercise in HF patients found in our study is not just a coincidental finding, but an
expression of real pathophysiological processes.

It is noteworthy that there was a change in the expression of C1q and tumor necrosis
factor-related protein 1 (CTRP1), which has been the subject of rather limited study thus far
in the context of HF. Yang et al. [17] demonstrated that the levels of CTRP1 in the plasma
and epicardial adipose tissue were elevated in patients with heart failure (HF) relative to
control subjects. Higher CTRP1 levels were identified as a predictor of a worse prognosis
(composite end point: cardiac death and readmission for worsening of heart failure).
Furthermore, the experimental model of cell culture demonstrated that CTRP1 increases
the release of aldosterone and interleukin 6. The increased expression of CTRP1 following
exercise may contribute to the initiation and propagation of inflammatory processes and
the activity of the renin-angiotensin system.

5.1. Clinical Implications

One of the primary symptoms of heart failure is exercise intolerance. The prescription
of appropriate levels of physical activity, and the selection of appropriate forms of exercise
within those levels, represents an inherently complex issue in the management of patients
with HE While excessive physical activity may potentially exacerbate the symptoms of HF,
regular physical training has been demonstrated to enhance the quality of life and reduce
cardiovascular and all-cause hospitalizations [3,18]. Both European [1] and American
guidelines [19] recommend exercise training for clinically stable patients. Nevertheless,
there is currently no single training protocol that is dedicated to HF patients with reduced
LVEF. The parameters, such as frequency, intensity, duration, type, volume, and progression
of training, should be tailored to the individual patient [18]. The proteomic analysis of
plasma conducted as part of our study revealed a multitude of alterations in protein
expression patterns following CPET in patients with HF. An enrichment analysis identified
some pathways that are typical for exercise-induced microinjury (such as regulation of the
response to wounding and healing), which are also observed in healthy individuals [3].
However, more importantly, it linked the observed changes with processes that could
potentially impact the clinical outcomes of HF such as coagulation disorder and JAK/STAT3
pathway. A change in the regulation of proteins or pathways associated with poor prognosis
in patients with HF in response to an acute bout of exercise (CPET in the study) may be
indicative not only of advancement of the HF, but also of overexertion. The proteins
that are significantly either up- or downregulated during intensive exercise should be
subjected to further investigation as potential markers for monitoring the adjustment of
training intensity.

The objective of CPET is for the patient to perform a submaximal exercise. A high
exercise load can activate physiological mechanisms that are not expressed under resting
conditions. Consequently, the expression of proteins that are predictors of patient prognosis
is anticipated to undergo alterations in response to stress conditions. The discovery that
the PI3K-Akt pathway plays a role in the response to intense exercise in HF patients
provides an illustrative example of the second point. Furthermore, the PI3K-Akt pathway
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exemplifies the advancement of knowledge regarding biomarkers and pathophysiological
mechanisms, ultimately facilitating the development of novel treatment options. Recently,
Salubris Biotherapeutics presented the results of a phase 1b clinical trial of JKO7—first
investigational antibody fusion protein and first selective ErbB4 agonist which consists of
an active polypeptide fragment of the human growth factor neuregulin [NRG-1] [20]. In an
experimental model, NRG-1 was shown to protect the heart against ischemia/reperfusion
injury through a PI3K/Akt-dependent mechanism [21]. The clinical trial [20] revealed
a significant improvement of LVEF in patients with HF with reduced LVEF six months
following the administration of a single dose of JK07. Further investigation of the drug is
planned as a phase 2, randomized, double-blind, placebo-controlled, multiple dose study
(NCT06369298).

5.2. Limitations of the Study

The study group, although very homogeneous, is relatively small. To confirm the
results of the study, further research should be performed on a large population targeting
the predefined proteins.

The study samples were collected before the common implementation of flosins and
sacubitril/walsartan into the therapy of patients with HE. As there are two groups of
drugs that have spectacularly improved the prognosis of patients, their impact on the acute
response to exercise in HF patients cannot be excluded.

6. Conclusions

Changes in the proteomic profile revealed a complexity of exercise-induced processes
in patients with HE, suggesting that few major physiological pathways are involved.
Further studies focusing on specific pathways are needed.
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Abstract: Background: In clinical practice, patient self-monitoring is crucial in achieving therapeutic
goals in various diseases. In heart failure (HF), it is particularly important due to the increasing role
of urine composition. Therefore, we proposed this study to assess the accuracy of urine chloride
(uCIl™) assessment via strip test in relation to chloride and sodium (uNa*) measurements in a
gold-standard laboratory method. Methods: Urine samples were collected before administering
morning medications. Afterwards, they were analyzed concurrently using the strip test and gold-
standard laboratory method. Results: The study cohort comprised 66 patients (82% male, mean age
68 + 12 years), of whom 65% were diagnosed with HF and 35% without HF. Across the entire cohort,
a strong correlation was observed between uCI~ measured by both methods (r = 0.85; p < 0.001).
However, the strip test was found to underestimate u#CI~ relative to the laboratory measurements
(mean difference of 18 mmol/L). Furthermore, strong correlations were observed between the
methods among patients with HF and without HF (r = 0.88 vs. r = 0.71, respectively; p < 0.001
for both), where they presented similar relationship patterns. Interestingly, in patients with a low
glomerular filtration rate (eGFR < 60 mL/min/1.73 m?), the correlation between both methods was
greater compared to those with high eGFR (>60 mL/min/1.73 m?) (r = 0.94 vs. r = 0.76, respectively;
p < 0.001 for both). The relationship between uCI~ from the strip test and uNa* from the laboratory
measurement was weaker than for uCI~, but it was significant. Conclusions: These findings suggest
that point-of-care strip tests for assessing urinary chloride demonstrate high accuracy and potential
utility, particularly in patients with reduced eGFR.

Keywords: heart failure; strip test; urine chloride; urine sodium; self-monitoring

1. Introduction

The effective treatment and management of patients with chronic diseases is only
possible when they actively participate in the process. Therefore, awareness of their disease,
condition, and the importance of self-assessment is crucial. In addition to easily obtainable
clinical parameters like body weight and blood pressure, there is an opportunity to extend
self-monitoring to include certain hemodynamic and biochemical analyses [1,2]. Among
the various parameters recommended for monitoring in clinical conditions, assessing urine
composition can be helpful in certain diseases, especially heart failure (HF). It is well estab-
lished that routine urine assessment in HF serves as an indicator of diuretic response [3-7].
Evidence suggests that, nowadays, in acute HF, diuretic treatment should be guided by
urine sodium concentration [5,8-10]. However, due to the difficulty and impracticality of
regular/daily urine biochemical parameter assessment, there are no data on such a method
for chronic HF outpatient monitoring. Nevertheless, numerous studies have shown that
low concentrations of chloride and sodium in the urine are associated not only with a poor
diuretic response, but also with worse long-term outcomes [11-13]. This is reasoned in
pathophysiology to be because chloride concentration plays a significant role in the regula-
tion of renal blood flow, glomerular filtration, and ion reabsorption/secretion mechanisms
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in relation to neurohormonal activity [12,14-17]. Importantly, this could contribute to the
development of cardiorenal syndrome, which might result in the deterioration of heart
and kidney function, leading to impaired glomerular filtration, reduced urine production,
and diminished response to loop diuretics [10]. This could limit the effectiveness of de-
congestive therapy in acute HF and the maintenance of the euvolemic state in chronic
HF [12,14]. Additionally, the administration of high doses of diuretics in outpatients could
cause dehydration, thirst, and further kidney injury, which could result in diminished
sodium and chloride excretion [18-21]. Therefore, a long-term approach involving strict
monitoring of critical parameters, such as chloride or sodium excretion, and adjusting the
patient’s treatment accordingly may be justified. Strip tests that allow for the evaluation of
urine chloride concentration have been evaluated in patients with cerebral salt-wasting syn-
drome, those on home parenteral nutrition, and those with hyponatremia or dehydration.
The results were promising. Thus, our aim was to investigate the chloride concentration in
urine using a strip test (as a point-of-care examination) to determine the accuracy of such
an approach (in comparison to the gold-standard laboratory method). Additionally, due
to the absence of strip tests for urine sodium assessment, we evaluated the relationship
between urine chloride (assessed via strip test) and urine sodium laboratory assessments,
as the currently most evidenced urine ion.

2. Materials and Methods

The study was a prospective, observational, single-center study conducted among
patients hospitalized between April and May 2024 in the Institute of Heart Diseases in
Wroctaw, Poland. The participants included patients with established diagnoses of chronic
heart failure, with stable symptoms over time, as well as patients without a diagnosis of
heart failure. Basic clinical, laboratory, and echocardiographic data were collected from
each participant. The participants were asked to provide a urine sample for biochemical
assessment. First, morning urine samples (20 mL) from the first day of hospitalization
were collected from patients before they took their morning medications. Each obtained
sample was divided into two identical, sterile containers, where both contained 10 mL of
urine, to undergo independent assessments. The samples were assessed in the laboratory
to measure the chloride and sodium levels in the urine. Simultaneously, the urine was
tested using a strip test (Hach, Quantab). All urine samples were assessed by one single
physician to simulate the condition in which the patient would self-assess the urine sample.

According to the instructions, the strip test result was taken once the strip indicated the
end of the assessment (the indicator at the top of the strip turned black). All strip test results
were evaluated by one investigator, blinded to the laboratory measurement results at the
time of evaluation. The values indicated in the strip test (mm) were converted to mmol/L
using the scale provided in the test specification. The results obtained from the laboratory
assessments and the strip tests were compared using the statistical methods described
below. Due to the local laboratory’s low limit of sodium and chloride measurement, patients
with lower than 20 mmol/L sodium and/or chloride established in the strip test were
excluded from the study. Additionally, patients whose tests were not completed according
to the test instructions were excluded.

In terms of statistical analysis, due to the lack of prior studies, no evidence-based
a priori assumptions regarding correlations and sample size could be made. However,
based on power analysis (power: 0.80; alpha: 0.05; assumed correlation coefficient: 0.5),
the required sample size was estimated at 29 patients. The quantitative variables were
analyzed for normality using the Shapiro-Wilk test. Variables with normal distribution are
presented as mean =+ standard deviation (SD), while those that did not follow a normal
distribution are presented as median [interquartile range (IQR)]. The homogeneity of
variance was tested by the Levene test. The differences between subsequent variables
with normal distribution were evaluated using the t-test. Welch’s correction was applied
when appropriate. Variables with a distribution other than normal were tested using the
Mann-Whitney U test. Differences between qualitative variables were examined using the
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Chi-Square test. The Pearson correlation test was used to evaluate correlations between
values. The Bland-Altman plot was performed to assess the agreement between two
measurement methods by plotting the differences between them against their average.
Points close to the mean difference indicate good agreement, while those further from
the mean suggest discrepancies. The limits of agreement in the Bland—-Altman plots were
calculated based on the mean difference of measurements: mean difference & 1.96 standard
deviations. Post hoc tests” power was checked. A graphical presentation of the results was
made using GraphPad Prism. The statistical analysis was performed in Statistica 13.

3. Results
3.1. Study Population Characteristics
The analysis included 66 patients, predominantly male (79%), with a mean age of
68 £ 12 years. Among the participants, 65% had been diagnosed with heart failure. The
median left ventricle ejection fraction (LVEF) was 50 [30-57]%, and the NT-proBNP con-
centration was 1583 [274-6480] pg/mL. Additionally, 51% of chronic heart failure patients
were taking diuretics, with a median furosemide (or equivalent) dose of 20 [0-60] mg.
The summarized characteristics of the study population are presented in Table 1.

Table 1. General characteristics of population.

Parameter Value
Age (years) 68 £12
Sex—male (N; %) 52 (79%)
HR (beats/min) 71 [63-80]
SBP (mmHg) 123 +£18
DBP (mmHg) 75 £ 11
MAP (mmHg) 91 + 11
Hgb (g/dL) 12842
Leukocytes (103 /uL) 7.47 [5.81-9.85]
Creatinine (mg/dL) 1.08 [0.84-1.68]
eGFR (mL/min/1.73 m?) 70 & 31
Urea (mg/dL) 46 [32-73]
NT-proBNP (pg/mL) 1 583 [274-6480]
Serum Na* (mmol/L) 14143
Serum K* (mmol/L) 44405
LVEF (%) 50 [30-57]
TAPSE (mm) 2145
Arterial hypertension (N; %) 49 (74%)
Diabetes mellitus (N; %) 35 (53%)
Amyloidosis (confirmed or suspected) (N; %) 2 (3%)
Chronic kidney disease (N; %) 23 (35%)
Chronic diuretics administration (N; %) 34 (52%)
Chronically ac.lministered lhoop diuretic dose 20 [0-60]
(furosemide dose equivalent) (mg)
SGLT-2 inhibitors (N; %) 33 (48%)
B-blocker (N; %) 55 (83%)
ACEI/ARB (N; %) 31 (47%)
ARNI (N; %) 8 (12%)
MRA (N; %) 31 (47%)
Acetazolamide (N; %) 0 (0%)
Thiazide diuretics (N; %) 3 (5%)
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3.2. The Relationship Between the Value Taken from the Strip Test and the Corresponding Chloride
Concentration
The pattern between the value taken from the strip test and the corresponding urine
chloride is an exponential shape. It was presented in Figure 1. The equation of the best-fit
curve is as follows:
uCl = 3.33 x 044xD (1)

uCl~—Urine chloride concentration.
D—Value taken from strip test.

200+

uClI - strip test [mmol/L]

0 - 1 - ] " ] . ] " 1

0 2 4 6 8 10
Indicated value - strip test [mm]

Figure 1. The relationship between corresponding values: the value taken from strip test and
corresponding urine chloride concentration according to test specification.

To examine the fit of the curve describing the relationship between the presented
values, the relationship was linearized by the logarithmizing the equation:

In (uCl) =In 3.33 x 0.44 x D @)

uCl~—Urine chloride concentration.
D—Value taken from strip test.

For these data R? value was 0.998.

3.3. The Relationship Between Urine Chloride Measured in the Laboratory and in the Strip Test

In general, the relationship pattern is linear (with correlation r = 0.85; p < 0.001), but
the results are dispersed over 40 mmol/L uCI~ with the strip test, especially for higher
concentrations of #Cl. Nevertheless, discrepancies resulted from the underestimation of
uCl in the strip test (laboratory-assessed uCl was, in general, equal to or higher than that
measured by the strip test).

Based on a linear regression model, the function of dependence between uCl measured
in the laboratory and obtained in the strip test was established (Figure 2).
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Figure 2. Relationship between urine chloride measured in the laboratory and in strip test across the
entire cohort.

This equation was as follows:
(uCl-lab) = 1 x (uCl-strip) + 17.94; p < 0.001 3)

3.3.1. The Relationship Between Urine Chloride Measured in the Laboratory and the Strip
Test in HF vs. No-HF Patients

In terms of the accuracy of the uCl~ measured in the strip test (uCl-strip) and the uCI~
or uNa* evaluated in a local laboratory (uCl-lab and uNa-lab, respectively), the individuals
with HF presented a stronger correlation between the urine chloride obtained in the strip
test and in the laboratory (r = 0.88 in chronic HF and r = 0.71 in no-HF patients, p < 0.001 for
both). The linear regression models were as follows: (#Cl-lab) = 0.98 x (uCl-strip) + 15.77
(p < 0.001) in HF patients and (1#Cl-lab) = 0.77 x (uCl-strip) + 47.91 (p < 0.001) in no-HF
individuals. This relationships are presented in Figure 3A. The subgroups’ characteristics
and the accuracy of fit between the laboratory and strip-established ion concentrations are
presented in the Supplementary Materials.
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Figure 3. The relationship between urine chloride measured in the laboratory and in strip test in
patients with HF vs. without HF (A) and with low vs. high eGFR (B).
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3.3.2. The Relationship Between Urine Chloride Measured in the Laboratory and in the
Strip Test in Low-e-GFR vs. High-eGFR Patients

We divided the whole study cohort according to eGFR (eGFR > 60 mL/min/m?
(named: “low eGFR”) and eGFR < 60 mL/min/m? (“high eGFR")). A well-fitted linear
pattern was observed for patients with low eGFR (N = 26) (r = 0.94, p < 0.001), with a linear
regression equation as follows: ((uCl-lab) = 0.96 x (uCl-strip) + 11.22; p < 0.001). Those
with high eGFR (N = 40) also presented a linear correlation between the values obtained
in both tests (r = 0.74; p < 0.001), but this was weaker than for the low-e-GFR group. The
linear regression equation was as follows: (1#Cl-lab) = 0.92 x (uCl-strip) + 28.20; p < 0.001).
This relationship is presented graphically in Figure 3B. The characteristics of the subgroups
and the accuracy of fit between the ion concentrations measured in the laboratory and
those established by strip testing, shown on Bland-Altman plots, are provided in the
Supplementary Materials.

3.4. The Relationship Between Urine Sodium Measured in the Laboratory and Urine Chloride in
Strip Tests

The pattern of the relationship between uNa®* laboratory measurements and uCI~
from the strip tests was weaker than in the case of urine chloride (r = 0.71; p < 0.001),
with the following regression equation: (uNa-lab)= 0.81 x (uCl-strip) + 30.11; p < 0.001

(Figure 4).
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Figure 4. The relationship between urine sodium concentration measured in the laboratory and urine
chloride obtained in strip tests for the entire cohort.

The correlation between both measured values in HF patients was r = 0.71 (p < 0.001),
and in the no-HF subgroup r = 0.52 (p = 0.02). These linear relationships can be described
by the following equations: (uNa-lab) = 0.80 x (uCl-strip) + 30.68; p < 0.001 and (uNa-
lab) = 0.59 x (uCl-strip) + 56.16; p = 0.02), respectively. This is presented in Figure 5A.

The correlation between uNa-lab and uCl-strip was stronger for those with low eGFR
(r=0.91; p < 0.001) than for high eGFR (r = 0.49, p < 0.01), as described by the following
equations: (uNa-lab) = 0.85 x (uCl-strip) + 16.94 (p < 0.001) and (uNa-lab) = 0.65 x (uCl-
strip) + 49.93 (p < 0.001), respectively. The patterns of these relationships are presented in
Figure 5B.
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Figure 5. The relationship between urine sodium concentration measured in laboratory and urine
chloride obtained in strip test in patients with HF vs. without HF (A) and low vs. high eGFR (B).

3.5. Graphical Presentation of Agreement Between Urine Chloride and Sodium Measured in
Laboratory and Urine Chloride Measured in Strip Tests

The degree of agreement between urine chloride concentration obtained in strip-
test and urine chloride and sodium obtained in the laboratory (gold standard) method
were presented in Bland-Altmann plots (Figures 6 and 7). The subgroups analyses were

presented in Supplementary Materials.
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Figure 6. Bland—Altman plot for agreement of urine chloride concentration measured by strip

tests and urine chloride measured in the laboratory in the general cohort. Legend: uCI~—urine

chloride; Bias—mean difference between strip test and laboratory test results; Lower limit—mean

difference-1.96 x standard deviation; Upper limit—mean difference + 1.96 x standard deviation.
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Figure 7. Bland—Altman plot for agreement of urine chloride concentration measured by strip test
and urine sodium measured in the laboratory in the general cohort. Legend: #CI~—urine chloride;
uNa*—urine sodium; Bias—mean difference between strip test and laboratory test results; Lower
limit—mean difference-1.96 x standard deviation; Upper limit—mean difference + 1.96 x stan-
dard deviation.

3.6. Sensitivity, Specificity, and Positive and Negative Predictive Values of uCl~ Strip Test for an
Indication of Poor Diuretic Response

In chronic heart failure, there is no widely established cut-off point for uNa* and/or
uCl~ indicating a poor treatment response. However, we conducted a simulation assuming
a cut-off point of 70 mmol/L for both uNa* and uCI~, established in patients with acute
heart failure, to define poor diuretic response (<70 mmol/L). We then calculated the
parameters (sensitivity, specificity, and positive and negative predictive values) for the
uCl~ strip test (<70 mmol/L) for the indication of poor treatment response, predefined
using the above the cut-off point. The obtained sensitivity, specificity, and positive and
negative predictive values were satisfactory (Table 2).

Table 2. Parameters of 1CI~ strip indication for poor treatment response (cut-offs: uNa-lab < 70 mmol/L
and uCl-strip < 70 mmol/L).

Parameter Sensitivity Specificity Positive Predictive Value = Negative Predictive Value
uNa-lab < 70 mmol/L 94.7% 85.7% 75.0% 97.3%
uCl-lab <70 mmol/L 100% 86.0% 75.0% 100%

3.7. Test Power Analysis

Based on the obtained correlation coefficients and cohort sizes, and assuming an
alpha level of 0.05, the test power was approximately 1.0 for the entire study cohort when
divided into the above subgroups. However, in the analysis of uCl-strip and ulNa-lab in the
non-heart failure population, the test power was 0.73.

3.8. Issues of Measurement and Notation Bias

Despite the validated method of chloride evaluation via strip test, which has been
known for many years, some issues were found during the study processing. The first
was the inconsistency in the pattern of the top borders of the concentration indicators
across measurements. For instance, instead of a flat line, in some cases a triangle shape is
seen with no clearly visible tip (Figure 8D-F). This may cause the bias of underestimation
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or overestimation (depending on the user assessment). For comparison, the well-visible
markers were shown in Figure 8B,C. Other tests do not have sharply defined borders, but
instead, their color gradually changes. An additional issue is the different times taken for
patients to fill the strip and show the proper results. There were some technical issues in
some cases; for some patients, the tests did not reach the marker indicating the end of the
assessment (despite a long waiting time), which did not allow us to classify these tests
as reliable.

E F

Figure 8. Examples of different patterns of urine chloride markers in the strips ((A)—(F)).

4. Discussion

The presented study shows a high correlation between the urine chloride evaluated in
strip tests and urine chloride and/or sodium assessment using the gold-standard laboratory
method. The results of this study reveal several significant implications.

The first one is the fact that the concentration of uCI~ was underestimated by the
measurement achieved via the strip tests in comparison to the laboratory assessments. This
was confirmed by the mathematical analysis of the relationship between the variables. Note
that the values of uCl-lab are higher than uCl-strip for the entire population and subsequent
subgroups (see equations and plots in results). Furthermore, the pattern of changes between
uCl~ or uNa* from the laboratory tests and uCI~ obtained in the strip tests was flatter
for those without HF or with high eGFR. Only in the case of urine chloride comparison
regarding eGFR were the patterns of the relationship almost parallel. This raises some
doubt as to whether using such tests in outpatient care in the general population as the sole
marker influencing decisions regarding a possible increase in doses of diuretics might lead
to overdiagnosis by the patient of conditions threatening the decompensation of chronic
heart failure.

A few studies conducted using strip tests for chloride assessment have shown different
degrees of correlation between the test results and laboratory measurements. These results
differ between studies, showing the highest agreement in healthy individuals and slightly
lower agreement in populations of patients with intestinal and neurological disorders
(suspected cerebral salt-wasting). Nonetheless, there are no studies providing insight
into the usefulness of chloride strip tests in heart failure [22,23]. Heart failure patients
take diuretics and other drugs that chronically influence neurohormonal activity, which is
overactivated in this condition. Consequently, kidney function and diuretic response are
affected by these factors, leading to significant differences among heart failure patients and
other tested populations [14,24-28].

Another issue is the significantly better fit of the values measured by the strip test with
those obtained in laboratory assessments in patients with low eGFR compared to patients
with high eGFR values. The results indicate that the model based on these values explains
approximately 90% of the obtained measurements. This gives us basis to suspect that the
use of strip tests in certain groups (e.g., patients with low eGFR) could be successfully
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applied in outpatient management, indicating the high reliability of the measurements
made by educated, aware patients.

Thirdly, the chloride concentration measured using the strip test showed that there
is also a significant relationship with the sodium concentration in urine (assessed in the
laboratory). This relationship was inherently weaker than that for chlorides, but also
showed a profile similar to the relationship between the chloride concentrations from the
strip test and the laboratory measurements. Again, a significantly stronger relationship was
observed in the groups of patients with HF and low eGFR. Studies have demonstrated the
significant relationships of chloride established in strip tests in relation to natriuresis. Their
results are similar to those obtained in our study cohort despite the different populations
included in the analysis [23]. It is noteworthy that the subsequent analyses that were
conducted were characterized by satisfactory test power.

Another, fourth, important topic is the various issues that may affect measurement
bias, consequently impacting the checked/indicated value of the test. Note that the higher
the value indicated in the strip test (on an interval scale), the greater the risk of measurement
error due to the exponential relationship between this value and its assigned concentration.
Hence, the lower the chloride concentration, the lesser the potential impact of measurement
error on the obtained value (and potential further clinical decisions). For example, the
difference between a strip test result of 4.6 and 4.8 translates to a difference in chloride
concentration of 29 to 31 mmol/L, while between a reading of 8.6 and 8.8, the increase
in chloride concentration is significantly greater—150 to 169 mmol/L! This is reflected in
the Bland—-Altman plots, where the difference between the values obtained from the strip
tests and the laboratory tests increases with higher mean test values (Figures 6 and 7, and
Supplementary Materials). Additionally, the issue with indicator boundaries (e.g., poor
visibility or results falling between two indicator lines), as discussed in a separate section,
may contribute to measurement imprecision, especially at increasing strip test values. In the
study, we deliberately decided that a single investigator would read the tests to simulate the
situation where a patient would need to interpret the test result during self-assessment. A
consensus evaluation by multiple researchers was not conducted, as this could potentially
fail to reflect the bias associated with individual assessment. An action that could be useful
in the future, limiting human factors” impact on obtaining strip test results, could be the use
of devices utilizing the digital analysis of ion concentrations in urine. Unfortunately, these
devices are relatively more expensive and thus less accessible to patients. Additionally,
no studies have proven the superiority of digital chloride/sodium assessment in urine
compared to strip tests in either the heart failure population or other groups. Nevertheless,
the dynamic development of digital technologies (especially artificial intelligence) may
provide a tool in the future for the low-cost, simple-in-use, and reliable evaluation of
biochemical body fluids. It should be highlighted that similar strip tests have been tested
in the context of predicting 24 h urinary sodium excretion based on various protocols for
collecting and assessing single urine samples. In these studies, flame photometry, among
other methods, was used to assess sodium concentration as a reference method. The results
were consistent with the strip test results [29]. Additionally, various strip tests have also
been examined for their agreement with reference results, showing general consistency in
three out of four tested systems, although each had its own problems—difficulty in reading
the result, the need to dilute urine samples due to exceeding the test range, etc. [30].

Taking into account the presented results and discussion, the clinical applicability
of this study lies in the potential use of strip tests for outpatient self-monitoring, or as a
point-of-care tool for inpatients. This could become an integral element in the development
of remote monitoring for patients with heart failure. In the future, such measurements
could play a crucial role in home diuretic titration, which is particularly important given
the association between higher doses of loop diuretics and worsening outcomes [13,31,32].
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5. Conclusions

Our study shows that strip tests appear to be a highly accurate tool for uCI~ assess-
ment, with a high correlation with the gold standard (laboratory assessment). There was
a relationship between gold-standard laboratory urine chloride, sodium, and strip test
chloride measurements. Nevertheless, the results were not perfectly matched. Moreover,
promising data obtained in patients with low eGFR indicate the potential usefulness of
chloride strip tests, with high reliability in specific populations with chronic heart failure.
However, due to the limitations (relatively low sample size) and character (single-center
study) of our work, multicenter, randomized studies based on sequential spot urine chlo-
ride and/or sodium assessments are necessary to extrapolate the abovementioned results
onto the broad heart failure population. Additionally, dynamic developments in computer-
based assessments (e.g., artificial intelligence) may be useful in the future to check strip
test results.

6. Limitations

This is a single-center, observational study conducted on a relatively small population
(but large enough to obtain significant testing power). This limits the generalization of the
results and does not allow us to present causality. Moreover, there are no widely established
urine monitoring tools to compare with the strip test in a cohort of heart failure patients.

The strip test results were assessed by a single dedicated physician, which could
introduce reading bias (especially due to different patterns of result indications—see
“Issues of measurement and notation bias”). Moreover, the ion concentration agreement
between the strip tests and the laboratory “gold standard” was based on a single assessment.
Multiple measurements using average results could potentially provide greater consistency
between tests. The study design, however, deliberately promoted single-user reading to
simulate the real-life scenario in which the patient would read the strip test by themself
(not knowing how far individual results deviate from the actual value). However, as
mentioned above, this design is related to some limitations. In clinical practice, some risk
of measurement error (and variation) would be acceptable if it did not significantly affect
the decision-making process. As we did not store the urine samples or strip tests during
the study, we cannot compare them further with different utilities or re-assess the strip
tests using multiple investigators.
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Abstract: Introduction: In systole, when the left ventricle (LV) twists, the left atrium (LA) behaves
like a reservoir, having a special wall contractility pattern opposite to that of the LV wall. Accordingly,
the objective of the present study was to investigate the associations between LV rotational mechanics
and LA peak (reservoir) strains as assessed simultaneously by three-dimensional speckle-tracking
echocardiography (3DSTE) under healthy conditions. Methods: In the present study, 157 healthy
adults (mean age: 33.2 + 12.7 years, 73 men) were involved. Complete two-dimensional Doppler
echocardiography with 3DSTE-derived data acquisition were performed in all cases. The 3DSTE-
derived LV rotational and LA strain parameters were determined at a later date. Results: Global
LA peak reservoir circumferential (22.7 + 6.4% vs. 27.6 + 6.8%, p < 0.05) and area (57.8 £ 20.0%
vs. 66.0 & 22.7%, p < 0.05) strains proved to be reduced in the case of the highest vs. lowest basal
LV rotation; other LA peak reservoir strains were not associated with increasing basal LV rotation.
Global LA peak radial strain was highest in the case of the lowest vs. highest apical LV rotation
(—=19.2 £ 9.4% vs. —13.0 £ 8.2%, p < 0.05). Global LA peak reservoir 3D strain was lowest in the
case of the highest vs. lowest apical LV rotation (—9.9 &= 6.8% vs. —5.0 &= 4.2%, p < 0.05). Only apical
LV rotation proved to be significantly reduced in the case of the highest vs. lowest global LA peak
reservoir 3D strain (8.12 = 3.23° vs. 10.50 £ 3.44°, p < 0.05). Other global LA peak reservoir strains
were not associated with basal and apical LV rotations. Conclusions: In LV systole, LV rotational
mechanics is associated with LA deformation represented by LA peak (reservoir) strains even in
healthy circumstances. While basal LV rotation is associated with LA widening, apical LV rotation is
associated with LA thinning, suggesting the close cooperation of the LV and LA in systole even in
healthy adults.

Keywords: left ventricular; rotation; left atrial; strain; three-dimensional; echocardiography

1. Introduction

It is well known that the heart cycle consists of two parts: diastole and systole. In
the latter, the left ventricle (LV) is emptied through the aortic valve with the mitral valve
closed [1]. The movement of the LV is complex during systole, as in addition to wall
contractions represented by deformation parameters [2], it twists like the wringing of a
towel at the same time as well. The apical part of the LV rotates in the counterclockwise
direction, and its base rotates in the clockwise direction. With this form of movement, the
rate of ejection is optimized [3-7]. During LV twist or rotational mechanics, the left atrium
(LA) behaves like a reservoir, and its volume is the largest. In this phase of LA function, the
direction of its wall movement is opposite to that of the LV wall, and it can be quantitatively
characterized using strains. In systole, thinning, widening and lengthening of LA walls in
the radial, circumferential and longitudinal directions can be detected, and these changes
are represented by specific so-called LA peak or reservoir strains, respectively [2,8,9]. The
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fact is that systolic LV rotational mechanics and simultaneous LA contractility, and the
deformation parameters representing them, have not been sufficiently investigated within
clinical circumstances. Three-dimensional (3D) speckle-tracking echocardiography (3DSTE)
provides an easy-to-learn/easy-to-perform method with a non-invasive approach to exam-
ining the above mechanisms and creates an opportunity to perform physiological studies
at the same time [10-13]. Accordingly, the objective of the present study was to examine
the association between 3DSTE-derived characteristics of LV rotational mechanics and LA
peak reservoir strains under healthy conditions by examining what would happen when
these parameters were smaller or greater than the average as well. Whether the regional
LV rotations showed a correlation with different deformation parameters representing the
3D contractility of the LA in systole was also investigated.

2. Subjects and Methods
2.1. Subject Population

In this study, 157 healthy adult individuals (mean age: 33.2 & 12.7 years, 73 men) were
involved, with LV rotational mechanics being in the normal direction being confirmed in
all individuals. The enrollment of all volunteers was carried out between 2011 and 2017. In
all cases, laboratory testing, physical examination, standard 12-lead electrocardiography
(ECG) and two-dimensional (2D) Doppler echocardiography were performed with nega-
tive results. No one used any medications or was a smoker, professional athlete or obese.
If someone had a disease or clinical condition that could have affected the results, they
were excluded from the study. The 3DSTE-based data acquisition was conducted at the
same time as 2D Doppler echocardiography in accordance with the latest guidelines and
practices. The detailed 3DSTE-based analysis was carried out offline at a later date [1-4].
The present retrospective study is part of the ‘Motion Analysis of the heart and Great ves-
sels bY three-dimensionAl speckle-tRacking echocardiography in Healthy subjects” study
(MAGYAR-Healthy Study), which was organized partly to perform physiological analyses
between 3DSTE-derived parameters in healthy adults (‘Magyar” means ‘Hungarian” in
the Hungarian language). This study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). All participants gave informed consent and the Institu-
tional and Regional Human Biomedical Research Committee of the University of Szeged,
Hungary (No.: 71/2011), approved this study.

2.2. Two-Dimensional Doppler Echocardiography

The Toshiba Artida™ echocardiography tool was used on all individuals (Toshiba
Medical Systems, Tokyo, Japan), attached to a PST-30BT (1-5 MHz) phased-array transducer
for a complete analysis. Complete routine 2D echocardiographic assessment of heart
chambers and valves was conducted in all healthy individuals. Studies included the
quantification of the LA and LV, exclusion of significant valve stenoses and regurgitations
by Doppler echocardiography, and pulsed Doppler assessment of early (E) and late (A)
diastolic mitral inflow velocities and their ratios (E/A) [1].

2.3. Three-Dimensional Speckle-Tracking Echocardiography

The same Toshiba Artida™ cardiac ultrasound device attached to a PST-255X matrix
transducer with 3D capability was used for the 3DSTE scans. During the studies, subjects
in sinus rhythm lay in the left lateral decubitus position, and then 3D echocardiographic
datasets were acquired from an apical window, while the subject held his/her breath. To
achieve optimal images, 6 subvolumes were acquired over 6 cardiac cycles, and the software
automatically combined these subvolumes into a full-volume 3D echocardiographic dataset.
Detailed data analysis was carried out offline at a later time using version 2.7 of the
manufacturer’s 3D Wall Motion Tracking software (Ultra Extend, Toshiba Medical Systems,
Tokyo, Japan) [10-13].
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2.4. Determination of LV Rotational Mechanics

To quantify the LV rotational mechanics, apical longitudinal views were selected in
apical 4-chamber (AP4CH) and 2-chamber (AP2CH) views, as well as basal, midventricular
and apical cross-sectional planes, and the mitral annular (MA) ring—LV edges and endo-
cardial surface of the LV apex were determined. Then, after sequential analysis, a virtual
3D cast of the LV was created (Figure 1) [14]. According to our own practice, we defined
the following features of LV rotational mechanics from the same 3D cast of the LV:

clockwise basal LV rotation (in degrees);

counterclockwise apical LV rotation (in degrees);

LV twist (net difference in LV apical and basal rotations in degrees);
time-to-peak LV twist (in milliseconds).

If the direction of the LV apical and basal rotations were the same, clockwise or
counterclockwise, LV twist was absent. This phenomenon is called LV ‘rigid body rotation’
(RBR). Individuals with LV-RBR were excluded from the present study [14].

Rotation
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Figure 1. Three-dimensional (3D) speckle-tracking echocardiography-derived evaluation of the left
ventricle (LV): apical four-chamber (A) and apical two-chamber long-axis views (B), and short-axis
view at basal (C3), midventricular (C5) and apical LV levels (C7) are demonstrated together with
a 3D cast of the LV (D) and calculated LV volumetric data (E). Apical (yellow arrow) and basal LV
rotational curves (dashed yellow arrow) together with LV volume change curve during the heart
cycle (dashed white curve) (F). Abbreviations. EDV, end-diastolic volume; EF, ejection fraction; ESV,
end-systolic volume; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

2.5. Determination of LA Strains

By using the same software, at the end of the diastole, AP4ACH and AP2CH views, as
well as 3 short-axis views at the apical, midatrial and superior LA levels, were automatically
selected on LA-focused images. After image optimizations, the endocardial LA boundary
was detected by adjusting multiple markers from the edge of the septum-MA towards
the edge of the LV lateral wall-MA. Then, automatic reconstruction of the LA endocardial

95



Biomedicines 2024, 12, 2515

surface was performed, allowing strain analyses. Several global LA strains representing
the whole LA were determined [2,8,9]:

2.5.1. Unidimensional / Unidirectional Global LA Strains
Radjial strain (GRS) representing thickening and thinning of the myocardial walls;
Longitudinal strain (GLS) representing lengthening and shortening of the myocardial
walls;

e  Circumferential strain (GCS) representing widening and narrowing of the myocardial
walls.

2.5.2. Multidimensional /Multidirectional Complex LA Strains

e  Area strain (GAS) is a combination of GLS and GCS.
e 3D strain (G3DS) is a combination of GRS, GLS and GCS.

Twin-peak strain curves were detected, where the first represented reservoir function
of the LA in systole, while the second represented atrial contraction at end-diastole (LA
systole) (Figure 2). In the present study, systolic LA peak reservoir strains were used for
analysis [2,8,9].

Circum. Strain
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40.0
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Figure 2. Three-dimensional (3D) speckle-tracking echocardiography-derived evaluation of the left
atrium (LA): apical four-chamber (A) and two-chamber long-axis views (B), and short-axis view at
basal (C3), midatrial (C5) and superior LA levels (C7) demonstrated with a 3D cast of the LA (D) and
calculated LA volumetric data (E). Time—global LA volume change (dashed white curve) and time—
LA global longitudinal strain change (white curve) respecting the heart cycle are demonstrated (F).
LA peak reservoir strains and LA strains at atrial contraction are presented with yellow and dashed
yellow arrows, respectively. Abbreviations. EDV, end-diastolic volume, EF, ejection fraction, ESV,
end-systolic volume, LA, left atrium, LV, left ventricle, RA, right atrium, RV, right ventricle, Vmax,
maximum volume of the LA, VpreA, preatrial contraction LA volume, Vmin, minimum volume of
the LA.

2.6. Statistical Analysis

The mean + standard deviation (SD) format was used for continuous variables,
while the number/percent format was used for categorical variables. The difference
was significant if p < 0.05. The normality was tested by the Shapiro-Wilk test: in the case
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of a normal distribution of continuous variables, Student’s t-test with Welch correction
was used, while when distribution was non-normal, the Mann-Whitney-Wilcoxon test
was performed. Intra- and inter-observer agreements were tested by interclass correlation
coefficients (ICCs). SPSS software was used during statistical analyses (SPSS Inc., version
22, Chicago, IL, USA).

3. Results
3.1. Clinical and Two-Dimensional Doppler Echocardiographic Data

From the echo data, the LA diameter was measured in the parasternal long-axis view
(36.8 = 4.0 mm) together with LV end-diastolic diameter (48.1 & 3.7 mm) and volume
(106.5 £ 22.8 mL), LV end-systolic diameter (40.8 & 26.2 mm) and volume (36.3 £ 9.0 mL),
interventricular septum (8.9 = 1.6 mm), LV posterior wall (9.1 £ 1.7 mm), and LV ejection
fraction (66.0 &= 4.9%), all were being in the normal ranges. The mean E/A proved to be
1.37 £ 0.38. Significant valvular stenosis or valvular regurgitation larger than grade 1 could
not be confirmed in any valves in any cases.

3.2. Classification of Subjects

3DSTE-derived LA peak reservoir strains and parameters featuring the LV rotational
mechanics of healthy individuals are demonstrated in Table 1. The group of healthy
controls were classified into three subgroups according to their normal basal and apical
LV rotations, peak LA-GRS, LA-GCS, LA-GLS, LA-G3DS and LA-GAS: the estimated
mean £ SD served as the lower (2.18 degree, 5.95 degree, 6.73%, 18.33%, 17.43%, 1.75% and
39.63%, respectively) and larger (6.34 degree, 13.03 degree, 22.73%, 49.31%, 35.51%, 13.07%
and 96.41%, respectively) values.

Table 1. Three-dimensional speckle-tracking echocardiography-derived left atrial peak reservoir
strains and left ventricular rotational parameters.

Parameter Measure
Left Atrial Volumes
Maximum Left Atrial Volume (mL) 40.5 +12.8
Preatrial Contraction Left Atrial Volume (mL) 274 +£11.3
Minimum Left Atrial Volume (mL) 19.1+78
Systolic Left Atrial Peak Reservoir Strains
Left Atrial Global Radial Strain (%) —14.7 £ 8.0
Left Atrial Global Circumferential Strain (%) 33.8 +15.5
Left Atrial Global Longitudinal Strain (%) 26.5+9.0
Left Atrial Global Three-Dimensional Strain (%) —73+5.7
Left Atrial Global Area Strain (%) 68.0 = 28.4
Left Ventricular Volume-Based Parameters
End-Diastolic Left Ventricular Volume (mL) 85.6 +23.2
Body Surface Area-Indexed End-Diastolic Left Ventricular Volume (mL/m?) 46.5+13.1
End-Systolic Left Ventricular Volume (mL) 36.1 +10.5
Body Surface Area-Indexed End-Systolic Left Ventricular Volume (mL/m?) 19.6 £ 5.6
Left Ventricular Ejection Fraction (mL) 583 +£5.7
Left Ventricular Mass (g) 158.1 + 32.0
Systolic Left Ventricular Rotational Mechanics

Basal Left Ventricular Rotation (Basal LVrot, ©) —4.26 £+ 2.08
Apical Left Ventricular Rotation (Apical LVrot, ©) 9.49 4 3.54
Left Ventricular Twist (LVtwist, °) 13.75 £ 3.70
Time-to-LVtwist (ms) 344 + 130
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3.3. Increase in Basal or Apical LV Rotations

Increased basal LV rotation is associated with a decreasing tendency of rotation of
the LV apex and increased LV twist. Increased rotation of the LV apex is associated with a
decreasing tendency of rotation of the LV base and increased LV twist (Table 2).

Table 2. Peak left atrial strains and left ventricular rotational parameters in different basal and apical
left ventricular rotations groups.

Basal LV —2.18° < Basal o . 5.95° < Apical o .
Rotation LV Rotation —634" < ]?asal Al.)lcal Lv o LV Rotagon 13.03° < Al.mal
< _218° < —6.34° LV Rotation Rotation < 5.95 <13.03° LV Rotation
(=17 (a =116) (n =23) (n=24) (1 = 106) (n=27)
LA-GRS (%) —133+72 —145+76 —-16.8 £9.9 —192+94 —142+72% —130+£82%
LA-GLS (%) 30.7 £13.7 35.1+16.3 30.0£11.8 352+ 144 34.0 £ 153 319+ 17.0
LA-GCS (%) 27.6 £ 6.8 27.1+9.6 227+ 64*F 240+7.1 273 +£94 252 + 8.5
LA-G3DS (%) —70+£5.1 —71+54 —9.0+69 —99+68 —75+55 —50+42%#
LA-GAS (%) 66.0 +£22.7 70.5 +£20.2 578 +20.0" 66.6 +23.5 69.2 +28.2 64.7 £ 32.6
Basal LV rotation (°) —1.52 £ 0.50 —3.84 £1.07* —8.09 £ 1.16%* —5.05 £ 2.10 —4.25+2.08 —3.60+1.76%
Apical LV rotation (°) 10.93 £ 3.45 9.51 £+ 3.50 8.37 £3.50 * 4.58 +0.97 9114+ 176% 15.37 4+ 1.90 +#
LV twist (°) 125435 13.35 + 3.44 16.45 + 3.73 ** 9.63 £227 13.36 +- 257 ¥ 18.98 4+ 2.49 +#
Time-to-LV twist (ms) 276 £92 355 + 140 * 339 +84* 318 + 150 349 + 131 345 + 106

* p < 0.05 vs. basal LV rotation < 2.18 degree; © p < 0.05 vs. 2.18 degree < basal LV rotation < 6.34 degree; ¥ p < 0.05
vs. apical LV rotation < 5.95 degree; # p < 0.05 vs. 5.95 degree < apical LV rotation < 13.03 degree. Abbreviations.
LA, left atrial; LV, left ventricular; G3DS, global three-dimensional strain; GAS, global area strain; GCS, global
circumferential strain; GLS, global longitudinal strain; GRS, global radial strain.

3.4. Increased LV Rotations and LA Peak Reservoir Strain

Peak LA-GCS and LA-GAS proved to be reduced in the case of the highest basal LV
rotation, while other LA peak reservoir strains did not show an association with increasing
basal LV rotation. Peak LA-GRS was highest in the case of the lowest apical LV rotation.
Peak LA-3DS was lowest in the case of the highest apical LV rotation (Table 2).

3.5. Increase in LA Peak Reservoir Strains

All LA peak reservoir strains showed an increasing tendency of the other strains but
to different extents. With increasing peak LA-GRS, increasing peak LA-GLS, LA-GCS and
LA-GAS could be detected, but only up to a point, beyond which further increase could not
be detected (except peak LA-G3DS). Increasing peak LA-GCS was associated with increase in
all other strains except for peak LA-G3DS (only up to a point). An increase in all LA peak
reservoir strains could be seen with increasing peak LA-GLS, except for peak LA-GRS (only
up to a point). From complex strains, with increasing peak LA-G3DS, increasing peak LA-
GLS, LA-GCS and LA-GAS could be detected, but only up to a point, beyond which further
increases could not be detected (except peak LA-GRS). An increase in all LA peak reservoir
strains could be detected with increasing peak LA-GAS, but only up to a point, beyond which
further increases in LA peak reservoir strains could not be detected (Tables 3 and 4).
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Table 3. Left atrial peak reservoir strains and left ventricular rotational parameters in different left
atrial peak reservoir unidimensional strain groups.

(n=22) (n=117) (n=18) (n=24) (n =106) (n=27) (n=23) (n =110) -
LA-GRS (%) 29423 —148+£46% ~289 +66%" -101+70 ~148+78% —184+76H# ~104+86 ~155+81% ~154454%
LA-GLS (%) 2424108 349 +154* 382+165* 13.5+ 3.6 319+79% 59.4 +10.5 F# 222+122 345+ 1525 419+ 129 %&
LA-GCS (%) 20.0 + 8.4 27.7 + 88* 26.1+81% 18.1+54 269 +82F 322+961# 135+ 34 260 +499% 113+605&
LA-G3DS (%) —08+1.1 —7.6+43% 141 +78%t —4.6+£40 —79+61% —79+41% —49+56 —75458% —92+44%
LA-GAS (%) 489 + 255 712 +£27.0* 704 £31.2* 31.7 £ 84 65.6 +18.2 T 110.0 +19.8 i# 35.6 +17.2 68.2 +239 $ 98.3 +21.6 $&
Basal LV rotation (°) —4.29 + 1.66 —4.18 +2.09 —4.75 +2.37 —4.09 +1.87 —4.33+2.18 —413+1.77 —432+2.14 —432+215 —3.94 £+ 1.56
Apical LV rotation ©) 9.54 +2.92 9.56 + 3.64 9.00 + 3.51 10.46 +3.78 9.18 4 3.43 9.86 + 3.55 9.67 + 4.26 9.47 + 3.48 9.45 + 3.01
LV twist (°) 13.83 + 3.00 13.74 +3.72 13.75 +4.28 14.55 + 3.46 13.52 +3.72 13.99 + 3.68 13.99 + 4.04 13.78 + 3.77 13.39 + 2.86
Time-to-LV twist (ms) 339 + 109 340 + 116 374 + 210 346 +£91 351 + 144 312+ 95 342 + 116 338 + 127 368 + 151
*p <0.05vs. LA-GRS < —6.73%; * p <0.05vs. —6.73% < LA-GRS < —22.73%; ¥ p <0.05 vs. LA-GCS < 18.33%;
# 9 <0.05 vs. 18.33% < LA-GCS < 49.31%; $ p < 0.05 vs. LA-GLS < 17.43%; & p < 0.05 vs. 17.43% < LA-GLS <
35.51%. Abbreviations. LA, left atrial; LV, left ventricular; G3DS, global three-dimensional strain; GAS, global area
strain; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain.
Table 4. Left atrial peak reservoir strains and left ventricular rotational parameters in different left
atrial peak reservoir complex strain groups.
0, 0,
LA-G3DS Lk?éé’];s 13.07% < LA-GAS ‘&'iﬁ; 96.41% <
<1.75% - LA-G3DS < 39.63% N LA-GAS
(@ =27) < 13.07% (= 23) (= 27) <96.41% (0 = 24)
(n =107) (n =106)
LA-GRS (%) —68+74 —148 £55* —240+86*F —-104 +77 —152+79% —176+ 681
LA-GLS (%) 26.7 +12.8 35.6 £159* 34.0 +£13.8* 1594+7.6 33.0+91% 57.7 +14.3%
LA-GCS (%) 202 +79 282 +8.7*% 257 +8.6* 16.0 £5.5 267 +62% 3734+95%
LA-G3DS (%) —04 4+ 0.5 —-714+£31* —172+46%" —4.61+4.8 —79+591% —86+46%F
LA-GAS (%) 49.7 + 23.5 724 +28.1* 69.0 + 26.3 299+75 668 +15.1% 1165+ 152 %
basal LV rotation (°) —4.23 +1.78 4.16 + 2.03 —4.77 £ 2.50 —4.36 +£1.92 —4.28 +2.20 —4.07 £ 1.58
apical LV rotation (°) 10.50 + 3.44 9.53 + 3.54 8.12 +3.23 % 10.1 3.9 9.35 + 3.48 9.45 + 3.28
LV twist (°) 14.73 £ 3.72 13.70 + 3.65 12.88 + 3.64 145+ 3.7 13.63 + 3.65 13.52 + 3.78
time-to-LV twist (ms) 327 + 105 342 +123 369 + 176 358 + 104 346 + 144 319 £ 75

*p < 0.05 vs. LA-G3DS < 1.75%; * p < 0.05 vs. 1.75% < LA-G3DS < 13.07%; ¥ p < 0.05 vs. LA-GAS < 39.63%.
Abbreviations. LA, left atrial; LV, left ventricular; G3DS, global three-dimensional strain; GAS, global area strain;
GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain.

3.6. Increased LA Peak Reservoir Strains and Basal and Apical LV Rotations

Only apical LV rotation proved to be significantly reduced in the case of the highest
peak LA-G3DS. Other global LA peak reservoir strains did not show any associations with
apical and basal rotations of the LV (Tables 3 and 4).

3.7. Feasibility of 3DSTE-Derived Measurements

The frame rate proved to be 31 &£ 2 fps. This study comprised 308 healthy individuals,
but 151 cases were excluded due to the image quality being insufficient for LA and/or LV
quantifications. According to this fact, the overall feasibility proved to be 51%.

3.8. Reproducibility of 3DSTE-Derived Assessments

The mean =+ SD difference in rotations of the LV base and apex and LA peak reservoir
strains as assessed by 3DSTE simultaneously were assessed two times by the same observer
and by two independent observers together with ICCs (Table 5).
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Table 5.
echocardiography-derived apical and basal left ventricular rotations and left atrial peak reservoir

Intra- and inter-observer agreement for three-dimensional speckle-tracking

strains in healthy adults.

Intra-Observer Agreement Inter-Observer Agreement

Mean = 25D Mean + 2SD
Difference in Difference in
Values ICC Between Values ICC Between
Obtained by Measurements . Measurements
Obtained by 2
Two of the Same of the Same
Measurements
Measurements Observer Observer
of the Same
of the Same Observer
Observer
Apical LV
Rotation (°) 0.6 £04 0.81 (p < 0.001) 0.7 £0.7 0.80 (p < 0.001)
Basal LV
Rotation (°) 0.3+£0.2 0.82 (p < 0.001) 03+03 0.81 (p < 0.001)
LA-GRS (%) -19+11.1 0.86 (p < 0.001) —4.0+104 0.83 (p < 0.001)
LA-GLS (%) 4.7 £15.8 0.82 (p < 0.001) 49 +16.1 0.80 (p < 0.001)
LA-GCS (%) 31+£75 0.81 (p < 0.001) 3.6 £89 0.79 (p < 0.001)
LA-GAS (%) 6.7 +34.7 0.81 (p < 0.001) 11.1 £ 353 0.79 (p < 0.001)
LA-G3DS (%) -1.3+£10.2 0.82 (p < 0.001) —21+94 0.80 (p < 0.001)

Abbreviations. LA = left atrial, LV = left ventricular, G3DS = global three-dimensional strain. GAS = global
area strain, GCS = global circumferential strain, GLS = global longitudinal strain, GRS = global radial strain,
ICC = interclass correlation coefficient.

4. Discussion

In left ventricular (LV) systole, the coordinated complex movement of heart chambers
and valves is observed. Due to the spatial structure of the LV, its systolic pump function
is the result of the coordinated work of the muscle fibers that make up the LV. However,
due to the oblique muscle LV fibers running perpendicular to each other, not only can
contraction be detected in systole, but the basal region of the LV rotates in the clockwise
direction and the apical region of the LV rotates in the counterclockwise direction, having
a specific ‘towel-wringing” like movement, a phenomenon that is called LV twist. This
sort of motion seems to be responsible for approximately 40% of ejection [3-7]. While the
cavity of the LV is the smallest in end-systole, its walls thicken, narrow and shorten in
the radial, circumferential and longitudinal directions, represented by specific LV strains.
In the left atrium (LA), wall segments move in the opposite direction, ensuring reservoir
function in systole. The LA cavity is the largest in end-systole, explaining why this phase is
called ‘reservoir’, while thinning, lengthening and widening of the LA walls in the radial,
longitudinal and circumferential directions represented by negative LA global radial strain
(GRS) and positive LA global circumferential strain (GCS) and LA global longitudinal
strain (GLS) are seen, respectively [1-3,8,9]. Due to the fact that the interaction of certain
LV and LA features has not been deeply examined, to the best of the authors” knowledge,
this is the first time where a three-dimensional (3D) speckle-tracking echocardiography
(BDSTE)-derived analysis of the relationship between LV rotational mechanics and LA
reservoir deformation represented by LA peak strains were performed in healthy adult
volunteers to determine their relationship.

3DSTE seems to be an ideal method for the simultaneous analysis of LV rotational
mechanics and LA deformation at the same time. 3DSTE is a non-invasive, non-radiating,
easy-to-learn and easy-to-implement procedure, which can be performed several times
within a relatively short time, even in healthy subjects. These advantages make it possi-
ble to perform physiological studies based on 3DSTE [10-13]. In the past, simultaneous
routine 3D measurement of quantitative features of LV twist represented by apical and
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basal LV rotations and LA deformation represented by its strains could not be quantified,
and only two-dimensional (2D)-projected parameters could be calculated in specific planes
determined by the observer (1). This sort of approach of evaluation was based on cer-
tain predetermined assumptions, which could theoretically challenge the accuracy of the
measurements (1). Therefore, according to recent recommendations, 2D speckle-tracking
echocardiography (STE)-derived determination of LV rotational mechanics is not recom-
mended, and only 3D echocardiography is suggested [10-14]. Although numerous studies
have demonstrated the clinical possibility and importance of LA strain determination
during 2DSTE, their 3DSTE-based determination seems to be closer to reality. In addition,
3DSTE is validated and normal reference values of LV rotational mechanics and LA strains
measured in healthy subjects are also available [14-19].

In a recent study, strong associations between LA volumes and LV rotational mechanics
were found [20]. The rotation of the LV base was highest in the presence of the highest
maximum LA volume in end-systole (and the LA preatrial contraction volume in early
diastole), and the rotation of the LV apex did not associate obviously with any LA volumes.
End-systolic LA volume did not relate to LV rotations, but the highest end-systolic rotation
of the LV base was associated with increased diastolic LA volumes, and reduced diastolic
LA volumes were seen in the case of increased rotation of the LV apex. These findings could
theoretically explain that blood flowing into the LV in diastole results in increased basal
(not apical) LV rotation, as this region is closest to the LA outflow/LV inflow. End-systolic
apical LV rotation was associated with lower volumes of the LA, suggesting that it may
play a role in lower atrial preload [20].

With the presented findings, our knowledge was extended with several facts. The
highest rotation of the LV base was associated with the lowest LA-GCS (LA widening)
and LA-GAS. Moreover, with higher apical LV rotation, lower LA-GRS (LA thinning) and
LA-G3DS were associated. With increasing LA peak reservoir strains, neither basal nor
apical LV rotations showed associations except for the rotation of the LV apex, which was
lowest in the presence of the highest LA-G3DS.

To determine the clinical importance of a phenomenon in a specific abnormality, better
understanding in healthy circumstances has a significant importance. The presented results
suggest a complex adaptation to changes in the volumes and functional properties of the
LA and LV, suggesting that each left heart chamber can affect the other, even in healthy
circumstances. It must also be noted that certain parameters (volumes, functional charac-
teristics, etc.) are not independent of each other, so they must be examined together, which
can make analysis very complicated. Therefore, further multi-parameter investigations
are warranted in healthy subjects. Moreover, similar studies are also needed to examine
these relationships in certain pathologies, which are associated with changes in LA and/or
LV morphology and function. Future studies examining patients with early systolic LV
abnormalities (e.g., cases with reduced LV-GLS but preserved LV ejection fraction) would
be worthwhile to investigate which relationship /association disappears the earliest and
which still exists in healthy subjects based on the present research. This sort of analysis
could help us form a deeper understanding of the development of the early stages of
heart failure.

During this study’s analyses, many factors were not taken account in order to highlight
the most important ones, e.g., the roles of age, gender difference, heart rate and blood
pressure were not investigated. Accordingly, an even more complex approach would be
necessary to understand the presented physiological associations.

5. Limitations

The limitations presented as follows were the most important ones of this study:.
Firstly, the sample size could have been larger to allow analyses like the evaluation of
gender differences or subjects being in different age decades.
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According to a consensus document, measurement of global LA strain is recommended
and radial (or transverse) strain is not recommended. However, due to the experimental
nature of this analysis, a full analysis was performed [21].

Image quality was an important aspect. Under current technical conditions, 2D
echocardiography still has a significant advantage, which limits the usability of 3DSTE. In
the present study, the overall feasibility proved to be only 51%. Further improvements are
needed to improve the temporal and spatial resolution of the images taken [10-13,22].

3DSTE is capable of evaluating LV strain parameters simultaneously using the same
3D echocardiography dataset. A detailed analysis of LV /LA strains would have exceeded
the limits of the present paper and could well be the subject of another study.

This study did not purpose to assess associations between LA volumes and LV rota-
tional mechanics due to the detailed investigation of this topic [20].

The validation of calculated parameters was not among the objectives of the current
study due to their validated nature [15-18].

The pulmonary veins and the LA appendage were excluded from the evaluations.

Morphological abnormalities of the LA were not aimed to be characterized.

3DSTE-derived evaluation of the volumes and functional properties of other heart
chambers were not to be performed either.

In this study, analyses were performed with the atrial septum as part of the LA.

Finally, both parameters of LV rotational mechanics and LA strains had specific age
and gender dependencies, which could have affected the findings [14,19].

6. Conclusions

In LV systole, LV rotational mechanics is associated with LA deformation, represented
by LA peak reservoir strains even in healthy circumstances. While basal LV rotation is
associated with LA widening, apical LV rotation is associated with LA thinning, suggesting
the close cooperation of the LV and LA in systole even in healthy adults.
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Abstract: Cancer therapy-related cardiac dysfunction (CTRCD) has emerged as a significant con-
cern with the rise of effective cancer treatments like anthracyclines and targeted therapies such as
trastuzumab. While these therapies have improved cancer survival rates, their unintended cardiovas-
cular side effects can lead to heart failure, cardiomyopathy, and arrhythmias. The pathophysiology of
CTRCD involves oxidative stress, mitochondrial dysfunction, and calcium dysregulation, resulting in
irreversible damage to cardiomyocytes. Inflammatory cytokines, disrupted growth factor signaling,
and coronary atherosclerosis further contribute to this dysfunction. Advances in cardio-oncology
have led to the early detection of CTRCD using cardiac biomarkers like troponins and imaging tech-
niques such as echocardiography and cardiac magnetic resonance (CMR). These tools help identify
asymptomatic patients at risk of cardiac events before the onset of clinical symptoms. Preventive
strategies, including the use of cardioprotective agents like beta-blockers, angiotensin-converting
enzyme inhibitors, mineralocorticoid receptor antagonists, and sodium-glucose cotransporter-2 in-
hibitors have shown promise in reducing the incidence of CTRCD. This review summarizes the
mechanisms, detection methods, and emerging treatments for CTRCD, emphasizing the importance
of interdisciplinary collaboration between oncologists and cardiologists to optimize care and improve
both cancer and cardiovascular outcomes.

Keywords: cancer; cancer treatment-related cardiac dysfunction; global longitudinal strain; cardiac
magnetic resonance; cardio-oncology

1. Introduction

The improvement in oncology care, particularly through the use of potent pharma-
cotherapies like anthracyclines and targeted agents such as trastuzumab, has dramatically
enhanced cancer survival rates. However, these advances come with a significant risk: can-
cer therapy-related cardiac toxicity (CTRCD). As cancer treatments become more effective,
their unintended cardiovascular side effects have become a critical issue. Indeed, while
significant advances have been achieved in reducing cancer-related mortality, an increase
in cardiovascular mortality is noted beyond the first years of cancer diagnosis [1].

Chemotherapeutic agents like anthracyclines generate reactive oxygen species (ROS),
leading to oxidative stress and irreversible damage to cardiomyocytes [2]. Similarly, anti-
vascular endothelial growth factor (VEGF) therapies used in treating solid tumors can
cause hypertension and myocardial hypoperfusion, increasing the risk of heart failure (HF).
With the emergence of powerful drugs, patients are often faced with the dual challenge
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of managing cancer while protecting cardiovascular health. Cardio-oncology, an interdis-
ciplinary field that bridges oncology and cardiology, has become essential in managing
this delicate balance. Early detection of cardiotoxicity through biomarkers like troponins
and imaging modalities such as echocardiography and cardiac magnetic resonance (CMR)
plays a pivotal role in identifying cardiovascular risks before irreversible damage occurs.

In response to the increasing prevalence of CTRCD, there is a growing focus on
preventive and therapeutic strategies, including the use of cardioprotective agents like
beta-blockers, angiotensin-converting enzyme (ACE) inhibitors, and angiotensin receptor
blockers. These medications, when initiated early, can help mitigate the cardiovascular side
effects of cancer therapy, allowing patients to continue potentially life-saving treatments.
As the field of cardio-oncology continues to evolve, the goal is to optimize cancer treat-
ment while minimizing its cardiovascular impact, ensuring both improved survival and
quality of life for cancer patients. In this review, we summarize the existing evidence in
the pathophysiology, epidemiology, and management of CTRCD. While multiple cancer
therapies are associated with cardiac dysfunction, this review concerns mostly therapies
with the most robust evidence for CTRCD, including anthracyclines, HER2-targeted thera-
pies like trastuzumab, and anti-VEGF agents. These therapies are prioritized due to their
widespread use and significant cardiovascular impact in clinical practice.

2. Definition

Cardiovascular toxicities related to cancer therapies encompass a broad spectrum of
conditions that affect the heart and vascular system. These manifestations necessitate cross-
disciplinary communication to effectively describe cardiovascular events and integrate
these standards into routine clinical practice and research. The recently published 2022
ESC Guidelines for the management of cardio-oncology, endorsed by the Scientific Council
of the International Cardio-Oncology Society (IC-OS), provide comprehensive definitions
of these toxicities [3].

More specifically, “Cancer Therapy-Related Cardiac Dysfunction” (CTRCD) is defined
as the adverse impact on cardiac structure and function in cancer patients, presenting as ei-
ther asymptomatic cardiac dysfunction or symptomatic HF related to the therapy received.
Confirmation of CTRCD includes any of the following: a reduction in left ventricular
ejection fraction (LVEF), symptoms of congestive heart failure, signs associated with heart
failure (such as S3 gallop or tachycardia), or a reduction in LVEF from baseline by 5-10%.
Symptomatic CTRCD is characterized by a HF syndrome with typical symptoms and signs
of volume overload or inadequate perfusion caused by structural and functional abnor-
malities of the heart consistent with AHA /ACC Stage C/D HF. In contrast, asymptomatic
CTRCD is more common during cancer therapy and is often identified through changes in
LVEF on screening echocardiograms during treatment or as an incidental finding during
survivorship surveillance [4].

The guidelines also define various manifestations of cancer therapy-related cardiac
toxicity. Cardiomyopathy and HF are significant conditions that can arise, with myocarditis
often resulting from direct toxicity or immune-mediated events in cancer patients. Vascular
toxicity, characterized by arterial occlusion due to blood clots, can lead to luminal obstruc-
tion and reduced blood flow through altered vascular reactivity, thrombosis, atherosclerosis,
or vasculitis, and can be either clinically silent or symptomatic. Hypertension in cancer
patients may be temporary and treatment-induced, with a more abrupt onset that can
lead to end-organ damage and other complications. Uncontrolled hypertension may ne-
cessitate the cessation of cancer treatment, significantly impacting the patient’s oncologic
care. Finally, several cancer therapies have been recognized to cause QTc prolongation,
including arsenic trioxide, HDAC inhibitors, tyrosine kinase inhibitors (e.g., vandetanib,
vemurafenib, ceritinib, gilteritinib, trametinib, and those targeting BCR-Abl and the VEGF
signaling pathway), and Cyclin-dependent kinase (CDK) 4-6 inhibitors [4].
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Understanding these definitions and mechanisms is crucial, as “speaking the same
language” among clinicians could improve the management of cardiovascular health in
cancer patients and ensure optimal therapeutic outcomes.

3. Epidemiology

The epidemiology of cardiotoxicity varies significantly depending on the population
studied and the specific agents involved. In oncology, the incidence of cardiotoxicity is
influenced by the type of chemotherapeutic agent, cumulative dose, combination therapies,
and individual patient risk factors such as age, pre-existing cardiovascular disease, and
genetic predispositions.

Specifically, the prevalence of late symptomatic anthracycline-induced cardiotoxicity
varies widely, influenced by patient age, anthracycline dose, cancer type, cardiovascular
risk factors, pre-existing heart disease, and follow-up duration [5]. In adults, symptomatic
HF typically appears within two to three years after anthracycline treatment [6]. A study of
135 patients with non-Hodgkin lymphoma showed that 20% experienced significant cardiac
events within a year of anthracycline therapy [7]. Asymptomatic LV dysfunction is more
common than symptomatic disease, with rates ranging from 7% (LVEF) to 45% (cardiac
strain) [8]. A trial on statin therapy in doxorubicin-treated patients showed a decrease in
LVEF from 63% to 57% over 24 months [9]. In an echocardiographic study of 1853 adult
childhood cancer survivors, 7% had asymptomatic LVEF reduction below 50% [10]. A CMR
imaging study reported a 14% prevalence of reduced LVEF in 114 adult childhood cancer
survivors [11]. Another CMR study found 26% of adults treated with low to moderate
anthracycline doses had an asymptomatic LVEF reduction below 50% at six months [12]. A
Kaiser study linked anthracycline therapy for breast cancer to a 1.84-fold increased risk
of cardiomyopathy/HF and a 2.91-fold increased risk of cardiovascular mortality [13]. In
children, cardiotoxicity is often detected long after exposure, particularly in childhood
cancer survivors, who have a nearly 6-fold higher risk of HF compared to siblings, mainly
due to anthracycline exposure [10].

The incidence of trastuzumab-related cardiotoxicity varies based on patient factors
such as previous chemotherapy, pre-existing heart disease, and age. While the risk of HF
or cardiomyopathy with trastuzumab is low, it can be mitigated by limiting cumulative
anthracycline doses to below 300 mg/m?. Nevertheless, close cardiac monitoring is nec-
essary [14]. In large randomized trials of adjuvant trastuzumab for HER2-positive breast
cancer, which included stringent cardiac monitoring and limited anthracycline doses, a
modest incidence of cardiotoxicity was observed [15-17]. A 2012 meta-analysis of these
trials, involving 11,991 women, found that trastuzumab-treated patients had an increased
risk of severe HF (2.5% vs. 0.4%; RR 5.11) and a reduction in LVEF (RR 1.83). The car-
diotoxicity profile was similar regardless of whether chemotherapy and trastuzumab were
administered concurrently or sequentially. Shorter treatment periods did not significantly
increase HF risk [18]. A subsequent study of around 400 patients treated with paclitaxel
and trastuzumab for node-negative disease reported even lower cardiotoxicity rates, with
only 0.5% developing grade 3 left ventricular systolic dysfunction and 3% experiencing
asymptomatic LVEF decline. These findings compare favorably with older trials involving
higher doses of concurrent doxorubicin [19,20].

The incidence of fluorouracil (FU)-related cardiotoxicity ranges from 1% to 19%, with
most reports indicating a risk of 8% or less [21]. This variability is likely due to differences
in defining cardiotoxicity, FU administration methods, underlying coronary artery disease
(CAD), concurrent radiation therapy or anthracyclines, and monitoring intensity. The
highest rates are seen in closely monitored patients. For instance, a study of 102 patients
receiving FU, monitored with ECG, echocardiography, and radionuclide ventriculography,
found 19% experienced reversible angina pectoris within 24 h of starting FU, often with
accompanying ECG changes [22]. Asymptomatic ECG changes, arrhythmias, and elevated
NT-proBNP levels during FU chemotherapy suggest possible subclinical cardiotoxicity,
though the clinical significance is uncertain [22-24].
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Tyrosine kinase inhibitors (TKIs) are associated with significant cardiovascular toxicity,
affecting both the heart and vascular system [25]. Adverse effects are observed in single-
and multi-targeted TKIs, particularly through mechanisms such as VEGF inhibition, which
impairs angiogenesis and myocardial perfusion and leads to microvascular dysfunction [25].
Myocardial dysfunction and HF are common, with a meta-analysis of clinical studies in
10,670 patients reporting an incidence of asymptomatic LV dysfunction at 2.4%, while VEGF
inhibitors like sunitinb and sorafenib are linked to progressive HF [26]. Specifically, VEGF
inhibitors can reduce capillary rarefaction (myocardial capillary network) and impaired
myocardial contractility [27]. Anti-HER2 TKIs, such as lapatinib, show higher cardiotoxicity
rates in metastatic settings, with HF reported in 3% of patients with breast cancer [28].
HTN is another prevalent side effect, which is seen in 30-80% of patients on VEGFIs
and in up to 78.3% of those treated with ibrutinib [25,29]. QTc prolongation occurs in
0.1% of VEGF-inhibitor cases but is higher with third-generation EGFR TKIs such as
osimertinib [30,31]. Finaly, thromboembolic events are associated with VEGF inhibitors,
with arterial thrombosis reported in 1.7% and 1.4% of patients on sorafenib and sunitinib,
respectively [25,32].

Immune checkpoint inhibitors (ICIs) are associated with rare but significant cardiotox-
icity, primarily presenting as myocarditis. A retrospective study across eight clinical centers
found a myocarditis prevalence of 1.14% [33]. In a phase II trial with pembrolizumab
for thymic epithelial tumors, 34% of patients experienced grade 3 or higher immune-
related adverse events, including 9% with myocarditis and 6% with myasthenia gravis [34].
Combination ICI therapy increases myocarditis risk to 1.33%, compared to 0.31% for
monotherapy [35]. Myocarditis typically manifests within the first three months, with
most cases occurring within six weeks of treatment, and combination therapy-related
myocarditis shows a higher mortality rate (67%) compared to monotherapy (36%) [36].
Other CV complications include a 1% incidence of myocardial infarction in lung cancer
patients treated with ICIs and tachyarrhythmias, bradyarrhythmias, and prolonged QTc,
indicating an elevated risk of ventricular arrhythmias [37,38].

4. Pathophysiology

The pathophysiology of cardiotoxicity involves complex mechanisms that result in
myocardial damage (Table 1, Figure 1). For chemotherapeutic agents like anthracyclines,
the primary mechanism is believed to be the generation of ROS leading to oxidative stress,
mitochondprial dysfunction, and subsequent cardiomyocyte apoptosis [39]. In cardiomy-
ocytes, which have abundant mitochondria, ROS levels increase during chemotherapy,
predominantly producing superoxide anions [40]. Due to their short half-life, ROS pri-
marily affect the mitochondria that generate them [41]. Additionally, the heart’s crucial
antioxidant systems, which neutralize free radicals, are diminished [42]. This includes
reduced complex I activity and decreased levels of cardiolipin, a phospholipid essential for
the function of anion carriers and electron transport complexes, as well as for enhancing
cytochrome oxidase activity [43]. Cardiolipin, an unsaturated fatty acid vital for electron
transport and cytochrome oxidase activity, is prone to peroxidation, leading to decreased
cytochrome c oxidase activity and increased oxidative stress [44]. Oxidative stress in the
cardiac muscle can lead to altered gene expression, calcium overload, cellular hypertrophy,
ventricular remodeling, and cell death via apoptosis. These pathological changes can result
in cardiomyopathy and HF [40].
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Table 1. Mechanisms of cancer therapy-related cardiac dysfunction (CTRCD).

Mechanism Drug Class Observed Symptoms Key Processes References
Oxidative Stress Anthracyclines Cardiomyopathy, heart =~ ROS generation, mitochondrial [39,40,43,44]
failure dysfunction, cardiomyocyte
apoptosis
Inflammation Immune checkpoint Myocarditis, Cytokine storm, IL-1f and IL-6 [45-47]
inhibitors arrhythmias mediated ion channel alterations,
QT prolongation
Calcium Overload Anthracyclines, TKIs Ventricular Disruption of calcium regulation, [48-50]
arrhythmias, increased diastolic calcium levels,
myocardial injury RYR2 dysfunction
VEGF Anti-VEGF therapies Hypertension, Endothelial dysfunction, [27,51,52]
myocardial ischemia impaired angiogenesis,
microvascular dysfunction
Pyroptosis Immune checkpoint Myocardial necrosis, Caspase and gasdermin [53]
inhibitors inflammation activation, increased cytokine
release during ischemia—
reperfusion injury
Fibrosis HER2-targeted Myocardial Increased fibroblast activation, [12,54]
therapies stiffening, heart extracellular matrix remodeling,
failure TGEF- pathway activation

ROS: reactive oxygen species, IL: interleukin, TKI: tyrosine kinase inhibitor, VEGF: vascular endothelial growth
factor, RYR2: ryanodine receptor 2.

Mechanisms involved
Oxidative stress

Inflammation

Ca*2overload

VEGF
Pyroptosis
Fibrosis
. DlégnOSIS . Treatment
Circulatingtroponins BB

NPs RASb
GLS

LVEF (MR

(GMRT1, T2, LGE, ECV) (SGLT2 inhibitor)
Figure 1. Overview of pathophysiologic mechanisms, diagnosis, and treatment of CTRCD. Content
in parenthesis represents potential approaches that have not been incorporated into guidelines.
VEGE: vascular endothelial growth factor, NP: natriuretic peptide, GLS: global longitudinal strain,
LVEEF: left ventricular ejection fraction, CMR: cardiac magnetic resonance, LGE: late gadolinium
enhancement, ECV: extracellular volume, BB: beta blocker, RASb: renin-angiotensin system blocker,
MRA: mineralocorticoid receptor antagonist, and SGLT2: sodium-glucose cotransporter-2.

Moreover, chronic inflammation and cytokine storming, often perpetuated by ma-
lignancy and chemotherapy, could have deleterious effects on the cardiovascular system.
Inflammatory cytokines such as Interleukin (IL)-1f and IL-6 alter cardiac ion channel
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function, increasing the risk of arrhythmias and sudden cardiac death [45]. For instance,
increased inflammatory markers inhibit human ether-a-go-go (hERG)-related channel,
reducing the rapid delayed rectifier current (IKr), prolonging the QT interval and action
potential duration, and heightening the risk of ventricular arrhythmias like Torsades de
Pointes [46,47]. Key ion channels, including SERCA2 and Cav1.2 (L-type Ca?* channels),
are affected by elevated levels of IL-6 and IL-1 [55]. Chronic exposure to IL-6 has been
shown to decrease SERCA?2 activity, impairing Ca?* reuptake and leading to prolonged
Ca%* exposure, sustained excitation, and an increased risk of arrhythmias [56,57]. Addition-
ally, IL-6 plays a complex role in myocardial contractility [58]. While acute IL-6 exposure
can help preserve myocardial function, chronic exposure can lead to pathological changes,
including immune cell infiltration and increased connective tissue production. Contin-
uous IL-6 and IL-6 receptor expression can cause persistent gp130 signaling, promoting
left ventricular hypertrophy and cardiomyopathy [59]. STAT-3, a downstream target of
IL-6, is implicated in cardiac hypertrophy, while tumor necrosis factor (TNF)-« has been
observed to reduce ejection fraction and induce HF in animal studies [58,60]. IL-13 and
IL-18 also promote apoptosis by increasing caspase and gasdermin activity, contributing to
myocardial pyroptosis, a form of necrosis associated with excessive cytokine release during
ischemia—reperfusion injury [53].

Calcium regulation within the myocardium is crucial for muscle contractility and con-
duction in the atrioventricular and sinoatrial nodes. Excess calcium can lead to increased
firing of these nodes, and any pathological alterations in calcium handling can result
in cardiotoxicity, which is a known mechanism of chemotherapy-induced cardiotoxicity.
Certain chemotherapeutic drugs significantly affect calcium homeostasis in cardiac tissue.
Studies suggest that these drugs increase ROS levels, which subsequently cause calcium
overload [48]. For instance, doxorubicin has been shown to increase diastolic calcium
overload in rat cardiac myocytes by promoting calcium leakage from the sarcoplasmic
reticulum through modulation of Ca/calmodulin-dependent protein kinase II (CaMKII)
activity [49]. Lowering ROS levels, reducing Na* /Ca?* exchanger expression, and pre-
venting CaMKII hyperphosphorylation can mitigate anthracycline-induced myocardial
fibrosis [61]. Excess calcium can lead to fatal atrial and ventricular arrhythmias, with
common ECG findings of early and delayed afterdepolarizations. Calcium overload, often
due to ryanodine receptor 2 (RYR2) dysfunction, can create ectopic foci and reentry circuits,
disrupting cardiac conduction [50].

Growth factors are essential for cell proliferation and integrity. VEGF supports angio-
genesis, myocardial regeneration, and stress response by upregulating nitric oxide, which
inhibits platelet adhesion and acts as a vasodilator [51]. However, VEGF also promotes
tumor growth and metastasis, leading to the use of anti-VEGF therapies in cancers like
breast, lung, and colorectal cancer. Anti-VEGF drugs can cause significant cardiotoxicity;,
with up to 70% of patients developing arterial hypertension [52]. This is possibly due
to increased endothelin-1 levels and higher systolic blood pressure, which can lead to
cardiac remodeling, LV hypertrophy, diastolic dysfunction, and HF. Similarly, inhibiting
platelet-derived growth factors (PDGFR) with drugs like sunitinib can cause hypertrophy
and fibrosis [54]. Epidermal growth factor receptor inhibitors (EGFRis) also contribute to
cardiotoxicity, with some patients experiencing severe HF when treated with herceptin and
anthracyclines. Despite their benefits, the cardiotoxicity of anti-growth signaling therapies
limits their use [62].

Finally, several chemotherapeutic drugs are implicated in atherosclerosis of the coro-
nary arteries. Antimetabolites, antimicrotubule agents, and tyrosine kinase inhibitors
commonly cause coronary artery disease due to alterations in signaling pathways and sub-
sequent vasoconstrictive effects. VEGF inhibitors can lead to coronary artery occlusion and
angina by reducing NO synthase activity via the Akt/PKB pathway, resulting in abnormal
vascular tone and coagulation, especially during oxidative stress [27]. Combined with the
increased coagulative tendency and the effects of radiotherapy in malignancy, these factors
may significantly impact cardiovascular health and quality of life in cancer patients.
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5. The Role of Biomarkers and Imaging in CTRCD

Biomarkers of cardiac dysfunction are crucial in the detection and subsequent manage-
ment of CTRCD (Table 2). Early studies have shown that a rise in TnT following anticancer
therapy (chemotherapy or radiotherapy) was associated with the incidence of CTRCD and
is usually dose dependent [63,64]. According to a meta-analysis of eight studies (1294 pa-
tients receiving anticancer therapy), an increase in TnT at 3-6 months after the initiation of
treatment was an strong predictor of CTRCD (area under receiver operating characteristics
curve 0.90) [65]. It is therefore unsurprising that a rise in troponin irrespective of symptoms
could indicate the presence of mild, asymptomatic CTRCD, according to the guidelines,
and should be ordered in all patients prior to the initiation of anticancer therapy, even in
those in the lowest risk categories.

Table 2. Circulating and novel imaging biomarkers in CTRCD.

Biomarker Anticancer Therapy Study Population Outcomes Ref
Hs-cTnT Platinum and 190 patients with Hs-cTnT increased from 4th week [63]
taxane-doublet NSCLC Greater increase in left-sided tumors
chemotherapy with Ahs-cTnT correlated with mean heart
radiation of at least dose
60 Gy Risk of cardiac adverse events higher
if baseline hs-cTnT >10 ng/L (HR 4.06)
or A-hs-cTnT >5 ng/L (HR 3.57)
Hs-cTnT Not specified 930 patients attending hs-cTnT above the median (>7 ng/L)  [64]
the cardio-oncology was an independent marker of
outpatient clinic all-cause mortality (OR 2.21)
CT-derived EAT Adjuvant AC + 41 breast cancer The EAT volume index was [66]
volume index Trastuzumab patients significantly higher in both groups at
follow-up compared to baseline
CT-derived ECV Neoadjuvant 102 breast cancer Development of CTRCD was [67]
chemotherapy patients associated with an increase in mean
ECV after approximately 12 months,
which had subsided at 5 years
Myocardial T2 Anthracycline 29 breast cancer Gradual increase of T2 values during [68]
patients chemotherapy
T1, T2, and ECV Anthracycline + 136 breast cancer Changes in ventricular volumes were  [69]
Trastuzumab patients associated with a change in T1, T2,
and/or ECV
No significant associations were seen
between any of the CMR tissue
biomarkers and LVEF, GLS, or LVMi
Larger increase in T1, T2, and ECV
was associated with a larger increase
in BNP
CMR-LGE Ibrutinib 49 cancer patients Native T1 and presence of LGE were [70]

higher in treated patients and were
associated with the development of
MACE (LGE HR: 4.9, T1 HR: 3.3)

Regarding imaging modalities, it is clear that echocardiography remains a first-line
imaging modality in assessing CTRCD, either through the use of GLS or LVEF, as proposed
by the existing guidelines, since it is a cost-effective and reproducible method. Recently,
CMR has flourished in this field due to its ability in myocardial tissue characterization and
detection of myocardial inflammation and fibrosis.

Changes in epicardial adipose tissue could be an early indicator of incident adverse
cardiac remodeling, as shown in a previous study [71]. Chest computed tomography (CT)
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in patients receiving cardiotoxic chemotherapy has shown an expansion in the volume
of epicardial adipose tissue [66]. Therefore, future studies will determine whether this
imaging modality can detect patients at risk of CTRCD at an earlier stage and prompt
cardioprotective treatment initiation. CT-derived myocardial extracellular volume could
also present an appealing marker which requires further validation, since a small-scale
study in 82 breast cancer patients found it to be an informative marker [67].

Cardiac magnetic resonance (CMR) has recently gained ground regarding the early
recognition of CTRCD. A study evaluated the early detection of anthracycline-induced
cardiotoxicity in breast cancer survivors using T2 CMR [68]. It revealed that myocardial
T2, which indicates inflammation, increases after anthracycline therapy, preceding fibrosis
and a decline in LVEF. Though LVEF remained stable initially, 35% of patients showed a
significant drop in LVEF at follow-up, suggesting T2 as an early marker of cardiotoxicity.
In another study in women undergoing breast cancer therapy with anthracyclines and
trastuzumab, CMR markers of myocardial hyperemia and edema (relative myocardial
enhancement, native T1, extracellular volume) increased after anthracycline chemotherapy
or 3 months after trastuzumab treatment, indicating an inflammatory process during this
period [69]. Moreover, they were associated with increased LV volumes and BNP levels
but the changes were transient and not associated with the incidence of CTRCD. For cancer
patients treated with ibrutinib for a median of 14 months, CMR late gadolinium enhance-
ment (LGE) was present in 13.3% and indices of subclinical myocardial inflammation and
fibrosis were found to be elevated in 63% and 28.6% of patients, respectively [70]. Interest-
ingly, LGE (HR: 4.9; p = 0.04) and native-T1 (HR: 3.3; p = 0.05) were predictive of incident
adverse cardiovascular events (atrial fibrillation, heart failure, symptomatic ventricular
arrhythmias, and sudden death). We should note that according to a study in 125 women
with HER2+ early-stage breast cancer receiving sequential anthracycline/trastuzumab,
echocardiography-derived GLS was the most optimal prognostic marker even when com-
pared to feature-tracking-derived GLS and global circumferential strain from CMR [72].

Given the inconclusive evidence to date, there is a need for further observational and
randomized studies to determine the true potential of CMR in this setting.

6. Prevention and Treatment of CTRCD

As it has become evident that patients with cancer are at a heightened risk of devel-
oping cardiovascular disease. Given the existing knowledge in the pathophysiology and
the presence of biomarkers for diagnosis and prognosis of CTRCD, research in the field is
now focused on ways of preventing and treating CTRCD. In the field of prevention, several
studies have been conducted. In patients diagnosed with cancer who had an indication to
receive anthracycline chemotherapy, enalapril was tried as a preventive measure at the first
chemotherapy cycle, while a control group received the medication at the time of troponin
elevation during chemotherapy [73]. According to the results of this trial, the incidence of
a troponin rise was similar across the two groups. Another study utilized the beta-blocker
carvedilol in patients with HER2-negative breast cancer receiving anthracycline-containing
treatment [74]. The authors found no differences in LVEF or troponin I levels between the
carvedilol and placebo groups. The PRADA study compared multiple CTRCD prevention
regimens in patients with early breast cancer [75]. At a median follow-up of 23 months, no
differences in LVEF were noted in the studied groups (candesartan, metoprolol, placebo).
Similarly, cardiac biomarkers (Tnl, TnT, NTproBNP) were not significantly different with
regards to treatment. Candesartan further failed to prevent cardiac events at a 2-year follow-
up in 210 women with HER+ breast cancer who received anthracycline and trastuzumab as
part of their chemotherapy [76]. It also did not affect cardiac biomarkers or the changes in
LVEF compared to placebo. Among the promising agents in the prevention of CTRCD are
mineralocorticoid receptor antagonists. Akpek et al., by utilizing a sample of 83 patients
randomized to spironolactone or placebo, showed a significantly slower decline in LVEF
with spironolactone, accompanied by steeper Tnl rise and unaltered NTproBNP levels
compared to placebo [77].
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Treating CTRCD is another challenging task, often mandating the use of medications
used for patients with HF. In the presence of mild, asymptomatic CTRCD that is indi-
cated by abnormalities in GLS, Tnl, or NTproBNP, the use of renin-angiotensin system
blockers with or without beta-blockers is indicated by the existing European Society of
Cardiology Cardio-oncology guidelines (Table 3) [3]. At least moderate and asymptomatic,
or symptomatic CTRCD mandates the use of HF medications by following the related
treatment algorithms [3]. For SGLT2 inhibitors in particular, Gongora et al. showed that
the incidence of cardiac events (heart failure incidence-hospitalization, cardiotoxicity, clin-
ically significant arrhythmias) was lower in diabetic patients receiving SGLT2 inhibitors
compared to the control group [78]. A recent, larger-scale study compared the use of
guideline-directed medical therapy with or without an SGLT2 inhibitor in patients with
type 2 DM and CTRCD [79]. In a population of 6988 patients (654 used an SGLT2 inhibitor),
the authors found a significantly lower incidence of all-cause mortality (OR: 0.296 [95% CI:
0.22-0.40]; p = 0.001) and HF decompensation (OR: 0.483 [95% CI: 0.36-0.65]; p < 0.001).
Secondary endpoints were also favoring the use of SGLT2 inhibitors, namely the incidence
of atrial fibrillation/flutter (OR: 0.397 [95% CI: 0.213-0.737]; p = 0.003), acute kidney injury
(OR: 0.486 [95% CI: 0.382-0.619]; p < 0.001), and the need for renal replacement therapy
(OR: 0.398 [95% CI: 0.189-0.839]; p = 0.012).

Table 3. Summary of the ESC guideline recommendations for the management of CTRCD associated
with anthracyclines and anti-HER2 agents [3].

Symptomatic CTRCD Severity Recommendation (Class/Level)
AC
Yes Severe HF therapy (I/B)
Discontinue AC (I/C)
Yes Moderate HF therapy (I/B)
Interrupt AC (I/C)
Yes Mild HF therapy (I/B)
MDT for interruption vs. continuation (I/C)
No Severe/Moderate HF therapy (I/B)
Interrupt AC (I/C)
No Mild Continue AC (I/C)
ACEi/ARB and/or BB if GLS decreases/Tnl increases (Ila/B) or NP
increases (IIb/C)
Anti-HER2
Yes Severe/Moderate HF therapy (I/B)
Interrupt anti-HER2
Yes Mild HF therapy (I/B)
MDT for interruption vs. continuation (I/C)
No Severe HF therapy (I/B)
Interrupt anti-HER2
No Moderate Continue anti-HER?2 (Ila/B)
HF therapy (I/B)
No Mild Continue anti-HER?2 (I/C)

ACEi/ARB and/or BB if GLS decreases or Tnl/NP increase (Ila/B)

AC: anthracycline, HF: heart failure, MDT: multidisciplinary team, ACEi: angiotensin-converting enzyme inhibitor,
ARB: angiotensin receptor blocker, BB: beta blocker, GLS: global longitudinal strain, Tnl: troponin I, and NP:
natriuretic peptide.

7. Future Directions-Gaps in Evidence

Despite significant progress in the field of cardio-oncology, several critical gaps in
knowledge and clinical practice remain. Early detection of CTRCD is a pressing challenge.
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Current biomarkers, such as troponins and NT-proBND, are reliable but often detect cardiac
injury after irreversible dysfunction has occurred. Novel biomarkers, including galectin-3
and soluble ST2 (sST2), hold promise in identifying early myocardial stress or fibrosis but
require further validation in large-scale clinical trials. Additionally, imaging modalities
such as CMR and CT-derived extracellular volume measurements offer exciting potential
for earlier detection of subclinical cardiac injury. However, studies are needed to define
the optimal timing, cost-effectiveness, and real-world applicability of these advanced
imaging tools.

Therapeutic innovations in CTRCD prevention also remain underexplored. While
medications like spironolactone and SGLT2 inhibitors have shown potential in mitigating
cardiac dysfunction, most evidence stems from small-scale studies. Multicenter, random-
ized controlled trials are urgently needed to confirm the effectiveness of these agents in
broader populations. Similarly, while traditional cardioprotective agents such as beta-
blockers and angiotensin-converting enzyme inhibitors are widely used, their role in
specific high-risk subgroups or in combination with newer therapies has yet to be fully de-
lineated. Investigating the interaction between cancer therapies and cardioprotective drugs,
particularly in complex cases involving multiple comorbidities, should be prioritized to
refine treatment protocols.

Personalized risk prediction and management represent another significant area for
advancement. Current approaches to CTRCD prevention often rely on population-based
strategies, which may overlook the heterogeneity of patient responses to cancer therapies.
Developing precision medicine tools that integrate clinical, genetic, and treatment-specific
factors can improve the prediction of CTRCD risk. Leveraging artificial intelligence and
machine learning algorithms to analyze large datasets from clinical trials and registries
could provide actionable insights for individualized management strategies. Such models
could also help identify high-risk patients who would benefit most from intensive cardiac
monitoring or early cardioprotective interventions.

Finally, fostering interdisciplinary collaboration and expanding access to cardio-oncology
resources are essential to addressing gaps in care. Establishing international cardio-oncology
registries could provide valuable real-world data on CTRCD incidence, treatment outcomes,
and best practices. Additionally, efforts to adapt guidelines, such as those from the Euro-
pean Society of Cardiology (ESC), to diverse healthcare settings—including resource-limited
environments—are critical for ensuring equitable care. Addressing implementation bar-
riers, such as training for healthcare professionals and the financial burden of advanced
diagnostic tools, will be crucial in optimizing outcomes for cancer patients globally. By ad-
dressing these challenges, future research and clinical efforts can ensure that advancements
in cancer care are not achieved at the expense of cardiovascular health.

8. Conclusions

Cancer therapy-induced cardiotoxicity presents a growing concern as cancer sur-
vival rates improve. This adverse effect, particularly common with anthracyclines and
targeted therapies like trastuzumab, underscores the need for a balance between effective
cancer treatment and cardiovascular safety. Early detection using cardiac biomarkers
and advanced imaging techniques, combined with preventive strategies like the use of
beta-blockers or ACE inhibitors, can mitigate long-term cardiac damage. The evolution of
cardio-oncology highlights the importance of an interdisciplinary approach, where collabo-
ration between oncologists and cardiologists is key to reducing cardiovascular risks. As
research advances, the development of targeted cardioprotective therapies offers promis-
ing avenues to safeguard patients” heart health without compromising cancer treatment
efficacy. Ensuring continuous monitoring and personalized interventions will be crucial to
improving both oncological and cardiovascular outcomes for cancer survivors.
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